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ARTICLE INFO ABSTRACT

Keywords: This study examines the mechanical recycling of a virgin PA 11 and a post-consumer PA 11-low density poly-
Mechanical recycling ethylene (LDPE) (90/10) blend over ten reprocessing cycles. Fourier transform infrared spectroscopy (FTIR) and
PA 11

proton nuclear magnetic resonance (‘H NMR) analyses revealed changes in the intensity and position of specific
absorption bands and proton signals, indicating progressive chain scission and molecular rearrangements. A
carbonyl band was identified in the virgin PA 11 after reprocessing, a confirmation of thermo-oxidative
degradation. Mechanical testing showed gradual reductions in elastic modulus, stress at break, and impact
strength, with significant deterioration from the third cycle onward. Rheological analysis revealed consistent
decreases in storage modulus (G), loss modulus (G"), complex viscosity (*), and changes in damping factor (tan
8), reflecting lower molecular weight and altered viscoelastic behavior. This was further confirmed via Cole-Cole
and van Gurp-Palmen plots. In the post-consumer blend, scanning electron microscopy (SEM) showed pro-
gressive coalescence of LDPE droplets, contributing to reduced interfacial area and decreased impact resistance.
In general, the results showed that virgin PA 11 retains acceptable performance up to three cycles, while the post-
consumer blend exhibits faster and more pronounced degradation driven by both chemical and morphological

Mechanical properties
Reprocessing cycles
Rheological properties

changes particularly due to droplet coalescence and loss of interfacial area.

1. Introduction

Mechanical recycling of polymers has gained significant interest as a
sustainable approach to plastic waste reduction and circular economy.
While the mechanical recycling of synthetic polymers has been exten-
sively studied, [1] the recycling of biopolymers, especially under mul-
tiple reprocessing cycles, remains underexplored. Biobased polymers,
such as polyamide 11 (PA 11) derived from castor oil, represent a sus-
tainable alternative to conventional synthetic polymers. Despite its
renewable origin, PA 11 is not biodegradable, which reinforces the need
for effective recycling strategies to prevent its accumulation in the
environment.

PA 11 exhibits a tensile modulus of 1600 MPa with a tensile strength
of 49 MPa and an elongation at break reaching 40 % [2-5]. Due to its
exceptional chemical and thermal resistance (decomposition tempera-
ture around 430-455 °C), [6,7] PA 11 is extensively used in aerospace
for lightweight and high-performance components, as well as the
automotive industry for fuel tanks, brake lines and bearings. Its resis-
tance against fuels and oils makes it ideal for flexible pipes, while its low
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water absorption ensure safety in food contact packaging [8,9]. Addi-
tionally, PA 11 is used in marine applications for its UV and corrosion
resistance, in medical devices for its biocompatibility and strength, as
well as oil and gas, sports equipment, and wire/cable industries for its
good overall performance [8-10]. These specialized uses, coupled with
its relatively high cost [11,12], make PA 11 a strong candidate for pri-
mary (closed-loop) recycling, especially inside industrial facilities where
material wastes are generated.

Although the mechanical recycling of polyamides offers a sustainable
solution to reduce biobased polymers waste, it presents challenges as
repeated reprocessing can affect the chemical, physical, mechanical,
thermal and rheological properties [13,14]. For instance, Nur-A-Tomal
et al. [15] investigated the reprocessing of PA12 over four cycles in
injection molding, reporting a 6 % decrease in tensile strength (56.0
MPa to 52.6 MPa) and 10 % in impact strength (11.8 kJ/m? to 10.6
kJ/m?), mainly attributed to molecular weight reduction (chain scis-
sion) caused by thermal degradation. Hirsch and Theumer [14] studied
the recycling of a biobased composite of PA 11 with 30 wt. % beech
wood particles subjected to two injection molding cycles. Their study
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revealed a 18 % reduction in tensile modulus with a 19 % decrease in
tensile strength, highlighting the loss of mechanical property induced by
recycling.

This study investigates a real-world case of post-industrial recycling
involving a PA 11-LDPE blend recovered from windmill blade pack-
aging waste. While this system is not representative of a large-scale case
on commodity-polymer recycling challenges [16,17], it reflects a rele-
vant closed-loop scenario where recycling occurs within the same
manufacturing setting. Thus, it provides valuable insight into the
degradation behavior of biobased specialty polymers under multiple
reprocessing cycles.

The mechanical recycling behavior of virgin PA 11 and its 90/10
blend with LDPE was evaluated over ten reprocessing cycles using twin-
screw extrusion. To streamline the analysis, samples were characterized
after 1st, 3rd, 5th, 7th and 10th cycles to determine the effects of
reprocessing on different properties. Our previous study showed that the
thermal properties of virgin and post-consumer PA 11 were relatively
stable after 10 reprocessing cycles [18]. In contrast, this work reports
clear changes in mechanical, rheological, and morphological properties
providing insight into the recyclability of bio-based PA 11 and its blends
for industrial reuse.

2. Materials and methods
2.1. Materials

The virgin PA 11 used was RILSAN® BESNO TL purchased from
Arkema (USA) with a density of 1020 kg/m3 and a melt flow index (MFI)
of 1 g/10 min (2.16 kg, 235 °C) [19]. The post-consumer PA 11 is a blend
of PA 11 with LDPE (90/10) and supplied by MRC La Haute-Gaspésie
(Canada) coming from windmill packaging (windmill blades wrapping).

2.2. Preparation of recycled material

The post-consumer PA 11 was received as films, then cut and
reprocessed in a co-rotating twin-screw extruder (Leistritz ZSE-27,
Germany) with a length/diameter (L/D) ratio of 40 and 10 heating
zones (die diameter = 2.7 mm). The total flow rate was 0.5 kg/h and the
screw speed was set at 70 rpm. Since PA 11 has a melting temperature
(T around 190 °C, [20] the temperature profile was set as: 175 °C for
the first zone (feed), 210 °C for the second zone, 220 °C for the third
zone, 235 °C for the fourth to the eighth zone, 225 °C for the ninth zone
and 195 °C for the tenth zone (die) to limit degradation. The glass
transition temperature (Ty) of PA 11 ranges between 45 and 55 °C.
Therefore, the extrudates were cooled using tap water at room tem-
perature (20-25 °C). Finally, the filament was pelletized using a Conair
model 304 pelletizer (Conair, USA) and then oven dried for 4 h at 80 °C
to remove any moisture left.

