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a b s t r a c t

Efficient procedures for the preparation of organic-soluble starch nanocrystal (SN) derivatives have been
established with different degrees of substitution (DS). The resulting acetylated starch nanocrystals exhi-
bit much improved solubility in common organic solvents such as N,N-dimethylformamide, acetone, car-
bon tetrachloride and toluene. The obtained nanocrystals were characterized by means of the FT-IR, 1H
NMR and X-ray photoelectron spectroscopic techniques. When compared with the hydrophobic perfor-
mance of the unmodified starch nanocrystals, that of acetylated starch nanocrystals significantly
increased according to the contact angle measurement results. X-ray diffraction reveals that the crystal-
line structure of acetylated starch nanocrystals was changed from style A to style V. The platelet-like
starch nanocrystals become sphere-shaped after modification and the size increases compared to the
ungrafted particles as revealed by transmission electron microscopic results. They are versatile precur-
sors to nanoparticle-based copolymers, composites, and metal ligands.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Among carbohydrate polymers, starch is an abundant, inexpen-
sive, naturally renewable, and biodegradable polysaccharide,
which has been widely investigated for the potential manufacture
of products such as water-soluble pouched for detergents and
insecticides, flushable lines and bags, and medical delivery systems
and devices (Chi et al., 2008; Fishman, Coffin, Konstance, &
Onwulata, 2000; Ma, Yu, & Kennedy, 2005).

There is currently a considerable interest in nanocomposites
materials. As most of the present polymers used for nanocomposite
preparation are synthetic materials, their processability, biocom-
patibility, and biodegradability are much more limited than those
of natural polymers. Since starch is the cheapest biopolymer avail-
able, and it is totally biodegradable, starch nanocrystals obtained
from waxy maize starch have been used as fillers in a polymeric
matrix which lead to a desired reinforcing effect (Dufresne, 2008;
Helene Angellier, 2005, 2006). For the processing of composite
materials, starch nanocrystals are used in the form of aqueous sus-
pensions and the matrices are latexes. The main obstacle for the
use of starch nanocrystals as a reinforcing phase in a wide variety
of polymers is its poor solubility in organic solvents. A surfactant
can be used to disperse starch nanocrystals in a nonpolar solvent
010 Published by Elsevier Ltd. All
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when it is used for cellulose whiskers (Bonini et al., 2002; Heux,
Chauve, & Bonini, 2000), however, a large amount of the surfactant
is needed to maintain the stability of the suspension. Such a draw-
back hinders the use of this technique for composites processing in
organic solvents. The use of DMF of big dielectric constant and of
tuncin whiskers of medium wettability is capable of controlling
the stability of the suspension (AziziSamir, Alloin, Sanchez, ElKissi,
& Dufresne, 2004). Although such compounds may be used in
starch nanocrystals, it would limit the use of other organic sol-
vents. Therefore, physical or chemical modifications on starch
nanocrystals have been extensively studied, among which the
surface chemical modification is a sound approach and a lot of rel-
evant research work has been done (Labet, Thielemans, & Dufresne,
2007; Thielemans, Belgacem, & Dufresne, 2006; Tsuji & Kawaguchi,
2005). In the past years, it has been reported that some polymers
such as poly(tetrahydrofuran), poly(propylene glycol) momobutyl
ether, poly(carprolactone) and poly(styrene) (Chang & Peter,
2009; Labet et al., 2007; Shiwei Song, Pan, & Wang, 2008) were
used to chemically modify the properties of starch nanocrystals.
However, the polymer modified starch nanocrystals aggregation
still exists and the solubility with organic solutions is not satisfac-
tory. Starch nanocrystals with short grafting agents was also re-
ported (Tsuji & Kawaguchi, 2005), but the grafting extent is not
sufficient to induce a partial solubilization of starch molecules lo-
cated at the surface of the nanocrystals.

