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ABSTRACT: The demand for packaging materials with low gas permeabilities is increasing, but
commonly used petroleum-derived single-use plastics are not renewable, biodegradable, or easy
to recycle. Nanomaterials composed of chitin and cellulose, which are abundant in nature, have
high crystallinities and low oxygen permeabilities (OP), providing a viable alternative. In this work,
we explore how deacetylation conditions of crab shell chitin can be used to tune the charge and
size of resulting chitin nanowhiskers (ChNWs) and the resulting OP of layered film structures.
Three deacetylation factors, the concentration of sodium hydroxide (%NaOH), temperature (T),
and reaction time, were explored using a three-factor three-level Taguchi design with an
orthogonal array. The resulting ChNW suspensions were sequentially spray-coated with
suspensions of cellulose nanocrystals (CNCs) onto cellulose acetate (CA) films to form a
multilayer structure. We show that ChNWs prepared under more aggressive deacetylation
conditions inside the original orthogonal array (higher %NaOH, T, and time) had shorter lengths
but the surface charge was significantly influenced only by more aggressive deacetylation outside
of the original design conditions. With only ~10% decrease in the ultimate tensile strength and no
significant loss in failure strain, the ChNW-CNC coating resulted in ~20% decrease in WVTR in
comparison to uncoated CA films. The optimization of process conditions resulted in CA-ChNW-
CNC films with a 91-99% decrease in OP (132-16.7 cm®-um/m?/day/kPa versus 1553
cm®-um/m?/day/kPa for uncoated CA).

KEYWORDS: Chitin nanowhiskers, cellulose nanocrystals, multilayer coating, oxygen

permeability, Taguchi method



INTRODUCTION

Packaging is necessary for maintaining the quality, safety, and integrity of food, beverages,
pharmaceuticals, and consumer electronic products.! Food packaging should hinder the gain or
loss of water vapor and oxygen, which contribute significantly to the deterioration of food.> Thus,
a high barrier against water vapor and oxygen is an important performance property of food
packaging materials. Currently, the most widely used materials in food packaging are petroleum-
based plastics,®’ including polyolefins, poly(vinyl chloride), poly(vinylidene chloride) (PVDC),
nylon, poly(ethylene-co-vinyl alcohol), and poly(ethylene terephthalate) (PET). These are non-
renewable and degrade over hundreds of years in typical landfill conditions.® As a result, plastic
packaging contributes to 750 million pieces, 22 million tons, of plastic that go to landfill or the
environment annually.® Because polysaccharides degrade via microbial routes, these materials
present opportunities for reducing landfill utilization and environmental accumulation of plastics.

Cellulose'® and chitin,'! the most abundant polysaccharides, have attracted significant
attention recently as potential components of sustainable materials. Cellulose is a homopolymer
of glucose, while chitin is a homopolymer of N-acetyl glucosamine. Due to strong inter- and intra-
chain hydrogen bonding, these polymers tend to form macromolecular assemblies that are highly
crystalline, which leads to high strength and gas barrier properties.!>!* For instance, it has been
found that films formed from chitin nanofibers (ChNFs),!* chitin nanowhiskers (ChNWs),!?
cellulose nanofibrils (CNFs),! and cellulose nanocrystals (CNCs)'”!® have low oxygen
permeability (OP), i.e., lower than 4 cm®-um/m?/day/kPa.!® Previous work showed that multilayer
coatings containing alternating nanocellulose (anionic) and nanochitin (cationic) take advantage

of their electrostatic attraction and promote densification at the interface.??* For example, sprayed



multilayer coatings on poly(lactic acid) (PLA) substrates had OP values that were 65% lower than
the single-layer coatings of CNC or ChNF.??

Cellulose is mainly sourced from plants, while chitin is found in the exoskeleton of
arthropods or the cell walls of fungi or yeast. The most common current industrial sources of chitin
are crab and shrimp shells that are waste byproducts from food processing.?* Crab shells have a
hierarchical structure, and chitin is assembled with proteins and embedded in calcite;> thus, the
extraction of chitin from crab shells usually involves deproteination in an alkaline solution and
demineralization in an acidic solution. A deacetylation step is sometimes utilized to partially
remove acetyl groups, depending on the charge desired on the final product. The resulting chitin
with a lower degree of acetylation (DA) is more highly charged (in acid media) due to protonation
of the primary amine groups and is more water-soluble, resulting in wider applications of the
chitin.?®

Because the size and charge of the ChNWs will affect the assembly of dense barrier
structures, as well as interactions with anionic CNCs, it is reasonable to expect that the OP of the
multilayer coating can be adjusted by tuning the properties of ChNWs. In most reports detailing
the preparation or the applications of chitin, researchers applied either highly acetylated chitin
(DA > 85%)*7? or highly deacetylated chitosan (DA < 15%),%*° where chitosan with a 0 % DA
is a glucosamine homopolymer. The literature about the optimization of the purification process
has focused on obtaining chitin with a high DA and molecular weight to reduce chitin

