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Abstract. Monodisperse Fe3O4 Nano particles have been successfully synthesized by solvothermal
method using water and ethylene glycol as solvents, and their sizes could be controlled by changing
the ratio of water to ethylene glycol. Subsequent surface modification of Fe;O4 had been carried out
using tetraethyl orthosilicate and 3-Aminopropyl triethoxysilane as modification agents. The
magnetic materials have been characterized by scanning electron microscopy, X-ray diffraction and
Fourier-transform infrared spectroscopy. It was verified that SiO, layers have been coated on the
surface of Fe304 and NH»- groups have been grafted on the spherical surface of magnetic materials.

Introduction

Over the past decades, there is increasing interest in the preparation of nanosized magnetic materials
because they have many versatile applications in the fields such as environment, gas sensors, lithium
ion battery, pigment, biomedicine and magnetic separation [1-6]. Of the magnetic materials, Fe304
particles are the most frequently investigated ones due to their good magnetization and high surface
area. Up to now, many different methods have been developed to prepare Fe3O4 nano particles (NPs),
including co-deposition, sol-gel techniques, microwave plasma synthesis and solvothermal methods
[7-10]. Among these methods, solvothermal process has the advantages of mild synthetic condition,
simple manipulation and large scale-up production. More importantly, the morphology and size of
the prepared Fe3;O4 NPs could be adjusted in a solvothermal approach, so their properties could be
controlled to some extent by this approach due to size and shape effects [11, 12].

However, nanosized Fe3O4 NPs tends to aggregate and oxidize during their application process,
thus surface modification has become a common method to increase their stability. For example,
Deng et al decorated SiO, on the surface of Fe3O4 to form a shell/core structure, and the prepared
composites display good stability and have promising applications in biomedical fields [13]. Li et al
coated Fe3O, with a thin layer of TiO,, and the materials show very high adsorption for
phosphopeptides [14]. Recently, to graft functional groups on the surface of FesO, NPs becomes a
popular modification way because it could extend their applications and increase their performances.
Huang et al prepared chitosan-Fe3;O,4 composites using epichlorohydrin as the crosslinking agent and
found the composites have a high adsorption capacity for heavy metal [15]. Dupont et al coated
Fe3;0,4 with EDTA-silane and found the composites could adsorb rare-earth ions selectively due to
the introduction of the functional groups, thus providing a novel methodology for design of magnetic
composites [6].

In this paper we used solvothermal approach to prepare Fe3O, NPs, and the size of the magnetic
NPs could be adjusted by changing the ratio of water to organic solvent. To improve the stability of
Fe304 NPs and extend their applications, we firstly coated SiO, on the surface of to Fe304 NPs to
form Fe;0,@SiO, NPs, and subsequently introduced NH,- groups on their surface, resulting in the
NH,-grafted Fe30,@SiO, NPs. The prepared NH,-grafted Fe;O,@SiO, NPs keep stable and are of
good dispersion in solution. They could be not only used for adsorbents for heavy metals,
biomaterials, but also served as an intermediate to produce functional magnetic composites.
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Experimental

Synthesis of Fe3O4 NPs

A typical solvothermal synthesis of Fe304 NPs was carried out according to the following procedures.
Firstly, 1.0 g of poly ethylene glycol (PEG) (Mw=4000) was added into a beak containing 40 ml of
ethylene glycol, and the solution had been heated in a oil bath for 30 min under magnetic stirring,
making PEG dissolve completely. Then 3.6 g of NaAc-3H,0O was added into the above solution under
stirring, meanwhile x ml of distilled water was introduced into the mixture solution, and stirring had
continued for 30 min to dissolve NaAc completely. The solution was transferred into a 100 mL
Teflon-lined stainless steel autoclave. The autoclave had been kept at 200 °C for 8 h before being
cooled in air naturally. Finally the products were centrifuged, washed with distilled water for several
times, and dried at 60 °C for 6 h. The resulting FesO4 samples were signified as Fe304-1, Fe304-2,
Fe304-3 when x is equal to 10, 5, 0 ml, respectively.

