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ABSTRACT: Homogeneous acetylation of chitosan was carried out with acetyl chloride in 1-allyl-3-methylimidozolium chloride

(AmimCl) ionic liquid. The dissolution process of chitosan in AmimCl was observed by polarized optical microscopy. The optimal

reaction conditions were achieved by screening the effect of temperature, reaction time, and acylating reagents on recovery yield of

acetylated chitosan and degree of substitution, which was determined by infrared (IR) spectra analysis using baseline method. The

acetylated chitosan could be separated easily by water precipitation followed by filtration. The acetylation process was further con-

firmed by IR spectra and scanning electron microscopy, and the crystal structure was changed after the acetylation detected by X-ray

diffraction spectroscopy. Compared with traditional acetylation of chitosan, the homogeneous system, mild conditions, and simply

workup make this methodology more accessible to the demand of sustainable green biomass chemistry. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Nowadays, depleting nonrenewable resources have rendered a

great crisis to our environment and human development.

Therefore, people are increasingly making great efforts to

exploit biomass such as natural polymer as the substitution of

fossil resource.1 For instance, polysaccharides widely existed in

natural environment have been regarded as one of the most im-

portant renewable resources with the great potential as suppliers

of energy.2 Besides cellulose, chitin, the second most important

natural polymer on earth, consisting of 2-acetamido-2-deoxy-b-
D-glucose through a b (1!4) linkage, is well known as

biorenewable, biodegradable, and biofunctional natural muco-

polysaccharide.3 Despite its huge annual production and easy

accessibility, chitin is still an unutilized biomass resource and

has not yet been developed on an industrial scale, primarily

because of its intractable bulk structure, involved in the stiff

molecules and close chain packing via numerous intermolecular

and intramolecular hydrogen bonds,4 and this extremely

debased its potential worth in practical applications.5 With

regard to chitosan, the most important derivative of chitin, it is

the N-deacetylated product of chitin although this N-deacetyla-

tion is almost never completed.6 Recently, chitosan has attracted

much attention owing to its many important applications

(food, cosmetics, biomedical, and pharmaceutical applications)

through a variety of physical and chemical processing and trans-

formation.7 Derivation of chitosan perhaps is one of the most

common and viable ways to improve its potential value owing

to its multiple reactive sites, which can form up to hundreds of

derivatives. For example, PEGylated chitosan derivatives are able

to add new physicochemical properties to the cationic polysac-

charide polymers, thereby overcoming some limitations, espe-

cially regarding their solubility and their use in drug and gene

delivery (DNA and siRNA).8 Especially, acylated chitosan is one

of the most common derivatives, and they are still growing spe-

cies in the biological, medical, and other research and applica-

tion fields.9 Up to now, product and property designed by

chemical modification is limited on special hard conditions10–12

or heterogeneous conditions13 at least at the beginning of the

conversion because of its rigid structure.1 Although chitosan is

soluble in dilute aqueous solutions of organic and mineral

acids, an alkaline solution treatment process is necessary to

remove the acid after dissolution.14 Anyway, the shortcomings

of these processes including long reaction time, gelatin, compli-

cated separation procedures, and the disadvantages of conven-

tional solvents such as high volatility, severely contaminated,

strongly causticity and the degeneration of chitosan resulted in
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environment pollution and energy consumption during these

homogeneous functionalization of chitosan. Correspondingly, it

violates inescapably the purpose of energy saving and restrains

their wide applications and large-scale production. Therefore,

the study to explore a new and direct green solvent for improv-

ing the acetylation of chitosan is of great significance.

