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Abstract: Films formed from cellulose nanofibrils (CNFs) are known to be good barrier materials
against oxygen, but they lose this feature once placed in humid conditions. To tackle this issue,
we applied an optimized pressing condition under elevated temperature to increase the films’ density
and improve their barrier performance. Furthermore, a water barrier coating was employed on the
surfaces to control the moisture uptake at high relative humidity (RH). Neat self-standing films of
CNF with the basis weight of 70 g/m2 were made through a filtration technique and pressed for 1 h at
130 ◦C. The resulting nanostructures were covered on both sides using a water-borne barrier layer.
Hot-pressing resulted in a significant reduction in oxygen transmission rate (OTR) values, from 516.7
to 3.6 (cm3/(m2

·day)) and to some degree, helped preserve the reduced oxygen transmission at high
relative humidity. Introducing 35 g/m2 of latex coating layer on both sides limited the films’ swelling
at 90% RH for about 4 hours and maintained the OTR at the same level. A finite element model was
used to predict the dynamic uptake of water into the systems. The model was found to over-predict
the rate of water uptake for uncoated samples but gave the correct order of magnitude results for
samples that were coated. The obtained data confirmed the positive effect of hot-pressing combined
with coating to produce a film with low oxygen transmission rate and potential to maintain its oxygen
barrier feature at high relative humidity.
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1. Introduction

Cellulose nanomaterials (CNs) can form stable self-standing films with promising potentials
in packaging applications. When dried into a film or deposited on paper or plastic, they form a
dense multi-layer structure that has resistance to gas transport. This is attributed to the large aspect
ratio nanoparticles and establishment of extensive inter- and intramolecular hydrogen bonding [1,2].
The transmission of oxygen within such nanostructures is an important factor when it comes to the
food-related applications as it is key for food preservation [3]. The low O2 transmission in thin films
of cellulose nanofibrils was reported to be close to those of synthetic polymers such as poly(vinyl
alcohol) and ethylene vinyl alcohol (EVOH) [4,5]. Aside from self-standing films, surface coating
by cellulose nanofibrils (CNF) onto plastic or paper as a layer has great potential; the deposition of
cellulose nanomaterials on many commercially available polymers can create an impermeable surface
against gases [6,7]. It is demonstrated that the paths of gas diffusion within the nanofibrils are in
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the form of elongated cavities with a cross-sectional size as narrow as ~0.31 nm, and a thin layer of
nanocellulose on poly lactic acid (PLA) could give rise to an impervious surface for O2, CO2 and N2 [8].

The quality of this barrier feature however can be affected by several factors, such as temperature [9],
penetrant molecules and pore size [10], crystallinity, fiber morphology (morphology governs the diffusion
and tortuosity) [11] and more importantly, humidity of the surrounding environment [12–14]. Among the
abovementioned parameters, water sorption/diffusion within such matrices is the most fundamental
aspect that directly or indirectly weakens the physical and barrier facets [15]. The hydrophilic
nanocellulose can easily absorb the water molecules, causing the cellulosic fibers to swell and disrupt the
chain linkages, consequently damaging the airtight network to a significant extent [13]. This points to
the sensitivity of nanocellulose barrier properties to moisture and thus it is critical to better comprehend
how the rate of oxygen permeation within a nanocellulose layer can be altered by the presence of water
being absorbed.

In this context, we mostly refer to the term “water absorption” which involves the water vapor
uptake within the bulk of nanocellulose capillary structure, different from the term “adsorption” which
takes place only on the fiber surfaces [16,17]. Hence, the locus of points is the relative humidity (RH) in
the surrounding environment and the equilibrium moisture content (EMC) within nanocellulose-based
films. According to the kinetic theory, in such equilibrium state, the moisture mass remains unchanged
due to a close desorption and absorption rate [18,19].

