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The use of less-toxic solvents is highly desirable for biopolymer processing and applications to meet
sustainability while alleviating environmental burdens. In this study, chitin was propionylated to
improve its solubility. The highly propionylated chitin exhibited considerably improved solubility (up to
96%) in a binary ethanol/water solution as compared to almost insolubility in a single solvent (either
ethanol or water). Transparent films were prepared with acidified solutions and possessed excellent
mechanical properties with a tensile strength up to 40 MPa and Young’s modulus of 1.3 GPa. When the
solution of the chitin propionate solution was employed as a coating on a paper substrate, the chitin
propionate coating was found to improve the tensile strength of the paper from 64 MPa up to 84 MPa,
and it also significantly decreased the surface energy to improve water resistance. These results suggest
that chitin propionate that is dissoluble in ethanol/water binary solvents has potential use for new
sustainable bio-based films and coatings in practical applications.
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Published by Elsevier Ltd.

1. Introduction

Sustainable packaging materials based on polysaccharides or
their derivatives have received much attention in recent years due
to their renewability and biodegradability, which can help to alle-
viate land and ocean pollutions generated by petroleum-derived
packaging products. Chitin is the second most abundant
biopolymer on earth and commonly obtained from shrimp, lobster
and crab shells which are produced at a rate of 6—8 million tonnes
globally every year; these shells, containing 15—40% chitin, are
often discarded as food waste from the canning industry (Kumar,
2000; Yan and Chen, 2015). Efficient use of this underutilized and
abundant biopolymer can create more economic and environ-
mental benefits. Chitin is biodegradable, which can be degraded
and depolymerized by various enzymes such as chitinases, chito-
sanases, and non-specific enzymes like carbohydrases and pro-
teases (Kaczmarek et al., 2019). Sustainable and biodegradable
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products based on chitin and chitin derivatives may be used as a
potential replacement for petroleum-based products, thus
benefiting the environment. However, chitin cannot dissolve in
common organic solvents because of its supramolecular structure
that formed by ample inter- and intramolecular hydrogen bonds,
which makes it difficult in the processing and restricts its appli-
cations (Rinaudo, 2006). Although chitin can dissolve in a few
solvents such as dimethylacetamide/lithium chloride (DMAc/LiCl),
or ionic liquids, these solvents are either toxic or expensive, which
make them impractical in industrial applications (Barber et al.,
2013; Poirier and Charlet, 2002; Qin et al., 2010). The poor solubi-
lity of chitin is still the main barrier to its practical applications. The
presence of a large number of hydroxyl groups in chitin offers a
wide range of possibilities for its chemical modifications aiming at
improving its solubility in common organic solvents, thereby
leading to new chitin derivatives.

Acylation chemistry has been widely used in chemical modifi-
cations of cellulose, which produces a wide range of cellulose esters
for coating additives and plastics (Edgar et al., 2001). Chitin has a
similar structure to cellulose, but it has an acetamido group at the
C2 position instead of a hydroxyl group in the pyranose ring (Kurita,
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1998). Well-developed acylation chemistry for cellulose could be
adopted to modify chitin to yield chitin esters. Acylation enables
the substitution of the hydrogen of hydroxyl groups of chitin with
an acyl group to form less hydrophilic esters, which can weaken or
break down the hydrogen bonds and thus leading to improvement
in its solubility in organic solvents (Draczynski, 2011; Sugimoto
et al, 2010; Van Luyen and Rossbach, 1995; Yang et al., 2009).
Synthesis reactions may occur in a heterogeneous process or a
homogeneous process. In the heterogeneous process, chitin may be
treated with an organic acid anhydride and a catalyst (usually
sulfuric acid or perchloric acid) in the absence of solvents. For
example, Draczynski (2011) produced chitin acetate/butyrate by
the heterogeneous process in which the mixture of two organic
acid anhydride as acylation agents and perchloride acid as a catalyst
in the presence of non-solvent for the starting chitin. The homo-
geneous process often requires the dissolution of chitin prior to the
reaction with an organic acid anhydride or acyl chlorides. For
example, Teramoto et al. (2006) produced different chitin esters
under homogeneous conditions: chitin was first dissolved in DMAc/
5%LiCl solution, subsequently, the acylation occurred with the
addition of pyridine as a catalyst. To date, different chitin esters
have been reported in the literature, but the information on the
practical use of these chitin esters are still rare. It is well known that
commercially available cellulose esters, cellulose acetate, cellulose
propionate, cellulose acetate propionate, and cellulose acetate
butyrate have been widely applied in coatings, additives, plastics,
optical films, membranes, and composites, because cellulose esters
can provide qualities such as good flow and leveling, inter-coat
adhesion, sag resistance when applied as coating additives,
meanwhile, cellulose ester films are optically clear, very tough and
hard, and possess a high degree of ultraviolet stability (Edgar et al.,
2001). Structurally similar to cellulose esters, chitin esters might
also have great potential to be used in the coatings and plastic film
packaging applications. In this research, we are searching for less-
toxic organic solvents for processing chitin esters and exploring
the applicability of chitin esters in film and coating applications.