Recently, ionic liquids (ILs) are in the focus of interests in vari-

ous fields of research and development.15 Task-specific and bio-

degradable ILs have an attractive future in green chemistry

because their utilization will greatly reduce the risk of environ-

ment. Furthermore, ILs, which are considered as desirable green

solvents for great width of liquid range, excellent dissolution

ability, low vapor pressure, and easiness to recycling, have been

used to replace the organic solvents in many fields,16 such as

dissolution of cellulose,17 hemicelluloses,18 wood powder,19 and

all kinds of carbohydrates.20 In view of the performance of

good solubility and catalytic activity of ILs in biomass conver-

sion, chitin/chitosan has also been introduced to intersection

with ILs,21 including chitin/chitosan composite materials for

gels and films,22–24 electrode,25,26 reversible sorbents of CO2,
27

biosorbents for heavy metal ions,28 and so on. However, very

limited literatures about homogeneous chemical modification of

chitin/chitosan have been reported by using ILs as solvents. For

instance, Kadokawa and coworkers29 published the acetylation

of a-chitin in 1-allyl-3-methylimidazolium bromide IL, and 1.86

of degree of substitution (DS) was achieved, but the detailed dis-

solution procedure was not yet reported. In addition, study on

the homogeneous N-acylation of chitosan in aqueous ILs derived

from natural amino acids has been reported by Ji.30 However, the

tedious workup treatments restricted the wide application of this

method from the viewpoint of the energy efficiency.

During the course of preparation of high-value materials from

biomass, we also found that imidazolium-based ILs have proved

to be the excellent catalytic media and applied to many kinds of

organic reactions owing to their inherent task-specific proper-

ties.31 This prompted us to investigate the homogeneous acety-

lation of chitosan in ILs in further research. We screened the

acetylation of chitosan with acetyl chloride (Scheme 1) under

different conditions in 1-allyl-3-methylimidozolium chloride

(AmimCl) IL. Moreover, the structures of modified chitosan

were checked by IR, scanning electron microscopy (SEM), and

X-ray diffraction (XRD) spectroscopy. Unlike the previous stud-

ies on acetylation of chitosan,32 the reaction proceeded in ho-

mogeneous phase and in the absence of strong acids.

EXPERIMENTAL

Materials

All chemicals were analytical grade reagents and used as

received without further purification. Chitosan powder (degree

of deacetylation: 80.0–95.0%; Mw: 2.1 � 105 Da), allyl chloride,

acetyl chloride, maleic anhydride, succinic anhydride, caprylyl

chloride, and chloroacetyl chloride were purchased from Sino-

pharm Chemical Reagent Beijing, Beijing. N-methylimidazole

was supplied by J&K Chemical (in Beijing, China) and used as

received.

Scheme 1. Acetylation of chitosan with acetyl chloride in AmimCl IL.

Figure 1. Polarized optical microscope images for dissolution experiment of 5 wt % chitosan with AmimCl at 85�C, (a) 0 h, (b) 1 h, (c) 4 h, (d) 8 h,

and (e) 12 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Synthesis of AmimCl

AmimCl was prepared by reaction of N-methylimidazole with

allyl chloride, according to the methods published in the previous

literatures.33 N-methylimidazole (100 mL) and allyl chloride (107

mL) at a molar ratio of 1 : 1.05 were added into a round-bot-

tomed flask (500 mL), fitted with a reflux condenser for 8 h at

55�C with stirring to get amber viscous liquid. Ether (60 mL,

three times) was added to wash out the unreacted chemicals and

other impurities, and then the crude IL dissolved into CH2Cl2
was dried by anhydrous MgSO4 for 2 h followed by the desiccant

filtration and CH2Cl2 evaporation. Then, the anhydrous pure IL

AmimCl was obtained after the treatment at 80�C under vacuum

condition, which is slightly amber. The refractive index of

AmimCl measured with an Abbe’s refractometer is 1.5470.

Measurements

The structure of chitosan before and after reaction was identi-

fied with samples in KBr using Fourier transform infrared spec-

trometer (FTIR, Tensor 27) at room temperature by a pellet

formed from 2 mg acetylated product and 100 mg of KBr. An

Olympus-polarized optical microscopy was used to confirm the

dissolution process of the polysaccharides in AmimCl. XRD

measurements were conducted using a SHIMADZU XRD-6000

diffractometer in a y/2y scan regime, with Ni-filtered Cu Ka1.2

radiation, step 0.04�, time per step 1 s and 2y range 4–40�.
SEM images were recorded on a Hitachi S-4100 electron micro-

scope of the platinum-coated samples applying 5 kV accelera-

tion voltage. DS determination was achieved by the quantitative

determination of peak strength on IR spectra according to the

baseline method.34

Acetylation of Chitosan in AmimCl

A typical procedure for acetylation of chitosan was as follows: a

mixture of chitosan (0.2 g, 1.2 mmol) in AmimCl (4.0 g, 25.2

mmol) was heated at 85�C for 12 h with stirring under nitrogen

to dissolve chitosan. After the solution was cooled to room tem-

perature, acetyl chloride (0.6 g, 7.5 mmol) was added and the

mixture was heated at 60�C for 12 h. Then, three times of vol-

ume water was poured into the mixture to precipitate the acety-

lated chitosan, which was isolated by filtration, washed with

ethanol, and dried under reduced pressure to give the product

in 85.3% recovery yield.