Generally, to solve this issue, the water absorption rate should be restrained or fully controlled.
One common approach for reducing the water permeation is through coating layer(s) of water-resistant
polymers, such as high-density poly ethylene (HDPE), polypropylene (PP), oriented polyethylene
terephthalate (OPET) and biaxially oriented polypropylene (BOPP) [4,20]. However, these plastics
are known to be non-biodegradable, nonrenewable and as a result, problematic for the environment.
Moreover, they can be broken down into microplastics and negatively affect the food chain and human
health [21]. The protection of the CNF layer on paper with a layer of PLA was described [22] and
excellent results were obtained with this bio-based polymer that is expected to be compostable, at least
industrially. Methods to help decrease the water sensitivity of CN films were reviewed and the
authors suggest further work into chemical modifications of CN materials and the use of layers to
protect the CN from moisture [23]. However, the same chemical modifications intended to make CN
particles less water absorbent can interfere with internal hydrogen bonding responsible for the good
O2 barrier properties in the first place. In another study, a combined approach using hot-pressing and
wax coating was suggested to enhance the CNF films’ resistance to organic solvents and make their
surface hydrophobic [24]. They reported that while the application of hot-press can increase the films’
mechanical properties, wax may control the sensitivity to moisture.

Here, we adopted a novel approach to both enhance the oxygen barrier properties and control the
water absorption in films of CNF. We employed a facile filtration method to fabricate films. These films
were pressed under elevated temperature to densify the structure and then coated with a water-borne
barrier coating mostly made of latex on both sides. The reason behind the application of such coating
was twofold. First, the employed formula had a low water permeability and thus should not permit
the water vapor through the cellulosic network [25]. Second, the restriction of water passage means a
stable oxygen transmission rate (OTR) at humid environment [13]. The attained films were compared
with those coated with polyethylene as the reference. The swelling phenomenon under high and low
relative humidity was monitored via a traditional gravimetric method as well as through a dynamic
measurement of oxygen transmission rate over time. Moreover, a model based on the finite element
method was developed to predict the water uptake by the samples in the presence of the barrier layer.
The model took into account the moisture dependence of the diffusion coefficient.

2. Materials and Methods

A 3 wt% solids suspension of CNF containing 90% fines (the fraction of fibril bundles smaller
than 200 µm in length) was produced by the University of Maine’s Process Development Center (PDC)
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from a bleached softwood kraft pulp feedstock. The size distribution is wide, with some fibers less
than 40 nm and other parts over 2 microns. The CNF was diluted to 1 wt% prior to use.

As illustrated in Figure 1, the 1 wt% CNF slurry was sonicated for 5 min at 80% amplitude and
agitated vigorously via a planetary centrifugal mixer for another 5 min at 2000 rpm. The resulting
suspension was further diluted and used for the subsequent film preparation via a vacuum-assisted
filtration method. Briefly, the 0.1% solids content suspension of CNF was poured onto the filtration
funnel fitted with a filter paper and upon the filtration process, the still wet films were immediately
removed and placed between two stainless-steel plates under mild pressure to be oven-dried at 70 ◦C.
The dried films had a basis weight of 70 g/m2 and were subsequently rewetted and pressed (1500 psi)
for one hour at 130 ◦C. The films’ thicknesses were measured using a lab-scale digital thickness gauge
showing that they were reduced from 95 to 70 µm upon the pressing process.
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Figure 1. Schematic summary for fabrication process of cellulose nanofibrils (CNFs) self-standing films
via vacuum-filtration and pressing.

The dynamic uptake of moisture was obtained by weighing the samples exposed to high humidity
(90%) under room temperature over the various time [26]. Table 1 shows the moisture content of the
samples at various times exposed to saturated air at room temperature.

Table 1. Equilibrium moisture content (EMC%) of original and modified CNF films as a function of
exposure to high humidity overtime. PE: Polyethylene.

