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The present study investigates a new solvent system for the dissolution of chitosan and a new method for
preparing chitosan membranes. First, aqueous tartaric acid was used to pretreat chitosan. Then, the
chitosan was precipitated with ethanol or other regenerating agents, and 1.5 mL of 1-ethyl-3-
methylimidazolium acetate ([EMIM]JAC) was added to obtain translucent suspensions. The chitosan
membranes were prepared by casting the suspensions on glass plates and allowing solvent evaporation.
The structure and properties of the films were investigated by SEM, FT-IR, XRD and TGA. Also, the
mechanical properties, as well as physical and chemical characteristics, of the chitosan films were

evaluated. The results indicated that the optimum dissolution time was 10 min and the most suitable
Received 28t June 2018 drying t t 60 °C. The thus- d fil derately thick (about 0.02 mm) and had
Accepted 30th July 2018 rying temperature was . The thus-prepared film was moderately thick (about 0.02 mm) and ha
a smooth surface, without curling. The chitosan film prepared by ethanol regeneration had a tensile

DOI: 10.1035/c8ra05526b strength of up to 24 MPa, a minimum swelling degree of 78%, and a water vapor transmission rate of
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1. Introduction

The increase of the levels of social and economic development
has triggered rising demand for various packaging products in
daily life. On the other hand, the increasingly tense energy
situation has required researchers to focus on renewable bio-
logical resources in order to develop suitable materials that
could meet this demand.

Chitosan is a natural polymer derived from the deacetylation
of chitin, and is considered the second most common natural
polysaccharide.”® Due to its low cost, easy film-forming
capacity, environmental friendliness, alkali stability, biode-
gradability, excellent mechanical properties and thermal
stability, it is very valuable in the preparation of membranes,
and has attracted great research interest.*” Many studies have
reported that chitosan has an excellent ability to form micro-
spheres, membranes and fibers, which gives it a significant
advantage over other absorbable membrane materials in the
design of packaging structures.® However, chitosan is generally
prepared using acetic acid as solvent — a method that brings
a number of disadvantages, such as minimal thickness, pecu-
liar smell and fragile nature of the films at low concentration of
chitosan, as well as easy drying and curl. Therefore, it is
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270 g m~2 d~! without the addition of plasticizer.

necessary to find an alternative dissolution medium for
chitosan.’

Tartaric acid is a white crystalline, dibasic organic acid,
which has been found to have many applications, for example,
as acidifier, antioxidant, flavor enhancer, etc., in the wine,
bakery and food industries, as well as in pharmaceutical
industries.'**> The wide use of tartaric acid in various fields due
to its excellent properties, including safety, large adsorption
capacity,  high  adsorption  efficiency and  good
biodegradability."**®

Ionic liquids (ILs) are a group of salts that exist in liquid
form at relatively low temperatures (<100 °C) and have recently
received increasing attention as new environmentally friendly
solvents. They have been proved to have suitable chemical and
thermal stability."®'” Swatloski et al.*® were the first to find that
imidazole-based ionic liquids can effectively dissolve cellulose,
generating widespread interest. The use of ionic liquids as
a dissolution medium for chitosan has also attracted wide
research interest, due to the similar structures of chitosan and
cellulose. Numerous studies have shown that 1-ethyl-3-
methylimidazolium acetate is an excellent solvent for chito-
san." However, ionic liquids are highly viscous and difficult to
recover,**** which, in addition to the high dissolution temper-
ature, the low concentration of chitosan dissolved in ionic
liquids limits the use of ionic liquids as a single solvent for
chitosan.

This study investigates a new solvent system for the disso-
lution of chitosan and a new method for preparing chitosan
membranes. First, aqueous tartaric acid was used to pretreat
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chitosan, then ethanol or other regenerating agents were added
and finally [EMIM]JAC was used to obtain a translucent
suspension. The chitosan film is prepared by casting and
solvent evaporation, and the residual [EMIM]AC is removed by
washing with deionized water, which allows effectively over-
coming the defects of chitosan films, such as fragility and
curling upon drying at low concentrations of chitosan. At the
same time, the properties of the chitosan membranes were
analyzed in order to investigate their suitability for packaging
applications (water sensitivity, mechanical properties, etc.).

