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ABSTRACT: Chitosan (CS) has been extensively studied and found wide applications in the field of biomedicine because of its

favorable biological properties. Normal CS fibers are manufactured either by wet-spinning or by dry-jet wet-spinning. However,

the poor tensile strength of CS fibers raises much concern. The present study uses chitin nanocrystal (ChiNC), a stiff rod-like

nanofiller, to enhance the mechanical properties of wet-spun CS fibers. Owing to the good compatibility between CS and ChiNC,

the nanoparticles are well distributed in the CS matrix. When the ChiNCs loading is 5 wt %, the optimal mechanical properties of

CS fibers are obtained, and the peak stress is 2.2 cN/dtex and modulus is 145.6 cN/dtex, which are increased by 57% and 84.5%,

respectively, compared to that of nonfilled CS fibers under the same processing condition. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 40852.
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INTRODUCTION

Chitin/Chitosan (CS) is the second most abundant biopolymer

next to cellulose and possesses many favorable properties such

as nontoxicity, biocompatibility, and biodegradability.1 Dis-

solved in aqueous acid solution as spinning dope and aqueous

alkaline solution as coagulation bath, CS can be wet-spun2–4 or

dry-jet wet-spun to fibers.5 CS fibers have been found wide

clinical applications such as wound dressing,6–9 surgical

suture,10,11 and tissue scaffold.12–14 Also, a good antibacterial

activity of CS makes CS fiber an ideal candidate for manufac-

turing underwear in the textile field.15–17 However, the tensile

strength of present CS fibers is undesirable, and many studies

were performed to improve the mechanical properties of CS

fibers.

Agboh and Qin3 took several physical treatments to improve

the Young’s modulus and tenacity of wet-spun CS fibers,

including increasing the draw ratio of as-spun fibers in the

washing and drawing baths, enhancing the spinneret draw, or

performing the heat treatment toward as-spun fibers. Knaul

et al.18 utilized several posttreatment methods to reinforce CS

fibers, such as using direct and radiant heat, forced air, or some

chemical drying agents of acetone, isopropanol or methanol to

treat as-spun CS fibers. Moreover, epichlorohydrin,19 glyoxal,20

and glutaraldehyde21 were used as cross-linking agents to

chemically strengthen CS fibers. In recent study, Li et al.22 used

ionic liquid as spinning dope solution for preparing CS fibers

and found the mechanical properties of CS fibers were highly

improved. In addition, the nanocomposite method of loading

the nanoparitcles such as polyhedral oligomeric silsesquioxane

and single-walled carbon nanotubes into the CS spinning dope

to wet-spin was also proved to be able to increase CS fibers’

strength.23

However, compared to the inorganic nanofillers, chitin nano-

crystal (ChiNC, otherwise called nanowhiskers or nanofibrils),

an emerging, novel, rod-like nanofiller, extracted from acid-

treatment of chitin, possesses many advantages of nanodimen-

sion, high surface area, low density, high modulus, and ideal

reinforcing ability to polymeric structures, as well as good

biocompatibility and biodegradability. ChiNCs-based nano-

composites have been extensively explored especially in the

field of biomedical materials.24 Many polymers were used as

matrices, such as polyvinyl alcohol, soy protein isolate, CS,

gelatin, alginate, cellulose, silk fibroin, and waterborne polyur-

ethane via aqueous blending, and polycaprolactone and

poly(S-co-BuA) via latex blending. All of them exhibited the

prominently enhanced mechanical properties by loading

ChiNCs.25–34 But to our knowledge, ChiNCs reinforced CS

fiber had not been explored. So this study used ChiNCs as

reinforcing nanofiller to wet-spin CS/ChiNC nanocomposite

fibers, expecting to obtain high strength CS fibers.
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EXPERIMENTAL

Preparation of ChiNC

ChiNC suspension was prepared according to our previous

report.35 Briefly, chitin flakes were hydrolyzed in 3M HCl under

stirring and refluxing for 6 h. The ratio of the 3M HCl solution

to chitin was 30 cm3 g21. The residue was collected after centrif-

ugation and treated twice with 3M HCl. Then, the residue was

washed with deionized water for three times by centrifugating

and decanting the supernatant. The obtained suspension was fur-

ther dialyzed in deionized water at room temperature for 3 days,

followed by ultrasonic treatment and subsequent filtration to

remove residual aggregates. Finally, the suspension was lyophi-

lized to obtain light brown powders. The yield was about 55%.

