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Lignin Nanoparticles as an Interfacial Modulator in
Tough and Multi-Resistant Cellulose—Polycaprolactone
Nanocomposites Based on a Pickering Emulsions Strategy

Erfan Kimiaei, Muhammad Farooq, Rafael Grande, Kristoffer Meinander,

and Monika Osterberg*

Free-standing nanocellulosic films (nanopapers) emerge as attractive
sustainable materials to replace traditional plastics. However, the moisture
sensitivity of cellulose and its poor dispersion in hydrophobic polymers are
challenges to its widespread application. Harnessing the inherent properties
of cellulose, lignin, and polycaprolactone, a Pickering emulsion approach

is proposed to produce multifunctional cellulose nanofibril (CNF) nano-
composite films. Aqueous CNF dispersion is combined with hydrophobic
polycaprolactone (PCL) using colloidal lignin nanoparticles (CLPs) as the
emulsion stabilizer. CNF-PCL nanocomposite films with over 134% increase
in dry strength compared to nanocomposites without CLPs are fabricated.
This interfacial engineering strategy results in a CNF-based nanocomposite
with wet strength up to 87 MPa without any chemical modification or
crosslinking agents. The mechanism behind the achieved excellent dry and
wet strength and water resistance is investigated and it is suggested that

it is due to the amphiphilic CLPs that are able to form non-covalent bonds
with both cellulose and PCL, thus binding these together. Furthermore,

the nanocomposite films’ protection against UV and oxidation is signifi-
cantly enhanced by increasing the CLPs content. Our proposed interfacial
engineering strategy can be generically applied to other polymer systems

frontier of materials science, designing
biobased solutions that compete with
conventional fossil-based plastics is cru-
cial. Cellulose nanofibrils (CNFs) are
prominent contenders for high-perfor-
mance applications due to their nanoscale
dimensions,!l large surface area,”l and
exceptional mechanical characteristics.!
The strength of CNF-based materials is
a consequence of extensive hydrogen
bonding between fibrils arising from
the presence of surface hydroxyl groups.
However, these hydroxyl groups effi-
ciently bind water molecules, increasing
moisture sensitivity and reducing wet
strength. In addition, the hydrophilic
nature of CNFs hinders their combina-
tion with hydrophobic polymers, which is
an obstacle to developing CNF-reinforced
polymer nanocomposites with high
modulus and ductility due to the poor
compatibility between CNF and polymer
matrix.’l Several strategies, such as esteri-

and shows a great potential to pave the way toward replacing fossil-based

plastics.

1. Introduction

Nanoscale building blocks from renewable natural resources
are key to developing sustainable materials. At this new
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fication,[®! silylation,” acetylation,!® ure-
thanization,””) amidation,') and polymer
grafting,l!l are frequently employed for
the surface modification of CNFs to
enhance the hydrophobicity. In recent
studies, engineering the interface of CNF and hydrophobic
polymers by reactive compatibilizers such as amphiphilic
block and random copolymers is shown as a versatile tool to
improve the miscibility of CNF with polymer matrices in melt
processing.>13] However, hydrophobization strategies mostly
target the surface hydroxyl groups, which curtail the hydrogen
bonding pattern within the CNF network and lead to mechani-
cally weaker material with poorer oxygen barrier properties
than pure CNF nanopapers.!! Furthermore, these chemical
modifications increase the environmental impact of the mate-
rial production process and hamper CNF’s natural biodegra-
dability,™ a motivating factor for using CNF. Furthermore,
to uplift the CNF status as an ultimate material platform for
biomaterial design, the critical challenges associated with
water interaction and its dispersion in hydrophobic media
need to be addressed in a sustainable and scalable manner.
To address these perplexing challenges, we suggest a nature-
inspired solution exploiting the inherent properties of CNF
and another natural polymer, lignin. The conversion of crude

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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lignin into colloidal lignin nanoparticles (CLPs) overcomes the
hurdles commonly posed by its complex structural heteroge-
neity. At the same time, the conversion enables dispersion in
aqueous media. The size and charge of resulting nanoparticles
can be tailored for specific needs because of their nano-scale
morphology and well-defined surface characteristics, evident
in research disseminated in the last few years.'®! Among
the demonstrated applications of CLPs, including nano-
composites,”] bio-adhesives,®! drug delivery," UV absor-
bents,?% hybrid nanoparticles,?!! and antioxidant agents,??!
their use as stabilizing agents for Pickering emulsions is of
immense interest.”>?/ Pickering emulsions are more stable
than surfactant-stabilized emulsions because of the high
energy required to remove solid particles from the oil/water
interface.[?®]

Recently, Pickering emulsion has been used as a tem-
plate for either polymerization or compatibilizing media to
build polymeric composites reinforced with cellulose.[2°:3]
For example, Lio et al.*! developed polymethylmethacrylate
(PMMA)/CNF composites via drying the PMMA Pickering
emulsion gel stabilized with CNF into the interconnected
structure network. Fujisawa et al.’¥ produced polystyrene
(PS) nanoparticle/CNF composites by encapsulating styrene
monomers in a CNF-stabilized Pickering emulsion and sub-
sequently polymerizing the styrene by heating before filtra-
tion and melt processing. In a unique report, Moreno et.*’]
used CLPs as the stabilizer for free radical polymerization
of Pickering emulsion to produce PS and poly (butyl meth-
acrylate) (PBMA) latex dispersion that was subsequently
melted into the nanocomposite films. Nonetheless, to the best
of our knowledge, there are yet no reports using CLPs and
CNF together in the Pickering emulsion media prior to film
making. Moreover, most of the developed nanocomposites
are neither biobased nor biodegradable. We also noted that
although they all report increase in strength related to the soft
polymer, the developed nanocomposite films are still weaker
than pure CNF nanopaper.3+3

In this work, we demonstrate that the Pickering emulsion
stabilized with lignin nanoparticles approach can provide a
convenient platform to design nanocomposite systems incor-
porating hydrophobic polymer and hydrophilic CNF, over-
coming the high interfacial tension between hydrophilic CNF
and hydrophobic polymers with the aid of amphiphilic CLPs.
This strategy allows the even dispersion of polycaprolactone
(PCL) onto the CNF network inducing waterproof characteris-
tics to the CNF-based nanocomposite films and enabling syn-
ergistic effects of PCL and CNF, resulting in composites with
higher tensile strength and toughness than pure CNF nanopa-
pers in both dry and wet conditions. To elucidate the mecha-
nism of CLPs as the interfacial mediator between CNF and
PCL, the surface and bulk structures of nanocomposite films
were characterized. Furthermore, we show that the inclusion
of CLPs induces additional functionality, such as UV shielding
and antioxidant properties to the developed free-standing films,
making them interesting for packaging applications. Overall,
this study offers a facile route to design multifunctional cellu-
lose-based nanocomposites using only biodegradable polymers
and lignocellulosic nanoparticles by controlling the interfacial
interactions.
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2. Results and Discussion