3132 or on producing chitosan with a low DA for better aqueous solubility.>

degradation
Nevertheless, there remain limited studies on the influence of the deacetylation conditions on the

barrier properties of the final product, particularly for intermediate DA. The deacetylation process

is usually carried out in concentrated NaOH solution (40%-50%)* at a high temperature (>



80°C).* In contrast to deproteination at lower NaOH concentrations (< 17%),%° using concentrated
NaOH solution at higher reaction temperatures for longer reaction times also decreases the DA
chitosan.’” We propose that the properties of ChNWs can be tuned by a multivariable optimization
of these deacetylation conditions, in order to minimize gas permeability in both ChN'W single layer
coatings as well as ChNW-CNC bilayers.

In this work, the OP of cellulose acetate (CA) films coated with sequential layers of
ChNWs and CNCs to form a bilayer was optimized by exploring the influence of the ChNW
deacetylation conditions. CA, a cellulose derivative widely available as a film, but with a high OP,
was selected as a renewable substrate. The Taguchi design of experiment method® was employed
to study the effects of chitin deacetylation on the OP of CA films coated with a ChNW-CNC
bilayer. Three variables in the deacetylation step were studied by using a multivariable
optimization to tune the preparation of chitin: the concentration of NaOH, the temperature, and the
reaction time. The chitin was homogenized into a suspension that was characterized in terms of
viscosity and ChNW dimensions and DA. The barrier properties (oxygen and water vapor) and
mechanical properties of spray-coated films produced from the suspensions were also
characterized. The optimal deacetylation conditions and the effect of each factor were determined
statistically based on the OP of the coated CA.

EXPERIMENTAL METHODS
Materials

Crab shell flakes (Neptune’s Harvest, USA), sodium hydroxide (NaOH; ACS grade, VWR,
USA), hydrochloric acid (HCI; ACS grade, Sigma-Aldrich, USA), acetic acid (HOAc; Sigma-
Aldrich, USA), and a 10 wt% cellulose nanocrystal suspension (CNC; USDA Forest Products

Laboratory, USA) with 1.06 wt% sulfur content on dried CNC which was extracted from black



spruce (Picea mariana) and diluted to 0.5 wt% for this study were all used without further
purification. The cellulose acetate (CA) substrates were purchased from Goodfellow Cambridge
Ltd., USA, and the properties are available in Table S1.

Extraction of chitin

Chitin was extracted from crab shells with the methods similar to those previously
reported.!*?? Crab shells were treated first with 5 wt% NaOH and refluxed with an oil bath at 140°C
for 6 hours to remove the proteins. Then, they were treated with 7 wt% HCI at room temperature
for 6 hours for demineralization. The pre-purified chitin was deacetylated with a baseline typical
treatment utilizing 25 mL of 35 wt% NaOH solution per gram of chitin, heated with an oil bath at
140°C for 100 min.">*° After each step, the chitin was washed with tap water until the pH of the
wash water was ~7, rinsed with DI water three times, and dried in an oven at 60 °C overnight.

To carry out the optimization, three factors were varied: (1) concentration of NaOH
(%NaOH), (2) temperature of the oil bath, and (3) reaction time. Three levels were selected for
each factor. For %NaOH, higher concentrations than those for deproteination®® were desirable, so
25, 30, and 35 wt% were selected, with the limit of 35 wt% based on existing reports for ChNW
preparation.®® For the temperature, 110, 125, and 140 °C were selected, which were higher than
previously reported!>* to shorten the deacetylation time for consideration of process economic
constraints, with the upper limit of 140 °C where the 35 wt% NaOH solution began to boil. For
the reaction time, 60, 100, and 140 min were selected with a minimum of 60 min to provide enough
time for deacetylation®” and a limit of 140 min to keep the levels evenly spaced. These three-factor
three-level experimental conditions were designed using an L9 orthogonal array (ChNW1 to 9),
summarized in rows 1-9 in Table 1. ChNWopt] was treated under the optimal conditions (35 wt%

NaOH, 140°C, 140 min) determined by the Taguchi method, and ChNWopt2 was treated under



more aggressive conditions (40 wt% NaOH, 155°C, 140 min) extrapolated beyond the original
orthogonal design framework, shown in rows 10 and 11 in Table 1, respectively.
Preparation of film samples

The deacetylated chitin was homogenized into a 0.5 wt% ChNW suspension and then used
for spray coating to produce solid coatings. ChNW and CNC suspensions were coated on the CA
substrate successively to form a bilayer-coated film (CA-ChNW-CNC) using a setup shown in
Figure S1. For comparison, CA films coated with only ChNW or CNC were prepared in the same
method, and they are referred to as CA-ChNW and CA-CNC. Full details of homogenization and
spray coating are shown in the Supporting Information.
Characterization

