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Abstract Nanofibrillated cellulose (NFC) is a
promising candidate for the development of high-
performance renewable packaging. The water vapour
permeability (WVP) of NFC sheets can be improved
with the addition of inorganic nanoparticles such as
montmorillonite nanoclay (MMT). However, these
nanoparticles reduce the already poor sheet drainage
when layers are formed through vacuum filtration.
Spray-coating, on the other hand, is a recently
developed rapid method for sheet formation. How-
ever, higher WVP of spray-coated NFC sheets com-
pared to its vacuum filtered counterpart still remains a
limitation. This work reports a new method for spray-
coating a NFC-MMT composite sheet to improve both
the ease of preparation and WVP barrier performance.
Critically, the WVP of CNF sheets could be signifi-
cantly reduced by processing the CNF-MMT suspen-
sion in a high-pressure homogenizer prior to spray-
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coating. X-ray diffraction measurements confirmed
that the MMT particles were aligned in the plane of the
sheet and were strongly interacting with the NFC
matrix. At the optimal MMT loading of 20 wt%, WVP
of 8.3 x 107'% g/m s Pa was achieved. This resulted
in comparable barrier performance to vacuum filtered
NFC-MMT sheets, with the added benefit of being
much easier to produce. Furthermore, spray-coating
with 2 wt% suspension reduces the required water
removal during drying by almost 90% (291 tonne
water/tonne dry NFC product), compared to forming
equivalent sheets using vacuum filtration at 0.3 wt%.
The spray-coating process is of industrial interest as it
is scalable and it is easy to engineer the properties of
the NFC composites by varying the MMT content.
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Introduction

Synthetic plastics are commonly utilised in conven-
tional packaging materials for their good barrier
properties against water vapour, oxygen, carbon
dioxide, air and water (Silvestre et al. 2011). Despite
this, plastics are often linked to a wide range of
environmental issues such as poor biodegradability,
poor recyclability and plastic microparticulate pollu-
tion. Undoubtedly, the need for more sustainable and
renewable materials has never been more evident.
Cellulose is an abundant, renewable and eco-
friendly biomaterial which has long been utilised in
the paper, paperboards, container board, shipping sack
and packaging industries (Berk 2013). While paper
products have good mechanical properties, they often
struggle with issues of poor barrier performance due to
the large pores present in paper. These pores allow a
significant amount of gas and water vapour to
permeate through the fiber network, resulting in
oxidation and poor shelf-life of foods and drugs. The
barrier performance of paper products is often
improved by use of wax coatings and synthetic plastic
laminates such as low-density polyethylene and
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polypropylene. However, these coated and laminated
paper composites are difficult to recycle and reprocess.

Recently, extensive research has been conducted in
the field of nanofibrillated cellulose (NFC) as a high-
performance barrier material due to its renewable and
recyclable nature. NFC materials offer outstanding
rigidity, tensile, flexural strength and barrier proper-
ties. NFC have high aspect ratio with the fibril
diameter varying from 5 to 100 nm and length of a
few microns. They form a highly compact network by
entanglement via hydrogen bonding. The compact
fibril network structure of NFC sheets offers a
promising alternative to synthetic packaging materials
as a barrier material (Henriksson et al. 2008).

While NFC sheets provide a good barrier against
oxygen, they suffer from issues of high water vapour
permeability (WVP) under medium and high humidity
environments due to the hydrophilic nature of cellu-
lose. The cellulose fiber—fiber bond in the fibril
network swells through the absorption of water
vapour. The swollen and weakened fibrous network
expedites the diffusion pathway for water vapour. As a
consequence, the WVP of a NFC sheet increases (Nair
et al. 2014) and the stability of cellulose fibril network
deteriorates (Spoljaric et al. 2014). To improve the
WYVP of NFC, inorganic fillers such as nanoclays have
been researched and incorporated into the fibrous
matrix. The presence of these layered nanoclays in the
NFC matrix results in a high-performance nanocom-
posite which increases the tortuosity of the diffusive
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path for a water vapour/gas molecule, resulting in high
barrier performance (Azeredo 2009). These nanocom-
posites are stiff and strong with low gas permeability
(Liu and Berglund 2012). The formation of a fiber
matrix network with well-dispersed platelet aggre-
gates is critical to obtain good barrier performance of
the nanocomposite (Liu et al. 2011).

