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Abstract A novel kind of asymmetric blend membranes with superfine chitosan
powder (SCP) and biomedical polyurethane was prepared by immersion precipi-
tation phase inversion method. Effects of different SCP content on the
morphology and properties of the blend membranes were investigated. The result
showed that SCP content had little influence on the cross-section structure of the
blend membranes, and the cross-section presented a cellular structure. WAXD
results revealed that the aggregated structure of SCP remained. With an increment
of SCP content, the pore diameter and porosities of blend membranes increased
firstly, and then decreased. While, the water absorption rate and water vapor
transmission rate were improved remarkably with increasing SCP content. The
mechanical testing results indicated that with an increment of SCP ratio,
mechanical properties presented a descending trend, whereas all blend membranes
exhibited the good elasticity.
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Introduction

Chitosan, the alkaline N-deacetylated derivative of chitin, is one of the most

abundant naturally polysaccharides, and it has been proved to be biologically
renewable, biodegradable, biocompatible, non-antigenic, non-toxic, and bio-
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functional. At present, chitosan has been widely studied for biomedical
applications [1-3]. However, the rapid degradation and the low hygrometric
mechanical property of chitosan limit its use [4, 5]. To overcome this limitation,
chitosan generally has been blended with other polymer. It has been shown that
the blending chitosan-based materials exhibited combinations of properties that
could not be obtained by individual polymers and the mechanical properties
as well as the biological effects on cells will be varied in the blended
materials [6, 7]. Since molecular chains of chitosan are rigid and decomposition
temperature is lower than the melting temperature, melting blending was
unsuitable for chitosan. Chitosan could solve in a few kinds of dilute acidic
aqueous solutions, so solution blending was used for chitosan blending with
other polymer. Blending polymers could be water-soluble and natural or
synthetic including collagen, glucomannan, polyvinyl alcohol, polyethylene
oxide, poly(vinyl pyrrolidone) and so on. These researches results revealed that
the intermolecular interaction (hydrogen bonding or ionic bonding) between
chitosan and other polymers occurred. But there was a phase separation in the
blending materials. So, in order to obtain good miscibility, the blending polymer
content is very low [8—11].

On the other hand, biomedical polyurethane (PU) offers the specific properties
such as physiological acceptability, excellent blood compatibility, excellent stability
over long implant periods and excellent physical and mechanical properties, etc.
Therefore, PU has frequently been used as a promising biomaterial such as vascular
grafts, catheters, general-purpose tubing and artificial hearts et al. [12, 13]. The
blend of chitosan and PU could provide more outstanding physiological and
mechanical properties. But, biomedical PU only solve in some organic solvents and
chitosan solution is a non-solvent for PU solution, so chitosan solution cannot be
fairly well dispersed in PU matrix, but induced PU solution precipitation as
coagulant.

In this study, in order to obtain the membrane with high chitosan content, the
porous blend membranes were fabricated by using superfine chitosan powder
(SCP) blending with PU solution, not chitosan solution and PU solution,
through the immersion precipitation phase inversion method. Superfine powder
is defined as all of the powder smaller than 30 um in diameter [14]. With the
further understanding of the special properties of superfine powder and the
development of processing technologies, there have been many extensive
applications of superfine powder including organic and inorganic materials in
modern industries and related hi-tech fields [15-17]. For example, silk fibroin
superfine powder has already found its utility as cosmetic materials and
functional foods because of its moderate moisture absorption and retention
properties, and its high affinity for human skin and silk [18]. Actually, chitosan
powders also preserve these virtues. PU/chitosan blend membrane was prepared
by using a kind of self-made organic SCP in this study. This research discussed
the effects of the mass ratio of SCP to PU on the structure and properties of
SCP/PU membranes. The microstructure, the swelling capacity, the water vapor
transmission rate (WVTR), as well as the tensile properties of SCP/PU
membrane were investigated.
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Fig. 1 Structure of medical PU (Pellethane® 2363-80AE)

Experimental
Materials

Chitosan with degree of deacetylation 90% (M,, = 54 kD) made from shrimp was
purchased from Bangcheng Chemical Co. Ltd, Shanghai, China, PU of medical
grade (Pellethane 2363-80AE) was supplied by Dow Chemical Corporation, and its
structure was shown in Fig. 1. N, N-dimethyl formamide (DMF) of analytical grade
was obtained from Guoyao Chemical Co. Ltd, Shanghai, China. Distilled and
deionized water was used throughout this study.

