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Abstract: In this work, novel biodegradable polycaprolactone (PCL) based composites for sustainable
packaging applications were developed by adding surface-treated wood fibers (WFs). Specifically,
WFs were treated with citric acid (CA) to improve the fiber/matrix adhesion and then melt
compounded with PCL matrix. The presence of an absorption peak at 1720 cm™ in the Fourier
transform infrared (FTIR) spectra of CA-treated WFs, coupled with the increase in storage modulus
and complex viscosity in the rheological analysis, confirmed the occurrence of the esterification
reaction between CA and WFs, with a consequent increase in interfacial interaction with PCL matrix.
Scanning electron microscopy (SEM) of the cryo-fractured surface of the composites highlighted that
PCL was able to wet efficiently the fibers after CA treatment, with limited fiber pull-out. Quasi-static
tensile tests showed that composites reinforced with CA-treated wood fibers exhibited a significant
increase in yield strength (about 30% with a WF amount of 10% at 0 °C), and also a slight
improvement in the VICAT softening temperature (about 6 °C with respect to neat PCL). Water
absorption tests showed reduced water uptake in CA-treated composites, consistent with the reduced
hydrophilicity confirmed by higher water contact angle values. Therefore, the results obtained in this
work highlighted the potential of CA-treated WFs as reinforcement for PCL composites, contributing
to the development of eco-sustainable and high-performance packaging materials.
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1. Introduction

In the last decades plastics revolutionized the packaging sector by extending the shelf life of
fresh food, enabling essential health applications, contributing to lighter and safer shipping.
However, the plastic materials used in packaging are usually petroleum-based polymers with a
relatively high environmental impact, that can also contribute to the generation of polluting waste if
not properly managed [1-5]. A possible solution to this problem could be the use of biocomposites
made from biodegradable polymers and natural fibers [6-10]. Among the various biodegradable
matrices, polycaprolactone (PCL) has emerged as a particularly promising candidate for packaging
[11-16]. PCL is a biodegradable thermoplastic polyester known for its flexibility, excellent
processability and biocompatibility [17-21]. Its low melting point (around 60 °C) makes PCL easy to
process, enabling for energy-efficient manufacturing through extrusion, injection molding and
thermoforming in a large scale perspective [22,23]. On the other hand, the limited melting
temperature restricts its application where high heat resistance is required, especially at elevated
humidity levels [24]. As a result, PCL is ideal for short-life uses such as food packaging and
disposables [25]. Therefore, in order to enhance the properties of PCL and extend its applicability in
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the packaging sector, researchers have focused their attention on natural reinforcing fibers such as
cotton [26], flax [27], hemp [28] and wood fibers [29].

Wood fibers (WFs), in particular, have been identified as an attractive option due to their
abundance, renewability, biodegradability and low cost [30]. When incorporated into PCL, wood
fibers can significantly improve the stiffness and the dimensional stability, thereby addressing some
of the inherent limitations of this biopolymer matrix. For example, Cintra et al. co-extruded PCL with
different contents (0, 5, and 15 wt%) of WFs, obtained as residues of the timber industry, investigating
their thermo-mechanical properties [31]. Herrera et al. strongly improved the mechanical properties
of thermoplastic biocomposites through PCL grafting inside holocellulose wood fibers [32]. Lo Re et
al. produced PCL/WF biocomposites by introducing different concentrations of cellulose pulp fibers
in a PCL matrix [33]. However, due to the difference in polarity between the hydrophobic PCL and
the hydrophilic WFs, the successful integration of WFs into this polymer is not always efficient,
leading often to poor interfacial bonding, fiber aggregation and reduced mechanical performance
[34]. To overcome this problem, surface modification of the fibers is essential to improve their
compatibility with the PCL [35-37].

An environmentally friendly and effective approach to treat wood fibers is the use of citric acid
(CA), a natural organic acid that can be obtained from citrus fruits like lemons and limes or
commercially produced through the fermentation of sugars by Aspergillus niger [38]. CA treatment
has been shown to tailor the surface properties of wood fibers by increasing their surface roughness,
improving hydrophobicity and introducing functional groups that promote a stronger interaction
with biopolymer matrices [39]. Moreover, citric acid is non-toxic, biodegradable and derived from
renewable sources, and it is therefore suitable for sustainable packaging solutions [40]. The idea
behind this surface treatment is that the carboxyl (-COOH) groups of CA react with the hydroxyl (-
OH) groups on WFs to form ester bonds (-COO-) and release water as a by-product, making the WFs
surface more hydrophobic [39]. The reduction in -OH content on WFs surface could therefore
improve the interfacial adhesion with the hydrophobic PCL matrix, leading to improved stress
transfer and mechanical performance of the biocomposites. For example, Huang et al. treated
cellulose fibers obtained from wheat straw with CA to improve their strength, due to the formation
of a crosslinked structure [41]. Cui et al. modified the surface of cellulose with CA and used this
functionalized filler as reinforcement in PLA based composites, achieving a better dispersion within
the matrix and an increased interfacial adhesion [42]. However, although citric acid has been already
investigated as a surface modifier for polysaccharide-based fibers, its specific application in the
modification of wood fibers to improve compatibility with a PCL matrix has not so far been explored.