There are some investigations on the solubility of chitin esters in
organic solvents. For example, chitin acetate with a degree of acetyl
substitution of 2 was found to be only soluble in acids such as
formic acid (Van Luyen and Rossbach, 1995). Chitin propionate,
chitin butyrate, chitin valerate, and chitin caproate were found to
be soluble in DMAc, dimethylformamide (DMF), dimethyl sulfoxide
(DMSO0), acetone, and methanol (Sugimoto et al., 2010). Draczynski
(2011) and Yang et al. (2009) produced chitin mixed ester films via
the solution casting of chitin mixed esters in DMF followed by
drying at room environment for 2~3 days due to its high boiling
point. Skotucka-Szary et al. (2016) also created some chitin hex-
anoate and chitin butyrate films by solution casting in acetone.
However, in practical applications, especially in the food industry, it
often demands low-toxic solvents such as ethanol. In addition, little
attention has been paid to the use of ethanol/water binary solvents
for chitin esters. The solubility of polymers in binary solvent sys-
tems is often unpredictable. Some binary solvents are found to
improve the solubility of polymers, whereas these polymers are not
able to dissolve in the individual ones (Hoogenboom et al., 2010;
Zhang and Hoogenboom, 2015). For example, poly(methyl acrylate)
(PMA) and poly(methyl methacrylate) (PMMA) polymers with ester
groups were found not soluble in neither pure ethanol nor pure
water, but soluble in ethanol containing a certain amount of water
(Can et al., 2011; Hoogenboom et al., 2010; Zhang et al., 2012). To
our knowledge, the solubility of chitin esters in the binary solvents
with ethanol and water remains unstudied.

In the present work, we prepared chitin ester using propionic
anhydride as an acylating agent and perchloride acid as a catalyst
by the heterogeneous process to obtain highly substituted chitin

propionate. This study aims to investigate the dissolution of chitin
propionate in ethanol/water binary solvents with various ethanol
concentrations. Subsequently, chitin propionate in aqueous ethanol
solutions was employed in the transparent film preparation; in the
meantime, it was also applied as a coating material on the paper
substrate. We investigated microstructure, mechanical properties
and surface energy of chitin propionate films. The surface
morphology, mechanical properties and surface energy of chitin
propionate coated paper were also determined.

2. Materials and methods
2.1. Materials

Chitin from shrimp shells (powder, practical grade), propionic
anhydride (97%), perchloric acid (ACS reagent, 70%), diiodomethane
(ReagentPlus, 99%), N,N-Dimethylacetamide (DMAc, anhydrous,
99.8%) were purchased from Sigma-Aldrich. Glacial acetic acid (ACS
reagent) was purchased from EMD Millipore Corporation. Ammo-
nium hydroxide was purchased from ].T. Baker. Glyceryl triacetate
(GTA) was kindly provided by Siegwerk USA Co. Paper (Multipur-
pose paper, standard 92, recycled 100%) was from Georgia-Pacific.
Ethanol (200 proof, anhydrous) was purchased from Decon Labs,
Inc. Lithium chloride (LiCl, lab grade) was purchased from Fisher
Science Education.

2.2. Synthesis of chitin propionate

A reaction mixture was prepared with the 1.0/6.6/0.5 wt ratio of
chitin/propionic anhydride/perchloric acid. Twenty grams of the
chitin power was used for each batch, around 12.3 wt% of the re-
action mixture. Propionic anhydride and perchloric acid were pre-
cooled at— 4°C for 1 h. Then, the perchloric acid was added
dropwise into the propionic anhydride; subsequently, the chitin
powder was added. The mixture was placed in a water/ice bath at
0 °C for the first 30 min and then at room temperature under
stirring for 2.5 h. After the propionylation, the diluted acetic acid
solution was added to the mixture to hydrolyze unreacted propi-
onic anhydride. The product water-insoluble chitin propionate was
separated from the mixture through water precipitation, then
washed and repeatedly filtered until the pH was neutral, and finally
dried in the oven at 70 °C for 24 h. The average weight of the ob-
tained chitin propionate products was 26.3 g, and the yield was
around 132%. The large yield was ascribed to the introduction of
large propionyloxy groups in chitin propionate molecules.

