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ABSTRACT: Chitin is an abundant biopolymer whose natural 0O,
production is second only to cellulose. Similar to cellulose nanocrystals
(CNCs) or nanofibers (CNFs), chitin nanofibers (ChNFs) can be
isolated and used as sustainable O, barrier materials for food,
electronics, and pharmaceutical packaging. These bioavailable nano-
materials are readily dispersed in water enabling spray-coated films to
be deposited at high rates onto uneven or delicate surfaces. In the
present study, we demonstrate the successful layer-by-layer spray Chitin
coating of cationic ChNF and anionic CNC suspensions onto Nanofibers
poly(lactic acid) (PLA) films. ChNF/CNC multilayers were found

to lead to a reduction in the O, permeability of the final composite film

by as much as 73% with the largest effects seen in composites with

three alternating layers (ChNF-CNC-ChNF). Multilayer ChNF/CNC coatings were found to have lower O, permeability and
lower haze than those coated with ChNF or CNCs alone (72% and 86% lower haze, respectively), pointing to a synergistic
effect. The composites had a water vapor transmission rate similar to the PLA substrate.

Cellulose
Nanocrystal

H,O

KEYWORDS: green materials, barrier materials, packaging materials, compostable, cellulose, chitin, layer-by-layer,
renewable materials

Bl INTRODUCTION crystals (CNCs), cellulose nanofibers (CNFs),»” chitin
nanowhiskers, and chitin nanofibers (ChNFs)® exhibit a high
modulus and tensile strength and are excellent candidates for
gas barrier films.”® The nanocrystalline or nanofibrous forms
of these biopolymers represent promising renewable, compo-
stable sources of materials for replacing traditional plastics in
packaging applications. Typically, CNCs are produced by acid
hydrolysis of a wide variety of fibrillar cellulose sources,” while
CNFs are produced by a mechanical defibrillation processes,
which includes refining, homogenization, and grinding.9 In a
manner similar to CNFs, when acidified chitin suspensions are
subjected to high shear treatment, ChNFs of 10—20 nm
diameter and several microns in length are obtained.”®
Previously, Wu et al.® produced chitin nanofibers in suspension
from purified crab a-chitin. Suspension cast films were found
to have O, and CO, gas permeabilities of 0.006 and 0.018

Cellulose and chitin are the first- and second-most abundant
naturally occurring biopolymers, respectively, with annual
natural production estimated to be 10'"'—10' tons per year
(cellulose)' and 10'°—10'* tons per year (chitin).” Cellulose is
sourced most abundantly from plants, but it is also available
from bacteria and tunicates. Chitin is produced by shellfish,
insects, and fungi. Chemically, cellulose is a linear homopol-
ymer of glucose and chitin is a linear homopolymer of N-acetyl
glucosamine.” In nature, chitin occurs as a copolymer in which
some fraction of the acetamide groups on the 2 carbon are
replaced by amine (—NH,) groups. These amine groups can
be protonated in acidic media to create charged sites that aid in
the colloidal stabilization of chitin fibers, or complete
solubilization with high degrees of deacetylation (as in the
case of chitosan).

Both cellulose and chitin are found in hierarchical structures
(in plant cell walls as well as crustacean exoskeletons, Received: May 1, 2018
respectively), from which nanocrystals or nanofibers can be Revised:  June 16, 2018
extracted. Because of their high crystallinity, cellulose nano-
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barrer, respectively. In comparison, poly(ethylene terephtha-
late) (PET) has an O, permeability of 0.015—0.076 barrer'’
and CO, permeability of 0.08—0.15 barrer.'" This makes these
chitin films excellent candidates in sustainable barrier pack-
aging applications.

