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Abstract

Anionic polyamide 6 (aPA6) thermoplastic composites are known for their excellent me-
chanical and functional properties, including high strength, toughness, good processability,
and gas-barrier capabilities. However, when exposed to the environment, they seem to
lack proper mechanisms to resist degradation from radiation and atmospheric agents. For
this reason, in this paper, the incorporation of a microscopic bio-based sulfonated lignin
filler was investigated, aiming to improve UV shielding properties, which are expected to
prolong the life cycle of the material and to decrease microplastic formation with extensive
environmental benefits. In this work, anionic ring-opening polymerization (AROP) of
e-caprolactam (CL) was employed for the first time to produce aPA6/lignin microcompos-
ites containing up to 5 wt% lignin in a simple in situ one-pot process. A marked increase
in attenuation coefficient was observed in the UV range, up to 894% at 346 nm. Nuclear
magnetic resonance (NMR) and microscopic characterization excluded chemical bonding
between biofiller and matrix, resulting in a moderate decrease in mechanical performance
(—21.4% in yield strength and —16.3% in stress at break). However, the absence of lignin—
PA6 hybrids may be beneficial to the recyclability of the material. Overall, this study proved
the benefits of introducing a widely available and environmentally friendly filler into recy-
clable high-performance composite materials, imparting further functional properties and
anticipating novel applications.

Keywords: anionic polyamide 6; lignin; UV-protection; thermoplastic resin transfer
molding; microcomposites; NMR

1. Introduction

In the context of a plastic and composite industry that is facing new environmental
challenges [1,2], sustainability is becoming a central design aspect. For polymer composites,
solutions such as the addition of renewable bio-based or natural fillers [3], the replacement
of traditional thermosetting matrices with recyclable thermoplastic alternatives [4,5], and
the design for improved durability and prolonged life-cycle of products [6-10] are acquiring
great relevance.
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Thermoplastic composites are gaining attention due to their high toughness, inherent
weldability, and recyclability. However, the high processing temperatures required for engi-
neering thermoplastics like polyamide 6 and polyamide 66 often prevent the incorporation
of many bio-based fillers as reinforcement in this type of material because natural fibers
and fillers tend to have lower degradation temperatures with respect to other traditional
reinforcements such as carbon, glass, and basalt fibers [11]. Therefore, reactive processing
has emerged as a promising technology to produce thermoplastic composites with such
heat-sensitive fillers [11]. Not only are the temperatures involved generally lower than the
melting temperature (T,,) of the polymeric matrix, but this type of processing also permits
proper incorporation of fillers because of the low viscosities involved [4], and it has shown
compatibility with “grafting from” reactions [12]. Reactive processing consists of the use of
monomers or oligomers, and possibly catalysts, to promote the polymerization of the matrix
in situ, generally inside a mold, along with the selected filler [4]. Polyamide 6 (PA6), in
particular, has a melting temperature of approximately 214-220 °C [13], rendering typical
processing routes for PA6 composites incompatible with many bio-based fillers. However,
it is possible to employ alternative reactive processing routes such as thermoplastic-resin
transfer molding (T-RTM) for this purpose. T-RTM of PA6 relies on the anionic ring-opening
polymerization (AROP) of e-caprolactam (CL), which can be transferred in the molten state
into a heated mold (T~150 °C) along with appropriate catalysts and fillers to polymerize
in situ and produce high-performance composites, possibly containing bio-based fillers,
with excellent fiber-matrix adhesion [5]. Anionically polymerized PA6 (aPA6) is thus con-
sidered a promising thermoplastic matrix due to its high performance and low processing
temperatures [5]. However, aPA6 has some important limitations, notably the moisture
sensitivity of the material and of the polymerization reaction, and low ultraviolet radiation
(UV) stability [12]. Photodegradation over time can have major impacts on the mechanical
properties of the material, but it is also linked to microplastic formation [14], which is
a further environmental issue [15]. Several approaches have been proposed to improve
the UV stability of PA6, such as grafting PA6 with methyl methacrylate [16], employing
5i0,-TiO, nanoparticles [17] or tannic acid- and taurine-based [18] coatings, and employing
engineered sizing agents on carbon fibers [ 19]. However, many of these additives come from
non-renewable resources or can negatively affect the recyclability and the environmental
impact of the material, particularly at the end of life.