Therefore, the aim of this work was to explore, for the first time, the potential of novel PCL/WF
biocomposites for sustainable packaging applications, obtained by modifying the surface of WFs
using CA. Untreated and CA-treated WFs were characterized from a chemical, morphological and
thermal point of view, and the resulting biocomposites were then analyzed in terms of their
rheological, microstructural and thermo-mechanical properties. This comprehensive evaluation
provided a deeper understanding of how CA surface modification could enhance the properties of
PCL/WF biocomposites, contributing to the development of eco-sustainable and high-performance
packaging materials.

2. Materials and Methods

2.1. Materials

PCL was supplied by Polysciences Inc. (Warrington, PA, USA) in 3 mm granules (density = 1.12
g/cm?®, molecular weight (Mw) = 50000 g/mol, glass transition temperature = -62 °C, melting
temperature = 60 °C). Steico® Flex-036 wood fibers were supplied by Steico SE (Feldkirchen,
Germany). They had an aspect ratio of 22-75 mm/mm and a bulk density of 60 kg/m3. Citric acid
monohydrate (CA) was supplied by Riedel-de Haén GmbH (Seelze, Germany) as a powder of 1 um,
with purity of 99.5 % and Mw of 210.14 g/mol. All the materials were used as received.
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2.2. Sample Preparation

Wood fibers (2 g) were soaked in 1 L of CA aqueous solution at different concentrations (0.05 M,
0.25M, and 1.00 M) and stirred at 600 rpm for 1 hour at room temperature. Then, WFs were dried at
40 °C for 24 h under vacuum. These parameters were chosen from previous experiments of our group
[39]. The chemical bonding between the CA and the WFs was achieved by thermally treating the
fibers at 60, 80, 120 and 160 °C for 30 minutes. The treated fibers were then washed to neutral pH and
dried at 40 °C for 24 h under vacuum. Figure 1 shows representative images of the treated WFs, where
a gradual darkening in color is observed with increasing CA concentration and treatment
temperature. This color change likely indicates a greater extent of chemical modification at elevated
temperatures [39]. However, a temperature of 80 °C was chosen as the optimal one for the preparation
of the treated fibers, as above this temperature the fibers appeared extremely brittle. The untreated
wood fibers were indicated as WF, while CA treated fibers at 80 °C were designated as WF_5CA,
WE_25CA and WF_100CA, in order to indicate the CA concentration in the aqueous solution (0.05
M, 0.25 M, and 1.00 M).

60 °C 80 °C 120 °C 160 °C
=
0.25M ﬂ * &
‘ e
1.00 M Q A
- j L \ » .

2cm

Figure 1. Representative image of wood fibers treated with CA at different concentrations and temperatures.

The preparation of PCL/WF biocomposites was achieved by melt compounding in a Thermo
Haake® Reomix internal mixer (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 80 °C for 9
minutes, setting a rotor speed of 50 rpm. The resulting compounds were then compression molded
using a Carver 2699 hot press (Carverpress Inc., Wabash, IN, USA) at 80 °C for 6 minutes, applying
a pressure of 2 MPa to produce 120x120x2 mm? samples. The list of the prepared formulations is
reported in Table 1.

Table 1. List of prepared composites.

Sample PCL content WEF content CA solution
(%owt) (Y%owt) M)
PCL 100 0 -
PCL_5WF 95 5 -
PCL_10WF 90 10 -
PCL_20WF 80 20 -
PCL_10WF_5CA 90 10 0.05
PCL_10WF_25CA 90 10 0.25
PCL_10WF_100CA 90 10 1.00
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2.3. Experimental Techniques

2.3.1. Characterization of Wood Fibers

The chemical characterization of wood fibers was carried out by Fourier transform infrared
spectroscopy (FTIR) in attenuated total reflectance mode using a Perkin Elmer Spectrum One FTIR
spectrometer (Perkin Elmer Inc., Shelton, CT, USA). Four scans between 4000 and 650 cmwere
performed for each sample, with a 4 cm! resolution.