Recycling and Reuse of AmimCl IL

After the acetylation, three times of volume water was poured

into the reaction mixture to precipitate out the acetylated chito-

san. After filtration, the filtrate containing [Amim]Cl was

Figure 2. IR spectra of acetylated chitosan at different reaction temperatures. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Effect of temperature on the acetylaton of chitosan in AmimCl.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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evaporated under reduced pressure at 80�C to get viscous liq-

uid, which was then washed with diethyl ether and finally dried

at 80�C under reduced pressure. After these treatments, the

recovery IL was directly used for the next acetylation of

chitosan.

RESULTS AND DISCUSSION

Dissolution of Chitosan in AmimCl IL

As for the dissolution of chitosan in IL, it is well known that

the imidazolium-type ILs paired with a chloride counter anion

such as 1-butyl-3-methylimidozolium chloride (BmimCl) were

good solvents for carbohydrates, cellulose, wood, and so on,

owing to the destroyed hydrogen bond network by Cl�.35 This

information has inspired us to survey the dissolution process of

chitosan in AmimCl, which has the potential ability to interrupt

the intramolecular and intermolecular hydrogen bonds of chito-

san, by reason of the lots of ANH2 and AOH groups in the

molecules.36

As a consequence, the experiment was performed by addition of

desired amounts of chitosan in IL at room temperature and

heating the mixture at 85�C for desired time with stirring under

an atmosphere of nitrogen. In view of the high degree of crys-

tallinity, the dissolution process of chitosan in AmimCl can be

simply observed by polarized optical microscopy. A drop of

AmimCl contained with chitosan was sandwiched between two

pieces of cover glasses and was viewed after certain time, and

the monitored process of dissolution is shown in Figure 1.

As shown in Figure 1, it is clear that the solid crystal of chito-

san still existed in IL after 1-, 4-, and 8-h dissolution at 85�C,
but gradually diminished as time going on, and the clear liquid

was formed till the dissolution process was carried out for 12 h.

The results of the above observation suggested that 5 wt % chi-

tosan solvated with AmimCl occurred at least after 12 h owing

to its tight crystal structure.

Reaction Condition Optimization

Effect of Reaction Temperature on the Acetylation of Chito-

san in AmimCl. Initially, investigations have been conducted

on the effect of reaction parameters, such as reaction time, tem-

perature, and the molar ratio of acetyl chloride to glucosamine

unit in AmimCl. The compared IR spectra of the native chito-

san and acetylated chitosans at different reaction temperatures

are shown in Figure 2. The curve A lay out the basic character-

istics of native chitosan at: 3433 cm�1 (OAH, NAH stretch),

2921 cm�1, 2860 cm�1 (CAH stretch), 1598 cm�1 (NAH

band), 1261 cm�1 (OAH band), 1157 cm�1 (bridgeAO

stretch), 1086 cm�1 (CAO stretch). In all, 1651cm�1 (acetamide

I) is generally assigned to the stretching of C¼¼O of acetamide

group derived from the uncompleted deacetylation of chitin.37

Figure 4. Effect of reaction time on the acetylaton of chitosan in

AmimCl. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 5. IR spectra of chitosan (a) original, (b) acetylated with three equivalents of CH3COCl, (c) acetylated with five equivalents of CH3COCl. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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As shown in Figure 2, the evident differences can be observed

comparing the IR spectra of the acetylated chitosan at different

temperatures in AmimCl. As along with the reaction tempera-

ture increasing from room temperature to 60�C, the reaction

accelerated correspondingly. The peak at 1598 cm�1 (NAH

band) was disappeared, and the absorption intensity of 1651

cm�1 (acetamide I), 1552 cm�1(acetamide II), and 1382 cm�1

(CACH3 vibration) becomes stronger, which demonstrated that

the N-acetylation occurred faster and faster. At the same time,

the single bands at 1748, 1236, and 1043 cm�1 are emerged and

the strength becomes stronger as the reaction temperature

increased, which are belong to the stretching of C¼¼O and

CAO of ester group, respectively, resulted from the acetylation

of AOH in the glucosamine unit of chitosan.

