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Nanofibrillated cellulose (NFC) easily forms a high strength film but is unable to withstand the influence
of water vapor when used in high moisture situations. The water vapor transmission rate (WVTR) of a
NFC film was as high as 5088 g/m? 24 h (38 °C, 90% RH). The addition of beeswax latex in a NFC casting film
(NFX) lowered the WVTR to 3918 g/m? 24 h. To further reduce the WVTR, a coating agent comprised of
acrylated epoxidized soybean oil (AESO) and 3-aminopropyltriethoxysilane (APTS) was applied onto the
NEX film using a rod coater. A combination of the suitable AESO/APTS ratio, initiator dosing, curing time
and temperature could reduce the WVTR to 188 g/m? 24 h when the coat weight was 5 g/m?2. Moreover,
the coated NFX film was highly hydrophobic along with the improved transparency and thermal stability.
This biodegradable polymer-coated NFC film can be used as potential packaging barrier in certain areas.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Packaging plays an important role in production, transporta-
tion and storage of food or pharmaceutical. This requires the
packaging material to have a low water vapor transmission rate
(WVTR). The most commonly-used packaging material nowadays
is petrochemical-based plastics such as polyolefins, polyesters, and
polyamides, which do own low WVTR feature but they are totally
non-biodegradable. As thousands of tons of these plastic packag-
ings are discarded daily and most of them are normally put in
land-fills, they increasingly lead to serious ecological problems.

Nanofibrillated cellulose (NFC) is a renewable material from
nature resources. The key advantages in use of NFC are its super
strength and numerous free reactive hydroxyl groups on its sur-
face that can be functionalized. In addition, NFC shows a good
film-forming capacity which qualifies it for applications in pack-
aging fields in the form of large scale films (Tammelin, Hippi, &
Salminen, 2013), nanopaper (Sehaqui, Liu, Zhou, & Berglund, 2010),
or nanocomposite (Larsson, Berglund, Ankerfors, & Lindstrom,
2012). However, a huge amount of hydroxyl groups on the NFC
surface result in poor water vapor barrier properties in NFC films
(Spence, Venditti, Rojas, & Hubbe, 2011). The common approaches
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to improve the moisture barrier capacity of NFC films for packaging
applications are to treat the surfaces of NFC substrates with a syn-
thetic polymer such as petrochemical-based plastics, or biopolymer
(e.g. whey proteins, polycaprolactone, poly (lactic acid), beeswax)
(Lavoine, Desloges, Dufresne, & Bras, 2012; Zhang, Xiao, & Qian,
2014), or inorganic impermeable particles like mica (Alves, Costa, &
Coelhoso, 2010) or montmorrilonite (Liu & Berglund, 2012) through
laminating extrusion, vacuum deposition, and multilayer coating
(Andersson, 2008; Ham-Pichavant, Sebe, Pardon, & Coma, 2005).
In consideration of the packaging waste disposal problems, it is
preferred to choose a material which has a high moisture bar-
rier capacity and a potential biodegradability when compared to
the products from petroleum. Acrylated epoxidized soybean oil
(AESO),asoybean oil derivate monomer, is an interesting polymeric
material obtained from renewable natural resources, which has
acrylate functional groups to polymerize/copolymerize easily via
a free-radical reaction under several initiator systems. However, a
pure AESO polymer (poly-AESO) behaves like an amorphous cross-
linked rubber, which fails to by itself produce suitable shapes giving
high mechanical properties (L6pez & Santiago, 2013). Studies reveal
that under the controlled polymerization or co-polymerization
with other chemical species (such as vinyl monomers, organofunc-
tional alkoxysilanes, diamines, anhydrides, and isocyanates), the
resulting polymers could have optimized properties, which could
be widely used as surface coating and adhesive agents (Colak
& Kiisefoglu, 2007; Grishchuk & Karger-Kocsis, 2011). These
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Table 1
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Effect of the APTS content on the film qualities in terms of soluble fraction, WVTR (38°C, 90% RH), wettability (contact angle) and surface roughness.

