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Acetylated chitin nanocrystals were prepared through surface modification, and biodegradable
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/chitin nanocrystals films were produced via
solution-casting method. Transmission electron microscopy observations and X-ray diffraction profiles
revealed that the rod-like morphology and crystal structure of chitin nanocrystals were maintained.
Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy results showed that the
hydroxyl groups were partly replaced by the acetyl groups on the surface of chitin nanocrystals. The

gﬁ{gﬁg’;ocwstals hydrophobic performance of the acetylated chitin nanocrystals was significantly increased according to
Acetylation the contact angle measurements. Differential scanning calorimeter results indicated that the influence

Surface modification of chitin nanocrystals on the crystallization behaviors of PHBV matrix was changed from suppression to
PHBV assistance after the surface modification. Tensile test showed that the tensile strength and Young’s mod-
ulus of PHBV/acetylated chitin nanocrystals composites were improved by 44% and 67%, comparing to
the improvement of 24% and 43% for PHBV/chitin nanocrystals composites with the addition of 5.0 wt.%

nanocrystals into PHBV.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable natural nanocrystals derived from natural polysac-
charides, such as chitin, starch, and cellulose, have attracted great
attention owing to their distinct biocompatibility and biodegrad-
ability (Habibi & Dufresne, 2008). They all have high surface
area and high Young’s modulus (Sturcova, Davies, & Eichhorn,
2005), which makes them suitable candidates for polymer rein-
forcement (Dufresne, 2008, 2012; Lin, Huang, & Dufresne, 2012;
Samir, Alloin, & Dufresne, 2005). Chitin, the most abundant natu-
ral amino polysaccharide, is mainly produced from shrimp, crap,
tortoise, and insects (Zeng, He, Li, & Wang, 2012). In previous
studies, chitin nanofibrils have been used to reinforce both non-
biodegradable and biodegradable polymers, such as natural rubber
(Nair & Dufresne, 2003), poly(S-co-BuA) (Paillet & Dufresne, 2001),
poly (vinyl alcohol) (Junkasem, Rujiravanit, & Supaphol, 2006),
polycaprolactone (PCL) (Morin & Dufresne, 2002), raw silk fiber
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(Wongpanit et al., 2007), chitosan (Sriupayo, Supaphol, Blackwell,
& Rujiravanit, 2005), starch (Chang, Jian, Yu, & Ma, 2010) and soy
proteinisolate (Lu, Weng, & Zhang, 2004). In addition, Chitin nanofi-
brils are considered to have great potential for applications in tissue
engineering scaffolds, drug delivery, and wound dressing (Azuma
et al,, 2012; Muzzarelli & Muzzarelli, 2005; Muzzarelli et al., 2007;
Muzzarelli, 2012).

However, like all the other polysaccharide nanoparticles, the
polar hydroxyl groups on the chitin nanocrystals weaken the
interfacial interaction which inhibits the positive function of the
polysaccharide nanocrystals in many kinds of nonpolar and weak
polar polymer matrices (Yuan, Nishiyama, Wada, & Kuga, 2006).
Surface chemical modification is an effective method to increase
the applications of polysaccharide nanocrystals and lots of rele-
vant research works have been done. In the recent years, it has been
reported that some lipophilic chains, such as stearic acid chloride
(Thielemans, Belacem, & Dufresne, 2006), poly (tetrahydrofuran)
(Labet, Thielemans, & Dufresne, 2007) and PCL (Feng et al., 2009),
were used to chemically modify the properties of polysaccharide
nanocrystals. By the introduction of hydrophobic functional groups
instead of the hydrophilic hydroxyl groups on chitin nanocrystals,
it is expected that the dispersibility into nonpolar solvents and
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adhesion properties with hydrophobic matrices will be improved.
Fengetal.(2009) synthesized chitin whisker-graft-polycaprolacton
(CHW-g-PCL) by initiating the ring-open polymerization of capro-
lactone monomer onto the chitin whisker surface. The results
showed that the process of grafting PCL chains destroyed the origi-
nal rod-like structure of chitin nanocrystals, so the tensile strength
and the breaking elongation of the nanocomposites were decreased
with the increase of chitin whisker content in CHW-g-PCL. Chen
et al. reported similar results that the original structure of the cel-
lulose nanocrystals was destroyed by the grafting polymer chains
(Chen, Dufresne, Huang, & Chang, 2009).

