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Abstract

Iron oxide (FesO4) nanoparticles with average sizes of 10 nm were synthesized by a chemical co-
precipitation method in the presence of chitosan. Chitosan as a natural polymer which can be extracted
from crustaceans was used in the synthesis process in order to achieve more dispersed nanoparticles. Also,
chitosan was used to obtain functionalized magnetic nanoparticles for using in different area of research.
Chitosan should be first carboxymethylated and then covalently bounded onto the surface of FesOs
nanoparticles via carbodiimide activation. Because of size — dependent different property of nanoparticles,
The effects of the carboxymethyl chitosan concentration, sonication time and the reaction temperature in the
synthesis procedure of chitosan-bound Fe;O. nanoparticles were investigated and then the best condition
used for final product. Dynamic light scattering were used to investigate the effect of each experimental
parameters on the size and size distribution of prepared nanoparticles. Transmission electron microscopy
(TEM), dynamic light scattering (DLS), UV-Vis and FT-IR spectroscopy, vibrational sample magnetometer
(VSM) and zeta-potential methods were carried out on the final productin order to characterize the size,
size distribution, magnetic property and surface charge of as-prepared nanoparticles.
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1. INTRODUCTION

Nanotechnology has emerged at the
forefront of science and technology
developments. Nanoparticles (NPs) have a
wide range of applications in different
aspects of human life [1]. superparamagnetic
iron oxide nanoparticles especially FesOs
ferrites magnetic nanoparticles have been
rising as a significant useful material due to
their  specific  properties such  as
supperparamagnetism, low toxicity and
small  size, chemical stability and
biocompatibility, etc [2]. Magnetic
nanoparticles are used to coat several
surfactants to anti — aggregation which was
caused by magnetic dipole - dipole

attractions between particles [3-6]. A variety
of materials have been reported to modify
FesOs NPs, such as precious metals [7],
silica [8], carbon [9] and biopolymers [10,
11, 12]. Chitosan is a partially acetylated
glucosamine biopolymer with many useful
features such as hydrophilicity,
biocompatibility and biodegradability. In
addition, the amino groups on the chitosan
can also be used for further functionalization
with specific components, such as various
drugs, specific binding sites, or other
functional groups [13, 14, 15].

The physical and chemical properties of
nanoparticles, e.g., the surface energy
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density, melting temperature, chemical
reactivity , and so on, are obviously different
from the bulk counterparts and exhibit a
distinctly size-dependent behavior. Such a
special characteristic mainly arises from the
large surface — to — volume ratio. Surface
free energy density is the most importantly
physical attribute characterizing the nature
of surface effect, which can be interpreted as
a reversible work per unit area involved in
creating a new surface. For nanoparticles, a
strong size effect of surface energy density
emerges when the particle diameter is less
than a few nanometer. As a result reported
from previous work, the surface energy
density decreases with the increase of
nanoparticle diameter [16].

In this work, FesO4 magnetic nanoparticles
by coprecipitation of Fe(ll) and Fe(lll) in the
presence of ammonia solution were
prepared. Since chitosan has no suitable
functional groups to bind directly onto FezO4
nanoparticles, it  should be  first
carboxmethylated and then covalently bound
onto FesOs nanoparticles via carbodiimide
activation. Because the size of Fe3O4
magnetic nanoparticles played important
roles in different industries such as drug
delivery and toxic metal removal. So, In
order to property improvement of surface
area-to-volume ratio of nanoparticles, effect
of some experimental parameters on size and
size distribution of chitosan bound FesO4
nanoparticles to their prospective application
in different industries which could be used to
synthesize Fe3Os magnetic nanoparticles
with different size to meet the requirements
of different applications were investigated in
this study for the first time.

As will be shown, properties of magnetic
nanoparticles could be controlled by
adjusting  concentration of  chitosan,
sonication time and reaction temperature
during the synthesis. The effect of the above
mentioned parameters on the synthesized
chitosan bound magnetic nanoparticles were
investigated using dynamic light scattering

(DLS) data. At optimal conditions the
prepared nanoparticles were characterized
by different techniques such as transmission
electron microscopy (TEM), FTIR and UV-
Vis spectroscopy. Also, Magnetic property
and surface charges of nanoparticles were
determined  using  vibrating  sample
magnetometer (VSM) and zeta- potential
measurement.