Sample? # APTS (%) Soluble fraction (%) WVTRC (g/m? 24 h) Contact angle (°) Roughness (nm)?
NFC - - 5088 + 3 67.0 £ 0.3 17

NEX - - 3918 +2 93.7 + 0.5 29.7

Al 10 50.7 +£ 0.25 2513 £ 2 95.7 £ 0.7 139

A2 20 29.1 £ 0.53 2301 £ 7 102.6 + 0.2 0.65

A3 30 21.5 + 041 1714 + 7 103.9+ 0.3 7.44

A4 40 246 + 0.17 1826 + 3 942 + 0.7 5.61

A5 50 23.8 +£0.14 1910 + 2 923+ 04 1.72

2 The BPO content in the coating fluid, the curing temperature and the curing time were fixed to 1 wt%, 80°C and 30 min, respectively.

b APTS/AESO weight percentage.
¢ The coat weight was fixed to 1.0 g/m?.
4 Mean roughness (R,) was measured within the 1 wm x 1 wm AFM image.

AESO-based polymers are also expected to have a good moisture
barrier capacity due to their good film-forming and hydrophobic
properties. However, AESO in cellulose film or fiber network in
packaging manufacture has seldom been used to date.

The objective of this work was to fabricate a NFC-based packag-
ing material of a highly effective water vapor barrier capacity. Thin
films cast from NFC suspension with beeswax latex as a hydropho-
bic additive were used as substrate (NFX). To enhance the water
vapor barrier capacity of film substrates, a reactive coating agent
consisting of AESO was applied on top of the NFX film. After curing
in suitable condition, a hydrophobic water vapor barrier layer was
expected to form on the top of the NFX film.

2. Materials and methods
2.1. Materials

Nanofibrillated cellulose (NFC) with an average width around
20nm and several micrometers in length was obtained from the
University of Toronto (aqueous suspension of solid content at
0.6 wt%). Beeswax latex was used as a hydrophobic additive in NFC
casting films and prepared in our lab with chitosan as a dispers-
ing agent. In the coating formulation, acrylated epoxidized soybean
oil (AESO) was used as a monomer which contains 3 to 4 acrylate
double bonds per molecule on average; benzoyl peroxide (BPO)
was used as an initiator to induce the free radical polymerization
of AESO. A mixture of acetone and ethanol was used as a dilu-
ent. 3-aminopropyltriethoxysilane (APTS) and other reagents were
commercially available and used as received.

2.2. Preparation of films and surface reactive coating

The NFC film was prepared by pouring the NFC suspensions into
polystyrene petridishes then allowing them to dry at a temperature
of 23°C and a relative humidity (RH) of 50%. Following the same
procedure, NFX film was prepared with the beeswax latex as an
additive in the NFC suspension before casting and the solid beeswax
content in the NFC suspension was 10.0 wt% (on the dry NFC). In this
study, the grammage (g/m?) of the NFC film and NFX film were both
fixed at 10 g/m2.

The NFX film was chosen as the base film for coatings due to
its better hydrophobicity compared with the NFC film (Table 1).
A coating fluid which consists of varied AESO, BPO and APTS was
applied onto the NFX film using a rod coater (K303 Multicoater, RK.
Print Coat Instruments Ltd., UK) at a velocity of 3 m/min. Immedi-
ately after the coating, the films were put into the oven for curing
for different durations at a specific temperature. The same proce-
dure was repeated at different temperatures (Fig. 3). Triple repeats
were performed for each temperature and time. The coat weight
was controlled at 1 g/m?2, 3 g/m? and 5 g/m? using different rods for
coating. The reaction of the coating fluid on the NFX surface was

characterized with attenuated total reflectance-fourier transform
infrared (ATR-FTIR) using a NEXUS 470 spectrophotometer (Nico-
let Thermo Instruments Inc., Canada). The spectra were recorded
in the absorption band mode in the 4000cm~! to 450cm™!
range.

