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a b s t r a c t

High-strength cellulose/chitin blended hydrogel membranes were fabricated via a solution pre-gelation
method. The morphology and structure of the resultant membranes were investigated by SEM, WXRD
and FTIR. The mechanical properties and permeability of the membranes were determined by tensile test
and in situ UV–visible spectrophotometry. Instead of the loose mesh-like structure and high crystallinity
of the common membranes, remarkably dense aggregation structure and low crystallinity of the novel
cellulose/chitin membranes were successfully created through the solution pre-gelation process. It effec-
tively promoted the mechanical performance of the hydrogel membranes. Moreover, the structure and
properties of the membranes closely depended on the chitin content and pre-gelation temperature.
Dynamic rheology studies revealed the gelation-dynamics of the mixed solution accelerated and decel-
erated with chitin content. ATR-FTIR results indicated nonsolvent-induced phase-separation was the
main mechanism for the formation of such membranes with special structure and improved
performance.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cellulose and chitin are abundant renewable resources on earth.
They have some fascinating properties, e.g., biocompatible and bio-
degradable (Klemm, Heublein, Fink, & Bohn, 2005; Rinaudo, 2006),
and thus are of considerable interests for developing environment-
friendly and biocompatibility materials (El-Azzami & Grulke, 2008;
Jane et al., 2007; Khan, Tare, Oreffo, & Bradley, 2009; Nogi, Iwam-
oto, Nakagaito, & Yano, 2009; Nogi & Yano, 2008). Unfortunately,
this strong desirability to widely extend the application of cellu-
lose and chitin remains huge challenge due to their poor solubility
in many solvents (Yan, Chen, & Bangal, 2007). Recently, a milestone
work in this field has been established by Zhang and coworkers,
who successfully developed a series of nontoxic and recyclable cel-
lulose aqueous solutions based on NaOH/urea and NaOH/thiourea
(Zhang, Cai, & Zhou, 2005; Zhang, Ruan, & Gao, 2003). These sol-
vent systems can effectively dissolve cellulose over a large concen-
ll rights reserved.
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tration range at low temperature through forming new hydrogen
bonding and inclusion complex (IC) structure (Cai et al., 2008;
Lue, Zhang, & Ruan, 2007). Cellulose membranes have been pre-
pared from the aforementioned cellulose solution via solution cast-
ing method (Ruan, Zhang, Mao, Zeng, & Li, 2004; Yang, Miyamoto,
Yamane, & Okajima, 2007). Remarkable effects of coagulants, coag-
ulant time and the concentration of cellulose on the morphology,
structure and properties of the membranes have been reported
(Mao, Zhou, Cai, & Zhang, 2006). The membranes obtained usually
suffered from low mechanical strength at a highly hydrated state
due to its loose mesh-like structure (Mao et al., 2006; Ruan et al.,
2004; Yang et al., 2007). This disadvantage greatly limited the
application of regenerated cellulose products in some fields espe-
cially those need high-strength cellulose at hydrated state.

As disclosed in literatures, the IC structure in cellulose solution
is unstable and easy to be destroyed by changing the environment
temperature or even prolonging the storage time due to the weak
nature of hydrogen bonding (Cai et al., 2008; Lue et al., 2007). In
such a case, the irreversible sol–gel transition of cellulose solution
would occur as a result of the self-aggregation of cellulose chains
(Cai & Zhang, 2006; Ruan, Lue, & Zhang, 2008; Weng, Zhang, &
Ruan, 2004). Strong evidences have been shown that the obtained
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physical gel was composed of many regular microgels (Weng et al.,
2004). Enlightened by this unique gelation behavior of cellulose
solution, we previously explored a solution pre-gelation technique
to create novel cellulose hydrogel membranes (Liang, Zhang, Li, &
Xu, 2007). In this method, cellulose hydrogel membranes were
produced from weakly physical gel state rather than directly from
cellulose solution by the traditional solution casting method. This
pre-gelation treatment of cellulose solution resulted in a cellulose
membranes with a unique microgel-aggregated structure and an
improved mechanical strength at highly hydrated state.