2. Experimental section
2.1 Materials

Chitosan (degree of deacetylation = 85%), purchased from
Shanghai Lanji Technology Development Co., Ltd., was vacuum
dried at 80 °C for 10 hours before use. Tartaric acid was
purchased from Shanghai EBI Chemical Reagent Co., Ltd. 1-
Ethyl-3-methylimidazolium acetate was purchased from She-
nyang Synox Technology Co., Ltd. and its purity was 90%. It was
vacuum-dried at 80 °C for 24 h before use. The remaining
reagents were of analytical grade.

2.2 Experimental methods and characterization

2.2.1 Determination of chitosan molecular weight. The
molecular weight of chitosan was determined according to the
procedure described by Chen et al.*® A certain amount of puri-
fied chitosan was accurately weighed with a balance, added to
a certain amount of solvent (0.1 mol L™ " acetic acid solution and
0.2 mol L™ " sodium chloride mixed solution) and stirred thor-
oughly until complete dissolution. Then, 15 mL of chitosan
solution was pipetted into an Ubbelohde viscometer placed in
a water bath at 25 °C. After reaching constant temperature, the
flow time of the chitosan solution was measured using a stop-
watch. After the test was completed, the Mark-Houwink equa-
tion was used to calculate the molecular weight: [n] = KM*,
where K = 107%° x DD," @ = —1.02 x 10~ 2 x DD + 1.82, DD is
the degree of deacetylation of chitosan, M is the viscosity
average molecular weight of chitosan.

2.2.2 Preparation of chitosan suspension. In order to
prepare a 1.5% tartaric acid solution, 0.4569 g of tartaric acid
and 30 g of deionized water were added to a four-necked flask
and magnetically stirred as the temperature was raised to 60 °C.
Then, 0.6091 g of chitosan was added to the solution and stir-
ring was continued for 15 min until complete dissolution of the
chitosan, resulting in a 2.0% chitosan solution. The chitosan
solution was then turned into a flocculent suspension using
a regenerating agent such as ethanol and then 1.5 mL of [EMIM]
AC was added to it. The temperature was raised to 70 °C and
stirring was continued for 30 min resulting in a translucent
chitosan solution. The procedure was performed for three
different regenerating agents: ethanol, acetonitrile, and
acetone.

2.2.3 Observation of the dissolution process of chitosan.
Chitosans with different dissolution times, of 1 min, 3 min,
7 min, and 10 min, as well as the translucent chitosan solutions
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obtained using different regenerating agents, were observed
with a PH100 biomicroscope.

2.2.4 Preparation of the chitosan film. The chitosan films
were prepared by the method of casting and evaporation of the
solvent. The translucent suspensions of chitosan prepared by
the procedure described above were cast on glass plates, dried
at 60 °C for 2.5 h, and the residual [EMIM]AC is removed by
washing with deionized water, and then stored in a desiccator
until use.

2.2.5 SEM analysis. The surface morphology of the chito-
san films prepared with different regenerating agents was
observed using a scanning electron microscope, operating at
a voltage of 3.5 kV. The samples were sputter coated with gold
for approximately 90 seconds.

2.2.6 FT-IR analysis. FT-IR spectra of the chitosan films
made with different regenerating agents were recorded on
a VERTEX 70 Fourier transform infrared spectrometer in the
range of 500-4000 cm™". The samples for FR-IR analysis were
prepared by the KBr pellet method.

2.2.7 XRD analysis. XRD analysis was performed using
a PANALYTICAL XPERT-PRO wide angle X-ray diffractometer
(The Netherlands). The experimental conditions were as
follows: Cu target, Ko ray (wavelength of 0.154 nm), voltage of 40
kv, current of 40 mA, scanning range of 3-80°.

2.2.8 TG analysis. TGA was carried out on a TG209F1
thermogravimetric analyzer (Germany) at a heating rate of
10 °C min~! under N, flow at a flow rate of 20 mL min~?, on
sample amounts of 5-10 mg.

2.2.9 Determination of mechanical properties. The thick-
ness of the chitosan films prepared with different regenerants
was measured using a thickness gauge. A standard paper
cutting knife was used to cut the films to a length of 40 mm and
a width of 20 mm. The tensile strength of the composite films
was measured using a TTM computer-based tensile tester with
a 30 mm spacing, at a tension of 5 N.