Preparation and characterization of superfine chitosan powder (SCP)

Chitosan was milled into chitosan superfine powder (SCP) by a self-made millstone
[19]. Laser analyzer (Powder Analyse Instrument JL-1166, China) was used to
measure the average particle size and size distribution of the SCP.

Preparation of SCP/PU blend membranes

SCP/PU blend membranes were fabricated using the method of immersion
precipitation phase inversion at 25 °C. A certain amount of PU and DMF were
stirred together in a rockered flask. After PU fully dissolved in DMF, SCP with
various mass ratio to PU (0/100, 10/90, 30/70, 50/50, 70/30) was taken into the
solution and stirred together until a homogeneous mixture was obtained. The
flask was vacuumed to remove bubbles in the mixture, and then the mixture was
cast into a 300 pum thick thin film on a clean glass plate, and the solution film
was submerged in a gelation bath of distilled water overnight for allowing the
exchange of solvent and non-solvent. After desiccation in air, membranes were
removed from the glass plate. The blend membranes with the weight ratio of
SCP to PU being 0/100, 10/90, 30/70, 50/50 and 70/30 were called a, b, c, d,
and e.

Scanning electron microscopy
The dried membranes were fractured in liquid nitrogen. The morphologies in
cross-section and the surfaces of the membranes were examined on a scanning

electronic microscope (JSW-5610LV, Japan) after coating with gold under
vacuum.
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X-ray diffraction analysis

The crystallization in blend membranes was determined by wide-angle X-ray
diffraction (WAXD) instrument (Ultralll, Rigaku, Japan) at the scanning rate
of 4°/min. And the lamellar thickness (L) was calculated using the Scherrer

equation
L
~ Bcos

(1)

in which the structure factor Xk = 1.0, A = 0.154 nm and B is the width at half
maximum intensity of the crystal plane reflection [20].

Determination of membrane porosity

An overall porosity can be estimated with the area (A), the mass (W,,), the thickness
(D) of membrane, and the density (p,) of the polymer in membrane [21]. The mass
and the thickness were measured with an electronic balance and a thickness gauge.
The percentage porosity was calculated as follows:

pp = p1 x a% + py X b% (2)
DA — (W,
Porosity (%) = % % 100% (3)

p1 is density of PU, 1.12 g/cm®. a% is PU percentage in blending polymer. p, is
density of chitosan, 0.94 g/cm®. b% is chitosan percentage in blending polymer.
According to Eq. 1, p, of polymer in five membranes is 1.12, 1.10, 1.06, 1.02,
0.99 g/cm?, respectively. Porosity is expressed as the mean =+ standard deviation
(n>4).

Water absorption tests

The water sorption capacities of SCP/PU blend membranes were determined by
swelling the membranes in pH 7.4 of PBS at room temperature. A known weight of
dry membrane sample (m;) was immersed in the media for a certain time and was
taken out. The wet sample was weighed (m,) after the water on the sample surface
was drained by filter paper. The percentage water absorption of samples in the
media was then calculated from the formula Eq. 4.

0= (my—my)/m x 100% 4)
Water vapor transmission rate (WVTR)

The WVTR was measured according to the method used by Huang [22]. WVTR is
calculated as following

C 106
WVTR:QTXWXLOOO><376OO><24 5)
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Fig. 2 Internal view of moisture permeation cylinder

where WVTR is the water vapor transmission rate of the sample (z/m? day), A is the
area of the test sample (m?), Q is the actual volumetric flow rate (cm>/min), and C is
the water vapor concentration of outgoing stream (kg/m”). Internal view of moisture
permeation cylinder was presented in Fig. 2.

Mechanical test

Mechanical tests of the blend membranes were performed on a tensile strength
instrument (Instron5566, USA) at a crosshead speed of 50 mm/min. The width of
the samples was 10 mm. The values are expressed as the mean =+ standard
deviation (n > 4).

Results and discussion
Characterization of superfine chitosan powder (SCP)

Figure 3 shows the particle size distribution of the SCP. It was apparent that the
particle size of SCP was between 0.20 and12 pum, and the 72.5% of the powder is
less than 4 um, while the proportion of SCP with 1 and 2 pm particle sizes keeps
14.5 and 12.5%, respectively. The average particle size of SCP was calculated to
3.28 um.

