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In this study, superparamagnetic Fe;04 nanoparticles were individually prepared with one of three
polysaccharides as stabilizer, i.e. soluble starch, carboxymethyl cellulose sodium (CMC) and agar.
Since polysaccharides present the dynamic supramolecular associations facilitated by inter- and intra-
molecular hydrogen bonding, they can act as templates for the growth of nanosized Fe3;04. The
resultant polysaccharide-Fe;04 were characterized by Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric (TG) analysis, transmission electron microscopy (TEM), X-ray diffraction (XRD) and
Agar magnetic properties. TEM revealed that Fe;04 was encapsulated by polysaccharides. The particle size
Carboxymethyl cellulose sodium of starch-Fe304 (SF) was obviously smaller than those from CMC-Fe304 (CF) and agar-Fe;O4 (AF).
Fe304 TG analysis was used to calculate the Fe3;04 contents of SF, CF and AF—62.7, 47.8 and 57.4%, respec-
Starch tively. The saturation magnetization (20.43 emu/g) of AF was much lower than that of SF (36.16 emu/g)
Nanoparticles and CF (35.75 emu/g). The polysaccharide-Fe;04 exhibited an extremely small hysteresis loop and low
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1. Introduction

During the past decade, remarkable progress has been made
in the use of natural polysaccharides for controlling inorganic
crystal nucleation and growth. Carboxymethyl chitosan has been
reported to stabilize nanoparticles of platinum, gold, and sil-
ver (Laudenslager, Schiffman, & Schauer, 2008). Raveendran, Fu,
and Wallen (2003) used soluble starch as the template and 3-p-
glucose as the reductant in an aqueous solution of AgNO5 for the
growth of silver nanoparticles. Arabinogalactan (Mucalo, Bullen,
Manley-Harris, & McIntire, 2002) and porous cellulose fibers (He,
Kunitake, & Nakao, 2003) served as novel stabilizers for main-
taining metal (platinum, palladium and silver) nanoparticles in
colloidal suspension. Walsh, Arcelli, Ikoma, Tanaka, and Mann
(2003) prepared self-supporting macroporous sponges of silver,
gold and copper oxide, as well as composites of silver/copper oxide
or silver/titania by heating dextran/metal salt mixtures where dex-
tran served as the soft template. Recently, nanoparticles of metal
oxide and sulfides were also prepared with starch as the stabilizer.
Zinc oxide nanoparticles were synthesized using water as the sol-
vent and soluble starch as the stabilizer (Ma, Chang, Yang, & Yu,
2009; Vigneshwaran, Kumar, Kathe, Varadarajan, & Prasad, 2006),
while CdS nanoparticles were synthesized in a sago starch matrix
(Radhakrishnan, Georges, Nair, Luyt, & Djokovic, 2007). Silver (Ag)
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and silver sulfide (Ag,S) nanoparticles have also been fabricated in
a sago starch matrix (Bozanic et al., 2007). Carboxymethyl cellulose
sodium was used as the stabilizer in preparation of Sb,03 and ZnO
nanoparticles (Chang, Yu, & Ma, 2009; Yu, Yang, Liu, & Ma, 2009).
Magnetic iron oxide (Fe304) nanoparticles have a wide variety
of applications in physics, medicine, biology and material science
due to their small size, superparamagnetism, low toxicity, etc.
Many stabilizers, including solvents such as hexane and decane
(Fried, Shemer, & Markovich, 2001; Shafi et al., 2001); water-in-oil
microemulsions formed from non-ionic surfactants (Santra et al.,
2001); and polymers (Matsuno, Yamamoto, Otsuka, & Takahara,
2004), have been used to modify these nanoparticles to increase
their stability. However, the poor solubility of these stabilizers in
aqueous solutions restricts their biological applications. Biocom-
patible chitosan and carboxymethyl chitosan were effective dis-
persants used in the preparation of the well-dispersed suspension
of magnetic Fe304 nanoparticles (Zhu, Yuan, & Liao, 2008). Li, Jiang,
Huang, Ding, and Chen (2008) fabricated Fe304-chitosan nanopar-
ticles by covalent binding of chitosan to the Fe304 nanoparticles.
In this paper, three polysaccharides (soluble starch, car-
boxymethyl cellulose sodium and agar) were used individually as
stabilizers during the synthesis of magnetic Fe304 nanoparticles
in order to improve the stability, biocompatibility and biodegrad-
ability. Agar is composed of a disaccharide-repeating units of
1,3-linked-p-galactose and 1,4-linked 3, 6-anhydro-L-galactose
with the possible occurrence of sulfate, methoxyl, and/or pyru-
vate substituents at various positions in the polysaccharide chain
(Villanueva, Sousa, Goncalves, Nilsson, & Hilliou, 2010). This work is
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focused on the preparation of the polysaccharide-Fe304 nanopar-
ticles and characterization of them using FTIR spectroscopy,
transmission electron microscopy, X-ray diffractometry, thermo-
gravimetric analysis, and testing of magnetic properties.

