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Abstract

Magnetite nanoparticles coated with (3-aminopropyl)triethoxysilane, NH>(CH,);Si(OC,Hs);, were prepared by
silanization reaction and characterized by X-ray diffractometry, transmission electron microscopy, atomic force
microscopy, Fourier transform infrared spectroscopy and magnetization measurements. Both uncoated and
organosilane-coated magnetite exhibited superparamagnetic behavior and strong magnetization at room temperature.
Basic groups anchored on the external surface of the coated magnetite were observed. The superparamagnetic particles
of coated magnetite are able to bind to biological molecules, drugs and metals and in this way remove them from

medium by magnetic separation procedures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Modified magnetic materials are nowadays well-
known and have been investigated intensively
due to their potential applications in many areas,
such as biology, medicine and the environment.
These applications include enzyme and protein
separations, RNA and DNA purifications [1-3],
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magnetic resonance imaging (MRI) techniques for
cancer diagnosis, and cancer therapy such as
magnetically controllled drug carriers and hy-
perthermia [4-8]. Another important example is
removal of toxic elements from industrial wastes
[9-12]. Modified magnetic materials are composed
of an iron oxide core coated with organic or
inorganic molecules, which form a chemical bond
with the core surface. The iron oxide core is
obtained as a fine powder containing nanometer-
sized particles and presents superparamagnetic
behavior. Functional groups tailored for specific
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tasks are anchored as an organic molecule shell
around of the core. These particles are capable of
forming stable aqueous suspensions and may be
easily redispersed after agglomeration in the
presence of a magnetic field.

In the present study, we report the preparation
of superparamagnetic magnetite particles that
were coated with (3-aminopropyl)triethoxysilane,
NH,(CH,);Si(OC,H5s);. This organosilane can
bind to a metal oxide by adsorption or covalent
bonding, and through the active amino group in its
structure is able to combine with biomolecules,
drugs and metals. This paper provides a detailed
study of the preparation and characterization of
the silanized magnetite nanoparticles.

2. Experimental

2.1. Preparation of magnetic nanoparticles and
coating procedure

Magnetite particles were prepared by the
coprecipitation method, by adding a 5 mol/l
NaOH solution into a mixed solution of
0.25 mol/1 ferrous chloride and 0.5 mol/l ferric
chloride (molar ratio 1:2) until obtaining pH 11 at
room temperature. The slurry was washed repeat-
edly with distilled water. Then particles were
magnetically separated from the supernatant and
redispersed in aqueous solution at least three
times, until obtaining pH 7. After that, the surface
of these particles was coated with (3-aminopro-
pyDtriethoxysilane (APTES) by a silanization
reaction in order to obtain modified magnetic
particles. The procedure consisted of heating the
magnetite suspension with glycerol and 40 ml of a
10% water solution of APTES (pH 4.0, adjusted
with glacial acetic acid) on a water bath for 3 h. In
the sequence, after magnetic separation, the
silanized magnetite particles were thoroughly
washed with distilled water and dried, yielding a
fine powder.

2.2. Characterization

The crystalline phases were identified by means
of X-ray diffraction measurements using Cu Ku

radiation (4 =1.5406 A) at 40 kV/40 mA on
Rigaku RINT 2000/PC diffractometer, in the
Bragg-Bretano geometry in the 20 range of 10-90°,
in steps of 0.02°, and with a counting time of 10 s
per step.

The particle size and morphology of the
modified particles were obtained using a Jeol-
2000EX transmission electron microscope (TEM).
Atomic force microscope (AFM) images of the
APTES-magnetite particles were obtained using a
PicoSPM equipment from Molecular Imaging,
employing MAC® Mode with Type II MAClIe-
vers, (k~28 N/m; f~60kHz), at a typical
amplitude setpoint of 6.56 V under ambient
conditions. The samples were prepared by depos-
iting microvolumes of the APTES-magnetic parti-
cle solution onto high-grade mica and allowing to
dry in a laminar flow clean chamber at room
temperature. Sample preparation was also carried
out in a similar way, but applying a strong
magnetic field (0.3 T) parallel to the flat mica
surface, along with the drying process.

Fourier transform infrared (FTIR) spectrum
from the KBr pellet with APTES-magnetite
particles was recorded on FTIR spectrometer
Nicolet, Nesus 670.

Magnetization measurements were obtained at
room temperature in magnetic fields up to 10 kOe
using a vibrating sample magnetometer (Princeton
Applied Research, model 530).