In this paper, we report the fabrication of organic-soluble acet-
ylated starch nanocrystals with different degrees of substitution by
adopting a simple approach. The acetylated starch nanocrystals
rights reserved.

http://dx.doi.org/10.1016/j.carbpol.2010.01.027
mailto:sxshao@nimte.ac.cn
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol


Fig. 1. Pictures of solubility tests: (1) starch nanocrystals and (2) acetylated starch
nanocrystals (DS 2.45) were dissolved in (A) N,N-dimethylformamide, (B) acetone,
(C) carbon tetrachloride and (D) toluene immediately after stopping stirring, (10)
starch nanocrystals and (20) acetylated starch nanocrystals were placed 48 h later.
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could reduce their surface energy and showed good solubility in
organic solvents such as acetone, chloroform and ethyl acetate.
Also, the acetylated starch nanocrystals exhibited unique hydro-
phobicity. The excellent properties of the acetylated starch nano-
crystals are useful in applications in packaging industry and as
nano-reinforcements.

2. Materials and methods

2.1. Materials

Corn starch was obtained from Zhu Cheng Xing Mao Corn
Developing Co., Ltd. (Shandong, China). Glacial acetic acid, sulfuric
acid, acetic anhydride, dimethyl sulphoxide (DMSO), methanesul-
phonic acid (MSA) and other chemicals were purchased from Sin-
opharm Chemical Reagent Co., Ltd. (Shanghai, China). All of the
chemicals are of analytical grade and used without further
purification.

2.2. Corn starch nanocrystals preparation

The starch nanocrystals were prepared according to the proce-
dure described in the literature (Angellier, Choisnard, Molina-Bois-
seau, Ozil, & Dufresne, 2004). The typical preparation method is as
follows: 36.725 g of starch were mixed with 250 ml of 3.16 M
H2SO4 at 40 �C and were poured into a flask with a continuous hor-
izontal and circular stirring (100 rpm) for 5 days. The suspension
was washed by successive centrifugations with distilled water un-
til it reached neutrality. Then the solvent exchange was done from
distilled water to acetone by successive centrifugations at
8000 rpm and 10 �C for 15 min.

2.3. Preparation of the acetylated starch nanocrystals

The resulting starch nanocrystals were used after the acetone
evaporated totally. 2.5 g of the starch nanocrystals and 15 ml of
glacial acetic acid were placed in a 250 ml three-neck flask. After
treatment under ultrasonic conditions for 5 min, 30 ml of acetic
anhydride was added to the mixture. After stirring for a few min-
utes, 0.3 g of methanesulphonic acid was added to the reactor.
The reaction mixture was stirred at 400 rpm for 5 h. By keeping
the reaction temperature at 40, 50, and 65 �C, respectively, esters
with three different substitutions were obtained.

2.4. Determination of the solubility of the starch nanocrystals and
acetylated starch nanocrystals

Both the starch nanocrystals and acetylated starch nanocrystals
(DS = 2.45) were dispersed in N,N-dimethylformamide, acetone,
carbon tetrachloride and other common solvents (list in Table 1)
at a concentration of 5 mg/ml at room temperature. Pictures were
taken to illustrate the solubility after modification in some typical
Table 1
Solubility of starch nanocrystal (a) and acetylated SN (DS 2.45) (b) in organic solvent.

Solubility

N,N-Dimethylformamide Dichloromethane
a � �
b + +

Carbon tetrachloride Trichloromethane
a � �
b + +

N-Methyl-2-pyrrolidone Dimethylsulfoxide
a � +
b + +
organic solvents (as shown by Fig. 1). The acetylated starch nano-
crystals were well dissolved in most of organic solvents, while the
starch nanocrystals become a suspension state after stirring. Even
after 48 h, the suspension still shows a marked turbidity and the
acetylated starch nanocrystals remain transparent.

2.5. Characterization

2.5.1. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra were recorded using a Nicolet 6700 spectrometer.

