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repetitive mechanical recycling response
evaluation to valorize polycarbonate scrap†
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Polycarbonate (PC) is a widely used thermoplastic. Therefore, the amount of waste produced is notable. The

exploitation of such waste is of great interest nowadays in the industry and academic society, due to its

contribution to environmental pollution and other negative consequences. Herein, the possibility of

using PC scrap as a raw material in 3D printing (material extrusion – MEX) is reported. The efficacy of the

PC polymer after six thermomechanical courses was evaluated. The effect on rheology, mechanical

performance, and thermal behavior is reported. The morphological characteristics were also assessed

through scanning electron microscopy, while two quality metrics, i.e., geometrical accuracy and 3D

printing structure porosity of the parts, were investigated through micro-computed tomography. The

findings were correlated to report the impact of thermomechanical processing on the PC polymer

properties. A 9% tensile strength increase compared to the virgin polymer is reported (third round), while

the flexural strength was improved by 14% (second round). Then the strength declined. It was lower than

that of the virgin material on the sixth thermomechanical repetition. The findings showed that the life of

PC can be extended through thermomechanical recycling for 3D printing applications.
Environmental signicance

The recycling of polycarbonate in 3D printing reduces dependence on virgin resources, mitigates environmental impact, and presents a sustainable solution to
the issue of plastic waste. This research demonstrates that polycarbonate waste can be converted into high-quality laments for 3D printing, thereby promoting
a circular economy. This approach reduces carbon footprint and resource depletion by circumventing the disposal of plastic in landlls and avoiding energy-
intensive production processes. The results support the adoption of responsible manufacturing practices, which contribute to waste reduction and facilitate
environmentally sustainable additive manufacturing. This study has demonstrated that addressing plastic pollution necessitates the development of innovative
recycling strategies for both industrial and consumer applications, exploiting 3D printing advantages, when polymers reach the end of their life.
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1. Introduction

Additive manufacturing (AM) (commonly referred to as three-
dimensional printing (3D-P)), is initially presented as a proto-
typing technology that has been developed into a technique for
the production of nal everyday products.1–4 There is great
interest in 3D printing, which has led to investigating the 3D
fabricated parts' properties and behavior.5 Efforts are made by
AM to manufacture parts with the necessary characteristics that
are as optimum as possible. For example, complex geometries,6

exibility,7 and cost-effectiveness have been investigated.8 In
this direction, efforts are being made to improve the properties
of the utilized materials.9 The main AM applications and
materials utilized are summarized in Table 1.

The idea of sustainable manufacturing needs to be adopted
by the global plastics industry for as many plastics as possible52
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Table 1 Summary of the AM applications and materials utilized

Applications of AM AM materials AM polymers

Automotive10 Resins11 Polylactic acid (PLA)12–14

Aerospace15–21 Metals22 Polycarbonate (PC)23,24

Medicine25–28 Ceramics29 Acrylonitrile butadiene styrene (ABS)30–33

Scientic equipment34–36 Thermoplastics High-density polyethylene (HDPE)37

Biomedicals, energy38 Polymer blends Polyamide39

Construction40,41 Composites Polyetheretherketone (PEEK)42

Electronics43–46 Thermosets47 Other48–51
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by adopting a recyclable economy.53,54 The environmental
issues, protection of resources, and limiting of the scrap
material need to be given attention, which is the reason why
polymer reprocessing is highly attempted by plastic-converting
industries.55–57 In this direction, the mechanical behavior of
recycled polymeric parts has attracted the scientic commun-
ity's attention.58

Life cycle assessment (LCA) is a method of assessing the
environmental performance of products and preventing pollu-
tion during the stages of their life cycle.59 Various environ-
mental issues can be limited by following LCA during the
creation of optimized products characterized by environmental
sustainability.60,61 The global plastics industry has been
studying this concept in several investigations,62,63 including
those related to plastic losses from seafood supply chains.64

One of the most widely consumed engineering plastics is PC,
which holds an important position in many elds owing to its
desirable properties. Some of them have high transparency,65,66

thermal stability,67,68 thermal and ame resistance,69 and high
impact-strength stability under alternating environmental
conditions.70,71 The aforementioned characteristics make PC
suitable for industrial applications, such as building,
medical,72,73 automotive, transportation, construction, electrical
applications,74,75 and optical and technical applications.69 In
particular, it is useful for producing bulletproof windows, food
packaging, optical devices, and water bottles.76,77 Moreover, to
achieve lightweight properties in electric vehicles, sustainability
is a critical aspect, providing a solution for electric vehicle range
issues.78 It is also useful as the primary manufacturing material
in the case of some 5G apparatus.79

According to information provided in the available market
reports, in 2021 the global PC market was measured to be USD
19.6 billion. Between 2022 and 2031, the compound annual
growth rate (CAGR) is estimated to be 6.2%, meaning that the
global PC market would be USD 37.99 billion by the end of
2031.80 The value of the global PC market size was USD
22,594.10 million in 2022 and a 3.5% CAGR is expected between
2023 and 2030.81 In an additional report,82 it is stated that the
global PC market in 2023 was valued at about 15.11 billion and
forecasted to grow between the 2023–2032 period, from 15.86
billion to 24.31 billion, with a CAGR of 5.4%. Based on another83

report, the recycled polycarbonate market size in 2023 was
calculated to be approximately USD 101 billion. By 2030, it is
estimated that the number will become USD 174.7 billion, with
a 6.5% CAGR for the 2024–2030 period. Moreover, in another84
1280 | Environ. Sci.: Adv., 2025, 4, 1279–1298
report, the global PC market size in 2023 was USD 20.80 billion,
and it was estimated that by 2033, it would reach USD 36.84
billion. The CAGR was calculated to be approximately 5.68% for
the 2024–2033 forecast period. In another85 report, the global
PC thermoplastic market in the year 2022 was estimated at USD
21.75 billion, with a CAGR being 5.90% between 2022 and 2030
and anticipation of USD 32.36 billion being reached by 2030.

