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Abstract

The recycling of polyethylene terephthalate (PET) into value-added products suitable for
additive manufacturing remains challenging due to molecular degradation and insufficient
melt strength. In this study, post-consumer recycled PET was upcycled via chain extension
to develop filaments suitable for fused filament fabrication (FFF). Two chain extenders
were evaluated: an epoxy-based multifunctional oligomer (Joncryl® ADR-4468) and a tetra-
functional aromatic dianhydride (pyromellitic dianhydride, PMDA). Joncryl® ADR-4468
increased the complex viscosity and viscoelastic moduli of rPET; however, the response
was non-monotonic and resulted in limited filament dimensional stability. In contrast,
rPET/vPET (70/30) blends modified with PMDA exhibited a pronounced and reproducible
enhancement in melt viscosity and elasticity, enabling the production of a continuous
filament with a stable diameter (1.75 ± 0.05 mm). Differential scanning calorimetry indi-
cated that PMDA had a negligible effect on the glass transition temperature, while slightly
reducing crystallinity, which is beneficial for FFF processing. Preliminary printing trials
confirmed stable extrusion and controlled deposition behaviour for the PMDA-modified
formulation. Overall, the results demonstrate that chain extension using PMDA is an
effective strategy to restore melt processability and enable the use of recycled PET in
filament-based additive manufacturing.

Keywords: polyethylene terephthalate; mechanical recycling; chain extension; fused filament
fabrication

1. Introduction
Polyethylene terephthalate (PET) is one of the most widely produced thermoplastic

polymers of the global plastic industry (~18% of plastics), primarily used in beverage bottles,
food packaging, and textiles due to its good mechanical properties, its chemical resistance,
and lightweight nature [1]. The rapid and wide utilization of PET has been accompanied
by a corresponding increase in PET waste, making it a significant component of the global
plastic waste stream [2]. Millions of tonnes of PET waste are generated annually worldwide,
with beverage bottles alone contributing a substantial share of this volume. Despite
advances in recycling infrastructure, a large portion of PET continues to be landfilled or
incinerated, contributing to environmental pollution and resource inefficiency [3–5].

In the European Union, the PET waste management has been significantly progressed
in recent years, partly driven by regulatory targets, such as the EU Single-Use Plastics
Directive [6]. According to the Independent Commodity Intelligence Services (ICIS) report
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for 2022, a total of approximately 5 million tons of PET (including bottles, trays, and flexible
packaging) were placed on the market. From this amount, about 3 million tons were sepa-
rately collected for recycling, corresponding to an overall collection rate of ~60%. Notably,
PET beverage bottles constituted the vast majority of the collected materials, accounting for
roughly 2.8 million tons of the total collected [7]. These numbers show that the mechanical
recycling capacity in the EU is significant, reflecting optimized processing capabilities.

Despite these improvements, there are important limitations of mechanical recy-
cling [8]. The current PET recycling is dominated by mechanical processes where the
material is sorted, cleaned, shredded and then extruded into new pellet feedstock. While
this is effective, this process suffers from polymer degradation and contamination, which
decreases the quality and performance of the obtained material [9]. This downcycling route
effectively leads PET into lower tiers of the material value chains and limits opportunities
for true circularity [10].

To address this limitation, upcycling strategies have been explored to restore or even
enhance polymer properties [1]. Chemical approaches, including chain extension via
reactive extrusion [11] or depolymerization to monomers for repolymerization, can in-
crease molecular weight, improve rheological behaviour, and enable high-performance
applications [12,13]. Hybrid biological-chemical upcycling methods, such as enzymatic
depolymerization followed by chemical functionalization, have also been investigated,
demonstrating routes to produce higher-value materials from PET waste [14,15]. These
strategies exemplify a shift from linear recycling to value-added circular pathways.

More specifically, to overcome the downcycling inherent to the mechanical recycling of
PET, reactive extrusion with chain extenders has emerged as a promising upcycling strategy
capable of restoring or enhancing polymer properties [12]. During melt reprocessing,
recycled PET (rPET) undergoes chain scission and molecular weight reduction, leading
to poor melt strength and inferior mechanical performance [16–18]. Chain extension
counteracts these effects by reacting with terminal hydroxyl and carboxyl groups, thereby
increasing molecular weight, modifying molecular architecture (linear or branched), and
improving rheological behaviour [12]. As a result, chain-extended rPET exhibits enhanced
melt viscosity, thermal stability, and mechanical properties, enabling its use in higher-value
applications [19].

Several types of chain extenders have been successfully applied to PET. Multifunc-
tional anhydrides such as pyromellitic dianhydride (PMDA) are widely used due to their
high reactivity and ability to induce controlled branching [20]. Epoxy-functional chain
extenders, including multifunctional glycidyl methacrylate-based oligomers (e.g., Joncryl®),
are also extensively reported and are particularly effective under reactive extrusion con-
ditions [21,22]. Advances in sustainable chain extender chemistry, including bio-based
aromatic dianhydrides, offer routes to tailor molecular weight and thermal properties while
reducing reliance on traditional extenders [23]. Additionally, the development of glycidol-
free epoxy acrylate extenders provides enhanced mechanical and rheological performance
without the toxicity concerns of some commercial extenders [24]. Other extenders, such as
bisoxazolines and diisocyanates, have been investigated to tailor molecular weight distri-
bution and melt behaviour, although their use requires careful control to avoid excessive
crosslinking [25].