The inability to melt-process cellulose and chitin as neat
materials is a principal obstacle to their use in packaging.
However, the ease of suspending cellulose and chitin
nanomaterials in water suggests their application as coatings
to produce barrier films. Coatings allow fabrication of
multilayered materials in an efficient manner, by combining
multiple thin functional layers. A challenge of water processing
of these materials is the low solids content at which high
viscosity and gelation occur, which leads to the need to remove
large quantities of water through drying. Rod coating'” as well
as slot-die coating'> have been used for coating CNF
suspensions onto paperboard for barrier applications, taking
advantage of the suspension’s shear thinning behavior.
Multilayered CNF films also have been prepared on silica
substrates by using dip coating.'* Spin coating was also applied
to coat CNC films on polypropylene’> and gas barrier
properties of spin-coated multilayered CNC films have been
reported.'®

Spray coating is a versatile method for film deposition that
offers enhanced drying rates because of the large surface area of
droplets.'”” One of the main features of spray coating is
contactless delivery of material to the surface, allowin§ uneven
or delicate surfaces to be coated.'® Beneventi et al."” spray-
coated slurries of microfibrillated cellulose onto wet, highly
porous papers allowing complete retention of the micro-
fibrillated cellulose on the surface of the substrate and
improved barrier properties of the final product. Under
sufficiently acidic conditions, ChNFs are cationic, and
sulfate-modified CNCs are anionic. The opposite charges of
chitin and cellulosic nanomaterials may facilitate their
fabrication into multilayered barrier materials by promoting
adhesion and rapid densification of their interfaces. For
example, previous work by Qi et al.* successfully demon-
strated layer-by-layer deposition of chitin nanofibers and
TEMPO oxidized CNFs onto PET by using dip coating;
however, the resulting films did not have improved barrier
properties relative to uncoated PET. Park et al.”' successfully
spray-coated aqueous chitosan solutions containing suspended
clay to add barrier properties to poly(lactic acid) (PLA) films.

While PLA is a compostable polymer, PLA formulations
typically suffer from the lack of cost-effective compostable
additives. Thus, current efforts are being focused on producing
partially renewable PLA-based materials.”> CNCs”’ and
ChNFs™* are renewable alternatives for barrier property
modification of PLA. The goal of the present study is to
demonstrate that a fully biologically sourced multilayer barrier
film can be fabricated through a process compatible with roll-
to-roll coating, by using oppositely charged ChNFs and CNCs
applied to a suitable model compostable substrate (PLA).
Single and multiple layers of ChNFs and CNCs were spray-
coated from their aqueous suspensions onto PLA. Film
structure was analyzed by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and UV-—vis
spectroscopy. The resulting barrier and mechanical properties
were determined, revealing an important synergy between
CNCs and ChNFs that yielded enhanced O, barrier properties
in their multilayered coatings compared to films composed
solely of ChNFs or CNCs alone.

B MATERIALS AND METHODS

Materials. All chemicals and gases were purchased from
commercial suppliers and used without further purification unless
otherwise noted. Crab shells were purchased from Neptune’s Harvest
(Gloucester, MA). Natureworks LLC (Minetonka, MN, U.S.A.)
4032D PLA was extruded into films of 25.4 ym thickness. CNCs as a
5.5 wt % aqueous suspension were provided by the USDA Forest
Products Laboratory (Madison, WI). The CNCs had 0.86 wt % sulfur
content via sulfate functionality with Na* counterions. The CNC
suspension was diluted to 0.5 wt % by addition of deionized (DI)
water. Additional experimental details can be found in the Supporting
Information.

Extraction of ChNFs. Crab shells were treated with sodium
hydroxide to remove proteins and hydrochloric acid to remove
minerals in a manner similar to previous literature® to yield purified
chitin. Full details are given in the Supporting Information (Figure
S1). A 0.5 wt % purified chitin suspension was prepared in DI water.
The pH of the suspension was adjusted to 3.0 using glacial acetic acid
and the acidified suspension was homogenized in a Mini DeBEE
Homogenizer (BEE International, South Easton, MA). The first
sequence of homogenization was carried out at a pressure of 1034 bar
by using a 0.2 mm nozzle for 20 passes followed by a second sequence
at 1516 bar and utilizing a 0.13 mm nozzle for an additional 10 passes.
The resulting suspension was then used for spray coating. Because of
the fluid expansion through the nozzle resulting in shear heating, a
product cooler was used throughout the processing to keep the ChNF
suspension at a maximum temperature of 35 °C.