2.3. WVTR measurement

The water vapor transmission rate (WVTR) is defined as the
steady water vapor flow in unit time through unit area of a body
to specific parallel surfaces under specific conditions of tempera-
tures and humidity. WVTR was evaluated by the modified water
method according to the standard ASTM E96 (2000) and ASTM
D1653-03 (2003). In this study, the specimen was attached to the
test dish containing saturated potassium nitrate (KNOs3) solution
which keeps the relative humidity (RH %) inside of the assembled
test dishes at 90%. The chamber where the assembled test dishes
were to be placed had a temperature maintained constant at 38 °C
and relative humidity at 0% controlled by anhydrous calcium chlo-
ride (Desiccant) in the form of small lumps. The dish assembly was
weighed periodically and the changes in the weight were plotted
as a function of time. The slope was calculated by linear regres-
sion method and the WVTR (g/m?2 24 h) was calculated from the
slope of the straight line (g/h) divided by the transfer area (m?2)
(Cerpakovska & Kalnins, 2012; Prakash Marana, Sivakumar, Sridhar,
& Thirugnanasambandham, 2013).

2.4. Characteristics of the films

The soluble fraction of the coating was determined by immers-
ing the cured sample (Wy)inacetone at 25 °C. After 24 h., the sample
was filtered out and dried in a vacuum oven at 50 °C until constant
weight (W;) was achieved. The soluble fraction was calculated by
the following equation: soluble fraction (%) =[1 — (W7 /Wy)] x 100%.
Generally, the higher the conversion of the monomers to poly-
mer, the lower soluble fraction removed after acetone extraction;
and correspondingly the better the barrier layer was obtained.
The tensile strengths (N/m) of the films were measured accord-
ing to TAPPI T494 om-01 (2006) and the tensile index (N m/g) was
obtained by dividing the tensile strength with the film grammage.
The static contact angles of water droplets (3 l) on the films were
measured using an Attension Theta Optical Tensiometer (Finland).
Ten measurements were made on each sample. To determine the
morphology of the samples, atomic force microscopy (AFM) mea-
surements were performed using a Nanoscope Illa from Veeco
Instruments Inc., Santa Barbara, CA. The images were scanned in
Multimode mode in air using a commercial silicon tapping probe
(NP-S20, Veeco Instruments) with a resonance frequency of about
273 kHz. The roughness measurement was taken from the AFM
image by the arithmetic average of absolute values of the surface
height deviations measured from the mean plane within the box
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Fig. 1. (a) Scheme of the chemical reaction of the coating on the NFX film when curing; (b) (ATR) FT-IR spectra of the coated NFX film at different APTS content; (c) AFM

tapping mode phase images of the coated NFX film at different APTS content.

cursor. The cross section of the films was examined with scan-
ning electron microscopy (JEOL 6400 SEM, JEOL Ltd., Japan). An
accelerating voltage of 15kV was used to scan the samples.

2.5. Thermal stability and optical property

Thermal properties of films were determined using a TA Instru-
ments Calorimeter Q200 (TA Instruments Ltd., Leatherhead, UK)
with a nitrogen differential scanning calorimetry (DSC) cell purge
at 100 ml/min. Samples were conditioned at 50% RH and 23 °C for
48 hand were then heated from 20 to 700 °Cat 20 °C/min. The regu-
lar light transmittances of the films were measured at wavelengths
from 200 to 700 nm using an ultraviolet (UV)-visible spectrometer
(Genesys 10-s, Thermo Electron Corporation, USA).

3. Results and discussion

WVTR is the standard measurement by which films are com-
pared for their ability to resist moisture transmission at specified
conditions of temperature and relative humidity. Lower WVTR
values indicate better moisture barrier property. The barrier per-
formance of the coated NFX films was determined mainly by the
quality of the coating layer. The curing of the coating fluid after
applying on the NFX film was believed to involve two reactions,
Fig. 1(a). On the one hand, AESO, the main constituent in the coat-
ing fluid, could go through chain propagation to form a polymer
due to its sufficient acrylate groups. On the other hand, the residual
double bonds on the AESO skeleton can be reactive to APTS through
a Michael addition reaction (Colak & Kiisefoglu, 2007). Finally, the
coating layer after curing would have a large triglyceride skeleton
rendering the interface hydrophobic and a reactive silanol group
for covalent bonding with the hydroxyl groups on the surface of
NEX film through condensation on the other hand (Marquez, Grady,
& Robb, 2005). Based on this assumption, the coating formulation

such as monomer ratio, initiator ratio, reaction temperature and
time will determine the quality of the barrier layer during the curing
process.