2. EXPRIMENTAL
2.1. Materials

Chitosan, ferrous chloride tetrahydrate
(FeClz. 4H20), Ferric chloride hexahydrate
(FeClz. 6H20), Ammonium hydroxide
(NHsOH) and monochloroacetic acid
(CH2CICO2H) were purchased from Merck
and Carbodiimides (cyanamide, CH2Ny)
were purchased from Aldrich. All chemicals
were guaranteed or analytic grade reagents
commercially available and used without
further purification.

2.2. Apparatus

The prepared magnetite nanoparticles were
characterized by transmission electron
microscopy (TEM-— Philips, CM10), Fourier
transform infrared spectroscope (FT-IR—
Perkin-Elmer,  RX1), dynamic light
scattering (DLS— HORIBA L-550), vibration
sample magnetometer (VSM-Meghnatis
Daghighe Kavir(MDK)), UV-Vis
spectrophotometer (Shimadzu UV-1800) and
zeta-potential ~ analyzer (ZEN 3600,
Malvern).

2.3. Preparation of chitosan-bound Fes3O4
nanoparticles

FesO4 nanoparticles were prepared by co-
precipitating the Fe3* and Fe?* ions by
ammonia solution and treating under
hydrothermal conditions [17]. Chemical
precipitation was achieved at 25 -C under
vigorous stirring by adding NH4OH solution.
The precipitates were heated at 80 -C for 30
min, washed several times with water and
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ethanol, and then finally dried in a vacuum
oven at 70 C.

Chitosan was carboxymethylated
according to the following method [18].
First, 3 g chitosan and 15 g sodium
hydroxide were added into 100 ml of
isopropanol/water (80/20) mixture at 60 -C
to swell and alkalize for 1 h. Then, 20 ml of
monochloroacetic acid solution (0.75 gml™*
in isopropanol) was added into the reaction
mixture in drops in 30 min. After reaction
for 4 h at the same temperature, 200 ml of
ethyl alcohol was added to stop the reaction.
Finally, the solid was filtered, rinsed with
ethyl alcohol to desalt and dewater, and
dried in an oven at 50 -C.

The binding of carboxymethyl chitosan
(CM-chitosan) was conducted to bind on
magnetic nanoparticles. First, 100 mg of
FesO4 nanoparticles was added to 2 ml of
buffer A (0.003 M phosphate, pH 6, 0.1 M
NaCl). Then, the reaction mixture was
sonicated for 10 min after adding 0.5 ml of
carbodiimide solution (0.025 gml™* in buffer
A). Finally, 25 ml of carboxymethyl
chitosan solution (50 mg mlt in buffer A)
was added and the reaction mixture was
sonicated for 60 min. The chitosan-bound
Fe304 nanoparticles were recovered from the
reaction mixture by placing the bottle on a
permanent magnet with a surface
magnetization of 4000 G. The magnetic
particles settled within 1-2 min and then
were washed with water and ethanol.

3. RESULTS AND DISCUSSION

The uncoated FesOs; nanoparticles were
synthesized by hydrothermal condition, then
the carboxymethylated chitosan, previously
prepared, was used for coating of Fe3Os
nanoparticles surfaces. Different conditions
such as, various temperature, sonication time
and concentration of the chitosan were

changed during the experiments. It is
considerable that these parameters have
important effects on the characteristics of
products. The particle size in crystallization
is controlled mainly through the rate
processes of nucleation and grain growth,
which compete for the species. Their rates
depend upon the reaction temperature, with
other conditions held constant. Nucleation
might be faster than grain growth at higher
temperatures and results in a decrease in
particle size. On the other hand, prolonging
the reaction time would favor grain growth.

The DLS experiment was conducted with a
(HORIBA L-550) at a fixed scattering angle
of 90cand at a constant temperature of 25°C.

3.1. Effect of concentration of CM-
chitosan

Different concentrations of carboxymethyl
chitosan (10 mg/ml, 30 mg/ml, 50 mg/ml)
were used for preparing  magnetic
nanoparticles. In this way, all other
parameters kept constant (room temperature
and 60 min sonication time) and the effect of
the concentration variation of chitosan was
investigated on the size of Fe30s
nanoparticles. The DLS graphs by varying
chitosan concentrations were shown in
Figure 1. The average particle sizes of the
nanoparticles prepared using 10 mg/ml, 30
mg/ml and 50 mg/ml of chitosan are 12.7,
9.1 and 7.7 nm, respectively.

