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Magnetic mesoporous particles were synthesized and their magnetic and structural properties are
reported. The synthesis procedure consists of four steps: (i) preparation of magnetite colloidal nanopar-
ticles; (ii) growth of a silica layer; (iii) development of the mesoporous structure and (iv) template
removal. Two different methods for the template removal were studied and their effectiveness was dis-
cussed. Magnetization and Mdéssbauer spectroscopy measurements showed superparamagnetic behavior
for the particles at room temperature. X-ray diffraction and nitrogen adsorption measurements showed a
mesoporous MCM-41 structure with 2.48 nm pore diameter and 1023 m?/g total area.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In the past several years there has been increasing interest in
developing magnetic mesoporous particles, with enhanced tex-
tural properties that allow their use as adsorbents, catalysts or
drug carriers. Some of the first results on this subject were per-
formed by Kim et al. [1], who prepared mesoporous silica contain-
ing magnetite (Fes04) that was functionalized with amines and
applied to Cu?* removal from aqueous effluents. Since then, many
papers have been published regarding the syntheses of magnetic
mesoporous particles, containing iron oxides nuclei embedded in
an ordered mesoporous SiO, matrix, as discussed below.

Iron oxides are mainly chosen due to their favorable magnetic
properties, but also to their high availability, convenience of the
preparation route and biocompatibility. Both magnetite and
maghemite are ferrimagnetic, with magnetic transitions at about
800 K. Magnetite and maghemite have the highest saturation mag-
netizations among the iron oxides (90-95 emu/g and 60-80 emu/g,
respectively) [2]. MCM-41 is the preferred mesoporous structure
for the SiO, coating, as a result of its regular mesopores, whose
diameters can be tailored between 1.5 and 10 nm using different
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surfactants or co-surfactants in the synthesis process [3]. In addi-
tion, this material exhibits a very high surface area, high sorption
capacity and good thermal stability [4,5].

Many synthesis methods have been investigated such as: (i)
impregnation of iron precursors on previously synthesized
mesoporous SiO, particles, followed by thermal and/or chemical
treatment in order to produce magnetic nanoparticles, mainly
magnetite or maghemite inside the porous structure [6-10]; (ii)
coating of previously prepared Fe;04 nanoparticles with mesopor-
ous SiO,, using a cationic or neutral surfactant as template
[11-16]; (iii) reverse micro-emulsion techniques [17,18]; (iv) aer-
osol or spray-drying techniques [19-23]; (v) self-assembling
[24,25]; (vi) phase transfer method [26], among others. Using
one of these methods, or a combination of them, it has been possi-
ble to prepare particles with diameters ranging from nanometric to
micrometric dimensions, with tailored morphological, magnetic
and textural properties, according to the desired application.
Specifically for drug magnetic targeting applications, it is desirable
to produce nanosized particles, with high surface area and good
responses to an external magnetic field gradient [27-30].

Recently, Deng et al. [31] have obtained superparamagnetic
microspheres using a four-step procedure consisting of: (i) synthe-
sis of Fes04 nanoparticles with a diameter of around 15 nm; (ii)
development of a dense thin SiO, coating of ca. 20 nm; (iii) grow-
ing of a mesoporous SiO, shell whose mesopores are perpendicu-
larly aligned towards the magnetite core and (iv) template
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removal by acetone extraction. The final particles are microspheres
whose diameters are of about 500 nm, with surface areas of
365 m?/g and a saturation magnetization of 53.3 emu/g. This work
reports the synthesis of magnetic mesoporous nanoparticles using
a similar synthesis method, but producing particles with distinct
morphological features and endowed with superior magnetic and
textural properties. Two different routes for template removal
were used and this step was found to have a decisive effect on par-
ticle properties.

2. Material and methods
2.1. Preparation of magnetic mesoporous particles

The samples were prepared in three steps: (i) preparation of
colloidal iron oxide magnetic nanoparticles; (ii) coating of mag-
netic nanoparticles with a thick layer of SiO, and (iii) development
of a mesoporous structure within the SiO, shell.

