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ABSTRACT: Chitosan and poly(vinyl alcohol) blend fibers were prepared by spinning
their solution through a viscose-type spinneret at 25°C into a coagulating bath con-
taining aqueous NaOH and ethanol. The influence of coagulation solution composition
on the spinning performance was discussed, and the intermolecular interactions of
blend fibers were studied by infrared analysis (IR), X-ray diffraction (XRD), and
scanning electron micrograph (SEM) and by measurements of mechanical properties
and water-retention properties. The results demonstrated that the water-retention
properties and mechanical properties of the blend fibers increase due to the presence of
PVA in the chitosan substract, and the mechanical strength of the blends is also related
to PVA content and the degree of deacetylation of chitosan. The best mechanical
strength values of the blend fibers, 1.82 c¢cN/d (dry state) and 0.81 c¢cN/d (wet state), were
obtained when PVA content was 20 wt % and the degree of deacetylation of chitosan
was 90.2%. The strength of the blend fibers, especially wet tenacity could be improved
further by crosslinking with glutaraldehyde. The water-retention values (WRV) of the
blend fibers were between 170 and 241%, obviously higher than pure chitosan fiber
(120%). The structure analysis indicated that there are strong interaction and good
miscibility between chitosan and poly(vinyl alcohol) molecular resulted from intermo-
lecular hydrogen bonds. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 2558 -2565, 2001
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INTRODUCTION

Chitin, a (1 — 4)-linked N-acetamido-2-deoxy-g-
D-glucan, is the second most abundant form of
organic resource found in nature next to cellulose,
and is present in marine invertebrates, insects,
fungi, and yeasts.! Chitosan is the fully or par-
tially deacetylated form of chitin. These biopoly-
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mers have good biocompatibility,>® biodegrada-
tion®* and various biofunctionalities including
antithromboyenic, homeostatic, immunity en-
hancing, and wound healing.>® Therefore, many
attempts have been made to produce new biofunc-
tional materials from chitin and chitosan in cot-
ton, films, nonwoven fabric, sponge, and gel
forms.®

Owing to a high molecular weight, chitosan
forms viscous solutions in dilute aqueous acetic
acid that can be used to spin fibers. Its fiber
forming properties have been investigated by sev-
eral workers.”® The primary deficiencies of chi-
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tosan fibers are their poor wet strength. Several
methods have been developed to improve the ten-
sile strength of chitosan fibers such as crosslinked
chitosan fiber with epichlorhydrin® and chitosan
derivative fibers.'0~12

Poly(vinyl alcohol) (PVA) is a nontoxic, water-
soluble, biocompatible, and biodegradable syn-
thetic polymer, which is widely used in biochem-
ical and biomedical applications.'® PVA has good
fiber-forming, highly hydrophilic properties, and
its fibers have been commercialized since the
1950s, and are used in textiles as a silk substi-
tute.'* Poly(vinyl alcohol) and polysaccharides
are unique in that both types of fiber are usually
spun, coagulated, oriented, and crosslinked under
essentially similar conditions.

It is well known that blending is an effective
and convenient method to improve the perfor-
mance of polymer materials. The tensile strength
of chitosan fibers may also be improved by mixed-
component spinning solutions with other water-
soluble polymers. Thus, in the present study, bi-
component fibers were prepared from chitosan
and poly(vinyl alcohol), and crosslinked with glu-
taraldehyde in varying concentrations. The mor-
phological structure and miscibility of the blend
fibers were studied with the aids of infrared spec-
tra (IR), scanning electron micrograph (SEM),
and X-ray diffraction (XRD). The mechanical
properties and water-retention values of blends
were also measured with regard to the different
proportions of the two components.

EXPERIMENTAL

Materials

A commercial crab shell chitosan (provided by
Zhejiang Yuhan Ocean Biochemistry Co. Ltd.)
was dissolved in aqueous 2 wt % acetic acid, fil-
tered through a glass filter, and neutralized with
aqueous 4 wt % NaOH. The precipitate was col-
lected by filtration, and washed thoroughly with
hot distilled water, ethanol, and acetone. The pu-
rified chitosan was obtained by drying under re-
duced pressure, whose degree of deacetylation
(DD) was calculated to be 90.2% from the nitrogen
content using the following equation’®:

DD =1 - [(W/Wy — 5.14)/1.72] X 100% (1)

Where W./Wy; is the ratio of carbon to nitrogen.

The limiting viscosity number ([n]) of the chi-
tosan sample was measured by using a modified
Ubbelohde viscometer, and the viscosity-average
weight (M) was calculated to be 5.0 X 10° from
the Mark-Houwink equation'®:

[n] = KM (2)

Where K = 6.589 X 10 2 mL/g o = 0.88.