For the suspensions, the size of ChNW was characterized using an atomic force microscope
(AFM; Dimension XR, Bruker, UK). The crystallinity index of ChNW was characterized by X-
ray diffraction (XRD) and calculated using an empirical equation.** The DA of each ChNW
suspension was characterized by potentiometric titration using a pH meter (Seven Excellence S400,
Mettler Toledo, USA).?? Additional details of AFM, XRD, and potentiometric titration are shown
in the Supporting Information. The zeta potential of each 0.025 wt% ChNW suspension (diluted
with pH = 3 HOACc solution) was measured using a Zetasizer Nano ZS (Malvern Panalytical, UK).
The suspension viscosity was characterized using a rheometer (AR 2000ex, TA Instruments, USA)
at room temperature (~23 °C) by using a 25-mm-in-diameter parallel plate fixture with a 500 pm
gap. The size and the viscosity of the 0.5 wt% CNC suspension, and the zeta potential of 0.025
wt% CNC suspension which was diluted with 5 mM NaCl solution were characterized as described

above.



The thicknesses of coated and uncoated films were measured with a micrometer (Coolant
Proof Micrometer Series 293, Mitutoyo, USA) at ten different points for each sample. The oxygen
permeability (OP) values were measured by using an OX-TRAN 1/50 instrument (MOCON, USA)
at 23 °C, 50% relative humidity (RH) for the O; feed side, and 0% RH for the nitrogen permeant
side, which the coating was exposed to, under convergence mode. The water vapor transmission
rate (WVTR) was measured by using a PERMATRAN-W 1/50 instrument (MOCON, USA) at
23 °C and 50% RH under convergence mode, where the coating was exposed to the dry side at 5%
RH. The mechanical properties of the films were measured under biaxial tension applied with an
indenter using a custom high-throughput mechanical characterization (HTMECH) instrument.*!
The cross-sectional structure was characterized by scanning electron microscopy (SEM; SU8010,
Hitachi High-Tech Corp., Japan). The cross-sectional element distribution was analyzed by Energy
dispersive X-ray spectroscopy (EDS). Full details of HTMECH, SEM and EDS are shown in the
Supporting Information.
Statistical analysis

To conduct the multivariable optimization for minimizing the OP of the coated film, the
Taguchi method was applied to determine the parameter effect of each level of each factor in the
chitin deacetylation step. The Taguchi method is widely applied to reduce the number of
experiments required for multivariable optimization by using an orthogonal array of factors that
are simultaneously varied in each experiment.*> The logarithmic form of the signal-to-noise ratio
(S/N) from each test was used as a quantitative measure of film performance, where a maximal
S/N corresponds to minimum OP. The percentage contribution of each factor was also determined.
Full details are provided in the Supporting Information.

RESULTS AND DISCUSSION



Properties of the suspensions and dried films
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Figure 1. AFM height images of fibers from diluted (a) ChNW1, (b) ChNWopt2, and (c) CNC
suspensions. The distributions of (d) the length and (e) the width of the ChNW (non-patterned
shading) and CNC (patterned shading) samples, including and the average length (square) or width
(circle). The interquartile range (IQR) is the distance between the upper (75%) and lower (25%)

quartiles of the dataset.

The size of ChNWs characterized by AFM (Figure la-c, Figure S2) was significantly
influenced by the deacetylation conditions. The length and the width of ChNWs and CNCs are
shown in Figure 1d-e. Size distributions of each ChNW suspension are shown in Figure S3 and
Figure S4. The average length of ChNWs decreased from 400+300 nm to 140+70 nm and the range
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of lengths was narrowed as the treatment conditions became more aggressive, i.e., higher %NaOH,
higher temperature, and longer time. For ChNW treated under less aggressive conditions (i.e.,
ChNWI1, 2, and 4), a small fraction of long fibers (~1.5 pm) remained, shown in Figure S3a. During
deacetylation the amide bonds are hydrolyzed, causing both the crystalline region and the
amorphous region of the nanofibrils to be deacetylated. Because the hydrolysis takes place faster
in the amorphous region than in the crystalline region, the local DA of the amorphous region is
lower than that of the crystalline region.**** Thus, similar to chitosan, the highly deacetylated
amorphous region is soluble in acidic solution, which is hypothesized to cause the decrease in the
length of nanowhiskers observed here. The NaOH-catalyzed hydrolysis of glycosidic bonds within
a chitin chain can also significantly shorten its length.>’” The width, on the other hand, was not
significantly affected by the treatment conditions and the average values (from 2.1+1.0 nm to
7.5+£3.1 nm) were close to the diameter of a typical chitin nanofibril (2-5 nm).* The dimensions
of the CNC particles used for the top layer, used as received, had an average length of 150+60 nm
and an average width of 6.0+£2.6 nm, consistent with other reports in the literature.'?