Wet-Spinning of CS/ChiNC Nanocomposite Fibers

A desirable amount of CS powders were dissolved in 3 wt %

acetic acid aqueous solution by constant stirring at 30�C. The

CS concentration was maintained at 3 wt % in all samples.

ChiNCs powders were redispersed in deionized water via ultra-

sonication, and then mixed with the CS solution by controlling

the mass ratio of ChiNC to CS at 0, 2.5, 5, and 10 wt %. The

mixtures were kept stirring for 10–12 h, and then vacuum fil-

tered with a 300 mesh sieve, degassed under vacuum, and

finally sealed up for wet-spinning. A homemade spinning setup

was used for wet-spinning as shown in Figure 1. The spinning

solutions were extruded through a stainless steel six-hole spin-

neret into a coagulation bath consisting of NaOH–Na2SO4

aqueous solution (NaOH: 20 g L21; Na2SO4: 100 g L21). The

fibers obtained from the coagulation bath were washed in water

and stretched at a suitable draw ratio in a washing–drawing

bath at 70�C. The draw ratio was controlled by varying the

speed of guide roller relative to the speed of take-up roller.

Measurement and Characterization

The morphology and dispersibility of ChiNCs were evaluated

via transmission electron microscopy (TEM). A drop of diluted

suspension was cast onto a carbon coated copper grid, slowly

evaporated at room temperature, and then observed on a 2100F

TEM (JEOL, Japan). A Leica DM750P polarized optical micro-

scope was used to evaluate the dispersivity of ChiNC in the CS

acetic acid aqueous solution.

The surface and cross-section morphologies of fibers were

observed on SU8010 field emission scanning electron micro-

scope (Hitachi, Japan). The fiber bundle was embedded into

epoxy resin, and then cryo-fractured in liquid nitrogen to

obtain cross-section of individual fiber.

Fourier transform infrared spectra (FTIR) were measured on a

Nicolet 670 Nexus FTIR spectrometer over a wavenumber range of

400–4000 cm21 at 4 cm21 resolution via accumulation of 32 scans.

The fibers were cut into crumbs and pressed with KBr powder

before measurement. The obtained spectra were normalized.

Wide angle X-ray diffraction (WAXD) patterns were recorded on a

D/Max-2550 PC diffractometer (Rigaku, Japan) at room tempera-

ture operated at 40 kV and 200 mA. The scan speed was 3 min21 in

the range of 5–50�. The fibers were cut into crumbs. The relative

crystallinity was calculated using the Jade 6.5 software.

The filament number of CS fibers was measured on a home-

made XD-1 fiber fineness tester. The mechanical properties of

CS fibers were tested on a homemade XQ-1C tensile strength

tester with a crosshead speed of 10 mm min21 and clamp dis-

tance of 20 mm. The results of tensile modulus, stress, and

break at strain were the average of 20 tests.

Figure 1. Schematic of homemade setup of wet-spinning. (1-storage bar-

rel; 2-coagulation bath; 3-filament guide; 4-guide roller; 5-washing and

drawing bath; 6-take up roller; and 7-heating board).

Figure 2. (a) Transmission electron micrograph of a dilute suspension of ChiNC (scale bar 5 500 nm); (b) cross-polarizing optical microphotographs of

ChiNC dispersed in CS solution (scale bar 5 100 lm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Thermogravimetric analysis (TGA) was carried on a TG 209

thermal analyzer (Netzsch) to investigate the thermal stability of

the fibers. The scanning range was 30–600�C with a heating

rate of 10�C min21 under a nitrogen atmosphere.