Sample Code Exposure Time (hour)

0.5 h 1 h 2 h 3 h 4 h 24 h 48 h

Moisture Content (%)

CNF 5.8 8.9 10.9 10.8 10.9 23.4 24.6
CNF-Pressed 7.1 9.9 10.7 11.7 12.9 20.2 20.5

CNF-Pressed Latex-Coated 1.5 2.5 3.4 4.4 5.3 12.3 13.5
CNF-Pressed PE-Coated 0.9 1.1 1.1 1.2 1.6 3.6 5.3

2.1. Film Coating Procedure

Coatings (35 g/m2 each side) were applied using a 30% suspension of latex (OMNOVA Solutions,
X12-185) and a rod coater. The latex used in this work had a solid content of 52% and was a
styrene-butadiene latex-based chemistry with particle size of 180–220 nm, and a glass transition
temperature of 5 ◦C. The obtained structures were left in an oven for 15 min at 70 ◦C and analyzed
with an oxygen analyzer before and after coating to monitor their oxygen transmission rate at different
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humidities. The latex-coated films had the thickness of 120 µm. For the reference samples, the same
CNF films were coated by a layer of polyethylene (PE) on both sides through the same hot-pressing
process. A common commercially available low-density PE from a plastic bag with a thickness of
75 micron was cut and used. The total thickness of PE-coated films reached to 200 µm.

2.2. Oxygen Transmission Rate Analysis

The oxygen transmission rate test was performed via a standard procedure [27], and a Mocon
instrument (Ox-Tran Module 2/22, Mocon, Inc., Minneapolis, MN, USA) was used. Samples were
conditioned for 12 min and for each run, the initial individual zero was obtained at the beginning and
after every two tests for 15 min. Each testing cycle took 15 min at 23 ◦C under three different relative
humidities: 0%, 50% and 90% RH, and the analyses were terminated upon reaching a plateau region.
The permeation area for each film was limited to 5.0 cm2 by a double aluminum layer masking while
being exposed to 100% (O2) concentration.

2.3. Resistance to Grease

The grease resistance of the coated films was evaluated according to the standard kit-test [28],
in which different reagents (marked from 1 to 12 kit number) were first dropped on the films’ surface
(from a 13 mm height) and wiped by a cotton ball after 15 s. Any observed stain was interpreted as
failure and the reagent number that did not darken the surface was reported as the passed kit number.

2.4. Modeling of Dynamic Mass Transfer

Films that are exposed to high humidity absorb moisture on the order of 20% by weight. The molar
concentration of water in the CNF film should be given by:

Cw =
ρwρcW

Mw((ρc − ρw)W + ρw)
(1)

where W is the weight fraction of water in the CNF film, ρc is the density of cellulose (1500 kg/m3),
ρw is the density of water and Mw is the molecular weight of water. Equation (1) comes from the
definition of weight fraction, the use of molecular weight to obtain moles of water and densities of
water and cellulose to obtain volume. For a moisture weight fraction of 0.2, the concentration of water
in the film is 15,000 mole/m3. At room temperature, the concentration of water in air at saturation is
1.1 mole/m3. Therefore, the partition constant between the film and the air is 15,000/1.1 = 14,000, or the
ratio of the water concentration in the solid divided by that of the air.

For CNF films of around 70 µm thick, the water vapor transmission rate is around 400 g/m2/day [3].
The steady-state diffusion through the film is given by Fick’s law at steady state, as

J = DP (C2 − C1)/T (2)

where J is the molar flux rate, D is the diffusion coefficient of water in the film, P is the partition
constant, C2 and C1 are the water concentrations in the vapor phase on each side of the film and T is
the film thickness. Therefore, the diffusion coefficient for water diffusion in the CNF film is around
2.4 × 10−12 m2/s, assuming P = 14,000.

For the barrier polymer used with a coat weight of 40 g/m2 on paper, the WVTR is on the order of
30 g/(m2.day). This gives a diffusion coefficient times the partition constant (DP in Equation (2)) to be
1.6 × 10−9 m2/s. For simplicity, assuming the same partition constant as the CNF film, the diffusion
coefficient for latex is 1.1 × 10−13 m2/s. Whatever the true value of the partition constant is for the
latex films, similar results should be obtained in the model because the partition constant is always
multiplied by the diffusion coefficient in the calculations.