3.1. Effect of APTS content on the coating property

Considering the fact that AESO yields rubber-like materials
when cured alone, APTS was introduced in the coating formula-
tion as a reactive comonomer. APTS is a bifunctional compound
that possesses both the amino end which is capable of reacting
with AESO and the ethoxy silane end which can be hydrolyzed
to silanols and then reacted with hydroxyl bearing surfaces. The
detailed information about how the film qualities were affected by
the APTS content is shown in Table 1.

Table 1 shows that the WVTR of the NFC film was fairly high
(5088 g/m?2 24 h) with a contact angle as low as 67° because of the
hydrophilic nature of the NFC fibers. The NFX film which contained
beeswax as a hydrophobic additive had an improved water vapor
barrier property only to some extent (3918 g/m?2 24 h) even though
the contact angle increased to 93°. On the contrary, after surface
reactive coating, the WVTR was reduced significantly. It was clearly
seen that as the APTS content increased, the WVTR of the coated
NFX first decreased to the lowest value (1714 g/m?2 24 h) and then
went up.

When the APTS content was rather low (10 wt% of the AESO),
the reduction in the WVTR was not very obvious compared with
the uncoated NFX film. This is because most of the monomers were
not participating in the reaction during the curing, which could be
confirmed from a high soluble fraction of the film (50.7%) and a low
contact angle (95.7°). Continued increase in the APTS content led to
areductioninthe WVTR value and an increase in the film hydropho-
bicity (high contact angle). The best result appeared at ATPS 30 wt%
and the resulting WVTR was as low as 1714g/m?2 24 h. Further
increase in the ATPS content will not give remarkable reduction
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in the WVTR due to the formation of incompact network by the
reaction between AESO and APTS. Moreover, the formed barrier
layer, sample A3, showed a fairly good hydrophobicity, which was
confirmed by its higher contact angle than the others.

The role of the APTS in the coating formulation during curing
could also be revealed by the ATR-FTIR spectra and the AFM phase
image of the coated NEX film. In the ATR-FTIR spectrum of coated
NEX film, Fig. 1(b), when the APTS content increased (from A1 to
A5), there was adisappearance trend of stretching vibrations of C=C
double bonds at 1623 cm~! and the bending vibration of =C—H (the
double bonds on AESO)at 810 cm~!, implying that the chain propa-
gation of the AESO and the Michael addition reaction between AESO
and APTS took place. As the APTS content increased, the absorp-
tion bands at 3300 cm~! of the primary amines first decreased in
intensity and then increased. This is because APTS could covalently
couple with AESO at a low content, but when the APTS content is
higher than 30 wt%, the primary amines on the excessive APTS can-
not go through Michael addition with AESO. The successful covalent
coupling of AESO to APTS was also proved by the presence of the
peaks between 1550 and 1650cm~!, corresponding to the >N-
H group of the silanized-AESO (Coates, 2013). Subsequent to the
polymerization and Michael addition, the siloxane condensation
could be indicated by the changes of the asymmetric and sym-
metric deformation modes of the CHs group from ethoxy moieties
of APTS observed around 1440 and 1390 cm™!, respectively (Kim,
Seidler, Fill, & Wan, 2008). The characteristic absorption peaks
at 1123cm~'and 1020cm~! are related to Si—0—Si and Si—0—C
stretching and further support the chemical reaction between
silane and the NFX film.