2.3. Reprocessing cycles

The samples were reprocessed in the same co-rotating twin-screw
extruder up to 10 times with the same conditions as mentioned above.
Samples were taken after the 1st, 3rd, 5th, 7th and 10th reprocessing
cycles for analysis. This methodology was used for both the virgin and
post-consumer PA 11. Finally, the samples were oven dried for 4 h at 80
°C to eliminate residual moisture. More information can be found in the
first part of this study [18].

2.4. Characterization

2.4.1. Fourier transform infrared spectroscopy (FTIR)

FTIR was carried out using a Nicolet (USA) Magna-IR 560. The
analysis took place at room temperature with a scanning range from 400
to 4000 cm™! and a spectral resolution of 4 cm™! over 64 scans. The
carbonyl index (CI) was determined as the ratio of the absorption at

Polymer Degradation and Stability 241 (2025) 111541

1741 cm™! to the absorption at 720 cm™ which was found to be insen-
sitive to oxidation.

2.4.2. Proton nuclear magnetic resonance (' g NMR)

The spectra were recorded with an Agilent Technologies (USA) Inova
NMR spectrometer at a proton frequency of 400 MHz. The samples were
first dissolved in D3SO4 and then poured into 5 mm OD NMR tubes. A
total of 8 scans with a 10 s recycle delay were adequate to yield high-
quality spectra. Data acquisition was performed by the VnmrJ 3.2
software and processed with the MestreNova 14.3 software.

2.4.3. Scanning electron microscopy (SEM)

An Inspect F50 SEM (FEL, Hillsboro, OR, USA) was used at an
accelerating voltage of 10 kV. The samples were sectioned in the
transverse direction from injection-molded specimens using a guillotine
cutter after immersion in liquid nitrogen for 15 min to ensure cryogenic
fracture and minimize deformation. A thin Au/Pd coating was applied to
the exposed surfaces to enhance conductivity. ImageJ software was used
to measure the diameter of the LDPE dispersed phase in the blends.

2.4.4. Small amplitude oscillatory shear (SAOS)

Samples were prepared by cutting 25 mm diameter discs from
injection-molded specimens with a thickness of 3.1 mm using a metal die
and a press. Prior to testing, all samples were pre-heated for at least 10
min to ensure thermal equilibrium and consistent conditions for all
samples before starting measurements. Small amplitude oscillatory
shear (SAOS) measurements were carried out using a strain-controlled
ARES G2 rheometer (TA Instruments, USA) under a nitrogen (inert)
atmosphere to prevent polymer degradation at high temperatures. The
experiments were conducted using a parallel plate geometry (25 mm
diameter) with a fixed gap of 2 mm. This configuration was selected to
accommodate the high viscosity of the materials and to reduce edge
effects and sample overflow at elevated temperatures. To determine the
linear viscoelastic regime (LVR), strain sweep tests were first performed
at a constant angular frequency (w = 1 rad/s) over a strain range of
0.1-100 %. A strain amplitude of 8 % was then selected for subsequent
frequency sweeps, conducted in the range of 0.03 to 50 rad/s. All tests
were performed at 240 °C for both virgin and post-consumer PA 11.

2.4.5. Tensile properties

The final samples were produced by injection molding on a PN60
(Nissei, Japan) machine. The injection temperature profile was set as
225-225-224-221 °C (nozzle, front, middle and rear, respectively) with
a mold temperature at 30 °C and injection pressure of 45 MPa. The mold
has four cavities to directly produce the geometries needed: two
dumbbell shapes (type IV of ASTM D638) and two rectangular bars
(width and thickness of 12.45 x 3.14 mm? with two lengths of 80 and
125 mm). Tensile testing was carried out at ambient temperature ac-
cording to ASTM D638 using a 5000 N load cell and a strain rate of 10
mm/min on an Instron (USA) model 5565 universal mechanical tester.
At least 10 dog bone specimens (type IV) with a thickness of 3.1 mm
were used. The average values for the stress at break, tensile modulus
and elongation at break were calculated with their respective standard
deviations.

2.4.6. Notched charpy impact strength

The notched Charpy impact strength was determined at room tem-
perature using a Tinius Olsen (USA) model 104 tester according to ASTM
D256. Each formulation used a minimum of ten specimens with di-
mensions of 60 x 12.7 mm? Prior to testing, the samples were V-
notched using a Dynisco (USA) model ASN 120 m sample notcher 24 h
before testing.

2.4.7. CIELab measurements
The color of the tensile specimens was measured at room tempera-
ture using a X-Rite spectrophotometer from the Ci6X series (model Ci62)
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following ASTM D2244-16. The CIELab parameters (L*, a* and b*) were
recorded to quantify color changes associated with thermal oxidation
and reprocessing-induced degradation. This approach provides a quan-
titative assessment of color changes, which are sensitive indicators of
oxidation [21,22]. The color difference (AE*) was calculated as:

AE = (ALY + (aa)? + (Ab)? )

where L* a* and b* represent the lightness, green-red, and blue-yellow
coordinates, respectively. The measurements were performed directly
on the surface of injection molded specimens using standard illumina-
tion (D65) and a 10° observer angle. Five replicates were taken per
sample to ensure reproducibility.

3. Results and discussions
3.1. Chemical structure analysis

3.1.1. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of virgin and post-consumer PA 11 at various
reprocessing cycles are presented in Fig. 1, while the main absorption
bands, associated with PA 11 functional groups, are listed in Table 1 for
reference.