2.3. Preparation of chitin propionate films

Chitin propionate films were prepared by solution casting of
soluble chitin propionate in ethanol/water binary solvents. Three
solutions were made from an aqueous mixture with an ethanol
percentage at 90 wt%, 70 wt%, and 50 wt%, respectively, and the
chitin propionate at a concentration of 1.8 wt% for all the solutions.
Acidified solutions were prepared by acidifying the 90 wt% solution
to pH 3.5 with acetic acid. Plasticized solutions were prepared by
adding 40 or 60 wt% GTA plasticizer (based on the dry weight of the
chitin propionate) to the acidified solution. Chitin propionate films
were prepared by casting the solutions onto a leveled silicon mold
(55 mm x 25 mm), dried overnight at room temperature in a fume
hood, and then peeled off the mold. The acidified and plasticized
solutions generated a series of transparent and plasticized chitin
propionate films of 30~40 um in thickness; these samples were
coded as neat CP, CP/GTA40, and CP/GTAGO. All films were stored in
a desiccator for 48 h before use and characterization.
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2.4. Preparation of chitin propionate coated paper

The solution of chitin propionate, made in acidified 90% aqueous
ethanol, was applied to the paper substrates with a wet thickness of
100 pm using a K101 Control Coater (RK Print Coat Instruments,
UK). One side of the paper was coated, and the coating was dried at
ambient conditions before the other side was coated. Based on the
number of coating (one time and three times) on each side of the
paper substrate, the samples were coded as CP(1) coated paper, and
CP(3) coated paper, the paper substrate without chitin propionate
coating was used as a control, coded as uncoated paper.

2.5. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra of chitin and chitin propio-
nate were recorded using a Nicolet iS-50 FTIR spectrometer
(Thermo Fisher Scientific, USA). The measurements were per-
formed under the absorbance mode from 4000 cm™~' to 400 cm™!
with a 4 cm~! resolution and 64 scans.

2.6. 'H nuclear magnetic resonance (NMR)

Liquid-state 'H nuclear magnetic resonance (NMR) spectrum of
the chitin propionate was measured at a scan number of 32 in the
chemical shift range of 0—12 ppm by a Varian 400-NMR spec-
trometer (400 Hz, Bruker, USA). The chitin propionate was dis-
solved in deuterated dimethyl sulfoxide (DMSO-dg). The degree of
substitution of propionyl groups (DSp,) and the degree of deace-
tylation (DD) was calculated using the following formulas [1] & [2]
(Teramoto et al., 2006):

_ Tlc,
DSpr = 316 1]
Tl
DD =1 — 2
3ly1-6 2]

Where Iy, is the integral area of the intensity of the signals of the
methyl protons of propionyl groups, I, is the integral area of the
intensity of the signals of the methyl protons of N-acetamido
groups at the C2, Iy;_g is the integral area of the intensity of the
signals of seven protons of the anhydroglucose residue.

2.7. X-ray diffraction (XRD)

The diffractograms of the chitin and chitin propionate were
recorded using a Miniflex 600 X-ray powder diffractometer
(Rigaku, Japan) with a Cu Ko, X-ray source (A = 0.1548 nm) at 40 kV
and 15 mA. Crystallinity index (Crl) was estimated using an
empirical equation [3] as described by Fan et al. (2008) and Zhang
et al. (2005).

110 — 1
CI’[:( 110 amorphous) « 100% [3]
hiio

where Iy is the intensity of the diffraction peak (110) and Igmorphous
is the intensity of the amorphous part at 26 = 16.0°.

2.8. Determination of soluble fraction of chitin propionate in
ethanol/water solvent mixtures

The chitin propionate was dissolved in various ethanol/water
solvent mixtures at room temperature for seven days. The undis-
solved portion of the chitin propionate was removed by centrifu-
gation. The soluble fraction was calculated based on the following

formula [4]:

Concentrationf

Soluble fraction = ——————"
Concentration;

x 100% [4]

Where Concentration; is the initial concentration of chitin pro-
pionate in ethanol/water solvent mixtures and Concentrationgis the
final concentration of chitin propionate solution after the removal
of the undissolved chitin propionate. The concentration was
determined by calculating the ratios of the weights before and after
the drying chitin propionate solution at 70°C overnight.