Porosity of SCP/PU blend membrane

The concentrations of all casting solutions were 20 wt%, and the mass ratio of SCP
to PU varied from 0/100, 10/90, 30/70, 50/50 to 70/30. The viscosities of casting
solutions, the porosities and thickness of different blend membranes are presented in
Table 1.

Form Table 1, it is found that the porosities and thickness of membranes firstly
increase and subsequently decrease with SCP mass ratio increasing. Chitosan with
a large numbers of —OH and NH, groups is more hydrophilic. Therefore, with
SCP content increasing and PU content reducing, more nonsolvent water was
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Fig. 3 Particle diameter distributing figure of SCP

Table 1 Properties of PU

membrane and different SCP/PU Membrane SCP/PU Viscosity of casting Porosity Thickness

blend membranes sample (wt/wt)  solution (Pa s) (%) (um)
a 0/100 24.1 29.2 £ 0.4 100
b 10/90 7.9 482+ 0.3 110
c 30/70 5.9 513+ 0.5 130
d 50/50 1.6 50.1 £ 0.5 120
e 70/30 0.9 353+0.5 115

absorbed to diffuse into solution films, and the nuclei of the formed poor-polymer
phase progressed onwards rapidly and the precipitation rate of membrane-forming
was improved, which was propitious to the porous membrane formation. On the
other hand, with SCP ratio increasing, the viscosities of blend casting solutions
decrease gradually as showed in Table 1. The viscosity decrease could elevate the
exchange rate of solvent and non-solvent and the precipitation rate of the casting
solution was enhanced, then the looser membrane formed easily with high
porosity [23]. Consequently, duo to SCP mass ratio increasing, both the SCP
hydrophilicity and the viscosity decrease of blended solutions made the
precipitation rates of membrane-forming systems are quicker; so the SCP/PU
blend membrane became more porous with porosities and thickness increasing.
However, when SCP ratio exceeded 30 wt%, the congregation of mutual SCP was
amplified, which could destroy the membrane pores. What’s more, during the
process of membrane drying, SCP specific surface area was enlarged; therefore,
the disparity of shrinkage ratio of PU continuous phase with elastic deformation
and SCP disperse phase with plastic behavior also was augmented because of SCP
content increasing. Accordingly, a majority of the formed pores was broken and
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collapsed, which resulted in SCP/PU blended membrane porosity and thickness
reducing.

Morphology of SCP/PU blend membrane

Figure 4 reveals the SEM photos of membranes with different SCP/PU mass ratio.
The upper surfaces of all SCP/PU membranes were dense, whereas, with SCP/PU
ratio increasing, the upper surfaces of SCP/PU membranes became coarser. The
SCP/PU ratio had an apparent influence on the bottom surfaces of blend membranes.
When SCP content in polymer varied from 0 to 30 wt%, the pore diameter of the
bottom surfaces increased gradually, and pore distribution was more uniform. The
pore size distributed in a range of 5-7.5 pm for a membrane with SCP/PU ratio of
10-90, while, the pore size distributed in a range of 7.5-12.5 pm for b membrane
with 30/70 of SCP/PU mass ratio. When SCP content increased to 50 wt%, the
bottom surface of blend membrane became impact. The cross-sections of all blend
membranes exhibited a cellular structure. However, as SCP content increasing to 50
wt%, the pore structure of cross-section became obscure and most of pores
collapsed as shown in Fig. 4d3.

For SCP/PU mass ratio effects on the blend membrane structures, the result from
SEM was same to that of porosity. With SCP/PU ratio increasing, pore size and
porosity firstly increased and then reduced. The reason causing this phenomenon
was that the different SCP/PU ratio had an effect on the phase transformation of the
membrane-forming systems, as analysis in above. When SCP content changed from
0 to 30 wt%, the SCP hydrophlicity and the lowing viscosity quickened the
precipitation rates, and the porous membranes were formed with higher porosities.
However, when SCP content further increased to 50 and 70 wt%, the SCP stronger
aggregating and SCP plastic deformation in the membranes during drying process
brought about the pore collapse, accordingly, the denser membranes were fabricated
with low porosities and small pore sizes.