The solution to non-steady diffusion into a solid film is found in common textbooks related to
diffusion, but in this case, we have three layers and there is the potential that the diffusion coefficient
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may be a function of moisture content of the film. Thus, to solve this problem, a commercial finite
element method code (COMSOL, Multiphysics 5.5) was used to model the non-steady diffusion of
water into the sample. Wang et al. reviewed the literature in terms of the barrier properties of CNF
films [4]. The oxygen transmission rate is known to be a function of the film’s water concentration,
but clear relationships are not available in the literature.

Figure 2 shows the mesh used and a typical result at short and moderate times. The concentration
of 15,000 mole/m3 is applied to the left and right sides of the computational domain to represent
the high moisture content of the solid that would link to water-saturated air. The physics is set to
“dilute species” and “non-steady”. The middle region is the CNF film that is around 70 µm thick.
The two regions surrounding the CNF layer represent the barrier coating layers and are assigned a
diffusion coefficient of 1.1 × 10−13 m2/s. In Figure 2, the barrier coating layers are 25 µm thick but
various thicknesses were simulated. Some cases are also calculated without the barrier layers to
simulate the uncoated samples. No flux boundary conditions are applied to the top and bottom of the
domains. As time passes, the water concentration in the barrier films and CNF films increases first to
the saturation value. Over a longer time, the entire CNF film and barrier films reach the saturation
coefficient that corresponds to 20% moisture by weight. The steady-state diffusion flux of water is
obtained by adjusting the boundary conditions to simulate flux through the sample and observing the
long-time results. The average concentration of water in the CNF film is calculated by the program
using the “derived values” option and averaging the concentration in the region of the CNF layer.
This function averages the color values of Figure 2.
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Figure 2. Finite element mesh used (left) and water content at short and moderate times (middle and
right), where red shows saturation concentration. Dark blue represents no water content.

3. Results and Discussions

3.1. Oxygen Transmission Rate in the Pressed Films

It has been shown that pressing can reduce the porosity within CNF films and lead to a denser
structure [24]. The goal here is to find out if the combination of pressing and addition of barrier layer
can generate any degree of moisture resistance on the system.

Figure 3a, shows that the un-pressed CNF film had an OTR value more than 100 times greater
than that of the pressed one at dry conditions. In other words, the OTR was reduced to less than 1%
of its original value upon the pressing process. The time-dependent nature of the results is typical
when testing at low humidity in that the OTR values are high, but as the system comes to equilibrium,
the OTR drops to a steady state, usually within 8 hours. The reason for these dynamics is not clear and
would require further analysis.
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Figure 3. Dynamic data for the oxygen transmission rate analysis of CNF films upon pressing and
coating by latex under (a) 0% (dry conditions) and (b) 90% relative humidity (RH), (b-1) is the
enlargement of the pressed and latex-coated CNF graph in (b).

The results for OTR testing at 90% relative humidity are shown in Figure 3b. For the un-pressed
sample, the values became too large for the testing device and the result is not shown. OTR values start
low but increase over time. For the uncoated CNF film, this increase continues for around 24 h before
the equipment stops the test, indicating a steady state is reached. It was reported by our group and
others that OTR increases at high humidities [13,29]. The changes seen in Figure 3b are likely caused
by the water uptake of the CNF film and the subsequent swelling due to the loss of hydrogen bonding.
Although the OTR showed a markable increase upon changing the RH from 0% to 90%, from 3.66 to
21.16 (cm3/(m2

·day)), yet, the absolute values are still significantly lower than that of the un-pressed
CNF films, 516.76 (cm3/(m2

·day)) at dry conditions (Table 2). The experiment with un-pressed films at
high humidity failed due to the oxygen transmission rate way above the sensors capacity. To control
the swelling phenomenon at higher RH%, CNF films, after being pressed, were coated by a latex-based
formula with low water vapor transmission rate. The OTR results of the coated film over time are
shown in Figure 3(b,b-1). For these coated samples, a changeless state is detected by the equipment in
4 hours. The quick steady state for the coated sample is because the barrier layer probably slows down
the water uptake to a level that seems to be a stable early in the test, leading to the stabilization of OTR.