Such an extension is expected to lead to the generation of
large amounts of PC waste when it reaches its end of life.
Therefore, recycled polycarbonate (PC) has emerged as a key
research topic in attempts to promote sustainable development
and a circular economy, especially regarding polymeric mate-
rials; because of the large amount of waste and emissions, they
are now essential for current applications.86 PC was examined
for its performance aer recycling by the end of its rst life
cycle.87,88 The results indicate a severe reduction in the physical
and mechanical properties caused by the recycling process.89

Research has been conducted on PC,90 the formation of
composites,91 the application of PC polymer recycling technol-
ogies,92 and its environmental impact.93,94 PC-based nano-
composites have been examined in relation to their behavior
and how they are inuenced by recycling.95,96

Pure PC has also been studied to examine the impact of the
recycling course on its properties, in the study by Pérez et al.,97

where it was proved that over ten cycles of recycling causes
a reduction of tensile strength by 30%. In the study of Bernardo
et al.,98 the impact of recycling on the mechanical performance
of ber-reinforced PC was investigated. The results conrmed
that its structure and properties were dependent on the ther-
momechanical recycling environment for the process (temper-
ature, shear rate, and pressure). Additionally, the PC polymer's
molecular weight, moisture content, and the nature of the
additives are vital. Although in 3D printing (MEX method) the
mechanical response of the PC thermoplastic has been pre-
sented,24,99,100 and compounds have been formed, using it as the
matrix polymer,101–103 its response when recycled with the ther-
momechanical extrusion process has not been reported yet,
according to the bibliography found. Still, its use as a virgin
material in eco-friendly applications has been investigated.104

Recycled polymers, such as ABS,105 polypropylene (PP),106 poly-
amide 12,107 HDPE,108 thermoplastic polyurethane (TPU),109 and
polyethylene terephthalate glycol (PETG),110 have been investi-
gated, by applying the thermomechanical reprocessing scenario
with six successive courses, for use in MEX 3D printing. The
ndings show good potential for these polymers to be used in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3D printing applications at the end of their life, extending and
contributing to the circular economy and their sustainability.

Considering the aforementioned information, the aim of
this research was to report the level and type of inuence that
several recycling courses would have on the performance of PC
made through 3D-P. The fabricated samples were examined
aer up to six thermal processing cycles. Mechanical recycling
of PC is the main topic of this study, which also examines the
impact of numerous recycling cycles on the structural,
mechanical, thermal, and rheological characteristics. This
study specically attempted to evaluate PCs' longevity and
performance, following six recycling cycles. Each cycle involves
breaking the material into pieces, forming them into laments,
and then using 3D printing to create test specimens.111 To
determine how each recycling step affects the polymer integrity
and usability in subsequent applications, these specimens
subsequently underwent a variety of tests, including exural,
tensile, impact, and thermal examinations.112 The samples were
mechanically tested using exural, tensile, Vickers microhard-
ness, and Charpy impact strength tests. Dynamic mechanical
analysis (DMA) was also performed. Thermal examinations
included differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA). The structural investigation was
based on micro-computed tomography (m-CT) results regarding
porosity and dimensional deviation. The morphological
response was evaluated utilizing the technology of scanning
electron microscopy (SEM) at several magnications.

The goal of this study is to provide a thorough assessment of
the recyclability of PCs and draw attention to the difficulties
related to polymer deterioration over several cycles by exam-
ining characteristics such as tensile strength, exural modulus,
impact resistance, and thermal stability.113

Themotivation to investigate recycled polycarbonate (PC) for
MEX 3D printing stems from the growing demand for envi-
ronmentally sustainable materials in AM, prompted by rising
environmental concerns and material consumption. Poly-
carbonate, an engineering thermoplastic, is distinguished by its
exceptional mechanical properties, toughness, and heat resis-
tance, rendering it a promising high-performance material for
3D printing. However, the production of virgin PC is energy-
intensive and dependent on fossil inputs, resulting in
a considerable environmental impact. Simultaneously, the
accumulation of PC waste from consumer products such as
optical media, electronics, and packaging presents a signicant
environmental challenge. Recycling this waste into functional
3D printing laments not only prevents plastic waste from
polluting the environment but also diminishes the demand for
virgin polymer production. Despite its potential, the incorpo-
ration of recycled PC into MEX 3D printing is currently impeded
by concerns regarding material degradation, printability, and
property retention. This research seeks to address these chal-
lenges through systematic investigation, thereby facilitating the
adoption of recycled PC in AM without compromising func-
tionality. By enhancing the understanding of recycled PC's
performance in MEX printing, this study contributes to broader
efforts toward circular economy approaches and sustainable
manufacturing technology.
© 2025 The Author(s). Published by the Royal Society of Chemistry
In addition to offering insightful information about the
reusability of PCs, this study advances the conversation on
sustainable polymer recycling methods with the goal of
enhancing recycling procedures for better waste management
and resource conservation.114,115 The literature investigation did
not reveal any similar research on the recycling of PC thermo-
plastic with a thermomechanical process in AM. The novelty
presented in this research pertains to the development and
characterization of an environmentally sustainable lament
derived from recycled PC for application in MEX 3D printing.
While virgin PC is acclaimed for its superior thermal stability
and mechanical strength, its high cost and environmental
impact limit its widespread utilization. Conversely, recycled PC
offers a sustainable and cost-effective alternative; however, its
application in MEX 3D printing has not been extensively
investigated due to challenges associated with material degra-
dation, printability, and consistency. This research addresses
these challenges by implementing a controlled mechanical
recycling process to produce high-quality PC laments from
post-consumer waste and optimizing critical printing parame-
ters to achieve dimensional stability and interlayer adhesion in
MEX 3D printing. Furthermore, comprehensive thermal, rheo-
logical, and mechanical characterization studies are conducted
to assess the performance of the recycled PC lament in
comparison to its virgin counterpart. The ndings indicate that
recycled PC can match or even overcome the performance of
virgin PC while signicantly reducing material costs and envi-
ronmental impact. Consequently, this study advances the
principles of a circular economy in additive manufacturing by
establishing the technical feasibility and sustainability benets
of utilizing recycled engineering thermoplastics in FFF 3D
printing processes. Therefore, the ndings have merit for the
sustainability of the PC polymer and the AM manufacturing
method, the extension of the PC polymer life through recycling,
and the contribution to the circular economy efforts. Through
the process followed, it was proven that MEX 3D printing can be
an efficient method for the reuse of the thermoplastic PC in
respective applications even when it is reprocessed up to six
times, without critical decline in its properties.

