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Abstract: Cellulose nanomaterials have been demonstrated to be excellent barriers against grease,
oxygen, and other vapors, but their implementation in packaging materials is challenging because of
numerous technical and practical challenges. In this work, the oxygen, air, grease, and heptane barrier
performance of copy papers coated with cellulose nanocrystals (CNCs), oxidized cellulose nanofibrils
(TOCNSs), and carboxymethyl cellulose (CMC) weas examined. The effects of different materials and
processing conditions were evaluated for their impacts on the resulting barrier properties. TOCN
coatings demonstrated significantly better barrier properties than CNC and CMC coatings due
to the long-range networked structure of TOCN suspensions eliciting enhanced film formation at
the paper surface. Neat coatings of nanocellulose did not readily result in strong oxygen barriers,
but the addition of CMC and/or an additional waterborne water barrier coating was found to
result in oxygen barriers suitable for packaging applications (1 cm?/m?-day transmission at low
humidity with a 10 g/m? coating). Cast films and thick coatings of CMC were good barriers to
oxygen, grease, and air, and its addition to cellulose nanomaterial suspensions aided the coating
process and reduced coating defects. In all cases, the incorporation of additional processing aids
or coatings was necessary to achieve suitable barrier properties. However, maintaining the strong
barrier properties of nanocellulose coatings after creasing remains challenging.

Keywords: cellulose nanofibrils; cellulose nanocrystals; carboxymethyl cellulose; barrier coatings; air
permeability; grease resistance; oxygen transmission; packaging applications

1. Introduction

The need for environmentally friendly packaging materials is growing rapidly. It is
estimated that packaging contributes to roughly 47% of the 8-11 million tons of syn-
thetic plastics that end up in the oceans each year [1]. Wood-derived materials are of
great interest because of their biodegradability and sustainability. Cellulose nanomate-
rials (CNMs) have been shown to have good barrier properties against grease, oxygen,
and other gases [2-6]. The barrier properties of cellulose nanomaterials in the form of
cast films [7-11], coated polymer films [12-16], laminates [17-19], and coated paper sub-
strates [20-24] have been measured. Fukuzumi et al. coated polymer films with TEMPO
((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)-oxidized cellulose nanofibrils (TOCNSs) to create
coatings that were 0.4-1.5 um thick and found significantly reduced oxygen transmission
compared to uncoated polymer films [25,26]. At 0% relative humidity (RH), the oxygen
transmission rate (OTR) of PLA was reduced by four orders of magnitude by coating it
with 1.5 pm of TOCNs, but the OTR improvements at 75% RH were small [26]. Koppolu
et al. investigated the use of CNCs and MFC as barrier coatings on paperboard, and they
also laminated the paperboard with PLA films [20,21]. They found that CNCs could reduce
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the OTR by 98% at 50% RH, although there was little improvement in the OTR at 90% RH
compared to PLA controls [21]. Nanocellulose-coated papers were also found to be good
grease barriers [27-31]. For example, Tayeb et al. found that lignin-containing cellulose
nanofibrils (CNFs) coated on paper had excellent grease resistance with a kit rating of
12, and bowls shaped from the coated paper were able to hold grease for months [30].
However, much is still not understood about the effects of formulation and processing
on the barrier performance of paper-based substrates coated with cellulose nanomateri-
als. Furthermore, there is a need to explore the use of water barriers and/or additives to
improve the performance of nanocellulose-based coatings.

Although improved barrier properties of papers coated with nanocellulose have been
demonstrated, the effects of the nanocellulose type and the processing conditions are not
well understood. Polymers, cross-linking agents, and other chemicals have also been added
to nanocellulose for paper coatings, but the roles or impacts of these additives are not
always clear. Koppolu et al. evaluated both microfibrillated cellulose (MFC) and CNCs
as barrier coatings on paperboard, and the performance between the materials appeared
to be similar, although the MFC coatings generally had lower OTR values at an elevated
humidity compared to the CNC coatings [21]. Gicquel et al. found that adding polyethylene
glycol (PEG) to a CNC coating on paper improved its grease resistance, but they also noted
that the results were not as favorable as some in the literature obtained using CNFs [32].
Koppolu et al. found that adding sorbitol to CNCs resulted in a less brittle paperboard
coating, and that the performance, especially the water vapor transmission rate (WVTR),
of CNC coatings with sorbitol was somewhat improved [20]. Herrera also found that
filter paper dip-coated with CNCs that were plasticized with sorbitol had a lower oxygen
permeability than filter paper coated with CNCs without sorbitol, but sorbitol was not
observed to improve the water vapor transmission results [33]. Herrera et al. used citric
acid for the cross-linking of CNC coatings on filter paper, but few properties appeared to be
improved with the addition of citric acid [33]. Du et al. added borate modified polyvinyl
alcohol (PVOH) to sulfonated nanofibrillated cellulose and chitosan, and found the samples
with modified PVOH had the maximum grease resistance rating [22]. It is not clear from
that work what the impact of nanocellulose is on the coating performance. Therefore,
additional evaluations of nanocellulose types, processing conditions, and formulations on
paper barrier coatings are warranted and are carried out in this work.

Carboxymethyl cellulose (CMC) is a water-soluble polymer that is mostly produced
from plants and that is used in food, pharmaceutical, and many other applications [34],
including as a component of cellulose nanomaterial coatings on paper [20,24,35]. Koppolu
et al. evaluated CMC as one of several base layers for the CNC coating of paper, and
found that CMC had extremely low air permeability [20]. Basta et al. effectively used
CMC as a base layer for coating paper with chitosan, significantly reducing the water
vapor permeability [35]. However, the impact and role of CMC beyond functioning as
a base coating was not clear. He et al. coated filter paper using CMC with and without
CNCs/silver nanoparticles (CNC-AgNP), and found that all coated papers, especially those
with higher CNC-AgNP contents, had reduced air permeability, increased tensile strength,
and slightly reduced water permeability compared to the uncoated paper [24]. However,
they did not evaluate CNC coatings without CMC, so the impact of CMC on the coatings is
not clear. Evaluation of the properties of CMC with and without cellulose nanomaterials is
an objective of the current work.