One of the most promising inorganic fillers is
montmorillonite (MMT), an alumina-silicate layered
clay hydrated bentonite (Jochen et al. 2006). MMT
functions as a nanofiller by producing a structure in the
composite that forces the transfer of air/oxygen/water
molecules to follow a very tortuous path resulting in
lower permeance (Uyama et al. 2003). High-perfor-
mance NFC-MMT composites were previously pre-
pared via vacuum filtration (Garusinghe et al. 2018).
However, the time required to form these nanocom-
posites via vacuum filtration was long and unattractive
as it varied from a minimum of 24 h to 4 days. These
MMT nanoparticles were not easily retained during
the dewatering stage of vacuum filtration, thereby
resulting in sheets with unpredictable properties.
Another limitation with filtration is the required
separation of the sheet from the filter surface and
subsequent manual handling before drying. As a
conventional manufacturing method, a limited range
of sheet basis weights of the composite can be
fabricated using filtration, as the drainage time
increases exponentially with sheet thickness and
grammage (Shanmugam et al. 2017).

Recently, a rapid spray coating method was devel-
oped and successfully implemented to produce pure
NFC sheets (Shanmugam et al. 2017, 2018) and NFC
nanocomposite sheets with graphite carbon black for
electrode applications (Beneventi et al. 2014). Spray
coating is a novel process to develop NFC nanocom-
posites and tailor their properties through the addition
of specific nanoparticles or nanofillers. Further, the
operation time for spray coating is independent of the
NFC concentration and nanoparticle loading. One
study reported that a NFC-SiO, sheet produced via
spray coating could have its properties tailored by
varying the SiO, loading between 0 and 33 wt% into
the suspension (Krol et al. 2015). In that study
however, vacuum filtration was applied after spray
coating in order to fully dewater the sheet (Krol et al.
2015).

This work investigates the production of high-
performance NFC nanocomposite barriers via spray

coating. Here, a scalable, good WVP NFC nanocom-
posite barrier layer was shown to be achievable with
much lower processing times compared to other
available NFC sheet formation alternatives.

Experimental
Materials

NFC were obtained from DAICEL Chemical Indus-
tries Limited Japan as Celish KY-100S grade which
has a 75 wt% moisture content and 25 wt% solids
content. The NFC in Celish KY-100S were previously
reported to have a mean fiber length of 8 pm, mean
fiber diameter of approximately 70 nm and fiber
aspect ratio of about 140 (Varanasi et al. 2013).
MMT nanoclay was obtained from BYK Additives
and Instruments, Germany via IMCD Australia
Limited as Cloisite-Na + powder. The packed bulk
density of Cloisite-Na + is 568 g/L with a dry particle
size < 25 pm (dsp). X-ray results confirmed a dgyg; of
1.17 nm for the MMT nanoclay.

Preparation of NFC-MMT suspension

A 2 wt% NFC suspension was first made with 20 dry g
of NFC and 980 g of distilled water. This 1000 g
suspension was thoroughly mixed in a 3 L Mavis
Engineering (Model No. 8522) standard disintegrator
operating at 3000 rpm for 15,000 revolutions. All
subsequent MMT addition was based on the NFC dry
solids content and varied at a5 wt%, 10 wt%, 20 wt%
and 30 wt% loading. For example, a 10 wt% MMT
loading would correspond to the further addition of 2
dry g of MMT powder into the 1000 g NFC suspen-
sion. The resulting NFC-MMT suspension was disin-
tegrated again at 3000 rpm and 15,000 revolutions.
For each MMT loading, two NFC-MMT batches were
produced. One batch was directly sent for spray
coating while the other was sent for high-pressure
homogenization followed by spray coating.

For comparative purposes, two 2 wt% pure NFC
suspensions (without MMT) were also made. The first
suspension was directly sent for spray coating while
the second suspension was sent for homogenization
followed by spray coating. This was done to establish a
baseline of pure NFC sheets which would allow for a
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fair comparison to the NFC-MMT sheet barrier
performance.

High-pressure homogenization

Homogenization of the NFC-MMT suspension was
performed using a GEA Niro Soavi PANDAPLUS
2000 high-pressure homogenizer operating at 1000
bars for 2 passes. Homogenization was shown to be an
effective tool to adequately delaminate the larger
stacks of MMT within the NFC suspension while
further aiding the fibrillation of the NFC itself.
Homogenization of the pure NFC suspension was also
performed at the same conditions.

Spray coating of NFC-MMT suspension and sheet
production

Initially, the pure unhomogenized and homogenized
2 wt% NFC suspensions were spray coated on stain-
less-steel plates to form pure NFC sheets. This process
was then repeated for the NFC-MMT suspensions to
form the composite sheets.