The other chitosan materials with the same
molecular weight and different degrees of
deacetylation, 84.5, 79.1, and 71.3%, respectively,
were prepared by using the purified chitosan as
raw material according to the methods described
by Hirano et al.'”

Poly(vinyl alcohol) (PVA) purchased from
Shanghai Chemical Reagent Company, was used
without further purification. The degree of poly-
merization of PVA was 1750 + 50, and the sapon-
ification degree was about 99.8%.

Glutaraldehyde and acetic acid (all chemical
grade) were also the products of Shanghai Chem-
ical Reagent Company.

Preparation of Blend Fibers

A 15 wt % poly(vinyl alcohol) aqueous solution
was obtained by adding the required amount of
PVA powder with stirring to the known volume of
distilled water at 90°C. After cooling at room tem-
perature, a certain amount of urea and a suitable
weight of 4.5 wt % chitosan solution in 2 wt %
acetic acid was added to the above solution of
PVA. The mixed solutions were vigorously stirred
at room temperature for an hour, and filtered
through a 200 mesh filter cloth under pressure.
The clear filtrate as a spinning solution was
poured into the spinning tank, and degassed un-
der diminished pressure for an hour. After that,
the spinning solution was extruded at 25°C from
a 30-hole (0.08-mm diameter) viscose-type spin-
neret into a coagulating bath containing an aque-
ous solution of NaOH and ethanol to form fibers.
The as-spun fibers were washed and stretched
(stretching ratio is 29%) in distilled water at
35°C, then air-dried to afford white fibers. Accord-
ing to the PVA contents of 10, 20, 30, 40, and 50
wt %, the blend fibers were labeled as CHPVA-1,
CHPVA-2, CHPVA-3, CHPVA-4, and CHPVA-5,
respectively. The pure chitosan fiber was coded
as CH.

Preparation of Crosslinked Fibers

The following method was adapted to crosslink
chitosan or chitosan/PVA blend fibers. A 200-cm
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length of fiber was fixed as a single loop on a glass
tube and placed in a large tube containing the
known concentration of glutaraldehyde aqueous
solution at 25°C, purged with nitrogen, and
sealed. After 2 h, the fiber was taken out, washed
repeatedly with distilled water to eliminate any
unreacted glutaraldehyde, then dried naturally.
The crosslinked chitosan or chitosan/PVA blend
fibers were thus obtained.

Characterization of Fibers

FTIR spectra of PVA, chitosan and chitosan/PVA
blend fibers were recorded with a Nicolet 17DSX
FTIR Spectrometer. The fibers were cut into
small pieces for preparation of KBr discs. The
samples were made thin enough so to obey the
Lambert-Beer Law. The morphological structure
of the blend fibers were studied with Hitachi
S-570 Scanning Electron Microscopy (SEM). Prior
to examination, the blend fiber samples were frac-
tured in liquid nitrogen, the sections of the fibers
were coated with gold, then observed and photo-
graphed. X-ray diffraction patterns of fibers were
recorded with a Rigaku Dmax-II X-ray diffrac-
tometer, using Nickel-filtered Cu Ka radiation at
40 kV and 50 mA in the 26 range of 5-40°. The
crystallinities (X,) of the fibers were estimated
using a “cut and weigh” method by the equation’®:

X.=AJ(A, + A,) X 100% (3)

where A, and A, are the areas of amorphous
crystal peaks, respectively.

Measurements of Properties

The tensile strength (0,) and the breaking elon-
gation (g,) of the fibers in dry and wet state,
which was immersed in water for 3 h at room
temperature, were determined on a YG001-A Fi-
ber Electron Tensile Tester (The Weaving Meter
Manufacture of Taicang, China), at room temper-
ature and 50% relative humidity. All tests were
performed on single filaments with a gauge
length of 90 mm, and a crosshead speed of 20
mm/min was selected. The values quoted for each
sample were average values of 40 samples. The
water-retention values (WRV) of fibers were cal-
culated as follows:

WRV = (W; — W)/W, X 100% (4)

where W, denote the original weight (g) of fiber
which was dried at 100°C until a constant weight

achieved, W, is the weight of fully swollen fiber
that was centrifuged at 4000 rev/min for 10 min.