Aggregated structure of SCP/PU blend membrane

Figure 5 presents diffraction curves of PU raw material, SCP raw material and SCP/
PU blend membranes. The diffraction peaks of SCP appeared at 10.13°and 19.86°.
And there was a diffraction wide peak at 20.88° for PU, which suggested that the
crystallization degree of PU was very low. Independent of the ratio of SCP to PU,
the diffraction peaks appeared at about 10°and 20° for all membranes. Meanwhile,
the intensity of these two peaks increased with SCP ratio increasing. Compared with
diffraction curves of SCP and PU raw materials, it can be deduced that two
diffraction peaks of SCP/PU blend membranes were caused mainly by crystalline
structure of the SCP. With SCP content increasing, the second peak shifted from
19.86° near PU diffraction peak to 20.10° near SCP diffraction peak. These results
implied and the SCP aggregated structure was not destroyed during the processing.

Table 2 showed the crystalllinity and the lamellar thickness (L) of crystal panel at
about 20° for SCP/PU blend membranes, PU and SCP raw material. With mass ratio
increasing of SCP with the high crystallinity, the crystallinity of blend membranes
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Fig. 4 SEM images of different SCP/PU blend membranes. a SCP/PU = 0/100, b SCP/PU = 10/90,
¢ SCP/PU = 30/70, d SCP/PU = 50/50. I top surface, 2 bottom surface, 3 cross-section
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a: SCP/PU=0/100
b: SCP/PU=10/90
c: SCP/PU=30/50
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Fig. 5 WAXD spectrums of SCP/PU blend membrane, PU and SCP raw material

was elevated from 12.20 to 33.72%. On the other hand, L of crystals increased with
SCP content augmenting. Since chitosan aggregated structure was remained, the
change of the crystallite size resulted from the microstructure alteration of PU. The
enlargement of L suggests that the SCP was trapped in the PU crystallite domain
through hydrogen bonds between —OH and —-NH, groups of SCP and —C=0 and —
NH- groups in PU chains.

Water absorption of blend membranes

The variations of water absorption of different SCP/PU membranes with time
prolonging are shown in Fig. 6. Firstly, after immersed in media for initial 0.5 h, the
swelling rates of membranes were very rapid with a nearly 90° slope of the curves
of the absorption percentage—time. When samples were immersed for about 10 h,
the water absorption of blend membranes reached a saturation platform, i.e., the
equilibrium water absorption percentage. Secondly, with SCP/PU mass ratio
increasing, the equilibrium water absorption percentage became higher. The

Table 2 Crystallinity and the lamellar thickness of SCP/PU blend membrane, PU and SCP raw material

Membrane sample SCP/PU Crystallinity Lamellar
(wt/wt) (%) thickness (L) (nm)
a 0/100 5.25 2.13
b 10/90 12.20 2.17
c 30/70 24.16 2.23
d 50/50 25.88 2.49
e 70/30 33.72 2.86
f SCP 66.72 2.49
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Fig. 6 Water absorption characteristics of different SCP/PU blend membranes

equilibrium water absorption percentage of pure PU membrane (a) was only
67.40%, however, for membranes with 10/90, 30/70, 50/50, 70/30 of SCP/PU mass
ratio, and the equilibrium water absorption percentage increased to 120.52, 125.92,
141.51 and 161.50%, respectively. Chitosan chains contain abundant hydrophilic
—OH and -NH, groups which easily absorb water molecules, therefore, with SCP
ratio increasing in membranes, membranes could absorb more water and reached a
higher equilibrium water absorption percentage. The other factor affecting water
absorption was membrane structure. Here, with SCP/PU ratio changing, the porosity
variation of membranes was inconsistent with that of membrane water absorption.
As SCP content increasing 0-30 wt%, both porosities and water absorption
percentage increased. But when SCP content further increased to 50 and 70 wt%,
porosities of blend membranes decreased, whereas water absorption of blend
membranes still enhanced. This suggested that SCP content was a major factor
influencing the water absorption of blend membranes and the decrease of porosity
had a negligible effect on it.