Achieving coating durability is another challenge for the practical application of
cellulose nanomaterial-based barrier coatings. These coatings are generally brittle and
exhibit failures when stressed or deformed, but limited evaluations of their durability have
been performed [11,27,30,36,37]. Chen et al. showed that adding sorbitol to CNCs led
to films that were more flexible than those without CNCs, but the barrier properties of
folded or creased samples were not evaluated [38]. Li et al. used a flex tester to evaluate
the durability of CNC coatings on polymer films and found that the oxygen permeance
deteriorated after the films were flexed [36]. Researchers at the University of Maine have
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evaluated the effect of folding on CNF films and coated papers by applying weight to the
folded paper for a fixed time (5 kg for 5 min [37]; 1 kg for 2 min [27]; 2.5 kg for 10 min [11]).
Tayeb et al. found that lignin-containing CNFs had more resistance to breaking after folding
than CNFs from bleached pulp, and that a grease kit rating of 12 was maintained even in a
180° folding event [30]. Hasan et al. showed that films of mechanically produced CNFs
maintained their low oxygen transmission with a single fold but not with two crossing
folds [11]. More investigations are needed to determine how the barrier properties of papers
coated with various types of CNMs are affected by folds, creases, and other defects.

This work is motivated in part by the lack of understanding of the impact of material
formulations, water barrier coatings, and processing on the barrier properties of coated
paper. Here, the grease, air, and oxygen barrier properties of papers coated with different
cellulose-based coatings are measured under various processing conditions, including
varied coating speeds and variation in whether the nanomaterials were sonicated. The
barrier properties of CNCs, TOCNs, and CMC are compared, and the effects of adding
CMC to CNCs and TOCN:Ss are evaluated. The processing effects of different suspension
preparations and coating conditions are examined, including the resulting morphological,
rheological, and barrier properties resulting from sonicating TOCNs. The effects of creasing
coated papers on their barrier properties, including their oxygen transmission and grease
penetration, are examined. Furthermore, the effect of adding a water barrier layer on top of
cellulose nanomaterial coatings is explored.

2. Materials and Methods
2.1. Materials

Two types of copy paper were used for this study. Skilcraft® NATURE-CYCLE 100%
post-consumer fiber copy paper (Shreveport, LA, USA) was denoted as Copy1 and Boise®
ASPEN® 30 Multi-Use Recycled Copy Paper (Boise Paper, Packaging Corporation of Amer-
ica, International Falls, MN, USA) was denoted as Copy2. Unless specified otherwise,
Copyl was used. Silicone-coated release paper was obtained from Griff and Associates
(Levittown, PA, USA). Reynolds® Genuine Parchment Paper was used (Reynolds Con-
sumer Products Inc., Richmond, VA, USA). Canola oil (The Kroger Co., Cincinnati, OH,
USA), n-heptane (EMPLURA® brand purchased from Sigma-Aldrich St. Louis, MO, USA),
and castor oil (Horbdach brand) were all used for barrier testing. Carboxymethyl cel-
lulose (CMC) with a molecular weight of 250,000 and 0.9 degrees of substitution was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Reagent grade toluene was pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). Melodea VBCoat® was the
water barrier layer used for this work and was kindly supplied by Melodea Ltd. (Re-
hovot, Israel). Apiezon type “T” vacuum grease was obtained from AMETEK MOCON
(Brooklyn Park, MN, USA) and Structure Probe, Inc. (West Chester, PA, USA). Solutions
of starch (PENFORD® GUM 280, Ingredion Inc., Westchester, IL, USA) were prepared
by adding powdered starch to deionized water at approximately 15% solids content by
weight, followed by heating just below 100 °C while stirring for approximately 30 min.
Cupriethylenediamine, 1.0 M, was purchased from Ricca Chemical (Arlington, TX, USA).

2.2. Suspension Preparation

All cellulose nanomaterials were produced in the USDA Forest Service, Forest Prod-
ucts Laboratory pilot plant facility. Suspensions of ~10 wt.% cellulose nanocrystals (CNCs)
were produced from dried dissolving pulp as described previously [39]. Suspensions of
1 wt.% TOCNs were produced from bleached Kraft pulp under alkaline conditions as de-
scribed elsewhere [40,41]. Suspensions of CNCs and TOCNs were also prepared with CMC.
CMC was added to CNC or TOCN suspensions at a ratio of 100:20 or 100:10 nanocellulose
to CMC on a dry weight basis. Water was added to CNC suspensions to give solid contents
of approximately 6% by weight unless otherwise noted. The suspensions were placed in a
water bath at 60 °C and stirred with an impeller for approximately one hour. TOCN sus-
pensions were then degassed under vacuum until no bubbles were visible. Some samples



Polysaccharides 2024, 5

786

were sonicated, as indicated, using a Fisher Scientific model FB705 Sonic Dismembrator
(Thermo Fisher Scientific, Waltham, MA, USA) at 50% power. Aqueous CMC solutions
(5-7% solids contents) were also prepared in a similar manner, as a useful comparison.

2.3. Paper Coating and Film Casting

Copy paper was coated using a compact tape casting film coater (MSK-AFA-III) manu-
factured by MTI Corporation (Richmond, CA, USA). Papers were first cut to approximately
18 cm wide by 33 cm long and were then taped along the edges to the vacuum plate of the
coater. For some CNC coatings, hand soap was applied to the vacuum plate on the coater
to prevent sticking of the paper to the plate. Vacuum was applied to hold the paper in place
and to minimize distortion during the coating and drying process. Vacuum levels were
generally kept between —10 and —40 kPa. Coatings were applied by a 10 cm wide doctor
blade translated along the length of the paper. The gap between the paper and doctor blade
was adjusted to control coating thickness. After coating, the top of the apparatus was closed,
and coatings were dried by forced air from above the paper. The setpoint for the forced air
was 35 °C unless otherwise specified. Coating weights were determined gravimetrically,
and a linear least squares regression estimate was used to calculate an estimated weight
for each doctor blade gap setting. Creased specimens were prepared according to TAPPI T
512-07, in which each 100 mm squared paper specimen is folded diagonally and pressed
with a 2.04 kg creasing roller, then folded in the opposite direction and rolled again. Films
were cast in 100 mm diameter polystyrene petri dishes by evaporative drying at room
temperature. The thickness of cast films was typically between 50 pm and 120 um.

2.4. Grease Penetration Testing

Grease penetration was determined by measuring the amount of dyed canola oil that
flowed through the paper and was transferred to a clean blotter paper, in accordance with
TAPPI T 507 [42]. A stack of up to 10 specimens was measured at once. A rigid metal plate
was used as a base for the stack. Each test specimen consisted of a 100 mm squared of
aluminum foil on the bottom, a 100 mm square of white blotter paper (smooth side up),
a 100 mm squared of coated paper (coated side up), a 75 mm squared of white blotter
paper soaked in red dyed oil, and another 100 mm squared of aluminum foil on the top.
After stacking up to 10 specimens, a 400 g, 100 mm squared block was placed on top of
the stack. The assembly was placed in an oven for 4 h at 60 °C. The 100 mm squared
receiving blotter paper specimens were placed on a drying rack for approximately 24 h
before we performed image analysis. The blotter paper was placed on a scanner with a
green background, scanned in 24-bit color at 600 dots per inch, and saved as a TIFF file. The
green image was subtracted from the scan to determine the pixel count of the total area of
blotter paper, and then the pixels of red-dyed areas were counted. The ratio of red to total
blotter paper area is reported as percent coverage. The dyed oil was made by combining
1 g of oil-soluble red dye with 100 mL of canola oil.