One particularly promising value-added application of rPET is Additive Manufac-
turing (AM), specifically Fused Filament Fabrication (FFF). PET can be valuable for AM
applications due to its thermal stability, mechanical strength and chemical resistance [26].
However, mechanically recycled PET often suffers from reduced molecular weight and
degraded flow properties, which limit filament quality and interlayer adhesion [27]. Recent
studies have shown that upcycled PET, modified through reactive extrusion or chain exten-
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sion, can produce filaments with improved melt viscosity, mechanical performance, and
dimensional stability, making them suitable for FFF applications [13,28]. Such approaches
not only valorize post-consumer PET but also integrate it into high-value, performance-
driven manufacturing applications, bridging sustainability with material functionality.

In this context, the present study addresses key limitations associated with the use of
recycled PET in FFF by systematically combining reactive extrusion, rheological–thermal
characterization and printability assessment. Unlike previous studies that primarily focus
on either chain extension or blend formulation, this work directly compares epoxy-based
and dianhydride-based chain extenders under identical processing conditions and one-step
chain extension and filament production, linking their effectiveness to filament dimen-
sional stability and FFF processability. The influence of chain extension on melt rheology,
crystallization behaviour and deposition stability is evaluated, enabling the identification
of a formulation that consistently produces FFF-compatible filament. This investigation is
particularly relevant considering that recycled PET feedstock originating from different
post-consumer streams may exhibit significant variability in molecular weight distribution,
contamination levels and thermal history. Such variability highlights the need for system-
atic studies that relate reactive modification strategies to process stability and performance
in AM. By demonstrating the successful conversion of post-consumer PET into dimension-
ally stable filament using PMDA, this study provides a practical pathway for upgrading
recycled PET into value-added materials suitable for AM.

2. Materials and Methods
2.1. Materials

Post-consumer polyethylene terephthalate (rPET) was obtained from locally collected
water bottles. The bottles were manually sorted to remove contaminants, labels and
caps, thoroughly washed, and mechanically shredded into flakes using a laboratory-scale
shredder (Figure 1). Virgin PET (Lighter C93, Equipolymers, Milan, Italy) pellets were used
as reference material and for blending experiments.

Figure 1. General chemical structure of multifunctional epoxy-based chain extender under the
trade name of Joncryl® ADR-4468 (left) [29], and the chemical structure of pyromellitic dianhydride
(PMDA) (right).

Two chain extenders were investigated for the chain extension process:

• Joncryl® ADR-4468 (BASF Hellas S.A., Athens, Greece), a multifunctional epoxy-based
styrene–acrylic oligomer;

• Pyromellitic dianhydride or PMDA (Merck S.A. Hellas, Athens, Greece), a tetrafunc-
tional aromatic dianhydride (C10H2O6).

Their chemical structures are presented in Figure 1. In the case of Joncryl® ADR-4468,
the reactivity with PET arises from the presence of the epoxy group in the oligomer. The
epoxy groups undergo nucleophilic ring-opening reactions with functional end-groups of
PET: carboxyl (–COOH) and hydroxyl (–OH). The reaction with carboxyl groups leads to
ester linkages formation, while the reactions with hydroxyl groups lead to ether linkages.
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Because the molecule contains several reactive epoxy sites, in the case of ADR-4468, it
has 24 sites; a single Joncryl® ADR-4468 oligomer can react with multiple PET chains,
resulting in the formation of long-chain branching structures. Under reactive extrusion
conditions, this process increases the molecular weight and melt strength of the polymer
while improving its rheological stability, which is particularly beneficial for the processing
and upcycling of recycled PET [30].

In the case of PMDA, the reaction mechanism is different. PMDA molecule contains
two highly reactive anhydride groups attached to an aromatic ring. During reactive
extrusion with PET, the anhydride groups primarily react with the hydroxyl end-groups of
PET chains through nucleophilic attack, causing ring opening of the anhydride functionality.
This reaction forms an ester linkage between the PET chain and the dianhydride while
creating one more carboxylic acid group in the PMDA. The new carboxyl group can
again react with another PET hydroxyl end group, effectively linking two polymer chains
through the aromatic dianhydride moiety. As a result, PMDA can link up to four PET
chains, creating a 4-armed star geometry, promoting chain extension and limited branching
(Figure 2), leading to an increase in molecular weight and rheology characteristics of
the polymer. Due to its structure and size, it typically generates lower branching than
multifunctional epoxy-based chain extenders [31].

Figure 2. Reaction scheme of PMDA with PET chains. Reprinted from references [31–33].

All materials were dried prior to processing in order to minimize hydrolytic degra-
dation. PET-based materials were dried in a convection oven at 120 ◦C for at least 4 h,
ensuring a moisture content below 0.02 wt%.

2.2. Formulation Development for Chain Extension

Chain extension experiments were carried out by introducing the chain extenders
directly into the extruder during melt processing. The equipment used for the chain
extension was a laboratory-scale co-rotating twin-screw extruder (Process 11, Thermo
Fisher Scientific GmbH, Karlsruhe, Germany). The extrusion temperature profile was
set within the range of 245–265 ◦C, depending on the formulation. All prepared sample
formulations and their respective nomenclatures are summarized in Table 1.
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Table 1. Nomenclatures of all the developed samples.