The starch nanocrystals and acetylated starch nanocrystals sam-
ples were collected using the KBr pellet method. The resolution
was 4 cm�1 and the total scans were 32. The samples were dried
at 60 �C in the vacuum oven before measurement.

2.5.2. X-ray photoelectron spectrometry
XPS spectra of the samples were recorded on a Kratos AXIS

UltraDLD photoelectron spectrometry using monochromatized Al
Ka radiation at 1486.6 eV. XPS beam angle of 75� to the specimen
surface was used. Survey spectra were an average of three scans
acquired at pass energy of 160 eV and resolution of 1.5 eV/step.
High-resolution spectra of O 1s and C 1s were an average of 4 scans
acquired at pass energy of 10 eV and resolution of 0.05 eV/step.
Dwell time was 100 ms for survey scans, 150 ms for O 1s and C
1s scans. A neutralizer gun with filament current of 2.1 A, filament
bias of 1 V and a charge balance of 2.6 V was used to reduce charg-
ing of the samples while scanning. Binding energy corrections were
made by referencing spectra to the CAC bond to 284.8 eV. The
starch nanocrystals and acetylated starch nanocrystals powders
Tetrahydrofuran Cyclohexane Ethanol
� � �
+ � �
Petroleum ether Pyridine Acetone
� � �
� + +
Toluene Acetic acid ethyl ester Ethylether
� � �
+ + �
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were dried in vacuum oven at 60 �C prior to analysis. Quantitative
XPS analysis was performed using CasaXPS software (version
2.3.14). Relative atomic concentrations were determined by sub-
tracting a Shirley-type background.
2.5.3. Contact angle measurements
Contact angles were measured at room temperature using a

Dataphysics OCA20 Contact Angle system. The drop volume was
about 6 lL, and dropped carefully onto the films for five different
positions of the same sample.

The starch nanocrystals and acetylated starch nanocrystals
samples for contact angle measurements were heated at 60 �C in
DMSO (5 g/L) to obtain clear solutions, and cooled at room temper-
ature before casting onto glass slice and being dried at 85 �C for 5 h
in vacuum oven.

The dispersive and polar contributions of the surface energy of
the starch nanocrystals before and after modification were evalu-
ated by applying the Owens–Wentdt approach (Owens & Wendt,
1969). (The work of adhesion is replaced by the Young equation.)

cLð1þ cos hÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
cD

L cD
S

q
þ 2

ffiffiffiffiffiffiffiffiffiffi
cP

LcP
S

q
ð1Þ

where c, cD, and cP is the total, dispersive, and polar surface energy,
respectively; subscripts L and S refer to the liquid drop (L) and the
solid surface (S); and h denotes the contact angle between the solid
substrate and the liquid drop. The liquid surface tensions were ta-
ken from the literature (Adao, Saramago, & Fernandes, 1999; Wang,
Zhang, Abidi, & Cabrales, in press). The above parameters are listed
below. Water: (cD, 21.8 (mJ/m2); cP, 51.0 (mJ/m2); cTotal, 72.8 (mJ/
m2); ethylene glycol: (cD, 29.0 (mJ/m2); cP, 19.0 (mJ/m2); cTotal,
48.0 (mJ/m2); diiodomethane: (cD, 49.5 (mJ/m2); cP, 1.3 (mJ/m2);
cTotal, 50.8 (mJ/m2).
2.5.4. Nuclear magnetic resonance (NMR) spectroscopy analysis
The typical 1H NMR spectrum was recorded using a Bruker AV

400 spectrometer at 25 �C with a resonance frequency of
400 MHz. The starch nanocrystals and acetylated starch nanocrys-
tals were dissolved in deuterated dimethyl sulphoxide (DMSO-d6)
at room temperature to obtain solutions. The analysis was carried
out at 25 �C.