2.1. Design and Fabrication

Our particular aim was to prepare tough, waterproof, and fully
biobased composites with high dry and wet tensile strength.
The main challenge was finding biobased components that
exhibit all these properties. We chose CNF due to its high
modulus and strength and PCL, a semi-crystalline hydrophobic
polymer, for its excellent flexibility. Both components are
biobased and biodegradable, but the question remained: how
to combine them without chemically modifying or crosslinking
them, thus hampering their biodegradability? To enable good
compatibility between hydrophobic PCL and hydrophilic CNF,
we needed a third component and a smart molecular design
approach. Our pragmatic approach was to identify a natural
component with surface properties enabling interactions with
both PCL and CNF. PCL can form hydrogen bonds through its
carbonyl group with the phenolic hydroxyl group of lignin.13:38l
Therefore, we opted for CLPs as the emulsion stabilizer due to
the presence of phenolic hydroxyl groups on their surface along
with their excellent emulsion stabilization tendency and dem-
onstrated favorable interactions with CNF.?! We speculated
that the hydrogen-bonding ability of all components, in com-
bination with the amphiphilic character of CLPs, would enable
good compatibility between the components. We envisioned
that this Pickering emulsion template can produce a supra-
molecular assembly of small PCL droplets stabilized by CLPs
or cationic CLPs (c-CLPs) uniformly distributed within a CNF
network (Figure 1a). To proceed, we first prepared a Pickering
emulsion containing PCL (dissolved in toluene 10 wt% concen-
tration) in an aqueous phase containing the CLPs or ¢-CLPs.

CLPs

Figure 1. Fabrication of nanocomposite by Pickering emulsion approach.
a) Schematic representation of the assembly of nanocomposite compo-
nents. Top-view SEM image of b) a droplet containing PCL dissolved in
toluene stabilized by CLPs and CNFs. c¢) Ambient dried nanocomposite
film after filtration. d) Hot pressed dried nanocomposite film. The charac-
terized nanocomposite film comprised 70% CNF and 30% PCL stabilized
by CLPs.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. The effect of CLPs and c-CLPs aqueous dispersion concentration on PCL emulsion stability, size of oil phase droplets (D), and uniformity (U).
All experiments were performed 3 h after emulsion formation. a) Visual observation of emulsions stabilized by CLPs and c-CLPs. b) Inverse oil droplet
diameter. c) Uniformity index. d,e) Optical micrographs of oil droplets as a function of concentration of CLPs and c-CLPs, respectively.

Subsequently, this emulsion was combined with an aqueous
dispersion of CNF. The presence of CNFs further reduces the
oil droplet size due to their fibrillar percolation network that
increased the viscosity of the aqueous phase and provided steric
hindrance against the coalescence of oil droplets.l*) The CNFs
were expected to accumulate at the oil-water interface inter-
acting with the CLPs. Scanning electron microscopy (SEM)
image of the obtained emulsion after the addition of CNF
confirmed this hypothesis, showing that PCL droplets were
entirely covered with both CLPs and CNF (Figure 1b). Then,
semi-dried nanocomposite films were formed through pres-
surized filtration of the emulsions (Figure 1c). Afterward, hot
pressing melted the PCL on the CNF without destroying the
CNF fibrillar network, resulting in a uniform nanocomposite
film (Figure 1d).

2.2. Stability of PCL Pickering Emulsion

As the first step toward even distribution of all components
and good interfacial adhesion in the nanocomposite films, we
evaluated the optimal concentration and surface charge of CLPs
(Figure 2; Table S1, Supporting Information) to stabilize aqueous
dispersions of PCL. The volume of the PCL dissolved in toluene
was kept constant during the experiments, and the stability of

Adv. Mater. Interfaces 2022, 9, 2200988 2200988 (3 of 13)

the Pickering emulsions was determined 3 h after prepara-
tion to follow the limited coalescence process.! Based on the
visual appearance (Figure 2a), stable Pickering emulsion could
be formed at concentrations of 1.5 and 2.0 wt% for ¢-CLPs and
CLPs, respectively. Below these optimum concentrations, emul-
sions were unstable against creaming and phase separation,
although a decrease in the phase-separated volume fraction can
be observed as a function of CLPs concentration (Figure 2a).
An increase in the concentration of ¢-CLPs and CLPs induced a
steady decrease in oil droplet diameter (observed as an increase
in inverse oil droplet diameter) and an increase in uniformity
(Figure 2b,c). The uniformity index (U) leveled off at 1.5 wt%
for CLPs and 1.0 wt% for c-CLPs. Further increasing the CLPs
concentration to 2 wt% still decreased the emulsion droplet size.
This observation is consistent with the fact that, at a higher con-
centration of emulsion stabilizer, more particles can adsorb at
the oil-water interface, subsequently reducing the interfacial ten-
sion, which leads to smaller oil droplets with narrower size dis-
tribution.***2l The microstructure of the oil droplets presented in
Figure 2d,e shows that, for all the examined concentrations (0.2,
0.5, 1.0, 1.5, and 2.0 wt%), the oil droplets are spherical in geom-
etry and display CLPs concentration-dependent droplet size. The
emulsions stabilized by ¢-CLPs produced smaller oil droplets
than CLPs, possibly due to favorable electrostatic and cation—7
interactions at the oil/water interface.” From a nanocomposite

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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perspective, the smaller the PCL droplets, the better the disper-
sion of PCL within the CNF network and the more even the com-
position will be. As the uniformity leveled off at 2 wt% of lignin
particles, we speculated that a redundant amount of CLPs might
negatively affect composite strength.?*## Thus, we selected
2 wt% concentrations for both CLPs and ¢-CLPs to prepare nano-
composite films using the Pickering emulsion method.

2.3. Characterization of Nanocomposite Films

To evaluate the potential application of nanocomposite films,
we characterized them (Table 1) in terms of morphological,
mechanical, structural, surface wetting properties, water uptake,
UV and oxidation shielding, as well as thermal properties.