2. Materials and methods
2.1. Materials

Soluble starch, carboxymethyl cellulose sodium (CMC) and agar
were obtained from Tianjin Fine Chemical Institute (Tianjin, China).
The reagents, including FeCl3-6H,0, FeSO4-7H,0, NH3H,0 and
ethanol were of analytical grade from Tianjin Chemical Reagent
Factory (Tianjin, China).

2.2. Preparation of starch-Fe30y4 (SF), CMC-Fe304 (CF) and
agar-Fe304 (AF)

A quantity of 1.2 g of polysaccharide (soluble starch, CMC, or
agar) was added to 200 ml distilled water. The mixture was heated
at90-°Cforabout 10 min with constant stirring for dissolution of the
polysaccharide. The solution was subsequently cooled to the room
temperature. FeCl3-6H,0 (1.49 g) and FeSO4-7H,0 (0.765 g) were
added to the solution, which was then heated at 60 °C under nitro-
gen. An ammonia-water solution (8 mol1-1) was added dropwise
and a suspension was obtained. The pH of the final mixture was
controlled in the range of 10-11. The mixtures were held at 60°C
for 4h and the suspension was then centrifuged at 12,000 rpm for
10 min. The settled polysaccharide-Fe3;04 was washed three times
using distilled water to remove by-products and excess polysac-
charides. The polysaccharide-Fe;0,4 particles were then washed
two times with distilled water and then with ethanol. The obtained
hybrids were dried in an oven at 100°C for 3 h and labelled as SF,
CF, and AF, respectively.

2.3. Fourier transform infrared (FTIR) spectroscopy

FTIR analysis of soluble starch, CMC, agar, SF, CF and AF particles
was performed at 2 cm~! resolution in transmission mode on a BIO-
RAD FTS3000 IR Spectrum Scanner. Typically, 64 scans were signal-
averaged to reduce spectral noise.

2.4. X-ray diffractometry (XRD)

The SF, CF and AF particles were tightly packed into the sample
holder and X-ray diffraction patterns were recorded in the reflec-
tion mode at ambient temperature by a BDX3300 diffractometer,
operated at a Cu Ko wavelength of 1.541A. Radiation from the
anode operated at 36 kV and 20 mA, monochromized with a 15 pm
nickel foil. The diffractometer was equipped with a 1° divergence
slit, 16 mm beam bask, 0.2 mm receiving slit, and a 1° scatter slit.
Radiation was detected with a proportional detector.

2.5. Thermogravimetric (TG) analysis

The thermal properties of soluble starch, CMC, agar, SF, CF and
AF were measured with a ZTY-ZP type thermal analyzer. Sample
weights varied from 5 to 10 mg. Samples were heated in Al,03 pans
from room temperature to 600 °C at a heating rate of 15°C/min in
a nitrogen atmosphere with a flow rate of 30 ml/min.

2.6. Transmission electron microscopy (TEM)
The suspensions of SF, CF and AF particles in ethanol were

dropped onto copper grids and air dried. TEM was performed using
a TEM JEM-1200EX.

2.7. Magnetic properties

The magnetic properties of SF, CF and AF were measured at 300 K
on a vibrating sample magnetometer LD] 9600-1 with the magnetic
field setat 1.0T.

3. Results and discussion
3.1. FTIR

As shown in Fig. 1, in the fingerprint region of the soluble starch
there were three peaks characteristic of —-C-O- stretching. The peak
at 1156 cm~! was ascribed to C-O bond stretching of the C-0-H
group, and the two peaks at 1080 and 1020 cm~! were attributed
to C-0 bond stretching of the C-O-C group in the anhydroglucose
ring (Ma et al., 2009). In FTIR spectra of SF, there was a high inten-
sity broad band at around 590 cm~!, due to the Fe30,4 peak (Luo,
Liu, Zhou, & Zhang, 2009). The -C-0O- stretching peaks of soluble
starch shifted in the presence of Fe;04 indicating that an interac-
tion existed between the starch and Fe304 in SF, but no obvious
covalent bonds were formed (Laudenslager et al., 2008).