Pliquet et al. [26] noted that the band at 3080 cm™, corresponding to
N-H stretching in secondary amides, can be used to follow structural
changes related to thermo-oxidative degradation in polyamides. Addi-
tionally, thermal degradation is typically associated with the formation
of carbonyl groups, which appear in the 1700-1800 cm™ region due to
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Table 1
FTIR absorption bands and vibrational assignments for PA 11 [23-25].
IR bands Assignment
[em™]
3297 N-H stretching vibration involved in hydrogen bonding, typically
associated with the crystalline domains of PA 11
3079 N-H stretching in secondary amides, may also involve overtone
coupling with amide II and C-N stretching
2918 Asymmetric stretching of methylene (CHz) groups along the
aliphatic backbone
2850 Symmetric stretching of CHz groups in the polymer chain
1635 Amide I band, mainly C = O stretching with contributions from C-N
stretching and backbone deformation
1544 Amide II band, involving N-H bending and C-N stretching vibrations
1277 Amide III band, typically assigned to C-N stretching and N-H

deformation modes
720 CH: rocking deformation, typically linked to crystalline packing in
aliphatic chains

chain scission [27,28]. Virgin PA 11 (Fig. 1a) exhibits the expected
bands listed in Table 1 and the 3080 cm™ band remained unchanged
across all reprocessing cycles, suggesting that the overall N-H stretching
vibration associated with secondary amides is not significantly affected
[29]. However, a distinct carbonyl band at 1741 cm™ was consistently
observed in all reprocessed samples, from the 1st to the 10th cycle. This
peak is indicative of carboxylic acid end groups formed through oxida-
tive chain scission, confirming that chemical degradation progressively
occurs during reprocessing [9,30-33]. The calculated CI, based on the
area ratio between the 1741 and 720 cm™ bands, increased from 0.076
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1800
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Fig. 1. FTIR spectra for: (a) virgin PA 11 and (b) post-consumer PA 11.
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in the 1st cycle to a maximum of 0.196 for the 5th cycle, followed by a
decrease to 0.057 and 0.088 in the 7th and 10th cycles, respectively. The
changes observed across the samples can be associated with progressive
degradation [34]. In addition to carbonyl formation, virgin PA 11 pre-
sents a localized structural change, as evidenced by the increase in the
intensity and a slight shift to higher wavenumbers of the 1544 cm™ band
(amide II, N-H bending and C-N stretching). These changes indicate
modifications in hydrogen bonding and local chain conformation [35].
This interpretation is further discussed in the 'H NMR section.

The post-consumer blend (Fig. 1b) displays additional absorption
bands associated with LDPE, especially at 2914 and 2849 cm™ (CH:
stretching), 1472 and 1463 cm™ (CH: bending), as well as 725 and 719
cm™! (CHz rocking in the crystalline and amorphous domains, respec-
tively) [25,36]. These bands confirm the presence of LDPE and provide
reference to identify changes in the polyolefin phase. For the 3080 cm™
band, it also remained unchanged across all reprocessing cycles, indi-
cating no significant alterations in the global N-H environment. In
contrast to virgin PA 11, the carbonyl band at 1741 cm™ was not
observed in the post-consumer blend, suggesting that carbonyl groups
were not formed in detectable amounts. Similar results were observed
for petroleum-based polyamides and LDPE. For example, Su et al. [37]
reported no observable changes in the FTIR spectra of PA 6 after 16
mechanical reprocessing cycles performed by injection molding. Simi-
larly, Yap et al. [38] observed no formation of new functional groups in
PA 6 after five reprocessing cycles by extrusion. For LDPE, Abad et al.
[28] investigated its reprocessing by extrusion and identified two
competing mechanisms: chain scission significantly reducing viscosity,
and crosslinking which could not be detected by FTIR. Therefore,
additional characterization using complementary techniques was con-
ducted as described in the following sections.

3.1.2. Proton nuclear magnetic resonance (- g NMR)

In order to confirm the presence of new functional groups, 'H NMR
analysis was performed. Fig. 2 illustrates the identification of protons in
the repeat unit’s chemical structure, while Fig. 3 presents the 'H NMR
spectra of virgin PA 11. The spectra can be categorized into two main
regions: aliphatic and aromatic. Aliphatic hydrogen resonances appear
between 0 and 3 ppm, while aromatic hydrogen resonances are observed
around 4-8 ppm [39].

Table 2 presents the chemical shifts (5) for the proton peaks of all
samples. A decrease in the peak intensity corresponding to protons at § =
1.25, 1.61, 2.53 and 3.38 ppm, associated with H3-H8, H9/H12, H10
and H1 respectively [40,41], was observed for virgin PA 11. The
decreasing trend becomes noticeable from the 3rd cycle, suggesting the
presence of multiple degradation mechanisms. Oliviera et al. [27] pro-
posed that the reduction of the peak intensity corresponding to the
N-vicinal hydrogen atom (H1) in PA 11 results from a preferential attack
on this proton during the early stages of degradation. Similar findings
were reported for other aliphatic polyamides. For instance, Karstens and
Rossbach [42,43] identified a primary attack on the N-vicinal methylene
group during the thermo-oxidative degradation of PA 6/PA 66 blends.
Kamerbeek et al. [44,45], Luderwald et al. [46,47] and Bahr et al. [48,
49] also highlighted scission at the N-alkylamide bond (leading to lower
H1 intensity) as a key degradation mechanism for PA 6, PA 66, and PA
12. In contrast, Montaudo et al. [50,51] and Holland et al. [52] sug-
gested that peptide bond scission (resulting in lower H10 intensity) is
the predominant degradation pathway for PA 6 and PA 66. Other
studies, including Ohtani et al. [53], Dussel et al. [54], Herrera et al. [55,
56] and Ballistreri et al. [57], also emphasized peptide bond degradation

(—CH, — CH, — (CH,)¢—CH,—CH, — NH — C = 0-),

1 2 3-8 9 10

Fig. 2. Identification of the protons from the chemical structure of PA 11.
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st

— Unprocessed — 1% cycle — 3" cycle — 5™ cycle — 7™ cycle — 10" cycle

(H3-8)

Fig. 3. 'H NMR spectra of virgin PA 11 for the 1st, 3rd, 5th, 7th and 10th
reprocessing cycles.