Samples Nomenclature

Recycled PET pellets after extrusion and pelletization of recycled PET flakes rPET
Virgin PET pellets vPET
Compound of recycled PET pellets and virgin PET pellets in 70/30 ratio vPET/rPET_30/70
Compound of recycled PET and virgin PET pellets in 70/30 ratio with 0.3 wt%. PMDA
chain extender vPET/rPET_30/70_CE2_0.3

Compound of recycled PET and virgin PET pellets in 70/30 ratio with 0.6 wt%. PMDA
chain extender vPET/rPET_30/70_CE2_0.6

Compound of recycled PET pellets with 0.2 wt%. Joncryl® ADR 4468 chain extender rPET_CE_02
Compound of recycled PET with 0.4 wt%. Joncryl® ADR 4468 chain extender rPET_CE_04
Compound of recycled PET with 0.6 wt%. Joncryl® ADR 4468 chain extender rPET_CE_06
Compound of recycled PET with 0.8 wt%. Joncryl® ADR 4468 chain extender rPET_CE_08

For Joncryl® ADR-4468, rPET was compounded with additive concentrations ranging
from 0.2 to 0.8 wt%. Process parameters, including screw speed, feeding rate, melt temper-
ature and torque, were selected based on literature [22,30,34–36] and optimized to promote
chain extension reactions and enhance melt strength. Specifically, the screw speed was set
at 50 rpm with a starve-mode feeding rate, in order to achieve an adequate residence time
(150 s) and efficient distributive mixing, enabling the reaction of PET chain ends with both
Joncryl® ADR-4468 epoxy groups while minimizing thermal degradation. The extruder
torque was monitored as a real-time indicator of melt viscosity increase, ensuring that
chain extension occurred without inducing excessive crosslinking or machine overload.
The process parameters are presented in Table 2.

Table 2. Reactive extrusion process parameters for compounds of PET with Joncryl® ADR-4468 and
PMDA chain extenders.

Materials Tm (◦C) Z1–Z8 (◦C) Screw Speed
(RPM)

Residence
Time (s) Torque (%) Vacuum

Joncryl® ADR-4468
formulations

254 170–265 50 150 60–70 Yes

PMDA formulations 264 170–270 80 120 40–50 Yes

Since Joncryl modified rPET did not yield filaments with sufficient dimensional sta-
bility, PMDA was subsequently evaluated. As the initial rPET exhibited pronounced
structural degradation, leading to reduced molecular weight and unstable melt behaviour
during filament extrusion, the effectiveness of PMDA-based chain extension was inherently
constrained, as, unlike in the case of multifunctional epoxy-based Joncryl, polymer chains
with a sufficiently long polymer backbone are required for effective melt restabilization.
To address this limitation, a blend of rPET and virgin PET at a weight ratio of 70/30 was
introduced, aiming to partially restore the average molecular weight and provide a more
stable reactive matrix for PMDA, while maintaining a high recycled content. The addition
of PMDA to the blend was conducted at concentrations of 0.3 and 0.6 wt%. Chain extension
under optimized conditions, presented in Table 2, resulted in the successful production of
continuous filament for the rPET/vPET (70/30) + 0.6 wt% PMDA formulation.

2.3. Preparation of PET Filament

Filament extrusion was aimed at producing a uniform filament with a nominal diam-
eter of 1.75 ± 0.05 mm, suitable for fused filament fabrication (FFF). A melt pump and a
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laser-based diameter monitoring system were used to improve dimensional stability. The
extruded filament was cooled in a water bath and subsequently wound onto spools.

2.4. Rheological Characterization

Dynamic rheological measurements were carried out using a rotational rheometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) (Figure 3). The rheological response of
virgin PET, recycled PET, and modified formulations was evaluated by oscillatory shear
measurements using a parallel-plate geometry with a plate diameter of 25 mm. The storage
modulus (G′), loss modulus (G′′), and complex viscosity (η*) were recorded as a function
of frequency (f) over the range of 0.1–100 Hz at a testing temperature of 275 ◦C. Round
specimens of 25 mm diameter and 1.5 mm thickness were prepared using an in-house
injection moulding machine (Xplore Instruments BV, Sittard, The Netherlands).

 

Figure 3. Shredding of collected bottles in lab-scale shredder.

2.5. Mechanical Testing

Uniaxial tensile testing was conducted using a universal testing machine (Jinan Kason
Testing Equipment Co., Ltd., Jinan, China) equipped with a 5 kN load cell according to
ISO 527-2 [37]. The specimens used were Type 1BA (prepared using an in-house injection
moulding), and before testing, all specimens were conditioned according to ISO 291 [38],
ensuring uniform temperature and humidity conditions to minimize environmental influ-
ences on the results. Testing was carried out at a constant crosshead speed of 10 mm/min.
From the obtained stress–strain curves, key tensile properties were evaluated, including
yield strength (σy, MPa), modulus of elasticity (E, Mpa), and strain at yield (εy, %).

2.6. Thermal Analysis

Thermogravimetric analysis (TGA) was also conducted in a TGA/DSC instrument
(STA 449F5, NETZSCH-Gerätebau GmbH, Selb, Germany) with a heating rate of 50 ◦C/min
from 25 to 850 ◦C under constant N2 flow (20 mL/min). The results were used to compare
degradation behaviour among virgin, recycled, and modified PET materials.

The calorimetric measurements were performed employing a TA Q200 DSC apparatus
(TA Instruments, New Castle, DE, USA), calibrated with sapphires for heat capacity and
indium for temperature and enthalpy, on samples of ~6–9 mg in mass, closed in TA standard
aluminum pans, in the temperature range from 10 to 300 ◦C in a nitrogen atmosphere of
high purity (99.9995%). Two measurement scans were performed, with cooling and heating
rates fixed at 10 K/min.