ChNF Characterization. The degree of acetylation (DA) of the
chitin was determined by potentiometric titration. The O,
permeability values of these neat films were obtained by using a
MOCON OXTRAN 1/50 instrument at values of relative humidity
(RH) ranging from O to 80%. The water vapor transmission rate
(WVTR) of these films were obtained by using a MOCON
PERMATRAN-W 1/50 instrument at values of RH ranging from
30 to 90%.

PLA Characterization. Water content of neat PLA films was
found by thermogravimetric analysis (TGA) using a TA Instruments
TGA Q50 (Figure S3). The glass transition temperature (T,) (Figure
S4) and percent crystallinity (from Figure SS) of the neat PLA films
was obtained by differential scanning calorimetry (DSC) using a DSC
Q200 from TA Instruments.

Spray Coating. The spray coating apparatus is shown in Figure S6
and consists of a 1.52 mm spray nozzle (Central Pneumatic, GA)
connected to a liquid reservoir containing a 0.5 wt % ChNF or 0.5 wt
% CNC suspension. The nozzle was supplied with a carrier gas by
connection to a nitrogen cylinder at 4 bar. The PLA film was fixed to
a heated surface and held at 60 °C during spray coating. Each coating
layer was deposited by spraying the PLA with a 30 mL volume of the
ChNF or CNC suspension, with 2 min drying time allowed between
subsequent coatings. As a control the procedure was repeated by
spraying only DI water (no CNC or ChNF) onto the PLA film,
henceforth referred to as uncoated PLA films.

Sprayed Film Characterization. Water content of coated PLA
films was found in a similar manner to neat PLA films using TGA.
Light transmission measurements were made by using a Cary 5000
UV—vis-NIR equipped with an integrating sphere attachment (DRA
2500). PLA and multilayer-coated films were measured using a
diffuse/normal geometry (di:0°) with the sample in the transmission
port. Optical haze was calculated according to the following equation
per ASTM D1003:

haze (%) = (ﬂ - E) X 100

T2 T1 (1)
where T1, T2, T3, and T4 are transmittance values integrated from
380—780 nm for four different sample configurations. T1 and T3
correspond to geometries without the sample in the transmission port
as an instrument correction. T2 corresponds to the total sample
transmittance (diffuse and specular), whereas T4 captures only the
diffuse transmittance.
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Films were cut with blades, and SEM (LEO 1530) was used to
image the cross section. The thicknesses of the coatings were
determined by analysis of the SEM images. An image of neat PLA is
shown in Figure S7a. For each coating thickness, at least 10
measurements were done at different points on SEM images. AFM
(Bruker Icon) was utilized to image the top surface of coated films.
The size of structures on the coated films were measured by visual
analysis of the AFM phase images. Film roughness was determined
from the AFM images by using Bruker Nanoscope Analysis software.

The O, permeability values of the coated and uncoated PLA films
were obtained as described for neat ChNF but at RH values from 10
to 90% RH. The WVTR of films was obtained similar to neat films but
at 30 to 90% RH. The measurement errors for multilayered
composites were estimated to be proportional to the magnitude of
the reading and extrapolated from the measurement error for O,
permeability of neat PLA at 50% RH. Mechanical properties of
uncoated and coated films were determined for comparison by using a
high-throughput mechanical characterization (HTMECH) instru-
ment.”® This instrument utilizes a hemispherical indenter to deform
films biaxially normal to the film plane until failure. The deformation
rate was 10 mm/s and 3 measurements were taken on each film
sample by using a 1.2 mm diameter indenter with a length of 34 mm.
Stress vs strain curves obtained from one sample of each type of
coated or uncoated film are shown in Figure S9. The maximum of the
stress strain curve is determined to be the ultimate tensile strength
while the stress at break is determined to be the breaking strength of
the material.