The morphological features of WFs were investigated by using a Zeiss Supra 40 field-emission
scanning electron microscope (FESEM) (Carl Zeiss AG, Oberkochen, Germany). Prior to the analysis,
the samples were coated with a layer of a platinum/palladium (Pt/Pd) alloy (80:20) having a thickness
of about 5 nm.

Thermogravimetric analysis (TGA) on wood fibers was carried out by using a Mettler TG50
thermobalance (Mettler Toledo Inc., Columbus, OH, USA) operating under a nitrogen flow of 100
mL/min in a temperature interval from 30 to 700 °C and at a heating rate of 10 °C/min. Therefore, it
was possible to determine the temperature associated with a mass loss of 5 wt % (Ts%), the
degradation temperature (T4) corresponding to the peak of the derivative thermogravimetric curve
(DTG), and the residual mass after the test (mvw). One specimen was tested per composition.

2.3.2. Characterization of the Composites

The dynamic rheological properties of the composites were analyzed through a Discovery
Hybrid Rheometer (DHR-2) (TA Instruments Inc., New Castle, DE, USA) by adopting a plate-plate
configuration. Tests were carried out at 80 °C, applying a strain amplitude of 1% on circular
specimens with a diameter of 25 mm, setting a gap between the plates of 1 mm. In this way, the trends
of the storage modulus (G’), loss modulus (G”), loss tangent (tand) and complex viscosity (1)) were
investigated in an angular frequency (w) range between 0.1 and 100 rad/s. Two specimens were tested
for each composition.

The morphological characterization of cryo-fracture surface of the composites was carried out
using a Zeiss Supra 40 field-emission scanning electron microscope (FESEM) (Carl Zeiss AG,
Oberkochen, Germany). Prior to the analysis, the samples were coated with a platinum/palladium
(Pt/Pd) alloy (80:20) coating having a thickness of about 5 nm.

The thermal properties of the composites were analyzed by differential scanning calorimetry
(DSC) through a Mettler DSC30 calorimeter (Mettler Toledo Inc., Columbus, OH, USA). The samples
were heated from -100 to 150 °C and subsequently cooled from 150 to -100 °C. Finally, a second
heating stage was applied from -100 to 150 °C. These thermal ramps were performed at a rate of 10
°C/min, under a nitrogen flux equal to 100 mL/min. One specimen was tested for each composition.
The relative degree of crystallinity (x) of the PCL phase in the samples was calculated through

Equation (1),
AHp
X= Sone M

where AHm is the enthalpy of fusion of PCL, ¢ is the weight fraction of PCL in the composite, and
AHom is the standard melting enthalpy of the fully crystalline PCL, taken as 135.3 J/g [42].
Thermogravimetric analysis (TGA) on the composites was carried out by using a Mettler TG50
thermobalance (Mettler Toledo Inc., Columbus, OH, USA) under a nitrogen flow of 100 mL/min in a
temperature interval from 30 to 700 °C at a heating rate of 10 °C/min. The tests allowed measuring
the temperature associated with a mass loss of 5 wt % (Ts%), the degradation temperature (Ta)
corresponding to the peak of the derivative thermogravimetric curve (DTG), and the residual mass
after the test (m7o0). One specimen was tested per composition. Thermal diffusivity and thermal
conductivity of the composites were measured at 20 °C through laser flash analysis (LFA) with a
Netzsch LFA 447 instrument (Netzsch Gerdtebau GmbH, Selb, Germany). Two circular specimens
with a diameter of 12.7 mm and thickness 1 mm were tested for each composition.
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Quasi-static tensile properties of the composites were analyzed by using an Instron® 5969
universal testing machine (Instron Inc., Norwood, MA, USA), equipped with a load cell of 10 kN.
1BA type dumbbell specimens were tested according to the ISO 527 standard. Tests were carried out
at 0 °C and 25 °C in order to simulate the use of packaging in refrigerated and room temperature
conditions, respectively. The elastic modulus (E) was measured at a crosshead speed of 0.25 mm/min,
imposing a maximum axial deformation level of 1%. The strain was recorded by using a dynamic
extensometer Instron model 2620-601 (gauge length of 12.5 mm). According to ISO 527 standard, the
elastic modulus was determined as a secant value between deformation levels of 0.05 % and 0.25 %.
Tensile properties at break were evaluated at a crosshead speed of 100 mm/min, without using the
extensometer. The yield stress (oy) and the elongation at break (e») were determined. At least five
specimens were tested for each composition. The Vicat softening temperature (VST) of the composites
was determined according to ASTM D1525 standard. Tests were conducted at a heating rate of 120
°C/h using a HDT-Vicat tester model MP/3 (ATS Faar Industries Srl, Milano, Italy), applying a load
of 50 N to rectangular specimens of 10x10x4 mm?. At least three specimens were tested for each
composition.