As a continuation and extension to our previous work, we here
attempt to develop novel cellulose/chitin blended hydrogel mem-
branes via the solution pre-gelation technique. Gelation properties
of the cellulose/chitin mixed solution would be distinguishing
from pure cellulose solution because of the strong hydrogen-bond-
ing interaction between cellulose and chitin (Liang, Zhang, & Xu,
2007). By using scanning electron microscopy (SEM), wide-angle
X-ray diffractometry (WXRD), Fourier transform infrared spectros-
copy (FTIR), tensile test and permeability test, research emphasis
was focused on clarifying the effects of the chitin content and
pre-gelation temperature on the structure and properties of the
blended membranes. To the deep understanding on the formation
mechanism of the membranes, the effect of chitin content on the
gelation-dynamics of the mixed solution and the regeneration pro-
cess of the physical gel in deionized water were studied by rheo-
logical test and attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR), respectively.
2. Experimental

2.1. Materials

Cellulose (cotton linter pulp) with viscosity-average molecular
weight (Mg) of 1.01 � 105 g mol�1 was purchased from Hubei
Chem. Fiber Group, Ltd., China. Chitin with acetylation degree of
73% and Mg of 1.4 � 106 g mol�1 was purchased from Zhengjiang
Yuhuan Co. Ltd., China. All other reagents were analytical grades,
purchased from commercial sources in China.
2.2. Preparation of cellulose/chitin blended hydrogel membrane

Cotton linter (10.5 g) was dispersed in 200 g of 9.5 wt.% NaOH/
4.5 wt.% thiourea aqueous solution at �8 �C and then stirred for
10 min to obtain transparent solution (I). 4.6 g chitin powder was
immersed in 50 g of 46 wt.% NaOH aqueous solution at ambient
temperature. The mixture was stored at �20 �C for 12 h. It was
then warmed at room temperature and diluted by adding 175.4 g
deionized water. The resultant solution was re-cooled at �20 �C
for 12 h, and then was thawed and stirred vigorously at room tem-
perature for about 30 min to obtain a 2 wt.% transparent chitin
solution (II). Air bubbles in solution (I) and (II) were removed by
centrifugation.

The preparation of the blended hydrogel membranes via solu-
tion pre-gelation method was as follow: Solution (I) and (II) were
mixed at a certain weight ratio and stirred carefully to obtain a
homogeneous solution. The mixed solution was then injected into
square glass modules (10 � 10 � 0.2 cm3) sealed with glass plates,
and stored at a predetermined pre-gelation temperature to obtain
physical gels. The pre-gelation time for those membranes was 1,
15, 7 and 7 days corresponding to the pre-gelation temperature
of �20, 5, 25 and 40 �C, respectively. The obtained physical gels
were taken out and dipped in deionized water to completely re-
move NaOH and thiourea. As a comparison, cellulose/chitin
blended hydrogel membranes with different chitin content were
prepared via the traditional solution casting method. Briefly, the
mixed solution was cast on a glass plate with a thickness of about
1 mm, and then immediately immersed in 5 wt.% (NH4)2SO4 aque-
ous solution for 10 min. Solute and coagulator in the resultant
membrane were completely removed by deionized water. All
membranes were stored in deionized water prior to use. The chitin
content (S) in the dried membrane was calculated as follow:

Sð%Þ ¼ WII � 2%

WI � 5%þWII � 2%
� 100 ð1Þ

where WI and WII were the weight of original cellulose solution and
chitin solution, respectively. Accordingly, the hydrogel membranes
prepared from the solution pre-gelation method were coded as Px-t,
where x = 0, 4.3, 9.1, 14.6 and 21 are corresponding to the chitin
content of 0, 4.3, 9.1, 14.6 and 21 wt.%, respectively, and t = �20,
5, 25 and 40 are represent the pre-gelation temperature, respec-
tively. The blended hydrogel membranes from solution casting
method were denoted as Cx, where x = 0, 4.3, 9.1, 14.6 and 21 are
corresponding to the chitin content of 0, 4.3, 9.1, 14.6 and
21 wt.%, respectively.