2.7. Printability Assessment

Specimens used in this study were produced with a Prusa i3 MK3S+ FFF system
(Prusa Research, Prague, Czech Republic) equipped with an E3D V6 hot end and 0.4 mm-
diameter brass nozzle. Precise levelling, calibration of the FFF system, and first-layer
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settings were conducted prior to each test through an induction auto-levelling sensor
(SuperPINDA, Prusa Research, Prague, Czech Republic), and all specimens were printed at
the same XY position to prevent levelling variability. Printing trials were conducted using
varying combinations of layer height, extrusion width and printing speed. Qualitative
assessment of extrudate stability, surface quality, and interlayer bonding was assessed via
optical microscopy.

3. Results
3.1. Rheological Behaviour and Effect of Chain Extenders

For each polymer formulation, an initial strain sweep was performed to determine
the limits of the linear viscoelastic region (LVR). Based on these measurements, a strain
amplitude of 0.1% (well within the LVR) was selected and applied consistently for all
subsequent frequency sweep experiments.

3.1.1. Virgin vs. Recycled

Figure 4 presents the rheological behaviour of the rPET, vPET and their blend
vPET/rPET 30/70. In frequency sweep tests, as the frequency increases, the complex
viscosities of all samples are decreased because of the shear-thinning behaviour of ther-
moplastic polymers with increasing shear rate. The most direct indicator of a polymer’s
stability during reprocessing is the change in its complex viscosity at the low frequency
range (0.1 Hz), which is highly related to changes in the material’s molecular weight, and
its substantial viscosity reduction is a clear indication of chain scission [39].

Figure 4. Complex viscosity η*, storage modulus G′, and loss modulus G′′, as a function of frequency,
in the range 0.1–100 Hz at 275 ◦C, of rPET, vPET and vPET/rPET 30/70.

As expected, unmodified recycled PET exhibited significantly lower complex viscosity
compared to the virgin PET material across the entire frequency range, confirming molecu-
lar weight reduction due to thermal and hydrolytic degradation during its service life and
recycling history. In both the recycled PET and the blend with virgin, the loss modulus (G′′)
remained higher than the storage modulus (G′) over the entire frequency range 0.1–100 Hz,
indicating that the materials have predominantly viscous behaviour. The absence of a
G′/G′′ crossover point for rPET further indicates limited elastic response and poor melt
strength, rendering it unsuitable for stable filament extrusion. The complex viscosity of
the blend material is between the two as expected. Table 3 presents the complex viscosity
values of virgin PET, recycled PET, and their blend, at frequencies of 0.1, 1, and 10 Hz.
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Table 3. Complex viscosity (η*) values of vPET, rPET, and vPET/rPET_30/70, measured at 275 ◦C
and frequencies of 0.1, 1, and 10 Hz. The frequency at which the storage and loss moduli intersect
(G′ = G′′), where observed, is also reported.

Sample
Complex Viscosity

(η*)
0.1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

10 Hz, 275 ◦C (Pa·s)

Cross over
G′/G′′

vPET 9414 1353 390.6 G′ = G′′ = 10,350 Pa
at f = 3.816 Hz

rPET 156.4 137.8 123.9 -
vPET/rPET_30/70 703.4 350 194.5 -

3.1.2. Joncryl® ADR-4468 Chain Extender Formulations

The formulations prepared with different concentrations of Joncryl® ADR-4468 were
evaluated similarly with oscillatory frequency sweeps tests at 275 ◦C, in the frequency
range of 0.1–100 Hz. Figure 5 presents the complex viscosities of the four formulations and
the initial untreated material, as well as their storage (G′) and loss (G′′) moduli, and Figure 6
presents the tan δ. Furthermore, the complex viscosity values of rPET and formulations
containing different concentrations of Joncryl® ADR-4468, at frequencies of 0.1, 1, and
10 Hz, are presented graphically in Figure 7 and numerically in Table 4. The data reveal
non-monotonic relationships between Joncryl® concentration and viscosity increase, which
is characteristic of reactive chain extension in polyesters with epoxy-based chain extenders,
due to end-group availability and cross-linking taking place [22,40].

 

Figure 5. Comparison of complex viscosity η*, storage modulus G′, and loss modulus G′′, as a
function of frequency, in the range 0.1–100 Hz at 275 ◦C, of different formulations containing Joncryl®

ADR-4468.

Figure 6. Comparison of tan δ, as a function of frequency, in the range 0.1–100 Hz at 275 ◦C, of
different formulations containing Joncryl® ADR-4468.
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Figure 7. Complex viscosity (η*) values of rPET and rPET formulations containing different concen-
trations of Joncryl® ADR-4468, measured at 275 ◦C and frequencies of 0.1, 1, and 10 Hz.

Table 4. Complex viscosity (η*) values of rPET and rPET formulations containing different concentra-
tions of Joncryl® ADR-4468, measured at 275 ◦C and frequencies of 0.1, 1, and 10 Hz. The frequency
at which the storage and loss moduli intersect (G′ = G′′), where observed, is also reported.