In the FTIR spectra of CMC and agar, the absorption bands
between 1000 and 1200 cm~! were characteristic of -C-O- stretch-
ing on a polysaccharide skeleton. In the CMC FTIR spectra, the two
peaks appearing at 1410 and 1610 cm~! corresponded to the sym-
metrical and asymmetrical stretching vibrations of the carboxylate
groups (Rosca, Popa, Lisa, & Chitanu, 2005), while in the agar FTIR
spectra, the peak at 1640 cm~! was due to stretching of the con-
jugated peptide bond formed by amine (NH) and acetone (CO)
groups (Freile-Pelegrin et al., 2007). The above-mentioned peaks
of CMC and agar also shifted and the characteristic peak of Fe304
at 590 cm~! appeared in FTIR spectra of CF and AF, indicating that
there was an interaction between Fe304 and CMC (or agar).

32. TG

The thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of the polysaccharides and polysaccharide-Fe304 are
shown in Fig. 2. As revealed by the DTG curves, all of the polysac-
charides exhibited a peak at about 300°C, i.e. the temperature at
maximum rate of mass loss. The mass loss before the onset tem-
perature was related to the volatilization of water contained in
the polysaccharides (Chang, Jian, Yu, & Ma, 2010). The temperature
ranges, where the peaks of DTG curves located, were the decom-
position temperatures of soluble starch, CMC, and agar. It was
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Fig. 1. FTIR spectra of soluble starch, SF, CMC, CF, agar and AF.
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Fig. 2. TG and DTG curves of soluble starch, SF, CMC, CF, agar and AF.

assumed that the percentages of mass loss of the polysaccharides,
revealed by TG curves, were constant in the decomposition temper-
ature range when Fe30,4 was incorporated with the polysaccharide.
The content of the polysaccharide in polysaccharide-starch could
be calculated by matching the percentage of mass loss of the
polysaccharide-Fe304 to the percentage of mass loss of the polysac-
charide at the decomposition temperature. For example, when the
mass loss of SF(28.9%) was divided by the mass loss of soluble starch
(77.5%) at the decomposition temperature of soluble starch, the
content of soluble starch was estimated to be about 37.3%; there-
fore, the Fe304 content of SF was 62.7%. The Fe304 contents of CF
and AF were similarly calculated to be 47.8 and 57.4%, respectively.

) S

Fig. 3. TEM micrographs for SF (a), CF (b) and AF (c).

3.3. TEM

The central black spot and the light-colored edge shown in Fig. 3
represent Fe304 nanoparticles and polysaccharides, respectively,
clearly showing that the Fe;04 nanoparticles were encapsulated
by polysaccharides. Since polysaccharides could form hybrids with
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Fig. 4. X-ray diffraction patterns of SF, CF and AF.

metal ions, due to their high number of coordinating functional
groups (hydroxyl and glucoside groups) (Taubert & Wegner, 2002),
it was likely that the majority of the iron ions was closely associ-
ated with the polysaccharide molecules; therefore nucleation and
initial crystal growth of Fe304 may have occurred preferentially
on polysaccharides. In addition, polysaccharides present inter-
esting dynamic supramolecular associations facilitated by inter-
and intra-molecular hydrogen bonding, which could act as tem-
plates for the growth of nanoparticles (Raveendran et al., 2003).
SF nanoparticles exhibited an approximately spherical morphology
with a mean size of less than 10 nm, while CF and AF nanoparticles
were larger. This may be related to the polysaccharide structures;
soluble starch is mainly composed of branched amylopectin, while
CMC and agar contain a more linear-polysaccharide structure in
aqueous solution. As the template, soluble starch formed more
interactions with iron ions than did CMC and agar, which exerted
more restriction on the growth of Fe304 particles.