The values of DA and zeta potential, which reflected the surface charge of the ChNWs,
and the calculated surface charge densities are shown in Table 1. The deacetylation conditions
within the original orthogonal design had no significant influence on the DA and zeta potential of
ChNW!1 to 9, which had an average DA of 89.2+3.5% and an average zeta potential of +47.2+1.6
mV. For ChNWoptl and opt2, the DA decreased to 75.1+1.5% and 76.8+2.8%, respectively, and
the zeta potential increased to +54.8+0.6 mV and +58.1+£2.3 mV, respectively. Since nanoparticles
with zeta potential values greater than +30 mV or lower than —30 mV can be considered to have
good stability in suspension,*® all suspensions in this work were considered stable, including the

CNC suspension with a zeta potential of —34.9+0.7 mV (pH = 7, ionic strength of 6 mM). The
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surface charge densities were calculated based on the size and the DA, shown in the Supporting
Information. For ChNW1 to optl within the 3-factor 3-level design, the surface charge density
ranged from 7.9+3.4 mC/m? to 29.1£14.3 mC/m?, where the calculated results were proportional
to the ChNW width and no significant trend was observed. ChNWopt2 had a higher surface charge
density of 38.7+13.9 mC/m?. The surface charge of ChNWs is expected to increase as the
deacetylation conditions become more aggressive. Because the heterogeneous hydrolysis exhibits
first-order reaction kinetics,’’ the reaction rate is proportional to the concentration of NaOH. Thus,
more acetyl groups were removed with increased NaOH concentration and with an increase in
reaction time. Also, because the deacetylation is an endothermic reaction,*’ the final
thermodynamically achievable conversion increases with an increasing temperature. These
influences were not obvious within the 3-factor 3-level design framework (ChNW1 to optl) mainly

because of the limited range of variation of selected levels.

Table 1. Summary of experimental conditions and resulting properties of ChNW suspensions

T Time Zeta . Surfgce charge Crystallinity

ChNW! %NaOH oC . DA (%) potential® density dex (%
(°C) (min) (mV) (mC/m?) index (%)

1 25 110 60 88.8+1.4 +46.4+0.4 20.6+6.4 84

2 25 125 100 88.8+3.1 +45.7+0.8 29.1+14.5 85

3 25 140 140 93.1+0.8 +46.7+0.8 11.6+6.0 83

4 30 110 100 93.7+1.9 +47.6+0.5 7.9+3.5 85

5 30 125 140 85.7+1.5 +46.3+1.1 27.5+£7.5 84

6 30 140 60 93.4+1.0 +46.4+1.1 10.1+5.1 84

7 35 110 140 86.5+1.1 +49.2+1.3 16.4+6.1 83

8 35 125 60 89.0+0.8 +46.0+0.8 16.9+7.6 82

9 35 140 100 84.1+1.7 +50.6+2.0 25.1+£12.8 80

optl 35 140 140 75.1+1.5 +54.8+0.6 18.4+8.7 69

opt2 40 155 140 76.842.8 +58.1+2.3 38.7+14.1 29

I ChNW1 to 9 were the original orthogonal design. The ‘optl’ sample was prepared under
optimal conditions as determined using the Taguchi method, and ‘opt2’ was prepared under more
aggressive conditions extrapolated outside the range of the original orthogonal design.

2 The zeta potential for 0.025 wt% ChNW was measured at pH = 3 and ionic strength of 2 mM.
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The XRD patterns for ChNWs are shown in Figure S5 and the crystallinity indices (CrIs)
for the ChNWs are summarized in Table 1. The peaks at 26 = 9°, 19°, and 23° correspond to the
(020), (110), and (130) crystallographic planes, respectively.*® In previous reports using powdered
chitin samples,?®* there are additional peaks indexed as (021), (120), and (013) at 26 = 13°, 21°,
and 26.4°, beyond the peaks observed in this work. Such peaks were not observed here probably
because the chitin in this work was chemically treated for deacetylation and was separated into
discrete nanowhiskers by high-pressure homogenization before characterization. Considering that
the Crls have a random uncertainty of 2-4% (not shown in the table), no significant variance was
observed in the Crls of ChNW1 to 9, which had an average of 834+2%. This indicated that the
change in deacetylation conditions within the original orthogonal design did not significantly
influence the crystalline structure of the ChNWs. In comparing ChNW9, optl, and opt2, the Crl
decreased from 80% to 69 % and 29%, respectively, as the deacetylation conditions became more
aggressive outside of the original orthogonal design. The peaks of planes (020) and (110) almost
disappeared for ChNWopt2 (Figure S5), which indicated that the ChNWopt2 had a less ordered
structure due to a significant decrease in crystallinity.