Sample
Complex Viscosity

(η*)
0.1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

10 Hz, 275 ◦C (Pa·s)

Cross over
G′/G′′

rPET 156.4 137.8 123.9 -

rPET_CE_02 998.8 306.5 131.8 G′ = G′′ = 1207 Pa
at f = 0.8036 Hz

rPET_CE_04 186.2 132.7 99.58 -
rPET_CE_06 276.7 213.9 158.5 -
rPET_CE_08 155.4 128.7 94.90 -

Analyzing the complex viscosity trends of Joncryl®-modified formulations, the first
factor to notice is the enormous increase in the low-frequency viscosity of the rPET_02CE
sample, followed by shear-thinning behaviour with a slight increase at 10 Hz, indicating
the creation of high-molecular-weight polymer chains. Linear chains significantly increase
low-frequency viscosity, but due to the linearity, they are easily oriented and shear-thinned
at higher frequencies, hence the small change at 10 Hz. However, the fact that the storage
modulus G′ is higher than the loss modulus (G′′) up to a 0.8 Hz frequency indicates that
long-chain branching has occurred. Based on previous studies working on Joncryl® modi-
fications, branched polyester structures exhibit enhanced elasticity and strain hardening,
with G′ dominating at low frequencies [41,42].

Regarding the other tested concentrations of the Joncryl® chain extender, the sec-
ond most promising formulation is rPET_06CE. In this case, the complex viscosity was
moderately increased smoothly across the whole frequency range, indicating that the molec-
ular weight had increased, although the branching effect was not as intense as in sample
rPET_02CE. Loss modulus (G′′) dominated further, revealing that chain extension occurred
was most probably favoured over linear extension than branched [22,40].
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For the samples rPET_04CE and rPET_08CE, the results show very little complex
viscosity increase, indicating that the chain extension did not occur or was limited. In the
case of rPET_04CE, even though the complex viscosity is slightly increased in comparison
with the initial material, there is a quite impressive increase in the storage modulus (G′),
also reflected in tan δ, being the second sample after rPET_02CE to present a closer tan δ

to 1. That probably indicates that the linear chain extension was favoured [22].
For the rPET_08CE sample, the results show that this concentration was excessive

for the material. At concentrations exceeding the optimal stoichiometric ratio relative
to available polymer end-groups, Joncryl® may not facilitate chain extension. Previous
studies have demonstrated a non-linear relationship between the Joncryl® concentration
and molecular weight, with concentration peaking at an optimal value and then declining
at higher concentrations [43]. This may happen due to saturation of the reactive sites,
leaving unreacted epoxy sites that may undergo side reactions or remain as a dispersed
phase that could have a plasticizing effect, reducing the rheological properties. Similar
observations have been reported in other polyester systems, where high concentrations of
chain extender led to property deterioration rather than improvement [44].

Even though the enhancement of rheological properties for sample rPET_02CE seems
ideal, it was insufficient for this or another sample to restore the melt elasticity required for
filament dimensional stability. Consequently, continuous filament extrusion with acceptable
diameter tolerance could not be achieved from these formulations.

3.1.3. PMDA Chain Extender Formulations

The PMDA chain extender was incorporated into the rPET/vPET (70/30) blend rather
than the absolute waste material, as described in Section 2. In this approach, two different
concentrations of PMDA were tested: one of 0.3% and one of 0.6%. Both PMDA formu-
lations were similarly evaluated with oscillatory frequency sweeps tests at 275 ◦C, in the
frequency range of 0.1–100 Hz. Figure 8 presents the complex viscosities of both formula-
tions and the initial virgin/recycled PET blend, as well as their storage (G′) and loss (G′′)
moduli, and Figure 9 presents the tan δ. Furthermore, the complex viscosity values of
virgin/recycled PET blend and PMDA formulations at frequencies of 0.1, 1, and 10 Hz are
presented graphically in Figure 10 and numerically in Table 5.

Figure 8. Comparison of complex viscosity η*, storage modulus G′, and loss modulus G′′, as a
function of frequency, in the range 0.1–100 Hz at 275 ◦C, of different formulations containing PMDA
chain extender.
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Figure 9. Comparison of tan δ, as a function of frequency, in the range 0.1–100 Hz at 275 ◦C, of
different formulations containing PMDA chain extender.

Figure 10. Complex viscosity (η*) values of vPET/rPET_70/30 and the formulations containing
different concentrations of PMDA, measured at 275 ◦C and frequencies of 0.1, 1, and 10 Hz.

Table 5. Complex viscosity (η*) values of rPET, vPET, blend, and formulations containing different
concentrations of PMDA, measured at 275 ◦C and frequencies of 0.1, 1, and 10 Hz. The frequency at
which the storage and loss moduli intersect (G′ = G′′), where observed, is also reported.

Sample
Complex Viscosity

(η*)
0.1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

1 Hz, 275 ◦C (Pa·s)

Complex Viscosity
(η*)

10 Hz, 275 ◦C (Pa·s)
Cross over

G′/G′′

rPET 156.4 137.8 123.9 -

vPET 9414 1353 390.6 G′ = G′′ = 10350 Pa at@
f = 3.816 Hz

vPET/rPET_30/70 703.4 350 194.5 -
vPET/rPET_30/70_CE2_0.3 1824 556.8 301.9 -
vPET/rPET_30/70_CE2_0.6 1922 598.3 375 -

In this case, the addition of PMDA led to an increased complex viscosity for both
concentrations, particularly at low frequencies, while maintaining similar shear-thinning
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behaviour for both chain extender concentrations. These trends indicate that PMDA
effectively reacted with the PET chains, resulting in an increased molecular weight, mostly
by linear extension and limited branching. This was expected since the PMDA chain
extender has four reactive sites.