The water uptake (WU) capacity of the composites at room temperature was investigated by
placing rectangular specimens of approximately 20x20x4 mm? in a container filled with 100 ml of
water, and leaving them immersed for 90 days. At least three specimens per composition were tested.
Mass variation due to water absorption was recorded over time after removing periodically the
specimens from water. WU of the samples was calculated according to Equation (2)

wu=—%?ﬁx100 ()

a

where mw is the mass of the specimens after being immersed in water, while ma is the mass of the dry
specimen. From water uptake tests the water diffusion coefficient (D) of the composites, described by

Fick’s law, was evaluated, as indicated in Equation (3)

D=n@§f@)

where h is the thickness of the sample and S is the ratio of the normalized mass uptake versus square
root of time, as expressed in Equation (4)
- M
$= e @
where Mt and M. represent the mass of water absorbed at a given time (t) and at equilibrium condition

(after 90 days), respectively.

Static contact angle measurements were conducted on square specimens 30x30x2 mm? using the
sessile drop technique, by depositing at least five droplets of distilled water (volume =2 ml) on the
surface of the specimens. Images of the droplets were taken using a Thorlabs microscope (Thorlabs
Inc., Newton, NJ, USA) and elaborated by Image] software (version 1.53a), in order to measure the
contact angle (Oc) values.

3. Results and Discussion
3.1. Characterization of Wood Fibers

3.1.1. Chemical and Microstructural Characterization of Wood Fibers

In Figure 2, the FTIR spectra of untreated and CA-treated WFs are shown.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. FTIR spectra of untreated and treated WFs with different CA concentrations.

Figure 2 shows the characteristic spectra of WFs, with absorption peaks associated to their
constituents, i.e., cellulose, hemicellulose and lignin [43]. In particular, the broad peak at 3300 cm!
corresponds to O-H stretching vibrations, due the hydroxyl groups naturally present on the fibers.
The peaks at about 2900 cm™ correspond to C-H stretching vibrations, while those around 1500 cm!
are attributed to aromatic groups in lignin [39]. The presence of citric acid in the samples is
demonstrated by the peak at 1720 cm!, whose intensity is proportional to the CA concentration. This
peak is characteristic of C=O stretching vibrations, confirming the formation of ester bonds on the
fiber surface. Moreover, increasing the CA concentration leads to more intense surface modification
[39]. Correspondingly, the broad peak at 3300 cm-' decreases in intensity in the treated WFs,
particularly at elevated CA contents. This suggests that part of the hydroxyl groups on the surface of
WFs have been consumed during the esterification reaction with CA.

In Figure 3, the SEM micrographs of untreated and CA-treated WFs are shown.

Figure 3. SEM micrographs of untreated and treated WFs at different CA concentrations.

It is evident that the surface morphology of the fibers is modified upon the CA treatment.
Untreated WFs have a relatively smooth surface, while at low CA concentrations (WF_5CA) a slight
roughening is observed, indicating a limited surface modification. At moderate CA contents
(WF_25CA) etched regions become more visible, indicating a more intense treatment, while at the
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CA highest concentration (WF_100CA) there is a significant fibrillation, with the appearance of a very
rough and fragmented surface, probably due to an extended esterification [44]. These chemical and
morphological changes may improve the interfacial adhesion with the PCL matrix, with positive
effects on the mechanical properties of the resulting composites.

3.1.2. Thermal Characterization of Wood Fibers

In Figure 4, the TGA thermograms and first derivative of mass loss of neat CA, untreated and
CA-treated WFs are compared, while the most important results are summarized in Table 2.