The viscosities of ChNW and CNC suspensions at different shear rates are shown in Figure
S6. ChNW1 to 9 and optl showed shear thinning behavior, while ChNWopt2 and CNC behaved
as Newtonian fluids at a shear rate greater than 25 s™ and 60 s™!, respectively. The ChNWopt2 and
the CNC had shorter lengths than the other samples, which resulted in fewer entanglements. This
is indicated by the AFM images in Figure S2, where ChNW1 to 8 had longer length with visible
entanglements in the dried state, and ChNWopt2 and CNC did not have these features. As a result,

the microstructure of the unentangled suspensions remains relatively unchanged by shear flow. An
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overall trend is that the viscosity of ChNW suspensions increased with an increasing aspect ratio

of the nanowhiskers. This trend agrees with a previous report for CNC and CNF suspensions.>

Table 2. Thicknesses and mechanical properties of coated or uncoated CA films

Film Thickness Ultimate tensile strength Failure strain
(um) (MPa) (%0)

CA 77+1 36.0+0.9 22.742.7
1 80+1 33.3+1.2 21.6+1.1
2 811 31.9+0.9 19.0£2.7
3 83+2 32.3+1.4 20.5+1.4
4 79+1 33.6%1.1 23.6+1.8

CA-ChNWx- 5 83+2 31.1£0.9 22.7+1.4

CNC, wherex 6 811 30.6+1.8 22.1+3.4

= 7 82+1 30.9+1.7 23.4+3.8
8 83+l 31.9+1.0 21.6+1.0
9 79+2 33.5+1.0 23.542.6
optl 82+l 33.3+1.2 22.1£1.5
opt2 80+l 32.5+0.9 20.9£1.5

The mechanical properties of the coated or uncoated films are shown in Table 2. The
ultimate tensile strength (UTS) and the failure strain (FS) of the coated films were not significantly
influenced by the deacetylation conditions for ChNWs. A possible explanation is that the coating
comprised only ~5% of the total thickness, and the UTS and FS of the substrate are higher than
those of neat CNC and ChNW films,>! thus the substrate contributed more to the mechanical
properties of coated films. The average UTS of the coated films was 32.3+1.1 MPa, which was
~10% lower than that of the neat CA film (36.0+0.9 MPa). As discussed in a previous report of a
similar multilayer film,?? the decrease of UTS might be the result of relative brittleness of the CNC
and ChNW layers and residual stress between the coating and the substrate. The factors are known
to lead to reduced UTS of multilayered films.>?> However, in terms of the FS, most of the coated

films were not significantly different from the neat CA film, and the average FS for all films was
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22.0+1.4%. Representative stress-strain curves of the coated and uncoated films are shown in
Figure S7. Additional analyses on the statistical significance for UTS and FS are available in Table
S2 and Table S3.

To evaluate the effects of deacetylation on the barrier performance of CA-ChNW-CNC
films, ChNW and CNC were spray-coated sequentially on CA: ChNW was first applied to CA
followed by CNC application to the ChNW layer. The optical image for the uncoated CA and a
typical CA-ChNW-CNC film is shown in Figure 2a. The thicknesses of the films are shown in
Table 2, and average values for the coated and uncoated films were 81+2 um and 77+1 um,
respectively. Considering that the same volumes of ChNW and CNC suspensions with identical
solid content were sprayed, the bilayer coating contained ~2 pm each of ChNW and CNC. Cross-
sectional SEM images for the coated film (Figure 2b-c and Figure S8) showed layered lamellar
structure in the ChNW-CNC coating, but the ChNW-CNC interface was unobservable. The
multilayer structure was verified by EDS line scan results (Figure S9), where the peak of the N-
signal indicated the center of the ChNW layer, and the peaks of the S- and Na-signals indicated
the center of the CNC layer. For CA-ChNWopt2-CNC film (Figure S9f), however, the peaks for
the S- and Na-signals were unexpectedly closer to the CA surface than that of the N-signal. This
suggests mixing of CNC with ChNWopt2 at their interface. One possible reason is that the
ChNWopt2 had shorter average length than the other ChNW samples, allowing them to diffuse
and penetrate the CNC layer more easily when the ChNW layer was rewetted by the CNC
suspension. Another possibility is that ChNWopt2 had the highest surface charge density among
all ChNW samples. This suggests stronger electrostatic attraction between CNC and ChNWopt2

compared to other ChNWs, which probably promotes interdiffusion of ChNWopt2 and CNC.
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Figure 2. Structure and gas barrier properties for coated and uncoated CA films. (a) Optical images
for the uncoated CA and a typical CA-ChNW-CNC film. SEM images for the cross-sections of (b)
the CA-ChNWopt2-CNC film with an exposed top surface and (c) the ChNWopt2-CNC coating
at a higher resolution. (d) Normalized water vapor transmission rate and (e) oxygen permeability
(OP) of the neat CA film (patterned) or CA-ChNWx-CNC films (non-patterned), and the inset of
e is the comparison of OP between selected single-layer-coated films and corresponding CA-