Table 2
Values of & for the proton peaks of virgin and post-consumer PA 11.
Sample Cycle H1 H10 H9/H2 H3-8
Unprocessed 3.38 2.53 1.61 1.25
1st 3.41 2.56 1.61 1.28
Virgin 3rd 3.37 2.52 1.56 1.18
5th 3.33 2.48 1.51 1.13
7th 3.36 2.51 1.56 1.25
10th 3.35 2.50 1.53 1.21
Post-consumer 1st 3.45 2.62 1.66 1.41
3rd 3.46 2.61 1.65 1.41
5th 3.46 2.61 1.66 1.39
7th 3.46 2.62 1.65 1.41
10th 3.45 2.61 1.65 1.38

as the primary mechanism. However, they acknowledged that scission at
other sites, such as the N-alkylamide bond or the C-C bond (leading to
lower H3-8 intensity), can also occur in aliphatic polyamides. These
competing mechanisms were corroborated by Hornsby et al. [58] and
Levchik et al. [59].

Fig. 4 shows the 'H NMR spectra for the post-consumer PA 11. The
characteristic LDPE peaks at § = 1.41 and 1.66 ppm, corresponding to
the long chains of aliphatic hydrocarbons[60], are seen in addition to
the PA 11 peaks. A slightly lower intensity of the § = 1.41 ppm peak,
attributed to the H3-8 hydrogens in the C-C bonds of the polymer chain,

— 1* ¢ycle — 3 cycle = 5 cycle = 7™ cycle — 10% cycle
| (HD)
(H10)
| |
! |
|
i
| \ I :
| \ |
[ AL N NI N :
36 35 27 26 1716151413 | |
|
*’J\‘Hn. - HJ JJ I_____‘
1 L 1 L 1 L 1 L 1 N 1 L 1 L 1 1 1 L 1 L

2 11 10 9 8 7 6 5 4 3 2 1
H [ppm]

Fig. 4. '"H NMR spectra for post-consumer PA 11 after the 1st, 3rd, 5th, 7th and
10th reprocessing cycles.
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is also observed for post-consumer PA 11. However, no changes were
detected at § = 1.66, 2.62 or 3.45 ppm, corresponding to H9/H12, H10
and H1, respectively. These findings suggest a preferential attack on the
H3-8 proton during the degradation for post-consumer PA 11. Finally,
distinct peaks are observed in the aromatic region at § = 5.88, 5.75 and
5.61 ppm. These peaks might be associated with the presence of a yellow
pigment in the post-consumer material as discussed later.

3.2. Morphological analysis

Morphological analysis was conducted to evaluate the evolution of
the LDPE dispersed phase in the post-consumer PA 11 blend and to
assess the stability of the initial microstructure throughout reprocessing.
Fig. 5 presents SEM images of the post-consumer PA 11 across multiples
cycles. At the 1st cycle (Fig. 5a), the LDPE domains are small and

mag o WD  HV
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uniformly distributed in the polyamide matrix. In the 3rd and 5th cycles
(Fig. 5b and c), the domains size increase and exhibit irregular shapes,
indicating the presence of both finely dispersed droplets and larger
structures. By the 7th and 10th cycles (Fig. 5d and e), fewer domains are
observed, and their average size is larger than the other cycles. This
morphological evolution indicates coalescence of the dispersed LDPE
phase [61].

It is well known that immiscible polymer blends often exhibit distinct
phase morphologies and reduced mechanical performance due to poor
interfacial adhesion [62-64]. Although PA 11 and LDPE are immiscible
because of their polarity contrast, the initial color (yellowish) and
microstructure of the blend suggests the presence of compatibilizers or
formulation additives promoting interfacial stability and fine dispersion.
Such components are frequently added in commercial systems to
improve compatibility and enhance mechanical performance [65].

® -
mag = WD HV  spot mode det ————————— _]
75000 x 18.4 mm 10.00 kV 2.5 SE ETD Laboratoire Microanalyse FSG - ULAVAL

@ o
spot mode det ————
75000 x 15.4 mm 10.00 kV| 2.5 SE ETD| Laboratoire Microanalyse

2 pm
- ULAVAL

Fig. 5. SEM images of post-consumer PA11 over different reprocessing cycles: (a) 1st, (b) 3rd, (¢) 5th, (d) 7th and (e) 10th.
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During reprocessing, the degradation of these compatibilizers, along
with matrix viscosity reduction and lower shear efficiency, likely ac-
celerates droplet coalescence and phase separation [66,67].

To quantify these observations, Fig. 6 presents the particle diameter
distribution for each reprocessing cycle. For the 1st cycle, the average
diameter is 0.09 pm, with most values between 0.08 and 0.10 pm. For
the 3rd and 5th cycles, the distribution becomes bimodal, with the 5th
cycle showing a maximum diameter of 0.22 pm and a standard deviation
of 0.05 pm. This indicates an unstable morphology with both residual
small droplets and growing coalesced domains. For the 7th and 10th
cycles, the distribution further shifts to larger values, and the presence of
small droplets decreases. The 10th cycle presents the highest average
(0.17 pm) with a maximum diameter of 0.25 pm related to the pro-
gressive coalescence of LDPE domains with reprocessing.

This coalescence phenomenon, reported in reprocessed blends, re-
duces the number of interfaces (less droplets) and modifies the phase
distribution [61,62]. These morphological changes will influence the
mechanical and rheological properties as discussed in the following
sections.

3.3. Mechanical analysis

3.3.1. Tensile test

Tensile tests were performed to assess the effect of reprocessing on
the mechanical performance of virgin and post-consumer PA 11, espe-
cially focusing on the tensile modulus, stress at break and elongation at
break. These properties are key indicators of polymer recyclability and
long-term durability. As shown in Fig. 7, all three tensile properties
exhibit a consistent decrease with increasing reprocessing cycles.