Water vapor transmission rate (WVTR) of blend membranes

With SCP content in polymer varying from 0 to 70 wt% in the blend casting
solution, WVTR of blend membranes take on an ascending trend as shown in Fig. 7.
WVTR of five membranes a—e were 1,933, 2,109, 2,566, 7,970 and 8,519 m> day,
respectively. The permeation of water vapor through asymmetric membranes
consists of two steps: adsorption and diffusion [24]. In general, adsorption concerns
the membrane material hydrophilicity and chain structure of polymer, whereas
diffusion relates to the pore morphology of membrane. With SCP content increasing
to 30 wt%, WVTR of blend membranes increased, which attributed to the
improvement of the porosities and hydrophilicity of blend membranes. The
improvement of the porosity and hydrophilicity can accelerate the rates of water
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Fig. 7 WVTR of different SCP/PU blend membranes

vapor adsorption and diffusion in blend membranes. When SCP content increasing
to 50 and 70 wt%, the porosities of blend membrane started to reduce, this depressed
the diffusion rate of water vapor. But, a further increment of SCP content improved
the hydrophilicity of blend membrane, which could accelerate the adsorption rate of
water vapor in the blend membranes. Consequently, WVTR of blend membranes
still increased further with SCP content in polymer reaching 50 and 70 wt%. In
addition, when SCP content was very high, the -OH and —NH, groups of chitosan
chains can interaction with -C=0 and —NH- groups in PU chains by hydrogen
bonds. Then the interaction of PU chains was weakened and amorphous region
increased, which contributed to the permeation of water vapor.

Mechanical properties

The mechanical testing results are shown in Table 3. The result indicated that there
was an obvious decrease in elongation at break, tensile strength at break and elastic
modulus of the blend membranes with the ratio of SCP increasing. Especially, stress
declined violently when the ratio of SCP reached 50 wt% in the membranes. Here,
stress at break of blend membrane was only 20% of that of pure PU films, and there
was more loss when ratio of powder was 70 wt%. The decrease in tensile property
of blend membrane was due to the addition of SCP, which had destroyed the regular
and uniform internal structure of PU. Firstly, compared with the PU soft continuous
phase in the blend membranes, SCP as the dispersal phases were considered as the
rigid particles that could result in stress-convergence. When the blend membranes
were stretched, the points of the stress-convergence were damaged preferentially.
Hence, the mechanical properties of SCP/PU blend membranes felled down with the
SCP ration increasing. Secondly, from the appearances and the hand feeling of these
blend membranes, it was easy to find that the membranes became more and more
brittle as the more amount of the rigid SCP were added into the membranes, leading
to the elongation, the intensity and modulus of the blend membrane reducing.
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Table 3 Mechanical properties of blend membranes with different SCP contents

Membrane SCP/PU Tensile strength at Elongation at Elastic modulus
sample (wt/wt) break (MPa) break (%) (MPa)

a 0/100 8.19 £ 0.76 3855 0.186 £ 0.003
b 10/90 7.71 £ 0.35 340 £ 3 0.250 £ 0.006
c 30/70 2.55 £0.35 300 £ 5 0.070 £ 0.005
d 50/50 1.66 £ 0.14 262 + 8 0.059 £ 0.002
e 70/30 0.71 £ 0.09 220+ 6 0.036 £ 0.004

Lastly, and the particle size of SCP kept in a micron level, consequently, some gaps
as the interface pores could be observed at the interface between the powder and PU
in the blend membranes. These gaps could be another reason for the loss in tensile
properties of blend membrane. With 10% SCP, most powder was enwrapped by PU
in the membrane, so the destruction effect was small. But, when the ratio of powder
was above 30%, this destruction effect became more obvious. Whereas, even the
ratio of powder reached 70%, the blend membrane also had good elasticity, i.e.,
200% of elongation percentage.

Conclusion

In this study, a new type of composite materials was prepared by immersing the
blend solutions of SCP and medical PU into the coagulation. SCP addition can alter
the structure and performance of PU membrane. With an increment of SCP content,
the pore diameter and porosities of blend membranes increased firstly, and
decreased subsequently. However, the water absorption rate and WVTR were
enhanced remarkably with SCP content increasing, which resulted from SCP strong
hydrophilicity. WAXD results revealed that the aggregated structure of SCP was not
destroyed and amorphous region of PU increased. The mechanical testing results
indicated that with the increase in the ratio of SCP to PU, mechanical properties
presented a downtrend for rigid chitosan powder created easily the stress-
convergence points, whereas all blend membranes exhibited the good elasticity.
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