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Abstract There is current interest in active packag-
ing, where the packaging material exhibits desirable
functions in addition to containment of product. One
of these functions is to reduce the oxygen content in
the package in order to minimize product oxidation
and spoilage, and prolong product shelf-life. In this
work, we have developed novel nanocomposites,
comprising cellulose nanocrystals and Pd nanoparti-
cles embedded in an ethylene—vinyl alcohol copoly-
mer (EVOH). The nanocellulose is a critical
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component in the nanocomposite because it acts not
only as reducing agent for PACI, but also as support for
the dispersion of Pd nanoparticles on EVOH film and
enhances the physical properties of the EVOH. Pd
nanoparticles react with oxygen to serve as oxygen
scavenger. The cellulose nanocrystals have also been
optionally oxidized, and the increased presence of
carboxyl groups favored a better distribution of the Pd
nanoparticles, thereby enabling improved oxygen
absorption. These features make the nanocomposites
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promising candidates as active packaging materials.
Included in this work are the preparation and the
characterization of these materials.

Keywords Active packaging - Cellulose
nanocrystals - Ethylene—vinyl alcohol copolymer -
Polymer films - Nanocomposite - Oxygen scavenging -
Palladium nanoparticles

Introduction

A current trend in polymer research is active packag-
ing, which aims to impart active functionalities to
packaging beyond simple containment or protection of
the product. Active packaging has the capability of
maintaining product quality, extending the product
shelf life (thereby minimizing price reductions), and
enhancing cost-effectiveness of the product (Damaj
et al. 2015). One of the common features of active
packaging is to control the atmosphere inside the
packaging, such as oxygen and moisture (Arvanitoy-
annis 2012; Wilson 2007).

Additionally, consumer acceptance of advanced
food packaging techniques has increased as a result of
the improvement in the quality of the product (such as
color, flavor and freshness). Reduction of oxygen and
moisture can decrease the possibility of product
oxidation, spoilage, and corrosion; different methods
are being used, including antioxidants, oxygen
absorbers, desiccants, and corrosion inhibitors (Farber
et al. 2003). Amongst active packaging techniques,
oxygen scavenging films have been recently
developed.

Currently available oxygen scavengers are often
inserted in the package in the form of a sachet. A
problem of an oxygen scavenging film is the tendency
of oxygen scavengers in the film to agglomerate,
which can reduce not only the mechanical and thermal
properties but also the oxygen absorbing capacity
(Shin et al. 2011). A technical challenge is to design
oxygen scavenging multilayer films without any
agglomeration of the active ingredients.

Nanotechnology is a promising tool for active
packaging because the nanomaterials have high sur-
face-to-volume ratio and can enhance the functions of
active substances utilized in the packaging. However,
a polar polymer or surfactant is needed preferably to
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minimize aggregation of the nanoparticles in order to
mitigate the high surface energy of nanoparticles
(Dainelli et al. 2008; Kundu 2013; Mayer and
Antonietti 1998).

Another recent development is the increasing use of
agro-based materials and their derivatives as possible
replacements for the synthetic polymers (Cheng et al.
2018). Such materials have the advantage of being
easily available, cost competitive, nontoxic, eco-
friendly and biodegradable. Some of the earlier
attempts have involved the blends of synthetic poly-
mers with biodegradable or biobased polymers (Mas-
moudi et al. 2016). Additional approaches have been
developed involving entirely biobased materials and
their derivatives (e.g., Biswas et al. 2018). Current
trends suggest that biobased or biodegradable mate-
rials will be increasingly adopted in response to public
awareness of plastic wastes and societal and legisla-
tive pressure.

As a nanomaterial and a biobased substance,
nanocellulose has often been formulated into packag-
ing films, particularly for food-related applications,
and many review articles have appeared (Arora and
Padua 2010; Wréblewska-Krepsztul et al. 2018).
Cellulose nanocrystals (CNCs) are often obtained
from wood pulp or cellulose fibers by an acid
hydrolysis, giving rise to highly crystalline and rigid
nanoparticles (Cirtiu et al. 2011). Chemical modifica-
tions can be performed on the surface hydroxyl groups
of CNCs, in order to impart hydrophilic or hydropho-
bic character to the nanoparticle surface that can
enhance the compatibility between CNC and the
continuous matrix and improve the properties of the
resulting nanocomposite. Examples of chemical mod-
ifications on nanocellulose include oxidation, esteri-
fication, etherification, silylation, and polymer
grafting (Chakrabarty and Teramoto 2018; Islam
et al. 2018; Masmoudi et al. 2016).