To address these environmental drawbacks, lignin has emerged as a promising sustain-
able alternative. It is an abundant, biodegradable, and renewable aromatic biopolymer that
constitutes one of the main components of plant cell walls and is produced industrially on
a large scale, especially by the paper industry [20]. Among the technical lignins produced
as by-products of the pulp and paper industry, sodium lignosulfonate from sulfite pulp-
ing is a widely available, low-cost feedstock [21]. Characterized by a three-dimensional
branched phenol-rich structure, lignin has recently emerged as a promising sustainable
biofiller for polymeric materials, imparting interesting functional properties such as flame
retardancy [22], UV resistance [23], and antioxidant activity, in particular against UV pho-
tooxidation, because of its phenol content [20]. Lignin has been used as a filler in many
polymeric matrices, including thermoplastic polymers such as polyethylene (PE) [24],
polypropylene (PP) [25], polystyrene (PS) [26], and biopolymers such as polylactic acid
(PLA) [27] and polyhydroxyalkanoates [28]. However, it often exhibits poor miscibility
due to its tendency to self-aggregate via intermolecular association in the form of strong
hydrogen bonds, Van der Waals forces, and 7t—t stacking, therefore often requiring com-
patibilization in composite materials applications [29].

Concerning polyamide 6, to the best of our knowledge, few examples in the literature
report lignin as a filler [23,30] able to create strong hydrogen bonds between hydroxyl

https://doi.org/10.3390/jcs10110576


https://doi.org/10.3390/jcs10110576

J. Compos. Sci. 2026, 10, 576

30f17

groups of the lignin and amide moieties, and only recently sodium lignosulfonate was
successfully introduced up to 20 wt% by traditional blending to achieve microcomposites
presenting enhanced thermomechanical and flame-resistant performances. Indeed, sodium
lignosulfonate, presenting polar functionalities, seems a good candidate for improving
functional properties of polar polymers, such as PA6, without the use of compatibilizers
or chemical modifications. However, to the best of our knowledge, there are no published
studies on aPA6/lignosulfonate microcomposites, and the impact of such a biofiller on
processing, properties, and compatibility, as well as its influence on the AROP reaction
(sensitive to moisture and impurities), has not yet been reported in the literature. Therefore,
the present work focuses on the production and characterization of aPA6 microcomposites
containing sulfonated lignin in varying concentrations without further compatibilization
via T-RTM with a simple in situ one-pot process. This study aims to evaluate the effect
of lignin on the processability and on the thermal, mechanical, and functional properties
of aPA6. Particular focus is devoted to the UV shielding properties and to the chemical
interactions at the interface between aPA6 and lignin.

2. Materials and Methods
2.1. Materials

For the polymerization of polyamide 6, three reagents were used: (i) e-caprolactam
(CL) with commercial name AP-Nylon®; (ii) Bruggolen C10® (sodium caprolactamate
in CL); and (iii) Bruggolen C20P® (blocked diisocyanate in CL), all kindly provided by
Briiggemann GmbH (Heilbronn, Germany). The filler used was sulfonated lignin powder
(L0082) with a density of 1.23 g/cm?, purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Before storage, lignin was pre-dried at 130 °C for 5 h to remove moisture and
other volatile substances. Lignin was then stored in a ventilated oven at 50 °C to maintain
low humidity, and PA6 reagents were stored in desiccators under dry conditions.

2.2. Sample Preparation

For the preparation of neat and reinforced samples, a laboratory-scale thermoplastic-
resin transfer molding setup was employed, as described in previous work [31]. The
polymerization reaction consisted of an anionic ring-opening polymerization of CL. The
setup was constituted by a reactive chamber and an aluminum mold, connected through
polytetrafluoroethylene (PTFE) tubes. A three-neck round-bottom flask acted as the reactive
chamber, which was heated to 110 °C. Inside the chamber, reagents were melted, mixed with
the biofiller (when present), and magnetically stirred. The flask was kept under constant
nitrogen flux throughout the duration of the process to keep the reagents in anhydrous
conditions. The mold contained a cavity of approximately 150 x 150 x 2 mm? and was kept
at a polymerization temperature of 160 °C.

For sample preparation, the monomer (CL) was added first, along with the initiator
(C10). The reagents were allowed to melt and mix for approximately 45-50 min, while
residual water was removed due to the temperature and the nitrogen flux. Then, the lignin
powder was added directly to the liquid reagents and stirred for approximately 5-10 min
to obtain a homogeneous mixture. Finally, the activator (C20P) was added to the flask
and mixed for approximately 60 s. Concentrations used were 4.40 phr (parts per hundred
resin, i.e., 4.40 g of reagent for 100 g of CL) of C10 and 3.00 phr of C20P, while the lignin
was added in 0, 1, 2, and 5 wt% concentrations. The incorporation of higher filler fractions
was not possible due to the high amount of moisture apported by the lignin, which would
inhibit the polymerization reaction, and because higher filler concentrations could not
be readily dispersed in the reactive mixture. The resulting liquid was transferred into
the aluminum mold immersing the PTFE tube inside the reactive mixture and applying
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a pressure of approximately 1.2 bar with the nitrogen flux in the reactive chamber. The
reactive mixture was kept in the mold at a temperature of 160 °C for approximately 90 min
to allow for the complete in situ polymerization inside the cavity. The remaining partially
reacted liquid was collected in a sprue over the mold. The mold was then opened and the
sample was extracted.