B RESULTS AND DISCUSSION

To fabricate multilayer coatings, ChNFs were first spray coated
directly onto the PLA, followed by alternating spray-coated
layers of CNCs and ChNFs. In describing the multilayer films,
we use the terminology PLA-(X),, where (X), describes either
single layers or bilayers of material. Thus, a PLA film coated
with a single layer of CNCs is described as PLA-(CNC); while
PLA coated with S alternating layers of ChNFs and CNCs,
starting with ChNF first is written as PLA-(ChNF-CNC),-
ChNF.

Cross-sectional SEM images were taken order to visualize
the change in film thickness with each coating layer. The
evolution of film thickness is shown in Figure 1. To within
experimental uncertainty, the coating thickness increases with
the increase in number of coated layers. The coating thickness
for a multilayer PLA-(ChNF-CNC),-ChNF film increases to
3.7 pm while the coating thicknesses increases to 7.7 and 6.4
um for PLA-(ChNF) and PLA-(CNC); films, respectively.
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Figure 1. Film thicknesses of PLA films with and without single and
multilayer coatings. Error ranges are 95% confidence intervals.

Thermal measurements of uncoated PLA using DSC gave
the T, of the neat PLA film as 63 °C and the crystallinity was
9.5%. The water content calculated from the TGA measure-
ments for PLA-(CNC) g, was 1.5 wt %, 0.9 wt % for and PLA-
(ChNF); films and 0.3 wt % for PLA. The DA of chitin as
determined by potentiometric titration was found to be 92.6 +
2.8%.

The optical transmittance of neat and coated PLA films is
summarized by the photographs, transmittance, and haze
values shown in Figure 2. As shown in the photographs, the
visible appearance of neat PLA (Figure 2a) and PLA-(CNC-
ChNF), (Figure 2b) films are similar, and the underlying
colored patterns are clearly visible. The coated PLA-(ChNF-
CNC), has a matte finish due to its diffuse light reflection
compared to the neat PLA. The optical transmittance for each
film at 550 nm is shown Figure 2c where a slight decrease in %
T is seen going from neat PLA (92.7%T) to the multilayer
coated-PLA (91%T). The PLA-(CNC); sample shows a
notably decreased transmittance (88.3%) because of a large
amount of scattering in the sample. The haze of each film was
calculated using eq 1 and is shown in Figure 2d. The addition
of a single spray-cast layer onto PLA increases the haze from
0.8% to 2.7% (ChNF) or 6.9% (CNC).

Interestingly, the film haze does not increase with additional
layers. The S-layer sample (PLA-(ChNF-CNC),-ChNF) has a
haze of 6.3% which is far lower than the haze of equivalent five
layered films composed solely of ChNF (23%) and CNC
(46%). The lower haze for multilayered films suggests that
alternating the oppositely charged ChNFs and CNCs produces
denser films with fewer voids to scatter light. Wagberg et al*®
made smooth, well-organized multilayer films with CNF and
polyelectrolytes (PEs). They concluded that during adsorption
of the CNF to the PE surface, electrostatic repulsion between
the fibrils prevents their aggregation and allows better
organization into thin layers. The PE charge characteristics
and solution ionic strength had a large influence on the
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Figure 2. (a) Photos of neat PLA and (b) PLA-(CNC-ChNF), films
covering CMYK and RGB colored swatches. (c) Light transmission
versus number of layers of films measured at S50 nm (d) Optical haze
calculated over the visible spectrum (380—780 nm). Filled squares
denote PLA (layer 0) coated with ChNF (layer 1), then CNC (layer
2), then (ChNF), and so on. The same convention is used in the
remaining figures.
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Figure 3. Representative AFM images of coated PLA films. (a) Height image and (b) phase image of top layer coating of ChNFs on a (PLA-
(ChNF-CNC),-ChNF) multilayer; (c) height image and (d) phase image of top layer coating of CNCs on a (PLA-(ChNF-CNC),) multilayer.