Synthesis of Fe30,@SiO; and Fe;O,@SiO,-NH; NPs

To synthesize Si coated Fe3O4 NPs, 1.4 g of the prepared Fe;O4-2 NPs were added to a flask
containing 5 ml of ammonia water (28 wt.%), the flask was put into a water bath, and had been
mechanically stirred at 60 °C for 15 min. Then 4 ml of tetraethyl orthosilicate (TEOS) was added to
the solution dropwise, and the reaction had continued for 8 h under stirring. The products were
obtained by magnetic separation, washed with distilled water and anhydrous alcohol for several times,
and finally dried at 60 °C for 6 h. The resulting sample was denoted as Fes04@SiO;, for the Si layer
was verified to be SiO, thereafter.

To synthesize NH,-grafted Fe;O,@SiO, NPs, 1.0 g of FesO,@SiO, NPs were added to a flask
containing a mixture solution of 40 ml of distilled water, 100 ml of isopropanol and 2 ml of
3-Aminopropyl triethoxysilane (APTES). The flask was then transferred into a water bath at 70 °C,
making nitrogen continuously flow into it, and the reaction had lasted for 6 h under mild mechanical
stirring. The resulting products were obtained by magnetic separation, washed with distilled water
and anhydrous alcohol for several times, and finally dried at 60 °C for 6 h. The obtained sample was
expressed as FezO,@SiO,-NH,.

Materials Characterization

X-ray diffraction (XRD) patterns of the samples were recorded on a powder diffractometer (D8
Advanced Diffractometer System, Bruker, Germany) using Cu Ka radiation (A= 0.1514nm) in the 26
range of 20-80°. The operating tube voltage and current were 40 kV and 40 mA, respectively. Data
were collected at a scanning speed of 0.02° min™* and a sampling angle interval of 0.02™.

The morphologies of the samples were observed by a scanning electron microscope (SEM;
JSM-6360LV, JEOL, Japan).

Fourier-transform infrared (FTIR) spectra of the samples were recorded using an FTIR
spectrometer (Spectrum One, PerkinElmer, US) with a resolution of 2 cm™ in the wavenumber range
of 400 or 600-4000 cm™.

Results and Discussion

Fig.1 shows the SEM images of Fe304-1, Fe304-2 and Fe304-3. All the samples are well dispersed
and do not aggregate. The sizes of the prepared Fe;O4 NPs range from one to several hundred nm.
For Sample Fe304-1, its shape is generally cubic, and its size is less than 150 nm. The other two
samples are spherical and the diameters of Sample Fe;04-2 and Fe;04-3 are about 200, 500 nm,
respectively. The preparation of Fe3O, samples were carried out at the same conditions except
different water quantity. In this synthesis system, ethylene glycol acts as a reductant, and increasing
water quantity reduces the concentration of ethylene glycol, thus the reductant reaction of Fe** to Fe**
is slowed down, resulting less size of the Fe3O4 NPs. On the hand, NaAc was added for electrostatic
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stabilization to prevent particle agglomeration, and PEG acts as stabilizers adsorbed on the Fe;O4
crystal facets, its concentration could affect the shape of Fe;04 to some extent [16, 17].

Fig. 1 SEM images of (a) Fe304-1, (b) Fe304-2 and(c) Fe;04-3.

Fig. 2 shows the SEM images of Fe;O,@Si0O, and Fe;0,@SiO,-NH,. Compared with Fe304-2
NPs, Fe;O0,@SiO, NPs display some obvious changes. Firstly, the diameter of Fe;O,@SiO;
becomes markedly bigger, indicating that a layer of Si has been coated on the surface of Fe;O,.
Secondly, there are lots of villous fibers on the surface of Fe;0,@SiO, NPs, which could be due to
the deposited coating. Compared with Fe3O4-2 NPs, Fe30,@SiO,-NH, NPs have much bigger
diameters, and show similar morphologies to Fe;O,@SiO, NPs. However, the Fe30,@SiO, NPs
exist as a single particle, while some Fe;0,@SiO2-NH; NPs seem to be connected each other,
suggesting that the amine groups have successfully been grafted on the Si surface of NPs and connect
the separated NPs.