Some portions of the samples were ground via cryomilling with an IKA® M 20 universal
milling machine by IKA-Werke GmbH & Co. KG (Staufen, Germany) cooled with liquid
nitrogen, and approximately 7 g of the obtained powder was pressure molded on a hot
press with 7 bar at 240 °C for 10 min to obtain thin films approximately 110 £ 24 ym thick.
Two-centimeter-side square specimens for UV—-visible spectroscopy were obtained from the
thin films via cutting.

Samples were labeled as follows: PA6-N for neat PA6 samples, PA6-XL with X repre-
senting the mass percentage of the lignin with respect to the other reagents. For example,
PA6-5L indicates a microcomposite sample containing 5 wt% of lignin.

2.3. Characterization Techniques

Scanning electron micrographs (SEM) were obtained on cryofractured samples ob-
tained from representative portions of the samples with a Zeiss SUPRA 40 FE-SEM by Carl
Zeiss SMT GmbH (Oberkochen, Germany) after Pt-Pd sputtering.

The samples were extracted in boiling water for 28 h, and the resulting soluble fractions
were filtered, washed, and freeze-dried to retrieve and analyze post-reaction lignosulfonate
by 'H- 13C- nuclear magnetic resonance (NMR), heteronuclear single quantum coherence
(HSQC), and diffusion-ordered spectroscopy (DOSY). 'H- and > C-NMR were recorded on
a Bruker 400 Avance III HD by Bruker Corporation (Billerica, MA, USA) equipped with a
BBI-z grad probe head 5 mm ('H: 400 MHz, 1*C: 100.5 MHz). The chemical shifts () for 'H
and '3C are given in ppm relative to the residual signals of the solvents. For heteronuclear
single quantum coherence spectroscopy and diffusion-ordered spectroscopy NMR, the
samples were recorded either in D,O or deuterated DMSO (Deutero GmbH, Kastellaun,
Germany, 99.8% isotopic purity containing 0.03% tetramethylsilane (TMS) by volume).
The two-dimensional HSQC spectra were recorded at 300 K on a Bruker 600 Avance Neo
NMR spectrometer by Bruker Corporation equipped with a broadband 5 mm Z-gradient
probe. The acquisition and processing were carried out using TopSpin 4.1.3 software in
the automation mode with Icon NMR 5.2.3 using the following experimental parameters:
Acquisition time (AQ) was 0.106 s. Delay between the scans (D1) was 2.0 s. The size of the
spectral window or sweep width (SW) was 16.02 ppm in F2 and 165 ppm in F1 frequency S4
axis; time domain (TD) was 2048 in F2 and 512 in F1. Number of dummy scans (DS) was 16,
and number of scans (NS) was 64. The spectra processing was carried out in the TopSpin
software with the size of the real spectrum (SI) set to double value of TD, i.e., 4096 data
points for F2 and 1024 data points for F1, using the proc_2dinv automation program. The
pseudo-2D DOSY spectra were recorded on Bruker 600 Avance Neo NMR spectrometer
equipped with a broadband 5 mm Z-gradient probe with the following parameters: The
ledbpgp2sdync pulse program was used. Acquisition was run in automation mode using
the au_dosy_dc automation program; acquisition time (AQ) was 1.31 s. Delay between
scans (D1) was 3 s; the size of the spectral window or sweep width (SW) was 20.83 ppm
in F2 and 10 ppm in F1 frequency axis. Time domain (TD) was 32,768 (32K) data points
for F2 and 8 data points for F1. Number of dummy scans was 4, and number of scans
(NS) was 16. The spectra processing was carried out in the TopSpin software using the
proc_dosy_dc automation program supported by the Bruker Dynamics Center 2.6.1 (2020
Feb/10) software.
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Differential scanning calorimetry (DSC) was obtained on representative portions of the
samples with a Mettler DSC 30 by Mettler Toledo Inc. (Columbus, OH, USA). Measurements
were recorded under nitrogen flow (100 mL/min) with a heating/cooling/heating ramp
between 0 °C and 250 °C, at a constant heating/cooling rate of 10 °C/min. Crystallinity of
the PA6 matrix was calculated according to Equation (1).

X (%) = ((AH,,)/ (AH wpyg)) - 100, (1)

where yx is the crystallinity of the PA6; AH,, is the melting enthalpy of PA6; AH| is the
theoretical melting enthalpy of fully crystalline PA6, assumed to be 190 J/g [13]; and wpy,
is the nominal mass fraction of the PA6. The melting temperature of PA6 (T,,), taken as the
maximum of the peak of the heating scan, and its crystallization temperature (T, ), taken as
the maximum of the peak of the cooling scan, were also recorded.