thickness of CNF-PE multilayers. Increasing the PE solution
ionic strength by salt addition caused an increase in layer
thickness, indicating that packing was ineflicient due to
screening of long-range electrostatic interactions. In addition,
PEs formed from weaker, less-charged bases produced thicker
layers than stronger basic PEs. While the PEs are molecularly
dissolved and the ChNFs are suspended particles, the
similarities in charge characteristics between the two systems
(CNF-PE and CNC-ChNF) are significant enough to warrant
a comparison as long-range electrostatic forces are expected to
be the most dominant forces in both systems. We expect that
the attractive electrostatics between ChNFs and CNCs
promotes strong adsorption of thin alternating layers, and
that self-repulsion between ChNFs or CNCs in any layer
allows each layer to pack more efficiently. It is known that the
pK, of sulfate ester group on CNCs is 2.46°” as compared with
that of acetic acid (used for homogenization of chitin), which
is 4.76.”° Thus, the deprotonated, negatively charged sulfonate
groups on CNC would promote the adsorption of positively
charged ChNFs on the CNC surface, and repulsive interactions
between similarly charged ChNFs (or CNCs) would promote
their rearrangement into more efficiently packed layers. This
effect could produce thinner films with reduced voids in the
light transmission path resulting in less light scattering.

AFM measurements were next used to visualize the surface
density of particles in the multilayer films. In Figure 3a we see
the height image of the top ChNF layer on (PLA-(ChNF-
CNC),-ChNF). Figure 3b shows the corresponding phase
image. Individual fibers can be seen on the surface, some of
which are several microns in length. The fibers vary in diameter
from 20 to 100 nm. It must be pointed out that fibers smaller
than 20 nm will not be resolved in these images. Figure 3c
shows the height image of the top CNC layer on (PLA-
(ChNF-CNC),) with the phase image shown in Figure 3d. In
these images, individual CNC whiskers are dried into a

compressed layer with ordered regions suggestive of formation
of a nematic phase during drying. This is consistent with the
known structural ordering of CNCs at semidilute concen-
trations.”” The CNCs appear to be 150 + 30 nm in length and
have varying diameters of 20—60 nm. The typical Forest
Products Lab CNCs from dissolving pulp are 150—200 nm in
length and approximately 5 nm in diameter’® suggesting
clusters of longitudinally oriented CNCs.

The ChNF films have an average surface roughness of 11.8
+ 2.0 nm while the CNC films have a roughness of 7.2 & 1.2
nm based on averages of 3 samples. The roughness of CNC
films is consistent with the diameter of CNCs while the
roughness of ChNFs is consistent with single ChNF fiber
diameters as mentioned before. The ChNF fibers show much
larger variation in fiber diameters which might lead to a higher
surface roughness than CNCs, which are more uniform in size.

Film cross sections were imaged by SEM and analyzed to
understand the evolution of film thickness with the number of
layers in the coating. Figure 4 shows cross-sectional SEM
images of PLA films coated with ChNFs, CNCs, or both in
multilayers. The films with ChNF coating on the top
(outermost) layer appear rougher than those with CNC as
the top layer, which is consistent with the AFM images shown
in Figure 3. In all cases, the films completely cover the
underlying surface, except for the PLA-(ChNF); and PLA-
(CNC); films where cracks can be seen in the layers. The
transverse directional cracks suggest that these thick neat layers
are brittle, and this may be related to the apparently lower
density and drying pathway followed in the thick neat films.
However, SEM-induced cracking artifacts cannot be excluded.