The formulation containing 0.6 wt% PMDA exhibited the highest viscosity values and
stable rheological behaviour, enabling one-step reactive extrusion and consistent filament
production within the target diameter range (1.75 ± 0.05 mm). This improvement is
attributed to the higher reactivity of PMDA toward PET end groups, promoting more
effective chain extension and branching compared to the epoxy-based modifier.

3.2. Thermal Properties

Thermal stability was assessed using thermogravimetric analysis (TGA). All materials
exhibited similar degradation profiles, as shown in Figure 11, with no significant shifts in
degradation onset temperature or decomposition mechanism following chain extension.
This indicates that neither Joncryl® ADR-4468 nor PMDA adversely affected the thermal
stability of PET.

Figure 11. TGA thermograms for all PET formulations (25–850 ◦C, 20.0 ◦C/min).

DSC was employed to evaluate the thermal behaviour of vPET, rPET, their blends,
and PMDA-modified formulations, as these were the most promising ones. The thermal
parameters reported in this study were derived from the second heating cycle in order
to eliminate the influence of prior thermal history arising from processing and sample
preparation, thereby allowing a consistent comparison of the intrinsic thermal behaviour of
the investigated PET formulations [45,46].

Table 6 presents the thermal properties results obtained from the second heating cycle
of vPET, rPET, their blend, and blends containing 0.3 wt% and 0.6 wt% PMDA. Respective
thermograms are presented in Figure 12.

Specifically, the reported results include the crystallization temperature (Tc), crystal-
lization enthalpy (∆Hc), glass transition temperature (Tg), cold crystallization temperature
(Tcc), cold crystallization enthalpy (∆Hcc), melting enthalpy (∆Hm), and degree of crys-
tallinity (Xc). The degree of crystallinity was calculated by dividing the measured melting
enthalpy by the theoretical melting enthalpy of 100% crystalline PET, taken as 140 J g−1.
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Table 6. Thermal properties obtained during the second DSC heating scan for vPET, rPET,
rPET/vPET_70/30, and PMDA-modified formulations.

Cooling Heating

Tc
(◦C)

∆Hc
(J/g)

Tg
(◦C)

Tcc
(◦C)

∆Hcc
(J/g)

Tm
(◦C)

∆Hm
(J/g)

Xc
(%)

vPET 187.1 −36.9 80.7 165.1 −2.50 253.5 36.4 26.0
rPET/vPET_70/30 202.3 −40.0 80.6 - - 244.0/250.5 37.8 27.0
rPET 202.8 −37.4 81.5 - - 244.4 33.0 23.5
rPET/vPET_70/30_CE2_03 198.2 −41.7 81.4 - - 241.1/247.8 34.4 24.6
rPET/vPET_70/30_CE2_06 195.5 −38.7 81.9 - - 240.8/246.7 30.2 21.6

Figure 12. DSC thermograms obtained during the second heating (left) and cooling (right) scan for
vPET, rPET, rPET/vPET_70/30, and PMDA-modified formulations. Measurements were performed
at a heating rate of 10 K/min.

The glass transition temperature (Tg) showed only minor variations among the ex-
amined materials. Although PMDA is known to introduce chain extension and branching,
which could theoretically restrict chain mobility and increase Tg, the experimental results
indicate that Tg remains largely unaffected by the addition of PMDA. A very slight increase
in Tg was observed for rPET/vPET blends with increasing PMDA concentrations; how-
ever, this change was minimal and does not allow for definitive conclusions regarding the
influence of PMDA on the glass transition behaviour.

Significant differences were observed in the crystallization behaviour of the materials.
Cold crystallization was detected only in vPET, indicating that vPET requires higher cooling
rates than rPET to suppress crystallization and retain an amorphous structure. In addition,
vPET exhibited a lower crystallization temperature and a broader crystallization peak
compared to rPET. In contrast, rPET displayed faster crystallization kinetics, which can be
attributed to its shorter polymer chains and the presence of residual impurities that may act
as nucleating agents, thereby promoting crystal formation more readily than in the more
structurally uniform vPET.

Regarding melting behaviour, vPET exhibited a sharper melting peak, consistent with
its higher purity and more homogeneous crystalline structure. rPET-containing samples
reached their melting temperature at approximately 244 ◦C, reflecting partial degradation
of thermal properties caused by thermo-mechanical stress and molecular weight reduction
during recycling. A double melting peak was observed for rPET/vPET_70/30, both with
and without PMDA. This phenomenon is commonly associated with the melting of primary
and secondary crystalline populations (lamellae) with different thickness distributions
formed during crystallization. Additionally, all materials exhibited a minor thermal event
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at approximately 106 ◦C, which may be associated with physical ageing effects or the
melting of imperfect or secondary crystalline regions.

Finally, a reduction in the degree of crystallinity was observed for rPET/vPET_70/30
blends containing PMDA. More specifically, the degree of crystallinity was reduced by 2.4%
in the rPET/vPET_70/30 CE2_03 sample, while in the case of rPET/vPET_70/30_CE2_06,
the reduction was 5.4%. A reduction of up to 5% in the degree of crystallinity can be con-
sidered important for PET systems, as relatively small variations in crystallinity are known
to influence crystallization kinetics, molecular mobility, and mechanical performance in
semi-crystalline polymers. Previous studies have reported that crystallinity changes of a
few percent are sufficient to alter the structural and mechanical behaviour of PET during
processing [47,48]. This decrease in crystallinity is considered advantageous for processing
via fused filament fabrication (FFF), as it may limit excessive crystallization during cooling
and promote improved interlayer adhesion.