2.9. Scanning electron microscopy (SEM)

The microstructure of chitin propionate films and the surface
morphology of chitin propionate coated paper before and after the
tensile test were observed with an SEM instrument (FEI Quanta
200F, FEI Company, USA) at 20 kV. All the samples were coated with
platinum using the sputtering process before SEM observation.

2.10. Light transmittance measurement

The light transmittance of the acidified and plasticized chitin
propionate films was measured from 200 nm to 700 nm with a
Lambda-25 UV—Vis spectrophotometer (PerkinElmer, USA).

2.11. Mechanical properties test

The tensile strength of chitin propionate films and chitin pro-
pionate coated paper was measured by an Instron 4466 testing
system (Instron Co., USA) equipped with a 5 kN load cell. The initial
grip separation length was 2 mm, and the testing speed was 2 mm/
min. Five specimens for each sample were measured.

2.12. Dynamic mechanical analysis (DMA)

The dynamical mechanical properties of the plasticized films in
tension were measured with a DMA instrument (Q800, TA In-
struments) under the strain amplitude of 25 um and preload force
of 0.001N, ramping from 30 °C— 200 °C at 3 °C /min.

2.13. Contact angles and surface energy measurement

The contact angle of the plasticized chitin propionate films and
chitin propionate coated paper was measured by the sessile drop
technique (VCA Optima Video Contact Angle System, AST Products
Co., USA). The measurements were performed at room temperature
with a polar liquid (water) and an apolar liquid (diiodomethane).
The surface energy was calculated using Geometric-Mean method
based on the two contact angles with SE-2500 surface energy (dyn/
cm) calculation software (AST Products Co., USA).

2.14. Intrinsic viscosity measurement and molecular weight
determination

The intrinsic viscosity [1n] was measured by capillary solution
viscometry. Chitin and propionylated chitin were dissolved in N, N-
dimethyl acetamide/5% lithium chloride (DMAc/5%LiCl) at three
different concentrations: 0.02, 0.04, and 0.06 g/dL for the chitin,
0.32, 0.64, and 0.96 g/dL for the propionylated chitin. The viscosity
of each concentration was determined with a calibrated Ubbelohde
viscometer (Cannon, USA) in a water bath with a controlled tem-
perature of 25+0.1°C. The flow time for each concentration was
measured five times. To evaluate the intrinsic viscosity, the data of
reduced viscosity neq was first calculated using the equation [5]:
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t.
L1
Cc

Nred = [5]
where t; is the flow time of chitin or propionylated chitin solutions
in DMACc/5% LiCl, tp is the flow time of solvents, c is the chitin or
propionylated chitin concentration (Czechowska-Biskup et al.,
2018). Subsequently, the reduced viscosities were plotted in one
graph as a function of concentration c, the [n] was the value of
intercept of the fitted straight lines with the ordinated axis as a
result of the extrapolation of the concentration to zero. The mo-
lecular weight (M,) was determined according to the Mark-
Houwink equation [6]:

[n] = kMy [6]

The kvalue is 2.1 x 104 and a value is 0.88 for the give solution
system, temperature and chitin materials (Min et al., 2004).

3. Results and discussion
3.1. Characteristics of chitin propionate

The scheme of the propionylation of chitin is shown in Fig. S1.
The chitin propionate was manufactured by a heterogeneous pro-
cess in which chitin was treated by acylating agent propionic an-
hydride and perchloride acid as catalyst in the presence of non-
solvents. The conversion of hydroxy groups into acyloxy groups in
chitin is confirmed by the comparison of the FTIR spectra of starting
material chitin and propionylated chitin (Fig. 1a). The FTIR spec-
trum of the chitin shows its characteristic amide bands around
1662 cm~! and 1558 cm ™, which corresponded to the stretching of
C=0 in the amide I and the overlapping of the C—N stretching and
N—H bending in the amide II, respectively (Cardenas et al., 2004;
Rinaudo, 2006). The two bands around 1740 cm~' and 1180 cm ™' in
the FTIR spectrum of the chitin propionate were attributed to the
C=0 stretching and C—O stretching of esters, which were the
characteristic bands of fatty acid esters (Szosland, 1996). The in-
tensity of the band of O—H stretching around 3425 cm ™! was lower
than that of the chitin, which further suggests that hydrogen atoms
of hydroxyl groups were replaced by propionyl moieties, a shoulder
band was observed at around 3500 cm~! might be ascribed to O—H
stretching that was induced primarily by water molecules.