Fig. 2 SEM images of (a) Fe30,@SiO, and (b) Fe3sO,@SiO,-NH,.

Fig. 3 displays the XRD patterns of the prepared Fe3zO4, Fe30,@SiO,, and Fe;0,@SiO2-NH,
NPs, which could identify crystallographic phase of the samples. All samples have typical XRD
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patterns of magnetite (JCPDS No. 19-0629) and no other characteristic peaks of impurities could be
detected, indicating that Fe304 NPs have been successfully produced. However, for the different
Fe304 NPs, the XRD patterns of the samples differ largely from each other in the intensity and
broadness of the peaks. Fe304-1 displays broad peaks with low intensity, while Samples Fe;04-2 and
Fe304-3 shows much narrower and more intensive peaks, indicating their sizes are bigger than
Fe304-1’s. Neverthless, Samples Fe;04-2, Fe30,@SiO,, Fe;O,@SiO,-NH, have almost identical
XRD patterns, and it could be attributed to the fact that they all originated from the same parent of
Fe;04-2. Based on the calculations with the Scherrer formula for the strongest (311) diffraction peak,
the sizes of the prepared Fe;O4 NPs range from 100 to 500 nm, which are in good agreement with
SEM’s results.
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Fig. 3 XRD patterns of (a) Fe304-1, (b) Fe304-2, (c) Fe304-3, (d) FesO,@SiO; and (e)
Fe3O4@Si02-NH2.

The spectra of FTIR of the Fe304-2, Fe30,@SiO, and Fe30,@SiO,-NH, samples are displayed
in Fig. 4. For Fe304 NPs, only an obvious peak at 590 cm™ is attributed to the stretching vibration of
Fe-O bonds in the crystalline lattice of Fe3O04 [4, 18]. After coating SiO, layer, two peaks appear, one
at 803 cm™ is due to the bending vibration of Si-O-Si, the other at 1050 cm™ shows a much strong
intensity, and it corresponds to asymmetric stretching vibration of Si-O-Si. The FTIR analysis
verifies again that SiO, layers have been successfully deposited on the surface of Fe3O4. The FTIR
spectra of Fe30,@SiO,-NH; reveal significant differences from that of Fe;O,@SiO,. Due to the
introduction of APTES, some new peaks emerge. The peak at 879 cm™ comes from Si-O-Si
symmetric stretching vibration. The absorption peak at 3310 cm™ is due to the N-H stretching
vibration of -NH, group, the peaks around 1380 cm™ could respond to the bending vibration of N-H
bonding, the stretching vibration of C-N bonding, and the bending vibration of C-H bonding. The
peaks at 2920 cm™ and 2850 cm™ are ascribed to the C-H (-CH, -CHjs) stretching vibration. These
absorption peaks could correspond to the matching groups in APTES molecules, indicating that
APTES react with Fe30,@SiO, and —NH; groups have been successfully grafted on the surface of
Fe;0,@SiO, NPs.
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Fig. 4 FTIR spectra of (a) Fe304-2, (b) Fes0,@SiO, and (¢) Fe30,@SiO,-NH,.

Conclusions

(1) Cubic Fe304 NPs with ~150 nm size and spherical Fe304 NPs with ~200 nm and 500 nm size
have been prepared by solvothermal method using water and EG as solvents.

(2) The sizes of Fe3O4 could be controlled by changing the ratio of water to ethylene glycol and EG
acts a reductant to reduce Fe** to Fe®* to form Fe3O..

(3) A layer of SiO, have been coated on the surface of Fe3sO4 NPs using TEOS as a modification
agent, and consequent —NH, groups have been grafted on the surface of the resulting magnetic NPs
using APTES as a modification agent.

(4) The modified Fe304 NPs maintain good dispersity, and they could act as intermediates to prepare
magnetic composites. The NH,-grafted Fe3O4 NPs could be used as absorbents for heavy metal and
biomaterials due to their good magnetic and rich -NH; groups.
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