RESULTS AND DISCUSSIONS

Dimensions and Dispersion of ChiNCs

Figure 2a shows the transmission electron micrograph of a

dilute ChiNC aqueous suspension obtained by redispersing

ChiNC powders into water. The ChiNCs were individually dis-

persed and the estimated average width, length, and aspect ratio

L/d (L being the length and d being the width) was 20 nm,

300 nm, and 15, respectively. Figure 2b depicts the cross-

polarizing optical micrograph of the CS/ChiNC (mass ratio, 1 :

0.1) mixture in 3% acetic acid aqueous solution. There appear a

large number of uniformly distributive bright dots representing

the birefringence of ChiNCs, indicating ChiNCs were uniformly

dispersed in the CS solution.

Structure and Compatibility of Nanocomposite Fibers

The FTIR spectra of wet-spun fibers are shown in Figure 3a.

The characteristic absorption peaks of CS at 1643 cm21 (amide

I), 1600 cm21 (ANH2), and 1069 cm21 (CAO) were present in

all the samples. Compared to the neat CS fiber, the bands

around 3400 cm21 (assigned to the stretching vibration of

AOH) became broader with the addition of ChiNCs, indicating

the strong hydrogen bonds between the CS matrix and the

ChiNC nanofiller occurred.

Figure 3. (a) FTIR spectra and (b) WAXD patterns of CS/ChiNC nanocomposite fibers. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table I. The Relative Crystallinity of CS/ChiNC Fibers

ChiNC load (wt %) Relative crystallinity (%)

0 33.2

2.5 24

5 30

10 25.3

Figure 4. The morphologies of outer surface and cross-section of wet-spun fibers with the ChiNC loading of (a) 0 wt %, surface; (b) 0 wt %, section;

(c) 2.5 wt %, surface; (d) 2.5 wt %, section; (e) 5 wt %, surface; (f) 5 wt %, section; (g) 10 wt %, surface; and (h)10 wt %, section.
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WAXD spectra from 5� to 50� in Figure 3b exhibit the crystal

peaks of the neat CS fiber and the nanocomposite fibers. The

CS fiber displayed characteristic diffraction crystalline peaks at

2h of 10.8 and 19.9�. These peaks still existed but the intensities

weakened in the CS/ChiNC fibers. In addition, the diffraction

peaks of ChiNC at 2h of 9.6� appeared with the increase of

ChiNC loading. The results revealed that the ChiNC existed in

the nanocomposite fibers, and strong interaction between

ChiNC and CS appeared here. The relative crystallinity of CS in

all fibers was calculated by Jade 6.5 software, and the results are

displayed in Table I. With the loading of ChiNCs, the relative

crystallinity of CS decreased, possibly due to the interaction

between ChiNCs and CS, which hindered the movement of CS

macromolecular chains.

The CS/ChiNC fibers were obtained by wet-spinning at the

draw ratio of 1.5. Figure 4 shows the morphologies of outer

surface and corss-section of wet-spun fibers with various ChiNC

loading. There were no appreciable differences in outer surface

among them, and all the fibers contained striations that were

attributed to shrinking during drying. However, the fiber with-

out ChiNC loading, had a more coarse and loose cross-section

structure. Instead, the addition of ChiNC into CS caused a

more smooth and compact cross-section structure. Thus, the

loading of ChiNCs into CS could improve the morphology of

CS fibers.