2.3. Morphology and structure characterizations

The cross-section morphology of the membrane was studied by
scanning electron microscope (SEM, JSM 6700F, JEOL). The samples
were frozen in liquid nitrogen, immediately snapped, and then
freeze-dried under vacuum at �60 �C.

The structure of the membranes was studied by WXRD and FTIR
analyses. Prior to WXRD measurements, all samples were dried at
ambient temperature and ground into powder to eliminate the
influence of the crystalline orientation (Yamane, Mori, Saito, &
Okajima, 1996). WXRD measurement was performed on X-ray dif-
fractometer (Riguku D/max-II, Japan) using a Cu Ka target at 40 V
and 200 mA. The diffraction angle range was from 5� to 50�. FTIR
spectrum of the regenerated cellulose membranes, cellulose/chitin
blended membranes and pure chitin flake were recorded on a Pe-
kin-Elmer Spectrum One FTIR Spectrometer (model 1600, Pekin-El-
mer Co., USA). The test specimens were prepared by the KBr-disk
method.

2.4. Mechanical test

The tensile strength (rb) and breaking elongation (eb) of the
hydrogel membranes at fully hydrated state were measured on a
universal tensile tester (CMT 6503, Shenzhen SANS Test machine
Co. Ltd.) according to ISO527-3:1995 (E) at a speed of
5.0 mm min�1. The elastic modulus (E) can be obtained from the
tensile strength rb and the breaking elongation eb, as follows:

E ¼ rb

eb
ð2Þ
2.5. Drugs permeability measurement

Three model drugs, cefazidine, cefazolin sodium and thiourea,
were used to determine the permeability of the blended hydrogel
membranes. The physical parameters of these drugs were obtained
from the literature (Liang et al., 2007). The measurements were
performed using diaphragm diffusion cells made of two glass com-
partments (source and receiving). The hydrogel membranes were
swollen in deionized water until reaching an equilibrium state,
then were mounted between the two diffusion cells (the effective
diffusion area was 2.11 cm2). Subsequently, 50 mL of 2 mg/mL
model drug solution was poured into the source cell and an equal
volume deionized water into the receiving cell. The solutions in
two cells were continuous stirring with controlled temperature
(37 �C). The concentration of the drugs in receiving cell was deter-
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mined in situ on a UV–visible spectrophotometer (Rayleigh UV-
1600, China) at a predetermined interval of 5 min.

2.6. Drugs partition measurement

The partition coefficients (Kd) of cefazolin sodium between the
hydrogel membranes and the soaking solutions were determined
using a solution depletion method. Disk-like hydrogel membranes
were immersed in drug aqueous solution (initial concentration of
2 mg/mL) at 37 �C until an equilibrium state was achieved. The
membranes were then removed and the concentration of cefazolin
sodium (equilibrium concentration) in the solution was deter-
mined by UV–visible spectrophotometer. All experiments were in
triplicate.

2.7. Dynamic rheology

Dynamic rheology experiments were carried out on a strain
controlled Advanced Rheometric Expansion System (ARES, Rheo-
metric Scientific, NJ). Measurements were performed by using a
homocentric couette with a gap of 9 mm. Strain sweeps ranging
from 0% to 100% was carried out to determine the proper experi-
mental conditions for dynamic measurements. Dynamic time
sweep was then performed at the angular frequency of 1 rad/s
and shear strain of 10%, which was taken well within the linear vis-
coelastic region. The temperature was controlled at 25 �C by a cir-
cle water bath.

2.8. ATR-FTIR spectroscopy

The measurements of hydrogel membranes were performed on
a Nicolet avator 230 spectrometer at ambient temperature. The
samples were taken at random from hydrogel membranes in
deionized water. The residual water on the surface of samples
was removed using filter papers. In direct contact with Ge crystal,
data of the samples were collected over 32 scans at 4 cm�1 resolu-
tion using a variable-angle ATR unit (Grase by Specac Ltd.) at a
nominal incident angle of 45�.
3. Results and discussion

