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Chitin was chemically extracted from crab shells and then dissolved in N,N-dimethylacetamide (DMAc) solvent with lithium
chloride (LiCl) at 3, 5, 7, and 10%. The concentrated chitin-DMAc/LiCl solutions were used for the preparation of chitin hydrogels
by water vapor-induced phase inversion at 20°C. The coagulation process was investigated while altering the concentration of LiCl
in the DMACc solution. The shear viscosity of the chitin solution increased with higher LiCl amounts and decreased when the
concentration of LiCl was reduced by adding water to the chitin solution, implying high LiCl concentration delayed the co-
agulation of chitin solution in the presence of water. The viscoelasticity of the chitin solutions indicated the gel formation
intensification was dependent on the dose of LiCl and chitin in the DMAc solution. After the chitin solution was coagulated, the
resultant hydrogels had water contents of 387-461% and the tensile strength varied from 285 to 400 kPa when the concentration of
LiCl in the hydrogel was adjusted to 3% and 7%, respectively. As for viscoelasticity, the complex modulus of the chitin hydrogels
indicated that the increment of the LiCl concentration up to 7% formed the tight hydrogels. Atomic force microscopic (AFM)
image revealed the formation of the entanglement network and larger domains of the aggregated chitin segments. However, the
hydrogel prepared at 10% LiCl in DMAc solution exhibited weak mechanical properties due to the loose hydrogel networking
caused by the strong aggregation of the chitin segments.

1. Introduction

Hydrogels are defined as the hydrophilic structure being
able to hold an excess amount of water inside their three-
dimensional polymeric network [1-4], which can be
classified based on different criteria, such as source,
polymeric composition, configuration, and type of cross-
linking [5]. The most common way to classify hydrogel is
based on the material source. In the biomass hydrogel
materials, natural polymers are available such as hya-
luronic acid [6], alginate [7], chitosan [8], cellulose [1],
chitin [2], and starch [9]. There are several advantages of
biopolymer hydrogels. Especially, biopolymer hydrogel

has the excellent biocompatibility and is better than other
synthetic polymer-based hydrogel in medical applica-
tions. Biohydrogels have been demonstrated as a potential
material in various fields due to its excellent strength,
good compatibility, and degradation [10-15]. There are
reports about the fabrication of the hydrogels with freeze-
thawing process [3, 16], which are repeatedly performed
at low temperature. However, the phase inversion method
was successfully used to obtain biomass hydrogel con-
tracting without cross-linker chemicals at room tem-
perature [11, 14]. In this process, the biomass polymer is
transformed in a controlled way from a solution state to a
solid state by the solvent exchange in polymer solution to
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nonsolvent, leading the polymer coagulation. Hence, the
demixing process induces the formation and properties of
the hydrogels. For example, the cellulosic hydrogels
prepared by the phase inversion method in alcohol vapor
showed the excellent mechanical properties and good
biocompatibility [11, 17, 18]. Among the biomass-based
hydrogels, chitin is the second most abundant polysac-
charide composed of f-(1 = 4)-N-acetyl-D-glucosamine
unit (Figure 1). Favorite properties of chitin are being
nontoxic, biocompatible, and biodegradable [13, 19]. In
general, it has been known that the structure of chitin was
stabilized by the strong intra- and intermolecular hy-
drogen bonds between chains, which made dissolving
chitin difficult in common solvents [16]. While chitin
cannot be dissolved in N,N-dimethylacetamide (DMACc)
solvents, the addition of lithium salts can enhance the
solubility of chitin [15, 20]. Chitin hydrogel has been
known as a functional material which was applied in
various fields such as biomedical [13], drug delivery [15],
agricultural supporter as seed germination scaffold [16],
and water treatment [2, 4]. However, the effects of LiCl
concentration in DMAc solution for the chitin hydro-
gelation have not been clear. Most of the recent researches
in preparation of chitin-based materials in DMAc solu-
tion were with the addition of LiCl at 5% (w/w) [21-26].
As seen from these studies, the reason for choosing the
concentration of the added LiCl in DMACc solution has not
been clear. Therefore, in the present study, the LiCl
concentration in DMAc solution is investigated in the
range of 3, 5, 7, and 10% to study the effect of LiCl on the
formation of the hydrogels and on the properties of the
obtained chitin hydrogels by using the phase inversion
method under water vapor. Therefore, the resultant chitin
solutions and hydrogels prepared from different LiCl
concentrations were systematically investigated. Mean-
ingful and original conclusions of the chitin hydrogel
resulted in the phase inversion process. The properties of
the chitin solutions were characterized in terms of vis-
cosity with the addition of the coagulation water and
viscoelasticity to observe the difference in the network
formation between chitin segment and DMAc/LiCl sol-
vent. For chitin hydrogels, the effect of LiCl concentration
on the characteristics was measured in water content,
mechanical strength, and topography with the surface
roughness values to carry out the influence of the LiCl
contents on the formation of the obtained hydrogels as the
first report.