An AFM phase image is a record of the phase lagging of the
cantilever oscillation versus the phase of the driving signal. It is
an indication of the energy loss during the ‘tapping’ motion of the
tip on top of the sample. Different degrees of phase lagging indi-
cate a sample surface with different degrees of softness or vertical
adhesion (Park, Xu, & Seetharaman, 2011). Phase angle images give
information that cannot be obtained from topography or friction
images (Scott & Bhushan, 2003). For instance, the phase image of
the NFX shown in Fig. 1(c) seems much smoother without any vis-
ible phase angle contrast compared with the NFC, even though the
roughness of the NFX (R, =29.7 nm) is higher than that of the NFC
(Ra=17). Fig. 1(c) shows AFM phase contrast for the coated NFX
film of different APTS contents. The phase separation was observed
beginning at APTS content 10 wt% and manifested itself in unre-
acted AESO or poly-AESO as bright domains (viscoelastic) of larger
phase shift (in phase mode) surrounded by a matrix (cross-linked
AESO-APTS) of lower phase shift. The change in the phase con-
trast is directly corresponding to the WVTR values. As the bright
domain in A1 was assigned to the unreacted AESO or poly-AESO, it
is notorious in water vapor barrier and therefore is recognized as a
defect in the coated film. As the APTS content increased (from Al
to A3), more AESO were involved in the reaction with APTS, which
finally reduced the bright domains in the matrix and correspond-
ingly resulted in a decrease in WVTR. However, after APTS content
was over 30 wt%, the domain shape and composition changed and
atlastalarge number of smallerislands (self-assembled APTS) were
clearly visible among the matrix for APTS content of 40 wt% (A4). As
the APTS content continued increased to 50 wt% (A5), APTS patches
appeared as a second phase existing amidst the continuous phase.
Finally, the water vapor barrier property of the coated NFX film was
flawed by those unreacted APTS patches. (Sanchez & Badia, 2003).

3.2. Effect of BPO content on the coating property
Apart from the effect of APTS content on the coating property,

the BPO content (wt% of the total monomers) also plays an impor-
tant role in the water vapor barrier property of the coated NFX
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Fig. 2. WVTR, soluble fraction and CA of the coated NFX film at different BPO
contents.

film. Fig. 2 shows how the WVTR, soluble fraction, and CA of the
coated NFX film varied at different BPO contents. All the experi-
ments were conducted at a fixed APTS content (30 wt%), reaction
temperature (80 °C) and time (30 min) with the coat weight fixed at
1 g/m2. When the content of the initiator BPO in the coating formu-
lation increased, the WVTR of the coated NFX film first decreased
to the lowest value (1517 g/m2-24 h) and then went up. This result
can be explained by the change of the soluble fraction with the BPO
content which followed a similar trend as the WVTR. When the BPO
content was lower than 0.4 wt%, around 23% of the monomers were
unreacted (soluble fraction) and the contact angle of the coated film
was rather low (97.4°). After increasing the BPO content to 0.4 wt%,
less soluble fraction was detected from the coated film and, there-
fore, formed coating was more compacted which had a better water
vapor barrier property and a higher contact angle (105.1°). Fur-
ther increase in the BPO content will not continually reduce the
soluble fraction in the coated NFX film and, therefore, both the
WVTR result and the contact angle did not changed so much. In
conclusion, the best content of the BPO in the coating formulation is
0.4 wt%.

3.3. Effect of the curing temperature and curing time on the
coating property

Curing temperature and time are the other two important
factors in determining WVTR results. The effect of the curing
temperature on the coating property is shown in Fig. 3(a). The
experiments were taken at a fixed APTS content (30 wt%), BPO con-
tent (0.4 wt%) and time (30 min) with coat weight fixed at 1 g/m?2.
Increasing the curing temperature will give better conversion of
the monomers (a decrease in soluble fraction), but only at 80 °C did
the WVTR reduced remarkably. This is because the higher tempera-
ture will destroy the network structure of the AESO based polymer
coating, corresponding to a decrease in contact angle. Similarly,
even though the increase in curing time could gradually decrease
the soluble fraction in the coated film, increasing the curing time
is equal to increasing the hazard degree for the degradation of the
formed barrier layer, which causes worse WVTR results, Fig. 3(b).
The experiments in Fig. 3(b) were taken at a fixed APTS content
(30wt%), BPO content (0.4 wt%) and reaction temperature (80°C)
with the coat weight fixed at 1 g/m?2.