As can be seen from Fig. 1b, the "H NMR spectrum confirmed the
substitution of propionyl moieties for hydrogen atoms of hydroxyl
groups in the propionylated chitin. The signals around 3.44 ppm ~
4.91 ppm represent 7 protons at the C1—C6 positions of anhydro-N-
acetylglucosamine and/or anhydro-N-glucosamine units, and the
integral area of these signals was normalized as 7.00 for 7H as the
reference signal to which other signals were scaled. Two signals
around 0.94 ppm and 1.04 ppm were assigned to methyl protons
(-CH3s) of propionyl groups at two different positions of the pyra-
nose ring, which had total integral area of 6.00. The other two
signals around 2.11 ppm and 2.32 ppm correspond to methylene
protons (-CHy) of propionyl moieties at the two different positions,
which had total integral area of 3.98. The signal at 1.66 ppm was
attributed to the methyl protons (-CHs) of acetamido groups
(-NHAc). Another signal around 7.70 ppm was assigned to the
amino proton (—NH—) of acetamido groups. Two signals around
2.47 ppm and 3.18 ppm were attributed to the protons from DMSO
and Hy0 in DMSO, respectively. The ratio of the integral areas of
7.00:3.98:6.00 as shown in Fig. 1b almost equals to 7:4:6. The 4:6
ratio has been expected since there are two methylene protons and
three methyl protons in each propionyl group. There are 7 protons
at the C1—C6 positions per repeat anhydro-N-acetylglucosamine or

—— Chitin . .
—— Chitin propionate : a
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T T T T T T
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Wavenumber (cm™)
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Fig. 1. (a) FTIR spectra of chitin and chitin propionate; (b) "H NMR spectrum of chitin
propionate in deuterated DMSO-ds; (c) XRD patterns of chitin and chitin propionate.

anhydro-N-glucosamine unit of chitin. Thus, the 7:4:6 ratio in-
dicates that almost all the hydroxyl groups were substituted with
propionyl groups at the C3 and C6 positions. The calculated acetyl
content at the C2 position in the chitin propionate was approximate
0.93 per repeat anhydro-N-acetylglucosamine or anhydro-N-
glucosamine unit; the theoretical value should be 1.0 if deacetyla-
tion did not occur indicating the presence of a few amino groups,
i.e., the degree of deacetylation (DD) of 0.07 in the chitin propio-
nate. The amino groups in the chitin propionate might mainly
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inherit from the raw chitin because small partial deacetylation
often occurs during extraction, and often resulting in approximate
5—15% amino groups in raw chitin (Cardenas et al., 2004; Pillai
et al., 2009; Teramoto et al., 2006). The obvious peak signals for
methylene protons and methyl protons of the resulting amide
should be yielded in the 'H NMR spectrum if the propionyl sub-
stitution occurred with the free amino groups at C2 position, but
such peaks were not evidently observed, indicating negligible or no
propionylation occurred at C2—NH; position. Teramoto et al. (2006)
and Yang et al. (2009) also reported that little (negligible) or no
propionylation occurred at C2—NH,.

The crystalline structure of chitin was dramatically altered after
the propionylation, as indicated by the diffractograms in Fig. 1c. The
original chitin had a typical crystalline structure of a-chitin with
the six characteristic peaks at 20 = 9.4°, 12.6°, 19.4°, 20.5°, 23.5°,
and 26.3°, corresponding to the (020), (021), (110), (120), (130) and
(131) crystallographic planes, respectively (Duan et al., 2013). Based
on the calculation from the intensity of the (110) crystallographic
plane and the intensity of amorphous chitin at 26 = 16°, the Crl of
the chitin powder was 90% (Fan et al., 2008; Zhang et al., 2005).
After the propionylation, the peak intensity of the characteristic
crystallographic planes significantly decreased or even dis-
appeared, as shown in Fig. 1c, the broadening of the remaining
reflections indicated an amorphous structure of the polymer
(Binias et al., 2005). As shown in Fig. S2, the intrinsic viscosity of the
raw chitin was 14.52 dL/g, and the molecular weight was estimated
with the Mark-Houwink equation to be around 310 kDa. The
intrinsic viscosity of the propionylated chitin was 0.98 dL/g. The
molecular weight of the propionylated chitin cannot be estimated
from the Mark-Houwink equation directly in this study since the
Mark-Houwink coefficients for the propionylated chitin are not
available. The great reduction in the intrinsic viscosity and disap-
pearance of peaks in the diffractogram indicate that the propio-
nylation not only damaged the crystal structure but also might have
degraded chitin chains, thus resulted in a much lower intrinsic
viscosity.

