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Abstract In this study, we investigated the preparation of

chitin nanofiber (CNF)-reinforced cellulose films through

stepwise regeneration procedures from the respective ion

gels with ionic liquids. Self-assembled CNFdispersionswere

prepared by regeneration from the chitin ion gel with the

ionic liquid, 1-allyl-3-methylimidazolium bromide, using

methanol, followed by dilution with adjusted amounts of

methanol. Cellulose ion gels with the ionic liquid, 1-butyl-3-

methylimidazolium chloride, were then prepared, soaked in

the CNF dispersions, and centrifuged to simultaneously oc-

cur regeneration of cellulose and compatibilization with the

CNFs. Soxhlet extraction with methanol and subsequent

drying of the resulting materials gave the CNF/cellulose

composite films. The IR and SEM results of the films indi-

cated the presence of CNFs not only on the surfaces of the

films but also inside the films. Powder X-ray diffraction

patterns showed the amorphous structure of the cellulose in

the film. Tensile testing of the films suggested the reinforcing

effect of the CNFs on the mechanical properties of the films.
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Introduction

Natural polysaccharides are widely distributed in nature,

and they are vital materials for important in vivo functions

in biological systems [1]. For example, cellulose and chitin

act as structural materials in the cell walls of plants and in

the exoskeletons of crustaceans, shellfish, and insects, re-

spectively [2–5]. Cellulose is composed of b-(1 ? 4)-

linked glucose residues; chitin has a similar structure, but it

is an aminopolysaccharide composed of N-acetylglucom-

samine residues, where hydroxy groups at position 2 in

cellulose are replaced by acetamido groups. Cellulose and

chitin have become increasingly important because they

are the most abundant organic substances on earth and they

possess unique structures and properties that are much

different from those of typical synthetic polymers [6, 7].

Although considerable effort is being made to extend the

novel applications of cellulose and chitin in order to make

efficient use of biomass resources, the lack of solubility of

these structural polysaccharides in water and common or-

ganic solvents makes it difficult to improve their process-

ability, fusibility, and functionality. The solubility problem

is due to their stiff molecules and close chain packing via

the numerous intra- and inter-molecular hydrogen bonds

among the hydroxy groups. It is also due to acetamido

groups in the repeating sugar residues.

Over the past decade, ionic liquids, which are low melt-

ing-point salts that form liquids at temperatures below the

boiling point of water, have been identified as good solvents

for polysaccharides such as cellulose and chitin [8–15] since

Rogers et al. [16] reported that an ionic liquid, 1-butyl-3-

methylimidazolium chloride (BMIMCl), dissolved cellulose

in relatively high concentrations. In a previous study, we

carried out the dissolution of chitin with an ionic liquid,

1-allyl-3-methylimidazolium bromide (AMIMBr), in con-

centrations up to *5 wt% at elevated temperature [17].

Through the dissolution with ionic liquids, moreover, the

material processing of polysaccharides such as gelation and

film formation has also been performed [17–29], such as our

studies on the production of a cellulose/BMIMCl ion gel [20]

and a chitin/AMIMBr ion gel [17]. We further reported the
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fabrication of a binary gelling system from a mixture of an

individually prepared cellulose solution with BMIMCl and a

chitin solution with AMIMBr [30, 31]. The cellulose/chitin

composite films were then obtained by the regeneration

procedure from the binary gels [31–33].

In previous studies, a dispersion of self-assembled

chitin nanofibers (CNFs) with ca. 20–60 nm in width and

several hundred nanometers in length was facilely ob-

tained by regeneration from a chitin ion gel with AMIMBr

using methanol, followed by sonication [34, 35]. The

filtration of the resulting CNF/methanol dispersion gave a

film with a highly entangled nanofiber morphology. Be-

cause chitin has free amino groups due to partial N-

deacetylation of the acetamido groups (generally several

percent of the total number of repeating units), the CNFs

fabricated from the chitin ion gel were employed as a

reinforcing agent for an acidic cellulose derivative, that is,

carboxymethyl cellulose (CMC), by electrostatic interac-

tion to construct a robust composite film [36]. The rein-

forcing effect of the CNFs present on the surface of the

composite film was confirmed by the enhanced me-

chanical properties under tensile mode.