3. Results and discussion
3.1. Preparation of magnetic nanoparticles

The coprecipitation process to obtain magnetite
particles, Fe;Oy4, through reaction (1) was carried
out in an aqueous medium. Magnetite nanoparti-
cles are very sensitive to oxygen, and in the
presence of air some might undergo oxidation to
Fe(OH); as shown in reaction (2) [13], or to
maghemite (y-Fe,O3) phase according to reaction
(3). The formation of hematite (a-Fe,O3) is more
difficult than that of the maghemite phase,
occurring only under thermal dehydration condi-
tions. Furthermore, small amounts of O, in water
could easily oxidize the Fe** species to Fe''
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through reaction (4) becoming a favorable envir-
onment for the production of Fe(OH); or y-Fe, O3
through reactions (5) and (6), respectively. The
formation of these iron species is strongly depen-
dent of the reaction kinetics and reaction tem-
perature. Depending on pH of the aqueous
solution containing Fe** ions, it is still possible
to form goethite, a-FeOOH, through reaction (7)
or by hydrolysis through reaction (8). The final
product obtained from the coprecipitation of the
present work was dense, black and magnetic.
Considering those physical aspects, the final
product can be identified as magnetite particles.

Fe’* + 2Fe** 4+ 8OH™ — Fe;04 + 4H,0, (1)
Fe;04 + 10, + 4.5H,0 - 3Fe(OH);, )
2Fe;04 + 4 0, - 3Fe,0s, 3)
Fe’* +1H,0 +10,>Fe’* + OH ™, 4)
Fe'™ 4+ 30H™ - Fe(OH),, (5)
2Fe*t + 60H™ - y-Fe,0; + 3H,0, (6)
Fe’** + 30H™ —a-FeOOH + H,O0, (7)
Fe’* + 2H,0 - a-FeOOH + 3H™. (®)

3.2. Coating procedure by silanization reaction

The process of surface modification by silaniza-
tion reaction is very complex. Experimental para-
meters such as reaction time, temperature, silane
concentration and functional nature influence the
reactivity of the silane molecule to the inorganic
surface. The reaction between an alkoxysilane and
a solid material does not involve a single mechan-
ism, and many different intermediates are possible
[14,15]. In this study, an acidic aqueous silaniza-
tion procedure was used to deposit aminopropy-
lalkoxysilane on the surface of the magnetite core.
In a simplified scheme, the silanization reaction
occurs in two steps. First, the organosilane is
placed into an aqueous solution of an acid that
acts as a catalyst. It is hydrolyzed, and a
condensation reaction occurs to form a silane
polymer [16]. In the hydrolysis reaction (Fig. 1),

NHz  NH,
H,0 ) !
2 NHZ/\/\g (OCoHs)s —;» HO -?—o—s —0-, 2CHsOH + H,0

OH OH

Fig. 1. Simplified reaction of hydrolysis and condensation with
production of silane polymer.

NHz, NHp NH NU2 N2
N I N 2% 2’§2 HO 5% O{S/OH‘I
? + ? + Ho-s'-o-si-o—s'—OHA» T ’\O/O?\
magnetite lOH OH !)H 0 (IJ [ ?
magnetite

Fig. 2. Scheme of the simplified silanization reaction of (3-
aminopropyl)triethoxysilane on the magnetite surface.

alkoxide groups (—OC;Hs) are replaced by
hydroxyl groups (OH) to form reactive silanol
groups, which condense with other silanol groups
to produce siloxane bonds (Si—O-Si). Alcohol
(C,H50H) and water are produced as by-products
of condensation.

In the second step, the polymer associates with
the magnetite crystallites (or surface clusters)
forming a covalent bond with OH groups.
Dehydration as well as adsorption of silane
polymers to the metal oxide occurs. Fig. 2 shows
the formation of the idealized nanoparticle of
modified magnetite, i.e., APTES-magnetite [17,18],
through dehydration reaction. The final product
obtained from the silanization reaction in this
work was dense, black and exhibited strong
magnetization under a magnetic field.

3.3. X-ray diffraction

Fig. 3 shows the results of X-ray diffraction
analysis for the precipitated and silanized powders.
Patterns of iron oxides and oxyhydroxide products
of the JCPDS database were included for compar-
ison. Both magnetite and maghemite have a spinel
structure. Their lines are close and it is difficult to
distinguish them from one another by X-ray
diffraction pattern. The absence of lines 110 (d =
4183 A at 20 =21.22°) and 104 (d =2.700 A
at 20 = 33.15°) indicates that both goethite and
hematite were not formed. Peaks of Fe(OH); (d =
3.376 A at 20 = 26.38°) as well as other phases
of iron oxide hydroxides, y-FeO(OH) and
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Fig. 3. X-ray powder diffraction patterns of magnetite and
APTES-magnetite nanoparticles and patterns of oxides and
oxyhydroxides from the JCPDS-ICDD database.