3.2. The soluble fraction of chitin propionate in ethanol/water
binary solvents

Ethanol with a certain amount of water exhibits strong solvating
capability for chitin propionate. As shown in Fig. 2a, the chitin
propionate is almost insoluble in either pure ethanol or pure water.
Upon admixing of ethanol with a small amount of water (5 wt%),
the soluble fraction of the chitin propionate in the solvent mixture
was dramatically increased up to 69%. With increasing the water
content to 10 wt% in the binary solvent, the soluble fraction was
brought up to around 93%. The maximum solubility of chitin pro-
pionate was around 96% in the binary solvent containing 30 wt%
water. As mentioned previously, polymers such as PMA and PMMA
with ester groups exhibited similar dissolution behavior in the
ethanol/water binary solvents. The mechanism behind this inter-
esting solubility behavior of these polymer esters in binary ethanol/
water mixtures has not fully understood yet. One explanation is
that the formation of hydration shells around carbonyl groups of
polymer side ester moieties and the interaction of the ensuing
hydration shells with ethanol molecules via hydrogen bonding
result in solubility maxima for some polymer esters in the binary
ethanol/water mixture (Can et al., 2011; Hoogenboom et al. 2008,
2009, 2010; Zhang and Hoogenboom, 2015). Hoogenboom et al.
(2009) have confirmed this hypothesis by small-angle neutron
scattering, indicating the presence of a single deuterated water
molecule per PMMA repeat unit. Similar phenomenon for solubility
maxima of chitin propionate bearing ester moieties in ethanol/
water might be also ascribed to the presence of such hydration shell
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Fig. 2. (a) Soluble fraction of chitin propionate in ethanol/water binary solvents with
various ethanol concentrations; (b) schematic representation of potential hydrogen
bonding among chitin propionate repeat unit, water molecules, and ethanol molecules.

around carbonyl groups of chitin propionate that can further
interact with ethanol molecules via hydrogen bonding, thus
enhancing solubility in this particular binary ethanol/water
mixture, as schematically depicted in Fig. 2b (Hoogenboom et al.,
2009, 2010). However, a systematic investigation in future work
is still needed to fully elucidate the mechanism behind the solu-
bility maxima of this specific chitin propionate in binary ethanol/
water mixture but insoluble in pure water or in pure ethanol.

The solubility maximum occurred in the binary solvent con-
taining 30 wt% water, that might be partly attributed to the possible
presence of the most single, non-clustered water molecules in this
specific ethanol solvent composition, which led to favorable
hydrogen bonding between water and ester groups of chitin pro-
pionate (Can et al., 2011; Hoogenboom et al., 2008). Water clusters
that dominantly exist in pure water can be broken down into
dispersed monomers, water-dimers, trimers, and tetramers upon
with the addition of a certain amount of ethanol (Hoogenboom
et al, 2010; Noskov et al., 2005). With the water content over
50 wt% or lower than 10 wt% in the binary solvent, the soluble
fraction decreased. It may due to the formation of more bulk water
clusters in higher water content or less efficiency of hydration of
polymers in lower water content, thus resulting in the lower sol-
ubility. As shown in Fig. 2a, when the solvent mixture contained
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70 wt% water, the soluble fraction dramatically dropped to 21%, and
the chitin propionate was almost insoluble in the solvent mixture
with 90 wt% water.

3.3. Characteristics of chitin propionate films

The water content in the ethanol/water binary solvent affected
the microstructure of the cast chitin propionate films after the
removal of all the solvents. As can be seen from the inset photo-
graph in Fig. 3a, the film prepared from the 90% ethanol solution
exhibits the translucency. The SEM image of the fractured cross-
section of the film reveals a porous microstructure (Fig. 3a),
which caused light scattering, thus resulting in translucency. With
increasing the water fraction, more irregular microstructures,
including lamellae, microspheres, and pores (Fig. 3b) were formed
in the cast film leading to an increased opaqueness. Up to the water
fraction of 50%, the integral film could not be obtained and peeled
off from the mold after the solvent evaporation (Fig. 3¢). This sys-
tem and process are akin to the phase inversion process for porous
membrane preparation. The ethanol concentration in the binary
solvent was below the azeotropic point, and ethanol was expected
to evaporate out of the solution at a faster rate than water, causing
the composition to have a higher water and chitin propionate
content. The polymer eventually precipitated and formed a porous

film (Wang and Padua, 2010).