Thermogravimetric analysis (TGA) measurements were obtained on representative
portions of the samples with a TG50 MT5 by Mettler Toledo Inc. (Columbus, OH, USA) at
10 °C/min, from 30 to 700 °C under nitrogen flow of 10 mL/min with blank subtraction.
The conversion degree (CD) was calculated from the residual mass at 250 °C (Res,s5;) as a
first approximation, as reported in [31], according to Equation (2).

CD (%) = (((Resy50/100) — Wijgnin) / wpas) - 100, (2)

where wyg,,;, is the mass fraction of the lignin.

Quasi-static tensile tests on neat and composite samples were performed according
to ISO 527-1 [32] with an Instron® 5969 universal testing machine (Norwood, MA, USA),
equipped with a 10 kN load cell and applying a sampling rate of 50 Hz. Elastic modulus
was measured with the aid of an Instron® 2620-601 extensometer (Norwood, MA, USA)
at 0.25 mm/min crosshead speed from 0.05% to 0.25% deformation. The test continued to
failure with a 1 mm/min crosshead speed. 1BA tensile specimen geometry (according to
ISO 527-2 [33]) was obtained from the molded plates by laser cutting. Eight specimens
were tested for each composition.

UV-visible transmittance of films was determined with a Shimadzu UV-2600i spec-
trophotometer by Shimadzu Italia S.r.1. (Milano, Itay). A wavelength range of 250-850 nm
was used, using a step scanning speed of 400 nm/min. Measurements were performed in
air. The attenuation coefficient x was calculated using the Beer-Lambert law according to
Equation (3).

« (1/mm) = (2.303/t) - Logy(T/100), (3)
where T is the transmittance in percentage and ¢ is the thickness of the specimen in mm.

This should be considered an approximate value since some effects, such as light scattering
and uneven distribution of the filler, could influence the linearity of the Beer-Lambert law.

2.4. Statistical Treatment of Data

Data were reported as mean * standard deviation, when applicable. Statistical analysis
of data was carried out through the Kruskal-Wallis test with a significance level of 0.05 and
Dunn’s post hoc test.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM)

Selected scanning electron micrographs of the neat lignin and of the prepared samples
are reported in Figure 1la—f.

https://doi.org/10.3390/jcs10110576


https://doi.org/10.3390/jcs10110576

J. Compos. Sci. 2026, 10, 576 6 of 17

lini :’ o e A S S R & : &
()

PAB-1L ?')'

TR ¥

Figure 1. Scanning electron micrographs of (a) PA6-N; (b) lignin (as-received); (c,f) PA6-1L;
(d) PA6-2L; (e) PA6-5L samples. All micrographs are taken at 500x magnification, except for (f),
which is at 1000x magnification.

In Figure 1a, it is possible to observe the microstructure of neat anionic PA6, which
appears rather smooth and homogeneous. The shape and dimensions of as-received lignin
particles are visible in Figure 1b; the mean diameter of the particles is approximately
64 + 38 ym. They also show a partially cracked morphology and the presence of poros-
ity. Structures of comparable dimensions and features (with diameter of approximately
70 £ 31 ym) are observed within all samples containing lignin (Figure 1c—f); they appear
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approximately circular and severely cracked, sometimes containing porosity, and are likely
associated with the lignin biofiller. The interface between particle and matrix cannot be
clearly detected, and no obvious gaps can be observed. The particles appear well dispersed,
and no significant porosity is observed in any sample outside the particles.

Microscopic characterization via SEM seems to indicate adequate dispersion of the
biofiller with the employed method, even though the low lignin concentrations that are com-
patible with the complex and moisture-sensitive AROP of CL make it difficult to conclusively
evaluate the dispersion of the filler, especially in 1 and 2 wt% samples. The processability
seems unaffected by the addition of lignin, as highlighted by the substantially similar surface
morphology of the matrix in composites and that of the neat sample. The absence of gaps
between particles and matrix in most micrographs suggests that the adhesion could be very
strong; this is also corroborated by the absence of particle detachment. However, further
interfacial strength tests should be performed to confirm good adhesion. The observed
structure could be obtained from the partial melting of lignin particles in high temperature
caprolactam monomer during processing and subsequent partial interdiffusion of lignin
and PAG6 at the interface. An in-depth analysis of chemical interactions between aPA6 and
lignin is provided in Section 3.2. Only intraparticle cracking is observed, particularly around
lignin-apported porosities, which seem to remain unaffected in the final material. These
porosities are not observed in [22], possibly because of the different pressures employed in
the two works, 4.9 MPa in the processing utilized by Sorze et al., and approximately 0.1 MPa
in this work. Ultimately, the affinity between lignin biofiller and aPA6 matrix seems very
good, without requiring any compatibilization. The lignin particles themselves, however,
seem to impart a substructure characterized by intraparticle cracks and porosities.