In addition to nanocellulose, a number of metal-
based nanoparticles (NPs) have been incorporated into
biobased materials, e.g., starch, cellulose, and chitosan
(Wu et al. 2016). The approach of producing a CNC-
supported palladium NPs can obviate the need for
chemical reductants and also improve the stability and
catalytic activity of Pd NPs. Whereas the mechanism
of nanocellulose-metal NP binding is still not fully
understood, the combined CNC-Pd NP system has
several advantages. Certainly, cellulose (and CNC)
are available, biodegradable, and sustainable, and they
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should be attractive materials for commercial devel-
opment (Wu et al. 2013). The reaction of cellulose
with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
is well known to convert C6 hydroxyl on the
anhydrous glucose unit of cellulose, which provide
enhanced functionality and hydrophilicity for cellu-
lose (Tang et al. 2017). Nanocellulose surface is
hydrophilic due to the hydroxyl groups present.
Because most of the conventional CNCs are produced
via sulfuric acid digestion, some sulfate esters likely
reside at the surface. When the surface is further
oxidized with TEMPO, aldehydes and carboxyls are
formed, and all these functionalities may serve to
effectively stabilize metal centers via the formation of
dative bonds (Kaushik and Moores 2016).

Among the most efficient methods, the combined
organic—inorganic nanocomposite technique (i.e.,
polymers embedded with metal nanoparticles) proved
to be highly effective (Carbone et al. 2016). A possible
bugbear is the tendency of the nanoparticles to self-
agglomerate. Thus, a useful preparative strategy in
order to achieve improved dispersion in an aqueous
medium or a polymer matrix is to minimize the
attractive interactions between the nanoparticles by
modifying the surface of the particles or the use of
additives such as polymeric surfactants (Kango et al.
2013). The properties of the resulting nanocomposite
depend on the specific features of the nanoparticles,
including their particle size, aspect ratio, specific
surface area, volume fraction, polymer-particle com-
patibility, and dispersibility (Miiller et al. 2017).

Poly(ethylene-co-vinyl alcohol) (EVOH) is com-
mercially available, biodegradable, and attractive as a
polymeric matrix for the design of nanocomposite
films because the OH groups in the polymer can
enhance compatibility with the nanoparticles (Rosa
et al. 2009). EVOH is often used as a barrier for
oxygen, CO,, or organic vapor in food and beverage
packages. Despite the fact that it is a synthetic
polymer, EVOH is recyclable in the polyolefin regrind
using existing infrastructure (Gavara et al. 2017). As
EVOH is hydrophilic, it is often fabricated as part of a
multilayer film between water-resistance polymer
layers (Mokwena and Tang 2012).

In this work, we have combined some of the
techniques previously described in order to produce
novel and workable films that can scavenge oxygen
and have acceptable properties in active packaging.
These materials were based on CNCs and Pd NPs

embedded in EVOH. The CNCs were also optionally
oxidized, which permitted improved oxygen absorp-
tion of the resultant film. The nanocomposite films
were characterized with various analytical techniques
and their effectiveness in oxygen absorption was
demonstrated.

Materials and methods
Materials

Ethylene—vinyl alcohol copolymer (containing
32 mol% of ethylene), sodium hydroxide (NaOH
97%), and poly(N,N-diallydimethylammonium chlo-
ride) (poly-DADMAC) were acquired from Sigma-
Aldrich (St Louis, MO, USA). The following chem-
icals were purchased from Fisher Scientific (Pitts-
burgh, PA, USA): palladium chloride (PdCl, > 95%),
ethanol 100%, sodium hypochlorite (NaClO, 10-15%
available), sodium bromide (NaBr 99%), hydrochloric
acid (HClI 37.5%), TEMPO (2,2,6,6-tetram-
ethylpiperidine 1-oxyl, 98%) and 2-propanol
(99.9%). Dialysis membrane Spectra/Por® (MW cut-
off = 3.5 kD) was purchased from Spectrum Chemical
(New Brunswick, NJ, USA). Cellulose nanocrystals
(CNC aqueous slurry ~ 12% and CNC freeze
dried ~ 98%) were purchased from the University
of Maine (Orono, ME, USA). Millipore de-ionized
water (Burlington, MA, USA) was used for all the
experiments.

Methods
Preparation of TEMPO-oxidized CNC (TOCNC)

Oxidation experiments were carried out as previously
reported (Isogai and Kato 1998; Lin et al. 2012;
Montanari et al. 2005; Saito et al. 2007). The CNCs
(1 g) were suspended in water (100 mL) containing
TEMPO (TO, 0.016 g, 0.1 mmol) and sodium bro-
mide (0.1 g, 1 mmol). A solution of NaOCl was added
continuously with stirring at 500 rpm at room tem-
perature in order to start the oxidation. The reaction
was continued until the desired amount of NaClO
(1.3-5.0 mmol NaClO per gram of cellulose) was
dispensed. Throughout the process, 0.5 N NaOH was
added to the reaction with a pH-stat in order to keep
the pH at 10 until no NaOH consumption was
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observed. After oxidation, the reaction was quenched
by the ethanol addition (ca. 1 mL), and 0.5 N HCl was
added to increase the pH to 7. The resulting suspension
of oxidized CNC (TOCNC) was washed and cen-
trifuged three times with water, dialyzed, and then
freeze-dried to yield a powder product. In this work
the CNCs both in slurry and in powder form were
subjected to TEMPO-oxidation to obtain samples
called TOCNC-SP and TOCNC-PP, respectively.