Grease resistance was also measured using TAPPI T559, commonly known as the
TAPPI kit test [43]. Twelve solutions consisting of castor oil, n-heptane, and/or toluene
were prepared and numbered according to the ratios specified in the standard. Solution 1
consisted only of castor oil, and solutions 11 and 12 only contained heptane and toluene,
with each solution having progressively lower surface energies. The test was performed
by placing a drop of solution on coated paper, waiting 15 s, wiping the drop away, and
evaluating whether a stain was left. If a stain was left, the test was a failure, and a lower-
numbered solution was tested. If no stain was left, the test was a pass, and a higher-number
solution was tested. The kit rating was determined as the highest-numbered solution that
passed the evaluation with no stain.

2.5. Heptane Transmission

Heptane vapor transmission measurements were made based on the ASTM E96
standard for measuring water vapor transmission [44]. Approximately 25 mL of n-heptane
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was added to vapor transmission cups (EZ-Cup Vapometer Permeability Cup, Thwing-
Albert, West Berlin, NJ, USA). Coated papers were placed in the cups between gaskets,
and these were sealed by screwing the top ring onto the cup. The weight of the assembly
was measured over regular intervals for up to 2 days. Heptane vapor transmission rates
(HVTR) were calculated as

HVTR = AW/At/ A (1)

where AW/ At is the linear fit of the change in weight over time and A is the cross-sectional
area of the cup openings, which was 0.003167 m?.

2.6. Oxygen Transmission

Oxygen transmission measurements were taken on a MOCON OX 2/22L (AMETEK
MOCON, Brooklyn Park, MN, USA) based on ASTM D3985 [45] at 23 °C at various levels
of relative humidity. Setpoints for relative humidity were kept the same for test and carrier
gas streams. Each sample run was programmed with repeating 60 min test cycles with a
convergence criterion of 2% across the last three test cycles at each humidity step to ensure
sample equilibrium. An instrument re-zero was performed for 60 min at the beginning of
each sample run and was repeated every eight testing cycles throughout the full sample
convergence run. A minimum of two replicates of all sample types were tested for oxygen
permeability. Oxygen transmission rate (OTR) values generated by the instrument were
then converted to permeance and permeability values as follows.

Permeance = OTR/(xP) (2)

where x is the mole fraction of oxygen in the test gas (1 in this case), and P is the total
pressure measured and reported by the instrument. Oxygen permeability was calculated as

Permeability = Permeance x d 3)

where d is the sample thickness. The thickness of each sample was measured at 10 locations
within the oxygen permeation area using a digital thickness gauge (Checkline MTG-DX2-W,
Electromatic Equipment Co. Inc., Lynbrook, NY, USA) with a 100 g mass and 3.2 mm
diameter presser foot. The average of the 10 thickness measurements was used to calculate
permeability.

2.7. Air Permeability

Air permeability measurements were done using two different instruments. Specimens
of at least 50 mm squared were prepared for testing, and, typically, testing was done with
coating side both up and down. An oil-sealed Gurley apparatus (Teledyne Gurley, Troy,
NY, USA) was used for some of the testing, in accordance with TAPPI T460 [46]. The tester
was equipped with an optical sensor to begin and stop the timer based on a pre-set volume
of air. For uncoated specimens, the time to reach 100 mL of air displacement was measured,
but for coated samples, lower volumes (12.5-50 mL) were used because of the long times
required. A Technidyne PROFILE/Plus Roughness & Porosity (Industrial Physics, New
Albany, IN, USA) was also used to measure air permeability. This Technidyne porosity
instrument uses compressed air for permeability testing, and the tests can be done over
a range of pressures corresponding to various test standards. This study used the Oil
Gurley [46] method on the Technidyne instrument.

2.8. Scanning Electron Microscopy

Paper cross-sections were prepared either by freezing in liquid nitrogen followed by
fracturing with a razor blade, or by embedding samples in Sylgard 184 silicone elastomer
resin, which was kindly provided by Dow Inc. (Midland, MI, USA), followed by microtome
cross-sectioning. The resin was prepared using a 10:1 ratio of prepolymer:curing agent.
Paper samples were submerged in the resin and put under mild vacuum until the samples
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were fully impregnated and the resin was degassed. The paper samples were then embedded
in the resin molds and cured at 70 °C for 4 h. Cross-sectional surfaces were prepared using
a rotary microtome (Model UC7, Leica, Deerfield, IL, USA). Both cross-sections and surface
analysis samples were adhered to aluminum stubs using either doubled-sided copper or
carbon tape and were coated with a thin layer of gold to enhance conductivity. Samples
were imaged using a Zeiss Evo 15 LS SEM (Carl Zeiss Microscopy GmbH, Jena, Germany)
with an accelerating voltage of 3-10 kV. Coating thicknesses were determined with Image]®,
version 1.54g, using an average of 10 measurements made across the field of view [47].

2.9. Dynamic Light Scattering

Dynamic light scattering (DLS) analyses were conducted using a NanoBrook Omni
(Brookhaven Instruments, Holtsville, NY, USA) particle size analyzer. One percent solids
content suspensions of TOCNs were sonicated at 50% amplitude to total energy inputs
ranging between 0 and 10 k] /g TOCN. DLS samples were diluted to 0.01% solids content
in deionized water and mechanically stirred with an impeller mixer for 30 min at 500 RPM.
The suspensions were then centrifuged at 3500 RPM for 30 min. The supernatants were
analyzed using the backscattering setting (173°) and the size intensity distribution of
each sample was determined based on the autocorrelation functions using the CONTIN
algorithm. Each replicate was reported as the average of 5 measurements, with a minimum
of 3 replicates taken for each sample. Error bars for DLS data represent the standard
deviation from the mean.