Then, the tensile strength was calculated according to the
formula: ¢ = F/bd, where F is the breaking load, N; b is the film
width, mm; d is the film thickness, mm.

2.3.0 Swelling. The chitosan films prepared with different
regenerants were dried to constant weight (denoted as Go),
placed in deionized water and soaked for 24 hours. Then, the
films were taken out of the water, quickly wiped with filter paper
to remove surface moisture, and then weighed again. The wet
weight of the films was recorded as Gt. The degree of swelling
was calculated according to the formula: swelling degree (%) =
(Gt — Go)/Go, where Gt is the weight of wet film and Go is the
weight of the dry film.

2.3.1 Water vapor permeability. The chitosan films
prepared with different regenerants were cut to a size of 20 he20
mm. The test sample was fixed with glue to the opening of
a conical flask containing 5 mL of deionized water. The water
vapor permeability was determined at room temperature by
measuring the change in the weight of the system. The water
vapor transmission rate was calculated by the following
formula: (WVTR) = (W, — W,,)/(tA), where W, is the mass of the
initial system, W, is the mass of the system at time ¢, ¢ is the
measurement time, and A is the open area of the conical flask.>

This journal is © The Royal Society of Chemistry 2018
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3. Results and discussion

3.1 Determination of molecular weight of chitosan

Table 1

Table 1 Determination of molecular weight of chitosan®

Solution concentration

(mg mL ™) Flow time/s N Nep Np/C
0.001 154.54 1.47 0.47 465.87
0.00075 140.02 1.33 0.33 437.56
0.0006 130.34 1.24 0.24 393.97
0.0004 120.95 1.25 0.15 368.28
0 105.42

“ Calculated from the Mark-Houwink equation: [n] = KM® The

molecular weight of chitosan M = 398300.

3.2 Observation of chitosan dissolution process

Fig. 1 illustrates that the chitosan completely dissolved in the
tartaric acid aqueous solution after 10 min, forming a homoge-
neous and stable system. Prior to reaching this final state, the
chitosan underwent the stages of swelling and partial dissolution.
Upon the addition of the regenerating agents large flake-like
flocks were formed, after which [EMIM]AC was added. The
resulting translucent suspensions of chitosan are shown in
Fig. 1(a—c). It can be clearly seen that the flocks are larger in the
suspensions obtained by means of acetonitrile and acetone.
Larger flocks may lead to their accumulation during the coating
process, which then increases the thickness of the dried chitosan
films. This affects the mechanical properties of the entire
membrane. It can be inferred that the chitosan film prepared with
ethanol as a regenerant would have better mechanical properties.

3.3 SEM and membrane morphology analysis

Scanning electron microscopy images exhibit the surface
morphology of the chitosan film and regenerated chitosan films.

View Article Online
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It may be noted in Fig. 2(a1 and b1) that the surface of the chi-
tosan film prepared from the chitosan solution presents impu-
rities, while that of the translucent suspension regenerated with
ethanol is smooth and flat, without any cracks. On the other
hand, the chitosan suspensions regenerated with acetonitrile
and acetone produced larger flocks, which resulted in irregular-
ities on the surface of the chitosan membranes, but while their
surfaces are not very smooth, they present no pores. It can be
probably explained by the excessive flocculation caused by
acetonitrile and acetone, which hindered the rearrangement of
the regenerated chitosan molecules during the drying process.
Fig. 2(a2 and b2) reveal that the chitosan film prepared by the
common solution-casting method tends to curl after drying and
is thin and brittle, which is known to be associated with low
concentrations of chitosan. Considering the discussion above, it
can be concluded that ethanol is a suitable regenerant for the
preparation of chitosan membranes, while chitosan membrane
formation by suspension is a feasible method.

