J Mater Sci (2014) 49:2235-2242
DOI 10.1007/s10853-013-7918-0

Swelling behaviors of superabsorbent chitin/

carboxymethylcellulose hydrogels

Hu Tang - Han Chen  Bo Duan - Ang Lu -
Lina Zhang

Received: 9 October 2013/ Accepted: 25 November 2013 /Published online: 12 December 2013

© Springer Science+Business Media New York 2013

Abstract Novel superabsorbent chitin/carboxymethylcellulose
(CMC) hydrogels were successfully prepared from mixture of
CMC and chitin solution dissolved in 8 wt% NaOH/4 wt% urea
aqueous system at low temperature by crosslinking with epi-
chlorohydrin. The morphology and structure of the resultant
composite hydrogels were investigated by scanning electron
microscope, thermogravimetry, and Fourier transform infrared
spectroscopy. The results indicated that the stiff chains of chitin are
as a strong backbone in the hydrogel to support the pore wall,
whereas the CMC contributed to water absorption. The maximum
swelling ratio in water reached an exciting level of 1300 as the
hydrogels still kept an intact appearance. Moreover, the hydrogels
exhibited smart swelling and shrinking behaviors in NaCl and
CaCl, aqueous solution, showing salt-responsive adsorption
behaviors in different media. This work provided a “green”
pathway to prepare chitin-based superabsorbent hydrogels, which
would be potential for the application in the biodegradable water-
absorbent material field.

Introduction

Recently, superabsorbent hydrogels have attracted consid-
erable attentions because of their specific advantages, such as
excellent hydrophilic properties, high swelling ratio, bio-
compatibility, and abundance in availability. These hydro-
gels are three-dimensional cross-linked hydrophilic, linear
or branched polymers with the ability to absorb large quan-
tities of water, saline, or physiological solutions compared
with general absorbing materials [1-3]. Given all these
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advantages, superabsorbent polymers are widely applied in
various fields, such as agriculture, hygienic products,
wastewater treatment, drug delivery, tissue engineering,
biosensors, and sorbents for the removal of heavy metals and
coal dewatering [4—12]. Usually, most of these superabsor-
bents are prepared from synthetic polymers such as acrylic
acid (AA) or acrylamide (AM), which are costly, hardly
degradable, and environmentally unfriendly [13-16]. Given
the gradual depletion of petroleum resources and the grow-
ing environmental pollution crisis from polymer syntheses,
natural polymers has become the focus of current studies [15,
17-21]. Recently, cellulose-based and chitosan-based
superabsorbent hydrogels prepared by chemical crosslinking
have been investigated. In our laboratory, a cross-linked
carboxymethylcellulose/cellulose hydrogel, which exhib-
ited superabsorbent capacity and high equilibrium swelling
ratio has been synthesized [3]. A superabsorbent polymer
from chitosan was provided by Bidgoli et al. [22] via car-
boxymethylation of chitosan, followed by crosslinking with
glutaraldehyde. Chitin is the second most abundant organic
material in nature, existing in exoskeletons of crab and
shrimp, and it has been first identified in 1884 [23, 24].
However, the chitin-based superabsorbent hydrogels
directly prepared from chitin solution have been rarely
reported. Chitin and sodium carboxymethylcellulose (CMC)
are biocompatible and biodegradable, so they will be widely
used in the biomedical field. Chitin is highly crystalline with
strong hydrogen bonding, and is very difficult to dissolve in
common solvents, only some new solvents such as LiCl/
dimethylacetamide (DMAc) mixtures and ionic liquids have
been developed to dissolve chitin and to prepare materials
[25-28]. Recently, we have successfully developed NaOH/
urea aqueous solution as a solvent for chitin via a freezing/
thawing method [15, 29-31]. Moreover, pure chitin hydrogel
has been successfully prepared, showing excellent physical
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and chemical properties, providing us a novel pathway for
chitin-based material fabrication as superabsorbent [15].

In present work, we attempted to prepare chitin/CMC
materials with water-absorbent function by using CMC
and chitin solution dissolved in NaOH/urea solvent sys-
tem. The structure and properties of the chitin/CMC
hydrogel were investigated and discussed. The swelling
properties and salt sensitivities were measured using the
equilibrium swelling ratios (ESR) and the swelling
kinetics in different solutions.

Experimental
Materials

Chitin was supplied by Zhejiang Golden-Shell Biochemical
Co., Ltd., China. The weight-average molecular weight (M)
of chitin was measured by dynamic light scattering (DLS,
ALV/CGS-8F, ALV, Germany)in5 % LiCI/DMAc (w/w) to
be 5.0 x 10° [15]. Its degree of acetylation (DA) was cal-
culated to be 95 % from the nitrogen content according to
DA = 1-[(Wc/Wyn — 5.14)/1.72] x 100 %, where Wc/Wy
is the ratio of carbon to nitrogen. Sodium CMC (2.43 x 10%)
was analytical-grade reagent purchased from Shanghai
Chemical Agents Co. Ltd. The degree of carboxymethyl
substitution (DS) is 0.7, which is the number of substituents
per sugar ring. Epichlorohydrin (ECH) (1.18 g/ml) was of
analytical grade, and was used without further purification.
All the chemical agents were of analytical grade and were
purchased from commercial sources in China.