As for the DS of acetylation, the quantitative analysis was

achieved by the peak strength analysis on IR spectra according

to the base line method34 and the results are shown in Figure 3.

It can be seen that 35.2% of DS was achieved at 25�C, whereas
83.5% of DS was reached at 60�C under the condition of 12 h

and six equivalents of acetyl chloride. For comparison, the

regenerated chitosan from IL at 60�C was also investigated, and

the barely detectable DS and negligible recovery yield demon-

strated the minor influence of IL on the chitosan, perhaps

derived from the free Cl�1 in AmimCl IL. Thus, the optimal

reaction temperature was selected at 60�C although 88.4% DS

could be obtained at 80�C, on account of the recovery yield of

acetylated chitosan decreased to 88.4% (data not shown), which

indicates high temperature may lead to some decomposition of

chitosan by HCl released from the acetylation owing to the

reason that no neutralization reagent was added.

Effect of Reaction Time on the Acetylation of Chitosan in

AmimCl. With these data in hand, the effect of reaction time

on acetylation and DS was investigated in AmimCl IL using six

equivalents of acetyl chloride at 60�C.

As shown in Figure 4, the DS of the acetylated product reached

39.9% within 4 h, 65.8% within 8 h, and 83.5% within 12 h.

When reaction time was extended to 24 h, 89.7% of DS can be

achieved. For further 12-h prolongation, only 6% of DS was

added. It seemed that much longer reaction time had no effect

on practically improving DS, but had an undesirable effect on

the recovery yield of derived product. As shown in Figure 4, the

longer reaction time and slight lower recovery yields in the acet-

ylation illustrated the decomposition of abovementioned chito-

san, to some extent. Giving consideration to DS, 12 h was

reasonable for optimal reaction time.

Effect of Acetyl Chloride Amount on the Acetylation of Chi-

tosan in AmimCl. Undoubtedly, an excess of acetylated reagent

is useful for the derivation of chitosan.29 However, too high

activity of acetyl chloride makes the cost-efficient ratio of acetyl

chloride to glucosamine unit favorable for the practical

application.

Figure 5 shows the IR spectra of acetylated chitosan with differ-

ent amounts of acetylated reagent amount. Besides, the spectra

Figure 6. Effect of acetyl chloride amount on the acetylation of chitosan

in AmimCl. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Acetylation comparison of chitosan with different acetylated

reagents in AmimCl. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 8. XRD profiles of chitosan powder (a), regenerated chitosan from

5 wt % chitosan/IL solution (b), acetylated chitosan with three equivalents

of CH3COCl (c), and acetylated chitosan with five equivalents of

CH3COCl (d). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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show the absorption strength at 1740 cm�1 (O-acetylated)

increasing, and the peaks were gradually sharpened at 2920–

2850 cm�1 (acyl chain),37 which is attributed to the substitution

degree increasing along with the increase in acetyl chloride

amount.

As shown in Figure 6, it is clear that the DS of acetylated chito-

san increased from 9.5 to 89.2% with increasing equivalent of

acetyl chloride from 1 to 12. However, it looks like that too

much excess of acetyl chloride was not good for the recovery

yield, probably owing to the decomposition of chitosan by HCl

derived from the acetylation. In pace with the increase in

amount of CH3COCl, the recovery yield of acetylated product

decreased gradually. When 12 equivalents of CH3COCl were

used, only 43.3% of recovery yield was obtained. Therefore, six

equivalents of CH3COCl were an appropriate compromise from

which 83.5% of DS was achieved.

On the basis of the above viewpoints, attempts to perform the

acylation of chitosan with relative mild reagents such as acetic

anhydride, succinic anhydride, maleic anhydride, in IL have

been subjected to the above-mentioned optimal conditions and

Figure 9. SEM images of chitosan (a), regenerated chitosan from AmimCl (b), acetylated chitosan using three equivalents of acetyl chloride (c), acety-

lated chitosan using five equivalents of acetyl chloride (d).
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the results are shown in Figure 7. Obviously, caprylyl chloride

and chloroacetyl chloride gave relative better DS. Although

acetic anhydride, succinic anhydride, and maleic anhydride pro-

vided relative milder DS, acetic anhydride may be suitable

for the acetylation of chitosan taking into the environmental

protection account.