Preparation of nano-sized cellulose/palladium
(CNCs/PdNP)

The CNCs (0.3, 0.6 and 1 wt%) were added to water
(5 mL), and PdCl, (0.3, 0.6 and 1 wt%) was added to
water (5 mL). The pH was adjusted to 1 with HCI
(37.5%). A mixture of PdCl, aqueous solution and
CNC suspension was prepared and stirred for 20 min
at room temperature in a 10-20 mL Biotage vial,
similar to the method previously reported (Wu et al.
2013). The mixture was then placed in the Biotage
microwave reactor (Biotage Initiator Microwave
Synthesis Systems, Biotage AB, Uppsala, Sweden),
which was programmed for 1 min pre-stirring and 2-h
heating at 120 °C. After the reaction mixture was
cooled to room temperature for the next procedure, the
solution turned from pale brown to pale yellow color.

Preparation of EVOH solution and EVOH/CNCs/
PdNP

For the preparation of EVOH solution, the polymer
(10 wt%) was dissolved in a solvent mixture contain-
ing 2-propanol/water (70:30 v/v) and stirred at 100 °C
for 1 h. The EVOH solution was mixed with the
previous CNC/Pd NP solutions and cooled for the next
procedure.

Film-casting procedure

For film casting, the EVOH/CNC/PdNP solution was
spread on a K 101 Control Coater apparatus (RK Print-
Coat Instruments Ltd., Royston, UK) with a speed
setting of 2. A closely wound meter bar kept the
filmogenic solutions at a controlled thickness such that
the dried film had a thickness of 10 £ 2 um. After
spreading, the films were dried under laminar air
flow for 15 min at room temperature.
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Characterization of CNCs
X-ray diffraction analysis (XRD)

X-ray diffraction analysis of the CNC powder sam-
ples, TOCNC-SP and TOCNC-PP, was carried out on
a Bruker D8 Discover instrument (Karlsruhe, Ger-
many). A monochromatic source CuKal was used
over an angular range of 5-50° at a scan speed of
1.56°/min. The Crystallinity Index (CI) of each CNC
was computed with the use of the Segal Method (Segal
et al. 1959).

Optical transmittance

The optical transmittance of 0.1 wt% solution was
determined in a quartz cuvette using a Lambda 25 UV-
Spectrometer (Perkin Elmer, Branford, CT, USA)
from 400-800 nm. As reference, a spectrum of
distilled water was obtained.

Cationic demand

Each of the CNC samples (unmodified CNC, TOCNC-
SP and TOCNC-PP), at 0.04 g dried weight, was
diluted in 1 L distilled water and dispersed with a pulp
disintegrator for 10 min at 3000 rpm. Then, 10 mL of
the suspension was added with magnetic stirring to
25 mL of the cationic polymer, poly-DADMAC, for
5 min. The mixture was then centrifuged for 90 min at
4000 rpm in a Model 6 K unit (Sigma Laborzentrifu-
gen GmbH, Osterode am Harz, Germany). Thereafter,
10 mL of the supernatant were taken to a polyelec-
trolyte titrator (Miitetk PCD 03, Herrsching, Ger-
many), and an anionic polymer (sodium polyethylene
sulphate) was added until the reading gave 0 mV. The
amount of the anionic polymer consumed allowed the
cationic demand to be calculated, according to the
methodology described by Espinosa et al. (2017).

Carboxyl content
The carboxyl content of CNCs was determined by

conductometric titration following the methodology
previously published by Besbes et al. (2011).
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Characterization of films
Film thickness and conditioning

Before evaluation, all samples were equilibrated in
desiccators containing dried silica gel at a constant
temperature of 25 °C for 1 week. The thickness of the
films was measured with a Mitutoyo digital microm-
eter S00014 (Kawasaki, Japan). Three measurements
at random positions of the film were made. Each
reported value consisted of the average and the
standard deviation. The accuracy was + 0.001 mm.

Scanning electron microscopy (SEM)

The morphology of the EVOH films were evaluated
via both cross-sections and surfaces on a Hitachi
scanning electron microscope, S-4800 (Tokyo, Japan).
The film cross-section was prepared by cryo-fracture
of the EVOH films using liquid nitrogen. Each film
was attached to beveled holders with conductive
double-sided adhesive tape. A thin coating of gold and
palladium was sputtered onto the specimen under
vacuum. The specimen was then observed on the SEM
using an accelerating voltage of 5 kV.