For virgin PA 11 (Fig. 7a), the stress—strain curves present a distinct
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Fig. 6. Distribution of diameter of LDPE particles in the post-consumer PA 11.
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yield point, followed by necking initiation for the unprocessed, 1st and
3rd cycles. This transition is then followed by a second yield point,
associated with neck stabilization and propagation [68]. The material
subsequently enters a strain hardening region, where multiple stress
peaks are observed before the final fracture, which exhibits a fibrillar
morphology until the 7th cycle. This post-yield behavior is characteristic
of semi-crystalline polyamides with high ductility, indicating effective
molecular reorientation and energy dissipation during deformation
[69]. The same trend is observed from the 5th cycle to the 10th cycle.
However, the strain hardening region becomes less pronounced and
fracture occurs sooner after the second yield, revealing a progressive
reduction in the material’s plastic deformation capacity due to
thermo-mechanical degradation [9]. These observations are consistent
with the values presented in Fig. 7c showing reductions of 23 % in
tensile modulus (643 to 495 MPa), 22 % in stress at break (40 to 31 MPa)
and 34 % in elongation at break (268 % to 178 %) between the un-
processed and 10th cycle. These changes are consistent with a reduction
in molecular weight (chain scission effect) as previously described for
reprocessed polyamides [9,18,37,38,70-79]. Similarly, Ben Amor et al.
[70] reported that mechanical reprocessing by injection molding of PA 6
for up to six cycles resulted in a 36 % reduction in Young’s modulus and
a 14 % decrease in tensile strength. They attributed these losses to
molecular weight degradation and impurity accumulation, including
thermal degradation byproducts, residues from degraded color master-
batch or environmental particles introduced during grinding and
reprocessing. Hirsch and Theumer [14] reported that biobased
wood-plastic composites based on PA 11 and beech wood particles
showed a 18 % reduction in elastic modulus and a 19 % decrease in
tensile strength after two mechanical reprocessing cycles, attributed to
thermo-oxidative degradation of both PA 11 and wood particles.

The stress—strain curves of the post-consumer PA 11 (Fig. 7b) present
the same general deformation stages as virgin PA 11 (yielding, necking
initiation and strain hardening), but with less defined transitions. All
samples show a clear yield point followed by necking. After yielding, the
stress increases progressively, indicating strain hardening; however, the
absence of a distinct stress plateau (as observed in virgin PA 11) suggests
modified plastic flow behavior due to the dispersed LDPE phase.
Compared to virgin PA 11, the post-consumer blend exhibited lower
stress levels, elastic modulus, and yield stress from the first cycle,
reflecting the influence of the softer LDPE domains embedded in the
polyamide matrix. From the 1st to the 5th cycle, the strain hardening
region is present, although the curves exhibit stress fluctuations of lower
amplitude followed by a sharper fracture. Since the degree of crystal-
linity remains relatively constant across cycles, these variations are
unlikely to be related to crystalline structure changes. Instead, the
reduced elongation at break and the minor stress fluctuations are
attributed to limited interfacial adhesion between the PA 11 and LDPE
phases, and to localized fibrillar fracture events observed during me-
chanical testing [80]. In particular, the 7th cycle shows increased
elongation accompanied by minor stress fluctuations after yielding. The
specimens exhibited a combination of fibrillar and more brittle, glossy
fracture regions, suggesting localized changes in deformation mecha-
nisms. These observations indicate that the stress fluctuations are
intrinsic to the material behavior, likely associated with phase rear-
rangements or interfacial weakening due to progressive LDPE droplet
coalescence during reprocessing [81]. In contrast, the 10th cycle ex-
hibits a decrease in both ductility and stress magnitude, reflecting pro-
gressive degradation of the PA 11-LDPE structure. This qualitative
behavior is consistent with the quantitative results (Fig. 7d) showing a
decrease of 14 % in elastic modulus (542 to 466 MPa), 70 % in stress at
break (27 to 8 MPa) and 43 % in elongation at break (198 % to 113 %)
between the 1st and 10th reprocessing cycle. Kuram et al. [75] reported
similar trends for PA 6/PC/ABS blends, where the elastic modulus
dropped from 1360 MPa in the first cycle to 664 MPa (51 % lower) after
three mechanical reprocessing by injection molding. This behavior was
attributed to chain scission and changes in interfacial adhesion between
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the polymer components. In addition, the coalescence of LDPE droplets
during reprocessing leads to a reduction in total interfacial area, which
further weakens the material by limiting energy dissipation during
deformation [62-64].

3.3.2. Impact test

Fig. 8 presents the notched Charpy impact strength of both virgin and
post-consumer PA 11 over different reprocessing cycles. For virgin PA
11, only minor variations are observed. The impact strength slightly
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Fig. 8. Impact strength of the virgin and post-consumer PA 11.

increases from 64.9 + 1.8 J/m for the unprocessed resin to 69.1 + 1.9 J/
m for the 5th cycle, before returning to 63.3 + 1.6 J/m by the 10th cycle.
This relative stability indicates that the virgin polymer maintains suffi-
cient molecular integrity and energy dissipation mechanisms during
repeated processing. Nur-A-Tomal et al. [15] observed a similar trend
for PA 12, where the impact strength only slightly decreased (10 %)
across four injection molding cycles, which was attributed to oxidative
and mechanical degradation. Vidakis et al. [82] also found that the
mechanical properties of PA 12, including impact strength, initially
improved with recycling, but degraded rapidly after the 5th cycle. They
associated these changes with structural evolution during reprocessing
by extrusion and specific characteristics of the additive manufacturing
process.