Preparation of chitin/CMC hydrogels

To prepare the chitin solutions, 3 g chitin was immersed in
97 g of 8 wt% NaOH/4 wt% urea/88 wt% water and stored
under refrigeration (—20 °C) for 8 h, then resultant frozen
solid was thawed and stirred extensively at room temper-
ature. The freezing/thawing cycle was repeated three times
to obtain a transparent chitin solution, with polymer con-
centration of 3 %. CMC was dissolved in the same solvent
to obtain a 3 wt% polymer concentration. The chitin and
CMC solutions were mixed with ratio of 5:5, 4:6, 3:7, and
2:8 by weight, respectively. Subsequently, ECH as cross-
linker was added to mixture, stirred at 20 °C for 0.5 h to
obtain a homogeneous solution, and then kept at 60 °C for
20 min to obtain chitin/CMC hydrogels. Finally, the
hydrogels were immersed in distilled water to remove
NaOH and urea. Chitin/CMC hydrogels coded as GELS5S5,
GEL46, GEL37, and GEL28 according to the ratio of chitin
to CMC of 5:5, 4:6, 3:7, and 2:8 are shown in Table 1.
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Table 1 Reaction conditions and chemical composition of the chitin/
CMC hydrogels

Sample  Chitin solution ~CMC solution ECH Time T
code (3 wt%) (g) (3 wt%) (g) (mL) (min) (°C)
GELS55 50 50 5 20 60
GEL46 40 60 5 20 60
GEL37 30 70 5 20 60
GEL28 20 80 5 20 60
Characterization

The hydrogel samples were ground into small particles and
dried in vacuum at 50 °C for 24 h. The dried samples were
analyzed in KBr disks by FTIR (Perkin Elmer Spectrum
one, Wellesley, MA, USA). Thermogravimetric analysis
(TGA) was carried out on a Pyris TGA linked to a Pyris
diamond TA Lab System (Perkin-Elmer Co., USA) at a
heating rate of 10 °C min~' from 40 to 500 °C under
nitrogen atmospheres. The surface and fracture section of
the hydrogels were observed using a scanning electron
microscope (SEM, Hitachi, S-570, Japan). The hydrogels
swelled to equilibrium in distilled water at 37 °C for 24 h
were frozen directly in liquid nitrogen, immediately snap-
ped, and then freeze-dried under vacuum. The cross section
of the hydrogel was coated with carbon and gold, to be
observed and photographed.

Swelling measurements

The ESR of hydrogels were investigated in distilled water and
various physiological fluids (p-glucose solution: 50 g p-glu-
cose + 1000 mL distilled water; urea solution: 50 g
urea + 1000 mL distilled water; physiological saline water:
9 g NaCl + 1000 mL distilled water; and synthetic urine: 8 g
NaCl + 1 gMgSO,4 + 20 gurea + 0.6 gCaCl, + 1000 mL
distilled water) as well as NaCl and CaCl, solutions with dif-
ferent concentrations. The ESR value was calculated as

ESR = W,/W,, (1)

where Wi is the weight of the wet hydrogel at swelling
equilibrium at 37 °C and Wy is the weight of the hydrogel
in the dry state. Water uptake (WU) is important for smart
hydrogels to characterize the reswelling kinetics of
different hydrogel samples after drying. To measure WU,
the dried gels were immerged again into distilled water at
37 °C. At each time intervals, the hydrogels were taken out
and weighted after removing the excess solution on the
surface. The WU value was calculated as

WU = (W, — Wa) /W, x 100, 2)

where W, is the weight of wet hydrogel at time t at 37 °C,
Wy and W are same as Eq. (1).
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Results and discussion
Appearance and structure of the chitin/CMC hydrogels

ECH has been widely used for the cross-link of carbohydrates
in polysaccharide chemistry [32, 33]. The scheme for cross-
link reaction of ECH with chitin and CMC in NaOH/urea
solution is shown in Fig. 1. The hydroxyl groups of the chitin
were cross-linked with hydroxyl groups of the CMC through

R — OH,R — OH
NaOH
0
P Ho

c—C —al
H

H,C

R-OH=Chitin;