3.4 The structure and properties of the films

Fig. 3 reveals the peak corresponding to the hydroxyl group
(-OH) at approximately 3400 cm ™, and that assigned to the
multiple stretching vibration formed by the amine group (-NH,)
at 3000 cm™ . This shows that there are strong and weak
intramolecular and intermolecular hydrogen bonds between
-OH and -NH,. The peak at 2880 cm ' belongs to the CH
stretching vibration, and that at 1647 cm ™" is ascribed to the
NH, CO(i) stretching vibration due to the incomplete deacety-
lation of chitosan. The peaks at 1078 cm " and 1031 cm ™ are
assigned to CO stretching vibrations.?® All the peaks discussed
above belong to the characteristic peaks of chitosan, which
allows concluding that the main functional groups of chitosan
did not change after its dissolution and regeneration. Also, it
can be seen from Fig. 3(c and d) that the peak at 3400 cm ™" is
significantly shifted to the left, and there is less stretching
vibration in the range of 1100-1500 cm ™. Fig. 3b clearly reveals
that the molecular structure of the ethanol-regenerated

Fig.1 Microscopic observation of the dissolution and regeneration of the chitosan suspension using (a) ethanol, (b) acetonitrile, and (c) acetone.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of chitosan films prepared from (a) chitosan solution, and chitosan suspension using (b) ethanol, (c) acetonitrile, and (d)

acetone.

chitosan is most similar to that of the chitosan film prepared
from the chitosan solution. It is possible that during the
reconstitution of the regenerated solution, the -NH, in the
ethanol-regenerated chitosan molecule forms a hydrogen bond
with the negatively-charged CH;COO- in [EMIM]Ac. Acetonitrile
and acetone have weak hydrogen bonding because of the large
intermolecular steric hindrance.

Fig. 4 shows that the X-ray diffraction patterns of the neat
chitosan and of those formed by means of the different regen-
erating agents. As can be seen from the figure, chitosan has
three characteristic absorption peaks at 26 = 10.22°, 19.9° and
20.5°,* while the peaks of the ethanol-regenerated chitosan are
observed at 26 = 10.2°, 19.02° and 21.2°. Thus, the X-ray
diffraction profiles of the two films are basically the same, as
the intensity of the peaks is also very close. The width of the
crystallization peak is slightly increased, indicating that the

Transmittance [%)]
o
\
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—— Ethanol film
—— Acetonitrile film
—— Acetone film

1 L 1 L 1 . 1 . 1 s 1 L 1 L 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Fig. 3 Infrared spectra of chitosan films prepared from (a) chitosan
solution, and chitosan suspension using (b) ethanol, (c) acetonitrile,
and (d) acetone.
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crystal grains became smaller. On the other hand, the corre-
sponding peak near 26 = 10° in the patterns of the acetonitrile
and acetone regenerated chitosan films basically disappeared,
while the peak strength at 20 = 20.6° obviously decreased,
showing loss of crystallinity. In line with the infrared analysis
above, the number of the hydrogen bonds formed in the ethanol
regenerated chitosan film with the addition of [EMIM]Ac is
greater than that of the hydrogen bonds formed in the films
prepared with acetonitrile, acetone and [EMIM]Ac, where the
latter is loosely arranged among the chitosan molecules,
resulting in a significant decrease in the crystalline phase.

Fig. 5 exhibits the TG curves of the chitosan films developed
from the solution and from regenerated chitosan suspensions. As
can be seen from the figure, the weight loss process of chitosan is
divided into two phases. The first stage occurred before 150 °C.
The mass loss at this stage was relatively small, ranging from 4%
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—— Chitosan film

— Ethanol film
Acetonitrile film
Acetone film
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Fig. 4 X-ray diffraction patterns of chitosan films prepared from (a)
chitosan solution, and chitosan suspension using (b) ethanol, (c)
acetonitrile, and (d) acetone.
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Fig. 5 TG diagrams of chitosan membranes prepared from (a) chito-
san solution, and chitosan suspension using (b) ethanol, (c) acetoni-
trile, and (d) acetone.

to 15%, but the weight loss rate of chitosan molecules regen-
erated by means of acetonitrile and acetone was greater than in
the case of ethanol. The weight loss at this stage is due to water
evaporation.”®* The second phase occurs between 180-400 °C,
this is because the decomposition of chitosan leads to rapid
weight loss. It can be seen from Fig. 5d that the weight loss rate of
acetone-regenerated chitosan molecules reaches 85%, while that
of the ethanol-regenerated film is the lowest. The ethanol-
regenerated chitosan molecule has the highest decomposition
temperature, which is about 260 °C. This may be due to the
hydrogen bonds generated that make the intermolecular stability
stronger. Considering the analysis above, the explanation may be
that the changes in the crystalline state of chitosan molecules
cause large differences in thermal stability. Also, these differ-
ences may lead to changes in mechanical strength.

