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Magnetic Fe;O4 nanoparticles are prepared by the coprecipitation method and
coated with starch as a surfactant. Their structural and magnetic behaviours are
studied by means of X-ray diffraction (XRD), Transmission Electron Microscopy
(TEM), Raman spectrum, Fourier Transform Infrared (FT-IR) as well as with a
Vibrating Sample Magnetometer (VSM). The magnetic Fe;O4 nanoparticles
under investigation have an average size of about 14nm. The coated magnetic
nanoparticles exhibit super-paramagnetic behaviours with a blocking temperature
of about 170 K and saturation magnetisation ranging between 30 and 50 emu g~".
In addition, the results of FT-IR indicated that interactions between the Fe;O4
particles and starch layers are much improved.

Keywords: magnetite nanoparticles; surface modification; colloidal stability;
magnetic stability

1. Introduction

Magnetic nanoparticles have many applications in biomedicine, such as magnetic resonance
imaging contrast enhancement, cell separation, hyperthermia and drug delivery, etc. [1,2].
These applications impose strict requirements on the physical, chemical and pharmacolo-
gical properties of the nanoparticles, including chemical composition, granulometric
uniformity, crystal structure, magnetic behaviour, surface structure, adsorption properties,
solubility as well as low toxicity. Among magnetic nanoparticles, iron oxide has gained wide
attention. These nanoparticles are super-paramagnetic at room temperature; however, due
to hydrophobic interactions between the particles, they agglomerate and form large clusters,
resulting in an increased particle size and a low colloidal stability. In this case, the clusters
exhibit strong magnetic dipole—dipole attractions and show ferromagnetic behaviour [3].
In addition, oxidation can happen with as-prepared magnetite nanoparticles. In order
to reinforce the colloidal and magnetic stability, a surface modification with certain long-
chain molecules is often indispensable. Practically, high colloidal and magnetic stability
was obtained with different polymer surfactants such as poly (b,L latide-co-glycolide) [4],
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polymethacrylic acid [5], polyacrylamide [6], polystyrene [7,8], polymethylmethaacrylat [9]
and polyaniline [10]. Starch can also be used as a functional biocompatible-polymer, which
is composed of repeating 1,4-a-D glucopyranosyl units: amylose and amylopectin [11]. The
starch presents strong hydrophilic and biodegradable behaviours; hence, it exists in many
types of applications.

In this article, a starch-coated magnetite suspension was prepared from the synthesised
magnetite and starch solution. The evidence of starch modification in magnetite
nanoparticle was evaluated by the Fourier Transform Infrared (FT-IR) spectroscopy.
The structural and magnetic properties of starch-coated magnetite nanoparticles are
reported.

2. Experimental

Fe;O4 magnetic nanoparticles are prepared using the coprecipitation method. The ferric
and ferrous chlorides (molar ratio 2: 1) are dissolved in a deoxygenated aqueous solution
of HCI. The chemical precipitation is achieved at 25°C under mechanical stirring by
adding NH4OH solution. During the reaction process, the pH is maintained at about 12.
The precipitation is washed several times with distilled water, adjusting the pH to neutral,
and dried under vacuum at 40°C for 20 h.

Starch solutions with different concentrations are prepared by dissolving starch
powders in hot distilled water. The synthesised magnetite was poured into the prepared
starch solution under vigorous stirring at 60°C for 2 h. The remaining solution was cooled
to room temperature and allows standing for 12h. The gels formed were washed with
distilled water until pH became less than 8. After washing, starch-modified magnetite
suspension was prepared by dispersing in deionised water. In this ferrofluid, starch was
chemisorbed onto the magnetite nanoparticle surface through their hydroxyl groups by
forming interactions with the Fe atoms (Figure 1).

The crystalline structure of the samples was identified from X-ray diffraction (XRD)
patterns, taken on a SIEMENS DS5000 diffractometer using CuKea radiation. The
diffraction patterns were carried out in 260 mode with step of 0.02°C for 1s. The particle
size and morphology were examined by using a transmission electron microscope (TEM).
Magnetisation was measured by means of vibrating sample magnetometer (VSM). The
zero-field-cooled (ZFC) and field-cooled (FC) cycles were performed by cooling the
sample to 77 K at zero field and in the presence of an external field of 100 Oe, respectively.
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Figure 1. Core-shell structure of starch-coated magnetite nanoparticle.
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Fourier Transform Infrared spectroscopy measurements were carried out on a Tensor
TM 37 FT-IR spectrometer (Bruker). Pellets for FT-IR analysis were prepared by mixing
the lyophilised samples of magnetite nanoparticle formulations with spectroscopic grade
KBr powder. A Raman spectrometer (Micro Raman LABRAM 1B) was employed for
phase identification.

3. Results and discussion

The XRD results of nanoparticles under investigation are illustrated in Figure 2. The
patterns are rather pronounced. However, it is difficult to clarify the contribution of
magnetite (y-Fe,03) and magnetite (Fe;04) from this figure. Fortunately this problem can
be solved, thanks to analysis from the Raman spectrum. As can be seen from Figure 3, the
Raman spectrum exhibits only three bands at 330, 530 and 670cm~'. This is in good
corresponding to the T,,, E, and A;, Raman bands reported for magnetite by de Faria
et al. [12]. This means that y-Fe,Os; and «-Fe,O; are not the compositions of our
nanoparticles, but it contains magnetite.

The average crystalline size was calculated from the [311] diffraction peaks by using
Scherrer’s formula as shown [13]:

09
¢ L-cosf

where D, is the crystalline diameter, L is the half-intensity width of the diffraction peak,
A 1s the X-ray wavelength, and 6 is the angle of the diffraction. It turns out that D, is
about 10 nm.