Given that high water content in the binary solvent would result
in lower drying speed in addition to the increased difficulty in
forming an integral film, chitin propionate dissolving in the binary
solvent containing only 10 wt% water was selected for further
investigation to enhance its transparency. As illustrated in the inset
photograph in Fig. 3d, the addition of acetic acid into chitin pro-
pionate in the binary solvent was found to reduce the porosity of
the cast film and improve the transparency. A small number of
amino groups existed in the chitin propionate structure, which was
evidenced by DD value (approximate 0.07) in earlier 'H NMR
analysis. The addition of acetic acid would result in the protonation
of amino groups (-NH;) into —NH3, leading to the electrostatic
repulsion among the chains of chitin propionate molecules; the
protonation (ionization) might help further enhance the solubility
of chitin propionate in ethanol/water mixture. The higher acidic
water content in the composition in the last stage of the cast so-
lution evaporation help reduce the formation of pores. It is analo-
gous to the reason that the densification of cellulose nanofibril
films upon drying from water, which was the combination of the
capillary pressure of the evaporating solvent and the disruption of
the hydrogen bonding network at the intersections of the particles
by the solvent (Toivonen et al., 2018). When the solution was not
acidified, the hydrogen bonding network among amino and

Fig. 3. SEM images of fracture cross-section of chitin propionate films from various solvent mixtures: (a) 90/10 %w/w ethanol/water; (b) 70/30 %w/w ethanol/water; (c) 50/50 %w/w
ethanol/water; (d) 90 wt% aqueous ethanol acidified with acetic acid (pH = 3.5). Inset: photographs of the corresponding films.
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carbonyl groups was no longer disrupted and could be considered
physically crosslinked keeping pores from collapsing by the capil-
lary pressure (Toivonen et al., 2018).

As displayed in Fig. 4a, the light transmittance of this chitin
propionate film from the acidified solution was up to 92% in the
visible light spectrum of 500 nm — 700 nm. The addition of GTA
plasticizer did not compromise the transparency of chitin propio-
nate films. The light transmittance decreased with the decreasing
wavelength of the light in the UV region, indicating that the films
blocked certain parts of UV lights, and more effectiveness of
blocking UV lights at shorter wavelength was observed. Fig. 4b
displays the typical stress-strain curves of the neat chitin propio-
nate film and the plasticized ones, and the data of mechanical
properties are summarized in Table 1. The tensile strength of the
neat chitin propionate film was 40 MPa, but the elongation at break
was only 4%, indicating its intrinsic brittleness. Plasticizer GTA
improved the flexibility of the films because the low molecular
weight GTA could be embedded in between chitin propionate
molecule chains (Li et al., 2017). The elongation at break of the cast
film was brought up to 17% and 25% after the addition of plasticizer
GTA at 40 wt% and 60 wt%. However, the incorporation of plasti-
cizer resulted in decreased tensile strength and Young’s modulus,
as shown in Table 1.

Fig. 4c shows the temperature dependence of storage modulus
and tan 6 of the neat chitin propionate film and the plasticized
chitin propionate films. The chitin propionate films with plasticizer
had lower storage modulus than the neat film with the temperature
ranging from 30 °C to 150 °C. This can be ascribed to the increased
segmental motion in the chitin propionate backbone due to the
incorporation of low molecular weight plasticizer, thereby
decreasing the storage modulus (Park et al., 2004). The storage
modulus of neat chitin propionate film decreased smoothly with
increasing the temperature and exhibited glassy modulus up to the
temperature around 150 °C. Beyond the temperature of 150 °C, the
storage modulus began to decrease dramatically, indicating the
transition from glassy state to a rubbery state. Another sudden drop
in the storage modulus occurred around 190 °C, suggesting that the
film began to decompose; it appears that the film had no resistance
to the temperature close to 190 °C. It is interesting to note that
there was a weak but broad tan ¢ peak in either CP/GTA40 film or
CP/GTAG60 film at the lower temperature around 80 °C, which can
be denoted as “secondary relaxation”. Such broad peaks in the
curve might be ascribed to a specific type of polymer-plasticizer
interaction (Bao et al., 2015). The interaction between propionyl
moieties of chitin propionate and acetyl moieties of glyceryl triac-
etate via hydrogen bonding and the easier rotation of chitin pro-
pionate molecular chain might be in part account for the
occurrence of this tan 6 peak. With increasing the plasticizer GTA
content in the chitin propionate matrix, tan ¢ peak related to sec-
ondary relaxation became slightly broader.