1H NMR could be used to determine the DS of the acetylated
starch nanocrystals as it is used to evaluate starch. Based on the
report (Teramoto & Shibata, 2006), when the substitution of the
acetylated starch was lower than 2.5 (DS < 2.5), it could be calcu-
lated by the following Eq. (2). However, based on the report (Elo-
maa et al., 2004), when the substitution of the acetylated starch
was above 2.5 (DS > 2.5), it could be calculated by the following
Eq. (3).

DSlow ¼ 4A=ð3Bþ AÞ ð2Þ
DShigh ¼ 7A=3C ð3Þ

where A is sum of areas of methyl protons at 1.8–2.2 ppm, B is OH
protons and H-1 protons of anhydroglucose unit moiety observed at
more than 4.7 ppm, and C is the sum of areas of seven protons in
anhydroglucose unit observed at higher than 3.95 ppm. According
to Eqs. (2) and (3), we could know that when the reaction temper-
ature was 40, 50 and 65 �C, the degree of substitution was 0.16, 0.99
and 2.45, respectively.
Fig. 2. FT-IR spectra for (a) starch nanocrystal and acetylated starch nanocrystals:
(b) DS 0.16, (c) DS 0.99, and (d) DS 2.45.
2.5.5. Wide-angle X-ray diffraction (WARD)
The X-ray diffraction patterns of the samples dried at ambient

temperature were recorded by using a Bruker D8-Advanced dif-
fractometer at 40 kV and 30 mA.
2.5.6. Transmission electron microscopy (TEM)
Transmission electron micrographs of the starch nanocrystals

and acetylated starch nanocrystals were taken with a Hitachi
7650 transmission electron microscope with an acceleration volt-
age of 80 kV. Deposited starch nanocrystals were negatively
stained with a 2% aqueous solution of uranyl acetate, and the acet-
ylated starch nanocrystals were deposited on a carbon-coated grid
without any treatments.

3. Results and discussion

3.1. Solubility of the acetylated starch nanocrystals

Table 1 lists the solubility of the starch nanocrystals and acety-
lated starch nanocrystals (DS = 2.45) in organic solvents. As shown
in Table 1, starch nanocrystal could only dissolve in DMSO. When
the DS value was 2.45, the acetylated starch nanocrystals could be
soluble in halogenated hydrocarbons, aromatic solvents and polar
solvents such as N,N-dimethylformamide, acetone, carbon tetra-
chloride and toluene (as shown in Fig. 1), and no precipitation
was observed upon prolonged standing. This might be due to the
high degree of substitution on the starch nanocrystal surface con-
taining hydrophobic groups. The hydrogen bonds are disrupted by
the hydrophobic methyl groups and the solubility was enhanced
by the acetyl groups. The solubility analysis indicates that acetyla-
tion dramatically changed the solubility of the starch nanocrystals,
thus the acetylated starch nanocrystals could be more compatible
with hydrophobic polymers when it was used as a reinforcing
phase.

3.2. Structure and properties of the starch nanocrystals and different
DS of the acetylated starch nanocrystals

The surface modification was confirmed by the results of the
FT-IR, XPS, and contact angle measurements. We used 1H NMR
technique to detect the detail chemical structures of the acetylated
starch nanocrystals; X-ray diffraction measurements were per-
formed to detect the crystalline structures of the starch nanocrys-
tals and different DS of the acetylated starch nanocrystals; the
morphologies of both modified and unmodified particles were ob-
served by means of the TEM technique.