Transmission electronic microscopy (TEM)

The Pd nanoparticles in the CNCs/PdNP solution were
directly deposited onto clamping holders. The mor-
phology and distribution of the Pd NPs were observed
on a Jeol 1010 transmission electronic microscope
(Hitachi, Tokyo, Japan) at an accelerating voltage of
80 kV.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were acquired on the attenuated total
reflection (ATR) accessory (Golden Gate of Specac,
Ltd., Orpington, U.K.), which was coupled to a Bruker
Tensor 37 FTIR instrument (Rheinstetten, Germany).
A typical spectrum was collected in the
4000-600 cm™" range by averaging 20 scans at a

resolution of 4 cm ™.

Differential scanning calorimetry (DSC)

Thermal properties of neat EVOH, EVOH/CNC/
PANP, and EVOH/TOCNC/PANP films were

evaluated by DSC using a Q2000 MDSC instrument
(TA Instruments, New Castle, DE, USA) under
nitrogen atmosphere. A small piece of each film
(5 mm x 5 mm) was cut and weighed (~ 1 mg) into
a Tzero hermetic aluminum pan and sealed. The
sample was equilibrated to 10 °C and then heated to
200 °C under nitrogen at a rate of 10 °C/min. The
sample was then cooled at the same rate to 10 °C, and
this heat-cool process was repeated. The equipment
was calibrated with indium standard. Each sample was
run in triplicate. Signal processing was achieved with
the TA Instruments Universal Analysis 2000 software
(version 4.5A).

Thermogravimetric analysis (TGA)

TGA was conducted on a Q500 TGA instrument (TA
Instruments, New Castle, DE, USA). Typically, a
square piece of film (about 10 mm x 10 mm) was cut
and placed on a tared, open platinum TGA pan. The
sample was heated from room temperature up to
800 °C under nitrogen at a rate of 10 °C/min. Along
with weight loss data, the differential thermogravi-
metric weight loss (DTG, %/°C) was recorded as well.
Each sample was run in triplicate.

Water vapor permeability (WVP)

The WVP value was determined gravimetrically
according to the ASTM E96-95 method. A small
sample of the film was placed at the top of a Payne
permeability cup (@ = 3.5 cm) from Elcometer Sprl
(Hermalle-sous-Argenteau, Belgium) that contained
5 mL distilled water. One side of the film was exposed
to 100% RH, but not in direct contact with water. The
cup and the film were then sealed with silicon rings
and placed in a desiccator containing dried silica at
24 °C and 47% RH. An identical setup with aluminum
films served as a control sample to estimate water loss
through the seal. The cups were weighed periodically
over a 24-h period with + 0.0001 g accuracy. The
water vapor transmission rate (WVTR), which could
be converted to WVP when corrected for permeant
partial pressure, was determined from the steady-state
permeation slope obtained from the regression anal-
ysis of weight loss data per unit area versus time, from
which the weight loss was calculated as the total cell
loss minus the loss through the seal. Measurements
were performed in triplicate.

@ Springer
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Measurement of oxygen scavenging activity

The same method as reported earlier (Cherpinski et al.
2018) was used for the oxygen scavenging experi-
ment. This involved round-bottom flasks (Schlenk)
from VidraFoc S.A. (Barcelona, Spain) with a PTFE
stopcock and a headspace volume of 50 cm®. The
flasks contained a valve for gas flushing, and O,-
sensitive sensor spot (PSt3, detection limit 15 ppb,
0-100% oxygen) from PreSens (Regensburg, Ger-
many) was glued onto the inner side of the flasks for
the oxygen depletion measurements. The sample films
of same thickness were cut (4 x 4 cm?) and placed in
the flasks. The flask was subsequently flushed for 30 s
at 1 bar with a gas mixture containing 1 vol.%
oxygen, 4 vol.% hydrogen, and 95 vol.% nitrogen,
which was provided by Abell6 Linde, S.A. (Barcelona,
Spain). The oxygen concentration in the cell was
monitored by a non-destructive measurement method
using the OXY-4 mini (PreSens) multi-channel fiber
optic oxygen meter for simultaneous read-out of up to
4 oxygen sensors, used with sensors based on a 2-mm
optical fiber. Oxygen concentrations over time were
measured by linking the light-emitting (600-660 nm)
optical fibers to the flask’s inner sensing spots. The
sensor emitted a certain amount of luminescence
depending on the oxygen concentration in the cell that
was calibrated to yield the concentration by the
equipment. All measurements were carried out at
23 °C and 100% RH.

Statistical analysis

The test data were evaluated through analysis of
variance (ANOVA) using STATGRAPHICS Centu-
rion XVI v 16.1.03 from StatPoint Technologies, Inc.
(Warrenton, VA, USA). Fisher’s least significant
difference (LSD) was used at the 95% confidence
level (p < 0.05). Mean values and standard deviations
were also calculated.