In summary, based on soluble fraction, contact angle and WVTR
results, the suitable AESO/APTS ratio and initiator dosage for the
reactive coating were 100:30 and 0.4 wt% respectively, with the
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curing time 30 min and temperature at 80 °C. However, the overall
lowering of WVTR was limited regardless of reaction temperature
and duration.

3.4. Effect of the coat weight on the film property

As mentioned above, a good moisture barrier property of the
coating was demonstrated at coat weight 1.0 g/m? at the optimum
coating formulation. Increasing the coat weight could influence
the WVTR directly (Table 2). The reaction conditions include an
APTS content of 30% and BPO% of 0.4, with the curing time of
30 minutes and a temperature at 80°C. Compared to the pure
NFC film, adding the beeswax dispersion during film casting could

Table 2

improve the water vapor barrier property only to some extent.
On the contrary, after surface reactive coating, the WVTR was
reduced significantly, from 1517 (coat weight 1g/m?) to 188
(coat weight 5 g/m?).

On the other hand, the tensile property of the coated NFX films
were also higher than that of the NFX and NFC, which might be
related to the 3-dimension network structure between the cellu-
lose nanofibrils and AESO-based polymers. The closure of surface
pores and the filling of network caused by the AESO reactive coat-
ing were also confirmed by the decrease in WVTR when the coat
weight increased. However, increasing the coat weight had limited
impact on enhancing the tensile strength and the contact angle of
the coated films.

Summary of the films’ properties in terms of WVTR (38 °C, 90% RH), wettability (contact angle) and tensile index.

Sample# Grammage (g/m?) WVTR (g/m? 24 h) Contact angle (°) Tensile index (Nm/g)
NFC 10.1 £ 0.5 5088 + 3 67.3 £ 04 44.7 + 0.6
NFX 103 £ 0.7 3918 + 2 93.7 £ 0.2 50.4 + 0.7
NEFX-CO1 11.7 £ 0.5 1517 £ 5 106.1 + 0.5 51.6 £ 0.9
NFX-CO3 132+ 05 493 +7 105.7 £ 0.3 59.2 +£ 0.7
NFX-CO5 15.7 £ 0.2 188 +8 106.5 + 0.8 66.3 + 0.3
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3.5. Thermal stability and optical properties of the films

The TGA curve shown in Fig. 4(a) indicates that the degradation
of NFC and NFX film began at temperatures lower than that of NFX-
CO1. This suggested that the AESO reactive coating can effectively
improve the film thermal stability, which is of importance for vari-
ous applications. Furthermore, all films showed high flexibility and
remarkable transparency. As can be seen from Fig. 4 (b), the NFX-
CO1 film appeared to be more transparent than the NFX and NFC
films. Similar observations have been reported for other NFC com-
posites film (Aulin, Salazar-Alvarez, & Lindstrom, 2012). The high
packing density of the NFX-CO1 film revealed by the SEM image
resulted in low film porosity, thus decreasing the light scattering
or increasing the optical transmittance (Zhu et al., 2010).

4. Conclusions

A moisture-resistant packaging film with low water vapor
transmission rate (WVTR) was fabricated based on biodegradable
natural resources, such as nanofibrillated cellulose (NFC) and acry-
lated epoxidized soybean oil (AESO). The reaction between the
AESO, APTS and NFC surface were confirmed by FTIR spectroscopy
and AFM phase images. After coating and curing at 80 °C for 30 min,
a barrier layer was successfully formed on the top of the NFX
film, resulting in a significant reduction in WVTR from 5088 to
188 g/m224h (38°C, 90% RH). The coating weight at 5g/m? was
sufficient to improve the tensile strength of the NFC film. More-
over, the transparency of the NFC film was improved after the AESO
reactive coating and meanwhile the contact angle became higher,
implying that the surface is more hydrophobic after the coating. The
resulting film is promising as a potential biodegradable packaging
material.
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