2. Materials and methods

Fig. 1 shows the preparation of the raw materials used in the
experiments. In addition, the mechanical recycling strategy
followed herein is presented. The mechanical recycling strategy
applied in the present work, consisting of basic recycling steps,
is as follows: weighing and drying the material before process-
ing the raw material through the extruder to make the lament.
Weighing of the sheets was carried out to keep track of how
much raw material was used at each stage of the recycled
process. It was part of the internal material handling and didn't
affect the experiments themselves. Aer drying, the lament
was used to prepare the specimens using the additive
manufacturingmethod (MEX). The parts were then evaluated by
mechanical, rheological, thermal, and morphological testing
before their shredding for the next recycling course. This was
repeated six times. Each step included two thermomechanical
Environ. Sci.: Adv., 2025, 4, 1279–1298 | 1281
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Fig. 1 The steps followed in this research and the mechanical recycling strategy for the PC polymer. On the right side, the flow diagram of the
process is depicted, and on the left side, corresponding screenshots for each step are shown.
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processes, one for the lament and one for the specimens'
production. The repetitions stopped at the sixth one, as the
mechanical properties of the examples were already lower than
the corresponding virgin material examples. Additionally, this
was in agreement with the existing bibliography for polymer
recycling in MEX 3D printing, presented above.105–110
2.1 Materials

The material chosen for this research was a polycarbonate solid
4 mm sheet, sourced from Isik Plastik, type Policam (Kocaeli
Turkey, 1.2 g cm−3 density – ISO 1183, tensile strength > 60 MPa
– ISO 527, Vicat temperature at 50 N, 50 °C, 148 °C – ISO 306).
The shredded sheet was placed in a laboratory oven to dehy-
drate for a specic amount of time (60 °C, 12 h (ref. 99)), before
being put into an extruder for lament production (1.75 mm).
The lament measurements must be specic so that the
diameter cannot cause problems in the MEX 3D printing
process.
2.2 Recycling process

Aer the PC weighing and drying process, the material remnant
sheet was taken and cut into pieces that were later placed in
a shredder machine to produce pellets of the material. Aer-
ward, the pellets were placed in a 3Devo 450 Precision (Utrecht,
Netherlands) extruder for lament production.

The extrusion parameters were optimized based on the rec-
ommended settings provided by the extruder manufacturer
(3Devo) and from this research group's previous research on PC
processing in MEX 3D printing.116 These helped dene suitable
temperature zones, screw speed, and cooling conditions for
consistent and stable lament production.

The lament was extruded in order to be compatible with the
MEX 3D printer parameters (1.75 mm diameter). Prior to its use,
the produced lament underwent quality inspection for the
1282 | Environ. Sci.: Adv., 2025, 4, 1279–1298
consistency of its diameter, uniformity of its side surface, and
its strength in tensile testing. The results are presented in the
ESI† of the research.

The 3D printer machine used for the production of the parts
was a MEX 3DP Intamsys Funmat HT from Shanghai, China.
The specimens were manufactured to suit all the mechanical
testing parameters. In Fig. 2, the set 3D printing settings, the
initial design of the parts, and the international standards that
were followed are presented. The rst recycling cycle was con-
ducted using this process, as well. The 3D printing parameters
were selected based on extensive previous work on optimizing
3D printing settings for polycarbonate, and by consulting the
respective literature,99,100 which provided valuable insights into
how printing temperature, speed, and cooling affect the quality
and mechanical properties of printed PC parts.

It should be noted that PC is known for its warping issues in
MEX 3D printing. Therefore, a 3D printing environment was set
specically to minimize such issues. This setup was tested and
adjusted in preliminary tests, prior to building the samples for
the current research. More specically, the printer used
(Intamsys Funmat HT) had the chamber set at 90 °C and the bed
at 100 °C, which helped keep the temperature stable. These
were the optimum temperatures found for this research. An
adhesive was also used on the build plate for better rst-layer
grip. With these settings, warping was not observed in the 3D
printed samples, as presented in the respective images of actual
research samples below.