Fig. 1 Scheme for crosslinking reaction of ECH with chitin and CMC

nucleophilic attack of the alcoholate anion to form monoethers
of chloropropanediols and a new epoxide by chloride dis-
placement. Subsequently, a reaction between the new epoxide
and another alcoholate anion occurred, leading to the com-
pletion of the cross-link. Reaction conditions and the chemical
composition of the chitin/CMC hydrogels are listed in
Table 1. The hydrogel samples of GEL55, GEL46, GEL37,
and GEL28 having different ratios of chitin to CMC were
prepared successfully with ECH as a cross-linker. Figure 2

Hz H Ha
R—0—C —C—C —0O0—FR'

OH

R'-OH=CMC

Fig. 2 Photographs of GEL37: a original hydrogel, b swollen hydrogel, ¢ dried hydrogel, and d hydrogel after swelling in NaCl solution for a week

@ Springer



2238

J Mater Sci (2014) 49:2235-2242

v 1 v T v
4000 3000 2000 1000

wavenumber (cm™)

Fig. 3 FTIR spectra of chitin/CMC hydrogels: (a) chitin hydrogel,
(b) GEL55, (c¢) GEL46, (d) GEL37, and (e) GEL 28

shows the appearances of GEL37 at different states. The ori-
ginal hydrogel (a) was relatively small; the swollen hydrogel
(b), which was immersed and swollen in distilled water, was
very transparent and the largest one of these four hydrogels;
dried hydrogel (c) had large shrinkage to become very small
size; and the swollen hydrogel, which was swollen in 0.1 M
NaCl solution, reached a new swelling equilibrium because
part of water was extruded the hydrogel (d) shrank obviously.
Clearly, the chitin/CMC hydrogels with high water absorb-
ability were successfully constructed from natural polymers,
which are biodegradable. We did not prepared pure CMC
hydrogel, because it cannot hold lots of water to maintain the
stable appearance at the same time. This indicated that the
relative stiff chitin chains acted as a strong backbone to sup-
port the pore wall [15].

The FTIR spectra of the chitin and chitin/CMC hydro-
gels are shown in Fig. 3. Usually, IR spectrum of a-chitin
exhibited major peaks at 3446 cm~' for —OH stretching
vibration, 3260 cm™! for —NH stretching vibration,
1660 cm™" (amide I), 1623 and 1557 cm™" (amide IT) [34].
Compared with the chitin/CMC hydrogels, the peaks at
3446 cm ™! for stretching vibration of —OH groups disap-
peared exactly in the spectrum of chitin/CMC hydrogels.
The new peaks at 1600 and 1420 cm ™" in the chitin/CMC
hydrogels can be attributed to —COOH stretching and
bending, respectively [35]. This can be explained that the
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—COOH groups of CMC existed in the hydrogels, and the
crosslinking between chitin and CMC succeeded.

SEM images of the cross section of the chitin/CMC
hydrogels are shown in Fig. 4. The results displayed well-
defined, interconnected, three-dimensional porous struc-
tures with significant micropores. These pores acted as
water permeation regions, where water easily diffused into.
Due to the electrostatic repulsions caused by the carbox-
ylate anions (COO™) in CMC, the space in the networks of
hydrogels increased. Thus, the size of pores increased with
an increase of CMC contents, leading to a more open and
loose structure. In view of these results, chitin acted as a
backbone in the hydrogel to strengthen the porous archi-
tectures, whereas the CMC contributed to control the size
of pore. Therefore, large number of water molecules could
be easily absorbed and diffused into hydrogels to form
large pores, leading to higher swelling ratio.

Figure 5 shows the TG and DTG curves of CMC, chitin,
chitin/CMC mixture, and GEL55. The weight loss around
330 °C of chitin was attributed to the decomposition of
chitin, and the peak at 290 °C resulted from the decom-
position of CMC. Moreover, for the chitin/CMC mixture,
there were two peaks in the DTG, one is at 290 °C,
whereas another is at 330 °C. For the GELS5S5, the peaks at
330 °C in the chitin/CMC mixture disappeared, and only
one peak at 290 °C was displayed in the DTG. This indi-
cated that only one kind of homogeneous substance existed
in GELSS5, as a result of the crosslinking reaction.

Swelling properties of the hydrogels

Figure 6 displays the influence of the CMC content on the
swelling ratio of the chitin/CMC hydrogels in distilled
water at 37 °C. Generally, superabsorbent can absorb
hundreds of times its own weight of water. All the samples
exhibited high equilibrium swelling ratio, indicating that
the chitin/CMC hydrogels were superabsorbent hydrogels.
The equilibrium swelling ratio of the chitin/CMC hydro-
gels increased rapidly with an increasing of the CMC
contents. This confirmed further that highly hydrophilic
carboxyl group of CMC could absorb a lot of water to fill
up pores, leading to the large space. Additionally, because
of heating during crosslinking reaction, physical cross-
linking occurred in the hydrogels, and chitin/NaOH/urea
aqueous solution underwent irreversible gelation process
[15, 36]. It was noted that the equilibrium swelling ratio
decreased with an increase of chitin content. This could be
explained that the chitin chains can be self-entangled easily
by hydrogen bonds in high chitin concentration solution,
leading to the reducing of the space. The maximum
swelling ratio of the hydrogels was more than 1200, which
was absolutely higher than that prepared from chitin or
cellulose derivative [37, 38]. High swelling ratio is very
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Fig. 4 SEM images of the cross sections of the chitin/CMC hydrogels

important for biomaterials to apply widely in the biomed-
ical and food fields.