2.3.1. Mechanical Properties

To evaluate the nanocomposite films’ ability to withstand stress
in both dry and wet conditions, dry tensile testing at 50%
RH and 23 °C and wet tensile testing after soaking the sam-
ples in water for 2 h were performed. The tensile behavior of
the nanocomposites endorsed our hypothesis of the positive
effect of the lignin nanoparticles. Nanocomposite films con-
taining 10% or 30% PCL emulsion stabilized by either CLPs or
c-CLPs exhibited an extraordinary combination of dry and wet
tensile strengths with a significant improvement compared to
neat CNF (Figures 3a-d and 4a; Figure S3 and Tables S2 and
S3, Supporting Information). At these ratios, the dry tensile
strength of the composites stabilized using unmodified CLPs
(90C10E [-] and 70C30E [-]) were as high as 134 and 119 MPa,

Table 1. Sample acronyms and composition of pure CNF and nano-
composite films. The ratio between PCL and CLP was kept constant at
5:1, but the ratio between CNF and PCL emulsions stabilized by CLPs
was systematically varied. The obtained film from pure CNF is referred
CNF, and nanocomposite films containing PCL stabilized by lignin par-
ticles are denoted with its CNF weight fraction beside letter C, emul-
sion weight fraction beside letter E, and surface charge([-],[+]) of lignin
nanoparticles to distinguish between CLPs and c-CLPs. Nanocompos-
ites from CNF and PCL without CLPs are denoted similarly to the above
but using the letter P for PCL content (no CLPs).

Sample code CNF weight PCL weight CLPs/c-CLPs weight
fraction [%)] fraction [%)] fraction [%)]

CNF 100 — —
90C10E [-] 90 8.33 1.66
70C30E [-] 70 25 5
50C50E [-] 50 41.66 8.33
30C70E [-] 30 58.33 11.66
90CI0E [+] 90 833 1.66
70C30E [+] 70 25 5
90C10P 90 10 -
90C10P 70 30 -
90C10P 50 50 -
90C10P 30 70 -

PCL — 100 -

Adv. Mater. Interfaces 2022, 9, 2200988 2200988 (4 of 13)
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and exhibiting around five and six times higher strain, respec-
tively, than the neat CNF film. Adding higher amounts of PCL
emulsion (50% or 70%) led to a decrease in strength. This may
be due to either disruption of the CNF’s hydrogen bonding
network or the negative effect of too high a concentration of
spherical and hard CLPs.®! On the other hand, at optimal
CNF/PCL/CLP ratio, a synergetic effect of noncovalent inter-
actions (van der Waals interactions, hydrogen bonding, and
hydrophobic forces) led to good interfacial adhesion between
fibrils and polymer, combined with restriction of fibril aggre-
gation, resulting in excellent mechanical performance. Mean-
while, in the absence of CLPs or ¢c-CLPs, the lack of interactions
between the PCL and CNF and high interfacial tension between
polymer and fibrils resulted in phase separation leading to poor
dry and wet strength (Figures 3b and 4a; Figures S1 and S2 and
Tables S2 and S3, Supporting Information). These observations
support our hypothesis that the presence of lignin nanoparti-
cles acts as an interface mediator between the PCL and CNF,
promoting adhesion between the two phases, resulting in better
mechanical properties.[ 6]

Afterward, the effect of the surface charge of the CLPs was
evaluated. The dry tensile strength reached up to 174 MPa with
10% loading of PCL emulsion stabilized by ¢-CLPs with =7%
strain, leading to the highest toughness among the studied
nanocomposite films (Figures 3¢ and 4b; Table S2, Supporting
Information). As 10% and 30% loading of PCL emulsion dis-
played the best mechanical performance, these two ratios were
chosen for studying the effect of drying and further experi-
ments. Nanocomposite films with 10% and 30% emulsion
content were then dried in ambient drying conditions (50%
RH, 5 kg load) for comparison. Ambient dried nanocomposite
films exhibited marginally lower tensile strength than the hot-
pressed ones but with higher strain at the break, possibly due
to the plasticizing effect of residual water.**l 90C10E [+] nano-
composite film dried in ambient conditions showed up to 8%
strain at break with 160 MPa tensile strength (Figure S1, Sup-
porting Information). Due to the plasticizing effect of water
molecules,! ambient dried nanocomposite films exhibited
higher toughness than the hot-pressed ones (Table S2, Sup-
porting Information).

Moreover, we evaluated the wet strength of the nanocom-
posite films. Different approaches are utilized to develop cel-
lulosic nanopapers with high wet strength, but they often
involve complicated chemical modifications, toxic solvents, or
solutions that sacrifice their mechanical properties in the dry
state.’%2 Herein, we gained similar or even better results via
a strategic choice of components and mixing strategy. The wet
strength of nanocomposites stabilized by CLPs or ¢-CLPs was
significantly higher than CNF nanopaper or nanocomposites
without CLPs (Figure 4a—d; Figure S1 and Table S3, Supporting
Information). 70C30E [+] nanocomposite film demonstrated
a remarkable wet tensile strength of 87 MPa (Figure 4b; Table
S3, Supporting Information). This value is significantly higher
than the previously reported wet strength of CNF crosslinked
with tannic acid, epoxies, or multivalent metal ions between
30 and 70 MPa,>*->% despite the lack of formation of covalent
bonds in our system. Although 90C10E [+] nanocomposite
film displayed the highest average toughness of 10.5 M]J m™
in the dry state, a higher fraction of the hydrophobic PCL was

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Mechanical and morphological properties of neat CNF and nanocomposite films in dry condition. Stress—strain curves of dry tensile test
of neat CNF and nanocomposite films containing a) PCL emulsion stabilized by unmodified CLPs. b) PCL and CNF mixed without CLPs or c-CLPs.
c) PCL emulsion stabilized by c-CLPs. d) PCL emulsion stabilized by CLPs and c-CLPs, and PCL and CNF without CLPs or c-CLPs. SEM image from
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cross-section view of fractured area e) 90C10E [—]. f) 90C10P. g) 30C70E []. h) 30C70P.

beneficial for wet strength; hence 70C30E [+] films per-
formed the best in wet conditions. The extensive swelling of
CNF nanopapers in aqueous media leads to overestimating
the wet strength if the thickness in the dry state is used for

Adv. Mater. Interfaces 2022, 9, 2200988
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calculations.P® To avoid this, we used the thickness of wet films
when calculating strength. The ionic strength of the swelling
medium also affects the extent of swelling: the higher the ionic
strength, the lower the swelling. Thus, we used deionized