In contrast, the post-consumer PA 11 showed a significant decrease
in impact strength, from 317.5 + 11.8 J/m in the 1st cycle to 121.8 +
4.4 J/m in the 3rd cycle and down to 73 + 4.2 J/m by the 10th cycle.
The observed reduction can be attributed to the combined effects of
chemical and morphological degradation. While FTIR analyses did not
reveal the formation of new functional groups (Fig. 1), '"H NMR results
suggest a preferential attack on the aliphatic backbone (H3-8 region),
rather than on the amide bonds, indicating that the degradation mech-
anism in the post-consumer blend primarily affects the C-C chain seg-
ments consistent with chain scission (Fig. 3). Similar degradation
mechanisms have been reported by Su et al. [37] during the mechanical
recycling of PA6 by injection molding, where the Izod impact strength
decreased from 327 J/m to 128 J/m (61 %) after 16 reprocessing cycles.
However, the load-extension curves presented in this work showed that
the material retained a ductile behavior, with well-defined yield points
and extended deformation before failure, even after multiple cycles. In
our study, although the impact resistance of post-consumer PA 11 also
decreases with reprocessing, it remains higher than that of virgin PA 11,
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which may be attributed to the toughening effect of the LDPE phase.
This behavior is consistent with classic immiscible blends, where the
ductile dispersed phase contributes to energy dissipation and delays
brittle fracture. Crespo et al. [76] also reported a significant (36 %)
reduction in the Charpy impact strength of PA 6 after five reprocessing
cycles by injection molding, associated with the same degradation
mechanism.

In addition to chain scission, SEM analysis showed progressive coa-
lescence of the LDPE dispersed phase, especially after the 3rd cycle,
leading to fewer and larger domains (Fig. 5, Fig. 6). This reduction in
total interfacial area limits energy dissipation during impact, contrib-
uting to lower toughness [9,83]. These findings emphasize the role of
phase morphology and blend composition in preserving impact resis-
tance during mechanical recycling.
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3.4. Rheological analysis

3.4.1. Small amplitude oscillatory shear (SAOS)

The frequency-dependent rheological response of virgin and post-
consumer PA 11 over different reprocessing cycles was analyzed using
SAOS tests as presented in Fig. 9. For virgin PA 11, both the storage
modulus (G’) and loss modulus (G’’) exhibited frequency-dependent
increases, especially at low frequencies (» < 1 rad/s) (Fig. 9a,c). The
unprocessed sample showed the highest elastic response, with G
exceeding 10* Pa at intermediate frequencies, while the 10th cycle
showed values below 10° Pa at ® = 0.1 rad/s and 240 °C. Lee et al. [84]
reported similar findings for PA 6, a decrease from above 102 Pa in the
unprocessed material at intermediate frequencies to 1 Pa for the 3rd
cycle at ® = 0.1 rad/s and 230 °C. They concluded that the differences
were related to lower molecular weight. A similar trend was observed
for G', suggesting a global reduction in both energy storage and
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Fig. 9. Rheological properties as a function of frequency: (a) storage modulus of the virgin PA 11, (b) storage modulus of the post-consumer PA 11, (c) loss modulus
of the virgin PA 11, (d) loss modulus of the post-consumer PA 11, (e) complex viscosity for the virgin PA 11, (f) complex viscosity for the post-consumer PA 11, (g) tan
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dissipation capacities of the melt.

In contrast, the post-consumer PA11 (Fig. 9b, d) shows initially lower
G and G” values, but the moduli decreased more slowly over the cycles.
At a frequency of ® ~ 0.12 rad/s, G’ decreased from 5328 Pa (1st cycle)
to 2948 Pa (10th cycle), a 45 % reduction, while G” decreased from 2011
Pa to 581 Pa, corresponding to a 71 % decrease. In particular, G
remained higher than G" across the entire frequency range, even after 10
cycles, indicating that the material retained a predominantly elastic
response. This behavior is associated with the biphasic morphology of
the blend. Although the LDPE phase is fully molten at the testing tem-
perature, its presence as a dispersed phase contributes to the viscoelastic
profile by influencing the stress distribution and deformation pathways.
The progressive reduction in both moduli is consistent with morpho-
logical degradation mechanisms, such as droplet coalescence and
decreased interfacial adhesion, as observed in Fig. 5 and Fig. 6.

Fig. 9e and f present the evolution of the complex viscosity (1*) for
the virgin PA11 and the post-consumer blend, respectively. For virgin
PA11, * decreased significantly across all frequencies with successive
reprocessing cycles. At a representative frequency of ® ~ 0.12 rad/s, n*
dropped from 33.1 kPa-s (unprocessed) to 4.69 kPa-s after the 10th
cycle, corresponding to a reduction of 86 %. This significant decrease is
indicative of chain scission and reduced molecular weight, which reduce
the melt’s resistance to flow and enhance the shear-thinning behavior
[85,86]. Similar trends were reported by Yap et al. [38], Crespo et al.
[76], and Su et al. [37] all of them using injection molding for reproc-
essing, as well as by Lee et al. [84] using extrusion. These studies
consistently observed lower viscosity (or higher melt flow rate) and
reduced molecular weight in reprocessed PA 6, which were attributed to
chain scission during thermo-mechanical degradation.

For the post-consumer PA 11 (Fig. 9f), a similar degradation trend
was observed. The initial * at ® ~ 0.12 rad/s decreased from 77.0 kPa-s
in the 1st cycle to 55.9 kPa-s after the 10th cycle, corresponding to a 27
% reduction. This progressive decrease is likewise attributed to thermo-
mechanical chain scission and the associated reduction in molecular
weight [9].

The damping factor (tan §), shown in Fig. 9¢ and h, provides a
measure of the relative contribution of the viscous and elastic responses
as this parameter is highly sensitive to changes in molecular structure
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and interfacial dynamics [87]. For virgin PA11 (Fig. 9g), the material
exhibits tan & values close to or slightly above 1 at low frequencies (o ~
0.03 rad/s), indicating a balanced viscoelastic behavior. However, as
frequency increases, tan 5 decreases across all cycles, indicating a
transition to elastic-dominated behavior at higher shear rates. With
reprocessing, the entire tan & curve shifts upward, especially at low
frequencies. By the 10th cycle, tan § values exceed 2 at ® < 0.1 rad/s,
suggesting a significant loss of elastic recovery and a dominance of
viscous dissipation. This shift reflects the degradation of molecular
weight and entanglement density due to chain scission, leading to fewer
long-relaxation-time modes [88].