To investigate the effects of simulated biological fluids
on the swelling phenomena of the chitin/CMC hydrogels
and evaluate their suitability as biomaterials, we studied
their swelling ratios in four simulated biological solutions.
Figure 7 shows the swelling ratios of the chitin/CMC
hydrogels. The size of hydrogels were appreciably reduced
in the p-glucose, urea, physical saline water, and synthetic
urine solutions when compared with the data measured in
distilled water. All the hydrogels exhibited the same
shrinking behaviors in a given solution, because the elec-
trostatic repulsion effects caused by the charges of the
carboxyl groups on the hydrogel backbones were inhibited.
The swelling ratio of hydrogels in D-glucose solution was
as high as in distilled water, whereas the swelling ratios
decreased quickly in physical saline water and in synthetic
urine. This could be explained that the charge screening
effect caused by cations (Na™, K*, Mg”, and Ca”) in
physical saline water and synthetic urine, which could
reduce the anion—anion electrostatic repulsions, leading to
a decrease of the osmotic pressure between the biopolymer
network and the external solution [39]. According to the

Donnan osmotic pressure equilibrium, the more the
movable counterions in a solution, the lower the osmotic
pressure inside the hydrogel, then the hydrogel shrank [40].
The order of the swelling ratio of the chitin/CMC hydro-
gels in different biological fluids was as follows: p-glucose
solution > urea solution > physical saline water ~ syn-
thetic urine. It is attributed to NaCl, which is the main
component to make an important contribution to the
swelling of hydrogels [41].

Figures 8 and 9 display the effect of salt concentration
on the swelling ratio of the chitin/CMC hydrogels. In NaCl
solution, the swelling ratio of the hydrogels decreased with
the increasing of the ionic strength of the solution. The
hydrogels with higher CMC contents exhibited more sig-
nificant decline of swelling ratio with the increase of the
NaCl concentration. In CaCl, aqueous solution, compared
with NaCl, the cationic charge of CaCl, is much higher,
thus the swelling ratio decreased quickly, in accord with
the Donnan osmotic pressure equilibrium. Since the dis-
tinction in the concentration of mobile ions between the
hydrogel and external solution was reduced, the osmotic
swelling pressure of mobile ions within the hydrogel
decreased, resulting in shrinkage of the hydrogel [40].
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Fig. 6 Equilibrium swelling ratio of the chitin/CMC hydrogels after
immersing in distilled water for a week, as a function of the
composition of chitin and CMC at 25 °C

The reswelling behaviors of the dried chitin/CMC
hydrogels in distilled water at 37 °C are shown in Fig. 10.
The reswelling capabilities of the hydrogels increased with
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Fig. 7 Effects of simulated biological solutions on swelling ratio of
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Fig. 8 Effects of inorganic salt (NaCl) concentration on swelling
ratio of the chitin/CMC hydrogels

the increasing of CMC content. The water uptake of dried
GEL28 reached 98 %, and dried GELS55 exhibited a low
value of 72 %. It probably due to the strong hydrogen
bonding interactions between the hydroxyl groups of chitin
and carboxyl groups of CMC that occurred during the
drying process, and it extremely reduced the relaxation and
expansion of molecular chains. Moreover, the greater
number of negative charges COO~ of CMC in the gels
magnified the molecular chains repulsion, leading to the
enlarging of meshes and promoting of the water uptake.
This indicated that it was very easy for the higher CMC
content samples to reach their initial swollen state. The
results further proved that the water uptakes of the
hydrogels increased with an increase of CMC content in
the hydrogels.
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Conclusions

The superabsorbent hydrogels were successfully prepared
by crosslinking chitin and CMC in NaOH/urea aqueous
solution with epichlorohydrin. The chitin/CMC hydrogels
exhibited homogeneous porous structure and large surface
area. The stiff chitin chains contributed to support the pore
wall, whereas the highly hydrophilic CMC acted as
adsorbent of water, leading to the high swelling ratio. The
chitin/CMC hydrogels exhibited superabsorbent capacity
and high equilibrium swelling ratio, depending on the
amount of CMC. The hydrogels were sensitive to inorganic
salts aqueous solution, physical saline water, and synthetic
urine, showing smart swelling and shrinking behaviors.
This would be very important in the biomaterial fields.
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