2. Materials and Methods

2.1. Materials. Crab shells were collected from snow crabs
(genus Chinoecetes) in Teradomari, Niigata, Japan. All
chemicals used in the preparation of chitin hydrogel were
of analytical grade. Other chemicals, hydrochloric acid
(HCI), sodium hydroxide (NaOH), potassium hydroxide
(KOH), N,N-dimethylacetamide (DMACc), lithium chloride
(LiCl), and ethanol which were products of Nacalai Tesque,
Inc. (Tokyo, Japan), were used without any further puri-
fication. Prior to the use of DMAC, the solvent was stored
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Figure 1: Chemical structure of chitin.

with KOH for over 5 days and LiCl was dried in vacuum
oven at 80°C in 24 h to remove trace of moisture.

2.2. Preparation of Chitin Extracted from the Crab Shell Wastes
and Chitin Hydrogels at Different LiCl Concentrations.
Chitin used in the present work was chemically extracted
from crab shell waste due to the increasing interest in the
utilization of renewable feedstocks for chemicals with some
modifications [27]. Figure 2 depicted the preparation pro-
cess of chitin and the chitin-DMAc solution at different LiCl
concentrations. In brief, in the demineralization process,
10g of crab shells was treated with 300mL of 1N HCI
aqueous solution at room temperature for 24h. Then,
deproteinization was carried out in 300 mL of 10% NaOH
aqueous solution at 90°C for 5h. Next, 300 mL of ethanol
solution was added, and the crab shells were bleached at 60°C
for 5h. The solid part was filtered off and washed with
distilled water to neutral pH. In comparison of the crab
shells and the extracted chitin in Figure 2, it was clear that
the decolorization was occurred in these purification pro-
cesses. The fabrication of chitin hydrogel was carried out by
the following process. Chitin was dissolved in DMAc/LiCl
solvent for 5 days at room temperature. The LiCl content was
adjusted in 3, 5, 7, and 10% in DMAc solution. Then, the
concentration of the extracted chitin was added as 1 and 2%
to the LiCl/DMAc solvent. Following that, the chitin solu-
tion was centrifuged at 9000 rpm in 30 minutes to remove
the undissolved parts. After that, the chitin solutions were
obtained in 1 and 2% of concentration. Figure 2 contained
pictures of the chitin-DMAc solutions prepared at different
concentrations of LiCl. For the hydrogel fabrication, the
resultant chitin solution was casted on the Petri dish with
9.1 cm of diameter, which was placed in the plastic container
(12 x 12 x 6 cm?). Then, 40 mL of distilled water was also
placed without contacting the chitin-DMAc solutions in the
container. At room temperature, water vapor was induced in
the wet-phase inversion process for the fabrication of the
chitin hydrogels. After 24 h, the chitin hydrogel was formed
in the Petri dish with DMAc solution. Before measurements,
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FIGURE 2: The preparation process of chitin, chitin-DMAc solution containing LiCl from 3 to 10% for C1-3 to C1-10, and chitin hydrogels

with different LiCl concentrations.

all the obtained chitin hydrogels were washed with excess
amount of distilled water several times to remove trace of
solvent. For example, the chitin hydrogel sample prepared
from 1% of chitin in 5% LiCl in DMAc solution was named
as Cl1-5 signing with C (chitin concentration)-(% LiCl
content).

2.3. Evaluation of the Chitin Solutions and Chitin Hydrogels
Containing Various LiCl Concentrations. For the charac-
teristics of the extracted chitin, chitin solution, and chitin
hydrogels, several experiments have been carried out. Vis-
cosity of the obtained chitin solutions was measured at 20°C
as a function of the shear rate from 0.01 to 1000s ' by
Rheometer (Physica MCR 301, Anton Paar). During the
measurement, the exact amounts of water were added to the
chitin-DMAc solution to demonstrate the change in the
viscosity values. Rheology of the chitin solutions having
different LiCl concentrations was measured as a function of
the frequency from 0.01 to 100 Hz, while the strain was 1% at
20°C. Fourier-transform infrared spectroscopy (FT-IR)
spectra were recorded with JASCO FT-IR/4100 spectrometer
by grinding dried samples with potassium bromide (KBr) in
the absorbance model and taken from 4000 to 500 cm™"
wavelengths with the resolution of 2cm™. The degree of
acetylation (DA) of the resultant chitin was calculated
according to the method [28] by the following equation:

DA (%) = %x 100. (1)

Here, A ;450 and Asyso were referred to the absorbance of
peak at 1650 and 3450 cm ™', which related to the bands of
amide I and hydroxyl group, respectively, in the FT-IR
spectra. The deconvolution of the FT-IR spectra in the range
of 3700-3000 cm ™" was carried out. The center of the fixed
peaks obtained from the spectral data was decomposed into
their Gaussian components. The peal centers and the curve
were then fitted using OriginPro 8.5.