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Mechanical and morphological properties of neat CNF and nanocomposite films in wet condition after 2 h of immersing in water. Stress—
strain curves of wet tensile test of neat CNF and films containing a) mixture of PCL and CNF without CLPs and PCL emulsion stabilized by CLPs. b)
mixture of PCL and CNF without CLPs or PCL emulsion stabilized by c-CLPs. c) PCL emulsion stabilized by CLPs or c-CLPs and without CLPs or c-CLPs.
d) Toughness values of neat CNF and nanocomposite films in dry and wet states. SEM image from cross-section view of fractured samples after wet

tensile test. ) Neat CNF. f) 30C70E [+].

water in this study to illustrate the resistance against swelling.
There could be multiple reasons for the better performance of
nanocomposites stabilized by cationic CLPs than unmodified
CLPs. First, a smaller droplet size enables an even coverage of
all fibrils with hydrophobic PCL protecting them from water.
Second, as suggested by Benitez et al. the positively charged
c-CLPs can have attractive electrostatic interactions with the
carboxylic groups in CNF. Third, the electrostatic attraction
between amino groups on c¢-CLPs and carboxylic groups in
CNF could also facilitate the locking of the CNF fibrillar net-
work, subsequently hindering the film’s swelling.””! A closer
observation of the stress—strain curves for wet films suggests
the absence of an elastic region, implying that the pure CNF
and nanocomposite films directly enter the plastic region upon
applying axial load. In nanocomposite films, the availability of
hydroxyl groups on the CNF surface is significantly reduced.
However, penetration of water molecules to available sites is
inevitable in wet conditions. Water molecules act as lubricating
agents; therefore, the applied stress directly caused fibril sliding
relative to one another, jumping from the elastic to the plastic
region. Water allows for easier elastic elongation, reducing
Young’'s modulus. The highest average value of Young’'s mod-
ulus observed in the wet state was 2.4 GPa, and it was obtained
for 70C30E [+] nanocomposite film. In comparison, the pure
CNF has Young’s modulus of only 0.7 GPa due to its hydro-
philic nature. Surprisingly, the composites at 10% and 30% PCL
loading without CLPs showed even lower modulus than the

Adv. Mater. Interfaces 2022, 9, 2200983 2200988 (6 of 13)

pure CNF (Table S3, Supporting Information) due to the poor
interactions between CNF and PCL. These findings clearly indi-
cate that efficient interfacial interactions between CNF and the
polymeric matrix are necessary to gain satisfactory nanocom-
posite properties in both dry and wet conditions. We anticipate
that PCL covers the surface of fibers in the presence of CLPs
or c-CLPs, causing a reduction in hydroxyl groups accessible to
water on the CNF surface.

2.3.2. Morphological Properties

To explain the excellent mechanical properties and gain further
understanding of the nanocomposite structure, we examined the
nanocomposite films’ morphology from both cross-section and
top view using SEM, as displayed in Figure 3e-h; Figures S4-S6,
Supporting Information. The fracture zone morphology of
90C10E [-], 70C30E [-], 50CS0E [-], and 30C70E [] nanocom-
posite films were similar to the reference CNF (Figure 3e-h;
Figures S4-S6, Supporting Information), revealing a com-
pact layered structure with no fiber pullout. This suggests
good adhesion between all components. In comparison, clear
phase separation and fiber/matrix debonding were observed
for nanocomposite films without CLPs or c¢-CLPs; 90C10P,
70C30P, 50C50P, and 30C70P (Figure 3fh; Figure S5, Sup-
porting Information). For example, 30C70P nanocomposite
film exhibits streaks of delaminated polymer separated from

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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the CNF, demonstrating a loosely packed structure (Figure 3h).
We also compared the cross-section of 70C30E [+] nanocom-
posite film fractured in the wet state, which showed the best
performance in the wet tensile test with neat CNF film in the
same condition. Neat CNF nanopaper swelled significantly
when immersed in water (discussed further in Section 2.3.5.)
because water molecules could diffuse into the film, disrupting
the hydrogen bonds between fibrils. This led to disruption of
the layered film structure upon drying (Figure 4e). It is well
known that the high tendency of CNF films to swell in the pres-
ence of water is one of the main reasons for the deterioration
of their mechanical properties in wet conditions. Swelling of
the network structure increases the porosity, thereby decreasing
bonding between fibrils, ultimately leading to an overall
decrease in elastic modulus.

Interestingly, the compact layered structure of the 70C30E
[+] film is still observed even after immersion in water for 2 h
(Figure 4f). The alkyl chain of polycaprolactone in our system
is anticipated to reduce the water-accessibility of the hydroxyl
groups of CNF. As a result, the disruption of hydrogen bonds
by water molecules usually observed for CNF is restricted,
achieving a good cohesion in the nanocomposites’ structure.

2.3.3. Surface and Bulk Structural Properties

To further elucidate the mechanism behind the performance
of CLPs as interfacial mediators, we analyzed the surface and
bulk structural properties of nanocomposite films. The compo-
sition and molecular interactions between the constituents of
nanocomposite films were confirmed using FTIR spectroscopy.
The strongest band and their assignments for pure PCL, CNF,
and CLPs are tabulated in Figure 5a. Upon the addition of PCL
emulsion stabilized by CLPs into the CNF at different load-
ings, the most obvious change occurs in the carbonyl stretching
mode of PCL around 1720 cm™. For 70C30E [-] film, the
v(C=O0) peak of pure PCL shifted to a higher wavenumber from
1720 to 1724 cm™ (Figure 5a,b). For 30C70E [-], the v(C=O0)
peak shifted from 1720 to 1723 cm™ and broadened. This indi-
cates distinct interactions in the form of hydrogen bonding
between PCL and the phenolic hydroxyl groups of CLPs and the
hydroxyl groups of CNFs or dipolar interactions between car-
bonyl bonds.>*%% The systematic change in the carbonyl band
intensity at different loadings also reflects the homogeneous
distribution of polymer within the nanocomposite system.

We also performed XPS measurements to complement the
FTIR data. The XPS spectra displays the surface chemical com-
position of the nanocomposite films with a penetration depth
of not more than 10 nm. This technique can reveal if the PCL
is evenly distributed on the surface of films. All nanocomposite
films exhibited a relative surface content of carbon between
62% for the CNF and 78% for pure PCL. The O/C steadily
decreased as the emulsion concentration in the nanocomposite
films increased, correlating with a higher amount of PCL and
lignin (Table S4, Supporting Information).®! Figure 5c shows
C 1s high resolution spectra fitted with four Gaussian compo-
nents correlating to the respective type of carbon atoms.%?l The
(O—C=0) is possibly the best indicator of the PCL content at
the surface of the nanocomposite films. The ester functional
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group appears to increase linearly with increasing PCL content
(Figure 5d; Table S5, Supporting Information). This indicates
that both PCL and CNF are homogeneously distributed in the
surface layers of the nanocomposite films. Otherwise, if PCL
was segregated at the top-most layers of the samples, the signal
from the PCL components would most likely saturate toward
higher values or at least show a logarithmic rather than linear
increase.