PHBV is a semicrystalline copolymer which can be produced
by bacterial fermentation with Alcaligenes eutrophus from renew-
able natural materials (Kamiya, Yamamoto, Inoue, Chujo, & Doi,
1989).Because of the excellent biodegradability and biocompatibil-
ity, PHBV has recently attracted considerable attention by scientists
and engineers. However, the disadvantages such as brittleness,
poor thermal and mechanical properties restrict its wider utili-
ties. These disadvantages are caused by the comparatively low
crystallization nucleation density and slow crystallization rate
(Li, Lai, & Liu, 2004). Great efforts have been made to overcome
these disadvantages. The addition of nanoparticles as nucleating
agents has become attractive because the nanoparticles are not
only useful in nucleating the polymer but also beneficial to ther-
mal and mechanical properties of the composites. It has been
reported that organophilic montmorillonite (Wang et al., 2005),
organoclay (Choi, Kim, Park, Chang, & Lee, 2003), carbon nano-
tubes (Ma et al., 2012), fumed silica (Ma et al., 2008) and cellulose
nanowhiskers (Tena, Jiang, & Wolcott, 2013) were used in PHBV
matrix as reinforcing agents.

Since PHBV/polysaccharide nanocrystals nanocomposites are
composed of fully biodegradable polymer components, these bio-
nanocomposites have received an increasing interest over the last
decades. In our previous works, chitin nanocrystals-graft-PHBV
was prepared as nucleation agent in PHBV matrix (Wang et al.,
2012). However, the modified nanocrystals did not assist the
crystallization behavior of PHBV. These results showed that the
crystallization behavior of PHBV was suppressed at the present
of chitin nanocrystals and modified chitin nanocrystals. The result
might be attributed to the intermolecular hydrogen bonds between
the PHBV carbonyls groups and the chitin hydroxyls groups, which
restricted the mobility of polymer chains (Ikejima, Yagi, & Inoue,
1999).

In this paper, a simple method was used to prepare hydrophobic
chitin nanocrystals which introduced the acetyl groups onto the
surface of chitin nanocrystals and maintained the morphology and
crystal structure of original chitin nanocrystals. We found that the
modified nanofibrils assisted the crystallization behavior of PHBV
and reinforced the strength properties comparing to the original
chitin nanocrystals.

2. Experimental
2.1. Materials

Chitin from shrimp shells was purchased from Aladdin reagent
Co., Ltd. (Shanghai, China). Chitin nanocrystals were prepared
through acid hydrolysis as described in previous report (Paillet
& Dufresne, 2001). PHBV containing 40% molar hydroxyvalerate
(HV) monomer was supplied by Tianan Biologic Co., Ltd. (Ningbo,
China). The weight average molecular weight (M,,) was approx-
imately 370 kDa, determined by gel-permeation chromatography
(GPC) using polystyrene as standard sample. PHBV with low molec-
ular weight was prepared by acid degradation. After degradation,
the M,, was reduced to 35kDa with the PDI of 2.2 as determined

by GPC. Hydrochloric acid, potassium hydroxide, succinic acid, p-
toluenesulfonic acid, dimethyl sulfoxide, glacial acetic acid, acetic
anhydride, methanesulphonic acid and absolute ethyl alcohol were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All reagents were used as received without further purifi-
cation.

2.2. Preparation of acetylated chitin nanocrystals

Chitin nanocrystals were used after vacuum-dried 12 h. 0.5 g of
the chitin nanocrystals and 30 ml of glacial acetic acid were placed
in a 250 ml three-neck flask. Subsequently, the resultant suspen-
sion was treated under ultrasonic conditions for 10 min. After the
ultra-sonication, 60 ml of acetic anhydride was added to the mix-
ture followed by stirring for 5 min. 0.1 g of methanesulphonic acid
was added to the reactor and the reaction mixture was stirred for
the desired time at 45°C. After modification, the suspension was
centrifuged and the precipitation was washed with absolute ethyl
alcohol for three times. Then the precipitation was dispersed into
absolute ethyl alcohol for producing acetylated chitin nanocrystals
suspension. Acetylated chitin nanocrystals suspension was dia-
lyzed against several changes of absolute ethyl alcohol. Two kinds
of acetylated chitin nanocrystals with different degrees of substi-
tution were prepared by controlling the reaction time for 20 min
and 60 min. For brevity, they were named as acetylated chitin
nanocrystals-1 and acetylated chitin nanocrystals-2, respectively,
in this work from now on.