The values of water content (WC) of the hydrogels were
measured at room temperature by immersing 30 mm x 10 mm

strips of the dry hydrogels in distilled water. After the soaking

period was 24 h to ensure equilibrium sorption, the hydrogels
were removed and quickly wiped with tissue paper and finally
weighed. The value of WC was calculated for each sample using
the following equation:
WC (%) = (m - m,) x 100 , )
my

where m,, was the dry weight and m was the weight of the
hydrogels after 24 h immersion in distilled water.

Atomic force microscopy (AFM) measurement was
performed with samples (10mm x 10mm) in the wet
conditions by using the cantilever (SI-DF3-A). The scanning
area was 5 ym? for measuring the topography of the hydrogel
surface with the root mean square values (RMSs).

The mechanical properties of the resulting hydrogels
were evaluated with tensile strength and viscoelasticity. In
the tensile strength, the test was carried out by using LTS-
500N-S20 (Minebea, Japan) with an operating head load of
500N at 23°C and 50% RH. The wet hydrogel specimens
(40 mm x 10 mm) were then placed between the grips of the
testing machine. The initial length was 20 mm, and the speed
of testing was 2mm min~" till the sample was broken. The
values of tensile strength and elongation were calculated
using the following equations:

. N maximum load
tensile strength 5| = - , (3)
mm cross — sectional area
| ti t t
elongation (%) = e.o.ng.a 1on at fupture x 100. (4)
inintial gauge length

Viscoelasticity of the wet hydrogels was conducted at
20°C to obtain the complex modulus (G*) of the samples as a
function of frequency (Hz) of 0.01-100 Hz and strain (%)
from 0.01 to 100%.

3. Results and Discussion

3.1. Properties of the Extracted Chitin and Chitin in the DMAc
Solution with Different LiCl Concentrations. The crab shells
were light reddish after the chemical treatment, as shown in
Figure 2. The yield of the purification from crab shells was



gained about 34.7+2.1%, and the value of DA for the
extracted chitin was calculated as 73.4 £ 5.2%. As shown in
Figure 2, the chitin-DMAc solution had yellowish color and
the transparency was somewhat decreased when the LiCl
concentration was up to 7-10%. The shear viscosity of the
obtained chitin solution was measured at various concen-
trations of LiCl/DMAc solution as a function of the shear
rate (Figure 3). It was observed that the amounts of LiCl
concentration in the DMAc to chitin solution had a strong
effect on the viscosity. As seen, at the shear rate of 0.1 s L, the
values of viscosity were increased as 0.17 and 4.9 Pa.s for C1-
3 and C1-10 solutions, respectively. When the chitin con-
centration was 2%, the viscosity was 0.2 Pa.s for C2-3 and
7.5 Pa.s for C2-10 solutions. It was remarkable that when the
LiCl concentration in the DMAc solution was 3%, the
viscosity was significantly low for C1-3 and C2-3, respec-
tively. This could be due to the lack of LiCl content in DMAC,
which led to the deficient interaction to chitin segments.
Therefore, the chitin solutions prepared at 3% LiCl con-
centration were extremely diluted. However, when the LiCl
concentration was 10%, the values of viscosity were sig-
nificantly enhanced. This could be attributed to the mac-
rocation formed in the DMAc/LiCl system, which interacted
with chitin molecules and acted as cross-linker as well as in
the case of cellulose [14]. In this study, the result was seen
that higher concentration of chitin in the DMAc solution
also caused the increment of the shear viscosity of the related
solutions. For example, at 0.63s™' of the shear rate, the
viscosity of C2-5 was 2.8 Pa.s, while the value of C1-5 was
0.74 Pa.s. Increasing the shear rate up to 10s™ ' caused the
decrease in viscosity as 0.68 and 1.12 Pa.s for C1-5 and C2-5,
respectively. This indicated that a higher shear rate deformed
the hydrogen bonding between chitin segments. As a result,
the presence of LiCl in the DMAc solution could be dis-
soluble causing chitin to extend its molecular shape in
DMAc.

To study the effect of the added water on the chitin-
dissolved DMAC/LICl solution, viscosity was measured,
when the amount of the added water was changed. During
the measurement of the viscosity, the shear rate was kept at
0.63s™". Figure 4 illustrates the viscosity at different ratios of
the added water and the chitin-DMAc solutions in the range
from 0 to 10. As a result, the added water in the chitin
solution caused the increment in the shear viscosity through
the turning point of the viscosity decreased, corresponding
to be on the starting process of gelation. When the added
amounts of the water further increased, the tendency on the
viscosity decreased, meaning that the chitin in the DMAc
solution was coagulated. This might be due to the effective
solvation of the water to the formation of the macrocation of
chitin and LiCl in DMAc solution. In particular, the shear
viscosity was increased from 0.17 to 5.5Pa.s for C1-3 and
0.74 to 6.4 Pa.s for C1-5 at water: DMAc/LiCl of 0 and 2,
respectively. Afterwards, the values were decreased when the
ratio of the added water and chitin-DMAc solution (water:
DMAC/LiCl) reached 4 and 5. It could be because the higher
amount of the added water caused the faster gelation of the
chitin in the solution. Meanwhile, the opposite tendency was
seen in the cases of C1-7 and C1-10. When the ratio between

Journal of Chemistry

Shear viscosity (Pa.s)

0.01 0.1 1 10 100 1000
Shear rate (1/s)

-/ C2-10 -O- C2-3 B C1-5

- C2-7 —A- C1-10 -@ C1-3

I} c2-5 -¢- Cl1-7

FIGURE 3: Shear viscosity of the chitin solutions prepared at dif-
ferent LiCl concentrations.