2.3.4. Mechanism Behind the Lignin Nanoparticles as the Interfa-
cial Mediator

The prerequisite for fabrication of nanocomposite by Pickering
emulsion strategy is restraint transition of emulsion drop-
lets into nanostructured composite films. Despite the recent
research efforts, 2313235361 even very stable emulsion did not
turn into the uniform and robust nanocomposite films, most
likely due to the poor interfacial bonding between hydrophobic
polymer matrix and hydrophilic CNF, which adversely affects
the mechanical properties. In the present work, we utilized
the amphiphilic characteristic of lignin nanoparticles and their
active surface sites to assist the interfacial bonding between
CNF and PCL to efficiently transfer the stress by the soft PCL
to fibers at the interface. The possible mechanisms behind the
performance of lignin nanoparticles as an interfacial modulator
are listed below.

The first prerequisite for a good composite is the stable
Pickering emulsion with very small droplets formed due to the
synergistic stabilizing effect of both CLPs/c-CLPs and CNF,
which promotes the even distribution of PCL in the CNF net-
work. However, good affinity between the components in the
dry composite is also needed. One factor promoting this is
the ability of CLPs to form noncovalent interactions such
as hydrogen bonding with both PCL and CNF (Figure 5e).
The observed chemical shifting for the carbonyl bonds in the
FTIR analysis (Figure 5b) corroborates the hydrogen bonding
between phenolic groups in CLPs with carbonyl groups in PCL
with respect to CLPs and CNF interactions. We have previously
shown that CLPs slightly disrupt the interfibrillar hydrogen
bonding in CNF. However, at optimized amounts, this is com-
pensated by the CLPs’ capability to form hydrogen bonds with
CNF.B% We furthermore suggest that the lignin nanoparticles
are softened during hot pressing enabling them to fill the voids
between the fibrils,*lincreasing the bonded area, which is cru-
cial for achieving an interconnected layered microstructure in
nanocomposites.[®¥l Due to this softening and partial melting
of the CLPs, the lignin molecules can also assemble on the
CNF surface with more hydrophobic molecules in contact with
the hydrophobic PCL, thus tailoring the polarity of CNF. This
mechanism is similar to the role of residual lignin on the cel-
lulose fibrils in enhancing the compatibility of CNF with hydro-
phobic polymers.[6463]

2.3.5. Water Resistance and Water Uptake
To assess the potential suitability of obtained nanocompos-

ites in packaging applications, we also evaluated their water

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

@]

Position (cm™)

Vibration (v)

2949, 2863 Vass(CH2)
o 1720 v(C=0)
o 1293 V(C-0),(C-C)
1240 V.s(COC)
3335 v(O-H)
= 2895 v(C-H)
) 1642 v(O-H)
1160,1051,1027 v(C-0)
3500 v(O-H)
o 2934 v(C-H)
() 1597 v(C-C)
1211,1030 v(C-0)
90C10E [-]

70C30E [-]

INTERFACES

www.advmatinterfaces.de

b

PCL
30C70E [-]
50C50E [-]
70C30E []
90C10E [-]
CNF
cLP

1720—1723 cm"!
1720— 1724 cm”

Hydrogen bonding

Absorbance (a.u)

1740 1720 1700
Wavelength (cm-1)

0-C=0 Concentration
w{d

1680 1660

o
1

-]
1

290 283 286 284 282
Binding Energy (eV)

290 288 286 284 282
Binding Energy (eV)

50C50E [-]

30C70E [-]

290 288 286 284 282
Binding Energy (eV)

PCL

Concentration (%) _,
(-2}

@ CNF

Binding Energy (eV) Binding Energy (eV)

Hydrogen
Bonding

CNF

@ 90C10E []

c=0 ‘\ 21 [l 70C30E []
0-C=0 @ 50C50E []
y \ 041 & + 30C70E [-]

200 288 286 284 282 290 288 286 284 282 290 288 286 284 282 (') 1'0 ) 3'0 ) 5‘0 " 7'0

Binding Energy (eV)

/ Phenolic Hydroxyl\
[

Hydrogen Bonding

Emulsion content

PCL

Figure 5. FT-IR and XPS analysis: a) The position and assignments of strongest bands in PCL, CNF, and CLPs. b) The carbonyl bond region in
1770-1660 cm™ in FT-IR spectra. c) XPS analysis of high resolution Cls spectra, according to standard chemical shifts, with peak positions at 284.8 eV
(C—C), 286.5 eV (C—0), 287.8 eV (C=0), and 288.9 eV (O—C=0). d) Relative surface concentration of carbon with three bonds to oxygen (O—C=0)
in neat CNF and nanocomposite films based on XPS data plotted as a function of emulsion content (PCL + CLPs). e) Schematic illustration of possible

interactions between nanocomposite’s components.

resistance and protection against UV and oxidation. First,
inspired by the excellent wet strength of the three-component
nanocomposite films, we explored the nanocomposites’ wet-
ting properties using dynamic water contact angle (WCA)
measurements. As expected, the CNF film exhibited the lowest
WCA. The WCA was significantly increased as we increased
the relative amount of PCL emulsion stabilized by CLPs. The
advancing WCA was 76° for 90C10E [-] and above 95° for both
50CS50E [-] and 30C70E [-] nanocomposite films (Figure 6a,b).
Comparing advancing and receding WCAs, we observed that
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the majority of nanocomposite films showed low hysteresis,
with less than 10° difference between advancing and receding
WCA (Figure S6, Supporting Information), which is further evi-
dence of good homogeneity of the nanocomposites films.©6-68]
As the small droplets used in WCA measurements evaporate
upon longer exposure, adopting a method by Forsman et al.l®],
we qualitatively assessed the long term water-resistance of
nanocomposite films by following the absorption or spreading
of a water droplet as a function of time. The water was quickly
absorbed into the neat CNF film within a few minutes, while
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Figure 6. Water resistance, water uptake, UV and oxidation shielding, and thermal properties of neat CNF, neat PCL, and nanocomposite films.
a) Dynamic WCA measured by increasing the water volume (5-20 L and then decreasing to 5 lL) at 60s exposure for each value. b) Photos of the
water droplet profile on top of nanocomposite films at 60 s acquired during WCA measurements. c) Water droplets on the CNF and nanocomposite
films immediately, 60 min, and 120 min after placing, showing possible absorption or spreading. d) Water uptake of CNF and nanocomposite films
after 2 h of immersing in deionized water. e) UV-vis light transmittance spectra of neat CNF and nanocomposite films. f) Antioxidant activity of neat
CNF and nanocomposite films. Curve fit: y = a—b x ¢*, where a = 60.3312, b = 58.3157, and ¢ = 0.9522. g) Endothermic process in the DSC thermogram

of PCL and nanocomposite films.

the droplet stayed on the surface of the nanocomposite films
for over 2 h (Figure 6¢). These results suggest that the long
alkyl chains of polycaprolactone induce hydrophobicity to the
nanocomposite films, which is in agreement with XPS results
showing a higher amount of nonpolar C—C carbon and a lower
amount of polar C—O carbon at the surface upon increasing
the PCL content.