ChNWx-CNC films, where x indicates the serial number of ChNW.
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The normalized WVTR of the coated and uncoated films are shown in Figure 2d. The
WVTR of the CA-ChNW-CNC films decreased by around 20% compared to neat CA film, and
the variation in the WVTR values of the coated films is small (~10%). In a previous report of
TEMPO-oxidized-CNF-coated PLA or PET films,” similar results were found where the WVTR
was not significantly influenced by the fiber length. This is possibly because the WVTR is mainly
dependent on the moisture content of the film,!® and the coated films in this work which were dried
and stored under the same conditions had similar moisture content. As a result, the focus of the
remainder of this paper is on the control of OP.

The values of OP of the CA-ChNW-CNC bilayer films generally decreased as the
deacetylation conditions became more aggressive, as shown in Figure 2e. For example, for
ChNW1 to 3, the %NaOH was kept constant, but the treatment temperature and time were
systematically increased, and the OP of the coated film decreased. The OP values of selected
single-layer-coated films (CA-ChNW and CA-CNC) are shown in the inset of Figure 2e, and their
thicknesses are shown in Table S4. The OP of CA-ChNW samples decreased from 128
cm®-um/m?/day/kPa (ChNW9) to 21.5 cm*-um/m?/day/kPa (ChNWopt2) as the deacetylation
conditions became more aggressive. Also, CA-ChNW-CNC bilayer films had a lower OP than its
corresponding single layer CA-ChNW or CA-CNC (102 cm®-pm/m*day/kPa) film. This is
attributed to the densification at the ChNW-CNC interface caused by electrostatic attraction and
the interdiffusion when the ChNW layer was rewetted by the CNC suspension. These results
verified the superior O» barrier performance resulting from combining ChNW and CNC as
multilayers compared to single coating layers, as well as the distinct improvements from more

aggressive deacetylation of the ChNW.
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Focusing initially on the original orthogonal design of ChNW1 to 9, the OP of the CA-
ChNW-CNC films ranged from 132+2 cm’um/m?/day/kPa (ChNW1) to 41.0+0.9
cm’-pm/m?/day/kPa (ChNW3), which was a 91-97% decrease in comparison to the neat CA film
whose OP was 1553+27 cm®-pm/m?/day/kPa. It is interesting that ChNW1 to 9 samples with
similar surface charge (i.e., DA and zeta potential) and similar Crl values still resulted in
significant variation in OP of the CA-ChNW-CNC films. This suggests that the size of ChNWs
played a dominant role in influencing the OP of the coated film. In particular, the overall trend
showed that CA films coated with bilayers containing shorter ChNWs had lower OP. For example,
for ChNW1, 2, and 8 with similar values of DA, and for ChNW 1, 2, and 4 with similar Crl, shorter
ChNW led to a lower OP. A possible reason is that it is easier for shorter, unentangled whiskers to
orient with CNCs to optimize electrostatic attraction, leading to denser packing in the coating. This
conclusion contradicts a previous study of TEMPO-oxidized-CNF-coated PET films, in which
longer CNFs led to a better O, barrier property.>* However, the aforementioned study explored the
coating of single CNF layers rather than multilayers of oppositely charged materials. Also, the
average lengths for TEMPO-oxidized-CNFs were 200 nm, 680 nm, and 1100 nm, which was
beyond the range of length of nanowhiskers in this work (from 140 nm to 400 nm).

Statistical analysis

In this work, our primary aim was to optimize the chitin deacetylation step to produce
bilayer coatings of ChANW-CNC on CA that result in the lowest OP values. Only the results from
the original orthogonal framework (ChNW1 to 9) were used for statistical analysis to predict the
optimal processing conditions. Independent samples were prepared based on that prediction

(ChNWoptl and opt2) for comparison.
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Figure 3. Results of Taguchi analysis: (a) parameter effects, where the greatest value indicates the
optimal level and & is the average of all the nine values of parameter effects, and (b) percentage

effect contribution of each parameter.

When applying the Taguchi method, the optimal levels of the three factors (%NaOH,
temperature, reaction time) for minimizing the OP (i.e., maximizing signal to noise, S/N) were
found using the parameter effect (K), as shown in Figure 3a. It is observed that the KeNaon
increased with the %NaOH. The Ktemperature increased with a relatively constant slope from 110 °C
to 140 °C, and its range was larger than the K’s of the other two factors. The Ktime increased with
an increasing slope, and its range was smaller than those of %NaOH and temperature. For each
factor, the level with the largest K was determined as the optimal level because K is an averaged
logarithmic form of S/N as calculated using the equations in the Supporting Information, and a

larger S/N is equivalent to a smaller OP.>* Thus, the optimal conditions for the deacetylation step
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in the 3-factor 3-level design were 35 wt% NaOH, 140°C, and 140 min, corresponding to sample
ChNWoptl.