In this paper, we report the fabrication of CNF-rein-

forced cellulose films by means of the regeneration tech-

nique from ion gels. First, self-assembled CNF dispersions

in methanol were prepared by regeneration from chitin ion

gels with AMIMBr according to our previously reported

procedure [34]. Individually prepared cellulose ion gels

with BMIMCl [20] were soaked in CNF dispersions of

varying concentrations, followed by centrifugation, to si-

multaneously occur regeneration of cellulose and com-

patibilization with the CNFs, leading to the composite

films. The morphology and mechanical properties of the

resulting films were evaluated by scanning electron mi-

croscopic (SEM) analysis and tensile testing, respectively.

In relation to the present study, composite materials of

cellulose with chitin nanocrystals/nanowhiskers, which

were obtained by the acid-hydrolysis method from a native

chitin, were also fabricated by different approaches, e.g.,

mainly blending [37, 38]. The present approach provides a

facile procedure for producing new bio-based chitin/cel-

lulose composite materials. It therefore has potential for

practical applications in biomedical and environmentally

benign research fields in the future.

Experimental

Materials

Microcrystalline cellulose in a commercial reagent from

Merck, USA (Avicel, No. 2331), was used. Chitin powder

from crab shells was purchased from Wako Pure Chemical

Industries, Ltd., Japan. The ionic liquids BMIMCl and

AMIMBr were purchased from Sigma-Aldrich Co., USA,

and prepared by reaction of 1-methylimidazole and

3-bromo-1-propene according to a method modified from

that reported in the literature, respectively [39]. Other

reagents were used as received.

Preparation of Self-Assembled CNF Dispersion

The preparation of a self-assembled CNF dispersion was

carried out according to our previous study [34]. A mixture

of chitin (0.120 g, 0.59 mmol) with AMIMBr (1.00 g,

4.92 mmol) was left standing at room temperature for 24 h

and then subsequently heated with stirring at 100 �C for

24 h to obtain a chitin ion gel (10 wt%). The gel was then

soaked in methanol (40 mL) at room temperature for 48 h,

followed by sonication for 10 min to give a self-assembled

CNF dispersion (3.0 mg/mL). The dispersion was diluted

with methanol to prepare 2.34, 0.46, and 0.21 mg/mL CNF

dispersions. For the analytical measurements, the 3.0 mg/

mL dispersion was subjected to filtration to isolate the

CNFs as a film.

Preparation of Cellulose Ion Gel with BMIMCl

and Film

The preparation of a cellulose ion gel with BMIMCI was

performed according to our previous study [20]. Cellulose

(0.151 g, 0.93 mmol) was dissolved in BMIMCl (1.50 g,

8.59 mmol) by heating it at 100 �C for 6 h. After the so-

lution was cooled to room temperature, it was cast onto a

Petri dish and left standing at room temperature for 7 days

to form an ion gel. The BMIMCl left over from the gelation

was removed by washing the gel with methanol. To cal-

culate the cellulose content in the gel, 0.285 g of the gel

was soaked in methanol (10 mL) and further subjected to

Soxhlet extraction with methanol (100 mL) for 16 h. The

regenerated cellulose was sandwiched between two glass

plates and dried under ambient conditions for 3 days and

under reduced pressure at room temperature for 3 h to give

a cellulose film (0.0325 g). On the basis of the weights of

the ion gel and film, the cellulose content in the gel was

calculated to be 11.4 wt%.

Preparation of Chitin Nanofiber-Reinforced

Cellulose Film

A typical experimental procedure was carried out as fol-

lows. The cellulose ion gel (0.287 g, 3.3 cm 9 1.3 cm,

amount of cellulose: 32.7 mg) was soaked in 0.21 mg/mL

of the CNF dispersion (10 mL, amount of chitin: 2.1 mg)
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and the mixture was subjected to centrifugation at

2000 rpm for 30 min twice. Then, the resulting composite

material was subjected to Soxhlet extraction with methanol

(100 mL) for 16 h. The regenerated film was sandwiched

between two glass plates and dried under ambient condi-

tions for 3 days and under reduced pressure at room tem-

perature for 3 h to give a CNF-reinforced cellulose film.