30

Shear viscosity (Pa.s)

0 2 4 6 8 10
(Water : solution)

-\ C2-10 O C2-3 i C1-5

- C2-7 —-A- C1-10 @ C13

L1+ c25 - C17

FIGURE 4: Shear viscosity of the chitin-DMAc solution with the
added water in different amounts at 0.63s™' of the shear rate.

the added water and chitin-DMAc was changed from 0 to 4,
the increment in the shear viscosity was seen. For instance,
the obtained values were 1.4 and 3.9 Pa.s for C1-7 and 4.8
and 9.8 Pa.s for C1-10 at water: DMAC/LIiCl as 0 and 4,
respectively. However, when the ratio reached water:
DMAC/LiCl as 5, the values of viscosity were observed as 3.5
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and 9.7 Pa.s for C1-7 and C1-10. It was noted that higher
concentration of LiCl might contribute to the higher water
retention causing the longer constant viscosity. For C1-3 and
C1-5, the gelation point was seen at the water: DMAc¢/LiCl as
2, while higher LiCl concentration caused the higher point at
water: DMAC/LICl as 4 for C1-7 and C1-10. The similar
tendency for 2% of chitin solution had higher values relative
to 1% of chitin solution. When the added water was in-
creased to 2% chitin concentration, the C2 solution was
observed with the increment of shear viscosity up to the ratio
of 5. Nevertheless, more addition of water reduced the values
of the viscosity. The gelation points were obtained at water:
DMAC/LiCl as 5 for C2-3 was 0.39 Pa.s, while the viscosity
value was 0.29 Pa.s obtaining at water: DMAc/LICl as 6. The
values of the shear viscosity of the C2-3 solution with the
addition of water seemed to be constant. It could be because
of the deficient interaction of LiCl content in DMAc solution
to chitin segment. Low LiCl concentration in DMAc solu-
tion could not enable the effective dissolution of chitin
molecules in the preparation process, indicating the low
viscosity observed in Figure 3. For C2-5 solution, the vis-
cosity was decreased from 21.7Pa.s to 13.8 Pa.s when the
ratio of water: DMACc/LIiCl was 7 and 8, respectively. At a
higher LiCl concentration at 7 and 10%, the higher gelation
points were seen at the water: DMAc/LiCl as 8 for 25.8 Pa.s
in C2-7 and 27.2Pa.s for C2-10, meaning the strong re-
tention of chloride ion in the macrocation to water molecule.
When the ratio of water: DMACc/LICl was 9, the related
viscosity reduced as 14.7 Pa.s and 24.1 Pa.s for C2-7 and C2-
10, respectively. After adding water to the chitin-DMAc
solution, the decreased viscosity meant the insoluble chitin
gelation in the DMAc solution. It might be due to the en-
hancement in the chitin concentration leading to the higher
intensity of the gelation process due to the strong affinity of
water molecules to chitin segment to induce gelation. It was
noted that the gelation of chitin solution was delayed in the
presence of the added water when the LiCl concentration
was high in DMACc solution. This suggested that the highly
solvated macrocation to chitin delayed the demixing process
in the addition of water.

Figure 5 depicts the viscoelasticity of the chitin-DMAc
solution as a function of frequency from 0.01 to 100 Hz. The
rheological properties of the chitin-DMAc solution having
the LiCl concentration at 3, 5, 7, and 10% were carried out at
20°C, and the strain was 1%. Figure 5(a) represents the
storage modulus (G') and loss modulus (G") of the C1 chitin
solutions as a function of the frequency from 0.01 to 100 Hz.
The values of G' and G” increased gradually with the in-
crement of frequency especially in the C1 samples. Here, the
chitin solution prepared at 3% LiCl showed the viscous
behavior, as G" was higher than G'. As seen, the G'
depended on the frequency remarkably. Interestingly, with
the increase in the LiCl concentration from 5 to 10%, the
values of the G’ decreased as 8.4, 4.2, and 4.3 Pa for C1-5, C1-
7, and C1-10 at 1 Hz, respectively. The gelation process was
able to occur when G’ became higher than G”. When the G’
was higher than the G”, the point was for the gelation point.
Here, the crossover point between G’ and G” was moved to a
higher frequency with the enhancement of the LiCl