The FT-IR spectra (Fig. 2) of the starch nanocrystals and acety-
lated starch nanocrystals with different substitutions showed clear
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traces of modification. In the spectra of the starch nanocrystals, a
broad band due to hydrogen bonded hydroxyl groups appeared
at 3372 cm�1. With the increase of substitution, the hydroxyl
group bands gradually decreased in intensity and almost disap-
peared when the DS value reached 2.45. In other words, most of
the hydroxyl groups were involved in the reaction. There were sev-
eral discernible absorption bands of the starch nanocrystals at
1155, 1079, and 1019 cm�1, attributable to CAO bond stretching
(Fang, Fowler, Sayers, & Williams, 2004). Compared to the starch
nanocrystals, the acetylated starch nanocrystals with different sub-
stitutions showed a strong ester signal at 1751 cm�1, and it in-
creased in intensity with the rise of substitution degree. At the
same time, new absorption bands at 1437, 1372, and 1239 cm�1

could be assigned to CH3 asymmetrical deformation vibration,
CH3 symmetrical deformation vibration and carbonyl CAO stretch
vibration, respectively. The appearance of these new absorptions
suggests that the acetylated starch nanocrystals products were
formed during the esterification process.

The XPS analysis provided more quantitative data of the level of
surface modification as shown in Fig. 3. The peaks at around 531
and 287 eV correspond to 1s orbital electrons of oxygen and carbon
atoms in the low resolution spectra (Fig. 3). In other words, carbon
and oxygen atoms are the main components in both unmodified
and modified starch nanocrystals. In the high-resolution carbon
spectra (Fig. 3), the carbon signal could be resolved into several
Fig. 3. Decomposition of the C 1s signal into its constituent for (a) starch nanocrystals a
wide scans from 1s orbital electrons of oxygen and carbon atoms.
component that represent the local environments of carbon atoms
(CAC and CAH or CAO or OACAO or OAC@O). For all of the sam-
ples, the four components could be categorized according to the
bonds, in which C was involved in unmodified and modified starch
nanocrystal structures. The unmodified and modified starch nano-
crystals exhibited contributions of each type of carbon atoms but
at different proportions. The ratio of carbon atoms with two bonds
to oxygen to carbon atoms with one bond to oxygen (OACAO/
CAO) is 0.21, which is very close to the theoretical value of 0.2 pre-
dicted according to the formula of pure starch (C6H10O5)n. The
presence of carboxylic groups may indicates the formation of lipids
(Rindlav-Westling & Gatenholm, 2003), resulting from the oxida-
tion of the reducing end groups of the starch. After modification,
the proportions of each carbon atom were significantly different.
In particular, the proportions of OAC@O bonds increased obviously
after grafting. These results can explain the presence of acetyl
groups after modification.

The presence of acetyl groups after modification was further
confirmed by the results of contact angle measurements. When
adding a droplet of distilled water, it was quickly spread out on
the starch nanocrystal surface, giving the low contact angle valve
of 36.8� (Fig. 4). Because the starch nanocrystal surface was full
of OH-rich macromolecules, it could form hydrogen bonds in
water. A significant increase of contact angle with water was ob-
served after grafting. The contact angles for the acetylated starch
nd acetylated starch nanocrystals: (b) DS 0.16, (c) DS 0.99, (d) DS 2.45. Insets: XPS