In both cases, the suspension was spray coated on
square stainless steel plates using a Wagner Pro 117
Professional Spray System at 200 bar with a moving
conveyor operating at a fixed velocity of
1.25 + 0.25 cm/s. A standard 517 spray nozzle was
used resulting in an elliptical spray jet with a 50° angle
and 22.5 cm suspension coverage. The distance from
the nozzle to the surface of the square stainless-steel
plate was fixed at 50 cm. During operation, the system
was allowed to run to first achieve steady state and
prevent any spray jet discontinuities. Multiple sheets
could be successfully fabricated in under a minute. All
wet spray coated sheets were left to air dry under
ambient laboratory conditions. The dried sheets were
then peeled from their respective stainless-steel plates
resulting in a rough air-exposed surface and a corre-
sponding smooth stainless-steel-exposed surface. The
sheets were then conditioned at 50% RH and 23 °C for
24 h prior to property testing. The experimental setup
for the spray coating system is shown in Fig. 1.

Sheet water vapour permeability
The ASTM E96/E96M-05 standard was used to

evaluate the WVP of all sheets. All tests were
performed at 50% RH and 23 °C. Prior to testing, all
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sheets were oven dried for a minimum of 4 h at
105 °C. Thwing-Albert EZ Vapometer Permeability
Cups were filled with 40 g of dried anhydrous CaCl,.
The NFC-MMT sheets were then cut into 70 mm
diameter circles and were used to cover the cups. The
weight of the entire cup, CaCl, and sheet was
measured at 4 h intervals. The water vapour trans-
mission rate (WVTR) was then measured based on the
slope of the line between weight gain and time. The
WVTR of sheets were then normalised with sheet
thickness and converted into WVP. Each NFC-MMT
sample was repeated for 3 replicates and the average
WVP was calculated.

Sheet apparent density

The AS/NZS 1301.426 s:2015 standard test method
was used to evaluate the apparent density of the spray
coated composite sheets. The density of the composite
was calculated as the ratio of basis weight (g/m?) to
mean thickness of the composite. A Lorentzen &
Wettre AB Thickness Tester Type 21 was used to
determine the thickness of the spray coated sheets. The
mean thickness was calculated from 25 random points
across the sheet surface. The composite sheet was then
oven dried for 4 h at 105 °C in order to obtain the oven
dried mass. The ratio of the oven dried composite
sheet mass to sheet area provides the sheet basis
weight (g/m?).

Sheet structure via X-ray diffraction

X-Ray Diffraction (XRD) was conducted on MMT
(Cloisite Na™) powder, pure NFC sheets and spray
coated homogenized NFC-MMT composite sheets
using a D8 Advance with DAVINCI Design. The
device operates at 40 kV and 40 mA with a Cu Ko X-
Ray radiation source. A 0.02° step size and 2°/min
scan speed were used to scatter the radiation from the
instrument. The range of diffraction angles for inves-
tigation of MMT orientation in the composite varied
from 2° to 34°. Bragg’s law was used to evaluate the
interlayer spacing of MMT. The equation for Bragg’s
law was given below,

d = n)\/2Sin6 (1)
where the d-spacing (nm) is the interlayer spacing, n is

the order of diffraction, A is the wavelength of the
X-Ray beam (nm) and 0 is the angle of incidence. The
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Stainless Steel Plates

Fig. 1 Experimental setup of spray coating system

area under the first peak in the XRD spectrum was
evaluated with Origin Software Pro 9.1. The base line
was first removed by the software. The corrected
spectrum was then fitted with the Gaussian—Lorent-
zian fit to find the area under the first peak of the MMT
region.

Sheet mechanical properties

An Instron Model 5965 Universal Testing Machine
was used for stress—strain load measurements to
determine the mechanical properties of the sheets.
The composite sheets were cut into 100 mm long and
15 mm wide strips and tested in accordance with AS/
NZS 1301.448 s:2007 standards at a fixed 10 mm/min
elongation rate. The sheet tensile index (Nm/g) was
calculated as the ratio of tensile strength (N/m) to basis
weight (g/m?). For each NFC-MMT sample, a mini-
mum of 7 strips was tested to obtain a mean value with
95% confidence intervals.

Results and discussion
Sheet appearance

The spray coated NFC-MMT composite sheets pro-
duced were noted to be flexible, foldable and of
uniform thickness. The physical appearance of the
NFC-MMT sheet was increasingly yellow in colour,
with increasing MMT content as shown in Fig. 2. The
well-distributed deposition of MMT throughout the
NFC matrix was also confirmed in the SEM images as

Jet Nozzle in Operation

NFC-MMT Suspension

Spray System and Conveyor

shown in Fig. 2. This is due to absorption spectra of
MMT in the nanocomposites.