We then assessed the water uptake capacity of nanocom-
posite films as the minimal water penetration into the films
suggests that the PCL may also diminish the water uptake
of CNF. As expected, the CNF showed a high level of water
uptake, close to 132.5%, associated with the abundance of
accessible OH-groups on its surface.’”l The water uptake was
inversely proportional to the PCL content of the nanocomposite
film (Figure 6d). Indeed, increasing the PCL content abruptly
decreased the water-uptake capacity of nanocomposite films
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to only 7% for the 30C70E [-] nanocomposite film. Intrigu-
ingly, we observed that the nanocomposite films without
CLPs exhibited higher water uptake, although these include
even slightly more PCL. The difference between the water
uptake capacity of nanocomposite films with and without
CLPs increases linearly with the PCL content (Figure 6d).
These results confirm our previous hypothesis that CLPs are
needed to acquire a strong affinity between PCL and CNF,
where PCL, in the presence of CLPs, can cover the cellulose
nanofibrils and act as an efficient barrier for water binding. In
the absence of CLPs, water molecules can still access the CNF
due to poor binding between PCL and CNF. With the WCA
and wet tensile strength, our Pickering emulsion stabilized
by CLPs implemented an innovative strategy to design mate-
rials with excellent mechanical properties in both dry and wet
conditions.
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2.3.6. UV and Oxidation Shielding Properties

The UV-shielding potential of nanocomposite films, an impor-
tant property for packaging applications to preserve food, was
further evaluated. The UV portion of sunlight can accelerate
the oxidation of lipids via initiating the formation of free radi-
cals, leading to changes in the color, taste, and nutritional prop-
erties of packaged food products.”7? Increasing CLPs content
in the nanocomposite films resulted in higher suppression of
UV transmittance (Figure 6e). The addition of merely 10% PCL
emulsion stabilized by CLPs demonstrated strong UV absorp-
tion in UV-A (315-400 nm) region and complete absorption for
the UV-B (280-315 nm) region (Figure 6e). Furthermore, nano-
composite films at higher CLP content could absorb almost all
UV light in UV-A and UV-B regions. It is worth highlighting
that the nanocomposite films’ UV-blocking performance was
independent of the type of lignin nanoparticles, where nano-
composite films containing c-CLPs exhibited similar perfor-
mance compared with nanocomposite films containing CLPs
(Figure S7, Supporting Information), correlating with a previous
finding by Farooq et al.’®l. We achieved excellent protection
against UV light for nanocomposites, thanks to the abundance
of UV-absorbing chromophore groups in lignin’s structures,
including aromatic phenolic groups, ketones, and various
quinoid units, making lignin a natural sun blocker.”*” The
optical transmittance of the nanocomposite films decreased,
as expected, with increasing the CLP content, turning the color
of nanocomposite films brown due to more lignin particles in
the nanocomposite composition (Figure S8, Supporting Infor-
mation). However, only a slight reduction in the transmittance
of visible light was observed in the 90C10E [-] nanocomposite
film, whereas the UV shielding behavior was impressively
increased, suggesting that these films are suitable contenders
where transparent, but UV-shielding films are needed, for
example, in solar cells.

Apart from UV shielding, all nanocomposite films revealed
promising antioxidant activity compared with the pure CNF,
owing to the free radical scavenging ability of phenolic groups
in lignin."*”78 The presence of lignin in nanocomposite films
can stimulate the neutralization of 2,2-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS™*) solution with radical
quenching activity through a hydrogen donation mechanism.
The antioxidant activity of nanocomposite films correlated with
the lignin content similar to their UV-shielding performance,
where increasing lignin content translated into the higher anti-
oxidant activity of nanocomposites (Figure 6f). The antioxidant
activity of all nanocomposite films was dramatically increased
in the first 60 min and then reached a plateau due to the deple-
tion of the ABTS** radical solution. The addition of 10% emul-
sion prompted a 60% increase in antioxidant activity compared
with the pure CNF film, with almost zero antioxidant activity.
In 70C30E [-], 50C50E [-], and 30C70E [-] nanocomposite
films, the antioxidant activity reached =90% after 3 h, showing
great promise for lipid autoxidation inhibition in food pack-
aging applications. Nanocomposite films containing c-CLPs
instead of CLP showed similar antioxidant activity (Figure S7,
Supporting Information), regardless of their differences in
size and charge. The more lignin in nanocomposite films, the
higher their antioxidant activity.
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2.3.7. Thermal Properties

The composition and possible interactions between the com-
ponents of a nanocomposite system can largely affect their
thermal properties. DSC analysis was performed to estimate
the thermal properties of neat PCL and nanocomposite films
(Figure 6g; Figure S8, Supporting Information). Adding CNF
and CLPs to the nanocomposites did not remarkably change
the melting point (T;,,) compared with pure PCL. However, the
crystallization temperature (T;) was slightly decreased from
33.46 °C to 30.16 °C for 90C10E [-] and 70C30E [-] nanocom-
posite films, respectively (Table S6, Supporting Information),
indicating a marginal change in the crystallization kinetics of
nanocomposite films. Nonetheless, the melting enthalpy of
nanocomposite films was broadened upon increasing the PCL
content (Figure 6 g; Table S6, Supporting Information). Melting
enthalpies of 0.48 and 273 J.g™! were observed for 90C10E [-]
and 30C70E [-] nanocomposite films, respectively, indicating an
increase in crystallinity degree associated with more semi-crys-
talline PCL in the nanocomposites. More details about thermal
data are provided in Table S6, Supporting Information. These
results suggest that the inclusion of CNF and CLPs into the
PCL does not significantly affect the thermal properties of PCL.
The absence of such an effect is crucial and promising for pro-
cessing as additives and property enhancers may influence the
melting temperature, limiting the processing and service tem-
perature of the nanocomposites.