3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

The starting lignin structure was evaluated by HSQC analysis (Figure 2), highlight-
ing the most relevant regions of the bidimensional spectrum, including the aromatic re-
gion (Figure 2A) and the oxidized aliphatic region (Figure 2B) [34-40]. The aromatic
region confirms the presence of sulfonated units, showing signals deriving from the Sulfo-
G units at 7.07/115.3, 6.95-6.57/117.4, and 6.88-6.59/124.6 ppm. Additionally, the sig-
nals at 7.19/112.9 ppm and 7.53/117.1 ppm, along with the condensed acid moieties at
7.48/125.3 ppm, testify that the starting lignin was subjected to extensive oxidation pro-
cesses, leaving carbonyl and carboxylic functional groups. Furthermore, at 7.23/131.8 ppm,
stilbene units may be detected. The oxidized aliphatic region (Figure 2B) confirms that
the main typical connecting units have been cleaved, possibly leaving only traces of pO4
units at 3.65/64.9 ppm and B units at 4.17/171.6 and 2.80/57.4 ppm. Finally, no carbohy-
drate residues can be detected in the region 5.00-4.50/95.0-110.0 ppm (see Figure S1 in the
Supplementary Materials), further confirming the harsh oxidizing conditions applied to
this lignin batch. Indeed, the presence of oxidized units as well as sulfonate moieties makes
this lignosulfonate feedstock potentially suitable for a proper interaction with the polar
amide units in aPA6. The diffusion-ordered spectroscopy experiment (DOSY, Figure S3)
shows two populations with distinct diffusion coefficients, which suggests the presence
of two different molecular weight groups. Most likely, the starting lignin presents some
low-molecular-weight oligomers.

All the prepared PA6-based composites, along with the reference sample PA6-N, were
studied by 'H-NMR and *C-NMR (Figures $4-S11). In all cases, the observed spectra
show signals typical of polyamide 6 samples. Lignin contribution seems to be negligible in
the structural analysis.
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Figure 2. The HSQC analysis of the lignin feedstock: (A) aromatic region; (B) oxidized
aliphatic region.

Hot water extraction was used to retrieve a substantial amount of the lignosulfonate
from the composites, allowing for better structural characterization, aiming at understand-
ing possible chemical modification of the lignosulfonate architecture. The yields of the
extraction were 0.7%, 1.9%, 3.0%, and 6.4% for PA6-N, PA6-1L, PA6-2L, and PA6-5L, re-
spectively. By assuming lignin as an inert filler ineffective on the polymerization rate, its
recovery may be considered substantially complete. The corresponding 'H-NMR anal-
ysis (Figures S12, S15, S18, and S21) shows signals deriving from both lignin and PA6
oligomers/monomers. *C-NMR (Figures S13, 516, S19, and S22) further confirms the
presence of a heterogeneous mixture of compounds presenting multiple signals in the
165-180 ppm region. These carbonyl functionalities most likely belong to monomers and
oligomers deriving from the low-molecular-weight fraction of PA6, presenting acid and
amide functionalities. The presence of multiple species in the reference extracted sample,
PA6-N, is further confirmed by the DOSY experiment (Figure S14), presenting species with
similar chemical shifts but with different diffusivities.

In Figures 3 and 524, a DOSY experiment was performed on PA6-5L to understand
whether the PA6 signals detected in the 'THNMR spectrum belong to units grafted onto
lignin architectures or are detached in the mixture of monomeric residues. Indeed, all the
sharp signals related to PA6 oligomers (blue) present a diffusion rate ranging between
2.88 x 1071% and 6.36 x 1071 m?s~!, while the broad lignin signals in the aromatic region
(7.5-6.5 ppm), the oxidized aliphatic region (4.5-3 ppm) and terminal aliphatic region
(0.75 ppm), all present a diffusion rate ranging between 2.40 x 1071% and 1.03 x 1071 m?s~1.
Such differences in diffusivity suggest that no grafting of PA6 occurred during polymer
synthesis. Figures 517 and S20 report the DOSY experiment also for PA6-1L and PA6-2L.
Also in these cases, no obvious proof of PA6-lignin linkage is detected.
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Figure 3. DOSY experiment on PA6-5L, PA6 oligomer signals (highlighted blue) and lignin sig-
nals (red).