100 ~ 0.030
1 — WF
80 4 —— WF_5CA 10025
- 1 — WF_25CA
X 70 ] —— WF_100CA|] 5020
» 604 %
© 3
£ S
5 %7 ENONNL 0,015 *
2 1
£ i 0010 ©
20 —
i 0.005
10 -
0 { : . . PRI o -‘qlﬂm 0.000
0 100 200 300 400 500 600 700
T (°C)
Figure 4. TGA thermograms of neat CA, untreated and CA-treated WFs.
Table 2. Results of TGA tests on neat CA, untreated and CA-treated WFs.
Samples Tse% (°C) Taca °C) Tawr1(°C) Tawrz2(°C) Tawrs (°C) mroo
(%)
WE 227.3 - 264.6 391.3 482.8 27.8
WE_5CA 190.4 - 256.3 338.3 479.3 7.5
WE_25CA 175.2 235.7 - 336.8 476.8 12.4
WE_100CA 182.3 225.5 - 355.5 477.2 11.2
CA 170.2 235.3 - - - 0.0

Figure 4 shows the differences in thermal degradation behaviour between untreated and CA-
treated WFs. Untreated WF shows a multi-step degradation process, with Ts% of 227 °C, followed by
three degradation stages at approximately 265 °C, 391 °C and 483 °C due to the thermal
decomposition of cellulose, hemicellulose and lignin, respectively [45]. The residual mass at 700 °C
is 27.8 %, indicating a significant char formation, typical of lignocellulosic materials. In contrast, neat
CA decomposes rapidly, with a lower initial degradation temperature (170 °C), a single
decomposition peak at 235 °C and no residue at 700 °C, indicating thus a complete volatilization at
the end of the test [46]. The treatment with CA significantly changes the thermal behaviour of the
wood fibers. Ts% values for treated fibers (between 175 and 190 °C) are considerably lower than that
of untreated WFs, indicating that the initial thermal stability of WF is negatively affected by the
surface modification. Also the three degradation steps associated to WF constituents occur at lower
temperatures (256 °C, 338 °C and 479 °C) compared to neat WFs, while the residual mass at 700 °C is
reduced (up to 7.5% for the WF_100 CA). The position of the degradation peaks associated to wood
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constituents is not substantially affected by the CA content. However, even if the thermal stability of
CA-treated fibers is generally lower than that of neat WFs, the thermal degradation resistance of these
fibers is acceptable for their use in packaging, as their degradation can be detected at much higher
temperatures than those required in service conditions.

3.2. Characterizaion of the Composites

3.2.1. Rheological Characterization of the Composites

The dynamic rheological properties of the composites are illustrated in Figures 5(a-d), where the
trends of storage modulus (G’), loss modulus (G”), loss tangent (tand) and complex viscosity (1)) as a
function of the frequency are respectively reported.
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Figure 5. Dynamic rheological properties of PCL/WF composites. Trends of (a) storage modulus (G’), (b) loss

modulus (G”), (c) loss tangent (tand) and (d) complex viscosity (1) as a function of the angular frequency.

From Figure 5(a,b) it can be seen that both the storage modulus (G’) and the loss modulus (G”’)
increase with the addition of WFs, especially in the low frequency regime, and this effect becomes
more pronounced increasing the WF amount. The stiffening effect provided by the WF addition is
confirmed by the corresponding decrease of the loss tangent values and the disappearance of the
pseudoplastic plateau in the viscosity curve at low frequencies in Figure 5(c,d) [47]. On the other
hand, while the incorporation of CA changes the chemical features and the morphology of WFs, its
impact on the rheological properties of the composites is rather limited.

3.2.2. Morphological Characterization of Composites

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6(a-c) shows SEM micrographs of the cryo-fractured surface of the composites, while
Figure 7(a,b) shows SEM images highlighting the fiber/matrix interfacial debonding in the axial and
transverse direction (with respect to the embedded fibers).

PCL_20WF

PCL_10WF_100CA
; ™

100 pm

Figure 6. SEM micrographs of cryo-fractured surface of (a) PCL, (b) composites with increasing WF
concentration and (c) composites containing 10 wt% of WF and increasing CA concentration.
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Figure 7. SEM micrographs showing fiber/matrix interfacial debonding in (a) axial and (b) transverse directions
(with respect to the embedded WFs).

Neat PCL (Figure 6a) shows a relatively smooth surface with areas of extensive plastic
deformation, indicative of a ductile fracture mechanism. As the WF content increases (Figure 6b), the
fracture surface becomes rougher, with visible fiber pull-out and matrix deformation, suggesting a
quite good stress transfer between the fibers and the polymer matrix, particularly for the PCL_20WF
sample. As the CA content increases (Figure 6¢), an even rougher fracture surface can be seen,
indicating higher interfacial stress transfer and suggesting improved compatibility between the fibers
and the PCL matrix.