2.10. Degree of Polymerization

Degree of polymerization (DPv) measurements for the various ultrasonication energy
inputs were taken according to the TAPPI T 230 standard [48]. Following ultrasonication,
TOCN suspensions were freeze-dried (Model 73820, Labconco, Kansas City, MO, USA) and
stored in a desiccator prior to analysis. Freeze-dried samples were dissolved in 0.5 M copper
ethylenediamine solution for 15 min under a flow of nitrogen. The intrinsic viscosities were
determined using Cannon-Fenske capillary viscometers at 25 °C, and DP,, values were
calculated using the Mark-Houwink-Sakurada equation [49]:

[n] = 1.75 x DP. (4)

2.11. Rheological Measurements

Small-amplitude oscillatory shear (SAOS) tests on both sonicated (10 kJ/g) and un-
sonicated 1% dispersions of TOCNs were conducted using an MCR 302 strain-controlled
rheometer (Anton Paar, Graz, Austria). A parallel plate geometry with a diameter of
24.5 mm was used and all measurements were performed at 25 °C. Grade P220 sandpaper
(8M, Maplewood, MI, USA) was glued with epoxy to the surfaces of both plates to minimize
wall slip and a hood was used to minimize water evaporation. Select tests were performed
at multiple plate gaps to investigate wall slip or shear banding where indicated. Results
using a 1 mm gap are presented in the figures and tables unless otherwise noted.

Sixty-minute time-sweeps at a strain amplitude of 0.5% and a frequency of 1 Hz were
used to determine that a 10 min rest time was required for the sample to recover from the
loading of the sample and its compression when the gap was set. The tests also verified
that the rheological properties did not change due to water evaporation during the time
of testing. Amplitude sweeps from 0.1 to 500% at 1 Hz were performed to determine the
effects of amplitude on the rheological properties as well as on the yield and flow points.
The yield point was taken as the point where the storage modulus was reduced by 5%. The
flow point was taken as the point at which the storage and loss moduli curves crossed.
Three interval thixotropy tests (3ITT) were used to investigate the recovery of the sample
after shearing. The 1st and 3rd intervals were performed in oscillation at a strain amplitude
of 0.5% and a frequency of 1 Hz. The 2nd interval was performed in rotation at shear rates
of 67,200, or 500 s~ .
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3. Results and Discussion

Applying cellulose nanomaterials as coatings is challenging for various reasons, in-
cluding the large water content and high viscosity of the suspensions used, the brittleness
of the coatings, the propensity of the coatings for defects, the lack of durability or creasing
resistance, and the complexity of drying, residual stresses, and distortion. The amount
of literature on the coating of papers with cellulose nanomaterials is relatively limited,
especially considering the interest in using cellulose nanomaterials for packaging applica-
tions [2,5,50-52]. These challenges to applying nanocellulose coatings with good barrier
properties are likely one of the reasons the field has not advanced more quickly. This work
attempted to delineate some of the effects of processing, coating formulations, and the
nanocellulose type on the barrier properties of coated copy paper.

3.1. Comparison of Neat Cellulose Coatings
3.1.1. Scanning Electron Microscopy of Neat Coatings

Electron micrographs of coated papers are shown in Figures 1 and 2. The cross-sections
of the TOCN-coated papers show a layered coating on top of the paper substrate, whereas the
CNC-coated papers have less pronounced coating layers, suggesting that CNCs penetrated
the papers. Figure 1 depicts two coating weights for both the CNCs and TOCNs which reflect
the difference in the film-forming behavior of the two CNMs. CNCs appear to fill voids in the
papers, leaving fibers easily resolved, even at higher coating weights. As the TOCN coating
weight was increased, continuous coating films were observed. Additionally, Figure 2A,B
show the increase in paper penetration by CNCs at higher coating weights. During the
coating process, CNCs would often be observed to penetrate through the paper, sometimes
causing the paper to stick to the vacuum plate after drying. Note that measuring the coating
weights, especially of small samples, was challenging and exhibited substantial variability
within and between samples. The coating thicknesses for the papers in Figure 1B-D were
estimated to be approximately 4 g/m?, 8 g/m?, 1 g/m?, and 12 g/m?, respectively, and
those for Figure 2A-D were estimated to be approximately 4 g/m?, 8 g/m?, 2 g/m?, and
12 g/m?, respectively.

Figure 1. SEM micrographs of uncoated copy paper, and CNC- and TOCN-coated paper surfaces;
(A) uncoated copy paper; (B,C) CNC coatings with doctor blade settings of 50 and 100 pum, respec-
tively; (D,E) TOCN coatings with doctor blade settings of 150 and 2000 um, respectively. Scale bars
represent 50 pm.
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Figure 2. SEM micrographs of CNC- (A,B) and TOCN- (C,D) coated paper cross-sections: (A) doctor
blade setting = 50 um, dry coating thickness = 3.0 £ 0.4 um, (B) doctor blade setting = 100 um, dry
thickness = 5.0 £ 0.4 um, (C) doctor blade setting = 300 pm, dry thickness = 2.0 & 0.2 um, (D) doctor
blade setting = 2000 pum, dry thickness = 8.2 & 0.9 um. Yellow arrows highlighting the coatings are
included to guide the eye. Scale bars represent 20 pm.

3.1.2. Heptane Vapor Transmission of Neat Coatings

The differences in the barrier performance of cellulose nanomaterials directly coated
on copy paper were evaluated, and TOCNs were found to generally have better barrier
performance. For example, the heptane transmission was higher for the CNC-coated paper
than the TOCN-coated paper at similar coating weights, especially between 2 and 8 g/m?
coatings weights, as shown in Figure 3. At low coating weights, the variability in the HVTR
was much higher than at higher coating weights, likely due to incomplete coating coverage.
Koppolu et al. found significantly reduced heptane transmission rates of CNC-coated
paperboard at lower coating weights than were observed here [20]. They found that the
HVTR was reduced by an order of magnitude with a coating weight of 3.3 g/m? and by
two orders of magnitude with a coating weight of 4.3 g/m?. Here, we found an order of
magnitude reduction with about 8-10 g/m? of CNCs. One reason for this difference may
be that Koppolu et al. used base coatings on the paperboard. However, here, less than
2¢g/ m? of TOCNs was necessary to achieve an order of magnitude reduction in HVTRs.
One primary difference between TOCNs and CNCs is their particle morphology. CNCs are
discrete needle-shaped particles that are approximately 3-10 nanometers in diameter and
about 100-300 nm in length [53,54]. TOCNSs are continuous fibers with a similar diameter
but can be up to several micrometers long [3,5,41,55]. The length and structure of the
TOCNs allowed entangled networks of particles to form. This networked structure of
TOCNSs appears to have allowed the TOCNSs to form a continuous film at lower coating
weights than the CNCs. The discrete, short-length nature of the CNCs allowed them to
sink into the porosity of the paper, making it harder for a continuous film to form. Adding
plasticizers, polymers, or base layers may be able to improve the continuity of the film and
thus the barrier performance of these coatings [20].
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Figure 3. Heptane vapor transmission rates for copy paper coated with TOCNs or CNCs. Coating
speed was 50 mm/s.