2.3. Fabrication of PHBV/chitin nanocrystals films

PHBV/chitin nanocrystals films with various chitin nanocrystals
concentrations of 1.0, 3.0 and 5.0 wt.% were prepared via a solution-
casting method. 6.0 wt.% PHBV was dissolved in the chloroform at
40°C. Chitin nanocrystals were added into the PHBV solution and
ultrasonic in an ultrasonic bath for 1 h. After that, the mixture was
smeared onto a clean glass surface and evaporated overnight at
room temperature. The films were subsequently dried in the vac-
uum oven at 40 °C for 24 h. The neat PHBV film was also prepared
according to the same procedure in the absence of chitin nanocrys-
tals in order to eliminate experimental error. All films were kept in
a desiccator containing allochroic silicagel at room temperature for
1 week prior to any test.

2.4. Instrumental analysis

Transmission electron microscopy (TEM) images of chitin
nanocrystals and acetylated chitin nanocrystals were obtained
on an FEI Tecnai G2 F20 transmission electron microscopy with
an accelerating voltage of 200 kV. Chitin nanocrystals were dis-
persed in a 0.5% ethyl alcohol solution. A drop of the solution was
introduced on a carbon-coated copper grid without any sample
staining.

Wide angle X-ray diffraction (WAXD) patterns were recorded
on a Bruker D8 diffractometer, using Ni-filtered Cu K« radiation at
40kV and 30 mA at room temperature in an angle ranged from 5°
to 40° at a rate of 3.5°/min.

Fourier transform infrared (FTIR) spectra were recorded using
a Nicolet 6700 spectrometer. The chitin nanocrystals and acety-
lated chitin nanocrystals samples were collected using the KBr
pellet method. The resolution was 4cm~! in the range from 400
to 4000 cm~! and the total scans were 32. The samples were dried
in the vacuum oven at 100 °C for 24 h before measurement.

X-ray photoelectron spectroscopy (XPS) experiments were car-
ried out using AXIS UTLTRADLD (Shimadzu Corporation, Japan),
operated at 15kV under a current of 30 mA. Samples were placed
in an ultrahigh vacuum chamber with electron collection. Relative
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atomic concentrations were determined by subtracting a Shirley-
type background.

Contact angle measurements were performed at room tempera-
ture using Dataphysics OCA20 Contact Angle System. Two different
liquids, with different dispersive and polar surface tensions, were
used to determine the surface energy of the chitin nanocrystals.
Liquid drops were dropped at the speed of 0.1 .l/s onto the pel-
lets. The pellets with smooth surface were obtained by pressing
chitin nanocrystals on a tablet machine. Contact angle measure-
ments were carried out on chitin nanocrystals samples before and
after surface modification.

Differential scanning calorimetry (DSC) measurements were
performed with a Mettler Toledo DSC under nitrogen atmosphere.
The samples of neat PHBV and PHBV/chitin nanocrystals films were
first heated to 190°C at a heating rate of 40 °C/min (first heating),
and equilibrated at 190 °C for 3 min to remove the thermal history.
Subsequently, the samples were cooled to —30°C at a scanning rate
of 10°C/min (first cooling). Finally, the samples were reheated to
190°C at a heating rate of 10 °C/min (second heating).

Tensile test of PHBV/chitin nanocrystals films was performed on
an Instron 5567 at a tensile rate of 5 mm/min. Dumbbell-shape film
specimens were prepared with a Type IV sample cutter. In all cases,
ten samples were measured and the mean and standard deviation
were calculated.