3.1. Morphology of the blended hydrogel membranes

SEM images of the cross-section of the membranes of Px-t and
Cx are showed in Fig. 1. Under all of the considered x, the mem-
brane of Px-5 shows denser and more homogenous morphology
than that of Cx (Fig. 1a–f). According to our previous report (Liang
et al., 2007), this special structure could stem from the densely
cross-linked structure of physical gel obtained during the pre-gela-
tion process. Interestingly, regardless of the preparation method,
the addition of chitin shows great ability to affect the bulk struc-
ture of the obtained hydrogel membranes. For those membranes
from the solution casting method, the mesh-like structure becomes
more obvious with an increased pore size and pore density at high
chitin content (Fig. 1a–c). However, for those from the solution
pre-gelation method, a remarkable transition of the bulk structure
from dense and nonporous to mesh-like and porous is observed.
P0-5 shows a nonporous aggregation structure (Fig. 1d) which is
quite distinguishing from that of C0. With the addition of chitin,
small pore appears in the bulk of P9.1-5, which is composed of
evenly interconnected and distributed chitin/cellulose particles.
These particles are cylindrical having an average diameter and
average length of about 100 and 300 nm, respectively (Fig. 1e). It
is striking that commonly mesh-like structure can be re-obtained
by further increasing the chitin content as possessed by P21-5
(Fig. 1f). This interesting evolution in the bulk structure of Px-5 im-
plies that chitin has significant effect on the sol–gel behavior of the
cellulose solutions as well as their microstructure at physical gel
state. This issue will be further clarified in the next section.

As that acting by the chitin content, pre-gelation temperature
seems also to have meaningful effect on the bulk structure of the
obtained hydrogel membranes. The membranes prepared at differ-
ent pre-gelation temperature display different cross-section mor-
phology (Fig. 1e and g–i). With the change of pre-gelation
temperature, both the dense structure composed of cylindrical par-
ticles and loose mesh-like structure are obtained. P9.1-5 shows a
homogenous and compact structure with some small pore in
which the pore size is less than 100 nm, while P9.1-25 and P9.1-
40 display relatively inhomogenous structure and their average
pore size increase to about 100 and 150 nm, respectively. This re-
sult is related to the stability of IC structure during pre-gelation
process (Cai et al., 2008). The IC structure is stable in solution at
relatively low temperature. The slow and strong entanglements
of polymer chains during pre-gelation process induce the forma-
tion of homogenous and compact structure of P9.1-5. With the in-
crease of pre-gelation temperature, the IC structure is easier to be
destroyed and the self-aggregation rate of polymer chains in-
creases. This fast self-aggregation increases the probability of de-
fects formation and then results in the relatively uneven structure
of P9.1-25 and P9.1-40. However, we observe the mesh-like
structure again in P9.1- -20. Considering the so low pre-gelation
temperature of �20 �C, it is understandable. Under this condition,
the solution was frozen immediately and the dispersion and
conformation of polymer chains were fixed as in solution state.
The slow inter- and/or intra-chain association polymer chains
would not take place, causing the porous structure of P9.1- -20.

3.2. Structure of the blended hydrogel membranes

The crystal structure of cellulose and chitin in the blended
membranes was studied by WAXD and the corresponding results
are illustrated on Fig. 2. With four characteristic diffraction peaks
at 2h = 9.3�, 12.4�, 19.2� and 26.1�, pure chitin we utilized here is
a typical a-chitin (Jang, Kong, Lee, & Nah, 2004). As we know, nat-
ure cellulose usually show cellulose I crystal (Otto & Spurlin, 1954).
However, the membrane of P0-5 shows a typical cellulose II crystal
(Kolpak & Blackwell, 1976), indicating the transformation of cellu-
lose crystal state during the membrane preparation process.