Fig. S1 in the supplementary information shows an
SEM image of the air-exposed rough side and steel-
exposed smooth side of the 30 wt% NFC-MMT
homogenized composite and pure homogenized NFC
sheet. From Fig. S1, the surface of the composite
shows scattered MMT throughout the NFC network.
After homogenizing both NFC and MMT, the NFC
diameter decreased and the MMT was shown to be
well dispersed within the NFC network. This results in
a compact fibrous network with reduced porosity. Fig
S2 in the supplementary information shows SEM
images of the cross-sectional view of the NFC-MMT
composites. These results are further supported by the
XRD analysis of the composites which confirm the
adequate dispersion of MMT throughout the NFC
network.

Sheet water vapour permeability

Figure 3 shows the WVP of the spray coated NFC-
MMT composite sheets. Here, the WVP values were
also compared with the vacuum filtered NFC-MMT
composite sheets previously reported in (Garusinghe
et al. 2018). The error bars indicate 95% confidence
intervals.

The initial average WVP of a spray coated unho-
mogenized pure NFC sheet was noted to be
2.5 x 107" g/m s Pa as shown in Fig. 3. This value
is similar to the water vapor permeability of similar
pure NFC sheets formed by spraying for packaging
applications (Maliha et al. 2019). Here, the addition of
5 wt% MMT loading was shown to decrease this WVP
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Nanocomposite
NFC-MMT Sheet

Nanocomposite NFC-MMT Sheet

SEM images

Fig. 2 Physical appearance and SEM images of spray coated NFC-MMT sheets

by more than half to 1.2 x 107" g/m s Pa. Beyond
this loading however, the WVP increased to a
maximum of 3.3 x 107'" g/m s Pa at a 30% MMT
loading. This is due to the presence of excessive MMT
agglomeration as confirmed by the XRD results in the
later sections of this paper.

Interestingly, homogenizing both the MMT and
NFC suspension prior to spray coating yielded
notable improvements to the WVP results at higher
MMT loadings. At an optimum loading of 20% MMT,
the average WVP of a spray coated homogenized
NEC-MMT composite sheet was 0.8 x 107" g/
m s Pa, as shown in Fig. 3. It is believed that the
process of homogenization breaks down and delam-
inates the larger MMT particles, thereby increasing
their effective surface area (Garusinghe et al. 2018).
This in return results in a more even distribution of
MMT throughout the NFC matrix which increases the
overall tortuosity of the pathway for the permeance of
water vapour (Garusinghe et al. 2018). Here, the
performance of the spray coated NFC-MMT sheet at
0.8 x 107" g/m s Pa was very close to that of the
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best vacuum filtered NFC-MMT sheet at about
0.6 x 107" g/m s Pa.

Sheet apparent density

Figure 4 shows the sheet apparent density values
obtained for the spray coated NFC-MMT composite
sheets alongside the vacuum filtered sheets (Garus-
inghe et al. 2018). The error bars indicate 95%
confidence intervals.

As shown in Fig. 4, the apparent density of all
composite sheets prepared by spray coating were
lower than their corresponding vacuum filtered coun-
terparts. The nanofibers in the pure spray coated sheets
tend to form small agglomerates and clumps with the
spray coating process as previously reported (Shan-
mugam et al. 2018) which reduces sheet packing
density.

This issue is further exacerbated at high MMT
loading quantities as shown in Fig. 4. Here, approx-
imately similar sheet apparent density values were
obtained despite the increased MMT load for the
unhomogenized spray coated NFC-MMT composite
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sheet. As previously mentioned, it is believed that the
MMT has an increased affinity to form larger stacks at

35

very high loading (Garusinghe et al. 2018). This
disrupts the overall packing structure which results in
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the increased WVP as shown in Fig. 3. At optimally
lower MMT loads however, the nanoclay is able to fill
gaps within the fiber network which improves the
overall packing structure.

Evidently, the process of homogenization resulted
in improved sheet apparent density for all spray coated
and vacuum filtered cases. The high mechanical
shearing forces in a homogenizer were noted to be
effective in breaking down the larger MMT stacks and
adequately dispersing them throughout the NFC-
MMT suspension. This in return results in a more
tightly packed sheet structure which increases the
sheet apparent density.