In contrast, the post-consumer PA 11 (Fig. 9h) shows a distinct
behavior. At low frequencies (w ~ 0.03-0.1 rad/s), tan § displays a U-
shaped profile, with a clear minimum between 0.3 and 1 rad/s that
becomes more pronounced with reprocessing. The 1st to 7th cycles ex-
hibits minima around 0.5 rad/s, indicative of predominant elastic
behavior at intermediate frequencies. By the 10th cycle, the minimum
shifts to higher frequencies and the tan § values decrease at low w,
reflecting a loss of viscous contribution relative to elasticity. This
behavior suggests that rheological degradation in the blend is driven by
polymer chain scission and reduced interfacial effectiveness during flow,
potentially due to phase destabilization or compatibilizer degradation
during reprocessing [89].

3.4.2. Cole—Cole representation

Fig. 10 presents the viscoelastic behavior of virgin and post-
consumer PA11-LDPE blends during reprocessing through Cole-Cole
plots and phase-space representations of the complex viscosity. In
Fig. 10a, the Cole-Cole plot of virgin PA11 shows a quasi-linear rela-
tionship between G' and G’ for all cycles, with a shift toward lower
moduli as the number of reprocessing cycles increases. The unprocessed
sample exhibits the highest G' and G” values, indicating a more struc-
tured and entangled polymer matrix. As the cycles progress, the data
progressively shorten and shift downward, forming a series of diagonal
lines of decreasing length. This reduction in curve length is associated
with molecular weight degradation, consistent with the observed drop
in complex viscosity and moduli in Fig. 7. The contraction of the
Cole—Cole arc indicates a decrease in relaxation times and lower elastic
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Fig. 10. Cole—Cole plots of the systems studied across all reprocessing cycles: G” as a function of G’ for: a) virgin PA 11 and (b) post-consumer PA 11 (b); as well as 5"
as a function of 5/ for: ¢) virgin PA 11 and (d) post-consumer PA 11. All the data were taken at 240 °C.
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recovery, suggesting chain scission and reduced entanglement density. A
similar trend was reported by Nait-Ali et al. [90] for PET subjected to six
reprocessing cycles in an single-screw extruder, where the decrease in
curve amplitude was attributed to molecular weight reduction. The
absence of curvature or secondary shoulders implies that the polymer
remains single-phase, with a continuous distribution of relaxation times
[91]. This trend is similar in Fig. 10c, where the plot of " as a function of
1 shows high viscosity components for the unprocessed and early-cycle
samples, while the 10th cycle displays a substantial shift toward lower
values, a confirmation a progressive loss of viscoelastic strength due to
molecular degradation [92]. A similar observation was reported by
Dordinejad et al. [93] who studied the effect of multiple extrusion on
LLDPE using a single-screw extruder over 9 reprocessing cycles. In their
Cole—Cole plots, the degraded LLDPE samples showed a significant
alteration of the '~ profile, especially in the high 5’ region. After only
three extrusions, the slope of the curve changed from negative to posi-
tive, indicating severe structural changes due to thermo-mechanical
degradation.

In contrast, Fig. 10b, corresponding to the post-consumer PA1l1l,
exhibits a more compact set of Cole-Cole curves, also following a quasi-
linear trend. While G’ remains higher than G" over all cycles, G' de-
creases more substantially, especially after the 5th cycle. This reduction
is also attributed to the polymer degradation as discussed above. The
trend is further supported by Fig. 10d where 5'— plots for the blend
show a narrower spread and a noticeable reduction in 5" between the 1st
and 10th cycles.

In addition, Cole-Cole plots can be used to explore the miscibility
characteristics of the blend. In theory, a semi-circular shape in a
Cole—Cole viscosity plot is indicative of good miscibility and homoge-
neous relaxation behavior in polymer blends, as it reflects a broad but
continuous distribution of relaxation modes typical of a well-dispersed
single-phase system. In contrast, deviations from this shape, such as
linear or distorted curves, suggest the presence of multiple phases,
inhomogeneous interactions or poor interfacial adhesion [94]. For the
post-consumer PA11l, the plot shown in Fig. 10d is clearly not
semi-circular and follows a quasi-linear trend, even in the early cycles.
This linearity confirms that the system is immiscible, with distinct
relaxation behavior between the polyamide matrix and the LDPE
dispersed phase. These findings are consistent with previous studies on
recycled polyamide/polyethylene systems, where linear 5" relation-
ships have been used as rheological evidence of heterogeneous phase
morphology. For instance, Czarnecka-Komorowska et al. [95] studied a
blend composed of 80 wt. % recycled polyethylene and 20 wt. % recy-
cled polyamide 6 and reported a similarly linear Cole—Cole plot related
to immiscibility. Even after adding 1 and 3 wt. % of PE-g-MAH as a
compatibilizer, the plot remained non-semicircular, highlighting the
presence of phase separation in complex recycled blends.

3.4.3. van gurp-palmen representation

In general, van Gurp-Palmen (vGP) plots are used to evaluate and
compare the viscoelastic behavior and molecular architecture of poly-
mers. Fig. 11 presents the phase angle (6) as a function of the magnitude
of the complex modulus (|G*|). For virgin PA11 (Fig. 11a), 5 decreases
*|, with higher phase angles at low |G*
indicating a more viscous behavior [96]. As the number of cycles in-
creases, especially by the 10th cycle, the curve shifts upward at low
moduli, reflecting a progressive loss of elasticity due to chain scission
and reduced entanglement density.