concentrations. With the addition of LiCl from 5 to 10% in
the chitin-DMAc solution, the crossover frequency was seen
at 2.2 and 6.8 Hz, meaning that the relaxation time was
decreased due to the increment in entanglements in the
chitin/LiCl/DMACc solution [29]. It has been reported that
high LiCl amount in DMAc solution could form the mac-
rocation [DMAc-LiCl-DMAc-Li]*-Cl~, which acted as a
cross-linker with chitin segments [14]. Therefore, longer
time is required to obtain the gel formation as seen in the
viscosity results. At a higher concentration of chitin solution,
the G’ value was increased as 21.8 Pa for C2-5 at 1 Hz in
Figure 5(b). However, the G' was not different as 21 Pa for
C2-7 and C2-10. It was noted that the chitin solutions
prepared with 5% LiCl showed the highest values of G’ in the
C1 and C2 solutions, suggesting the stronger gel intensity. In
addition, G' was considered to be the indicator of the gel-
network extend. Therefore, the higher G' meant the stronger
gel intensity. Moreover, the tan § = G"/G' was calculated.
Figure 5(c) describes the value of tan & of chitin solutions as a
function of frequency. The decrease in tan § for all the
samples indicates the shift of the materials towards the
increment of elastic as the frequency and the chitin con-
centration increased. For the C1 solution, the tan § was seen
to be decreased as 2.41, 0.92, 1.26, and 1.3 when the LiCl
content increased from 3 to 10%, respectively. When the
chitin concentration was changed to 2%, the values of tan §
were reduced to 3.16, 0.6, 0.65, and 0.63 for the C2-3, C2-5,
C2-7, and C2-10, respectively.

3.2. Properties of Chitin Hydrogels Prepared from Different
LiCl Concentrations. Figure 6 shows the appearance of the
chitin hydrogels prepared from 1% chitin concentration.
Here, for the C1 samples, the round-shaped hydrogels were
prepared in the round Petri dish with 9.1 cm diameter in the
water vapor conducted at 20°C. Here, the images of the
samples were taken after the gelation finished without
washing in distilled water. The diameter of the hydrogel was
increased, when the addition of LiCl content was higher. For
example, the diameter and thickness for the sample having
3% of LiCl content were 44 and 0.7mm, respectively.
Meanwhile, the values were increased as 65.6 mm for di-
ameter and 1.1 mm for thickness in the case of C1-10. This
suggested that the formation of the macrocation [DMAc-
LiCl-DMAc-Li]" - CI” influenced the chitin hydrogel for-
mation, especially at higher concentration of 10% LiCl in
DMACc solvent [14]. So the CI” ion could be hydrated,
exhibiting strong swelling interactions with water molecules
[30]. Therefore, the hydrogel could absorb water during the
solvent-exchange process in the closed space. Figure 7 shows
the formation of the macrocation [DMAc-LiCl-DMAc-Li]*
and the hydration between Cl™ and water molecules. As seen,
at 10% of LiCl concentration, the obtained chitin hydrogel
gained the higher diameter of the appearance due to the
water retention of Li* and Cl” ions. The diameter and
thickness of the chitin hydrogels prepared at different LiCl
contents are listed in Table 1.

By the results of demixing of the DMAc-water in the
chitin solution, the hydrogels are obtained, as shown in
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FiGURe 5: The viscoelasticity of chitin-DMAc solutions containing different LiCl concentrations for (a) C1 and (b) C2 and (c) tan § as a
function of frequency.

Figure 6. Before measurements, the chitin samples were
washed in excess amount of diluted water to remove traces of
solvent. Here, the water content of the chitin hydrogel
decreased with the increment in LiCl concentration, and the
value was reduced from 461 to 388% for C1-3 and C1-10,
respectively, as shown in Table 1. However, the lower value

obtained for C1-5 and C1-7 was 370% and 343%, respec-
tively. It might be because of the water-washing process of
hydrogel leading to the macrocation elimination from the
hydrogel. The complex between the [DMAc-Li]" ion and the
chitin molecule was decomposed through solvation by
water. As a consequence of reduced solvent power, chitin
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TaBLE 1: Characteristics of the chitin hydrogel prepared at various LiCl contents.

Sample Diameter (mm) Thickness (mm) Water content (%) CI (%) Tensile strength (kPa) Elongation (%)
Cl1-3 44+1.5 0.7+0.01 461 +25 72+4 285+7 65+2
C1-5 445+1.7 0.75+0.01 370+13 48+3 380+8 795
C1-7 44+0.5 0.85+0.03 343+ 30 66+4 400+9 78+2
C1-10 65.5+0.5 1.11+£0.02 388+12 735 134+7 34+1
C2-3 46+1 0.76 £ 0.02 484+3 73+2 358+7 55+3
C2-5 46+ 1.6 0.8+£0.02 427 +13 58+3 729+ 6 65+4
C2-7 46.5+1 0.84+0.03 359+6 67+2 685+6 69+4
C2-10 66.5+1.1 1.24+0.02 332+13 73+3 276 £5 34+1