Following this process, in order to carry out the six recycling
cycles, the already manufactured specimens were put into the
shredder, so that they could become suitable for lament
production. The pellets were then placed into the extruder to
make the lament for subsequent cycles. The new lament was
placed into a 3D printer to produce the parts. Later, these 3D
printed parts (specimens) were mechanically, thermally,
morphologically, and structurally tested in the same manner as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 List of 3D printing parameters, for the six recycling cycles, designs, dimensions, and international standards of the needed specimens.
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the previous specimens. This process was repeated ve times at
the end of the experimental testing for each cycle (six recycling
courses in total).

It should be noted that in every one of the six cycles, there
were two different thermomechanical treatments. One is the
fabrication of the lament and the other is the 3D printing
process. For this work, the total amount of specimens created
was one hundred and y. In each of the six cycles, there were
ve replicas for each test, i.e., tensile, exural, Charpy impact,
and DMA mechanical tests. For this part of the research, the
total amount was one hundred and twenty (120) specimens.
Additionally, sixty m-CT checks were conducted in total in
respective examples from each of the six cycles (30 on tensile
samples for their 3D printing structure and 30 on the samples
shown on the bottom le side of Fig. 2 for their dimensional
accuracy). Furthermore, thirty SEM examinations were con-
ducted on tensile samples aer they were tested. Overall, there
were 210 tests conducted in the research, whereas all the
scanning and analysis les created a total of more than 100
gigabytes.
2.3 Mechanical examination

The specimens underwent ve different mechanical tests, and
each test was conducted following the respective ASTM stan-
dards. Tensile testing was carried out using an Imada model
MX2 from Northbrook, Illinois, United States, following the
instructions of ASTM D638-02a (3.2 mm thickness examples,
type V, and a 10 mm min−1 elongation rate). Flexural testing
© 2025 The Author(s). Published by the Royal Society of Chemistry
was performed on the same apparatus with the tensile exper-
iments, following in this case the ASTM D790 Standard, with
a 50.8 mm span and 10 mmmin−1 elongation rate. The Charpy
impact test was implemented on a model MT 220 by Terco,
Kungens Kurva, Sweden, following the ASTM D4065-12 Stan-
dard, on notched samples with 367 release height. Vickers
Microhardness, by an Innova Test, model 300 fromMaastricht,
Netherlands, following the ASTM E384-17, with 200 gF applied
load and 10 s indentation duration. Dynamic mechanical
analysis (DMA) testing employed the DHR20 Discovery Hybrid
Rheometer (sourced from the TA Instruments company,
established in New Castle, Delaware, United States). For the
geometry setup, a span of 40 mm was adjusted for 3-point
bending. The dimensions of the parts were 10 mm × 50 mm ×

3 mm. DMA was carried out over the range of 30–200 °C at
a heating step of 5 °C min−1. Throughout the experiment, the
apparatus applied sinusoidal strains oscillating at a frequency
of 1 Hz, varying between 0 and 0.05%. A force-tracking system
was employed to maintain continuous contact with the sample
during the test.
2.4 Thermal examination

To examine the thermal properties and changes that occurred
in the specimens in every cycle of the PC material, Thermog-
ravimetric Analysis (TGA) was performed on the Discovery
Simultaneous Thermal Analyzer SDT 650 of TA Instruments
(capable of operating with a temperature range from room
temperature to 1500 °C, a heating step of 0.1–100 °C min−1 and
Environ. Sci.: Adv., 2025, 4, 1279–1298 | 1283
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a balance accuracy of ±0.5%), which operated within
a temperature cycle starting at 25 °C, rising to 800 °C and
equilibrating.117

Differential Scanning Calorimetry (DSC) was utilized to
analyze the thermal response of the laments. The tests were
carried out utilizing a Discovery-Series DSC 25 apparatus (TA
Instruments, Delaware, USA), equipped with a Cooling System
(temperature range between −90 and 725 °C and heating rates
of 0.01–100 °C min−1) which operated within a temperature
cycle starting at 25 °C, rising to 300 °C, and then cooling back to
25 °C, at a rate of 15 °C min−1.118
2.5 Rheological examination and MFR

Rheological measurements were carried out on all the laments
to evaluate the response of their viscosity to shear stress. A
Discovery Hybrid Rheometer apparatus model DHR20 by the
company TA Instruments, established in New Castle, Delaware,
United States equipped with a parallel plate setup and a heating
system that operates between −160 and 600 °C was used for the
analysis. This advanced measurement setup improved the
sensitivity and accuracy, enabling the detection of lower
viscosities while requiring less material.

The tests were conducted at 270 °C, similar to the nozzle
temperature used for printing the rst layer, with a torque range
of 1–100 000 mN m and a plate diameter of 25 mm with a 1 mm
plate clearance of 120. Melt Flow Rate (MFR) evaluations were
also used to analyze the ow behavior of the composites
through an orice of a specied length and diameter at
controlled temperature (300 °C) and pressure, according to the
ASTM D1238-13 standard.
Fig. 3 DMA results in graphs of flexural modulus, loss and storage modul
cycles of PC. (a) 1st cycle, (b) 2nd cycle, (c) 3rd cycle, (d) 4th cycle, (e) 5

1284 | Environ. Sci.: Adv., 2025, 4, 1279–1298
2.6 Raman spectra

Raman spectra were acquired employing a LabRAM HR Raman
Spectrometer, by the company HORIBA Scientic, established
in Kyoto, Japan. The methodology and parameters are provided
in the ESI† of the manuscript.
2.7 Morphological examination (SEM)