The reduction in coating thickness observed in going from
PLA-(ChNF); to PLA-(ChNF-CNC), is unexpected. It has
been observed that a blended mixture of 0.5 wt % ChNF and
CNC suspensions produces thinner films than equivalent
volumes of ChNFs and CNCs alone (Table S2). In the

DOI: 10.1021/acssuschemeng.8b01536
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b01536/suppl_file/sc8b01536_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b01536

ACS Sustainable Chemistry & Engineering

Research Article

N L

B
Vi
PLA

y

ChNF-CNC ‘..

(ChNF-
GNC).- ChNF

Figure 4. SEM cross-sectional images of fractured films: (a) PLA-
(ChNF),, (b) PLA-(ChNF-CNC),, (c) PLA-(ChNF-CNC),-ChNF,
(d) PLA-(ChNE-CNC),, (e) PLA-(ChNF-CNC),-ChNF, (f) PLA-
(ChNF-);, (g) PLA-(CNC)s, (h) PLA-(CNC),. All scale bars are 10
pm in length.

multilayered films, rewetting of underlying ChNF layers by the
next deposited CNC suspension may allow for some interfacial
mixing of ChNFs and CNCs resulting in thinner mixed ChNE-
CNC films. While this explanation is supported by the
observations on blended films, we cannot rule out inaccuracy
in measurement or in the deposited volume of ChNF or CNC
as a possible cause for the small PLA-(ChNF-CNC); film
thickness. However, the thickness-corrected O, permeability of
this sample is markedly lower than the single ChNF or CNC
samples and is almost identical to that of the thicker multilayer
films, indicating that the density and intrinsic transport
properties of PLA-(ChNF-CNC); are similar to subsequently
deposited layers (discussed below with Figure S). The five-
layered PLA-(ChNF-CNC),-ChNF films are thinner than the
PLA-(ChNF); and PLA-(CNC); films, which suggests denser
packing when the films are fabricated from thin, alternating
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Figure S. (a) O, permeability of PLA films with and without single
and multilayer coatings of ChNFs and CNCs at 23 °C and 50% RH.
(b) O, permeability versus RH of permeant gas at 23 °C.

multilayers compared to the equivalent sprayed volume of neat
material.

The impact of this structure on the multilayer film’s barrier
properties was determined by measuring the oxygen
permeability and the WVTR. Figure Sa shows the O,
permeability of PLA films coated with ChNFs, CNCs, and
alternating layers of ChNF and CNC measured at 50% RH.
Upon coating with 1 ChNF layer, the film shows a slight
increase in O, permeability from 70 to 80 cm®-um/m?*/day/
kPa indicating that the first ChNF layer with a thickness of 1.4
um does not improve barrier performance. The added ChNF
instead increases the thickness of the composite material
causing an increase in the effective permeability of the
composite. This effect is also observed more dramatically in
the thicker PLA-(ChNF); films that are coated with S times
the volume of ChNF suspension as the PLA-(ChNF); film.
For PLA-(ChNF-CNC), films, the permeability drops to
around 20 cm’pm/m?/day/kPa, and adding additional
alternating layers of ChNF and CNC, up to PLA-(ChNF-
CNC)s, results in essentially the same permeability. In
comparison, a single S-layer-equivalent of neat CNCs does
not decrease the permeability significantly indicating that CNC
coatings delivered as a single neat layer have roughly the same
permeability as the neat PLA.

Figure 5b shows the O, transport characteristics of a PLA-
(ChNF-CNC),-ChNF film as a function of RH. As RH
increases, the oxygen transmission rate of coated PLA films
increases in contrast to uncoated PLA films where the O,
permeability remains in the range of 45—70 cm*ym/m?*/day/
kPa without an obvious trend. The O, permeability of
semicrystalline PLA has been reported by others to be
between 95 and 115 cm’um/m?/day/kPa,’’ while the
permeability of amorgahous PLA lies in between 130 and 190
cm®um/m?/day/kPa,”" which can change based on molecular
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mass and processing history. These values are 2 to 4 times
higher than the neat PLA utilized in this study, indicating that
reductions in permeability reported here are conservative
values.