Interestingly, the crystal behavior of cellulose and chitin in
blended membranes are closely related to the preparation process,
chitin content and pre-gelation temperature. The peak intensities,
especially the peak at 2h = 11.8 of the membranes fabricated via
the solution pre-gelation method (Fig. 2c–h) are remarkably smal-
ler than those of the membranes prepared from the solution cast-
ing method (Fig. 2b). This result suggests that the pre-gelation
process efficiently suppresses the ordered packing of cellulose
chains during the regeneration process and thereby forms a more
homogenous blending structure with chitin. Moreover, the degree
of crystallization of P9.1-5 is slightly lower than that of P0-5, indi-
cating the addition of chitin can destroy the crystallization of cel-
lulose. However, this decrease in the crystalline of the blended
membranes in comparison with P0-5 disappears at high chitin con-
tent. As shown by the membrane of P21-5, the presence of the chi-
tin crystal would enhance somewhat the whole crystal structure of
the blended membranes. Additionally, the membrane of P9.1-5 has
the lowest peak intensities and crystallinity among the membranes
of P9.1-t. It can be explained that, at relatively low temperature,
the dense physical gel is obtained due to the slow and strong
entanglements of polymer chains by the pre-gelation processing.
This physical gel suppresses rearrangement and limits the crystal-
lization of polymer chains during the coagulation process.



Fig. 1. SEM cross-section images of the cellulose/chitin blended membranes of C0 (a), C9.1 (b), C21 (c), P0-5 (d), P9.1-5 (e), P21-5 (f), P9.1-25 (g), P9.1- -20 (h) and P9.1-40 (i).
The inserts were the amplified images.
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Fig. 2. WAXD patterns of the chitin flake (a) and the blended membranes of C9.1
(b), P9.1- -20 (c), P9.1-25 (d), P9.1-40 (e), P21-5 (f), P9.1-5 (g) and P0-5 (h).
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P9.1-5 (b), and the pure cellulose membrane P0-5 (c).
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To clarify the interaction between chitin and cellulose from
molecular structure, we studied the hydrogen bonding of cellulose
and chitin by FTIR, as shown in Fig. 3. The absorption peak of a-chi-
tin located at 3446 cm�1 is assigned to the stretching vibration of –
OH. The peak centered at 3260 cm�1 is corresponding to the
stretching vibration of –NH. Its C@O region usually composed of
three sharp peaks at 1660, 1623 and 1557 cm�1, which are as-
signed to amide I band for amorphous regions neighboring missing
acetyl groups and amide II, respectively (Gow, Gooday, Russell, &
Wilson, 1987). The major peak for pure cellulose membranes cen-
tered at 3436 cm�1 is corresponding to the stretching vibration of –
OH. Compared with the chitin flake and pure cellulose membrane,
the –OH stretching vibration in P9.1-5 shift to lower region
(3413 cm�1) and broadened. In addition, the amide II band was
weakened and shifted from 1623 to 1547 cm�1. These results indi-
cate that the hydrogen bonding C@O. . .H–N in chitin is partially
destroyed, and a new hydrogen bonding is formed between the
O–H groups of cellulose and the N–H groups of chitin. This strong
hydrogen-bonding interaction is related to the disparity morphol-
ogy and crystal structure of blended membranes as mentioned
above.
3.3. Mechanical properties of the blended hydrogel membranes

Fig. 4 presents the tensile strength and breaking elongation of
the blended membranes. The tensile strength (db) and the breaking
elongation (eb) for all Px-5 are about 2 times larger or higher than
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those of Cx, indicating an effective promotion in the mechanical
performance of the hydrogel membranes is obtained by the solu-
tion pre-gelation treatment. Moreover, both db and eb of Cx show
a monotonic and rapid decrease with the increase of the chitin con-
tent. This result arises from the formation of the loose porous
structure in the Cx with the introduction of chitin. According to
Eq. (2), the elastic modulus (E) of Px-5 was calculated to be 2.01,
1.69, 1.57, 1.51 and 0.97 MPa, respectively. The decrease of db

and E of Px-5 with chitin content indicate that the negative effect
of chitin still exist in the membranes created from solution pre-
gelation method. However, the effect of chitin content on eb of
Px-5 is quite interesting. As shown in Fig. 4b, instead of the above
monotonic decrease, the maximum value of the breaking elonga-
tion is observed at the chitin content of 9.1 wt.%. This implies that
the application of the pre-gelation treatment can effectively elim-
inate the negative influence of chitin on the membrane perfor-
mance. The special crystal structure of the membranes of Px-5
could be another reason for the result. Compared the mechanical
properties of the membranes with the same chitin content pre-
pared at different pre-gelation temperature, we observe that the
membrane of P9.1-5 exhibits superior mechanical property than
the others (Fig. 4c). As disclosed by the morphology and structure
analysis, the relatively dense bulk structure and lower crystallinity
of P9.1-5 is possibly contributed to the result.

