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Obtention by Coprecipitation and Magnetic
Characterization of Fe,O, Nanoparticles
Coated with Surfactants

Abstract

Nanostructured monodisperse particles, and magnetite (Fe,O,) were obtained by
aqueous coprecipitation and surfactants coated with oleic acid and polyethylene
glycol to control and ensure a uniform size distribution, in addition to reducing the
effects of aggregation. Adetailed investigation of morphological and microstructural
characteristics was performed using XRD and SEM. The Raman spectroscopy
showed peaks for magnetite (Fe,0,) and FTIR showed the interaction of Fe,O,
and its coatings, OA and PEG. The results show that Fe,O, coated particles have
an average crystallite size between 4.4-12.6 nm nanoparticles and less than the
aggregate particles without coating. With the coatings, the morphology became
more uniform the sizes of NPs. The magnetic properties of Fe,O, coated particles
were analyzed by AGFM. The hysteresis curves indicate a superparamagnetic
behavior at room temperature, NPs PEG show a higher saturation magnetization
while NPs OA. They also exhibit superparamagnetic nature at room temperature.
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Introduction

In the last 20 years, the synthesis and characterization of
nanomaterials has been a major focus of research because
of the different physicochemical properties that the
structures present in the nanometer range [1]. Among these
nanomaterials, nanostructured Fe,O, particles have attracted
great attention because of their magnetic properties, such as
superparamagnetism, high coercivity, low Curie temperature
and high magnetic susceptibility, among other properties [2-3].
Nanoparticles (NPs) of Fe,O, are promising for such applications
as magnetic resonance systems, imaging for clinical diagnosis,
recording materials, hyperthermia, drug delivery systems and
catalysts [4-7].

Iron oxide magnetic nanoparticles have been the object of great
interest in biomedical applications, since they can be susceptible
to further functionalization with biologically active agents. These
particles have the capacity to interact in different ways with
various biological molecules [4] due to their superparamagnetic
properties, high specific area and wide variety of surface
functionalization [1-2]. Its surface can be easily modified by
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adding organic layers with polymers or inorganic oxides with
metals or [4]. A wide variety of polymers such as hydroxy,
carboxylate, styrene, vinyl alcohol or carboxy groups have been
used as coatings [8] in the production of magnetic NPs. The
coating/encapsulation of particles with polymers is the oldest
and simplest method of preparation of magnetic particles [8].

Recent studies have shown different applications to oleic acid
(OA) and polyethylene glycol (PEG) can be used as surfactants for
coating iron oxide particles, serving as stabilizing agent. When
coated with PEG [8] or OA [9], the nanostructured particles of
Fe,O, become biocompatible and acquire the ability to interact
in various ways with various biological molecules [4]. Due to
hydrophobicity of these particles, they become able to interact
with the aqueous medium, but they are incompatible with organic
liquids. Studies have been developed to enhance the solubility
of the iron oxide NPs in apolar medium by OA preventing the
agglomeration of these particles. PEG due to its hydrophilicity,
non-toxicity, antigenicity, immunogenicity, can be connected to
NPs because the ability for applications such as in drug delivery
devices.

This article is available in: http://nanotechnology.imedpub.com/archive.php



This study aimed to investigate the obtainment of Fe O, particles
by the co-precipitation method and the effects of coating
with OA [9] and PEG [8] to improve biocompatibility and the
particles dispersion, and the study of the magnetic behavior. The
conditions for obtaining the nanoparticles as a function of time
and temperature synthesis and the coating (PEG and AQO) were
varied. The following measures were carried out X-ray diffraction
(XRD), infrared spectroscopy (FTIR), Raman spectroscopy and
electron microscopy (SEM) for the structural characterization
of NPs produced. The magnetic properties were analyzed by
magnetometry alternating gradient field (AGFM).