The failed tensile test examples were inserted into SEM to assess
their morphological characteristics. An apparatusmodel named
JSM 6362LV (by the JEOL company, located in Tokyo, Japan) was
set in high vacuum mode at 20 kV. Prior to SEM scanning, the
specimens were covered in Au to achieve a reduction in the
charging effects while capturing the images. The lateral and
fractured sides of the examples were analyzed at different
magnications.
2.8 Structural examination

To characterize the 3D printed parts structure, a scanning
course of m-CT was carried out utilizing a Tomoscope Micro
Focus CT-scanner model named HV Compact 225 kV from the
company Werth Messtechnik GmbH, located in Gießen, Ger-
many. Prior to mechanical testing, the internal structure of the
3D printed parts was investigated (16L scanning resolution),
along with their geometric delity (60L scanning resolution).
The scanning parameters for the ideal image quantity were set
according to parameters, such as the material density of the
specimens and their size. The soware VG StudioMAX 2.2, from
the company Volume Graphics GmbH, in Heidelberg, Germany
was used for the quantitative and visual analysis of the
us, tan(d) versus temperature modulus for every one of the six recycling
th cycle, (f) 6th cycle.
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reconstructed 3D geometry of the specimens in accordance with
the CT data.
3. Results
3.1 Mechanical examination and DMA

Fig. 3 presents the outcome derived from DMA testing of the six
PC recycling cycles. For the PC remnant (Fig. 3a–f), graphs with
reference to the temperature of the loss and storage modulus,
and tan(d) are displayed. The existing bar on each graph
represents the exural modulus of elasticity in each cycle (which
is displayed in more detail in Fig. 5) for comparison with the
respective storage modulus. It can be observed that in every
cycle, the storage modulus decreases steadily, whereas the loss
modulus and tan(d) decrease when they reach the Tg tempera-
ture and then decrease. This occurred at approximately 180 °C.
Fig. 4 The tensile properties of the samples from the six PC recycling co
during the testing, (b) ET results accompanied by an image of the tested s
of the tested specimens of the sixth cycle.

Fig. 5 The flexural properties of the tested flexural specimens from the s
outcome accompanied by an image from the testing, (b) EF (flexural mod
(c) TF (flexural toughness) outcome accompanied by an image from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 3a–f display as functions of temperature the storage and
loss moduli and loss factor tan(d), along with Tg for all six
samples, at each recycling cycle. The storage modulus presents
a relatively steady trend among the samples, with the highest
value being that of the 2nd recycling cycle samples (Fig. 3b). The
loss modulus remained low and steady throughout the experi-
ments. As for tan(d), the trend is similar among the samples,
with the highest value being that of the 2nd recycling cycle
sample (Fig. 3b), whereas Tg (maximum of tan(d)) presents
a decreasing trend, which is in accordance with the DSC
analysis.

In Fig. 4–6, the mechanical test results, which were con-
ducted on samples of every one of the six recycling cycles, are
graphically presented. Fig. 4a presents the tensile strength,
Fig. 4b presents the tensile modulus of elasticity, and Fig. 4c
presents the tensile toughness. The samples of the third recy-
cling cycle present the highest results of tensile toughness and
urses are presented. In detail, (a) sTB results accompanied by an image
pecimens of the first cycle and (c) TT results accompanied by an image

ix PC recycling cycles are presented namely (a) the sFB (flexural strength)
ulus) outcome and image from the first course's tested specimens, and
tested specimens of the sixth cycle.
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Fig. 6 Results from the samples tested from every recycling cycle of the PC. (a) Filament toughness TFIL, (b) impact strength (Charpy), and (c) M–
H measurements on samples, all accompanied by images captured during the testing procedures.
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strength, compared to the other cycles, with a rise of +9.0% and
+3.7%, respectively, while for the Young modulus, the highest
results were obtained in the rst cycle. This indicates that the
stiffness of the PC material reduces with successive thermo-
mechanical processing. In addition, Fig. 4a shows an image
taken during tensile mechanical testing, and Fig. 4b and c show
images from the already tested tensile specimens from the rst
and sixth recycling cycles.

Fig. 5a shows the exural strength, Fig. 5b presents the
modulus of elasticity in the exural test, and Fig. 5c presents the
exural toughness. It is depicted that the tested specimens from
the second recycling cycle had the highest results among the
rest of the cycles, by +14.0%, +7.2%, and +12.1%, respectively.
Fig. 5a shows an image during exural testing on a random
sample, and Fig. 5b and c include images from the tested ex-
ural specimens of the rst and sixth recycling cycles.

Fig. 6a displays the toughness results of the laments,
including an image from the respective experimental process
(tensile testing). Fig. 6b shows the Charpy impact strength
results, including an image of a notched specimen from the
sixth cycle. Fig. 6c presents the M–H results while showing an
image of the Vickers process of the third cycle. As can be
observed from the toughness values for the laments (Fig. 6a),
the samples from the third recycling cycle presented the highest
value among the rest of the cycles, by +3.9% compared to the
rst cycle. This outcome shows a trend which agrees with the
tensile test on the 3D printed examples, still, the difference is
within the statistical error. The Charpy impact results showed
an improvement of +31.4% from the fourth cycle above the rst
cycle. The M–H examination results of the rst cycle were the
highest compared to those of the other cycles. This nding
suggests that apart from the stiffness, the hardness of the PC
thermoplastic also reduces, with the increase of thermo-
mechanical processing.
3.2 Thermal examination

Fig. 7 presents the ndings of the thermal examination of the
six PC recycling cycles. Fig. 7a and b present the TGA analysis
1286 | Environ. Sci.: Adv., 2025, 4, 1279–1298
and the Initial Decomposition Temperature (IDT) of 95%, the
temperature at which 5% of the material mass has been lost due
to thermal decomposition, and the Fractional Residue (%) (FR)
aer thermal degradation results, respectively. In the DSC
analysis, as shown in Fig. 7b and c, the glass transition
temperature (Tg) of the recycled samples did not change
signicantly (<3%) but slightly decreased with each recycling
cycle.