3.5 Determination of mechanical properties and water
sensitivity of chitosan membranes

Mechanical properties are very important for judging the suit-
ability of materials for packaging applications. Among them,
tensile strength is an indicator of major significance for evalu-
ating packaging materials, while drying temperature and film
formation methods have a great impact on this property.

It can be noted from Fig. 6 that the tensile strength of the films
shows an upward trend with increasing drying temperature. As the
temperature rises, the solvent evaporates faster, resulting in
arapid rearrangement of the curled chitosan molecular chains, the
gap between the molecules is increasingly smaller, and the
binding is tighter, so the mechanical strength is improved. It can
be also clearly seen from Fig. 6 that the mechanical strength of the
membrane prepared from the semi-transparent suspension
regenerated with ethanol is significantly higher than those of the
other membranes (the film strength prepared by chitosan solution
is generally 15-18 MPa®). In view of the above analysis, it is
possible that the flocculated chitosan molecules in the suspension
evaporate more rapidly during the drying process, and the
formation of intermolecular hydrogen bonds improves the

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effect of drying temperature on tensile strength of membranes
prepared from (a) chitosan solution, and chitosan suspension using (b)
ethanol, (c) acetonitrile, and (d) acetone.

mechanical properties of the resulting film. On the other hand, in
the case of the film prepared by the common solution-casting
method, the chitosan molecule is smaller and more fluid, the
evaporation rate of the solvent is lower than the diffusion rate of
the molecular surface, and as a result, the obtained film tends to
be curled and wrinkles are uneven, and therefore its mechanical
properties are reduced. Secondary drying of the chitosan film
prepared by ordinary solution will cause severe deformation, such
as shrinkage and curling, and substantially no mechanical
strength, as shown in Fig. 2(a2), while the mechanical strength of
the chitosan film prepared by the ethanol regeneration suspension
can still reach 24 MPa after the secondary drying, and does not
affect the use of the film.

In addition to mechanical properties, the water sensitivity
characteristic is also an important indicator for packaging
applications. With regard to food packaging films, the
requirements for water sensitivity are quite different, depend-
ing on the packaged items.
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Fig. 7 Effect of drying temperature on the swelling rate of chitosan
films prepared from chitosan solution, and chitosan suspension using
ethanol, acetonitrile, and acetone.
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Fig. 8 Effect of drying temperature on water vapor permeability of
chitosan membranes prepared from chitosan solution, and chitosan
suspension using ethanol, acetonitrile, and acetone.

Fig. 7 and Fig. 8 indicate that the trend of the swellability of the
chitosan films is the same as that of the water vapor transmission
rate, both showing a tendency of decreasing first and then
increasing as a function of drying temperature. The water vapor
transmission rate and the swelling degree are the minimum at the
drying temperature of 65 °C. The chitosan membrane prepared
from the ethanol-regenerated suspension is closest to the chitosan
membrane prepared by the solution-casting method in terms of
water sensitivity. It has been thus demonstrated that the drying
temperature is a major factor that affects the water sensitivity of
chitosan membranes. At the same time, the water vapor trans-
mission rate of ethanol regeneration film is the lowest and, in
conclusion, this film can be used to package foods, such as fruits
and vegetables, which lose moisture easily.

4. Conclusion

In this paper, chitosan membranes have been developed and
characterized with regard to their properties in order to inves-
tigate their suitability for packaging applications. In order to
prepare the membranes, aqueous tartaric acid was first used to
pretreat chitosan, then the chitosan was precipitated with
ethanol or other regenerating agents, and [EMIM]AC was added
to obtain translucent suspensions. The chitosan membranes
were prepared by the solution casting and solvent evaporation
method, which effectively solved the problems associated with
the low concentration of chitosan. Lower chitosan concentra-
tion has the disadvantage of forming fragile films that curl upon
drying. Upon rearrangement of the chitosan molecules, the
tensile strength of the resulting chitosan films was greatly
increased, without requiring the addition of a plasticizer, such
as glycerin. This method has been demonstrated as an excellent
for preparing chitosan films.
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