3. Results and discussion
3.1. TEM

The morphologies of the original chitin nanocrystals (a) and
acetylated chitin nanocrystals (b) were observed using TEM (Fig. 1).
Fig. 1a shows that the morphology of chitin nanocrystals obtained
after acid hydrolysis is rod like in shape with sharp points, which is
almost the same as reported previously (Junkasem et al., 2006; Nair
& Dufresne, 2003). The length of chitin nanocrystals is 150-400 nm
and the width is 20-40 nm. The nanocrystals slightly bonded as a
result of hydrogen interactions via the surface hydroxyl groups. The
morphology of the surface chemical modified chitin nanocrystals
by acetic anhydride is shown in Fig. 1b. The rod-like morphology
of the nanocrystals does not change after chemical modification.
However, the outlines of the acetylated chitin nanocrystals are
blurred and their average length and width decrease slightly. These
changes can be attributed to that the low ordered regions on the
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Fig. 2. WAXD patterns of shrimp chitin (A), chitin nanocrystals (B), acetylated chitin
nanocrystals-1 (C) and acetylated chitin nanocrystals-2 (D).

surface of the chitin nanocrystals are slightly hydrolyzed and dis-
solved in the acetic acid solution (Borch, Sarko, & Marchessault,
1972). Moreover, the aggregation degree of the acetylated chitin
nanocrystals appears to be reduced after modification (Fig. 1b).
It might be attributed to that the intermolecular hydrogen bond
interactions between the surface hydroxyl groups reduced after the
surface modification (Xu et al., 2010).

3.2. WAXD

WAXD was used to study the crystal structure of original chitin,
chitin nanocrystals and acetylated chitin nanocrystals. As shown in
Fig. 2, all the chitin nanocrystals, as well as the original chitin, have
diffraction peaks at 9.2°, 19.3°, 20.7° and 26.3°, which are typical
for the a-chitin structure (Minke & Blackwell, 1978). Hence, the
original a-chitin structure was maintained after the acid hydroly-
sis process and the acetylated reaction. However, the acetylated
chitin nanocrystals show a diffraction peak at 7.2° and a small
shoulder peak at 17.7°, which are the typical pattern of chitin diac-
etate (Kim, Nishiyama, & Kuga, 2002). This profile clearly shows
that chitin nanocrystals are acetylated heterogeneously from the
surface to the core. The crystallinity of the pure shrimp chitin,
chitin nanocrystals, acetylated chitin nanocrystals-1 and acetylated

Fig. 1. TEM images of chitin nanocrystals (a) and acetylated chitin nanocrystals-2 (b).
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chitin nanocrystals-2 were measured to be 64%, 84%, 78% and 76%,
respectively.

3.3. FTIR

FTIR spectra of the chitin nanocrystals and acetylated chitin
nanocrystals are shown in Fig. 3. Compared to the chitin nanocrys-
tals, the acetylated chitin nanocrystals show an obvious ester signal
at 1742 cm~!, and the intensity of the ester bands gradually become
stronger with the increase of reaction time. In addition, the band
at1385cm~!, which is undoubtedly the CH; symmetrical deforma-
tional mode, is greatly strengthened in the spectra of the acetylated
chitin nanocrystals, the results above indicate that the acetyl groups
were introduced into the chitin nanocrystals. At the same time, new
absorption band at 1240 cm~! could be assigned to the stretching
of ether groups (C—0—C) resulted from the acetylated reaction. The
appearance of these new absorptions suggests that the acetylated
chitin nanocrystals were formed during the chemical modification
process. The absorption bands at 1659cm~! and 1558 cm™! are
attributed to the amide [ band and amide II band which are the
characteristic absorptions of chitin (Pearson, Marchessault, & Liang,
1960). The amide I band at 1659 cm~! which can be attributed to
the stretching of C=0 groups hydrogen bonded to NH groups of
the neighboring chain has no obviously changed after the modifi-
cation. This result means that the amide groups were maintained in
the acetylated modification. Interestingly, the band at 1621 cm™!,
which is assigned to intermolecular hydrogen bonds between CH;
and OH-6 groups of the adjacency units in the same chains (Focher,
Naggi, Torri, Cosani, & Terbojevich, 1992; Pearson et al., 1960), is
gradually weakened with the increase of reaction time. The rea-
son may be that the hydroxyl groups including OH-6 reacted with
the acetic acid resulting to the broken of intermolecular hydrogen
bonds. Meanwhile, the OH stretching at the 3480 cm~! is slightly
weakened after the acetylated modification, but the peak still
exists. The reason might be that the modification is just occurred
on the surface of the chitin nanocrystals, and amounts of hydroxyl
groups still exist in the core of chitin nanocrystals.