The O, permeability of 10 ym thick neat solution-cast
ChNF film also increases with an increase in RH as can be seen
in Figure Sb. In addition, Aulin et al.*> showed that the O,
permeability of cellulose nanofiber films increases with
increasing RH. Belbekhouche et al.” also reported higher
permeability values for CNCs than CNFs and reported similar
water vapor sorption isotherms for both materials. Therefore, it
is reasonable to state that the O, transmission rates of CNC
films in this work increase with RH and are at least as high as
those reported for CNF films.”'

At lower RH (<80%), the combined ChNF-CNC multi-
layers have a significantly lower O, permeability than the PLA
alone and appear to control the O, permeability of the
composite film. At higher RH, the O, permeability of the
ChNF-CNC multilayer film approaches the range of
permeability displayed by the neat PLA. This result indicates
that the O, transmission is controlled by the PLA layer at RH
exceeding 80%.

The WVTR of various barrier films is shown in Figure 6a.
Multilayer films exhibit a WVTR in the range of 64—150 g/
m?*/day, similar to neat PLA, even after coating with up to S
alternating layers of ChNF and CNC. The WVTR of PLA-
(CNC), films also lies in the same WVTR range as neat PLA
films. The WVTR of PLA-(ChNF); films is similar to the
multilayered films, but WVTR of PLA-(CNC); is slightly
higher than for PLA-(ChNF);. This is decidedly not due to off-
gassing of water from the film as even PLA-(CNC); and PLA-
(ChNF); films with the most amount of water sprayed on
them due to higher spray coat volumes had less than 2 wt %
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Figure 6. (a) WVTR of PLA films with and without single and
multilayer coatings of ChNFs and CNCs at 23 °C and 50% RH.
Measurement errors at 50% RH smaller than 7 g-water/ m?/ day. (b)
WVTR versus RH of permeant gas at 23 °C.

water. Figure 6b shows the WVTR characteristics as a function
of RH for PLA, PLA-(ChNF-CNC),-ChNF, and a solution
cast ChNF film. The multilayer film shows a slightly lower
WVTR compared to neat PLA which increases in a similar
fashion with RH. The WVTR of neat solution-cast ChNF film
increases much more rapidly with RH compared to neat PLA.
These two results indicate that the PLA controls the RH-
dependence of WVTR for the PLA-(ChNF-CNC),-ChNF
film. WVTR of neat CNF films has been reported to be around
230 g/m?*/day for a 42 ym film at 50% RH and 23 °C,** which
after normalizing for thickness is 9800 g pm/ m?2/ day and is
similar to the 11400 g ym/m*/day found for ChNFs here.
Similar adjusted WVTR values were obtained for CNF films as
reported by Bedane et al.** as well as by Nair et al.>>*® These
results suggest that the ChNF-CNC multilayers have a much
higher water vapor permeability than PLA and thus the PLA
layer controls the transport of water in the composite as can be
seen in Figure 6a. In summary, the composites have an O,
permeability that is controlled by the ChNF-CNC coating and
a WVTR that is controlled by the underlying PLA layer.
Ultimate tensile strength (UTS) and breaking strength were
evaluated for films under biaxial strain by using an
instrumented hemispherical indenter. The results summarized
in Figure 7 show that upon adding layers of ChNFs or CNCs,
both the UTS and breaking strength decrease with a dramatic
loss of strength for the S layer coated films (PLA-(ChNF);,
PLA-(CNC);, and PLA-(ChNF-CNC),-ChNF)). Figure 7c
shows that the strain at break initially decreases after adding
one layer of ChNF in PLA-(ChNF); but increases again with
subsequent layering of CNCs, until S layers are reached where
it decreases sharply. For each of the coated materials, the UTS
and breaking strengths are similar indicating that the materials
break close to their maximum tensile stress (UTS). The PLA-
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Figure 7. (a) UTS, (b) breaking strength, and (c) strain at break of
coated and uncoated PLA films deformed biaxially with an
instrumented probe.
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(ChNF), films behave similarly to the PLA-(CNC), films as
evidenced by similar breaking strength and UTS, but the PLA-
(CNC), films have a higher strain at break.