In Figure 7a, the red arrows highlight the weak fiber/matrix interfacial adhesion in PCL_10 WF
composite, showing areas where the fibers are completely debonded from the matrix. For
PCL_10WF_5CA, some fiber pull-out and gaps between the fibers and the polymer matrix are still
visible, indicating a moderate level of fiber/matrix interaction. For PCL_10WF_25CA composite the
PCL matrix appears to wet better the fibers, probably due to esterification reaction obtained upon the
CA treatment. In the PCL_10WF_100CA sample, the fracture surface appears smoother with less
exposed fibers, indicating a stronger interfacial adhesion. Similar considerations can be made
considering the SEM micrographs of the composites taken in the transversal direction (see Figure 7b).

3.2.3. Thermal Characterization of the Composites

DSC analysis revealed no significant differences in the thermal properties of the PCL phase,
neither with the incorporation of wood fibers nor after their functionalization with CA. Therefore,
these results have been reported in the Supplementary Material section (see Figure S1 and Table S1).
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Figure 8(a,b) shows the TGA thermograms and mass loss derivative curves of neat PCL and the
relative composites, while the most significant results are summarized in Table 3.

100 0.025
ﬁ ——PcCL T
—— PCL_5WF d,PCL
80 0.020 | |—— PCL_10WF
. —— PCL_20WF
& o) —— PCL_10WF_5CA
2 e £ o015 [ PCL_10WF_25CA
g s —— PCL_10WF_100CA
3 PCL g
?) 4| poL swE E o010
x —— PCL_10WF
—— PCL_20WF
204|—— PCL_10WF_5CA 800 =
——— PCL_10WF_25CA dWF
—— PCL_10WF_100CA . . ' :
0 : > A . 200 300 400 500 600

-
0 100 200 300 400 500 600 700 100

T(°C) T(°C)
(@) (b)
Figure 8. TGA thermograms of neat PCL and the relative composites. Trends of (a) residual mass and (b) mass

loss derivative as a function of temperature.

Table 3. Results of TGA tests on neat PCL and the relative composites.

Samples

T, (°C) Tywe O Tipe (CO) m,, (%)
PCL 398.2 - 433.5 0.0
PCL_5WF 386.5 259.0 433.3 0.0
PCL_10WF 321.2 258.0 432.3 25
PCL_20WF 259.2 260.5 431.2 6.0
PCL_10WF_5CA 334.3 284.7 438.5 1.1
PCL_10WF_25CA 314.1 296.2 437.5 1.9
PCL_10WF_100CA 321.2 298.7 437.7 2.0

The Ts% of neat PCL is observed at 398 °C, which strongly decreases with the addition of WFs
reaching 259 °C for the PCL_20WF sample. This decrease can be attributed to the presence of the
lignocellulosic fibers, which typically degrade at lower temperatures than the PCL matrix (433 °C).
In fact, Tawr corresponds to the degradation of WFs in the composites and its values are observed
approximately between 258 °C and 298 °C. On the other hand, the presence of CA does not
significantly alter the value of T5% but strongly increases the value of Td,WF compared to the
PCL_10WF sample, contrary to what is seen in Table 2. This apparent discrepancy can be explained
by considering that, although CA-treated fibers are generally rougher and more fibrillated that can
promote earlier thermal degradation, their incorporation into the PCL matrix change the thermal
behavior. Once embedded, the reduced availability of surface hydroxyl groups due to esterification
with CA may play a protective role, limiting their thermal degradation. [39].

The degradation of PCL (Tarct) is observed at 433 °C and is not substantially affected by the WF
content. However, CA treatment slightly shifts Tarct to higher temperatures, with PCL_10WF_100CA
reaching 437 °C. The residual mass at 700 °C increases with the PCL content up to 6.0% mass in the
case of PCL_20WF, due to carbonaceous residues from the decomposition of the WFs, and it is not
substantially affected by the CA functionalization. Generally speaking, all the prepared composites
maintain a good thermal stability well above 200 °C, and are therefore suitable for packaging
applications.

Results from LFA analysis are reported in the Supplementary material section. In Figure S2(a,b)
the values of thermal diffusivity and thermal conductivity of the investigated composites are
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reported. It is evident that the introduction of WFs and the CA treatment do not significant affect the
thermal diffusivity and the thermal conductivity of the composites.

3.2.4. Mechanical Characterization of Composites

In Figure 9(a,b) representative stress-strain curves from quasi-static tensile tests on neat PCL and
the relative composites at 0 °C and 25 °C are shown, while the values of elastic modulus (E), stress at
yield (oy) and elongation at break (ev) are summarized in Table 4, together with the Vicat softening
temperature (VST) obtained from Vicat tests.
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Figure 9. Representative stress-strain curves from quasi-static tensile tests on neat PCL and the relative
composites at (a) 0 °C and (b) 25 °C.