Table 2. Oxygen transmission rates (OTR) and grease resistance test for CNF films under 0% and 90%
relative humidity (RH).

Sample Code CNF RH%: 0 CNF RH%: 90 CNF-Pressed
RH%: 0

CNF-Pressed
RH%: 90

Kit Test 12 12 12 12
OTR (cm3/(m2

·day)) 516.76 – 3.66 21.16

When the films are covered by a PE layer, shown in Figure 4, the results also show that within
four hours, the OTR is steady and not changing with time for three different humidities. This confirms
that the change in OTR by the other films past four hours is a result of moisture interaction with the
CNF layer. These results also affirm that the short-time results with the water-based coating are caused
by good water barrier layers on the CNF film.
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Figure 4. Oxygen transmission rate (OTR) dynamic results for pressed CNF films laminated with
polyethylene (PE) film for three values of relative humidity.

The polyethylene-coated films were left in the humid conditions for an even longer time, while no
change in OTR values were seen. The employment of polyethylene as a coating material with low
inherent water vapor transmission rate was to provide a reference condition, and also confirms that
the observed swelling and rise in the OTR seen in Figure 3b can be avoided if no water vapor enters
the matrix. Although the OTR values did not show a remarkable difference upon the deposition of
the coated latex layer at 0% humidity, no increase in oxygen transmission rate was observed either
once increasing the relative humidity to 90%. In case of longer exposure of latex-coated films to the
humid environment, a gradual increase in the OTR was seen (data not shown); however, it is still
confirmed that the addition of the latex layer could delay the films’ H-bond disruption for at least
4 h. Since the OTR analyzer did not detect any significant change within the last 5 analyses, the test
was terminated. The OTR analysis stops once 5 consecutive measurements do not deviate more than
1%.The attained oxygen transmission analysis agrees fairly well with the results obtained from the
water absorption kinetic test, where samples with lower water absorption values had lower OTR at
higher relative humidity. The equilibrium moisture contents obtained in our experiments for both
pressed and un-pressed CNF samples are in agreement with those reported for CNF using dynamic
vapor sorption analysis [15].

Table 2 summarizes the final OTR values as well as grease resistance (kit) tests obtained from
the studied films upon pressing. Both pressed and un-pressed samples could pass the kit number 12,
which is the highest resistance to grease.

3.2. Experiment and Simulation Comparison

Initial results of the model indicate that the time scale for the CNF film to saturate with water
was much more rapid than the time it took for oxygen transmission rate to be constant in the samples
and more rapid than the water uptake recorded in Table 1. For the diffusion coefficient that gives the
steady water vapor transmission rate, the time for the CNF film to saturate was on the order of a few
minutes, as shown in Figure 5. Assuming that the oxygen transmission rate of the CNF film depends
on moisture content, the time for the OTR to reach a steady level in the experiments with CNF films
was on the order of several hours. Also, in Table 1, the time for the samples to saturate was well over
four hours. Even when the diffusion coefficient increased by a factor of ten, the predicted response
was rapid. Only when the diffusion coefficient was a factor of 100 smaller than the steady-state value
did the model predictions agree with Table 1 and the OTR results, as shown in Figure 5.
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The results of Figure 5 compared to those of Figure 3 and Table 1 are hard to explain. The parameters
in the model are the film thickness, the diffusion coefficient and the saturation value. All three of
these values are well known from lab experiments, especially within an order of magnitude. It could
be that in the OTR test, the rate that water vapor reaches the CNF layer is limited by the equipment
or the mass transfer coefficient between the CNF film and the air. Some calculations indicate that
the mass transfer coefficient between the film and the air would have to be on the order of 10−5 m/s
to influence the results: this value is much lower than normal mass transfer coefficients for similar
situations. There could also be a time-dependent factor that controls the rate that CNF can absorb
water. CNF, when exposed to moist air, may take time to swell the structure, allowing for the material
deeper in the film be more accessible to water transport.