Measurements

IR spectra were recorded on a PerkinElmer Spectrum Two

spectrometer. SEM images were obtained using a Hitachi

SU-70 electron microscope. X-ray diffraction (XRD)

measurements were conducted at a scanning speed of

2h = 0.2�/min using a Rigaku Geigerflex RADIIB

diffractometer with Ni-filtered CuKa radiation (k =

0.15418 nm). The stress–strain curves were measured us-

ing a tensile tester (Little Senster LSC-1/30, Tokyo Testing

Machine Co.).

Results and Discussion

To prepare CNF-reinforced cellulose films by the stepwise

regeneration procedures, first the chitin/AMIMBr and cel-

lulose/BMIMCl ion gels were individually prepared ac-

cording to the methods reported in our previous

publications (Fig. 1) [20, 34]. As we reported, small

amounts of BMIMCl were leached out during the gelation

in the cellulose experiment, whereas the chitin/AMIMBr

mixture was totally turned into a gel by heating. To cal-

culate the cellulose content in the ion gel, therefore,

BMIMCl was removed from the ion gel via regeneration

and Soxhlet extraction using methanol, giving rise to a

regenerated cellulose film. On the basis of the weights of

the ion gel and film, the cellulose content in the ion gel was

calculated to be 11.4 wt%. On the other hand, the chitin/

AMIMBr ion gel was soaked in methanol, followed by

sonication, to produce the self-assembled CNF dispersion

(3.0 mg/mL) by the regeneration of chitin, which was

further diluted with different amounts of methanol to pro-

vide dispersions with different CNF contents (2.34, 0.46,

and 0.21 mg/mL). For compatibilization of the cellulose

with the CNFs by means of the regeneration of cellulose,

the cellulose/BMIMCl ion gels (ca. 0.3 g) were soaked in

10 mL of the resulting CNF dispersions with methanol

(Fig. 1). The samples were then subjected to centrifugation

to facilitate regeneration, and the regenerated materials

were further subjected to Soxhlet extraction with methanol

for the complete removal of BMIMCl, followed by drying

to give the CNF/cellulose composite films (Fig. 1). The

unit ratios of CNF to cellulose in the resulting films were

estimated by their weight differences from the cellulose

weight in the cellulose/BMIMCl ion gel. Consequently, it

was found that the CNF/cellulose unit ratios increased with

increasing CNF content in the dispersions as follows;

0.032, 0.067, and 0.086 from 0.21, 0.46, and 2.34 mg/mL

CNF dispersions, respectively.

The presence of CNFs in the films was confirmed by the

IR analysis. The IR pattern of the composite film shown in

Fig. 2b is similar as that of the cellulose film (Fig. 2a), but

it also shows characteristic carbonyl absorption at

1639 cm-1 due to the acetamido groups in the chitin

structure, as detected in the CNF (Fig. 2c). The IR results

clearly indicate that the cellulose films were compatibilized

with the CNFs during the regeneration procedure from the

cellulose ion gels using the CNF dispersions.

The surface and cross-sectional morphologies of the

composite films on a nano-scale were evaluated by SEM

measurements. The SEM images of the surfaces of all the

films show the nanofiber morphologies. Part of the sur-

face of the film obtained from the 0.21 mg/mL CNF

dispersion is not covered by the CNFs (Fig. 3b), and thus

its morphology is similar to that of the cellulose film

(Fig. 3a), However, CNFs largely cover the surfaces of

the films obtained from the 0.46 and 2.34 mg/mL CNF

dispersions, as shown in Fig. 3c and d, respectively.

Furthermore, Fig. 3d also shows that some of the CNFs

merged, as indicated by the presence of larger amounts of

fibers on the film surface. The SEM results are in good

agreement with the CNF amounts determined by the

weight calculations. The SEM images of the cross sec-

tions of the CNF-reinforced cellulose films show the tips

of the nanofibers extending from the solid films (Fig. 4b–

d), which is not observed for the cellulose film (Fig. 4a).