3.4. XRD

As seenin Fig. 4, there was no obvious difference among the XRD
patterns of SF, CF and AF particles. The powder XRD patterns (Fig. 4)
also displayed distinct peaks at 26 values of about 18.2, 30.1, 35.5,
43.1,57.2 and 62.9. These peak positions and relative peak intensi-
ties corresponded to the characteristic peaks of Fe304 (Zhou et al.,
2009); therefore, it was determined that magnetic Fe304 nanopar-
ticles were successfully fabricated in SF, CF and AF. The diffraction
peaks of SF showed wider FWHM (full width at half-maximum)
than both CF and AF. According to peak search reports of the XRD
pattern, FWHM of XRD peaks (31 1) for SF, CF and AF were 0.736,
0.615 and 0.586, respectively, and FWHM of (44 0) peaks showed
the same order, i.e. 0.777, 0.552 and 0.516. The crystallite sizes
could be calculated from FWHM using Scherrer’s formula (Yu et al.,
2009), expressed as D=0.89A /(S cos 0), where A is the wavelength
(CuKa), Bis FWHM of the XRD peaks and 6 is the diffraction angle.
The Fe304 nanoparticles in SF were obviously smaller than CF and
AF, and this was consistent with the TEM results. Since no obvious
crystallinity of the polysaccharide was observed, the polysaccha-
ride component was in the amorphous phase, which could improve
the hydrophilicity of the polysaccharide-Fe30,.

3.5. Magnetic properties

The magnetization of Fe30y4 is very sensitive to the microstruc-
ture. When the Fe304 particles are smaller than the critical size,
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Fig. 5. Magnetization curves of SF, CF and AF at 300 K. Insert: magnified view of the
—350 to 350 Oe regions.

they are called single-domain particles. As the particle size contin-
ues to decrease below the critical single-domain size, the particles
exhibit superparamagnetic properties. However, when the magne-
tizations of the particles are random, without a fixed direction, each
particle suppresses the exchange interaction between the particles.
This lack of hysteresis is one of the criteria requirements for identi-
fication of a product with superparamagnetic attributes (Zhu et al.,
2008).

Fig. 5 shows the magnetization of SF, CF and AF as a function of
the applied magnetic field at 300 K. Magnetization increased with
an increase in the magnetic field. The saturation magnetism (o)
was 36.16 emu/g, remanence (o) was 0.05 emu/g, and the coerciv-
ity (H¢) was 0.589 Oe for SF; o5 was 35.75 emu/g, oy was 0.63 emu/g,
and H¢ was 5.64 Oe for CF; and for AF o5 was 20.43 emu/g, o was
0.22 emu/g and H. was 3.78 Oe. SF exhibited an extremely small
hysteresis loop and low coercivity, which was typically character-
istic of superparamagnetic particles. In the case of CF and AF, both
exhibited larger hysteresis loops and coercivity, further confirming
that the Fe304 particle size of SF was smaller than those of CF and
AF (Liu et al., 2008). This was also consistent with the findings from
TEM and XRD. As a conventional magnet for magnetic separation,
SA, CF and AF possessed reasonably good saturation magnetiza-
tion, although the saturation magnetization (20.43 emu/g) of AF
was much lower than that of SF(36.16 emu/g) and CF (35.75 emu/g).
Polysaccharide-Fe304 with superparamagnetic properties would
therefore be promising in biological engineering and biomedical
applications.

4. Conclusions

Polysaccharide-Fe30,4 was obtained by synthesizing Fe304 par-
ticles in polysaccharide aqueous solutions. Soluble starch, CMC and
agar played very important roles in the synthesis of Fe304 nanopar-
ticles. As evidenced from FTIR, good interaction between Fe304
and polysaccharide functional groups controls the Fe30,4 crystal
growth. The Fe3;04 contents of SF, CF and AF were calculated as
62.7,47.8 and 57.4%, respectively. TEM and XRD confirmed that SF
exhibited a smaller size than CF and AF. In addition, SA, CF and AF
possessed reasonably good saturation magnetization, although CF
and AF had slightly larger hysteresis loops and coercivity.

Using the technique described in this study, first and fore-
most, polysaccharide (starch, CMC, agar, chitosan, and so on) films
can be enforced with magnetic properties, because the hybrid
can form interfacial interactions with other hydrophilic matrices.
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Secondly, the hybrid can be incorporated into porous polysac-
charide materials for the removal of hazardous substances by
magnetic separation. Many interesting and potential applications
for polysaccharide-Fe3 0,4 nanoparticles are to be further explored.
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