The hydrophylic nature of the magnetite nanoparticle surface precludes their dispersal in
water. Starch is chemisorbed on the surface of the nanoparticles, which makes the particles
hydrophobic, thus these nanoparticles become dispersible in water. The functional groups

(M

r
r
g

[311]

Intensity

[200]

20 30 35 40 45 50 55 60 69
2-Theta-Scale

Figure 2. X-ray diffraction patterns of synthesised nanoparticles.
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of starch are very important for diverse applications, especially for biotechnology purpose.
FT-IR spectroscopy is shown in Figure 4 for pure starch and for 5 and 20 wt% starch-coated
magnetite. For pure starch, as clearly seen from Figure 4(a), all of the peaks characterised
for the C=0 bond, the O-H stretch dimer H-bond, as well as the CH-groups are well
appeared in the FT-IR spectra. The spectra of starch-modified magnetite nanoparticles
show that both primary groups of starch and magnetite appear in the spectrum (Figure 4(b)
and (c)) [14]. The OH-vibration mode, however, is suppressed for the 5 wt% starch-coated
magnetite (Figure 4(b)). It suggests the chemisorption of starch onto magnetite
nanoparticles through hydroxyl groups (see also Figure 1). At higher starch concentration,
e.g., for the 20 wt% starch-coated magnetite, this peak appears again (Figure 4(c)). It may be
due to the residual amount of starch in our samples.
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Figure 3. Raman spectra of Fe;04 nanoparticles.
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Figure 4. Fourier transform infrared spectra: (a) pure starch, (b) 5wt% of starch and (c) 20 wt%
of starch.
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The TEM images of uncoated and coated magnetite are shown in Figure 5. The
agglomerated clusters of uncoated magnetite nanoparticles can clearly be seen in
Figure 5(a). The starch-coated magnetite nanoparticles are almost spherical, mono-
disperse with an average diameter Dty ~ 20 nm (Figure 5(b)). In addition, the presence
of the starch prevents agglomeration of the magnetite nanoparticles. This means that
starch chains wrapping around the Fe;O4 nanoparticles via the interaction between
hydroxyl group and iron provide a high colloidal stability. This stability remains even after
6 months.

From the FC and ZFC curves presented in Figure 6, it is clearly seen that the Fe;O,4
sample exhibits a super-paramagnetic behaviour with a blocking temperature of about
170 K. The hysteresis magnetic loops M(H) measured at 300 K for pure Fe;0,4 and starch-
coated Fe;O4 nanoparticles are shown in Figure 7(a). As seen from this figure, the typical
super-paramagnetic characteristics are observed above the blocking temperature. In
addition, a decrease of saturation magnetisation (M) with starch modification is found.

100 nm 100 nm

Figure 5. Transmission electron microscopy images of (a) uncoated and (b) starch-coated magnetite.
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Figure 6. Magnetisation vs. temperature measured at 100 Oe.
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This is due to the amount of polymer incorporated in the polymer-coated magnetite
suspension. In order to check this argument, the identification of normalised M/Mg cycles
of both magnetite and starch-coated magnetite is presented in Figure 7(b). It proves that
surface modification of nanoparticles does not change their intrinsic magnetic behaviour.
On the basis of these magnetic data and the average size determined from TEM image
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Figure 7. Hysteresis loops of uncoated magnetite and starch-coated magnetite after precipitation.
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(DtEMm), the size of the magnetic core of the particle (D,,) is estimated to be about 14 nm.
Thus, the starch-layer thickness (§) is about 3 nm. Note that, the obtained D, value is
rather close to that of D, derived from XRD data.

The magnetic stability (and/or ageing) of magnetite nanoparticles under investigation
was verified by comparing the magnetic loops measured at 300 K for specimens kept at
normal atmosphere as a function of time. The results are illustrated in Figure 8(a) and (b)
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Figure 8. Hysteresis loops of uncoated magnetite (a) and starch-coated magnetite (b) after
precipitation and after 6 months.
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for the uncoated and starch-coated Fe;O4 nanoparticles shortly after precipitation and
after 6 months. We found that for both samples, the reduction of saturation magnetisation
occurs in the first 10 weeks only and after that, no further decrease is observed. For
the uncoated sample, the saturation magnetisation decreases from the initially measured
50-41emug ' after 6 months; however, the corresponding values are 30 and 27emu g™’
for the starch-coated sample. The evolution of the magnetisation with time can be
attributed to an increase in the oxide layer on the surfaces, leading to the shrinking of
the magnetic core. In this case, it is interesting to emphasise that the starch-coated layer
rather well protects them from oxidation and reinforces the magnetic stability. Surface
modification of magnetite does not only prevent aggregation and oxidation of magnetite
nanoparticles, but also makes them biocompatible. Moreover, the toxicity of the starch-
coated magnetite is very low. In a cytotoxic test, Kim et al. [15] showed that the validity of
L.929 cells could be higher than 90% in starch-coated magnetite particles. The exothermic
and Dbiocompatible starch-modified magnetite will be selected for an optimised
hyperthermic thermoseed.

4. Conclusion

Starch-coated magnetite nanoparticles were prepared and investigated. It is confirmed that
starch-coated magnetite nanoparticles have reasonable magnetic properties,
high biocompatibility as well as high colloidal and magnetic stability. This suggests that
starch-coated magnetite nanoparticles can be considered as one of the bio-potential
materials for applications.
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