RESULTS AND DISCUSSION

Preparation of Chitosan/Poly(Vinyl Alcohol)
Spinning Solution

The concentration of chitosan/poly(vinyl alcohol)
spinning solution have important effects on the
physical properties of the blend fibers. A better
quality of fiber would be possible by applying
higher concentration of spinning solution. PVA
with 99.8% saponification degree was insoluble in
cold water, but it dissolved completely in hot wa-
ter at 90°C up to a concentration of 15 wt % with
only stirring. After cooling at room temperature,
the 15 wt % PVA solution was still clear and had
a viscosity of about 450 poise, which was consid-
ered suitable for spinning strong and drawable
fibers. The viscosity of 4.5 wt % chitosan solution
was about 400 poise, and was considered appro-
priate for fiber spinning. However, a blend solu-
tion have good spinning quality and good spin-
ning performance was not produced because of its
very high viscosity. Addition of 1 wt % urea (a
strong hydrogen bond breaker) can make the vis-
cosity of the spinning solution decrease dramati-
cally, making spinning successful.

Effect of Coagulation Solution Composition on
Spinning Performance

The spinning trial of chitosan/poly(vinyl alcohol)
blend fibers was carried out in a mixed coagula-
tion solution of NaOH and ethanol. Table I shows
the effects of coagulation solution composition on
the spinning performance. The concentration of
NaOH and the volume ratio of NaOH solution to
ethanol are the important factors influencing the
coagulation speed of the fibers. The concentration
of NaOH solution was lower than 10 wt %, the
rate of coagulation was very slow, and results in
frequent filament breakage, so spinning perfor-
mance cannot be proceeded smoothly. When the
concentration of NaOH solution was higher than
10 wt %, and the volume ratio of NaOH solution to
ethanol was between 70/30 and 50/50, the rate of
coagulation was adequate, excellent spinning per-
formance can be achieved. Therefore, in this
study, 10 wt % NaOH solution and 50/50 volume
ratio of NaOH solution to ethanol were selected
for further spinning experiment.
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Table I The Effect of Coagulation Solution Composition on the Spinning Performance

Ratio of
Concentration of NaOH/Ethanol Temperature Spinning
NaOH % VIV °C Performance
5 90/10 25 Can proceed
5 70/30 25 Just proceed
5 50/50 25 Just proceed
5 30/70 25 Can not proceed
5 10/90 25 Can not proceed
10 90/10 25 Can proceed
10 70/30 25 Excellent
10 50/50 25 Excellent
10 30/70 25 Just proceed
10 10/90 25 Can not proceed

IR Spectra Analysis of Blend Fibers

The homopolymer solution and all the blend so-
lution of chitosan and PVA were optically clear to
the naked eye. They showed neither separation
into two layers nor any precipitation, even after
the solution was allowed to stand for more than 2
weeks at room temperature.

The inferred spectra of chitosan/PVA blend fi-
bers with different composition are shown in Fig-
ure 1. The PVA fiber showed absorption bands at
2945, 1452, 1336, 1238, 1095 and 843 cm ’,
which are attributed to the v,(CH,), 8(CH—OH),
8(CH—OH), «»(CH), (C—0), and »(C—C) reso-
nance, respectively, in agreement with the liter-
ature data.!® The infrared spectrum of chitosan
shows around 894 cm ™! and 1159 cm™ ! peaks
assigned saccharine structure®® and a weaker
amino characteristic peak at around 1597 cm ™ *.21
The absorption peak at 1260 cm ™! is the absorp-
tion of 8(0—H),%° and the sharp band at 1381
cm ! has been assigned to the CH; symmetrical
deformation mode.?? Difference between infrared
spectra of pure chitosan and chitosan/PVA blend
fibers were: (1) the absorption band at about 3450
cm ! concerned with —OH and —NH stretching
vibrations®® broadened and shifted obviously to a
lower wave number with the increase of PVA in
the blends, suggesting the formation of much hy-
drogen bonds between chitosan and PVA mole-
cule. (2) The disappearance of crystallization sen-
sitive bands of pure chitosan at 1098 cm ! and
665 cm ™! in the blends,?! implying that an inter-
molecular interaction between PVA and chitosan
disturbs the crystallization of chitosan in a blend
state. These results were in agreement with
Miya’s IR analysis of PVA/chitosan blend films.??

X-Ray Analysis of Blend Fibers

Figure 2 presents the X-ray diffraction pattern of
chitosan, PVA, and their blend fibers. The diffrac-
togram of chitosan fiber consists of three major

CHPVA-1

CHPVA-2

CHPVA-3

PVA

L 1

1 1
4000 3200 2400 1600 800

Figure 1 IR spectra of the fibers CH, CHPVA-1,
CHPVA-2, CHPVA-3, and PVA.