8-FeO(OH) (not shown in Fig. 3) were not
detected. As shown in Fig. 3, magnetite consti-
tuted the dominant phase in the precipitated and
silanized powders, although trace amounts of
maghemite may probably have formed as con-
taminants during the coprecipitation and silaniza-
tion processes. Maghemite is brown, very different
from black magnetite, but when present in trace

amounts in a magnetite sample it is impossible to
distinguish it by color.

The crystallite size was estimated by X-ray
powder diffraction patterns from measurement of
the half-height width of the strongest reflection
(311) plane, using the well-known Scherrer for-
mula [19]. Both magnetite and APTES-magnetite
nanoparticles exhibited sizes equal to 12 nm.
When the particles are submitted to a thermal
treatment, the crystallite can grow in size and
modify its physical properties. The same size
was found for magnetite and APTES-magnetite
crystallites, indicating that the heating on
a water bath for 3 h during the silanization
reaction was not sufficient to cause growth and
therefore affect the physical properties of the
magnetite particles.

3.4. Transmission electron micrograph and atomic
force images

In order to obtain more direct information on
particle size and morphology, a TEM micrograph
(not shown here) of APTES-magnetite particles
was done. Particles with an approximate spherical
shape and an average diameter of 15 nm were
observed. This may be considered as indirect
evidence that the magnetite core of the APTES-
magnetite particles consisted of a single magnetite
crystallite with a typical diameter of 12 nm, and
that the difference of 3 nm corresponds the
APTES-coating.

100 200 300 400 200 300 400

nm nm

Fig. 4. MAC@ mode AFM images of films of APTES-
magnetite nanoparticles obtained by depositing a microvolume
of the colloidal solution the onto high-grade mica and allowing
to dry at room temperature in a clean laminar flow chamber, in
the absence (left) and the presence (right) of a parallel magnetic
field (0.3 T).
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MAC® Mode AFM topography images of the
films deposited in the absence of magnetic field
(Fig. 4, left) show a peripheral distribution of
nanosized particles (15-20 nm) around large
clusters of variable size, reflecting the aggregation
phenomena accompanying the drying process.
These images complement the TEM and
X-ray data, exposing the external organosilicon
shell involving the magnetic nanoparticles,
rather than the magnetite cores. An interesting
result was obtained in the presence of a strong
magnetic field (Fig. 4, right). In this case, the
aggregates were much more uniform and formed
round shaped clusters of about 30 nm, consistent
with the association of three or four individual
particles.

3.5. FTIR spectrum

In order to confirm the coating of the magnetite
surface through the silanization reaction, an FTIR
spectrum of the APTES-magnetite was obtained
(see Fig. 5). The presence of magnetite nanopar-
ticles can be seen by two strong absorption bands
at around 632 and 585 cm~!. These bands result
from split of the v; band at 570 cm~!, which
corresponds to the Fe—O bond of bulk magnetite
[20,21]. Furthermore, an adsorption band was
observed at around 440 cm~!, which corresponds
to the shifting of the v, band of the Fe—O bond of

APTES-magnetite

transmittance, %
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Fig. 5. FTIR spectrum of APTES-magnetite nanoparticles.

bulk magnetite (at 375 cm™') to a higher wave-
number.

The silica network is adsorbed on the magnetite
surface by Fe—O-Si bonds. This adsorption band
cannot be seen in the FTIR spectrum because it
appears at around 584 cm~! and therefore over-
laps with the Fe-O vibration of magnetite
nanoparticles [22,23]. So, the adsorption of silane
polymer onto the surface of magnetite particles
was confirmed by bands at 1113, 1048 and
989 cm~! assigned to the SiO-H and Si-O-Si
groups. The absorption bands at 922 and
862 cm ! revealed the presence of Si-O—H stretch-
ing and OH vibrations on the surface of magnetite.
The two broad bands at 3417 and 1625 cm™! can
be ascribed to the N-H stretching vibration and
NH; bending mode of free NH, group, respec-
tively [17,24]. Furthermore, hydrogen-bonded
silanols also absorb at around 3200 and
3470 cm~! [17,25]. The presence of the anchored
propyl group was confirmed by C-H stretching
vibrations that appeared at 2930 and 2862 cm™.

3.6. Magnetic measurements
The APTES-magnetite nanoparticles exhibited a

strong magnetization in the presence of a magnetic
field. They presented a good magnetic response,

Fig. 6. APTES-magnetite nanoparticles being attracted by a
magnet.
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Fig. 7. Magnetization curves of magnetite and APTES-
magnetite particles at 300 K.

being easily attracted by a magnet as is shown in
Fig. 6.

In order to study their magnetic behavior,
magnetization measurements were performed. As
can be observed in Fig. 7, the magnetization curves
measured for uncoated magnetite and APTES-
magnetite nanoparticles showed no hysteresis and
were completely reversible at 300 K. Neither
coercivity nor remanence were observed. Nano-
particles exhibited typical superparamagnetic be-
havior [26, p. 411], a feature that is actually in
accordance with what should be expected from
their particle size.