The results evidence that the size of
nanoparticles become smaller by increasing
the chitosan concentration due to better
protecting the nanoparticles’ surface from
aggregation. By increasing the chitosan
concentrations more than 50 mg/ml no
remarkable changes in size was observed.
So, in order to consuming less chitosan, 50
mg/ml was chosen as the best value for
future experiments.
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Figure 1. DLS graphs for preparation of chitosan-bound Fe3Os nanoparticles at chitosan
concentration of (a) 10 mg/ml (b) 30 mg/ml and (c) 50 mg/ml, respectively.

3.2. Effect of sonication time

One of other important parameters can be
influence on the size and size distribution of
nanoparticle is the sonication time. An
effective sonication process can inhibit the
agglomeration  of  the  nanoparticle
efficiently. So, the sonication times were
changing by 30, 45, 60 min in last step of the
synthesis. It is notable that these experiments
were done at the optimum concentration of
chitosan reported in the previous section.
The results were presented in Figure 2. The

average particle sizes of chitosan coated
Fe304 prepared at sonication times of 30, 45
and 60 min are 13.7 nm, 9.6 nm and 7.7 nm,
respectively. As expectable, increasing the
sonication time results in decreasing the
nanoparticles size due to sufficient
deagglomeration. At very high sonication
time, the separation of chitosan coating from
the nanoparticle surfaces may be occurred,
so 60 min were considered as the best.
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Figure 2. DLS graphs for preparation of chitosan-bound Fe3O4 nanoparticles at sonication time
of (a) 30 min (b) 45 min and (c) 60 min, respectively.

3.3. Effect of reaction temperature

A series of controllable experiments were
carried out at different temperature, at
obtained optimal values for chitosan and the
sonication time previously, to investigate the
effect of the reaction temperature on the size
of nanoparticles. Figure 3 shows the DLS
graphs of the samples obtained at different
reaction temperature. As shown, the average
particle  sizes of chitosan—  Fe3Os

nanoparticles prepared at 25 °C, 50 °C and
80 °C are 7.7 nm, 6.6 nm and 3.2 nm,
respectively. It is found that with increasing
temperature, the size of nanoparticles
decreased. This confirmed that at high
temperatures nucleation rate overcome than
growth rate. Although, working at room
temperature is more economically and it is
preferred to prepare nanoparticles at ambient
conditions.
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Figure 3. DLS graphs for preparation of chitosan-bound FesOs nanoparticles at reaction

temperatures of (a) 25 °C (b) 50 °C and 80 °C, respectively.

Finally, the chitosan-bound  Fe30s
nanoparticles  prepared at  optimum
conditions (25 °C, 60 min sonication time
and 50 mg/ml) were characterized using
different techniques. Transmission electron
microscopy (TEM), dynamic light scattering
(DLS), UV-Visible spectrophotometery,
Fourier transform infrared spectroscopy (FT-
IR) were used to identifying the size and
shape of nanoparticles. The magnetic
properties and surface charges were studied
using vibration sample magnetometer
(VSM) and Zeta-potential analyzer.

3.4. Characterizations of chitosan-bound
FesO4 nanoparticles

3.4.1. Transmission electron microscopy
(TEM)

TEM micrographs of the colloidal
dispersions were obtained by a transmission
electron  microscope operated at an
accelerating voltage of 100kV. The typical
TEM micrographs for the chitosan-bound
Fe304 nanoparticles are shown in Figure 4. It
was clear that the chitosan can inhibit the
aggregation of nanoparticles so, chitosan-
bound Fes3Os nanoparticles had essentially
low dispersion with a mean diameter of
about 7.7 nm compared to the naked
nanoparticles (about 10 nm). This could be
attributed to the reaction occurring only on
the particle surface, and thus our attempt to
prepare  monodispersed  chitosan-bound
FesO4 nanoparticles in this work has been
achieved.

Figure 4. TEM micrographs for (aj naked
and (b) chitosan-bound FezO4 nanoparticles.

3.4.2. Dynamic Light Scattering

The DLS experiment was conducted at a
constant temperature of 25°C. Figure 5
shows the size distribution graphs for the
naked and chitosan-bound Fes04
nanoparticles obtained by DLS method
according to size distribution data analysis.
These reveal that range of distribution of the
resultant nanoparticles were narrow. This
also confirms the binding of chitosan on
Fe304 nanoparticles that leads to lowering
their size.
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Figure 5. DLS graphs for (a) naked and (b)
chitosan-bound FezO4 nanoparticles.
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3.4.3. UV-Vis Spectrophotometry

UV-Vis spectra of the magnetic
nanoparticles were recorded by using a 1-cm
quartz cell. Figure 6 shows the absorption
spectra of naked and chitosan coated
magnetic  nanoparticles  which  their
differences can be considered as another
evidence for binding of chitosan on the
magnetic nanoparticles surfaces.
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Figure 6. The absorption spectra of (a)
naked and (b) chitosan coated Fe304
nanoparticles.