3.1.3. Grease Resistance of Neat Coatings

Grease resistance testing was performed for TOCN-, CNC-, and CMC-coated papers,
and TOCNs were generally better barriers to canola oil than the CNCs or CMCs. Figure 4
shows that the amount of grease that penetrated coated copy paper was higher for the CNC
and CMC coatings than the TOCN coatings. TOCN coatings of 2-3 g/m? were enough to
essentially reduce the oil penetration of uncreased papers to zero. The grease penetration
was still more than zero for the CNC-coated papers even above 10 g/m?. As stated before,
TOCNSs appear to have better film-forming properties on porous paper substrates than CNCs
due to the networked structures that form in TOCNs during drying. It also appears that
the networked nature of TOCNs was better at forming continuous films than the polymer
CMC, which is interesting because CMC is known for its high viscosity and film-forming
properties. However, some penetration of CMC into the papers was observed, which makes
it difficult for a continuous film to form and create a barrier to grease penetration. As seen in
Figure 5A-C, at low coating weights of CMC, significant defects were observed. The CMC
coatings with 50 um and 100 um doctor blade gaps had coating weights of approximately
6 g/m? and 11 g/m?, respectively, but still appeared to have incomplete coverage; however,
the coating done with a 300 pm doctor blade gap was a continuous and defect-free film with
a weight of approximately 26 g/m?. Therefore, high coating weights (somewhere above
11 g/m?) of CMC may be required for continuous, defect-free films.

The grease penetration was significantly increased for the coated papers after the
samples were creased with a double fold (Figure 6). In all cases, the dyed oil stained more
than 20% of the receiving blotter paper after penetrating CNC-coated papers, even with
over 12 g/m? of coating applied. The grease penetration of the creased TOCN-coated papers
was more than zero even for the high coating weights, but the dyed area of the blotter paper
was less than 5% for the high coating weights. The creased CMC-coated papers had similar
grease penetration values as the TOCN- and CNC-coated papers. It appears that the brittle
nature of all three coating materials results in films that cannot survive the TAPPI T512
creasing method. The only coatings that show some resistance to ceasing are the CMC
coatings at relatively high coating weights of around 20 g/m?. Cellulose nanomaterial films
are known for their lack of ductility due to the high stiffness of their particles and strong
molecular interactions between their particles. Larger dyed areas after creasing are indicative
of cracking in the films during creasing that allowed grease through. If these materials are
to be used in paper coating applications where creasing operations are required, then the
durability of the created films must be enhanced. Possible enhancements in durability can be
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achieved via the addition of plasticizers, more ductile water-soluble polymers, or a reduction
in the residual stress that forms within the film during drying [56].
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Figure 4. Grease penetration for uncreased paper samples. Coating speed was approximately 11 mm/s.

Figure 5. Electron micrographs of CMC coatings depicting the transition to full film formation as
coating thickness increases. Approximate doctor blade settings: (A) 30 pm; (B) 100 pum; (C) 300 pm.
Scale bars represent 100 pm.
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Figure 6. Grease penetration for creased paper samples. Coating speed was approximately 11 mm/s.
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The grease-resistance testing of CNM-coated papers is typically performed using the
TAPPI T559 testing kit [43], so the CNC and TOCN coatings were also evaluated for their kit
rating. For the TOCN-coated papers, an average kit rating of 11.7 (out of 12) was found for
heavy coatings of about 10 g/m?, but the values were considerably lower for the moderate
coatings. For the CNC-coated papers, the kit ratings were found to be much lower. For
the papers coated with as-received CNCs, the highest average kit rating was about 1. The
failures were typically seen as either pinholes or cracks. The paper was rarely stained by
the entire drop of oil/solvent mixtures, as was the case when evaluating the uncoated
papers. Therefore, the low kit ratings for the CNCs are likely due to defects, cracks, and
non-uniform coverage. Tyagi et al. also found low kit ratings for cellulose nanomaterials
coated directly onto bleached Kraft paper, with a kit rating of approximately 3 for CNCs and
approximately 7 for CNFs [29]. They were able to improve the kit rating of coated papers
by incorporating clay and protein into the nanocellulose, and they achieved the highest
kit rating of 12 when applying a layer of CNF followed by a layer of a clay—protein-CNC
mixture. In another example, Lavoine et al. found a maximum kit rating of 5 for fibrillated
cellulose-coated papers [23]. Mazega found a kit rating of 8-9 for about 5 g/m? of TOCNs
coated onto bleached calendered paper [57].

3.2. Effects of Processing Conditions

The effect of processing conditions such as the coating speed or dispersion methods on
the coating performance has not been well studied. Cellulose nanomaterials are commonly
sonicated to improve their dispersion [12,58-60], so the effect of sonication on their barrier
properties was also evaluated. As shown in Figure 7, sonication of the CNC suspensions
with about 1 kJ/g of energy resulted in some improvement in grease resistance, but even at
coating weights above 12 g/m?, the kit rating was only about 6. Beck et al. found that the
sonication of CNCs led to increases in the resulting suspension chiral nematic pitch from
about 3.4 um without sonication to 15.7 um with 1.3 kJ /g of sonication energy, which was
similar to the 1 k] /g used here [61]. Sonication hinders anisotropic phase formation and
decreases the volume fraction of the chiral nematic phase [61]. Gicquel et al. note that the
critical concentration at which phase separation occurs was increased with sonication [59].
The conductivity of suspensions was also increased, potentially screening or weakening
chiral interactions [61]. These changes to the suspension affect the self-assembly of the
CNCs in both suspensions and films and are hypothesized to result in larger domains with
less residual stress and fewer defects. Further evaluations of this behavior are warranted.
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Figure 7. TAPPI kit rating for coated copy papers.
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The air permeability of the tested copy papers with TOCNs with and without son-
ication for two different wet blade thicknesses is shown in Figure 8. The sonication of
TOCN:Ss (at 10 k] /g) resulted in significantly more permeable coatings than those of the non-
sonicated samples. The main noticeable difference in the TOCN suspension after sonication
was that the viscosity was dramatically reduced. Consequently, rheological measurements
were used to evaluate the effect of sonication on the gel structure and flow.

B Not sonicated, 150 um gap

O Not sonicated, 50 um gap
Sonicated, 10 kJ/g, 150 um gap
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Figure 8. Effect of concentration and sonication on air permeability (coated side up) of TOCNs
coated on copy paper (Copyl) at two different coating thicknesses. Coating speed was approximately
10 mm/s, and drying setpoint was 35 °C. Error bars represent standard error of the mean.