One other possible explanation is that the water vapor diffusion coefficient itself is a function of
water content in the CNF film. More complex forms of this relationship could be explored, but the
purpose here is to attempt to explain the general behavior.

For Figure 5, the diffusion coefficient that is used is the value obtained from steady-state mass
transfer through a CNF film exposed to high humidity on one side. Therefore, the CNF film should
be close to its saturation value. However, in the experiments, the CNF films start out as bone dry.
The value of the diffusion coefficient of water in CNF could be a function of water vapor content.
To study this issue, the diffusion coefficient was inserted as a function of concentration in program in
the form of D = AC, where A is a constant with units of diffusion coefficient divided by concentration
(m5/(mole s)) and C is the local concentration of water. At low values of C, the diffusion coefficient
is locally small, but as C reaches the saturation state, the value of D obtained from the steady-state
diffusion results is calculated. When diffusion coefficient is input as a function of concentration,
the results in Figure 6 are attained. The dynamics are reduced because the diffusion coefficient of
the dry CNF is small and increases to the full value only when the region is saturated. However,
the changes in the predictions are minor and do not explain the large difference between the dynamics
of the OTR values compared to Figure 5.

For the latex used here, the diffusion coefficient of water through the layer was determined
to be 1.6 × 10−9 m2/s, which includes the partition coefficient. Excluding the partition parameter,
the diffusion coefficient should be 1.0 × 10−13 m2/s. By having a 35 micron-thick coating layer on each
side of the CNF film, the result in Figure 7 is predicted. The data are now in the correct range of the
dynamics of Table 1 and Figure 3, in that when the barrier layer is present, the film is predicted to
take around 12 hours to saturate. This is still more rapid than the observed value in Table 1 but is the
correct order of magnitude. If the diffusion coefficient of the barrier layer was a factor of ten smaller,
also shown in Figure 7, the water uptake by the CNF film would be much slower: it would take around
48 hours for the film to saturate. Table 1 shows that the coated and the PE-laminated samples are still
increasing in weight after 48 h. Note that the curve is flat for the small value of diffusion coefficient
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within the first four hours in Figure 7—this is the time it takes for moisture to finally get through the
barrier layer.
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Figure 7. Water absorption in CNF predicted by the model for no barrier layer and for a barrier layer
on each side, of 35 µm thick, with two different diffusion coefficients.

While the model predictions at this point are giving the correct trends, more work is needed to
understand these types of systems. The barrier layer may interact with the CNF film to generate a layer
that has unique barrier properties. The CNF film seems to absorb water slower than would be expected
based on its diffusion coefficient. This points to a kinetic-type phenomenon where the hydration of a
hydrogen bond takes a finite amount of time. The water barrier coating and the PE layer clearly protect
the CNF from moisture, but with long exposure times to humidity, this protection is limited.

4. Conclusions

In this study, we examined the effect of pressing and the subsequent densification on CNF barrier
performance and found that once fibers are fully packed, a significantly higher barrier quality can be
achieved. The studied films in this work showed OTR values almost 100 times lower once pressed at
130 ◦C. This densification helps the samples resist moisture penetration at high-humidity environments.
Coatings and PE films do delay the penetration of water into the CNF to give good oxygen barrier
properties, even at high humidities. The water absorption is predicted by the model to be much more
rapid than the measured values and the OTR dynamics indicate using a diffusion coefficient obtained
from steady-state diffusion experiments. Accounting for a diffusion coefficient as a function of water
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concentration did not explain this result. The model does predict the correct order of magnitude and
trends when barrier layers are included. All the studied films showed high grease resistance even at
high RH by passing the Kit No.12. Overall, in addition to outperforming the regular CNF films in terms
of O2 permeability, the thermally pressed films have the potential to maintain their quality in humid
environments that are not tolerable for neat CNF films reported in the literature. Thus, this presented
system is suggested as an oxygen barrier material especially where the package is surrounded by a
humid condition.
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