3.4.4. FT-IR spectroscopy

To confirm the existence of the surface
coating, naked FesOs (a), chitosan (b) and
chitosan bounded Fe304(c) nanoparticles
were characterized using FTIR spectroscopy
and the results have been shown in Figure 7.
The prepared disks were used to get the
FTIR results. By comparison of the FTIR
spectra (“a”, “b” and “c” spectra in Figure
7), the presence of the chitosan coating
changed the FTIR pattern of FesO4
significantly. In spectrum “a”, the peak at
585cm™ corresponds to the Fe-O bond
vibrating of Fez04 that shifted to about 590
for chitosan bounded Fes3Os. In spectrum
“b”, the peak at 3406 cm™ is attributed to O—
H stretching vibrations. The peak at 2860
cm? are attributed to the of C—H stretching
vibration of the polymer backbone. Besides,
the stretch vibration of C—O is found at 1078
and 1034 cm™. The adsorption bands around
3406 and 1611 cm™observed in two spectra
are attributed to the deformation vibration of
N-H in primary amine (—NHz). As can be

(P2

seen in spectrum “c”, the IR spectra
indicated that chitosan and FesOasspecial
peaks are both presented in magnetic
chitosan nanoparticles, so it can concluded
that the FesOs magnetic nanoparticles were
effectively coated by the chitosan.
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Figure 7. FTIR spectra of (a) naked Fe3O4
(b) CM-chitosan, and (c) CM-chitosan
coated FezO4 nanoparticles.

3.4.5. Vibration sample magnetometer
(VSM)

The magnetic properties of both uncoated
and coated FesOs nanoparticles were
measured with a vibrating sample
magnetometer (VSM) at room temperature.
Figure 8 shows a typical magnetization
curve of naked FesOs nanoparticles and
chitosan-bound Fe3O4 nanoparticles. As
could be seen from Figure 8, the hysteresis
loop shows superparamagnetic property,
indicating that the single-domain magnetic
nanoparticles remained in these
nanoparticles. The saturation magnetization
(Ms) of the naked FeszO4 nanoparticles was
about 54 emu/g, while for chitosan-bound
Fe304 nanoparticles was about 50 emu/g in
this experiment. Because the same amounts
of all used nanoparticles for this experiment,
it can be concluded that the decrease of
saturation magnetization is due to the
presence of chitosan. The existence of
chitosan on the surface of FesO4
nanoparticles has decreased the uniformity
due to quenching of surface moments,
resulting in the reduction of magnetic
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moment in such nanoparticles. This value
was considerably higher than that of other
reported chitosan based FesOsbeads [48—50].
Therefore, our chitosan coated magnetic
nanoparticles can be easily separated by
applying the external magnetic field.
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Figure 8. Magnetic hysteresis curves of
naked (solid line) and chitosan coated (dot
line) FesO4 nanoparticles.

3.4.6. Zeta-potential analysis

Zeta potential analyzer (ZEN 3600,
Malvern Co.) was performed to investigate
the surface net charge of nanoparticles. Zeta
potential values of chitosan bound Fe3O4
nanoparticles dispersed at universal buffer
solutions (acidic (pH 3) and basic (pH 9))
were measured. The results (Figure 9) show
negative values for basic and positive value
at acidic media as it is expectable (according
to the isoelectric point of chitosan = 5).
These results are expectable because of the
amine, carboxylic and hydroxyl groups of
chitosan.

4. CONCLUSION
Magnetic FesOs—chitosan nanoparticles
were fabricated by the covalent binding of
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Figure 9. Zeta potential distribution graphs
of CM-chitosan coated FesO4 nanoparticles
at (a) pH 3 (b) pH 9.

carboxymethylated chitosan on the Fe3O4
nanoparticles. Effects of some parameters
such as concentration of CM-chitosan,
sonication time and reaction temperature on
the nanoparticles size were studied. The
results showed all these parameters could
influenced on the size of nanoparticles. Due
to the good biocompatibility of chitosan,
these particles may be used in magnetic-field
assisted drug delivery, enzyme or cell
immobilization and many other industrial
applications. Also his magnetic chitosan
nanoparticles have a good potential to
remove toxic metal ions which are the
problem of drinking water in many of the
developed countries.
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