Fig. 4. Photographs of water drop on the surface of (a) unmodified starch nanocrystal and acetylated starch nanocrystals: (b) DS 0.16, (c) DS 0.99, and (d) DS 2.45. Schematic
illustration of contact angle measurements: (A) unmodified starch nanocrystal and acetylated starch nanocrystals: (B) DS 0.16/0.99, and (C) DS 2.45.
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nanocrystals with DS = 0.16, 0.99 and 2.45 were 77.8�, 88.8� and
67.9�, respectively, as shown in Fig. 4. Since the surfaces of the
acetylated starch nanocrystals with DS = 0.16 and 0.99 possessed
only a small portion of acetyl groups and a lot of hydroxyl groups,
the carbonyl groups could form intramolecular hydrogen bonds
with hydroxyl groups on the acetylated starch nanocrystal surface,
with a droplet of water added on the acetylated starch nanocrystal
surface, methyl groups might play an important role in generating
a hydrophobic interface. In the photographs of the acetylated
starch nanocrystals with DS = 2.45 (close to the theoretical DS va-
lue of 3), the carbonyl groups could form intermolecular hydrogen
bonds with water molecules, so the contact angle of this sample
was smaller than those of the acetylated starch nanocrystals with
lower DS values. Hydrophilicity is one of the most prominent fea-
tures of esterified starch nanocrystals determined by contact angle
measurement (Fig. 4). The replacement of hydrophilic hydroxyl
groups by acetyl groups reduced the hydrophilicity. Further exper-
iments were performed with ethylene glycol and diiodomethane to
determinate the values of the surface energy of all the samples, and
the results are shown in Table 2. For ethylene glycol, which is polar
liquid, was deposited on the same substrates. For diiodomethane,
which is a nonpolar liquid, the contact angle values were barely
lower for modified substrates. The unmodified starch nanocrystals
exhibited a polar surface energy as high as the dispersive one, as
expected from an OH-rich surface, and similar values were re-
ported in the literature (Labet et al., 2007; Thielemans et al.,
2006; Tsuji & Kawaguchi, 2005). It is observed that the polar con-
tribution to the surface energy was reduced after grafting, but the
sample with DS = 0.99 gave the lowest value, which can also be
understood from Fig. 4. When the DS value reaches to 2.45, the sur-
face is full of acetyl group, but when the DS value is 0.99, the car-
bonyl groups form intramolecular hydrogen bonds with hydroxyl
groups, which made the surface stand a lot of methyl group. The
dispersive surface energy values were decreased with the rise in
the DS value, indicating that the morphology of the acetylated
Table 2
Contact angle and surface energy contributions of (a) unmodified starch nanocrystal and

Sample Contact angle h

Water Ethylene glycol Diiodometh

a 36.8 31.8 41.6
b 77.8 42.7 36.9
c 88.8 47.3 37.5
d 68.9 57.7 40.3
starch nanocrystals with DS = 2.45 was the most stable sample.
The surface energy reflects efficient surface modifications in agree-
ment with the results of FT-IR and XPS investigations.

The assignments of 1H-shifts for starch nanocrystals are sum-
marized at the end of the paragraph and the 1H NMR spectra of
the acetylated starches are presented in Fig. 5. via the esterification
process, acetyl groups were introduced into the starch nanocrys-
tals, and the signal due to protons of methyl groups appeared at
1.8–2.2 ppm. For the acetylated starch nanocrystals with
DS = 0.16 and 0.99, the peaks characteristics of anhydroglucose
unit could be still observed owing to the fact that only a portion
of hydroxyl groups participated in the modification, as revealed
by the signals in 3.29–3.65 ppm range. There were some hydroxyl
groups in low-DS acetylated starch nanocrystals, similar reso-
nances of protons were therefore observed for hydroxyl groups
at 5.44 and 4.58 ppm when compared to the starch nanocrystals.
In the spectrum of the acetylated starch nanocrystals with
DS = 2.45 and 0.99, there were new peaks at 5.26, 5.18, 4.76, and
4.22–4.32 ppm, which could be ascribed to the H-3, H-1, H-2,
and H-6,60 signals, respectively. All of these signals were from
the acetylated starch nanocrystals. Signals of hydroxyl groups in
anhydroglucose units disappeared for the acetylated starch nano-
crystals with a DS value of 2.45, and the chemical environments
of protons were totally different when compared to the starch
nanocrystals. 1H NMR(starch nanocrystals) (400 MHz, DMSO-d6,
d): 5.1 (w, 1H, H-1), 3.31 (s, 1H, H-2), 3.96 (w, 1H, H-3), 3.37 (s,
1H, H-4), 3.08 (w, 1H, H-4 end group), 3.60 (s, 1H, H-5), 3.65 (s,
2H, H-6,60), 5.42 (m, 1H, H-2), 5.44 (m, 1H, H-3).