Synthesis and Characterization

Fe,O, was synthesized by coprecipitation, according to the
equation: Fe’* + 2Fe** + 80H - Fe, O, + 4H,0, keeping the molar
ratio 1:2 for complete precipitation of Fe,O, in a reducing
environment, for magnetite does not become maghemite [10-
12]. Salts, ferric chloride hexahydrate (FeCl,.6H,0, >99%) and
ferrous chloride tetrahydrate (FeCl..4H,0, >99%) supplied by
Sigma-Aldrich® were employed as precursors. These salts were
dissolved in deionized and deaerated water (40 ml) [13]. An inert
gas (argon 99.99%, supplied by Linde) was passed through the
aqueous solution of the salts under vigorous stirring of 400 rpm
for a certain period (30, 60, 90 or 120 min) and under heating
(60, 70, 80 and 90°C). When the established temperature was
reached, 100 ml of tetramethylammonium hydroxide (TMAH,
25%) provided by VETEC® was dripped into the solution until
reaching a pH of 11 and until it changed its color from brown to
black, indicating the formation of Fe,O, [2]. The Figure 1 shows
experimental arrangement.

Before coating, the obtained particles were washed with deionized
and deaerated water. For NPs coated with polyethylene glycol
dripped with 15 ml of PEG 400, HO(CH,CH,0) , with stirring, at
110°C for 1 h, after washing is made with distilled water. For NPs
coated with oleic acid dripped with 20 mL of OA, C H, 0, at a
temperature of 100°C for 40 min and then make up the washing
with isopropyl alcohol. The coated Fe O, particles were washed
with ethanol/water to remove excess coating and unreacted
monomers. In both coatings, it is the separation of the solution
and the magnet with NPs and then, drying in an oven at 100°C
for 6 h.

The characterization of the coated particles was performed by
X-ray diffraction using a Philips-X'Pert MPD monochromator
(CuKa, A=0.15418 nm, 40 kV, 40 mA) with graphite. The
morphology was observed by a scanning electron microscope
(SEM, JEOL-JSM-6060), with maximum operating voltage of 30 kV
and nominal resolution of 3.5 nm. The graphitization degree was
measured in a spectrometer (FTIR, Perkin-Elmer Spectrum 100) in
the range between 4000-500 cm™. Raman spectra were recorded
at room temperature by a Raman spectrometer (Renishaw
Raman-inVia) with a linear laser excitation of 632.8 nm (He-Ne).
An alternating gradient force magnetometer (AGFM) was used to
measure M-H curves under a magnetic field range 0~1 T.

Results and Discussion

Using the coprecipitation method, a mixture of FeCl, and
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FeCl, powder was prepared at a molar ratio of 1:2 at different
temperatures. Figure 2 shows two diffraction peaks of 26 values
at 35.87° and 63.02° associated with the Fe O, phase and Bragg
reflections, according to the crystallographic planes (JCPDS 19-
0629), which corresponds to an inverse spinel structure [13-14].

Figure 3 shows the mean crystallite size of the Fe,O, nanoparticles,
calculated using the Scherrer equation

D=K.A/b.cos (1)

The equation uses the reference peak width at an angle of
diffraction 9, where A is the wavelength of X-ray (1.5418 &), b is
the peak width at half height of a selected reflection plane XRD
and K is a factor due to the shape of the material, of about 0.94
to magnetite and maghemite, was estimated from these average
crystallite size for the samples. According to Figure 2, an increase
of the synthesis temperature by co-precipitation is increased
crystallinity, where for each sample different temperatures the
number of counts was the same. The XRD curve according to the
half-height width peak of refraction plane (311) [1]. As can be
seen in Figure 3a, the crystallite size increases significantly when
NPs are synthesized for more than 60 min, and the increase is
even greater for the PEG coated samples. In Figure 3b, the change
in the crystallite size decreases significantly for NPs synthesized
between 80 and 90°C.