Magnetic particles of size below a critical
diameter exhibit superparamagnetism [26, p.
386]. An approximated value of superparamag-
netic critical size, D,, for spherical magnetite
particles was calculated from the expression,
Vpx~25kT/K, where k is Boltzmann constant,
K = anisotropy constant (Fes04 = 1.1 %
103 ergs cm~3) [26, p. 234] and T is the absolute
temperature. For 300 K, the estimated D, was
equal to 26 nm. The magnetite crystallites of the
particles studied in this work have a diameter
equal to 12 nm, which is below D, (26 nm) and
thus ensuring superparamagnetic behavior.

Another important parameter for practical
applications of coated-nanoparticles is their mag-
netization. Due to the asymptotic increase of
magnetization for high fields (see Fig. 7), the
saturation magnetization value can be obtained

59 =
S 64 magnetite
=)
£
)
63
58 =
&)
3 1.0x10™ 1.2x10% 1.4x10*
g 1/H (1/0e)
= 574
APTES-magnetite
56 . . : i :
1.0x10 1.2x10* 1.4x10*
1/H (1/Oe)

Fig. 8. Magnetization curves of magnetite and APTES-
magnetite particles against the reciprocal of the applied field
at 300 K.

from the fitting of the M vs. 1/H -curves,
extrapolating the magnetization value to 1/H =
0 [27]. According to Fig. 8, the saturation
magnetization for magnetite particles is
68 emu g~!, which is lower than that of bulk
magnetite (92 emu g~!) [26, p. 190]. It is reported
in the literature that saturation magnetization of
ferrite nanoparticles sharply decreases with de-
creasing particle size, but the nature of this
phenomenon is not clear and is still a matter of
investigation. This decrease in saturation magne-
tization can be attributed to surface effects such as
magnetically inactive layer containing spins that
are not collinear with the magnetic field [28-31]. In
our case, a small further reduction could be related
to the contribution of a trace amount of maghe-
mite in the total mass, which has bulk material
value equal to 76 emu g~' [26, p. 201]. This reduc-
tion might suggest a mixture with the maghemite
phase. Discrepancies in the saturation values of
magnetization reported by different groups may be
explained by variations in the methods employed
to synthesize magnetite, which can generate
different particle sizes, magnetite surfaces and
chemical compositions [32]. The saturation value
obtained herein is consistent with the range of
values reported in the literature [10,18]. The
saturation magnetization of APTES-magnetite
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particles (62 emu g~ '), obtained from the fitting of
the M vs. 1/H curve shown in Fig. 8, is smaller
than that of the magnetite by a factor of 9%. This
can be considered an indication that the formation
of the APTES coating contributes as a nonmag-
netic mass to the total sample volume.

From the slope of the magnetization curve near
H =0, the diameter of the superparamagnetic
magnetite particles can be estimated according to
the expression [33]

18KT(dM /dH)\
Dmag = Tw P

where k is the Boltzmann constant, 7 is the
absolute temperature, (dM/dH), is the initial
slope of the magnetization curve near the origin,
p is the density of Fe304(5.24 g cm™) [26, p. 190],
and M, is the saturation magnetization. Taking
the saturation magnetization obtained for magne-
tite (68 emu g~!'), a diameter equal to 11 nm was
found, which is smaller than that obtained by
TEM or X-ray diffraction. This difference could
result from the extrapolated saturation magnetiza-
tion value and from particle surface effects such as
magnetically inert layer. The density of the
magnetite, used for calculation, does not necessa-
rily correspond to that of the true phase composi-
tion and this may have also contributed to the
discrepancy.

4. Conclusions

In this work, an easy and effective method of
preparation of modified magnetite nanoparticles
with APTES in order to produce a superparamag-
netic material with the required properties for
technological applications is described. The results
showed that heating of magnetite nanoparticles
during the silanization reaction did not affect
either particle size or their magnetic properties.
The APTES-magnetite nanoparticles exhibited
superparamagnetic behavior and their value of
saturation magnetization was slightly lower than
that of the magnetite nanoparticles; these were
roughly spherical in shape and were around 15 nm
in diameter. This value is very close to the size of
magnetite crystallite, suggesting the formation of a

continuous and very fine layer of silane on the
surface of the magnetite core. The formation of
pure magnetite nanoparticles was not proved, but
the important result in this work is the fact that the
final product exhibited strong magnetization. The
APTES-magnetite nanoparticles, due to their
superparamagnetic properties, high value of sa-
turation magnetization and basic groups of amino
and hydroxyl anchored on the external surface,
can be used in many technological applications
such as in decontamination of effluents produced
by industries and nuclear power plants as well as in
various bioprocesses.
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