Mechanical Properties of Fibers

Figure 5 shows the mechanical properties of the CS and CS/

ChiNC fibers. With the increase of ChiNC loading, the tensile

peak stress was improved from 1.41 cN/dtex (neat CS fiber) to

2.21 cN/dtex (5 wt % CS/ChiNC fiber), the tensile modulus

also highly increased compared to the neat CS fiber (78.98 cN/

dtex), the highest being 145.6 cN/dtex (5 wt % CS/ChiNC

Figure 5. Uniaxial tensile tests of CS and CS/ChiNC fibers obtained at 1.5 draw ratio. The strain–stress curves close to the average tensile stress from 9

to 10 tests were selected to display here (a); the data of peak stress (b), tensile modulus (c), and strain at break (d) were the average of 9–10 tests. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. The Mechanical Properties of 5 wt % CS/ChiNC Fibers Obtained

at Various Draw Ratioa

Draw
ratio

Filament
number
(dtex)

Tensile
stress
(cN/dtex)

Strain at
break (%)

Tensile
modulus
(cN/dtex)

1.1 11.6 1.42 8.64 70.22

1.2 10.6 1.58 4.51 76.73

1.3 9.41 1.77 4.02 108.1

1.4 9.30 2.04 4.08 167.4

1.5 9.13 2.21 3.14 145.6

a The data of filament number, tensile stress, modulus, and strain at
break were the average of 9–10 tests.
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fiber), however, the strain at break decreased slightly to the

range of 1.95–3.14% compared to the neat CS fiber (3.66%).

Thus, in consideration of our aim, the loading of 5 wt %

ChiNC into CS was optimal, of which the tensile strength

increased by 57%, tensile modulus increased by 87%, whereas,

strain at break only lost by 14% in comparison to the neat CS

fiber.

The effects of draw ratio on the mechanical properties of wet-

spun fibers are shown in Table II. Taking 5 wt % CS/ChiNC

fiber as example, with the increase of the draw ratio, the fila-

ment number decreased, the tensile stress and modulus both

increased, and the strain at break decreased. The increase in

mechanical properties with draw ratio was due to the increase

in molecular chain orientation caused by stretching.36 The

decrease in strain at break suggested that a plastic deformation

had been imposed on the fiber and made the fibers more brit-

tle.36 Thus, the increase of draw ratio favored the enhancement

of the mechanical properties of fibers, but the fiber would be

broken when the draw ratio exceeding 1.5.

Figure 6 shows the magnified cross-section micrographes of 5

wt % CS/ChiNC fibers at various draw ratio. The bright dots

were designated as ChiNCs, which were uniformly distributed

in the CS matrix. We had thought the draw ratio would affect

the ChiNCs’ orientation in the fibers, and the higher draw ratio

would produce the better orientation of ChiNCs along fiber

axis, that is, more bright dots should appear. But from Figure 6,

it did not show any visible changes with draw ratio. Even so, it

could be concluded that the ChiNCs and CS had a good com-

patibility so that ChiNCs could be homogeneously distributed

in the CS matrix and enhance the CS fibers.

Thermal Properties of Fibers

The TGA thermograms shown in Figure 7 indicated the loading

of ChiNCs did not have visible influence on the thermal stabil-

ity of CS fiber, although ChiNCs possess higher thermal decom-

position temperature than that of CS.

CONCLUSIONS

In summary, the ChiNC can well disperse in the CS acetic acid

aqueous solution. Through wet-spinning, the CS/ChiNC nano-

composite fibers with improved mechanical properties have

been successfully fabricated. The formation of hydrogen bonds

between CS and ChiNC conferred good compatibility between

the filler and the matrix, leading to the homogeneous distribu-

tion of ChiNC in the CS matrix. With the increase of ChiNC

loading, the tensile strength and modulus increased. The opti-

mal loading was 5 wt %, of which the peak stress was 2.2 cN/

dtex and the modulus was 145.6 cN/dtex, which were increased

by 57.0% and 84.5%, respectively, compared to that of neat CS

fibers. Further increasing the ChiNC loading would damage the

mechanical properties. The increase of draw ratio favored the

enhancement of the mechanical properties of nanocomposite

fibers, and the ultimate draw ratio was 1.5. In addition, the

loading of ChiNCs did not have appreciable influence on the

thermal stability of CS fiber.
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