Finally, Figure S23 reports the HSQC analysis of PA6-5L. The spectrum is dominated by
the intensity of the sharp signals of PA6 oligomers, while lignin signals are barely detectable.
Concerning lignin-related regions, both the aromatic and the oxidized aliphatic ones do
not show any additional relevant signal, corroborating the absence of new covalent bonds
between lignin and PA6.

The NMR tests confirm the qualitative structure of lignosulfonate as an architecture
presenting extensive oxidized moieties able to potentially interact with polar groups present
in PA6. While the NMR analysis of the microcomposites does not show substantial differ-
ences, a hot water-soluble fraction retrieved from the materials can be used to investigate
possible PA6 grafting occurring during polymer synthesis. While 'H- and 3C- spectra of
the retrieved fractions show the concurrent presence of lignin and PA6 oligomers, DOSY
and HSQC analysis do not provide proof of any chemical linkage between extracted lignin
and PA6 oligomers.

3.3. Differential Scanning Calorimetry (DSC)

DSC thermograms of the prepared composites and the corresponding results are
respectively displayed in Figure 4a—c and Table 1.
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Figure 4. Differential scanning calorimetry (DSC) thermograms of neat PA6 and composite samples:
(a) first heating scan; (b) cooling scan; (c¢) second heating scan.
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Table 1. Results of the DSC tests of the prepared microcomposites, including melting temperature
measured in the first heating scan (T, ;), melting enthalpy measured in the first heating scan (AH,, ,),
crystallization temperature (T,), and crystallinity of the PA6(x).

Sample T, (°C)  AH,,,(/g)  T.(°C) T,z (°C) x (%)
PA6-N 218.9 86.4 162.8 216.5 455
PA6-1L 218.7 85.1 168.0 217.3 452
PA6-2L 219.9 79.2 174.0 218.1 426
PA6-5L 218.1 785 172.2 217.7 435

Some differences can be observed among samples. One endothermal peak that can
be associated with PA6 melting is observed in all samples around 218 °C in both heating
scans, with negligible variations among samples. One exothermal peak that is associated
with PA6 crystallization is visible at approximately 170 °C, with a 10 °C increase between
the neat sample and the 5 wt% sample. The expected inflection point corresponding to
the T, (which should be centered at approximately 60-70 °C [22,31]) is barely visible in
all samples in heating scans, but it is so small that it cannot be identified with confidence.
As expected, no peaks related to lignin are observed. These results are in accordance with
previous studies on anionic PA6 and with the literature [13,31,41]. Calculated crystallinity
ranges from 42.6 to 45.5%, with no relevant variations among samples, which is consistent
with previous findings [22].

DSC evaluation indicates that the presence of lignin in the microcomposites does
not significantly decrease PA6 crystallinity at higher filler concentrations; however, it may
possibly anticipate the nucleation of aPA6 crystals from the melt. The slightly lower values
of T,, ; (approximately 218-219 °C) with respect to previous evaluation on aPA6 produced
with the same setup [31,41] could indicate the presence of a different crystalline structure
in the polyamide matrix, characterized by v crystals (T,, ~ 214 °C) instead of « crystals
(T,, = 220 °C), or a mixture of the two allotropic forms. However, the temperature difference
is very small; this effect is likely attributed to the relatively high concentration of activator
and initiator utilized for the matrix in this work.

Since no relevant variations are observed between neat and composite samples, it is
possible to likely rule out the formation of a PA6-lignin copolymer in accordance with
NMR evaluations, and the blend seems immiscible. However, the lignin concentrations
utilized, which were limited by experimental constraints, would probably mask any trends,
if present.

3.4. Thermogravimetric Analysis (TGA)

The main results of the TGA tests are reported in Figure 5a,b and Table 2.

The TGA curve of the as-received lignin shows two degradation events, one at approx-
imately 100 °C and another one at 322 °C, and a continuous small decrease in mass, with a
residual mass at 700 °C of 63.1%. The degradation peak centered around 100 °C is likely
associated with residual humidity evaporation, while the peak at 322 °C is likely associated
with the degradation of low- to medium-molecular-weight and volatile compounds or to the
formation of volatiles from the breaking of side chains of lignin [42,43]. The TGA curves of
the neat and microcomposite samples show two main degradation events at approximately
360 and 440 °C in accordance with previous evaluations on aPA6 composites [31]. The first
degradation is much weaker in samples with a higher lignin fraction. The onset temperature
of the degradation is increased for samples containing more than 2 wt% of lignin, indicating
better thermal stability. Residual mass at 700 °C is higher in composites containing lignin
with respect to the neat PA6 sample, but no clear trends can be observed. No significant
variations can be detected in the temperatures of the degradation peaks in the DTG. A small
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improvement in conversion degree is observed in composite samples with respect to the
neat PA6.