3.3. Mechanical Properties

The tensile properties of all formulations were evaluated to assess the impact of chain
extension on mechanical performance. Table 7 summarizes the tensile strength, elongation
at break, and modulus of elasticity. Figure 13 presents a comparison of the tensile strength,
strain at break, and modulus of elasticity of the tested rPET, vPET, rPET/vPET blend, and
the most promising formulations of both chain-extenders, which are the rPET_CE_02 and
the rPET_CE_06 in the case of Joncryl® ADR-4468 and the vPET/rPET_ 30/70_CE2_0.3
and vPET/rPET_30/70_CE2_0.6 in the case of the PMDA chain extender. Since most of the
results fall in the range of standard deviations, one-way ANOVA analysis was performed
to reveal if there is statistical significance in these results.

Table 7. Tensile strength, strain at break, and modulus of elasticity of rPET, vPET, and rPET/vPET
blends, and most promising chain-extended formulations. Values are reported as mean ±
standard deviation.

Samples Tensile Strength (MPa) Strain at Break (%) Modulus of Elasticity (MPa)
rPET 56.91 ± 2.64 25.31 ± 2.92 1934 ± 55
vPET 57.40 ± 2.00 15.18 ± 7.02 2029 ± 75

vPET/rPET_30/70 58.01 ± 0.55 23.57 ± 2.57 2001 ± 14
vPET/rPET_30/70_CE2_0.3 57.50 ± 1.49 23.21 ± 2.04 2010 ± 17
vPET/rPET_30/70_CE2_0.6 60.15 ± 2.00 23.23 ± 4.37 2204 ± 61

rPET_CE_02 57.59 ± 0.24 24.05 ± 3.85 1922 ± 34
rPET_CE_06 57.41 ± 2.14 21.27 ± 0.89 1973 ± 83

Tensile strength values of all different samples vary between 56.9 and 60.2 MPa; sample
vPET/rPET_30/70_CE2_0.6 exhibited a slightly higher value (60.15 MPa), although the
statistical analysis revealed that differences among the formulations were not statistically
significant (F(6, 28) = 1.79, p = 0.138). The strain at break values exhibited even larger
variability, ranging from approximately 15% to 25%. In this case, the ANOVA analysis
yielded F(6, 28) = 2.31 with p = 0.062, which is slightly above the commonly used significance
threshold of 0.05. Consequently, the differences cannot be considered statistically significant.
The relatively large overlap between the standard deviation ranges of the samples suggests
that the observed variations fall within experimental scatter.

In contrast, the elastic modulus showed statistically significant differences among
the formulations. The measured values ranged from approximately 1920 MPa to
2204 MPa, with the vPET/rPET_30/70_CE2_0.6 sample exhibiting a clearly higher stiffness
(2204 ± 61 MPa). The ANOVA analysis confirmed the statistical significance of this varia-
tion (F(6, 28) = 11.06, p < 0.001). The increased stiffness of the vPET/rPET_30/70_CE2_0.6
sample can be attributed to chain extension, partial branching, or the differences in crys-
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talline morphology. Such structural modifications can restrict chain mobility and increase
resistance to elastic deformation, resulting in higher stiffness.

Figure 13. Tensile Strength, strain at break, and modulus of elasticity of rPET, vPET, and rPET/vPET
blends, and chain-extended formulations.

This result indicates that the incorporation of the investigated formulations did not
substantially affect the ultimate tensile strength and strain at break of PET. Similar ob-
servations have been reported in the literature for chain-extended PET systems, where
chain-extension reactions primarily modify the molecular architecture by increasing molec-
ular weight and introducing branching, leading to significant changes in melt rheology.
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However, the tensile properties of semi-crystalline polymers such as PET are predominantly
governed by the solid-state microstructure, including the degree of crystallinity, crystal
size and distribution, and the properties of the amorphous phase. Since the DSC analysis
did not reveal significant variations in crystallinity among the investigated formulations,
except for the case of the vPET/rPET_30/70_CE2_0.6 formulation, the overall microstruc-
ture of the other formulations remains relatively unaffected, resulting in comparable tensile
behaviour [49,50].

3.4. Filament Stability and Printability

A preliminary assessment of printability was conducted for the rPET/vPET (70/30)
blend containing 0.6 wt% PMDA, which had previously demonstrated stable filament di-
ameter within the targeted range. Specimens were fabricated using a Prusa i3 MK3S+ fused
filament fabrication (FFF) 3D printer equipped with an E3D V6 hotend and a hardened
steel nozzle with a diameter of 0.6 mm. Prior to each printing trial, careful system levelling
and first-layer calibration were performed, and all specimens were printed at the same XY
position to minimize positional variability.

To qualitatively assess material flow through the nozzle, extrusion behaviour was
initially evaluated at different printing temperatures. A stable and continuous extrusion
was achieved at a nozzle temperature of 270 ◦C, which was therefore selected for subsequent
printing trials. The extrusion width was set to 1.2 times the nozzle diameter, corresponding
to 0.72 mm, in accordance with standard FFF practice. Two-layer heights (0.3 and 0.4 mm)
and three printing speeds (20, 40, and 60 mm s−1) were investigated, while all other
processing parameters were kept constant. A double-sided textured PEI-coated spring steel
sheet was used as the build surface, and the bed temperature was maintained at 100 ◦C to
promote adhesion.