Results and discussion

Cationic demand, carboxyl content and optical
transmittance

The stability of CNC suspension depends on the fiber
surface charge. In order to study the stability of the

@ Springer

different samples used in this work, the cationic
demand and the carboxyl content were analyzed
(Table 1). The cationic demand increases when CNC
is subjected to TEMPO oxidation due in part to the
increase in the carboxyl groups by the selective
oxidation of the C6 primary hydroxyl groups of
cellulose. These carboxyl functionalities increase the
anionic charge on the cellulose surface, thereby
enhancing repulsion and decreasing agglomeration
among the fibers. A reduction in aggregated fibers
result in greater surface area and expose more surface
hydroxy groups. The hydrophilicity of the fibers is also
enhanced (Serra et al. 2017). Moreover, these carboxyl
groups on cellulose can directly interact with metal
ions, thus obviating the use of anchoring molecules
(Martins et al. 2017).

The optical transmittance of the CNC suspensions
is associated with the content of nanofibrillated
material, being more transparent when the size of
cellulose nanocrystals is smaller (Table 1, column 4).
The oxidized CNC samples present lower trans-
parency values due to the presence of aggregates that
correspond presumably to a higher specific surface
area and stronger hydrogen bonding between the
nanocrystals (Meng et al. 2019).

X-ray diffraction (XRD) analysis

The XRD patterns for CNCs are shown in Fig. 1. The
diffraction peaks of CNCs at 20 = 15.0, 16.5, 22.3 and
34.4 are assigned to the (110), (110), (200) and (004)
planes, respectively, which represent the crystalline
structure of cellulose I (French 2014). Cellulose II
presents diffraction peaks at 12.1 and 20.1° associated
with the (110) and (110) planes (Fortunati et al. 2016).
TOCNC-SP presents only cellulose I contribution;
however, TOCNC-PP and CNC powder contain both
cellulose I and cellulose II polymorphs. Cellulose II
usually ensues from cellulose I by two distinct routes,
i.e., mercerization (alkali treatment), and regeneration
(solubilization and recrystallization) or acid hydroly-
sis of mercerized cellulose, but the detailed mecha-
nism of this phenomenon for nanocellulose is still
being studied (O’Sullivan 1997; Xing et al. 2018). All
samples present a crystallinity index around 70% due
to the removal of most parts of amorphous regions;
however, 30% of CNC composition is still composed
of residual amorphous cellulose.
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Table 1 Characterization of unmodified CNC powder and TEMPO-oxidized powder samples, TOCNC-SP and TOCNC-PP

Sample Cationic demand (peq/g) Carboxyl content (umol COOH/g) Tgoo (%)
CNC powder 448.44 + 38.44 64.88 £+ 40.59 97.22
TOCNC-SP 1,284.89 £+ 9.19 482.05 £ 58.43 57.38
TOCNC-PP 1,314.30 £ 0 418.94 + 37.88 40.97
Fig. 1 XRD patterns of 22.3° (200)
CNCs, the samples from top 1
to bottom being unmodified e A
CNC powder, TOCNC-PP, 5
and TOCNC-SP g 5 g =
T s -2, 2
= 5 T <
* v < 3
o I i
1 AW CNC powder Cl=69.24+1.24%
3 ‘ %WM”MWMWWWM
9/ W
2
5 -
3 Mvm TOCNC-PP  CI=70.46+0.49%
S WNMMM-MMWMWW
M/M"’WWM TOCNC-SP Cl=69.9+0.42%
NP
v T v T
20 40
20 angle

Morphology of nanocomposite Films

The contact transparency of neat EVOH film and
EVOH with different concentrations of CNCs/Pd is
shown in Fig. 2. All the films were found to exhibit
similar contact transparency and significantly differ-
ent from that of the neat EVOH film. Thus, a good
dispersion of the PANP must have been achieved.
However, samples C, D and E with 0.6 and 1 wt% of

PANP showed a yellow color probably due to the
presence of the Pd nanoparticles.

Scanning electron microscopy (SEM)

The morphology of the materials was analyzed by
SEM. As observed in Fig. 3, the film surface (Fig. 3b,
c) was altered by adding CNCs/PdNP and revealed
roughness when compared with the neat EVOH film
(Fig. 3a) that exhibited a relatively smoother surface.

A B C

D E

-

Fig. 2 Photographs of films containing: A neat EVOH 10%; B EVOH/CNC (0.3% wt%)/PdNP (0.3 wt%); C EVOH/CNC (0.6 wt%)/
PANP (0.6 wt%); D EVOH/CNC (1 wt%)/PdNP (1 wt%); E EVOH/TOCNC (1 wt%)/PdNP (1 wt%)
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Fig. 3 Scanning electron microscopy (SEM) images taken on the surface view and cross-section: a EVOH film; b EVOH/CNC/PdNP

film; ¢ EVOH/TOCNC/PANP film

The photomicrographs of the cross-sections obtained
presented a similar morphology that verified the
presence of spherical domains dispersed in a matrix
for samples with CNCs/PdNP, without agglomerates,
and this confirmed the efficient dispersion of the
nanoparticles. This observation was in agreement with
contact transparency data, which suggested that
CNCs/PdNP particles were highly dispersed into the
EVOH polymeric matrix.