A magnetic colloidal solution was prepared by addition of tet-
raethylammonium hydroxide to the aqueous mixture of ferrous
and ferric salts, according to Massart’s method [32]. Briefly,
15 mL of a HCI solution (2 mol L™!) was used to dissolve the iron
salts. Then, 3 mL of iron(Il) sulfate solution (2 mol L™!) and 10 mL
of an iron(Ill) chloride solution (1 mol L~!) were mixed under vig-
orous mechanical stirring at room temperature. An aliquot of
50 mL of tetraethylammonium hydroxide (TEAOH) was added to
the above solution until the solution reached a pH of 13. Immedi-
ately a black solution formed. After 20 min of stirring the particles
were collected by centrifugation and washed three times. The par-
ticles were then redispersed in deionized water. Some sedimenta-
tion was observed after several minutes. The precipitate was
thrown out and the black supernatant solution was kept. This sus-
pension showed good dispersibility in deionized water.

The SiO, layer was grown on magnetic particles via the Stéber
method [33]. It is known that silica-coated magnetic particles
prepared in methanol produce a large number of very small silica
particles without magnetic cores, due to methanol’s relatively
strong polarity as a solvent [34]. When ethanol is used during the
silica-coating of magnetic particles, the particles have a relatively
uniform dispersion and show typical core-shell structure with a
relatively uniform size. Thus, by decreasing the alcohol polarity from
methanol to propanol, the morphology of the obtained silica-coated
magnetic particles becomes more irregular [34]. In this work, the
ratio of ethanol to water used to prepare the sample was of 4/1.
The sample was prepared by mixing 160 mL of ethanol, 40 mL of
deionized water and 1 mL of ammonium hydroxide (25%) in a PTFE
Teflon® beaker under magnetic stirring. An 8 mL aliquot of magnetic
colloidal solution (c=0.2 gL~!) was added to the above solution.
Then, 4 mL of TEOS was added slowly while stirring, at pH less than
10, to avoid fast polymerization of SiO,.

The mesoporous structure was created using a method reported
by Botella et al. [35] for the preparation of silver mesoporous core-
shell particles. A solution was prepared with the following molar
composition: SiO,:0.11 CTABr:0.34 NaOH:395 H,0:36 ethanol.
This solution (pH 12.4) was then hydrothermally treated at
100 °C for 1.5 h in an autoclave. At the end of this process, the
pH changed to 11. Particles were centrifuged at 9000 rpm for
0.5h in an Eppendorf 5418 microcentrifuge (maximum of
1.68 x 10% g), and the solid material was taken, re-suspended in
doubly distilled water, sonicated and centrifuged several times.
The final powder was vacuum dried and kept in hermetically
sealed centrifuge tubes. The template removal was studied by
two different methods:

(i) Solvent extraction: the magnetic mesoporous particles were
dispersed in the azeotropic mixture of ethanol/heptane at a

1:1 ratio and kept at 80 °C for 20 h. This procedure was
repeated twice.

(ii) Calcination: the sample was calcined for 1 h at 300 °C under
N, at a flow rate of 60 mL min~'. To reach the desired tem-
perature, the heating rate was set to 2 °C min~'. This tem-
perature was chosen in order to minimize agglomeration
caused by sintering of the particles.

2.2. Characterization

Low and high angle X-ray diffraction (XRD) measurements were
performed on a Shimadzu XRD6000 diffractometer operating with
a Cu anode at 40 kV and 30 mA. Magnetic measurements were per-
formed in a squid magnetometer from Quantum Design. The zero
field cooled (ZFC) and field cooled (FC) measurements were per-
formed at a field of 100 Oe. To image the particles, a Hitachi field
emission scanning electron microscope was used. The particle size
distribution was obtained from a Malvern dynamic light scattering
(DLS) equipment. Thermogravimetric (TG) analyses were carried
out in a Shimadzu TGA-50 instrument using a nitrogen flow. Fou-
rier transformed infrared spectra (FTIR) were collected in a Perkin-
Elmer Spectrum BX spectrometer. N, adsorption isotherms were
determined at 77 K, after vacuum pretreating the samples at
323 K for 12 h in a Micromeritics ASAP2020 automated sorptome-
ter. Mdssbauer spectroscopy measurements were performed in
transmission mode using a >’Co:Rh source set in a sinusoidal
mode. Mdssbauer measurements were performed at room temper-
ature and the spectra were analyzed using the software Normos
99. The reported isomer shift is relative to bcc iron at room temper-
ature. Transmission electron microscopy (TEM) and electron-
energy-loss spectroscopy (EELS) were done using a Carl Zeiss
CEM-902 microscope equipped with a Castaing-Henry-Ottesmey-
er energy filter within the column. Samples were prepared by plac-
ing a droplet of diluted particle dispersion on a parlodion-carbon
coated microscope grid and drying under air.