In Figure 4a, the Raman spectra of the Fe,0, NPs show the
characteristic bands for magnetite, according to Slavov L et al. The
vibration peaks of the coatings (PEG and OA) are not observed.
The FTIR spectrum (Figure 4b) obtained is characteristic of
magnetite (Fe,0,), according to Yue-Jian C et al. [15] and Zhang
et al. [16]. The magnetite characteristic peak at about 585 cm-
!, which is the band corresponding to the vibration of the Fe-O,
confirming the presence of an iron oxide. The NPs of iron oxide
coated with OA have vibration bands at 2850 cm™ and 2920 cm™
increased. As Bloemen M. et al. [17], adsorption bands of oleic
acid corresponds to peaks in 2920 cm™?, 2850 cm™ and 1435 cm'?
corresponding to CH, vibration, the peak 1700 cm™ relating to
vibration C=0 and the peak 1600 cm™ relating to vibration -COO"
was also oxidized. These results indicate that possibly the oleic
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Figure 1 Experimental equipament used for NP synthesis:

(1) bottom flask boring, (2) magnetic stirrer, (3)
thermocouple, (4) syringe for addition of reagents, (5)
vacuum line/argon, (6) stoppers for sealing.
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Figure 2 XRD of the synthesized Fe304 samples for 30 min at
different temperatures

)
~

b)
—a— NPs - PEG
—— NP5 - OA

Crystalline Sizes (nm)
Crystalline Sizes (nm)

T T T T T T T T
30 60 %0 120 60 70 50 S0

Time (min) Temperature (°C)

Figure 3 The crystallite size as a function of (a) time at 80°C and
\ (b) temperature for a period of 30 min. J

acid was chemically adsorbed on the nanoparticle Fe O, [18]. The
NPs of iron oxide coated with PEG exhibit vibration bands at 2860
cm™ and 1435 cm™ which represents -CH, reinforced vibration.
The peaks 1060 cm™ corresponding to CH_-O-CH, and 1195 cm™
which corresponds to O-CH, are characteristics of PEG.

The images obtained by SEM in Figure 5 indicate the formation
of packets of aggregates because of the higher surface energy of
the nanoparticles. The uncoated NPs are even more aggregated
than the coated NPs. The crystallite size was calculated by XRD,
indicating that the obtained NPs have a polycrystalline nature,
consisting of a large number of smaller sub-particles of dozens
of nanometers.

Magnetization measurements were performed to establish
the magnetic field at room temperature. The hysteresis loops
of coated (OA and PEG) and uncoated samples are shown in
Figure 6. For a given magnetic field variation one can observe
that the uncoated particles are less magnetized than the coated
particles. The surface or magnetic properties of Fe,0, are not
always limited by the molecules of the coating. However, for the
NPs-OA no saturation magnetization occurs. The particles have
a superparamagnetic character at room temperature because
of the absence of hysteresis and the average crystallite size. This
means that in the absence of a magnetic field exhibit no magnetic

remanence, leading to an overall magnetization unchanged [8,9].
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Conclusion

Magnetic nanoparticles of iron oxide are synthesized into coated
with polyethylene glycol and oleic acid, from the simultaneous
precipitation of ions Fe*> and Fe* in alkaline solution (NH,OH).
The iron oxide magnetite has the characteristics according to
Raman spectroscopy and XRD. The presence of the coating was
confirmed by FTIR. The crystallite particle size ranged between
4.4 and 12.6 nm with larger aggregates tend to form when
the particles are uncoated. SEM shows the tendency to form
agglomerates due to the magnetic character. And the AGFM,
there is a greater magnetization of the nanoparticles coated
with PEG than OA, making more uniform morphology and size
in both coatings, and a super paramagnetic behavior at room
temperature.
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Figure 4 (a) Raman spectra of Fe304 NPs uncoated and coated
(PEG and OA). (b) FTIR spectra of NPs Fe304 coated and
uncoated (PEG and OA).
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Figure 5 Fe304 particles micrographs showing the formed
aggregates (a) uncoated, (b) coated with OA and (c)
coated with PEG.
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ure 6 Normalized hysteresis curves of Fe,O, NPs synthesized at
80°C and measured at room temperature.
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