Amplitude sweeps were performed during the small-amplitude oscillatory shear
(SAOS) testing of 1% TOCN suspensions with (10 kJ/g) and without sonication (Figure 9).
The curves show features typical of gels such as the much higher storage versus loss
moduli in the linear viscoelastic (LVE) region, and the peak in the loss moduli after the
onset of yielding. At low amplitudes, the curves for different gap sizes for the sonicated
suspensions overlap, but those for the non-sonicated suspensions trend downward as
the gap thickness is reduced, which is evidence of wall slip or shear banding. These are
common problems in the rheological testing of nanocellulose [62], which apparently were
not entirely eliminated by the roughened contact surfaces when testing the non-sonicated
suspension. Nevertheless, all storage moduli for the non-sonicated suspension were higher
than those of the sonicated suspensions (Table 1). Also, greater shear stresses were found
at the yield and flow points. These results suggest that the intense sonication permanently
disrupted the gel structure.
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Figure 9. Amplitude sweeps from SAOS testing of 1% TOCN suspensions with (solid) and without
(open) sonication.
Table 1. Specific values from amplitude sweeps during SAOS testing of sonicated and non-sonicated
1% TOCN suspensions.
LVE Region ! Yield Point 2 Flow Point
Sonic. Level Gap Thickness  Storage Modulus Shear Strain Shear Stress Shear Strain Shear Stress
K)/g) (mm) (Pa) (%) (Pa) (%) (Pa)
0 1.25 76.3 6.4 3.7 247 42.6
0 1.00 67.9 6.3 3.3 245 38.5
0 0.75 62.4 6.4 3.0 283 38.7
10 1.25 50.5 7.0 25 191 27.7
10 1.00 524 7.1 2.6 191 29.6
10 0.75 51.1 7.1 25 202 29.3

! Tables may have a footer. 2 Yield point determined as the point at which there is a 5% reduction in storage
modulus.

Three interval thixotropy tests (3ITT) were also performed on the suspensions
(Figure 10). After initial characterization of the gel (first interval), the gels were sheared at
67,200, or 500 s~ ! for 5 min (second interval). The first two shear rates correspond to those
used in coating the paper for the Gurley tests in Figure 3, albeit at a much larger gap size and
for a much longer time than the material would experience during blade coating. The recov-
ery of the gel was then evaluated by SAOS testing during the third interval. The viscosities
of the sonicated suspensions were found to be lower at all stages of the test compared to
the non-sonicated suspensions. Neither of the TOCN suspensions fully recovered their loss
modulus, even 30 min after shearing. Also, the sonicated samples were more sensitive to
shear rates than the non-sonicated samples, probably because of their weaker gel structure.
Similar trends were found for the storage and loss moduli. Additionally, the storage moduli
were higher than the loss moduli at all stages of testing, albeit less so immediately after
shearing. Overall, the 3ITT results indicate that: (1) even low shear rates affect the network
structures of both suspensions, (2) the recovery of the structure was limited in the short
term, and (3) the weaker, sonicated gel was more sensitive to the shear rate.
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Figure 10. 3ITT of 1% TOCN suspensions with (solid) and without (open) sonication. Plate gap size
was 1 mm. Interval 1 and 3: SAOS; interval 2: rotational.

Sonication was hypothesized to alter the morphology of TOCN:Ss, so the apparent parti-
cle size and degree of polymerization were measured. Dynamic light scattering was used to
evaluate the apparent particle size of TOCNs sonicated at various energy levels, as shown
in Figure 11. Higher levels of sonication generally resulted in a decreased apparent size. The
fiber lengths are expected to be shorter for sonicated samples, so smaller hydrodynamic
diameters of TOCN fibers were expected. The samples sonicated at 10 kJ /g had an apparent
particle size that was about 20% smaller than that of the non-sonicated samples. The degree
of polymerization of the TOCNs was not as noticeably different, with a DP of 182 =+ 4 for
the non-sonicated TOCNs and 177 £ 5 for the TOCNSs sonicated at 10 k] /g. Changes in the
fiber morphology alone do not seem to explain the dramatically different air permeability
values observed for the sonicated and non-sonicated samples. Electron micrographs of
the coated paper samples indicated that the sonicated samples exhibited cracking more
commonly than the non-sonicated samples (Figure 12). These cracks may be a result of a
decreased fiber morphology and/or the disruption of longer-range network structures. Ad-
ditional work is needed to better understand the effects of fiber and suspension conditions
on film formation.

Figure 8 also shows the effect of the solids concentration in the TOCN suspension
on the air permeability. Not surprisingly, the samples with low and high concentrations
generally did not perform as well as the samples with concentrations near 1%. The samples
with concentrations above 1% generally did not flow well, so non-uniform coverage was
observed. At low concentrations (e.g., 0.5%), less cellulose was available for coverage, so
those samples generally had lower Gurley values. The coating weight was not measured
for all samples, but typical coating weights for similar coating conditions were found to be
about 1.4 and 2.1 g/m? for doctor blade gaps of approximately 50 and 150 um. The Gurley
time for the uncoated copy paper was only about 11 s, while it was up to 30,000 s for the
coated copy paper. Depending on the substrate used, Aulin et al. measured from about
four to five order of magnitude changes in porosity of samples coated with 1-2 g/m? of
CNFs, which they referred to as MFC [9].
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Figure 11. Effective diameter for TOCNs at different sonication levels by DLS.

Figure 12. Electron micrograph of TOCN-coated paper surface without sonication (A) and with
10 kJ /g of sonication (B). Scale bars represent 10 pm.

The coating speed had a significant effect on the air permeability of the TOCN-coated
papers, as shown in Figure 13. Extremely slow coating speeds (approximately 0.9 mm/s)
were found to result in higher permeability, corresponding to much lower Gurley air
resistance values (231 &+ 34 s/100 mL for a doctor blade gap of about 50 um) than all
other speed conditions. The least permeable samples with the maximum Gurley values
(12,900 £ 2900 s /100 mL for a doctor blade gap of about 50 um) were found to be the
samples coated at 10 mm/s. Higher coating speeds (e.g., 96 mm/s) resulted in values of
1360 £ 250 s/100 mL for a doctor blade gap of about 50 um. Note that uncoated copy
paper has Gurley values in the order of about 10 s, so the value of the coated papers was
improved up to about 1000 times when coated with 1% TOCN suspensions with wet blade
thicknesses of 50 to 150 pm, resulting in coating weights of approximately 1-3 g/m?. The
performance differences for the different operating conditions may likely be related to
substrate distortions. As shown in Figure 14, the surfaces of the papers coated at slow
speeds consistently had more wrinkles than the samples coated at faster speeds, which may
be due to a longer residence time leading to more water soaking into the paper. Figure 14B,F
depict SEM micrographs taken across the wrinkles of papers coated with two different
doctor blade thicknesses at the low-speed setting. The surfaces of the wrinkles showed
significant cracking in the coating, which was not observed in papers coated at higher
speeds. These defects likely lead to the observed increase in air permeability of the papers
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coated at slower speeds. The drying air temperature did not have significant impacts on the
air resistance, as shown in Figure 15. Air permeability results are challenging to compare
across the literature because air permeability test methods take a variety of forms and are
often reported in drastically different manners. For example, Gicquel et al. [32] reported
an “intrinsic permeability” in nm? using ISO standard 5636. In that work, they noted that
cracks and defects affected barrier properties, especially for CNC coatings, and they found
that multiple coatings led to better air barriers than single coatings [32]. The current results
show that the coated papers had Gurley values 1000 times higher than the uncoated papers,
while many of the results in the literature demonstrate much smaller changes [23,24,32].