3.4. Diffusion study

In general, the drug transport process in membrane is domi-
nated by pore mechanism and/or partition mechanism. To investi-
gate the transport behavior of model drugs in our system,
permeability and partition experiments were carried out as de-
scribed. The permeability coefficient of the model drug can be cal-
culated as follow (Gilbert, Okano, Miyata, & Kim, 1988):

ln
1� 2Ct

C0

� �
¼ 2APt

V
ð3Þ

Here, Ct is the drug concentration in receiving cell at time t, C0 is
the initial drug concentration in source cell, V is the solution vol-
ume in two cells and A is the effective area of permeation. The per-
meability coefficient (P) can be obtained from the slope of the �(V/
2A) � ln (1 � 2Ct/C0) vs. t plot.

The solute partition coefficient (Kd) was obtained from partition
test and calculated by the following equation (He, Cao, & Lee,
2004):

Kd ¼
VsðCi � CsÞ

VmCs
ð4Þ

Here, Vs and Vm are the volume of drug solution and swelled poly-
mer membrane, respectively, Ci is initial drug concentration in soak
solution and Cs is the equilibrium concentration in the solution.

The diffusion coefficient (D) of the drugs can be obtained from
the permeability coefficient (P), solute partition coefficient (Kd)
and the thickness of swelled membrane (h), following the Fick’s
law:

D ¼ Ph
Kd

ð5Þ

The permeability is defined as a particular solute through a par-
ticular membrane. Fig. 5 shows the typical �(V/2A) � ln (1 � 2Ct/
C0) vs. t plots of the three model drugs in the hydrogel membrane
of P9.1-5. A lag region, which is regarded as the time to establish a
quasi-steady state diffusion in the absence of solute–polymer
interaction, exhibits in each permeability curve (Ganguly & Dash,
2004). According to the literature method (Fang, Cheng, & Lu,
1998), the lag time was estimated less than 15 min for the model
drugs. By fitting the slopes of these curves, the permeability coef-
ficients of ceftazidine, cefazolin sodium and thiourea in P9.1-5 are
determined as 0.91 � 10�5, 2.32 � 10�5 and 5.14 � 10�5 cm/s,
respectively. It shows a typical degressive dependence with the in-
crease of molecular weight or molecular radius.

Diffusion coefficient (D) is a useful parameter to estimate the
ability of solutes transporting through the membrane. Based on
the Eq. (5), the calculated diffusion coefficients of cefazolin sodium
in Px-5 were listed in Table 1. The D values here (0.75–
1.26 � 10�6 cm2/s) are lower than our previous reported D values
of cefazolin sodium within cellulose/chitin blended membranes
prepared by solution casting method (1.71–2.93 � 10�6 cm2/s)
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Table 1
Permeability (P), partition (Kd) and diffusion coefficients (D) for Cefazolin sodium
across the hydrogel membranes of Px-5.

Sample Permeability
(P � 105 cm/s)

Partition
coefficient (Kd)

Diffusion coefficient
(D � 106 cm2/s)

P0-5 1.84 4.93 0.75
P4.3-5 2.00 5.11 0.83
P9.1-5 2.32 5.09 0.91
P14.6-5 2.88 4.99 1.15
P21-5 3.11 5.07 1.26
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(Liang et al., 2007). It is reasonable due to the bulk structure of Px-5
is denser than common casting membranes (Fig. 1). In addition, the
permeability coefficient (P) and diffusion coefficient (D) increase
with the chitin content. This result arises from the increase of pore
size and porosity in the membranes by the addition of chitin
(Fig. 1d–f). The transporting process of drugs dependence on pore
size of membranes is well coincided with the pore mechanism.