These SEM images suggest that the CNFs were present

not only on the surfaces but also inside the films. It is

speculated from the SEM results that during the regen-

eration procedure by soaking the cellulose/BMIMCl ion

gels in the CNF dispersions with methanol followed by

centrifugation, the CNFs with methanol penetrated into

the ion gels to produce the present composite films with

good compatibility. In contrast, when the CNF/CMC

composite films were prepared by electrostatic interaction

between the two polysaccharides, the CNFs were present

only on the surfaces of the films, as previously reported

[36]. During the regeneration process in the present study,

methanol was probably progressed to be miscible with

BMIMCl through the dispersion/ion gel interface,

gradually migrating inside the gel matrix. Accordingly,

the CNFs could penetrate into the ion gel as miscibility

progressed. Because the aggregates of the stiff CNFs

created spaces in the cellulose matrix during regen-

eration, the SEM images of the cross sections (Fig. 4b–d)

show the presence of vacancies around the CNFs in the

composite films.
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XRD measurements of the films were conducted to

evaluate their crystalline structure. The XRD pattern of the

CNF-reinforced cellulose film in Fig. 5c does not show

obvious diffraction peaks for cellulose crystalline structure

I, as detected in the XRD pattern of the cellulose powder

(Fig. 5a). However, it does show a broad peak at ap-

proximately 21�, which is assignable to the amorphous

structure of cellulose, as seen for the cellulose film

(Fig. 5b). These data indicate that the cellulose crystalline

structure was not reconstructed during the regeneration

procedure from the cellulose/BMIMCl ion gel, as previ-

ously reported [28]. Furthermore, diffraction peaks result-

ing from an antiparallel a-chitin crystalline structure, as

detected in the XRD pattern of the CNF film (Fig. 5d), are

not detected in the XRD pattern of the composite film

(Fig. 5c). This is because the amounts of CNFs in the films

were too low to detect their diffraction peaks. Even the

largest diffraction peak at 19.5� was certainly overlapped

with the broad peak of the amorphous cellulose.

The mechanical properties of the composite films were

then evaluated by tensile testing. The stress–strain curves

of the cellulose film (Fig. 6a) and the composite films

(Fig. 6b–d) indicate that the Young’s moduli of the com-

posite films are comparable to that of the cellulose film.

However, the tensile strength and elongation at break of the

composite films increased as compared with those of the

Fig. 1 Preparation of CNF-reinforced cellulose films by stepwise regenerations from ion gels
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cellulose film, as listed in the table inserted in Fig. 6.

Furthermore, the mechanical properties improve sig-

nificantly with increasing amounts of CNFs in the

composite films, as shown in Fig. 6b–d. These results

strongly suggest the reinforcing effect of the CNFs in the

composite films.

Fig. 2 IR spectra of a cellulose

film, b CNF-reinforced cellulose

film, and c CNF

Fig. 3 SEM images of surface of a cellulose film and CNF-reinforced cellulose films from b 0.21, c 0.46, and d 2.34 mg/mL CNF dispersions
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Fig. 4 SEM images of cross sections of a cellulose film and CNF-reinforced cellulose films from b 0.21, c 0.46, and d 2.34 mg/mL CNF

dispersions

Fig. 5 XRD profiles of

a cellulose powder, b cellulose

film, c CNF-reinforced cellulose

composite film, and d CNF
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Conclusion

In this study, we investigated to prepare the CNF-rein-

forced cellulose films by means of the regeneration pro-

cess from the cellulose/BMIMCl ion gels by soaking in

the CNF dispersions with methanol, which were obtained

by regeneration from the chitin/AMIMBr ion gels using

methanol. The regenerated materials were further sub-

jected to Soxhlet extraction with methanol, followed by

drying to produce the composite films. The IR analysis

supported the presence of chitin in the films and the SEM

images suggested that the CNFs were present from the

surface to the inside of the films. The amorphous struc-

ture of cellulose in the composite films was suggested by

the XRD analysis. The reinforcing effect of CNFs present

in the films was confirmed by tensile testing and the

amounts of CNFs strongly affected enhancement of the

mechanical property. The present study reveals that re-

generation from the cellulose ion gels using the self-

assembled CNF dispersions is the efficient approach to

fabricate the CNF-reinforced materials with good com-

patibility. Because the ion gels with ionic liquids have

been obtained from various natural polysaccharides [21–

29], the present approach will be applicable to the other

polysaccharides to produce new bio-based materials in

the future.
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