3.4. XPS

X-ray photoelectron spectroscopy, like elemental analysis, can
provide more quantitative measurement than FTIR, so it was
used to investigate changes of element composition on the sur-
face of the chitin nanocrystals. The full XPS spectra for both
chitin nanocrystals and acetylated chitin nanocrystals are shown
in Fig. 4a. The signals observed around binding energies of 532,
398 and 286eV correspond to the 1s orbital electrons of oxy-
gen, nitrogen and carbon, respectively. The surface elemental
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compositions are summarized in Table 1. Carbon, nitrogen and
oxygen atoms are main components in both chitin nanocrystals
and acetylated chitin nanocrystals. The ratio of oxygen-to-carbon
for both chitin nanocrystals and acetylated chitin nanocrystals are
almost 0.5, because the ratio of oxygen-to-carbon for acetyl groups,
similar to the unmodified chitin nanocrystals, is also 0.5. The nitro-
gen content gradually decreases after modification, while both
the oxygen and carbon contents increase, since the acetyl groups
replaced the hydrogen atoms in the acetylated modification pro-
cess.

The deconvolutions of the C 1s signals of chitin nanocrystals
and acetylated chitin nanocrystals are shown in Fig. 4b and ¢, and
their binding energies and relative atomic percentages are sum-
marized in Table 1. Four different types of carbon with different
chemical environments are observed in the nanocrystals, which
are assigned to C1 (C—C/C—H), C2 (C—0/C—N), C3 (0—C—0/C=0)
and C4 (O—C=0), respectively. In this case, the C1 (C—C/C—H) and
C4 (O—C=0) contributions increase obviously for the presence of
the acetyl groups because of surface modification. Meanwhile, the
C2 (C—0/C—N) and C3 (0—C—0/C=0) contributions decrease for
the acetyl groups contained higher ratio of alkyl groups and ester
groups. All of these evolutions in the deconvolutions of main car-
bon signals give additional evidence of modification efficiency. The
C4 contribution gradually increases with reaction time. This result
accords with the conclusion obtained from FTIR.

3.5. Contact angle measurements

Contact angle measurements were conducted to provide infor-
mation of surface tension and wettability of the chitin nanocrystals
using water and hydrophobic diiodomethane liquid droplets.
Table 2 shows the contact angle (0) values of chitin nanocrystals
and acetylated chitin nanocrystals. The 6 value with water of chitin
nanocrystals is 31°, while that of the acetylated chitin nanocrys-
tals increase to 61° and 68°, because the hydroxyl groups of the
chitin nanocrystals are partly replaced by acetyl groups on the
surface of acetylated chitin nanocrystals. Correspondingly, the 6
value with diiodomethane decreases from 51° to 39° and 36° after
the modification (Table 2). As a result, the increase of the sur-
face hydrophobicity provides additional evidence of the acetylated
modification, which agrees with the results of FTIR and XPS inves-
tigations.

3.6. DSC

DSC curves of cooling and second heating scans of neat PHBV,
PHBV/chitin nanocrystals films are shown in Fig. 5. The crystal-
lization temperature (T¢) shifts to low temperature and the cool
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Fig. 3. FTIR spectra of chitin nanocrystals (A), acetylated chitin nanocrystals-1 (B) and acetylated chitin nanocrystals-2 (C).
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Fig. 4. Full XPS spectra (a) of the chitin nanocrystals (A), acetylated chitin nanocrystals-1 (B) and acetylated chitin nanocrystals-2 (C) and the deconvolutions of the C 1s
signal into its constituent contributions for chitin nanocrystals (b), acetylated chitin nanocrystals-1 (c) and acetylated chitin nanocrystals-2 (d).

Table 1

Elemental surface compositions of chitin nanocrystals and acetylated chitin nanocrystals, determined by XPS, and surface functional groups compositions from the decon-

volutions of the C 1s signals with average binding energy position.