Partition coefficient Kd is a measure of the solubility of the sol-
ute in the membrane. A low Kd value indicates a solute is not easily
soluble in the membrane, while a high Kd value indicates the solute
can be easily soluble in the membrane phase caused by the inter-
actions between the solute and polymer (He et al., 2004). As shows
in Table 1, although the partition coefficients show no obvious chi-
tin content dependence, all Kd values of cefazolin sodium in the
membranes Px-5 is high (�5). It is demonstrated that some equilib-
rium interactions between drug and polymer matrix, such as
absorption on surface and/or active sites, are present in this sys-
tem. Therefore, the partition mechanism contributes to the diffu-
sion of the drug molecules in the membrane as well.
3.5. Formation mechanism of the blended hydrogel membranes

Our previous rheological studies demonstrated that the gelation
point of cellulose aqueous solution highly depended on environ-
mental temperature, concentration and molecular weight of cellu-
lose. (Cai & Zhang, 2006; Ruan et al., 2008; Weng et al., 2004). Here,
we focus on the effect of chitin on gelation-dynamics of mixed
solution. As shown in Fig. 6, the gel time of 5 wt.% cellulose solu-
tion is about 600 s while the gel time of 2 wt.% chitin solution is
lacking even after 1400 s. This result indicates that chitin solution
is quite stable and possesses a slow gelation process under the test
conditions. The gel time of the mixed solution at a weight ratio of
chitin solution to cellulose solution of 10:90 is less than 40 s sug-
gesting the addition of chitin into cellulose facilitate to the gelation
process. Remarkably, the mixed solution at a weight ratio of chitin
solution to cellulose solution of 50:50 exhibits typically elastic gel
behavior during whole test process. Actually, when the weight ra-
tio of chitin solution to cellulose solution is between 20:80 and
70:30, the gel point of these mixed solutions could not been de-
tected during tests. This implies that a sol–gel transition of these
mixed cellulose/chitin solutions occurred prior to test. The promo-
tion of chitin on the gelation process of the mixed solution could be
attributed to the strong intermolecular hydrogen bonding between
cellulose and chitin.

Interestingly, the effect of chitin on the gelation process is
broad-spectrum and mutual. We observed that the gel time of
the mixed solution at a weight ratio of 80:20 is about 180 s. At
the weight ratio of 90:10, the gel time even prolonged to 800 s.
At high chitin content, although strong hydrogen-bonding interac-
tion still presents between cellulose and chitin, the dilution of the
relatively stable chitin solution on cellulose gives rise to this delay
of the gel point. Because of the presence of large amount of free
chitin at high content, chitin-rich region could be one of the main
reasons to form the mesh-like structure of P21-5 (Fig. 1f). How-
ever, at relatively low chitin content, most of chitin chains are well
interacted with cellulose and evenly dispersed in the mixture solu-
tion, promoted gelation process would cause the formation of the
dense bulk structure (Fig. 1e).

Moreover, we observed that all the storage moduli (G0) except
Fig. 6c at gel state decrease with the chitin percentage. In fact,
the G0 of Fig. 6b increase rapidly after gelation and exceeds of
Fig. 6c at the time of 1800 s (not show in Fig. 6). This is in good
agreement with results of the decreasing of elastic modulus (E) ob-
tained from tensile tests.

ATR-FTIR spectroscopy is a useful way to study the molecular
structure and hydrogen bonding in hydrated samples (Hirashima,
Sato, & Suzuki, 2005). Fig. 7 presents the ATR-FTIR spectra of the
membrane of P9.1-5 during regeneration process. The –CO stretch-
ing of C-3 absorption peak at 1058 cm�1 dramatically increase with
the coagulating time, demonstrating that the interaction of poly-
mer chains is strengthened and the interaction between solvent
and polymer chains is weakened (Iizuka & Aishima, 1999). This en-
hanced interaction is due to the destroying of the IC structure by
the mutual diffusion of NaOH and thiourea in physical gel and sur-
rounding water. The absorption peaks at 896 cm�1 (C–O–C stretch-
ing at the b-(1,4)-glycosidic linkage) and 2094 cm�1 (–CH
stretching) appear and increase slightly after 30 min. These phe-
nomena are caused by ‘‘more bonded” effect between cellulose
and chitin chains at regeneration state (Ostrovskii, Kjoniksen,
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Fig. 7. ATR-FTIR spectra of the regeneration process of the cellulose/chitin blended
hydrogel membrane of P9.1-5 from physical gel in deionized water with time of 0
(a), 10 (b), 30 (c) and 75 min (d).
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Nystrom, & Torell, 1999). Moreover, the –CH vibration band at
1408 cm�1 is shift to 1367 cm�1, suggesting that the transforma-
tion of cellulose crystal take place (Oh et al., 2005). These results
reveal that, in the deionized water, the blended hydrogel mem-
branes are regenerated from the gel state via nonsolvent-induced
phase-separation mechanism.