According to Fig. 6, the starch nanocrystals showed diffraction
peaks at 2h = 15.2�, 17.1�, 18.0�, and 23.0�, indicating the scattering
pattern for the A allomorph (Katopo, Song, & Jane, 2002; Matveev
et al., 2001; Van Soest, Hulleman, de Wit, & Vliegenthart, 1996).
The crystalline structure of the acetylated starch nanocrystals with
DS = 0.16 kept intact although the diffraction peaks were less well-
defined due to a few part of the hydroxyl groups being substituted.
acetylated starch nanocrystals: (b) DS 0.16, (c) DS 0.99, and (d) DS 2.45.

cP
S (mJ/m2) cD

S (mJ/m2) cS (mJ/m2)

ane

31.9 29.1 61.0
6.6 30.3 36.9
2.7 29.8 32.5

15.4 21.1 36.5



Fig. 5. 1H NMR spectra of acetylated starch nanocrystals: (a) DS 0.16, (b) DS 0.99,
and (c) DS 2.45.

Fig. 6. X-ray diffraction patterns of (a) starch nanocrystal and acetylated starch
nanocrystals: (b) DS 0.16, (c) DS 0.99, and (d) DS 2.45.
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It is observed that the acetylated starch nanocrystals with
DS = 0.99 showed a profile similar to that of the unmodified starch
nanocrystals, but the former had a new peak at 2h = 9.7�, which ap-
peared diffusion peaks of the acetylated starch nanocrystals (Chi
et al., 2008). However, as the DS value increased to 2.45, the acet-
ylated starch nanocrystals destroyed A-style crystallinity of the
starch nanocrystals, and exhibited the V-style crystallinity, as con-
firmed by the detection of wide peaks at 2h = 9.2� and 20.7�. The X-
ray diffraction results indicated that after esterification, the V-style
crystallinity structure of the acetylated starch nanocrystals was
formed.

Transmission electron micrographs of the unmodified and mod-
ified nanocrystals (DS = 2.45) are shown in Fig. 7a and b, respec-
tively. The morphology of starch nanocrystals obtained after acid
hydrolysis was almost the same as that reported previously
(Putaux, Molina-Boisseau, Momaur, & Dufresne, 2003), which were
platelet-like nanoparticles with the diameter in the range of 20–
40 nm. They were found to aggregate, a result due to hydrogen
Fig. 7. Transmission electron micrographs of (a) unmodi
bond interactions via the surface hydroxyl groups. The platelet-like
particles of the unmodified starch nanocrystals became spherical
ones after modifications (Fig. 7b) with the diameter ranged from
63 to 271 nm. It seems that the platelet-like geometrical form of
the starch nanocrystals was preserved although the particle sizes
increased and they were more individualized. The acetylated
starch nanocrystals with a substitution degree of 2.45 still had a
certain amount of hydroxyl groups in the nanoparticles to form in-
ter- and intramolecular hydrogen bonds, which led to forming
most of the sphere-shaped particles connecting together through
a thread. Sphere-shaped particles seem to be coated with a layer
because their sizes increased compared to the ungrafted particles.
This modification resulted in a pronounced effect because agglom-
eration was invisible after surface modifications.

4. Conclusions

Starch nanocrystals were successfully modified with acetic
anhydride of different DS. Structures of the starch nanocrystals
and different DS of the acetylated starch nanocrystals were
characterized by FT-IR, XPS, NMR and contact angle measure-
ments. The X-ray diffraction results indicated that, after esterifica-
tion, a V-style crystallinity structure of the acetylated starch
nanocrystals was formed. The structure of the acetylated starch
nanocrystals illustrated that the modified starch nanocrystals
fied and (b) DS 2.45 acetylated starch nanocrystals.
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exhibited enhanced solubility and hydrophobicity, which was con-
firmed by solubility analysis and contact angle measurements.
These advantages clearly pave the way to potential applications
in many fields, for example, as can be used as sizing agents in
the textile industry, as a surface glue in paper industry, and as
thickeners in the film and fiber industry.
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