3.3 Rheological examination and MFR

In the rheological analysis of the six polycarbonate samples
subjected to successive recycling cycles (ranging from one to six
cycles of recycling), as shown in Fig. 8a, a progressive reduction
in viscosity h with each additional recycling stage can be
observed as the shear rate increases. Specically, the rst
sample, which underwent only a single recycling, exhibited the
highest viscosity, whereas the sixth sample, recycled six times,
demonstrated the lowest viscosity. This reduction in viscosity
can be attributed to the degradation of polymer chains during
each recycling process.119

With repeated thermal and mechanical stresses during
recycling, the molecular chains of polycarbonate can undergo
scission, resulting in shorter molecular chain lengths and,
consequently, a decrease in molecular weight. As the number of
chain interactions decreased, the resistance of the polymer to
ow weakened, resulting in a decrease in its viscosity.120 All
samples exhibited shear-thinning behavior. As expected, when
the viscosity decreases, the sample ows more easily; hence,
MFR presents an inversely proportional, progressively
increasing MFR, as shown in Fig. 8b. The trend of the results
solidies the signicance of the thermal and mechanical strain
history of materials during recycling on their performance and
applications.121

3.4 Raman spectroscopy

In Fig. 9a, the spectral proles of the Raman analysis of PC are
presented for every recycling cycle. Table 2 (presented below)
shows the signicant Raman peaks and their related
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The six PC recycling cycles samples, presenting: (a) the graphs of the TGA, (b) the DSC graphs, (c) the differential scanning calorimetry
findings, and (d) the TGA findings.
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assignments of the PC samples, as presented in the literature.
Fig. 9b shows that the recycling cycles exhibited many spectral
changes. We observed that the recycling cycles did not affect the
Raman signal, and no signicant or small changes were
observed. In general, we observed only a small photo-
luminescence signal appearing in the rst recycle.
3.5 Morphological examination (SEM)

Images captured during SEM analysis of the PC samples from
various recycling cycles are included in Fig. 10. Images from the
lateral side of the PC rst, third, and sixth recycling cycle
samples, magnied by 150×, are presented in Fig. 10a–c, while
Fig. 10g–i present the same images at 5000× magnication.
Fig. 10d–f display the fractured surface of the PC rst, third, and
sixth recycling cycle samples magnied in 27× images. The
Fig. 8 Results of the six PC recycling cycles, (a) graphs of viscosity vs. s

© 2025 The Author(s). Published by the Royal Society of Chemistry
SEM analysis results of the second cycle samples are depicted in
the illustrations in Fig. 11. Fig. 11c and d present the fractured
surface enlarged in 27×, 1000× and 5000×, respectively, while
Fig. 11a and b present the lateral surfaces in 27× and 150×
magnications. According to the lateral surfaces' pictures, the
layer distribution is excellent in all of the cycle samples. In the
sixth cycle, some defects in the formation of the layers can be
observed and other minor defects, indicating that the PC poly-
mer behavior has been affected by the thermomechanical
reprocessing. The fractured surfaces display primarily ductile
behavior, with minimum deformation.

The SEM illustrations of the PC second-cycle examples are
displayed in Fig. 11. Fig. 11a and b show the side surface
ndings at 27× magnication, while Fig. 11c–e show the frac-
tured surfaces at 27×, 1000×, and 5000× magnication. The
fractured surface images exhibited brittle behavior. The side
hear rate and stress vs. shear rate and (b) MFR.
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Fig. 9 (a) The graph above presents the Raman spectra of the six recycling cycles of the PC, and (b) the Raman spectral differences of the third to
sixth recycling cycle of the PC.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 3
:1

7:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
surface layering shows a non-uniform layering, still, the layers'
fusion seems solid. This should have contributed to the good
mechanical performance of the samples of the specic cycle
(highest tensile strength). Voids and defects in the layer
formation appear. Their effect on the mechanical performance
is not high enough, taking into account the respective experi-
mental results.
Table 2 Raman spectra: significant peaks of the PC samples and their r

Wavenumber (cm−1) Intensity

633 Strong
704 Strong
731 Medium
816 Medium
829 Medium
888 Strong
919 Small
1003 Small
1111 Strong
1180 Strong
1197 Small
1235 Strong
1290 Small
1306 Small
1417 Strong
1444 Strong
1462 Strong
1602 Strong

1288 | Environ. Sci.: Adv., 2025, 4, 1279–1298
3.6 Structural examination

Fig. 12a presents, in color-coding mapping, the dimensional
deviation of all the CT scan samples from every recycling cycle,
along with graphs representing the related surface and devi-
ating point versus the dimensional deviation. Fig. 12b and c
present sections of the CT scan samples of the rst and second
recycling cycles, respectively, which once more display the
elated assignments

Raman peak assignment

Phenyl ring vibration122,123

C–H out-of-plane bending122

C–H out-of-plane bending122,124

Phenyl ring vibration123

Phenyl ring vibration122,123

O–C(O)–O stretching122

C–H in plane bending122,124

C–H in plane bending;122,124 O–(C]O)–O ring vibrations122

C–O–C stretching;122 C–H bending123

Skeletal vibrations, C–O–C, C–COO bond122,124–126

C–O–C stretch123

C–O–C group asymmetric vibration122,123

C–O–C stretching124

C–O–C stretching124

CH3 deformation124

CH3 deformation122,124

CH3 deformation124 CH3 asymmetric bend123

Phenyl ring stretch;123 phenyl ring vibration124

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a and b) SEM image of 27×magnification demonstrating the side surface of the PC second recycling cycle and 150×magnification, (c–e)
demonstrating an image of the fractured surface, in 27×, 1000× and 5000× magnification, of the PC second recycling cycle.