Transmission electron microscopy (TEM)
Transmission electron microscopy was used to char-

acterize the dispersion and the spatial distribution of
PANP onto CNC and TEMPO-treated CNC. Figure 4

@ Springer

shows a typical TEM image obtained for the dried
CNCs/PdNP solutions, where some agglomeration of
CNCs could be seen probably resulting from the
drying process. The particle size of PANP is important
in the context of catalysis; in general, smaller particle
sizes entail larger surface areas, which tend to enhance
the catalytic process (Demir et al. 2004). In the present
case, the diameter of PANPs varied between 20 and 35
(£ 5) nm and the CNCs acted as both the reducing
agent and the support in the process. An analysis of the
PANP dispersion (Fig. 4a, b) clearly showed the
observed difference. In Fig. 4a, the PdNPs were
sparsely located on the CNC with partial aggregation;
in comparison, the PdNPs supported by TOCNC
(Fig. 4b) were homogeneously distributed on the
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Fig. 4 Transmission electron microscopy (TEM) images taken
directly from dried suspension of CNCs containing palladium
nanoparticles (PdNPs): a CNC, b TOCNC; and TEM images

surface of CNC. This result confirmed the interaction
between the PdNPs and the dissociated carboxyl
groups on the surface of TOCNC, where the C atom of
carboxyl group accepted the electrons from Pd,
thereby enabling a more uniform immobilization of
the PANP on the TOCNC support (Chen et al. 2017).
Figure 4c, d show TEM images taken on the
nanocomposite films. From the images, CNC and
PANP can be observed to be intimately dispersed and
distributed throughout the polymer matrix, being more
evident in the TOCNC sample, as expected.

FTIR analysis of the EVOH films

FTIR studies were conducted to investigate the
changes in chemical structure of TOCNC and respec-
tive EVOH films with CNCs/PdNP addition (Fig. 5).
The IR spectrum for cellulose is well known, and some
representative peaks can be found at 3200-3500 cm ™"
(O-H stretching), 2850-3000 cm ™! (C—H stretching),
and 1060-1162 cm™' (C-O and C-O-C stretching
bond); these peaks are not influenced by TO-mediated
oxidation (Tang et al. 2017; Wu et al. 2013). When
cellulose is selectively oxidized in position 6, the IR

taken from ultramicrotomed cross sections of the nanocompos-
ite films: ¢ EVOH/CNC/PANP Film and d EVOH/TOCNC/
PdNP Film

spectrum is known to change (da Silva Perez et al.
2003). The most important change in the spectrum of
modified nanocellulose can be observed by the
appearance of new bands at 1605 cm™' and
1730 cm ™" that could be attributed to -COONa due
to the C=0 stretching of carboxyl groups and free
carboxyl groups (Karim et al. 2017).

For EVOH film (Fig. 5) the characteristic peaks can
be found at 3340 cm™' (—OH stretching), 2945 cm ™"
(—CH, anti-symmetric stretching) and 2912 cm ™! (-
CH anti-symmetric stretching), 1417 cm! (—CH,
asymmetric stretching) and 1336 cm™' (-CH asym-
metric stretching), 1092 cm™ ! (C-O stretching), and
850 cm~' (-CH out-of-plane deformation). More-
over, the peaks at 1650 and 850 cm ™" may possibly be
associated with residual C=0 or C=C group vibrations
in EVOH (Wang et al. 2016). The 1% CNCs and 1% of
PANP added to the EVOH polymeric matrix were not
enough to produce changes, as was shown by Choo
et al. (2016), where they prepared poly(vinyl alcohol)
(PVOH)-chitosan (CS) polymeric blends with differ-
ent contents of TO-oxidized cellulose nanofiber
(TOCN) (0, 0.5, 1.0 and 1.5 wt%) via the solution
casting method. They observed only minor changes
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Fig. 5 ATR-FTIR spectra of the CNC, TOCNC, EVOH Film,
EVOH/CNC/PANP and EVOH/TOCNC/PdNP Films

due to the incorporation of TOCN that resulted from
the low weight ratio of TOCN added to form the bio-
nanocomposite films. Martinez-Sanz et al. (2013a)
also observed that the characteristic bands from
cellulose were only apparent for concentrations
greater than 3 wt% bacterial CNCs in EVOH films.