3. Conclusion

In this work, we showed a facile and sustainable route to
develop CNF-reinforced biopolymer nanocomposites by engi-
neering the CNF and polymeric matrix interface using CLPs.
The CLPs in combination with CNF, enabled the produc-
tion of stable Pickering emulsions of PCL with small droplet
sizes. Hence, nanocomposites with an even distribution of
components were achieved. The nanocomposite films exhib-
ited unprecedented mechanical properties in both dry and
wet states due to the favorable interfacial interaction between
CLPs and PCL and between CLPs and CNF. Furthermore,
the addition of PCL and CLPs restricted the accessibility of
surface hydroxyl groups of CNFs, conferring the nanocom-
posite films with remarkable water resistance and diminished
swelling. UV-shielding and antioxidant activity were the other
favorable attributes of this rational nanocomposite design.
Overall, these findings open new pathways for introducing
multifunctional and water-resistant CNF-based nanocompos-
ites without compromising the material's biodegradability.
These are critical parameters for the packaging industry and
many other applications. Our approach accomplishes the fol-
lowing: harnessing the inherent properties of all three com-
ponents, achieving excellent mechanical robustness via
interfacial engineering through hydrogen bonding and other
non-covalent interactions, and avoiding chemical modifica-
tion or crosslinking. Future development should include a
techno-economic analysis and a lifecycle assessment of a devel-
oped biocomposite to evaluate its potential for scaling up and
commercialization.
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4. Experimental Section

Materials: Softwood Kraft lignin (BioPiva 100) isolated by the
LignoBoost technology at Domtar’'s Plymouth plant (NC, USA) was
used in this work. Detailed chemical characterization of this lignin
can be found in Sipponen et al.’s work.”! Cellulose nanofibrils (CNFs)
were prepared following the procedure described by Osterberg et al. [l
where never-dried bleached hardwood Kraft pulp fibers were washed into
sodium form to control the counterions and ionic strength without any
chemical pretreatment before subjecting to mechanical disintegration. In
the next step, the pulp was fibrillated by using an M-110P microfluidizer
(Microfluidics, Newton, Massachusetts, USA) by a single pass through
a series of 400 and 200 um chambers, followed by six passes through
a series of 400 and 100 um chambers at 2000 bar operating pressure.
The CNF suspension was acquired at 2.3 wt% solid content, and it was
stored at +4 °C until use. Polycaprolactone (PCL) (M, = 80000) was
purchased from Sigma—Aldrich, and it was used as it was received.
Toluene and acetone were obtained from VWR chemical with purity
>99.5. All purchased chemicals and solvents were used without further
purification.

Preparation of Colloidal Lignin Particles: Colloidal lignin particles
(CLPs) were prepared following the authors’ previously reported
method.?? Briefly, dry softwood kraft lignin (10 g) was dissolved in a
mixture of acetone/water (1000 gram) 3:1 (v/v) by stirring for 3 h at
room temperature, followed by filtrating using a glass microfiber filter
(Whatman GF/F, pore size 0.7 im) to remove the remaining undissolved
solids. The filtered solution was quickly transferred into vigorously
stirred deionized water (2000 mL) to produce CLPs. Afterward, acetone
was evaporated under reduced pressure at 40 °C by rotavapor. The
obtained CLPs dispersion was filtered by VWR qualitative filter paper, 415
(particle retention 12-15 um), and the final concentration was adjusted
to 2 wt%. The final mass yield of produced CLPs was 87%.

Preparation of Cationic Lignin: Cationic lignin was prepared from
the same lignin batch as previously used to prepare CLPs. The
synthesis procedure described by Farooq et al. was followed with slight
modification.?” In brief, a dry basis of kraft lignin (6 g) was added
in aqueous 0.2 M NaOH with glycidyltrimethylammonium chloride
(GTMAC) (2.4 g) at 70 °C for 1 h. The pH of the mixture was adjusted
to 7 and the resultant suspension was purified by dialysis in a Spectra/
Por 1 tubing with a molecular weight cut-off (MWCO) of 7 kDa against
deionized water.

Preparation of Cationic Colloidal Lignin Particles: Cationic colloidal
lignin particles (c-CLPs) were produced by gradually adding CLPs
dispersion into vigorously stirred aqueous cationic lignin solution (the
dry weight ratio between cationic lignin to CLPs was 200 mg.g™).

Particle Size and {-Potential Analysis of CLPs and C-CLPs: Particle size
and {-potential of CLPs and c-CLPs were determined using dynamic light
scattering a Zetasizer Nano ZS90 instrument (Malvern Instruments Ltd,
United Kingdom). Dynamic light scattering describes the hydrodynamic
radius of the particles in the colloidal suspensions. Disposable cell and
dip cell probe were used to measure the particle size and zeta potential,
respectively. Physical characteristics of obtained CLPs, including the
hydrodynamic diameters (Dy) and zeta potential, are tabulated in Table
S1, Supporting Information.

Preparation of PCL Emulsions: The PCL emulsion was formed by
mixing PCL dissolved in toluene (10 wt%) as the oil phase with aqueous
dispersion of CLPs or c-CLPs as the water phase and stabilizer using a
T18 basic IKA homogenizer. The volume fraction of the oil and water
phase and the ratio between PCL and CLPs were constant at 0.5 and 5:1,
respectively.

Microstructure of Emulsion: The microstructure of the emulsion was
studied by an optical microscope, Leica Zeiss (DM750), equipped
with Leica imaging software to capture the images of oil droplets in
emulsions at room temperature. Image) software was used to analyze
the recorded images.®!l

Droplet Diameter and Uniformity of Emulsions: The mean droplet
diameter was measured based on volume data (dy3, De Brouckere Mean
Diameter) using static light scattering (Mastersizer 2000, Malvern, UK).
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The refractive indices of dispersed and continuous phase used in the
calculation were 1.49 and 1.33, respectively. To further assess the stability
of emulsions, reciprocal Sauter mean diameter (D;, = = nid?/Z nid?)
and uniformity index (Equation (1)) were calculated. All measurements
were performed 3 h after the emulsion preparation following the limited
coalescence phenomena.!!l Mean values of 30 measurements for each
sample were used to analyze and represent the data.

Uniformity = X X;|d(v,0.5) - d}| / d(+,0.5), )

Where d(v,0.5) is the median diameter in the volume-based
distribution, d; is the diameter in class i, and X; is the corresponding
volume fraction in %.