The percentage effect of the contribution of each factor (p) (Figure 3b) was used for finding
the degree of influence of the factors on the OP. The temperature has the most significant influence
(68.0%) on the OP of the resulting film, followed by %NaOH (21.7%) and reaction time (10.3%).
This conclusion was verified by comparing ChNW1 to 3, 4 to 6, and 7 to 9 separately, where the
OP decreased with an increasing treatment temperature, even though the reaction time was not
controlled. Combining the conclusion that the ChNWs with a shorter length let to coatings with
lower OP, an increase in reaction temperature played a dominant role in shortening the length of
ChNWs. As a general guideline, the factors with p smaller than 5% are considered to have
negligible impacts on the target parameter, because their contributions are lost in uncertainty.*® In
this work, each parameter contributed greater than 5%, so each of the three factors was significant.
The OP for a CA-ChNW-CNC film with ChNW prepared under the optimal conditions
(ChNWoptl) can be predicted using equation 6 to 9 in the Supporting Information, which was 32.4
cm®-um/m?/day/kPa.

Optimization of oxygen permeability

To verify the determined optimal conditions, one batch of ChNW was prepared under the
optl conditions. The OP for CA-ChNWopt1-CNC was 31.8+0.3 cm’-um/m?/day/kPa, which was
only 2% lower than the predicted value of 32.4 cm®-um/m?/day/kPa. This result confirms the
estimation based on the optimal deacetylation conditions.

Note that the optimal levels represented the most aggressive conditions in the 3-factor 3-
level framework, suggesting that further increases in temperature and %NaOH could lead to a

further reduction in OP. To address this hypothesis, one batch of ChNW was prepared with a more
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concentrated NaOH solution (40 wt%) at a higher temperature (155 °C). The reaction time was
kept at 140 min because its relatively minor effect on the OP from the statistical analysis. The
resulting ChNW is referred to as opt2. The OP for CA-ChNWopt2-CNC was 16.7+0.1
cm’-pm/m?/day/kPa. In comparison to the neat CA film, the OP decreased up to 99% after the
addition of the ChNW-CNC coated bilayer, indicating the excellent O» barrier property of the
ChNW-CNC coating. The coated films meet the OP requirement for food products packaging,
which can range from 16 to 3200 cm’-um/m?/day/kPa, i.e., 20-4000 cm?/m?/day of O, transport
rate, for bakery products packaging.'® Increases in thickness can lead to additional decreases in O2
transport rate. Notably, the optimal OP value of 16.7 cm®-um/m?/day/kPa for CA-ChNWopt2-
CNC is significantly lower than that of polyethylene (i.e., 490-2000 cm®-um/m?/day/kPa) and is
comparable to commercially available biaxially oriented PET (i.e., 9-24 cm®-pm/m?/day/kPa).>
However, there is still room for improvement in oxygen barrier property compared to that of PVDC
(i.e., 0.1-3 cm?-um/m?/day/kPa).>

The CA-ChNWopt2-CNC film had a lower OP than all other CA-ChNW-CNC films. This
is hypothesized to be the result of a denser interface between ChNWopt2 and CNC, attributed to
the shorter length and higher surface charge of ChNWopt2, facilitating interpenetration of
ChNWopt2 with the CNC layer and forming stronger electrostatic attraction at their interface. This
hypothesis is supported by the EDS result shown in Figure S9. It is also interesting to find that the
ChNW with lower crystallinity had better O, barrier property by comparing ChNW9, optl, and
opt2. Previous reports in the literature demonstrate that polymers with a higher degree of
crystallinity usually have a lower OP.>® One possibility is that crystallinity plays a dominant role
in semi-crystalline molecular polymers where gas molecules diffuse primarily through amorphous

regions.>” However, in a coating of particulate fibers whose size is much larger than a molecular
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polymer, the process of O» transport is dominated by transport through voids between particles.
Thus, achieving more densely packed nanofibers is the critical step to lower gas permeability.?
Therefore, minimizing the size of the chitin nanowhiskers is likely a dominant factor in limiting
O, permeation. Decreasing the DA of ChNW, increasing the fiber charge density, will also
improve the electrostatic attraction between ChNWs and CNCs and lower the interfiber free
volume.