Thermal analysis

For an investigation of how CNCs/PANP content
affected the thermal stability of EVOH nanocomposite
films, DSC and TGA analyses were performed.
Table 2 shows the glass transition temperature (Ty),
melting temperature (T,), and melting enthalpy
(AH,,), and crystallization temperature (T.) of the
films as determined by DSC analysis of the dry
samples. From the results, it can be seen that CNC
reduces the polymer melting point, suggesting an
antinucleating effect for the filler. This is confirmed by
the observed reduction in crystallization temperature

@ Springer

in the composites, which suggests that crystallization
is hindered to some extent leading to smaller and more
defective crystals. However, crystallinity was not
observed to be reduced to a similar extent, suggesting
that CNC does not impair crystallization but just leads
to a more defective crystalline morphology, hence the
lower melting point. The polymer T, is also not
affected to a significant extent by the presence of
CNC.

The thermal stability of EVOH nanocomposite
films evaluated by TGA 1is shown in Fig. 6 and
Table 3. The EVOH nanocomposite films presented a
two-step degradation pattern similar to that of neat
EVOH; however, greater thermal resistance was
observed for the EVOH nanocomposites, which
indicated that the presence of CNCs/PANP signifi-
cantly influenced the thermal degradation patterns of
the EVOH nanocomposite films.

In the TGA curves, an initial weight loss was
observed for all samples, corresponding to the elim-
ination of the absorbed moisture. Similar results were
reported for EVA membranes by Puente et al. (2015),
where the initial weight loss (~ 100 °C) was related
to the water tightly bound to the polymer structure. In
the DTG curves (Fig. 6d), a low temperature shoulder
peak could be seen, which indicated the presence of
some free water (Puente et al. 2015).

A decrease was observed in the maximum degra-
dation rate for EVOH/TOCNC/PANP film at 366 °C
(Fig. 6d). The maximum degradation temperature for
neat EVOH film was near 381 °C and for EVOH/
CNC/PdNP film 394 °C, representing a decrease in the
temperature of degradation about 15 and 28 °C,
respectively. Fraschini et al. (2017) studied the
thermal behavior of CNCs before and after oxidation,
where an increase in the carboxyl content caused a
gradual decrease in the thermal stability of the
oxidized CNC samples. This was probably because
the presence of charged groups on CNCs induced their
earlier degradation during heating (Mariano et al.
2018). For all the samples, the residual weight of the
nanocomposite films at 800 °C was consistent with the
theoretical values.

An important observation was the onset decompo-
sition temperature of EVOH/CNCs/PANP nanocom-
posites, which was slightly higher than that of the neat
EVOH film and EVOH/CNCs films (Fig. 6d), sug-
gesting that the thermal stability of CNCs could be
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Table 2 Thermal properties obtained by DSC in terms of glass EVOH, EVOH/CNC/PdNP, and EVOH/TOCNC/PdNP films
transition (T,), melting temperature (Ty,), normalized melting on first heating and subsequent crystallization runs
enthalpy (AH,,), and crystallization temperature (T.) for

Sample T (°C) AH,, J/g) T. (°C) T, (°C)
EVOH 166.6 + 2.1 29.0 + 3.0 160.2 £+ 2.0 46.7 + 0.8
EVOH/CNC PdNP 145.0 + 1.4 298 + 2.8 1459 4+ 3.8 452 4+ 1.0
EVOH/TOCNC-PJINP 1469 £+ 1.1 26.6 £ 1.5 141.6 £ 3.5 453 £ 2.7
(a) (b)
100
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Fig. 6 Thermogravimetric analysis (TGA) curves for a CNC, films, and d DTG curves for EVOH film, EVOH/CNC/PdNP

TOCNC, PdCl,, b EVOH/CNC, EVOH/TOCNC films and and EVOH/TOCNC/PANP films
¢ EVOH film, EVOH/CNC/PANP and EVOH/TOCNC/PdNP

improved by the incorporation of the palladium Water vapor permeability (WVP)
nanoparticles.

Table 4 shows the WVP value for the EVOH film and
EVOH/CNCs/PANP nanocomposites. The results
indicated that EVOH films containing CNCs/PdNP
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Table 3 Assessments of thermal stability obtained from ther-
mogravimetric analysis (TGA) curves for CNC, TOCNC,
EVOH/CNC, EVOH/TOCNC films, EVOH film EVOH/CNC/
PANP and EVOH/TOCNC/PANP films, including degradation

temperature at 5% of mass loss (T5 ), maximum degradation
temperature of the two degradation peaks (Tdl, Td2), and
residual mass at 800 °C (R800)