@ 50 um gap
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Figure 13. Effect of coating speed on air permeability of TOCN-coated copy paper. Drying setpoint was
35 °C. The value of uncoated papers was about 10 s. Error bars represent standard error of the mean.

Figure 14. Optical (top row, scale bars represent 5 mm) and SEM micrographs (bottom row, scale
bars represent 100 um) of TOCN-coated papers demonstrating increased wrinkling and cracking in
the coating at lower coating speeds for different doctor blade settings. (A,B) doctor blade = 50 um,
speed = 0.9 mm/s; (C,D) doctor blade = 50 um, speed = 8 mm/s; (E,F) doctor blade = 150 pum,
speed = 0.9 mm/s; (G,H) doctor blade = 150 um, speed = 8 mm/s.
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Figure 15. Effect of drying temperature setpoint on air permeability of TOCN-coated copy paper.
Coating speed setpoint was 10 mm/s. Doctor blade gap was approximately 50 pm.

3.3. Coatings Containing Both Cellulose Nanomaterials and CMC

Carboxymethyl cellulose (CMC) has been used along with cellulose nanomaterials for
paper coatings [20,24,35], but little information exists about the barrier properties of CMC
itself. However, papers coated with CMC were shown to have low permeability [20,24].
He et al. also found good barrier properties for CMC-CNC-based coatings. Here, we have
incorporated CMC into suspensions of CNCs or TOCNS to attempt to improve the barrier
performance and durability of nanocellulose coatings and to minimize CNC penetration
into the paper. When adding 250,000 MW of CMC to as-received CNC suspensions with
about a 10.6% solids content, the viscosity was too high to readily mix them with impeller
stirrers, so the mixture was diluted. The effect of the solids content on the Gurley times
is shown in Figure 16. In general, higher solid contents led to better barriers. CNCs and
TOCNs were also mixed with CMC at about 1% solid loadings, and papers were coated
with the mixtures. The Gurley times of papers coated with the mixtures are shown in
Figure 17. The values for commercial papers are also shown for comparison. Aside from
the CNC-CMC coatings below 5 g/m?, both the TOCN-CMC and CNC-CMC coatings
had Gurley times in the same order of magnitude as the commercial papers, but the TOCN-
CMC coatings generally had higher resistance to air than the CNC-CMC coatings. Note
that the CNC coatings without CMC had significantly lower Gurley times, with a maximum
average of less than 4000 s even for coatings of approximately 10 g/m?. CMC appears to
help prevent CNCs from penetrating into the paper and may fill in some voids, leading to
improved air permeability. However, the addition of CMC did not appear to improve the
grease resistance of CNCs or TOCNs, as grease penetration was still observed at similar
coating levels with or without CMC.
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Figure 16. Air permeability of CNC-CMC-coated copy paper (Copy2) as a function of suspension
solids content at two different coating thicknesses. Coating speed of 10 mm/s and drying setpoint of
35 C. Error bars represent standard error of the mean.
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Figure 17. Air permeability of papers coated with mixtures of nanocellulose and CMC.

The oxygen permeability was also evaluated for papers coated with mixtures of nanocel-
lulose and CMC. The papers coated with CNC-CMC mixtures were found to have oxygen
transmission values above the detection limit of the instrument and were considered failures.
This suggests that the contribution of the CMC was not substantial enough to provide the
CNCs with the ability to form a continuous film on the surface of the paper. Cast films of
CNCs provide good oxygen barrier properties; therefore, the process of coating the material
on the paper lead to the defects that allowed oxygen to transmit through the paper. The
papers coated with TOCN-CMC mixtures generally had good oxygen barrier properties,
as displayed in Figure 18, which also shows the oxygen permeability of the cast films of
TOCN-CMC. The samples were clearly moisture-sensitive, with values at 90% RH that were
approximately three orders of magnitude higher than those at 10% RH, similar to the cast
films of TOCN-CMC. The molecular weight of CMC did not appear to have a significant
effect on the oxygen permeability, since coatings with 90,000 and 250,000 MW had similar
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values across the range of humidities that was evaluated. Both the OTR and oxygen perme-
ability were about an order of magnitude higher for the coated papers than for the cast films.
However, note that the oxygen permeability values are normalized for the sample thickness,
but how to determine the proper thickness to use for coated samples is not clear. In this
case, the entire thickness of the paper (i.e., paper + coating) was used for the permeability
calculations. The coatings, however, only constitute a small portion (approximately 10%)
of the paper thickness. Therefore, the higher OTRs and oxygen permeability of the coated
papers compared to the cast films is likely due to differences in the thicknesses of the barrier
layers, not any defects or problems with the coating process.

90,000 MW CMC coating °
® 250,000 MW CMC coating

A 250,000 MW CMC cast film

‘ $

4

20 40 60 80 100
Relative Humidity (%)

Figure 18. Oxygen permeability of TOCN-CMC-coated papers with either 90,000 or 250,000 CMC
molecular weight and cast films. CMC:CNF ratio was 1:10. The papers were coated with a doctor
blade gap of 1 mm.

3.4. Oxygen Transmission of Cast Films

Oxygen transmission measurements were also taken on copy paper coated with neat
CNCs or TOCNS, but the OTR was beyond the range of the instrument, resulting in failed
tests. With a 5 cm? mask, the maximum OTR of the instrument is about 2500 cm?3/m?/ day.
The copy papers coated with unmodified cellulose nanomaterials were not found to be
good oxygen barriers in this work, although, as shown in Figure 18, adding polymers can
yield coated papers with good oxygen barriers. It is hypothesized that the continuity of the
neat CNM films formed on top of porous copy paper is not sufficient enough to produce an
effective barrier to oxygen. However, neat TOCN coated on other substrates was found
to create good oxygen barriers. For example, the OTR of TOCN coated on silicone-coated
release paper was 2.1 & 1.1 cm®/m?/day at 50% RH and 3800 + 200 cm3/m?/day at 90%
RH. In other recent work, measurements of neat TOCN coated on calendered paper with a
starch base layer had low oxygen transmission values of about 2-13 cm3/m?/day [56].