The optimal CA-ChNWopt2-CNC film had a lower OP values than previous studies which
utilized similar materials. Satam et al.** deposited ChNF and CNC layers on PLA substrate by
spray coating, and the resulting film had an OP of ~20 cm®-um/m*day/kPa at 50% RH. The
deacetylation conditions in Satam et al.’s work (5% NaOH, refluxing for 48 h) were not optimized
and the ChNFs were significantly longer than ChN'Ws in this work. Nevertheless, the CA-ChNW-
CNC films in this work had higher OP values than those in other previous studies. For example,
Kim et al.?! prepared coated PET film (50 pum) by alternatively spraying ChNW and CNF, and a
sample with 20 bilayers of CANW-CNF (2.62 um in total) had an OP of 0.25 cm?-pm/m?/day/kPa.
However, the tests in that work were carried out under dry conditions (0% RH), while the work
presented here used 50% RH. The OP of cellulose and chitin materials are known to increase with

1922 making the comparison at different humidity values difficult. The work of Kim et al.

humidity,
suggests that spray-coated samples prepared with more bilayers, each of which is thinner, had
more ChNW-CNF interfaces, which may lead to a denser structure of the coatings. An additional
comparison can be made to Li et al.’® who fabricated CNC (1.5 pm)-coated PET film (12 pum) by
rod coating with an OP of ~0.27 cm?-um/m?*day/kPa (0% RH). Because that film was dried at

room temperature, its drying rate was slower than that of the heated drying process (65°C) in this

work. A chiral nematic structure in the CNC coating can be obtained by slow evaporation,® which
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leads to alignment and densification of CNCs and decreased the OP of the film.!” The PET
substrate in that work had a significantly lower OP than the CA substrate in this work, and PET’s
contribution to the overall mass transfer resistance could be significant.!*?

The improved performance in ChNW-CNC coatings is achieved by intensification of the
deacetylation process, which will result in increased process energy and material consumption.
While a technoeconomic analysis of ChNW production is not available, we use a recent analysis
for chitosan production, which breaks out the energy use for the deacetylation step, as a proxy for
ChNW.® We estimate that the increased deacetylation intensity (time, T and % NaOH) that results
in the smallest OP in this work would lead to a 250% increase in the deacetylation process energy
in comparison to the least aggressive deacetylation conditions in this work. However, the
magnitude of this deacetylation energy, required to produce a 25 um ChNWopt2 film, would be
only ~0.17 MJ/m?. While the total energy embodied in producing CANW-CNC coated films is
unavailable, we can gain insight into the significance of the increased deacetylation energy by
comparing it to PET. From published analyses of PET we estimate the energy embodied is
2.8 MJ/m? for an equivalent thickness PET film.%! Details of the calculation are shown in the
Supporting Information. This simplified analysis does not consider CNC or the ChNW
homogenization step, but it illustrates the magnitude of the trade-off in deacetylation process
energy. These values motivate future complete technoeconomic and lifecycle comparisons of
conventional versus renewable barrier packaging.

CONCLUSIONS

In summary, we have shown for the first time that by tuning the chitin deacetylation

conditions, the O2 barrier property of CA films coated with bilayers of CANW-CNC is successfully

enhanced, bringing them to values near that of commercially available biaxially oriented PET.
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Using the Taguchi method, the effects of chitin deacetylation conditions (%NaOH, temperature,
and reaction time) on the OP of coated films was studied. The optimal conditions of the
deacetylation step were determined to be 35 wt% NaOH, 140 °C for the oil bath, and 140 min. The
temperature was the dominant factor (68.0%) that influenced the OP of the CA-ChNW-CNC films,
followed by %NaOH (21.7%) and the reaction time (10.3%). More aggressive deacetylation
significantly shortened the length of ChNWs, and we hypothesize this facilitates the formation of
denser coatings with lower OP values when ChNWs and CNCs interact electrostatically during
drying. ChNW prepared under optimal conditions (ChNWopt1) resulted in bilayer-coated films
with better O, barrier properties (31.8 cm®-um/m?/day/kPa) than ChNW1 to 9, in agreement with
the predicted value. By extrapolating beyond the 3-factor 3-level design space and making the
deacetylation conditions more aggressive (40 wt% NaOH, 155°C, 140 min), the OP of the coated
film was further lowered to 16.7 cm’-pum/m?/day/kPa, which is comparable to that of commercial
oriented PET film.

This work improved the sustainability of producing an oxygen barrier packaging material
by utilizing materials sourced from plants and food waste. Renewably sourced CA-ChNW-CNC
film is a potential substitute for common petroleum-based O barriers. Nevertheless, although the
coated film had lower WVTR than the uncoated CA film, there is still much room for improvement
for the application in food packaging. This might be addressed by adding fillers, such as nanoclay®?

63,64

and metal oxide nanoparticles, into either suspension or controlling the moisture content,® or

layering with a moisture barrier material, and such solutions would also be helpful to enhance the
16,66

O; barrier property at the same time.
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SYNOPSIS
Multilayer barrier films derived from biomass, including plants and food waste, have oxygen

permeabilities comparable to petroleum-based materials for food packaging.
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