Fig. 10 (a–c) SEM images of 150×magnification demonstrating the vertical surface of the PC first, third, and sixth samples, (d–f) SEM images of
27× and (g–i) SEM images of 1000× magnification demonstrating the fracture surface of the PC first, third, and sixth cycle samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2025, 4, 1279–1298 | 1289
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Fig. 12 (a) Color-coded mapping of the samples' dimensional deviation for each recycling cycle, including associated surface and deviating
point graphs vs. dimensional deviation. (b and c) A color-codedmapping representation of sections from the first and second PC recycling cycles'
dimensional deviation and (d) the levels of all PC recycling cycles' dimensional deviation.
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dimensional variation using color-coding mapping. In the
middle of the sample designed for the dimensional accuracy
evaluation, an ellipse was formed, to increase the complexity of
the shape. In Fig. 12b and c, the geometrical deviation of the
horizontal and the vertical axes of the elliptical shape is pre-
sented, as determined by the m-CT scanning process. All of the
PC recycling cycles' dimensional deviation A2N@95% levels are
displayed in Fig. 12d, which also reveals that the second-course
sample levels were increased by 9.6% over the rst course.

Fig. 13a displays the void volume graphs versus the void
diameter, void compactness, and void sphericity graphs versus
the geometrical accuracy of the parts from every PC recycling
cycle. Fig. 13b and c show the void volume once more using
color-coding mapping. The porosity levels of all PC recycling
cycles are shown in Fig. 13d, and it is evident that the second-
course sample levels were 13.8% lower than the rst. Beyond
1290 | Environ. Sci.: Adv., 2025, 4, 1279–1298
the second course, the porosity constantly increased in the
samples and it was higher than the virgin material samples
beyond the 4th repetition.
4. Discussion

The aim of the research conducted was to evaluate the response
of the multiple reprocessed PC in MEX 3D printing. Specically,
the polymer was processed six times. From the results, it
appears that the samples from the third cycle had the best
tensile properties, with a 9% increase over the rst cycle. The
exural results presented the second cycle as the one with the
highest properties (∼14% increase in the exural strength),
while the Charpy impact results showed the best behavior of the
material in the fourth cycle. The DMA results for all PC recycling
cycles provided information regarding the loss and storage
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Graphs of the samples of each PC recycling cycle, presenting the void volume versus void diameter and void sphericity in relation to
void diameter, (b and c) color-coded mapping presentation of sections of the first and third cycles of the PC recycling cycle volume, and (d)
porosity levels of all PC recycling cycles.
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modulus, tan(d), and exural modulus. The Tg temperature
calculated for the material of the rst cycle was in good agree-
ment with the respective DSC results. Overall, the second cycle
PC material can be considered the one with the highest
mechanical response, as the exural strength and modulus are
the highest among the samples tested, while the tensile
strength is also high. The increase in themechanical strength of
polymers aer reprocessing is an expected outcome and can be
attributed to crystallization,116 molecular alignment,113–115 and
reduction of defects.117

The enhancement in the mechanical properties of recycled
polycarbonate (PC) during specic recycling cycles in MEX 3D
printing can be attributed to several interrelated factors.
Initially, the recycling process may alleviate residual stresses
and promote improved polymer chain alignment, resulting in
increased material uniformity. These modications can
enhance interlayer cohesion and print densication, thereby
© 2025 The Author(s). Published by the Royal Society of Chemistry
improving tensile strength and stiffness. Additionally, limited
chain scission during early recycling slightly reduces molecular
weight, leading to decreased melt viscosity and improved ow
behavior, which in turn enhances layer fusion and print quality.
This was veried in the MFR test, in which MFR increased with
the increase of the recycling courses. An increase in the melt
ow index (MFI) indicates that the polymer ows more easily
and has a lower viscosity. However, such enhancements are
conned to the initial recycling stages; beyond a certain point,
further degradation results in excessive chain scission, oxida-
tion, and loss of molecular integrity, ultimately diminishing
mechanical properties. Therefore, the observed improvement in
mechanical performance during one recycling cycle likely
results from a balance between structural relaxation, improved
processability, and preserved molecular weight before signi-
cant polymer degradation occurs aer multiple successive
thermomechanical courses. Herein, beyond the third
Environ. Sci.: Adv., 2025, 4, 1279–1298 | 1291
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reprocessing repetition the mechanical properties start to
constantly decrease.127,128

It should be noted that the microhardness decreased as the
recycling repetitions increased, while the stiffness of the
material also decreased (Young’s and exural modulus, beyond
the second recycling course). This shows that the thermo-
mechanical reprocessing of the PC thermoplastic initially
increases its strength and then it is decreased, while it makes it
more so and less stiff.

Regarding the thermal properties, TGA revealed no signi-
cant differences in the temperature, in which the samples from
the different cycles start to degrade. The nal residue also did
not show notable differences between the examples from the six
cycles. The IDT@95% remained steady (deviation <1%)
throughout all recycling cycles. The FR of samples 2–6 is lower
than that of the rst cycle because of the lower molecular
weight, and hence, lower molecular stability.129 However, the FR
of samples 2–6 uctuates. This can be attributed to impurities
or other additives that can be introduced during recycling and
alter the thermal behavior of the polymer.