Sheet structure

XRD analysis was performed on the spray coated
NFC-MMT composites in order to determine the
orientation of MMT in the NFC network. Figure 5
shows the XRD patterns of pure MMT, pure NFC and
NFC-MMT composites under all MMT loadings. The
area under the curve (AUC) provides information on
the amount of MMT present in the composite and
increases with MMT loading. The AUC of the first
peak was chosen because MMT produces a peak from
2° to 10°, which represents the spacing between the
MMT layers. As shown in Fig. 5, pure NFC had no
characteristic peak in the range of 2° to 10°.

From Fig. 5, the AUC increases sharply from the
pure MMT to 10 wt% MMT loading. This is due to the
alignment of MMT in the plane of the sheets. In its
pure powdered state, MMT is aligned randomly and
only flat-oriented platelets will contribute to the
diffraction pattern. A more thorough comparison of
the AUC of the first peaks in the XRD spectrum versus
the MMT loading for the unhomogenized and homog-
enized composites can be found in Fig. S3 and Fig. S4,
respectively in the supplementary information.

Figure 6 shows the effect of MMT loading on the
d-spacing of MMT in the composites. The d-spacing
of pure MMT was evaluated to be 11.78 A from the
diffraction peak at 20 =7.5°° using Eq. 1. The
orientation of MMT platelets in the composite shows
a peak in this range. The interspacing of MMT
platelets barely varies from 14.7 to 14.2 A in the
homogenized composites as the MMT content was
increased from 10 wt% to 30 wt%. This reveals a
strong interaction of MMT platelets and the NFC fiber
network. The interspacing is constant and independent
of MMT loading, except for the 5 wt% homogenized
composite. The effect of charge distribution between
the MMT and nanocellulose can be one possible
reason for the variation in the MMT interlayer
spacing. The diffraction peak of MMT in the 5 wt%
and 10 wt% unhomogenized composites were 6.06°
and 6.20°, respectively. There is no peak for the 5 wt%

250 H
Pure Materials
200 — — MMT
/”\\ ——— Homogenized NFC
=) / \ Homogenized NFC-MMT Composites
< 150 4 / \ —— 5wt% MMT
c / \ ——— 10 Wt% MMT
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QO 100 = f//
= \ y
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Fig. 5 First peak in the XRD spectrum of pure MMT, pure NFC and NFC-MMT composites
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homogenized sample and a peak at 6.06° for the
10 wt% homogenized composites. The absence of the
peak in 5 wt% homogenized composite suggests that
MMT platelets completely lose their arrangement on
homogenization and are fully dispersed in the CNF
fibrous matrix. The composite beyond 5 wt% had peak
values due to the stacking of MMT platelets and their
subsequent alignment in the plane of the NFC sheet.
Thereafter, peak positions increased slightly with
MMT content for both types of composites. This
means that all the MMT will contribute to the
scattering, whereas with pure MMT only the small
fraction of platelets that orient in the plane will
contribute.

Sheet mechanical properties

Figure 7 shows the tensile index of the NFC-MMT
composite sheets as a function of MMT nanoclay
loading for both unhomogenized and homogenized
cases. The error bars indicate 95% confidence inter-
vals. It is worth noting that the aim of this mechanical
strength study was to demonstrate that the addition of
an optimum amount of MMT nanoclay does not
adversely affect sheet strength.

In the case of the unhomogenized composite, the
addition of up to 10 wt% MMT resulted in slight

improvements to the sheet tensile index (55 Nm/g)
compared to that of the pure NFC sheet (48 Nm/g).
However, a decrease in sheet strength performance
was observed past a loading of 20 wt% MMT,
consistent with the decrease in WVP barrier perfor-
mance values in the previous section.

In the case of the homogenized composite, the
addition of up to 20 wt% MMT resulted in relatively
similar sheet tensile index values compared to that of
the pure NFC sheet at about 80 Nm/g. The increased
tensile index values of homogenized sheets over
unhomogenized sheets is due to the increased degree
of NFC fibrillation which increases the number of
fiber—fiber bonds and the overall capacity of the fiber
sheet network to bear load (Ang et al. 2019). A
decrease in sheet strength performance was also
observed past the optimal 20 wt% MMT loading
point and is also consistent with the decrease in WVP
barrier performance values in previous section.