molecules were phase-separated from solution, forming an
associative network through attractive segment-segment
interactions. Physical crosslinks formed as a result of hy-
drogen bonding interactions, namely, forming intra- and
intermolecular hydrogen bonding [25]. Hence, the water
content of C1-7 and C1-10 was not significantly different.
Similar results were seen when the concentration of chitin
was 2% in the solution, and the water retention was reduced
from 484 to 332% when the LiCl concentration was changed
as 3 and 10% LiCl for C2-3 and C2-10, respectively. In the
case of cellulose hydrogel fabricated in LiCl/DMAc solution,
the similar tendency was observed with the reduction of
water content as the LiCl content increased [14]. The values
of the water content of the hydrogel prepared at different
LiCl concentration are listed in Table 1.

Figure 8 depicts the FT-IR spectra of the (a) extracted
chitin, (b-e) C1, and (f-i) C2 hydrogel samples from 500 to
4000 cm™" of wavelengths. As seen in Figure 8, (a) displayed
the specific functional groups in the purified chitin for the
O-H stretching band at 3425cm™', amid I band at
1654cm™', amide II (N-H) stretching at 3265 and
1552 cm™', the C-H bonding at 2888, 2932, and 2960 cm ',
and the C-O stretching and the C-O-C ring related at the
peak of 1025 and 1155 cm ™', respectively. Two amide I bands
observed at 1654 and 1623 cm™" suggested the a-form of the
extracted chitin [31]. As seen in the IR spectra of the
hydrogel sample prepared with 1% and 2% chitin concen-
trations as for C1 (Figure 8, (b-e)) and C2 (Figure 8, (f-i)),
each functional group was well remained after the disso-
lution in LiCl/DMAc solution.
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FiGure 8: FT-IR spectra of the (a) extracted chitin, (b-e) C1-3 to C1-10, and (f-i) C2-3 to C2-10.
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FIGURE 9: Deconvolution FT-IR spectra of (a) the extracted chitin and chitin hydrogel of (b-e) C1-3 to C1-10 and (f-i) C2-3 to C2-10.

It was interestingly noted that the FT-IR spectra for
chitin hydrogel obtained at various LiCl concentrations had
somewhat differences in the range of 3000-3700cm™'.
Therefore, the deconvolution was carried out using the
second derivative method. These spectra were decomposed
into Gaussian components by curve fixed positions. Figure 9
shows the fixed curves of (a) extracted chitin and chitin
hydrogels of (b-e) C1 and (f-i) C2. Normally, chitin
extracted from crab shells, as seen in Figure 9(a), had two
intramolecular hydrogen bonds C(6)-OH "O-C (peak 1) at

3597 cm ™' and C(3)-OH "O-C(5) (peak 2) at 3464 cm™". In
addition, the structure of the a-chitin was stabilized by two
intermolecular hydrogen bond NH ~OC (peak 3) at
3265cm " and C(6)-OH "OH-C(6) (peak 4) at 3095 cm™"
[32-34]. It was noted that the large portion of C(3)-
OH "O-C(5) and NH ~-OC was dominant in the bands in
the hydrogen bonding networks. For the extracted chitin
(Figure 9(a)), the portion values of peak 2 and peak 3 were
51.3 and 37.5%, respectively, while those of the hydrogel
samples were decreased as 46% for C1-3 and 48% for C1-7



10

and C1-10 and became the lowest one of 39.9% for C1-5 in
the case of peak 2 (Figures 9(b)-9(e)). This indicated that the
DMAC/LiCl solvent could reduce the hydrogen bonding of
the intramolecular bonding (peak 2). However, the higher
LiCl concentration seemed not to effectively disrupt the
hydrogen bonding network of the chitin segments due to the
formation of the macrocation cation [DMAc-LiCl-DMAc-
Li]*. This complex was solvated by water molecules very
well, resulting in a drastic decrease in solvent power. After
that, the chitin segment tended to phase separate from the
solution quickly. Water molecules intruded with the degree
of intra- and intermolecular hydrogen bonding among
chitin chains. Therefore, at higher LiCl concentrations of 7
and 10% in DMAc solution, the increment in the intra-
molecular hydrogen bonding was obtained because of the
interaction of chitin segment. Also, the portion of the in-
termolecular hydrogen bonding at peak 3 was different in
each hydrogel. For example, the portion of peak 3 was 42.5%
for C1-3 and 44.1% for C1-5 and lower values as 37.3% for
C1-7 and 34% for C1-10. It seemed that LiCl concentration
more than 5% in DMAc solution could cause the better
intramolecule bonding of chitin segment. Therefore, the C1-
5 had the highest storage modulus in association with the
highest gel intensity among all the C1 samples due to the
larger portion of intermolecular hydrogen bonding. For the
deconvolution of the C2-3 to C2-10 hydrogels, similar
tendency was recorded for the portion of peak 3, as inter-
molecular hydrogen bonding of C2-5 was higher than those
of the others. The area portion of the chitin hydrogels is
listed in Table 2.