Film Preparation by Pickering Emulsion Template: Pure CNF film
was prepared as the reference, according to the given procedure by
Osterberg et al., with slight modification.®% CNF dispersion was diluted
with deionized water to 0.6 wt% solid content and then stirred for
2 h before filtration. Nanocomposite films derived from the Pickering
emulsion template were produced by adding PCL emulsion stabilized
by CLPs to the CNF dispersion. Briefly, the mixture was homogenized
in Ultraturrax T18 basic IKA homogenizer and subsequently transferred
into the container for pressurized filtration. Then, the dispersion was
filtrated at 1.5-2 bar pressure for 1 h over a 10 um pore size open mesh
Sefar Nitex polyamine monofilament fabric, placed on the top of a VWR
grade 415 filter paper. The obtained wet films were ambiently dried (48 h
at 23 °C and 50% relative humidity) and then subjected to a hot press
machine (Fred S. Carver Inc.) (75 °C, 4000 Psi for 1.5 h). For comparison,
a few samples were placed under a 5 kg load instead of using a hot
press machine (referred to with AM abbreviation).

Characterization of Films: The mechanical properties of obtained
films were evaluated in both dry and wet conditions. Dry and wet tensile
testing was performed using the universal testing machine (Instron 4204,
USA) subjected to a 100 N load cell in 50% RH and 23 °C. Samples were
cut into rectangular film specimens (5 cm in length and 5 mm in width),
and their thickness at the edges and in the center was measured using a
Lorentzen & Wettre (L&W) micrometer. The average of three measured
thicknesses for each specimen was used for the tensile analysis. Young’s
modulus was calculated from the slope of the initial linear part of the
stress—strain curve, and toughness was determined from the area under
the stress—strain curve up to the fracture point. The presented results
were achieved as mean value £ one standard deviation of five samples.
To measure the tensile properties, dry films were conditioned at 50% RH
and 23 °C 48 h before the experiment. Wet tensile testing was performed
by fully immersing films in deionized water for 2 h. Before tensile testing,
the thickness of the films was measured again, and the measurement
was immediately performed.

The microstructure of nanocomposite films was observed by SEM
(Zeiss Sigma VP, Germany, and Hitachi S-4800, Japan) equipped under
vacuum and at the accelerated voltage of 2-3 kV. Before using the SEM,
all films (pure CNF and nanocomposites) were mounted on the metal
stub with double-sided carbon tape. Sputter coating was performed
using a Leica EM ACE600 sputter coater, depositing a thin layer of
~4 nm using the gold—palladium alloy.

The XPS analysis was performed with a Kratos AXIS Ultra DLD
X-ray photoelectron spectrometer using a monochromate Alg, X-ray
source (1486.7 eV) run at 100 W. Pass energy of 80 eV and a step size
of 1.0 eV were used for the survey spectra, while pass energy of 20 eV
and a step size of 0.1 eV were used for the high-resolution spectra.
Photoelectrons were collected at a 90° take-off angle under ultra-high
vacuum conditions, with a base pressure typically below 1 x 10~ Torr.
The diameter of the beam spot from the X-ray was 1 mm, and the
analysis area for these measurements was 300 x 700 um.

Wetting properties of the films were carried out through both
static and dynamic WCA measurement using a Theta flex optical
tensiometer  (Biolin  Scientific, Addlife-Sweden). Static WCA
measurement was conducted by dropping 5 uL deionized water
onto the film’s surfaces, and the images were recorded for 60 s at
a rate of one frame per second. Advancing and receding WCAs were
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measured by increasing the water volume from 5 to 20 uL in the 60 s
period and then decreasing to 5 pL. The hysteresis, which defines
surface heterogeneity, was calculated according to the advancing
and receding contact angle difference. At least ten experiments
were repeated from different regions of each film, and the average
values were reported as the mean value. The contact angle was
automatically calculated from the shape of the droplets using the full
Young-Laplace equation.

The water uptake of films was evaluated by measuring the weight of
films before and after immersing in 20 mL of deionized water for 1 h.
The weight of wet samples was calculated after gently blotting the excess
water on the surface of the films with soft tissue. The percentage of
water uptake (WU) ratio was calculated using Equation (2).

WU% = (W, —W;) / W, x 100 2

Where W, is the weight after dipping in water and W, is the weight of
the dried sample.

The UV-shielding performance of nanocomposite films was analyzed
following the procedure described earlier.®2%3 The transmittance of the
films in the wavelength ranging from 200 to 800 nm using a UV-vis
spectrophotometer was recorded by Shimadzu UV-2550.

The antioxidant activity analysis was performed following Erel et al.’s
procedure® with slight modifications. In brief, a freshly 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS™) radical solution was
produced by reacting ABTS with sodium persulfate in the dark and room
temperature (RT) conditions for 16 h. Afterward, the prepared solution
was diluted (1:60) until reaching an absorbance of 0.8 at 734 nm in RT.
Rectangular specimens of films weighing 3-5 mg were immersed in 2 mL
of ABTS™ solution, subsequently agitating with an orbital shaker vortex,
and placing on a Stuart tube rotator SB2. Reduction in the absorbance
of ABTS'* radical solution at 734 was selected as a reference, and the
antioxidant radical scavenger activity was analyzed by monitoring the
absorbance of the ABTS™* radical solution at different times. The results
were reported as the average value of triplicate measurement for each
sample.

Thermal analysis of the nanocomposites was studied by differential
scanning calorimetry (DSC) performed on a TA-Instruments model
MT-DSC Q2000 (USA) equipped with an intercooler system supported
by nitrogen atmosphere. Before measurement, an empty aluminum
pan was placed in the equipment as the reference, and another pan
containing samples weighted =5 g was used for the analysis. Two
heating—cooling cycles in the range of —70 °C to 140 °C with a flow rate
of 10 °C min™" were performed. The first cycle was used to remove the
thermal history, and the second cycle was operated to determine the
crystallization temperature (T.), melting temperature (T,,), crystallization
enthalpy (AH,), and melting enthalpy (AH,,) of the samples. The heat
of fusion was calculated by integrating the melting peaks, and the
crystallinity degree was determined by (Equation (3)).

%(%)=(100 - @)AH,, | AH;, @)
Where ¢ is the weight fraction of CNF and CLPs or c-CLPs in the

nanocomposites, AH,, is the melting enthalpy, and AH,, is the heat of
fusion for 100% crystalline PCL considering 135.31 j.g7.1%%]
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