To understand the reduction in mechanical strength and
strain at break of multilayered films, it is useful to consider that
the mechanical attachment of two different materials may lead
to stress concentrations that can initiate cracks at the
interface.”” There is a significant mismatch in thermal and
mechanical properties at the interface of PLA and ChNF/
CNCs. For example, the neat PLA films have a high strain at
break of about 200%. Solution cast 0.5 wt % ChNF and CNC
films were found to have a much lower strain at break ranging
from 10—50% and 0.5—3% respectively, indicating that ChNF
and CNC films are more brittle than neat PLA. Thermal
contraction during cooling and volumetric contraction during
drying of ChNFs and CNCs is expected to result in large
residual stresses at the interface of ChNF and PLA. Such
stresses are known to adversely affect mechanical integrity.*®
Another reason multilayered materials may fail at a lower strain
and tensile strength than their parent materials is due to
“mutual interlayer destruction.” In this type of failure, a brittle
layer cracks first and this crack then acts as a notch to localize
the stresses in an adjacent ductile layer, causing premature
failure of the ductile material, leading to failure of the whole
composite.””** Youngblood et al.*' reported reduced UTS,
lower Young’s modulus and higher strain at break in
(compared to neat CNF films) CNF-polymer laminates,
while they reported reduction in all of these properties in
CNC-polymer laminates.

All of the five-layered films in Figure 7 are similar in UTS
and breaking strength, suggesting similarity in the effects of
interfacial mismatch or brittleness above a threshold thickness.
This is similar to embrittlement induced by high loads of neat
polystyrene coextruded over high-impact (rubber-roughened)
polystyrene, which fail due to mutual interlayer destruction.
Thus, a trade-off exists between barrier versus mechanical
effects, suggesting that the number of brittle ChNF/CNC
layers should be kept to a minimum required to achieve
desired transport properties.

B CONCLUSIONS

This study provides an initial perspective of the potential for
utilizing alternating layers of chitin and cellulose-based
nanofibrous materials to tune barrier properties. Multilayered
coatings consisting of alternating layers of ChNFs and CNCs
can be applied to PLA films through spray coating of the
charge-stabilized aqueous suspensions of each material. This
process can be considered a type of layer-by-layer coating
process, where the CNCs are negatively charged and the
ChNFs are positively charged. We found that spraying onto a
heated substrate (60 °C, just under the glass transition for
PLA) facilitated drying of the sprayed coatings before
significant dewetting of the aqueous suspension occurred on
the PLA film. We found that films with at least two alternating
coated layers, consisting of PLA-(CNC-ChNF),, showed
reductions in O, permeability relative to neat PLA, even at
elevated RH (70%). Interestingly, these improvements in O,
barrier properties were not observed for films with single layers
of neat ChNF or CNC sprayed from an equivalent volume.
The improvement in O, permeability was correlated with SEM
and AFM evidence of thin, densely packed layers of ChNF and
CNC. The composites were more brittle than neat PLA
possibly due to mutual interlayer destruction, which could be

addressed by minimizing the thickness of coated layers or the
use of plasticizers to decreasing the brittleness of the coated
ChNF-CNCs. In terms of engineering applications, these films
could form the basis for a platform technology of 100%
biorenewable barrier packaging. A challenge to this goal that
will form the basis of future work is the need to make
improvements in WVTR, which was not intrinsically improved
through the addition of ChNF or CNC layers (but continued
to be controlled by the PLA film substrate). This technology
can be applied to a variety of applications where oxygen
permeability is a key problem, including packaging of foods,
pharmaceuticals and electronics.
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