Table 4. Results from quasi-static tensile tests at 0 °C and 25 °C and Vicat grade of neat PCL and the relative

composites.
Sample 0°C 25°C
E Oy €, E Oy € VST
(MPa)  (MPa) (%) (MPa)  (MPa) (%) (°0)
PCL 228+14  23+1 358 + 202+5 17+1  1301+4 | 52.7+0.6
83
PCL_5WF 259+16 19+1 46+19 | 271+15 14+3 1016+50 | 542+0.5
PCL_10WF 327+14 191 27+10 | 333+3 15+1 61 +21 56.1+0.5
PCL_20WF 458+15 17+1 14+1 | 46769 141 36+11 58.8+0.7
PCL_10WF_5CA 337+30 23+1 23+2 | 337+37 14+2 49+10 | 56.5+0.3
PCL_10WF_25CA | 354+27 27+2 33+7 | 348+31 15%2 54+19 | 57.7+05
PCL_10WF_100CA | 354+31 26+3 27+2 | 348+21 19+3 53+22 | 58.8+0.5

As it could be expected, the addition of WFs significantly increases the elastic modulus, up to
100% at 0 °C and 131% at 25 °C in case of PCL_20WF composite. On the other hand, the presence of
untreated WFs reduces the yield strength of PCL. This reduction (up to 30% at 0 °C and 18% at 25 °C
for PCL_20WF) is indicative of rather weak interfacial fiber/matrix adhesion. Interestingly, the CA
treatment slightly increases the elastic modulus but leads to an evident enhancement in yield strength
(up to 30% at 0 °C and 21% at 25 °C for PCL_10WF_100CA compared to PCL_10WF). This
improvement can be attributed to an enhanced interfacial adhesion between the WFs and the PCL
matrix due to esterification reaction on WFs surface provided by CA. As it could be expected, the
elongation at break generally shows a significant decrease with wood fiber addition, especially at
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higher WF contents (14% at 0 °C and 36% at 25 °C for the PCL_20WF composite), without any
significant effect of the CA treatment.

PCL has the lowest VST at 52.7 °C, indicating its relatively low dimensional stability
approaching the melting temperature. Accordingly to elastic modulus results, the incorporation of
WEFs leads to a gradual increase in VST, with PCL_20WF reaching the highest value (58.8 °C). This
trend suggests that the presence of WFs limits the mobility of the PCL macromolecules, thus
increasing the dimensional stability. CA treated composites show a slight increase in VST compared
to the untreated PCL_10WF (56.1 °C). In fact, PCL_10WF_5CA shows a VST of 56.5 °C, while
PCL_10WF_100CA reaches 58.8 °C. Once again, this improvement can be attributed to the enhanced
interfacial adhesion between the WFs and the PCL matrix [48].

3.2.5. Water Uptake and Contact Angle Mesurements

Figure 10 shows the water absorption curves of neat PCL and the relative composites as a
function of time, while the diffusion coefficient (D) and the values of water uptake after 90 days
(WUw) are summarized in Table 5.
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Figure 10. Water absorption curves at 23 °C of neat PCL and the relative composites.

Table 5. Results from water uptake tests at 23 °C on neat PCL and the relative composites.

Samples D (10-3 x m?/s) WUso (%)
PCL 1.06 = 0.36 2.67 +0.47
PCL_5WF 1.31+0.46 6.93+£0.77
PCL_10WF 1.27 +0.52 7.44 +0.95
PCL_20WF 1.27 + 0.64 8.94 £ 0.48
PCL_10WF_5CA 1.22+043 4.34+0.20
PCL_10WF_25CA 1.18 £ 0.36 3.90+£0.51
PCL_10WF_100CA 1.19 £ 0.62 3.22+0.42

Neat PCL has a diffusion coefficient of 1.06x10-®> m?/s and a water absorption of 2.67% after 90
days, and these results are comparable to those found in the literature [49]. The introduction of WFs
increases both the diffusion coefficient and water absorption tendency, as expected due to the
hydrophilic nature of lignocellulosic fibers. For example, the diffusion coefficient of PCL_10WF is
1.27x103 m?/s and the water absorption value after 90 days is 7.44%. This increase is even more
pronounced for PCL_20WF composite, with the highest WU90 value (8.94%) due to the higher
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amount of WFs [50]. On the other hand, the functionalization of WF with CA results in a reduction
of both D and WU values. For example, PCL_10WF_100CA has a diffusion coefficient of 1.19x10-13
m?/s and water uptake value after 90 days of 3.22 %. This means that the esterification reaction
between CA and WF has effectively reduced the number of available hydroxyl groups on WFs surface
limiting the uptake of water [51]. Therefore, while the incorporation of untreated WFs increases the
water absorption tendency of the resulting composites, the chemical modification of the fibers
through CA can mitigate this effect, making CA-treated WFs/PCL composites more suitable for
packaging applications, where hydrophobicity and enhanced water resistance is generally required.