As shown in Figure 14, the specimens consisted of single-filament stacks arranged
in a uniform pattern and grouped into three printing-speed zones for each layer height.
The effect of printing parameters on filament deposition stability was evaluated in terms
of dimensional accuracy and surface morphology. Qualitative inspection of the top sur-
face was performed using a digital microscope (Emspira 3, Leica Microsystems GmbH,
Wetzlar, Germany).

   

Figure 14. Indicative images of the samples produced for the printability evaluation. Each sample
has 3 print speed zones for each combination of W and L.

Based on visual assessment, the most promising printing parameter set was identified
as a layer height of 0.3 mm, extrusion width of 0.72 mm, and printing speed of 20 mm s−1.

Under these conditions, the deposited filaments retained optical transparency, indicat-
ing a predominantly amorphous morphology. In the amorphous state, polymeric chains are
randomly arranged, resulting in a relatively homogeneous material with a uniform refrac-
tive index and minimal light scattering, which allows light to pass through the material. In
contrast, all other parameter combinations resulted in opaque filaments with reduced light
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transmittance, suggesting increased crystallinity. This behaviour can be attributed to the for-
mation of crystalline regions (spherulites), which introduce refractive index heterogeneities
between the crystalline and amorphous phases. These heterogeneities act as scattering cen-
tres, particularly when the size of the crystalline structures is comparable to the wavelength
of visible light, leading to significant light scattering and loss of transparency. Therefore,
the observed optical appearance provides qualitative evidence of differences in the degree
of crystallinity and microstructural organization of the filaments [51].

These observations suggest a direct relationship between printing parameters and
crystallization kinetics. Increased volumetric flow rate, resulting from higher printing speed
or higher layer height, leads to higher shear stresses during extrusion and increased material
volume, both of which can promote crystallization. In semicrystalline polymer systems,
shear and extensional stresses during FFF extrusion can induce partial alignment of polymer
chains along the flow direction, thereby promoting strain-induced crystallization [52]. In
parallel, the deposition of larger material volumes increases the thermal mass of the
extruded bead and prolongs cooling times, allowing greater molecular mobility during
solidification. Consequently, the combined effect of these phenomena and associated FFF
parameter combinations may either suppress or favour crystallization, thereby influencing
the final properties of FFF-printed parts. These results suggest that the investigated rPET
blend is highly sensitive to variations in processing conditions, which can lead to significant
changes in its structural evolution during printing.

Additional parameter sets (L = 0.3 mm, W = 0.72 mm, S = 40 mm s−1 and L = 0.4 mm,
W = 0.72 mm, S = 20 mm s−1) also produced continuous extrudate deposition, albeit
with higher opacity. These configurations were further examined at higher magnifica-
tion to analyze filament cross-sections obtained by vertical sectioning of the specimens
(Tables 8–10).

Table 8. Indicative images of the morphology of the filaments obtained from different combinations
of FFF process parameters (scale equals 1 mm).

Layer Height = 0.3 mm Layer Height = 0.4 mm

Printing speed = 20 mm/s

   

Printing speed = 40 mm/s

 

 

 

Printing speed = 60 mm/s
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Table 9. Further inspection of the top surface and the sliced cross-section of the most promising
printing parameter sets (scale line equal to 750 µm).

Layer Height = 0.3 mm
Top Surface Sliced Cross-Section

Printing speed = 20 mm/s

   

Printing speed = 40 mm/s

 

 

 

 

Layer height = 0.4 mm
Top surface Sliced cross-section

Printing speed = 20 mm/s

   

Table 10. Mean diameter and standard deviation values for the most promising printing parameters
in vertical sections.

Layer Height = 0.3 mm
Printing speed (mm/s) Mean diameter (mm) Standard deviation (mm)

20 0.7272 0.0700
40 0.6121 0.0470

Layer Height = 0.4 mm
Mean diameter (mm) Standard deviation (mm)

20 0.8457 0.0636

4. Conclusions
In this work, recycled PET was successfully processed into FFF-compatible filament

through reactive extrusion and formulation optimization. The influence of two different
chain extenders on the rheological, thermal, and processing behaviour of rPET-based
formulations was evaluated.

The use of Joncryl® ADR-4468 resulted in partial enhancement of rheological prop-
erties; however, the non-uniform response and limited filament dimensional stability
highlighted the sensitivity of epoxy-based chain extension to processing conditions and
residence time. In contrast, PMDA proved to be a highly effective chain extender when
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combined with a 70/30 rPET/vPET blend, providing reproducible increases in complex
viscosity and melt elasticity that enabled stable filament extrusion.

Thermal analysis showed that PMDA had a minimal impact on the glass transition
temperature, while inducing a slight reduction in crystallinity. This reduction was found
to be advantageous for FFF processing, as it limited excessive crystallization during cool-
ing and promoted improved filament deposition behaviour. Preliminary printing trials
confirmed that optimized combinations of layer height, extrusion width, and printing
speed significantly influenced crystallization kinetics and filament morphology, with lower
volumetric flow rates favouring transparent, low-crystallinity deposits.

Overall, the findings demonstrate that chain extension with PMDA is a promising
approach for upgrading recycled PET into high-value filaments suitable for additive manu-
facturing. The proposed strategy contributes to the sustainable utilization of post-consumer
PET and provides a framework for further optimization of recycled polymer systems for
FFF applications.
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