Film sample Ts o (°C) 7dl (°C) Td2 (°C) Raoo (%)
CNC 219.3 298.8 - -
TOCNC 158.7 312.2 - -
EVOH/CNC film 256.2 387.0 458.9 1.9
EVOH/TOCNC film 285.3 377.4 457.6 2.1
EVOH Film 270.5 381.0 4523 22
EVOH/CNC/PANP film 285.1 394.3 445.1 3.9
EVOH/TOCNC/PANP film 301.6 365.6 4455 45

structures were not significantly different from neat
EVOH film in terms of WVP values. Similar behavior
was previously reported when bacterial cellulose
CNC:s incorporated into EVOH films showed a slight
decrease in the water permeability of the nanocom-
posites, although the effect was not statistically
significant for most of the samples (Martinez-Sanz
et al. 2013b). However, Fortunati et al. (2013)
obtained higher reduction in water permeability value
(59%) for systems loaded with modified-CNCs (PLA/
1s-CNC/1Ag and PLA/5s-CNC/1Ag), highlighting
the beneficial effect of cellulose modification on the
WYVP barrier properties. The reason for the perme-
ability observations here could be related to the
distortion of the crystalline morphology anticipated
by the above DSC results. Crystals are typically
impermeable to the transport of low molecular weight
compounds, and smaller and more defective crystals
can result in reduced chain immobilization factor and
hence increased amorphous density for the permeants
to diffuse through (Lagaron 2011). The effects of CNC
and PANP in the nanocomplex, however, can be more
complex.

Oxygen scavenging activity

Figure 7 shows the oxygen scavenging rate (OSR) for
neat EVOH and EVOH CNCs/PDNP films. The
oxygen absorption of the multilayer structures was
studied at 23 °C, with an initial oxygen concentration
of 1.0% in the headspace of the measuring flasks and
100% RH. The EVOH/TOCNC/PANP film led to a
faster and more significant decrease of O, rate. For
EVOH/CNCs/PdNP (0.3/0.6 and 1%) films, the oxy-
gen absorption (as expected) increased at nearly the
same ratio as the oxygen scavenging content.

The TEM images (Fig. 4) suggested that the PANPs
were dispersed on the surface of CNC, but showed
greater dispersion in the case of TOCNC for which the
average particle size slightly decreased. For CNCs,
PdANPs were also sparsely located with more nanopar-
ticles agglomerated. For TOCNC, the abundant car-
boxylic acid groups made them available to interact
with PANP; thus, the EVOH film with TOCNC/PdNP
showed faster oxygen activity compared with EVOH/
CNC/PANP film. In a previous work, a higher
dispersion of the nanoparticles due to surfactant
addition was shown to improve the O, depletion rate

Table 4 Water vapor permeability (WVP) for EVOH film, EVOH/CNC/PdANP film and EVOH/TOCNC/PANP film

Sample WVP x 107" (Kg m m™2 s~! pa~')*
EVOH film 1.28 (2.3)*
EVOH/CNC/PdNP film 1.33 (3.3)*
EVOH/TOCNC/PANP film 1.45 (2.6)*

*Mean value (standard error). The same superscript letter represents no statistically significant differences among the three samples

(» < 0.05)
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Fig. 7 Oxygen depletion

for EVOH film without
palladium nanoparticles
(PdNPs), EVOH/CNC/
PdANP (0.3, 0.6 and 1 wt%),
EVOH/TOCNC/PANP

(1 wt%) films. Values were
measured at 100% relative
humidity (RH)
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(Cherpinski et al. 2018). In a further study of the topic,
the oxygen scavenging of the PANPs was enhanced by
incorporating them within polycaprolactone, a more
oxygen permeable material (Cherpinski et al. 2019).
The use of capping agents can reduce or prevent
aggregation but also tends to decrease the reactivity of
the surface, thereby decreasing the catalytic activity of
the stabilized nanoparticles. Thus, CNC can be
employed as an alternative to minimize aggregation
without blocking access to the reactive surface atoms
(Rezayat et al. 2014).

Another important aspect of OSR is the effect of
humidity. Water molecules that are absorbed by
EVOH at high RH levels are believed to interact with
OH groups in the polymer matrix and weaken the
hydrogen bonding among polymer molecules (Zhang
et al. 2001). Because samples were exposed at 100%
RH, the hydrophilic nature of the substrate materials
presumably contribute to an accelerated water adsorp-
tion on the surface, which in turn might also promote
the catalytic reaction of palladium (Yildirim et al.
2015).

T
1000

T T
2000 2500 3500
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Conclusions

In this work, several techniques were employed in
order to produce a novel active packaging material
that could scavenge oxygen effectively. CNC was a
critical component in the nanocomposite because it
acted not only as reducing agent for PdCl, but also as
support for the deposition of PANP on EVOH. PdANP
absorbed oxygen and furnished the beneficial function
of oxygen scavenging for the packaging film. EVOH
was chosen as the polymer matrix because it is a water-
soluble polymer that is often used as oxygen barrier in
packaging. Oxidation of CNC with TEMPO improved
oxygen absorption. The resulting nanocomposite films
seem to have promising active packaging properties.
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