2562 ZHENG ET AL.

PVA

CHPVA-4

CHPVA-3

CHPVA-2

CHPVA-1

| 1 |
5 10 20 30 40

20/ deg

Figure 2 X-ray diffraction patterns of the fibers CH,
CHPVA-1, CHPVA-2, CHPVA-3, CHPVA-4, and PVA.

crystalline peaks at 26 10.5°, 15.4°, and 20.1°
reported by Samuels et al.?* The diffraction model
of PVA shows two typical peaks at 26 10° and
19.8°.25 If chitosan and PVA molecules have poor
interaction or are without interaction in the blend
fibers, each component has its own crystal region
in the blend fibers, and X-ray diffraction patterns
are expressed as simply mixed patterns of chi-
tosan and PVA with the same ratios as those for
mechanical blending. In fact, the diffraction in-
tensities of chitosan at 15.4° decreased drastically
with increasing the content of PVA in the blends,
but the crystal intensities of chitosan/PVA blends
increased as the amount of PVA increased. The

Table II The Properties of the Blend Fibers

percent relative crystallinities of the blend fibers
are 31.2, 34.7, 37.5, and 39.8%, corresponding to
CHPVA-1, CHPVA-2, CHPVA-3, and CHPVA-4,
respectively, greater than that of pure chitosan
(30.2%) (Table II). Based upon these evidences, it
can be further concluded that strong interaction
occurred between chitosan and PVA molecule in
the blends.

SEM Observations of Fibers

The sections of chitosan/PVA blend fibers were
examined by scanning electron microscopy to ver-
ify the compatibility between chitosan and PVA
molecules (Fig. 3). The sections of CHPVA-2 and
CHPVA-4 showed a smooth and homogeneous
morphology, suggesting high miscibility and
blend homogeneity between chitosan and PVA at
the composite ratio in the range of 9/1 ~ 5/5 by
weight.

In view of IR, X-ray diffraction, and SEM anal-
ysis of chitosan/PVA blend fibers, it can be con-
cluded that good miscibility was sustained by the
hydrogen bonds and intermolecular interaction
between chitosan and PVA in blend fibers.

Effect of PVA Content on Fiber Properties

The effect of PVA content on the tensile strength
of the fibers in dry and wet states is shown in
Figure 4 and Table II. The dry and wet tensile
strengths of the blend fibers with PVA from 10 to
40% were higher than that of pure chitosan, and
the maximum value was observed at 20% PVA
content achieved 1.82 c¢N/d in the dry state and
0.81 cN/d in the wet state, respectively. The re-
markable increase in tensile strength of this
blend fiber indicates the presence of some inter-
action between cellulose and PVA molecules in
the blend.

Tensile
Chitosan/PVA Strength (cN/d) Breaking Elongation WRV
Fiber No. (wt/wt) (Dry/Wet) (%) (Dry/Wet) (%)
Chitosan 100/0 1.50/0.71 12.0/23.2 120
CHPVA-1 90/10 1.65/0.73 13.8/24.2 170
CHPVA-2 80/20 1.82/0.81 15.4/31.9 191
CHPVA-3 70/30 1.72/0.74 14.2/26.6 215
CHPVA-4 60/40 1.61/0.70 13.3/25.2 231
CHPVA-5 50/50 1.46/0.58 12.8/21.4 241
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A

B

Figure 3 SEM of the sections of fiber CHPVA-2 (A) and CHPVA-4 (B).

Figure 5 shows the breaking elongation of the
fibers in the dry and wet states. These elongation
patterns corresponded well to the results in Fig-
ure 4.

The water-retention properties of the blend
fibers are plotted in Figure 6 as a function of the
weight content of PVA. Figure 6 shows that the
water-retention values (WRV) of chitosan/PVA
blends increase as the amount of PVA is raised,
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Figure 4 The effect of PVA content (wt %) on tensile
strength of the fibers.

but not linearly. The water-retention values
(WRYV) of the blends were in the ranges of
170—241%, obviously higher than that of pure
chitosan fiber, which has the lowest values
(120%) (Table II). The improvement in water-
retention values owing to the hydrophilic na-
ture of PVA could promise the wide application
of chitosan/PVA blend fibers as biomedical
dressings.
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Figure 5 The effect of PVA content (wt %) on break-
ing elongation of the fibers.
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Figure 6 The effect of PVA content (wt %) on the
WRV.