Here, we have demonstrated that at the optimal
level of MMT loading, the high strength properties of
the composite sheet can be retained while still
resulting in good sheet barrier performance. The
tensile strength and E-modulus of spray coated
composites can be found in Fig. S5 and Fig. S6 in
the supplementary information.
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Novelty of process

To the best of our knowledge, there are no readily
available industrial methods for the rapid production
of NFC composite sheets. The most common method
for the fabrication of NFC composites is by use of
vacuum filtration. Vacuum filtration is often per-
formed in laboratory-scale settings and has numerous
drawbacks. As noted in a previous study, the addition
of MMT nanoclays into a 0.3 wt% NFC suspension
drastically increased the sheet dewatering time with
vacuum filtration from 30 min to 24 h (Garusinghe
et al. 2018). Further, the manual-peeling process
employed to separate a drained nanocomposite sheet
from its filter often leads to surface defects. These
issues hinder the rapid production of NFC composite
sheets such as NFC-MMT on a commercial scale.
Among the various sheet fabrication technologies,
spray coating presents as a viable solution to rapidly
form NFC composite sheets. It has the added benefit of
being flexible in handling high NFC suspension
consistencies compared to vacuum filtration (Shan-
mugam et al. 2017). As demonstrated in our previous
work with pure NFC, the operation time for spray
coating was less than 1 min (Shanmugam et al. 2018).
This spray coating process could be scalable for the
production of self-standing composites or for lami-
nating composites onto a base sheet (Mirmehdi et al.
2018). The spraying of NC onto a continuous steel
substrate followed by rapid drying on the same

@ Springer

substrates would be a feasible process. The sheets
can be driedin 5 hat 50 °C as reported in our previous
work and can be reduced to up to 2 h for modified
composites at higher temperatures (Nadeem et al.
2020). In industrial practice, the waste heat recovered
to dry the wet film from spraying through the tunnel
dryer. Additionally, Yankee dryer and Condebelt
technology can be applied for continuous drying
process of wet film (Stenstrom 2019).

Spray coating also drastically reduces the water
consumption and water removal required with con-
ventional filtration. For example, vacuum filtering a
0.3 wt% NFC suspension (0.3 g dry fiber in 99.7 g
water) requires the removal of 332 tonne water/tonne
fiber. In our study, a 2 wt% NFC suspension coupled
with an optimum 20 wt% MMT loading (based on dry
NFC weight) equates to a total solids content of
24 wt% (2.4 g dry fiber in 97.6 g water), which
requires the removal of 41 tonne water/tonne fiber.
Ultimately, this equates to an almost 90% reduction
(291 tonne water/tonne fiber) in water removal
requirements using spray coating as opposed to
conventional vacuum filtration. However, the water
removal mechanism is different in both cases. In the
case of vacuum filtration, the water removal can be
achieved at the wet end of a paper machine. On the
other hand, for spraying evaporative removing of
water is required. While this is a promising approach
for preparation of high-performance barrier material
in terms of material performance and ease of
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preparation, future studies to evaluate the energy
requirements and the economic feasibility of the
process are required.

Conclusion

In this study, homogenized NFC-MMT composite
sheets were spray coated onto impermeable stainless-
steel surfaces and their barrier and strength properties
were investigated. The resulting NFC-MMT compos-
ite sheets had good WVP barrier performance of
8.3 x 107" g/m s Pa at an optimal 20 wt% MMT
loading. This WVP value was comparable to that
obtained from vacuum filtered NFC-MMT composite
sheets. Further, spray coating reduced the required
water removal during drying by almost 90% (291
tonne water/tonne dry NFC product), compared to
forming equivalent sheets using vacuum filtration at
0.3 wt%. XRD analysis confirmed that homogeniza-
tion was effective in breaking down the larger stacks
of MMT nanoclays leading to an even-distribution of
MMT throughout the NFC fiber matrix. Even at a high
20 wt% MMT loading, the high mechanical strength
of the spray coated NFC-MMT sheets was similar to
that of pure NFC sheets at about 80 Nm/g.

Here, we have successfully demonstrated that a
high-performance NFC-MMT barrier material can be
feasibly and rapidly made by spray coating. Further,
the MMT loading quantities have no effect on the
operation time for spray coating. This creates a range
of opportunities to flexibly tailor the properties of
nanocomposite sheets for packaging applications.

Supplementary material

This manuscript contains the following supplementary
materials: The 1 pm micrographs of spray coated
composites (Fig. S1), cross-sectional micrograph of
spray coated composites (Fig. S2), XRD spectrum of
unhomogenized composites (Fig. S3), plot between
area under the curve (AUC) of first peak vs MMT
loading (Fig. S4) and mechanical properties of spray
coated composites (Fig. S5 and Fig. S6).
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