Since such interaction of chitin segment in the hydrogel
influenced the morphology such as surface area, AFM
measurements were carried out in the wet condition. Fig-
ure 10 shows the AFM images at 5 ym” scanning area with
the wet condition of the chitin hydrogels for C1-3 to C1-10
(Figures 10(a)-10(d)) and C2-3 to C2-10 (Figures 10(e)-
10(g)). For the C1 samples, the addition of LiCl in the DMAc
solution caused the difference in size distribution of the
chitin fiber on the surface of the hydrogels. The chitin
hydrogel containing 3% LiCl showed the ordered distri-
bution of the chitin segments on the surface of the hydrogel
with the RMS was 85.1nm for the C1-3 and became
somewhat fine morphology with RMS as 15nm for Cl1-5.
With the increment in the LiCl concentration to 7 and 10%,
the segment morphology seemed to be aggregated. It was
observed that the larger domains of chitin segments were
present on the hydrogel surface. In addition, the RMS values
of C1-7 and C1-10 were 44.8 and 62.8 nm, respectively. In
the results of the deconvolution FT-IR spectra, the highest
portion of the intermolecular hydrogen bonding was ob-
served when the chitin hydrogel was prepared at 5% LiCl
content in DMAc solution. This suggested the intermolec-
ular hydrogen bonding between the chitin segments could
enable the stronger entangled network of the chitin fiber,
causing the lowest RMS values. There was tendency that
when the LiCl concentration increased, the chitin segments
aggregated as well as cellulose, which was observed previ-
ously [14]. As mentioned in Figure 9, the portion of the
intramolecular interaction of chitin molecules was somehow
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higher at 7 and 10% LiCl in DMAc solution, suggesting the
larger domains of chitin segments were formed by the ag-
gregation of chitin fiber on the hydrogel surface. The chitin
concentration also affected the RMS values. The chitin
segments network of C2 samples had better distribution
than those of C1 as the RMS values were lower indicating the
intensification of the chain entanglement. For example, the
RMS for C2-3 was 59.3 nm while as 27.6 nm for C2-5, as seen
in Figures 10(e)-10(f). At a higher LiCl concentration in the
hydrogel, the RMS increased as 31.2nm for C2-7
(Figure 10(g)) and 50.5nm for C2-10 (Figure 10(h)).
Therefore, the increment in chitin concentration caused the
stronger gel formation of the hydrogel due to the higher
solvation of LiCl/DMAc solution to chitin.

Figure 11 shows the XRD pattern of the extracted chitin
and chitin hydrogel at 3, 5, 7, and 10% of LiCl when the
chitin concentration was 1%. As seen, the XRD result of the
prepared chitin showed the peak at 20=9.3°, 12.6°, 19.2°,
22.5°, and 26.2° for diffraction planes of chitin at (020), (021),
(110), (130), and (013). This indicated the crystalline
structure of a-chitin [16]. After the chemical treatment, the
CI of the purified chitin was calculated as 88%. Here, the
chitin hydrogel prepared at different LiCl contents also
indicated the similar peak compared to the extracted chitin.
As listed in Table 1, the CI of the chitin hydrogel was affected
by the LiCl amount. The CI of the chitin decreased after
dissolving in DMAc and LiCl [35]. For example, the CI was
reduced to 72% for C1-3 and the lowest value as 48% in the
case of C1-5. Here, the CI increased as 63 and 71% for C1-7
and C1-10, respectively. The XRD patterns for C2 hydrogel
also exhibited the similar typical peaks. However, the CI was
different as 58% for C2-5. At low LiCl concentration as 3%, it
may due to the lack of interaction between LiCl and DMAc
to solvate the chitin segment. On the other hand, the
hydrogel prepared with 7 and 10% LiCl in DMAc solution
showed the entangeled network of chitin segments on the
hydrogel surface as seen in the AFM images. Therefore, the
CI values increased due to the stronger aggregation of chitin
segments formed by the intramolecular interactions between
them. The values of CI are shown in Table 1.

As presented in Table 1, the tensile strength and
elongation of the chitin hydrogel contain various LiCl
contents from 3 to 10%. Apparently, the loading of LiCl
increased from 3 to 7% causing the enhancement of the
mechanical property of the hydrogels. For example, the
values of the tensile strength and elongation were increased
from 285 kPa and 64.6% to 400 kPa and 78% for C1-3 and
C1-7, respectively. The tensile strength of C1-5 was 380 kPa
with 79% of elongation. The entangled network of the
hydrogel was intensified by the domains of chitin segments
at a higher chitin concentration, consequently reflecting
the mechanical properties. As seen, increasing the chitin
concentration in DMAc solution caused the better me-
chanical property of the hydrogels. The tensile strength and
elongation were increased as 358kPa and 55% for C2-3,
729 kPa and 65% for C2-5, and 685kPa and 69% for C2-7,
respectively. For the hydrogels prepared at 10% LiCl, the
values of the tensile strength and elongation were 134.2 kPa
and 34% for C1 and 275kPa and 34% for C2. The less
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TaBLE 2: Area portion (%) of the hydrogen bonding in the region of 3700-3000 cm™" in the deconvolution FT-IR spectra.
% area
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2 51.3 46 39.9 48.6 48 59.2 50 42.3 49
3 37.5 42.5 44.1 37.3 34 26.3 38.3 30.7 37.7
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Figure 10: Continued.
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FIGURE 11: XRD patterns of the extracted chitin and the C1 hydrogel samples.