3.4. Characteristics of chitin propionate coated paper

Chitin propionate as a coating on a paper substrate could alter
the microstructure and mechanical properties of the paper sub-
strate. As shown in Fig. 5a, the uncoated paper substrate exhibits a
heterogeneous and rough surface due to the interlacement of cel-
lulose fibers. With one layer coating, chitin propionate filled the
interfibrillar cellulose fiber spaces, and the paper exhibits a rela-
tively smooth surface. However, the interlacement of cellulose fi-
bers and a few pores are still clearly observed in Fig. 5c. Repetitive
coating three times on the paper substrate produced a smoother
and more homogenous surface because more total solids were
deposited on the paper surface, thus leading to the completely
covered and filled pores of the paper substrates, as observed in
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Fig. 4. (a) UV—Vis spectra; (b) typical stress-strain curves; (c) the temperature

dependence of storage modulus and tan ¢ of the neat chitin propionate film and
plasticized films.
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Table 1

Summary of the mechanical properties of the neat chitin propionate and the plasticized chitin propionate films.

Sample Tensile strength at break (MPa) Young’s modulus (GPa) Elongation at break (%)
neat CP 40+3 1.3+0.1 4.3+0.2
CP/GTA40 24+3 0.54+0.1 17+4
CP/GTA60 21+3 0.48+0.1 25+1
90
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Fig. 5. Surface morphologies of the uncoated paper and chitin propionate coated paper
before the tensile test (a, ¢, e) and fractured surfaces after the tensile test (b, d, f).

Fig. Se.

As shown in Fig. 6, the tensile strength of CP(1) coated paper
was brought up to 83.0 MPa from 64.4 MPa of the uncoated paper.
Repetitive coating three times on the paper substrate only slightly
increased the tensile strength to 83.6 MPa. It appears that one-time
chitin propionate coating is sufficient to enhance the tensile
strength. The improvement in the tensile strength of chitin propi-
onate coated paper may be mainly attributed to that the chitin
propionate was filled into the pores or spaces among the cellulose
fibers to enhance the bonding among cellulose fibers. Fig. 5b re-
veals that after the tensile strength test, individual cellulose fibers
were pulled out and separated from the uncoated paper substrate,
whereas the cellulose fibers were still bonded together (Fig. 5d—f)
after the tensile test for the coated paper. It accounts for why chitin
propionate coatings could provide a significant improvement on
the tensile strength of the paper substrate.

As can be seen from Table 2, the neat chitin propionate film
exhibited a water contact angle of approximate 75°, whereas that of
the plasticized films was around 69°. It might be ascribed to the

Strain (%)

Fig. 6. Typical stress-strain curves of the uncoated paper and chitin propionate coated
paper.

presence of more hydrophilic plasticizer GTA on the surface of the
plasticizer films, which may account for a slight increase in the
surface energy of the plasticizer films. The uncoated paper
exhibited a considerably low water contact angle (approximate
39°) and high surface energy (approximate 62 dyn/cm) because
there were a large number of hydrophilic hydroxyl groups on the
surface of cellulose fibers for uncoated paper. The increased water
contact angle and decreased surface energy indicated that chitin
propionate coatings could help to improve the water-resistance of
paper substrates.

4. Conclusions

This work demonstrates the enhanced solubility of highly
substituted chitin propionate in ethanol/water binary solvents. The
dissolution of chitin propionate in less-toxic ethanol/water solvent
mixtures might open its potential to be used in practical applica-
tions such as films, inks, and coatings. Highly transparent and
plasticized chitin propionate films were successfully obtained with
good tensile strength through acidified solution casting. Specif-
ically, the neat chitin propionate films exhibited a tensile strength
of 40 MPa and moderate surface energy of 39 dyn/cm. Plasticizer
glyceryl triacetate was found to improve the flexibility of chitin
propionate films, and the 60 wt% plasticizer loading increased the
elongation at break from 4% to 25%. In this work, chitin propionate
coating on a paper substrate was also demonstrated to provide
improvement in the tensile strength from 63 MPa to 84 MPa, in the
meanwhile, it could decrease the surface energy to improve the
water-resistance of the paper substrate. Such performance of
transparent films and coatings might open up many opportunities
for this new sustainable bio-based material in packaging
applications.
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Table 2

Contact angles and surface energy of chitin propionate films and chitin propionate coated paper sheets.

Samples Water (°) Diiodomethane (°) Surface energy (dyn/cm)
neat CP 75+4 46+2 39
CP/GTA40 70+4 4542 41
CP/GTA60 69+2 47+3 40
Uncoated paper 39+3 23+4 62
CP(1) coated paper 62+4 38+2 47
CP(3) coated paper 61+2 39+2 47

Contact angle values recorded at the 60th second.
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