X-ray Spectra Analysis

To compare the chitosan before and after the derivation in IL,

the crystal structure of original chitosan powder (a), regenerated

chitosan from 5 wt % chitosan/IL solution (b), acetylated chito-

san with three equivalents of CH3COCl (c) and five equivalents

of CH3COCl (d) were investigated by XRD as shown in Figure

8. As shown in the curves of Figure 8, it is clear that original

chitosan gives two kinds of diffraction patterns,38 form I (2y ¼
10�) shows a slight diffraction peak and form II provides a

strong, sharp diffraction peak centered near 2y ¼ 20� (curve a).

The regenerated chitosan from the 5 wt % chitosan/IL solution

providing the relative weak diffraction peak in 2y ¼ 20� indi-

cates that the crystal structure of chitosan has been affected by

the dissolution process in AmimCl IL. However, the acetylated

chitosan shows slight, broad diffraction pattern, and the strong-

est part has a tiny shift, which demonstrates that the crystal

domains of chitosan have been destroyed by IL during the dis-

solving process regardless of how many equivalents CH3COCl

were added (c, d).

SEM Micrograph Analysis

In addition, SEM was used to image the microscopic surface

structure of acetylated chitosan, and the comparative micropho-

tographs are shown in Figure 9. Compared with the top row of

images presenting the original chitosan magnified 1000 and

8000 times, respectively (a), the uncompact and friable struc-

tures can be observed from the SEM results (b, 1000�) of the

regenerated chitosan, and the rigid crystal structure has

decreased to some extent (b, 8000�). It was worth commenting

that the regenerated chitosan is characterized by a relative rough

surface with bulges and a porous interior structure. As for the

acetylated chitosan (c, d), however, they have scaly pattern on

the surface with millions of gullies, which contributed to the

low crystallinity of acetylated chitosan.39 Moreover, the surface

structure in the acetylated chitosan with five equivalents (d) was

obviously more disorder and lipophilic than those acetylated

with three equivalents of acetyl chloride, and the difference

could be attributed to the different DS of chitosan. The results

of the above observation suggested that the surface structure of

chitosan was changed during the acetylation, unlike that

observed in the original and regenerated chitosan (a, b).

Recycling and Reuse of AmimCl IL

For the development of studies on chitosan with ILs, therefore,

the recycle process was investigated starting with chitosan/IL so-

lution after reaction. After the recycling treatments, the recovery

IL was directly used in the next run. As summarized in Table I,

to our delight, the IL could be reused at least for three times

under the abovementioned optimum conditions just with slight

activity loss (68.1% of DS, 85.0% of yield). However, the color

of IL become gradually deeper and deeper as run times going

on, which may be owing to the more and more oxidized

impurity.

CONCLUSIONS

In summary, room temperature IL AmimCl was found to be

effective and the direct solvent for the homogeneous acetylation

of chitosan. The formed transparent and viscous solution, on

account of AmimCl, could interrupt the intramolecular and

intermolecular hydrogen bond to accelerate the dissolution of

chitosan, which was confirmed by polarized optical microscopy.

The optimal degree of acetylated of 83.5% determined by the

IR spectra analysis was obtained using six equivalents of acetyl

chloride at 60�C for 12 h. Acetylated chitosan could be sepa-

rated easily by water precipitation followed by filtration. More-

over, AmimCl could be reused several times just for the need of

simple vacuum treatment. XRD analysis demonstrated that the

crystal structure of chitosan has been influenced by the dissolu-

tion process in IL, and the acetylated chitosan shows slight,

broad diffraction pattern, and the strongest part has a tiny shift,

which demonstrates that the crystal domains of chitosan have

been destroyed by the IL, which are in line with the SEM

images. This method is far superior to others performed using

acidic solution such as acetic acid, and the homogeneous sys-

tem, mild condition, and simply workup make this methodol-

ogy more accessible to the cost efficiency and green aspect,

which are in line with the demand of sustainable chemistry.
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