On the basis of the information obtained from SEM, WXRD,
FTIR, rheological results and ATR-FTIR, a schematic process
describing the formation of the cellulose/chitin blended hydrogel
membranes via the two methods is presented in Fig. 8. Cellulose
is dissolved in aqueous solution at low temperature, due to the for-
mation of IC structure between cellulose chains and solutes hy-
drates (Fig. 8a). As chitin solution is added to the cellulose
solution, the IC structure in solution is partly destroyed and some
physical cross-linked points are formed as a result of the strong
Fig. 8. Schematic fabrication processes of the cellulose/chitin blended hydrogel memb
hydrogen bonding between cellulose and chitin (Fig. 8b and d).
The destroying of the IC structure in solution accelerates the sol–
gel transition of mixed solution, which is confirmed by gelation-
dynamics studies. At the solution state, the polymer chains in the
mixed solution are still of great mobility even though strong
hydrogen-bonding interaction exists between cellulose and chitin.
With the solution casting method, random and rapid rearrange-
ment of the polymer chain becomes unavoidable during the coag-
ulation process. It therefore results in the loose mesh-like structure
and high crystallization of the blended membranes as shown in Cx
(Fig. 8c). Our result indicated that this fact could be suppressed by
introducing the pre-gelation treatment of the solution. In physical
gel state, polymer network units are formed through slowly and
strongly intermolecular association and intramolecular collapse
of the polymer chains, which greatly limit the mobility and rear-
rangement of polymer chains (Fig. 8e). At the regeneration process,
instead by a further collapse and aggregation, rearrangement of the
polymer network units does not occur with the mutual diffusion of
solvent and water. It is thereby favorable to obtain the blended
hydrogel membranes with dense structure and low crystallization
(Fig. 8f).
4. Conclusion

The solution pre-gelation method has been successfully utilized
to create novel cellulose/chitin blended hydrogel membranes. All
of the considered membranes showed denser structure and lower
degree of crystallization compared with the membranes from tra-
ditional solution casting method. The morphology and crystal
structure of those blended hydrogel membranes were tunable by
chitin content and pre-gelation temperature. Distinguishing from
the pore size and pore density of Cx increasing with the chitin con-
tent, an obvious transformation from dense and nonporous to
mesh-like and porous structure in Px-5 was observed. Similar re-
sults were obtained by changing the pre-gelation temperature. In
ranes via solution casting method (a–c) and solution pre-gelation method (d–f).
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addition, the crystallinity of Px-5 decreased at low chitin content
while increased at high chitin content. The relatively low pre-gela-
tion temperature was also favorable for the formation of low crys-
tallinity. The membranes of Px-5 displayed superior mechanical
properties. Their tensile strength and breaking elongation were
about 2 times larger or higher than those of Cx. The broken elonga-
tion of Px-5 reached a maximum of 113% at 9.1 wt.% chitin. The dif-
fusion of drugs through the blended hydrogel membranes
prepared via solution pre-gelation method was dominated by a
dual transport mechanism (pore mechanism and partition mecha-
nism). The gelation process of the mixed solution was accelerated
or decelerated depending on the chitin content in solution. The
blended hydrogel membranes regenerated from the gel state in
water based on the nonsolvent-induced phase-separation mecha-
nism. These cellulose/chitin blended hydrogel membranes with
special structure and improved performance have potential appli-
cations in drugs delivery devices, tissue engineering and bio-
separation.
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