The slight increase of conversion degree for these concentrations of lignin with respect
to the neat matrix and the low porosity observed in SEM micrographs indicate improved
processability of aPA6 composites with this specific matrix formulation (4.40/3.00 phr
of C10/C20P) in the presence of this lignosulfonate filler. The flattening of the first PA6
peak is likely associated with a decrease in polydispersity and the transition from a mainly
bimodal distribution of molecular weight to a unimodal distribution. For this reason, no
values for T, are reported in Table 2 for PA6-2L and PA6-5L. This could likely indicate
an increase in average molecular weight of PA6 in the presence of lignin, although further
analysis is needed to assess this point. Samples containing more than 2 wt% of lignin also
show improved thermal stability with respect to neat and PA6-1L samples, as opposed
to the results reported by Sallem-Idrissi et al. [30]. This could be related to the different
nature of the matrix (aPA6 in this work and hydrolytic PA6 in [30]) and/or to the lower
concentrations of lignin employed in the present work. The higher value for the residual
mass at 700 °C detected for sample PA6-2L with respect to PA6-5L, this is probably linked to
random fluctuations of concentration of thermal resistant components of the lignin within
the composites.
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Figure 5. (a) TGA thermograms and (b) their derivative curves (DTG) for as-received lignin, neat
PA6, and the relative microcomposites.

Table 2. Main results of the TGA measurements on as-received lignin, neat PA6, and the relative
microcomposites, including conversion degree (CD), temperatures of the two main degradation peaks
observed (T}, and Tj,,), the onset temperature of the degradation (T, ), and the residual mass

at 700 °C.

Residual at
SamPIe cD (0/0) Tdegl (OC) TdegZ (OC) Tonser (OC) 700 °C (0/0)
Lignin - 322 - - 63.1
PA6-N 98.0 355 447 330 0.0
PA6-1L 99.3 358 425 324 1.3
PA6-2L 99.0 - 448 392 2.6
PA6-5L 98.7 - 447 397 23

3.5. Quasi-Static Tensile Tests

Results of the quasi-static tensile tests are reported in Figures 6 and 7a—d.
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Figure 6. Representative stress—strain curves from quasi-static tensile tests on the neat PA6 and
microcomposite samples.
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Figure 7. Boxplots of the quasi-static tensile properties of neat PA6 and microcomposite sam-
ples. The number reported over the boxplots represents the average value. Different letters above
two boxplots indicate a statistically significant difference between them, according to post hoc Dunn’s
test. (a) Elastic modulus; (b) yield strength; (c) stress at break; (d) deformation at break.
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Stress—strain curves shown in Figure 6 display the typical ductile behavior of aPA6 for
all compositions. Results for the neat sample are comparable to those found in previous
works on anionic PA6 [41]. From the boxplots in Figure 7a—d, it can be noticed that the
elastic modulus and the deformation at break do not vary considerably among the samples,
while a moderate decrease in yield strength (up to 21.4%) and stress at break (up to 16.3%)
can be observed in the mean values at increasing lignin concentrations. Interestingly, the
statistical dispersion of deformation at break values is reduced in microcomposite samples
with respect to the neat PA6 matrix. Analysis by Kruskal-Wallis test confirms that there is
statistically relevant difference among the tested samples for all the properties. Dunn’s post
hoc test highlights that there is statistically relevant difference between some couples of
samples for elastic modulus, yield strength, and stress at break. Elastic modulus peaks at
1 wt% and then decreases up to 5 wt%, reaching values that are not statistically different
to the neat matrix. For both yield strength and stress at break the values decrease with
increasing filler content, with PA6-N and PA6-1L being statistically similar and PA6-2L and
PA6-5L being statistically similar. Finally, deformation at break does not display statistically
significant differences between the single pairs of samples according to Dunn’s post hoc
test, even though the Kruskal-Wallis test indicated statistically significant difference among
the groups (p-value = 0.028). The results of the two tests for deformation at break are
not contradictory, and they evidence overall difference among the groups, but they do not
indicate significant differences between two specific pairs.

Overall, the tensile properties are not strongly negatively influenced by the addition
of the biofiller, and the tough and ductile behavior of aPA6 is maintained, even at 5 wt%
filler addition. The decreased dispersion of the values for elongation at break could be
associated with improved predictability and reliability of the material, probably due to the
preferential crack initiation that is observed within the lignin particles in SEM observations.
The moderate decrease in stress at break in microcomposites with respect to neat PA6 is
probably linked to the increase of intraparticle porosity and cracking apported by the brittle
lignin filler.