To evaluate the potential to create strong oxygen barriers without the influence of
the substrate, films of neat CNCs or TOCNs were cast and evaluated for their oxygen
permeability versus CMC films (Figure 19). The permeability of the cast TOCN films was
generally lower than that of cast CNC films, especially below 90% RH. It is not clear why
the CNC films had orders of magnitude higher oxygen transmission at low humidity levels
than the CMC or TOCN films. Films of neat CNCs are typically brittle and readily damaged,
so limited data are available in the literature on their oxygen permeability, especially over
a range of humidity levels. A literature review by Ilyas et al. suggests that there may be
a relationship between the oxygen permeability and stretchability of bio-composite films
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reinforced with nanocellulose, so the use of added polymers or additional layers may
also improve the oxygen permeability by improving the mechanical integrity of barrier
coatings [63]. Martinez-Sanz reported that CNCs from bacterial cellulose had oxygen
permeability coefficients that were four orders of magnitude higher at 80% RH than at 0%
RH [64]. CNC films at low humidity are expected to be less swollen than those at high
humidity, and these films at low humidity may contain defects or have structures that do
not facilitate intimate bonding of the CNCs. The method of preparing the films is expected
to impact the structure, so future examination of the oxygen permeability behavior of CNC
films produced under different conditions is warranted.
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Figure 19. Oxygen permeability of cast films of TOCNs or CNCs. Error bars represent standard error
of the mean.

3.5. Oxygen Transmission of Multilayer Films

The results of oxygen transmission testing suggest that it is difficult to achieve an
oxygen barrier material by applying neat cellulose nanomaterials directly to paper substrates.
Table 2 shows the oxygen transmission results for 10 g/m? coatings on copy paper. Neat
cellulose nanocrystals appeared to sink into the paper upon application, resulting in pinholes
in the film that oxygen could pass through easily (failed oxygen test). Even the addition
of CMC did not appear to allow the CNCs to form a continuous film when coated onto
porous paper. The morphology of the high aspect ratio and flexible fibers of TOCNs appear
to help them form a long-range networked structure that results in a more continuous
film upon drying. However, the TOCN:Ss still result in a brittle film, and drying stresses
may result in cracks that prevent them from forming an oxygen barrier on paper. The only
material that resulted in a successful oxygen barrier when applied to porous copy paper
was the combination of TOCNs mixed with CMC. It is hypothesized that the CMC provides
enough durability to the TOCNs that a continuous film can form on the paper without
cracking. The CMC could also aid in film formation through eliciting an increased viscosity
of the suspension. The combination of TOCNs and CMC at 10 g/m? provides an oxygen
barrier that is adequate for a wide range of food packaging applications at low humidities.
As shown in the prior literature, at high humidity levels, cellulose nanomaterials are not
sufficient for more stringent food applications, such as coffee or potato chip bags.
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Table 2. Oxygen transmission rates in cm®/m?-day for 10 g/m? coatings of cellulose nanomaterials
by themselves and with a secondary application of a commercial water vapor barrier material.

Sample Type Relative Without With
Humidity Water Barrier Water Barrier

roc . Faied 610+ 54
one . Faild 1165
TOCN-CMC v, 121 365 025 54
enc-eue i Failed 713576

The highly hydrophilic nature of cellulose nanomaterials suggests that, when used
in a food packaging application, an additional water vapor barrier or water contact layer
may be needed in addition to the cellulose oxygen barrier layer. In this work, the oxygen
transmission of the nanocellulose coatings on paper was examined after the addition of a
secondary proprietary commercial water vapor barrier (Melodea VBCoat®, Shfella Area,
Israel) material. Interestingly, when adding the secondary layer, the cellulose coatings (that
failed oxygen transmission testing when used alone) became useful oxygen barriers. Both
the neat TOCNs and CNCs with CMC provided oxygen barriers that were suitable for most
food packaging applications once the secondary water vapor barrier was added. The water
vapor barrier material is not known to be a good oxygen barrier, as the oxygen transmission
of papers coated only with the water barrier was beyond the test limit of the instrument
and, therefore, it does not add to the oxygen resistance directly. The water barrier coating
likely contains surfactants and polymers that may interact with the cellulose, rearranging
the particles or creating more flexible and durable coating layers. This likely resulted in
cracks or pinholes that formed in the initial nanocellulose layer being filled, thus cutting off
the easy transmission path for oxygen molecules. The synergy of these layers resulting in
good barrier performance is of strong practical significance, and further investigation into
the mechanisms of how double-layer coatings work is warranted. Note that applying a
second layer of nanocellulose did not result in improved oxygen barriers of the coated copy
papers. The double-layer samples were also creased, but their oxygen transmission levels
were above the instrument’s maximum detection limit. Therefore, more work is needed to
produce coatings with enhanced durability.

4. Conclusions

The barrier performance of copy papers coated with cellulose nanocrystals, cellulose
nanofibrils, and carboxymethyl cellulose was examined. The CNCs did not perform well
by themselves as they tended to soak into the paper, preventing them from forming a film.
Their discrete particle morphology makes it difficult for continuous networks and thus
films to form. The morphology of the TOCN particles allowed networked structures to
form, which helped the material remain on the surface of the paper and form more coherent
films. The film formation and barrier properties were enhanced on nanocellulose-coated
papers when CMC was added. Additionally, a base layer may also assist in continuous film
formation by preventing the nanomaterials from soaking into the paper. The processing
conditions were also found to have a significant impact on barrier properties, although
these effects are not yet well understood. In some cases, such as at a low coating speed, the
resulting poor performance appeared to be related to distortion of the substrate, and, in
others, cracking and defects were observed. The sonication of TOCNSs resulted in reduced
barrier performance, likely due to a decreased fiber size and the disruption of long-range
network structures. The sonication of CNCs modestly improved their performance as barrier
coatings, but they still did not perform as well as TOCNs. Adding water barrier coatings to
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nanocellulose-coated papers was found to further improve their barrier properties, even
though the water barrier coating itself was not a good barrier to oxygen. The synergy of
these multi-layer constructs deserves further investigation to produce films with good water,
oxygen, air, and grease barriers.
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