Sample Elemental analysis (%) Composition of C in groups (%)

0 C N C1 (C—C/C—H) C2 (C—0/C—N) C3 (0—C—0/C=0) C4 (0—C=0)
Binding energy (eV) 532 286 398 284.4 286.1 287.8 288.6
Chitin nanocrystals 31.2 62.3 6.5 22.9 55.2 21.9 N/A
Acetylated chitin nanocrystals-1 31.3 62.5 6.2 25.2 44.9 17.8 121
Acetylated chitin nanocrystals-2 315 63.2 5.4 30.6 39.1 15.9 14.4

crystallization temperature (Tc) rises with the addition of 1.0 wt.%
unmodified chitin nanocrystals. These results indicate that the
crystallization of PHBV is suppressed with the present of chitin
nanocrystals. This is due to that the hydrogen bonds between the
PHBV carbonyls and the chitin hydroxyls could confine the diffu-
sion and migration of polymer chains (Chen, Zhou, Zhuang, & Dong,
2005; Ikejima et al., 1999).

However, the T, of the composites with the addition of 1.0 wt.%
acetylated chitin nanocrystals-2 is approximately 5 °C higher than
neat PHBV. In contrast to the unmodified chitin nanocrystals,
acetylated chitin nanocrystals assist the nonisothermal melt crys-
tallization of the PHBV matrix. This conclusion can also be proved
by Fig. 5b in which both the T.. values of PHBV/acetylated chitin
nanocrystals films shift to lower temperature compared with

Table 2
Contact angle (6) values of chitin nanocrystals and acetylated chitin nanocrystals.
Sample 0
Water Diiodomethane
Chitin nanocrystals 31° 51°
Acetylated chitin nanocrystals-1 61° 39°
Acetylated chitin nanocrystals-2 68° 36°

neat PHBV and PHBV/chitin nanocrystals films. The reason is that
the hydrogen bonds between the PHBV carbonyls and the chitin
hydroxyls decrease sufficiently, which have been confirmed by the
results of FTIR, XPS and contact angle.

3.7. Tensile test

The addition of polysaccharide nanocrystals may result in the
improvement in mechanical properties of polymer matrix, because
the intrinsic strength of polysaccharide nanocrystals is much excel-
lent (Cao, Dong, & Li, 2007; Kadokawa, Takegawa, Mine, & Prasad,
2011; Tena, Turtle, Bahr, Jiang, & Wolcott, 2010). Tensile strength
and Young’s modulus of neat PHBV and PHBV/chitin nanofibrils
films are shown in Fig. 6. The addition of the chitin nanofibrils and
the acetylated chitin nanofibrils significantly enhanced the ulti-
mate tensile strength and Young’s modulus of the PHBV matrix.
Compared with the neat PHBV, the ultimate tensile strength and
Young’s modulus of PHBV are improved by about 24% and 43%,
respectively, with the incorporation of 5.0 wt.% chitin nanofibrils.
However, with the addition of 5.0 wt.% acetylated chitin nanofi-
brils, the ultimate tensile strength and Young’s modulus of PHBV
are improved by 44% and 67%, respectively. This result indicates
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Fig. 6. Tensile strength and Young’s modulus of neat PHBV (A) and PHBV/chitin
nanofibrils films with various chitin nanofibrils: (B) 3.0wt.% chitin nanofibrils,
(C) 3.0wt.% acetylated chitin nanofibrils-2, (D) 5.0 wt.% chitin nanofibrils and (E)
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that the acetylated chitin nanofibrils have more effective influ-
ence on the mechanical properties of the PHBV matrix than the
original chitin nanofibrils. The reason may be that the acetylated
chitin nanofibrils have better dispersion than the original chitin
nanofibrils in the weak polar PHBV matrix.

4. Conclusions

To concluded, acetylated chitin nanocrystals remained the rod-
like morphology and crystal structure compared with original
chitin nanocrystals, and that the hydrophilic hydroxyl groups
were partly replaced by acetyl groups on the surface of chitin
nanocrystals. Moreover, the hydrophobicity of chitin nanocrys-
tals was improved by the introduction of hydrophobic acetyl
groups. Since acetylated modification reduced the intermolecu-
lar hydrogen bonds between PHBV matrix and chitin nanocrystals,
acetylated chitin nanocrystals assisted the crystallization behavior
and reinforced the mechanical properties comparing to the original
chitin nanocrystals in the weak polar PHBV matrix. This research
is expected to be helpful for the investigation and production of
polymer/nanocrystals composites.
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