Effect of Chitosan with Different Degree of
Deacetylation on Fiber Properties

To detect the degree of deacetylation of chitosan
on the properties of blends, the chitosan and PVA
blend fibers with 20 wt % PVA and 80 wt %
chitosan with different degrees of deacetylation
were prepared, their mechanical properties and
water-retention values are listed in Table III. The
tensile strengths in the dry or wet state and per-
cent elongation at break decreased with the de-
gree of deacetylation of chitosan decreased. Six-
teen and 9% losses in the dry tensile strength and
the wet tensile strength, respectively, are ob-
served when the degree of deacetylation of chi-
tosan in the blends is decreased from 90.2 to
71.3%. These losses are accompanied by a 20%
decrease in the percent elongation at break in the
dry or wet state. The decline of tensile strength in
the blends is possible because the lower degree of
deacetylation of chitosan has more side groups,
which are detrimental to the formation of a neat
structure between chitosan and PVA molecules
and makes the crystallization degree lower. De-
tails of this study will be reported elsewhere in
the near future.

3.00
275 —a—Dry
2.50
2.25 e
2.000 —
1.75%
1.50
125} —
1.00F
0.75

Tensile strength (¢N/d)

0.50 1 1 1 i 1 1 1 1
00 02 04 06 08 1.0 1.2 14 16 1.8
Ratio of -CHO/-NH,

Figure 7 The effect of the ration of —CHO/—NH, on
tensile strength of the crosslinked fibers.

The degree of deacetylation of chitosan also has
an effect on the water-retention properties of the
blends, but the influence is not obvious; only a 3%
loss in water retention value is detected when the
degree of deacetylation of chitosan in the blend is
decreased from 90.2 to 71.3%.

Effect of Crosslinking on the Mechanical Properties
of Blend Fibers

To examine the effect of crosslinking on the me-
chanical properties of blend fiber, the chitosan/
PVA blend fibers composed of 20 wt % PVA and 80
wt % chitosan with a degree of deacetylation
value of 90.2% was crosslinked with aqueous glu-
taraldehyde. The relationship of the tensile
strength of crosslinked fiber in the dry or wet
state to the ratio of —CHO/—NH, is shown in
Figure 7 and Table IV. It is obvious that the
tensile strength of the blend fiber, especially wet
tensile strength, is improved by crosslinking.

Table IV The Effect of —CHO/—NH,, Ratio on
Fiber Properties

Table III The Effect of Degree of Deacetylation
on the Properties of Blend Fibers

Breaking
Degree of Tensile Elongation
Deacetylation  Strength (cN/d) (%) WRV
(%) (Dry/Wet) (Dry/Wet) (%)
90.2 1.82/0.81 15.4/31.9 191
84.5 1.71/0.77 14.7/28.3  190.3
79.1 1.65/0.76 14.1/27.5 189
71.3 1.52/0.74 12.4/25.8 1854

Tensile Breaking
Strength Elongation
(cN/d) (%)

Ratio of —CHO/—NH,, (Dry/Wet) (Dry/Wet)
0 1.82/0.81 15.4/31.9
0.25 1.98/0.94 16.1/32.3
0.50 2.06/1.10 15.6/28.1
0.75 2.23/1.16 14.5/26.2
1.00 2.37/1.31 14.3/24.4
1.25 2.45/1.36 13.6/22.8
1.50 2.48/1.40 11.4/21.7
1.75 2.51/1.42 10.2/21.1
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Thirty-eight and 75% increases in the dry tensile
strength and the wet tensile strength, respec-
tively, are examined when the —CHO/—NH,, ra-
tion is increase from 0 to 1.75. Moreover, the
tensile strength increased rapidly with the in-
crease of —CHO/—NH,, ratio below 1.25. How-
ever, increasing the —CHO/—NH,, ratio above
1.25 almost produce a further increase in the
tensile strength of the crosslinked fiber.

Table IV also shows the results of the breaking
elongation of the crosslinked blend fiber in the dry
or wet state to the ratio of —CHO/—NH,, Increas-
ing the ratio of —CHO/—NH,, a gradual decrease
in the breaking elongation of the crosslinked fiber
is observed, when the ration of —CHO/—NH,
increases from 0 to 1.75, the breaking elongation
of crosslinked fiber decreases about 34%.

CONCLUSIONS

Chitosan and Poly(vinyl alcohol) blend fiber can
be obtained by spinning their solution through a
viscose-type spinnet at 25°C into a coagulation
bath containing aqueous NaOH and ethanol. The
addition of urea into spinning solution and the
composition of coagulation solution have impor-
tant influence on the spinning performance. The
strong intermolecular interaction between chi-
tosan and PVA molecule chain results in good
miscibility. The introduction of PVA in the blend
fiber can improve the tensile strength and water-
retention properties of the blend fiber compared
to pure chitosan fiber. The tensile strength of the
blend fiber is also related to the degree of deacety-
lation of chitosan, and can be improved further by
crosslinking with glutaraldehyde.

This work was financially supported by China Capital
Group Co. Ltd., P. R. of China.
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