In the DSC analysis, as mentioned, the glass transition
temperature (Tg) of the recycled samples did not change
signicantly (<3%) but slightly decreased with each recycling
cycle. This reduction in Tg occurs because of the degradation
and scission of the polymer chains during the recycling process,
leading to a decrease in the molecular weight and chain
entanglement, as mentioned earlier. Shorter molecular chains
have higher mobility than longer chains, which makes the
transition from a rigid state to glassy state easier at a slightly
lower temperature.130 Furthermore, the aforementioned
Fig. 14 Spider graphs showing the outline of the (a) strength in the tensil
(d) porosity results.

1292 | Environ. Sci.: Adv., 2025, 4, 1279–1298
impurities can act as plasticizers, enhancing the chain mobility
and contributing to the decrease in Tg.

Regarding the MFR results, the rst recycling cycle of the PC
samples had the lowest levels, which appeared to increase as the
recycling process proceeded. This agrees with the viscosity
results, in which the viscosity reduces with the increase of the
number of thermomechanical reprocessing on the PC polymer.
Practically, this means that the material ows more easily. This
instructs an adjustment in the 3D printing settings for each
recycling repetition, to accomplish a better 3D printing struc-
ture and as a result better mechanical response. This was not
done in the experimental process, to have comparable results.
The differences found in the mechanical properties between the
samples from different cycles and the layer formation issues
presented on the SEM illustrations of the lateral side of the
samples of the sixth recycling course can be partly attributed to
these differences in the rheology of the PC polymer, due to its
reprocessing. Additionally, the MFR increase suggests that the
molecular weight of the PC polymer lowers,119 with the succes-
sive recycling courses.

The m-CT results showed a positive effect in the case of the
second-cycle samples. These samples showed the lower porosity
and the highest geometrical accuracy among the samples from
the six recycling courses. This outcome indicates a correlation
between these two quality metrics and the samples' mechanical
strength. The ones from the second recycling course were the
ones with the highest mechanical response in the research. The
positive effect of reduced 3D printing structure porosity in the
mechanical response of the parts is the expected outcome and
agrees with the literature.131
e experiment, (b) strength in the flexural experiment, (c) A2N@95%, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Recycled polymers in MEX 3D printing: response in tensile tests

Increase (%) PC PP106 PA12107 PETG110 HDPE108 ABS105

Tensile strength 9.0 ∼4.0 ∼14.0 ∼14.0 ∼19.0 ∼20.0
Recycling repetition achieved 3 2 4 3 4 5
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Fig. 14 shows a summary of the tested properties in spider
graphs. Specically, the tensile and exural strengths of the
samples, A2N, and the void percentage. Along with the corre-
sponding measured values, the PC recycling cycles that exhibi-
ted the highest and minimum levels (the focus of this research)
were also highlighted.

Regarding the limitations of the research, in polymer recy-
cling, parameters such as aging and weather conditions affect
the properties of the recycled polymers.118 These parameters
were not considered in the research and might lead to slightly
altered results. This research focused on the impact of ther-
momechanical reprocessing on the PC polymer properties for
the exploitation of PC parts at the end of their life as raw
materials for the MEX 3D printing method.

Generally, similar recycling work has been done in other
polymers in MEX 3D printing, such as polypropylene (PP),106

polyamide 12,107 polyethylene terephthalate glycol (PETG),110

HDPE,108 and ABS,105 as mentioned in the bibliography section
of the manuscript. The rise in the mechanical properties of the
polymers is not the aim of recycling. Still, this is a welcome
effect. All polymers shown in Table 3 were subjected to six
recycling repetitions in MEX 3D printing and proved their
functionality aer this experimental procedure. In Table 3, the
highest improvement in their tensile strength and the cycle this
occurred is presented to highlight the differences in their
behavior, due to successive thermomechanical reprocessing. PP
showed the lowest increase,106 while ABS105 showed the highest
one aer more recycling rounds than the other polymers. This is
an indication that ABS might be more resistant to thermo-
mechanical reprocessing than the other polymers tested and
presented in Table 3.
5. Conclusions

This research elucidates the feasibility and advantages of poly-
carbonate (PC) recycling in 3D printing applications. By
utilizing the recycled PC material derived originally from PC
sheet scrap, we obtained mechanical properties equivalent to or
higher than those of virgin PC up to the third recycling repeti-
tion. The main ndings are summarized as follows:

� A ∼9% rise in the strength of the parts subject to tensile
testing was found in the third recycling course.

� A ∼14% increase in the exural strength in the second
recycling course.

� The recycled PC laments exhibited satisfactory print-
ability, although minor adjustments to 3D printing parameters
were necessary for effective printing.

� Challenges persist, including maintaining lament quality
consistency through multiple recycling cycles.
© 2025 The Author(s). Published by the Royal Society of Chemistry
� Up to the sixth thermomechanical reprocessing investi-
gated, no risk of degradation during thermal reprocessing was
found.

� Recycled PC demonstrates potential in MEX 3D printing for
the production of prototypes and may be suitable for functional
parts in applications requiring high strength, thermal resis-
tance, and durability.

Based on our ndings, we posit that enhancing selective
quality assurance measures and incorporating minimal quan-
tities of stabilizers during the recycling process would expand
the potential for improved lifespan and reliability of recycled PC
materials.

Future research should investigate the broader effects of PC
recycling processes for 3D printing applications on lifecycle
impact, particularly focusing on closed-loop systems in indus-
trial environments. Additionally, effects, such as weathering,
should be evaluated for real-life recycling applications.
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