solvation of the chitin segments led to the aggregated
formation of the chitin segments, as seen in the AFM
images. In addition, the large domains of the aggregated
chitin part could cause the loose of interconnection of
chitin segment, resulting in the low inter- and high
intramolecular hydrogen bonding, as seen in the FT-IR.
Therefore, the hydrogel film prepared at 10% LiCl

concentration exhibited the low mechanical properties due
to the soft structure.

Figure 12 exhibits the complex modulus (G*) of the
chitin hydrogels as a function of the frequency from 0.01 to
100 Hz and strain from 0.01 to 100%. The tendency of G* at
0.1 Hz frequency was observed that the values of all the
hydrogels were higher up to 7% LiCl concentration for the
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FiGgure 12: Complex modulus of the chitin hydrogels containing various LiCl concentrations as a function of (a) frequency from 0.01 to

100 Hz and (b) strain from 0.01 to 100%.

C1 and C2 chitin hydrogels (Figure 12(a)). For C1 hydrogel,
the G* values were increased from 6.9 to 62 kPa when the
LiCl concentration in DMAc solution was enhanced from 3
to 7% at 0.1 Hz. Changing the chitin concentration to 2%, the
G* values were enhanced as 75kPa for C2-7, meaning the
higher chitin concentration caused the tighter structure of
hydrogel. Similar result was observed in the case of 5% LiCl
as 40 kPa for C1-5 and 62 kPa for C2-5. As expected, the G*
of the hydrogels prepared at 10% LiCl content was low as
14kPa and 18kPa for Cl and C2 samples. It could be ob-
served that the G* seemed to be constant when the frequency
changed. It was due to the relaxation property of the
hydrogel material. From Figure 12(b), the values of G* as a
function of strain from 0.01 to 100% were shown. As seen,
the G* of the C1 and C2 hydrogels attributed to the dose
dependence of LiCl contents in DMAc solution. For ex-
ample, when the LiCl amounts increased, the G* of the C1-3
and Cl1-7 enhanced from 17.4kPa to 55.7kPa at 0.1% of
strain. When the chitin concentration was changed as 2%,
the C2-7 was obtained as the higher value of G* than those of
C2-5 at a lower strain. However, at a higher strain more than
1%, the G* value of the C2-7 was significantly decreased
because the strain decomposed the hydrogel network. The
G* value was decreased from 10.6kPa to 4.6kPa for C2-5
and C2-7 at 10% of strain. Hence, C2-5 exhibited the more
stable property than C2-7 at a higher strain. As expected, the
complex modulus was lower as 41kPa for C1-10 and
27.3kPa for C2-10 due to the reduction of the polymer
interaction as the aggregation of chitin segment in the
polymer structure of the related hydrogels [10].

4. Conclusion

This is the first paper to describe about the effect of LiCl
concentrations on the formation of chitin hydrogel by using
the phase inversion process. The chitin chemically extracted
from the crab shells waste had the a-form, and the chitin
hydrogels prepared at various LiCl concentrations in the
DMACc solution expressed different aggregation segments at 3,
5, 7, and 10% LiCl. The chitin solutions prepared with 3% of
LiCl showed the low viscosity and the viscous-liked behavior
of the obtained chitin hydrogels. The shear viscosity of the
chitin solution increased with the higher addition of coag-
ulation water, concluding that the LiCl content could delay
the coagulation in the presence of water, resulting in the tight
hydrogel which could be obtained. The viscoelasticity of the
chitin solution confirmed the stronger entanglement network
at a higher LiCl content in DMAc solution due to the for-
mation of the macrocation [DMAc-LiCl-DMAc-Li]". This ion
complex acted as a cross-linker to chitin molecules leading the
aggregation of chitin segment in the solution. As the LiCl
concentration in DMAc solution increased from 3 to 7%, the
mechanical strength and complex modulus of the hydrogel
were gradually enhanced. However, the resultant hydrogels
prepared at 10% LiCl exhibited the softer structure with low
mechanical properties due to the aggregated chitin segments
on the hydrogel surface. Moreover, increasing the chitin
concentration in the solution showed the enhancement in the
mechanical and viscoelasticity of the hydrogels due to the
intensification of chain entanglement which was confirmed
by the AFM images.
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