Contact angle measurements provide information about the surface properties and the
wettability of the samples. Figure 11 shows the image of single droplets of water deposited on the
surface of samples, while in Table 6 the values of static contact angles are summarized.

PCL

—
PCL_SWF PCL_10WF PCL_20WF
PCL 10WF_5CA PCL 10WF_25CA PCL 10WF_100CA

e T AT

Figure 11. Representative images of static contact angle measurements on neat PCL and the relative

composites.

Table 6. Static contact angle values of neat PCL and the relative composites.

Samples O (°)
PCL 84.2+3.1
PCL_5WF 47.8+29
PCL_10WF 512+24
PCL_20WF 454 +45
PCL_10WF_5CA 55.2+3.4
PCL_10WF_25CA 56.5+1.3
PCL_10WF_100CA 61.2+23

The contact angle measurements indicate significant changes in the wettability of the composites
due to the incorporation of WFs and the addition of CA. Neat PCL exhibits the highest contact angle
(84.2°), demonstrating its inherent hydrophobicity [52]. However, the introduction of WFs drastically
reduces the contact angle (e.g., 47.8° for PCL_5WF and 45.4° for PCL_20WF), indicating an increased
hydrophilicity. This behaviour could be expected, due to the presence of hydroxyl group on the
surface of WFs, which increase water affinity [53]. CA functionalization modifies the surface
properties, leading to an increase in contact angle compared to untreated WF composites. In fact,
PCL_10WF_5CA (55.2°), PCL_10WF_25CA (56.5°) and PCL_10WF_100CA (61.2°) exhibit higher
contact angles than PCL_10WF (51.2°). This suggests that CA treatment, by enhancing interfacial
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bonding between PCL and WF through esterification reactions and reducing the number of available
hydroxyl groups on the WF surface, reduces the hydrophilicity and the wettability of the composites.
This can be considered as a positive aspect in view of the future application of these materials in
packaging.

4. Conclusions

In this work, novel biodegradable polycaprolactone (PCL) composites for sustainable packaging
applications were developed by adding surface-treated wood fibers (WF). Specifically, WFs were
treated with citric acid (CA) to improve their adhesion with the polymeric matrix. The surface
modification of WFs with CA was first evaluated by a comprehensive fiber characterization. Fourier
transform infrared (FTIR) spectroscopy confirmed the occurrence of esterification reactions between
CA and the fiber surface, evidenced by a characteristic absorption peak at 1720 cm-! having intensity
proportional to the CA content. Scanning electron microscopy (SEM) of the treated fibers showed
increased surface roughness and fibrillation, which might improve the mechanical interlocking with
the polymer matrix and thus the interfacial adhesion. Thermogravimetric analysis (TGA) showed a
slight reduction in thermal stability for CA-treated fibers due to increased surface reactivity after
treatment. The fibers were then melt compounded with PCL matrix to obtain composites that were
characterized in terms of their rheological, morphological, and thermo-mechanical properties. The
rheological properties of composites were only slightly affected by CA treatment, with small
increases in storage modulus and complex viscosity. SEM analysis of the cryo-fractured surfaces of
the composites highlighted an enhanced fiber/matrix interfacial adhesion in the CA-treated WF filled
compositess, with less fiber pull-out. Tensile tests showed a significant increase in yield strength
(over 30% at 0°C and 21% at 25°C for the PCL_10WF_100CA sample with respect to PCL_10WF), and
also VICAT softening temperature was slightly enhanced (about 6 °C with respect to neat PCL). In
addition, water absorption tests and contact angle measurements demonstrated reduced water
uptake and hydrophilicity in the CA-treated WF filled composites. Therefore, the results obtained in
this work highlighted the potential of CA-treated WFs as reinforcement for PCL composites,
contributing to the development of novel eco-sustainable and high-performance packaging materials.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: DSC thermograms of neat PCL and the relative composites. (a) First
heating, (b) cooling and (c) second heating; Table S1: Results of DSC tests on neat PCL and the relative
composites; Figure S2: Results of (a) thermal diffusivity and (b) thermal conductivity of the neat PCL and the

relative composites, obtained through Laser Flash Analysis.
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