In contrast, the post-consumer blend (Fig. 11b) shows a S-shaped

response at low moduli. However, the 10th cycle exhibits the highest §
above 4 kPa, reflecting reduced elasticity and a predominance of viscous
dissipation at higher stress levels. The overall response remains elastic-
dominated, in agreement with the lower tan § and Cole-Cole results
(Fig. 9, Fig. 10).
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Fig. 11. van Gurp-Palmen plots (§ as a function of |G*|) for: (a) virgin PA 11
and (b) post-consumer PA 11 over different reprocessing cycles (T = 240 °C).

3.5. Color variation with reprocessing

To evaluate the visual degradation associated with thermo-oxidative
processes during reprocessing, colorimetric measurements were con-
ducted using the CIELab color space system. Fig. 12 shows the pro-
gressive color change in virgin PA 11 with increasing reprocessing
cycles, from its original transparent-white appearance (L* = 68.9, a* =
0.1, b* = -0.1) to a dark brown tone (L* = 38.9, a* = 7.6, b* = 15.0)
after 10 cycles. This trend is quantitatively confirmed by the CIELab
measurements presented in Table 3. The calculated AE* values with
respect to the unprocessed material show a steady increase with each
cycle: 5.3 (1st), 14.2 (3rd), 23.2 (5th), 28.8 (7th), and 33.0 (10th),
indicating a strong and visible color shift due to progressive thermo-
oxidative degradation [97,98]. In contrast, the post-consumer PA 11
(Fig. 13) starts from a yellowish tone and progress towards a more
intense yellow-brown coloration. This is also reflected in the CIELab
data, with AE* values calculated relative to the 1st cycle increasing
gradually: 5.8 (3rd), 7.6 (5th), 9.1 (7th), and 12.8 (10th). These dis-
colorations are not only due to thermal degradation, but are also
influenced by pigments, stabilizers, and additives present in the original
formulation. The color darkening is attributed to the formation of
chromophoric structures, such as o,f-unsaturated ketocarbonyls, ketoi-
mides, and pyrrolyl compounds, which originate from radical-induced
cleavage of C-N bonds [26,43,99-102]. These species can further
react to form oligo-enimine structures, which intensify the visual dark-
ening effect [59,103-105]. The change in color occurs at earlier stages of
reprocessing, while mechanical properties remain relatively stable,
particularly for virgin PA 11. This suggests that color alterations can
serve as an early indicator of material aging before significant structural
degradation is detected. However, from a functional perspective, color
changes can have limitations on the recyclability of PA 11 in applica-
tions where transparency, whiteness, or aesthetic appearance are crit-
ical, even if the mechanical performance remains acceptable.
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Fig. 12. Virgin PA 11 after different reprocessing cycles: (a) virgin, (b) 1st, (c) 3rd, (d) 5th, (e) 7th and (f) 10th.

4. Conclusion
Table 3

CIELab color parameters (L*, a* and b*) of the virgin and post-consumer PA 11

. This study evaluated the effects of repeated reprocessing (twin-screw
across reprocessing cycles.

extrusion = close-loop mechanical recycling) on the structural, me-

Sample Cycle L= a* b chanical, morphological and rheological properties of virgin and post-
Unprocessed 68.9 + 0.1 —0.7 £ 0.1 4.0+ 0.1 consumer PA 11.
1st cycle 66.6 + 0.6 —0.7£0.1 8.7 +0.2 FTIR and 'H NMR analyses revealed evidence of molecular degra-

Virgin 3rd cycle 63.3+0.1 ~0.6:+£08 17.040.3 dation during reprocessing, including the appearance of a carbonyl peak
5th cycle 58.1 + 0.1 1.3+0.1 24.5+ 0.3 . . . . .
7th cycle 521 4 0.2 54102 26.6 £ 0.4 at 1741 cm™ in reprocessed virgin PA 11, indicating oxidative chain
10th cycle 38.9+ 0.2 76402 15.0 + 0.3 scission and the formation of carboxylic end groups. Changes in the
1st cycle 58.7 + 0.1 -6.1+0.1 257+1.3 signals intensity and position associated with specific protons (H1, H10,
3rd cycle 541+04 —45£01 22404 H3-8) further supported degradation at the N-alkylamide, C-C and

Post-consumer ;:E gzz gzg i g:i j? i 8:; 28:2 i 8:51; potentially peptide bonds. In the post-consumer PA 11-LDPE blend, no

10th cycle 49.3 + 0.3 08401 20.5 + 0.2 carbonyl formation was detected by FTIR, but "H NMR results suggested
a preferential attack on the aliphatic backbone (H3-8), consistent with
thermo-mechanical degradation.

Mechanically, virgin PA 11 maintained stable performance up to the
3rd reprocessing cycle, with significant reductions observed after the

Fig. 13. Post-consumer PA 11 after different cycles: (a) 1st, (b) 3rd, (c) 5th, (d) 7th, and (e) 10th cycle.
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5th. In contrast, the post-consumer blend showed a sharp decrease in
stress at break and impact resistance starting from the 1st cycle. SEM
analysis confirmed the progressive coalescence of the LDPE dispersed
phase, reducing the total interfacial area and limiting energy
dissipation.

Rheological measurements showed consistent decreases in G, G', tan
éand n*, in line with reduced molecular weight and elasticity. Cole-Cole
and van Gurp-Palmen plots further revealed structural deterioration
and loss of interfacial effects across reprocessing cycles.

Based on the results obtained, the post-consumer PA 11 exhibited
faster and more pronounced degradation across mechanical, rheolog-
ical, and optical analyses, reflecting the combined effects of previous
processing history, thermo-oxidative damage, and morphological
instability. In contrast, virgin PA 11 maintained better property reten-
tion over early cycles before showing significant deterioration at later
stages.

Finally, future work should investigate the use of stabilizers, reactive
extrusion or compatibilizers to enhance blend stability and extend the
recyclability of biobased polymers in circular applications. Additionally,
time-dependent rheological experiments (time sweep tests) are recom-
mended to better assess the effect of thermal and structural relaxation
effects during reprocessing, especially in polyamide-based systems.
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