3.6. UV-Visible Transmittance

The main results of the UV—visible spectrophotometry are reported in Figure 8a,b.
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Figure 8. Results of the UV-visible spectrophotometry on film samples. (a) Spectra of the neat PA6
and microcomposite samples, mean thicknesses of the film specimens are reported along with the
curve; (b) attenuation coefficient values for selected wavelengths, 346 nm (UV spectrum), and 500 nm
(visible spectrum), calculated according to Equation (3).
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Lignin-filled samples show a marked decrease in transmittance in the UV range and a
moderate decrease in the visible spectrum with respect to neat aPA6. Notably, the decrease
in transmittance at 346 nm for microcomposites containing lignin with respect to neat
PA6 samples is more marked. Higher concentrations of lignin produce films that are less
transparent to UV radiation, but the difference between the PA6-2L and the PA6-5L is not as
marked. This might indicate a threshold concentration of lignin (2 wt%) after which only a
minor decrease in transmittance is obtained. Attenuation coefficient, calculated according
to Equation (3), shows an increase of 894% at 346 nm (UV range) in sample PA6-5L with
respect to the neat matrix at 346 nm but only of 383% at 500 nm (visible range).

The increased attenuation coefficient in the UV range for microcomposites is an impor-
tant functional improvement, likely attributed to the UV-absorbing properties of lignin [20].
Decreased UV transparency, along with the well-known gas barrier capability of PA6 [44],
could be employed in applications where it is used as encapsulation for UV-sensitive devices
(such as sensors or outdoor electronics) or as technical packaging for UV-sensitive goods
and chemicals. It is also worth noting that the relatively moderate increase in attenuation
coefficient in the visible spectrum can be very beneficial for some applications.

UV shielding and UV stability are correlated, as discussed in [45]. However, further
analysis would be necessary to properly assess the improvement of UV stability likely
imparted to the aPA6 by the addition of lignin. UV stability is an under-utilized design
parameter for polymers that can, however, have a strong influence on the long-term per-
formance of the material and on its environmental impact [14]. Improved UV stability is
possibly linked to extend life of the product and reduced microplastic formation due to the
decrease of the kinetics of photooxidation of the polymer chain and therefore decreased
embrittlement of the material during prolonged environmental exposure. This mechanism
is considered one of the main causes for microplastic formation [14]. The prolonged life of
the product is associated with lower maintenance and a lower carbon footprint, especially
for outdoor applications.

4. Conclusions

The present study investigated the incorporation of sulfonated lignin powder at varying
weight fractions (0, 1, 2, 5 wt%) in an anionic PA6 matrix for enhancing its functional
properties. Composites were studied via several characterization methods, including SEM,
NMR, DSC, TGA, tensile tests, and UV—visible spectroscopy.

The production process for the composites employed AROP of e-caprolactam, a tech-
nique very sensitive to moisture and impurities. High yields of the polymerization reaction
highlighted excellent processability and compatibility of the matrix and the biofiller. Such
compatibility might be attributed to polar interactions and hydrogen bonds since NMR
spectroscopy excluded the formation of chemical grafting of PA6 on the lignosulfonate
particles. SEM analysis confirmed limited porosity but adequate dispersion of the filler
in the matrix, confirming that the matrix-filler interaction is predominantly physical. A
moderate decrease in yield strength (up to 21.4%) and stress at break (up to 16.3%), along
with no relevant variations in thermal properties and crystallinity among neat and rein-
forced samples, indicated that the incorporation of lignin did not significantly alter the
thermo-mechanical properties of PA6.

Notably, the addition of sulfonated lignin decreased markedly the optical transmission
of the material, in particular in the UV range (with attenuation coefficient increased up to
894% at 346 nm), thus providing interesting tunable UV-shielding capabilities that could
be employed, combined with the well-known gas barrier capabilities of PA6, in technical
packaging or encapsulation of UV-sensitive devices and goods. Even though the present
work did not investigate the resistance to UV radiation and weathering, the improved UV
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attenuation, likely promoted by the absorption of the radiation by the lignosulfonates, might
contribute to a decrease in photo-oxidation in the polymeric matrix and therefore possibly
to a prolonged life cycle and decreased microplastic formation, strongly decreasing the
environmental impact of the material. Moreover, the absence of chemical bonding between
matrix and filler could allow for an easy separation of the two phases and therefore an
improved recyclability via minor modifications to traditional recycling strategies. How-
ever, further melt reprocessing tests would be required to properly assess recyclability of
the material.

Overall, this work demonstrated an easy route of production for high-performance,
partially bio-based thermoplastic microcomposites that show promising functional prop-
erties without substantially compromising the mechanical and thermal resistance of the
neat PA6. Future work should focus on further characterization of impact properties and
of other functional properties, such as flammability, and possibly on improving matrix-
filler compatibility to preserve the mechanical properties and improve multifunctionality
of the material so as to optimize material usage in technical applications for improved
environmental benefit.
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