3. Results and discussion
3.1. Iron oxide nanoparticles

The XRD pattern of the iron-oxide particles showed peaks that
could be indexed either to magnetite (Fes04) or to maghemite
(v-Fe,03). These iron oxides are ferrites with inverse spinel struc-
ture. Because of their structural similarities, these two iron oxides
are difficult to distinguish by X-ray diffraction. The indexes used to
label the XRD peaks in Fig. 1 are based on magnetite.

Additionally, the XRD pattern shows a non-flat background that
seems to have a maximum at about 20° (26), which is very close to
the peak (101) of poorly crystalline goethite (3-FeOOH) [36]. The
iron oxide nanoparticle diameter for the sample was 8.1 nm as ob-
tained by an integral breadth analysis of the XRD peaks.

Magnetization versus field (M x H) measurements were per-
formed at room temperature and at 2 K as shown in Fig. 2. The
room temperature magnetization measurement showed a satura-
tion magnetization of about 60 emu/g and a coercive field of 10
Oe. The low temperature measurement showed a hysteretic behav-
ior with a coercive field of 280 Oe. These measurements demon-
strated a flat behavior in the high field region. The low
temperature saturation magnetization was of 76 emu/g.

The saturation magnetization for bulk magnetite ranges from
90-95 emu/g. The low saturation magnetization for this sample
can be explained by considering that there might be a small
fraction of a non-magnetic phase particles or that there might be
canted surface spins [37]. As shown above in the XRD pattern,
the broad peak could be related to a poorly crystalline goethite.
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Fig. 1. X-ray powder diffraction of iron-oxide particles with peaks labels related to
magnetite. The inset shows the fit to determine the particle size.
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Fig. 2. M x H magnetization measurements for the iron-oxide nanoparticles at
different temperatures.

Bulk goethite is an antiferromagnetic material with a Néel temper-
ature of 410 K [36].

Mossbauer spectroscopy (MS) is a technique that provides
important information about the state of the iron nuclei. Interpre-
tation of the hyperfine parameters provides information about the

iron oxide phases and about their magnetic behavior. The MS mea-
surement was performed at room temperature, and it showed a
Zeeman-split spectrum with broad lines superposed on an unre-
solved background (Fig. 3).

The spectrum was fit to a distribution of magnetic hyperfine
fields (Fig. 3b). The mean hyperfine magnetic field was approxi-
mately 47 T and the average isomer shift was 0.46 mm/s. There
were no paramagnetic components. The unresolved background
that appears in the distribution field for values smaller than 40
T could be related to the amorphous phase seen in the XRD
measurements. Hyperfine field for bulk magnetite at room
temperature ranges from 46 to 49 T, while for maghemite and
goethite hyperfine fields are 50 and 35 T, respectively. The
XRD, magnetization and Mossbauer spectroscopy measurements
suggest that magnetite comprises a significant fraction of the
sample.

3.2. Magnetic mesoporous particles

Although the Stober method was developed to prepare spheri-
cal SiO, particles, in the current study this method was applied
to deposit a SiO, layer on the magnetite particles. DLS (dynamic
light scattering) measurements were performed to determine the
particle size distribution, as shown in Fig. 4.

DLS is a useful technique for measuring the size of submicron
particles. The intensity in scattering experiments depends on time,
since the particles are in constant random motion. The intensity
time dependence can be used to measure the diffusion coefficient
of the particles and from this, the particle size can be determined.
The intensity distribution is weighted according to the scattering
intensity of each particle fraction, and the particle scattering inten-
sity is proportional to the particle size. As such, the intensity distri-
bution can be somewhat misleading, in that a small amount of
aggregates or larger particles can dominate the distribution. In or-
der to clarify this, both the intensity distribution (Fig. 4a) and the
volume distribution (Fig. 4b) were plotted as a function of particle
size. The volume distribution was provided by the Malvern equip-
ment software.

Considering the volume distribution curve (Fig. 4a), it is clear
that the small peak located at 75 nm is five times larger than the
peak observed at the same position in the intensity distribution
curve (Fig. 4b). Calculation of the relative contribution shows that
the particles with main size of 220 nm represent 89% of the total
particles. This result indicates that the scattering intensity mainly
comes from the big particles.
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Fig. 3. Mossbauer spectroscopy measurements for the iron-oxide particles: (a) Mossbauer spectra and (b) distribution of magnetic hyperfine fields.
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Fig. 4. Particle size distribution of the as-prepared magnetic mesoporous particles as determined by DLS: (a) intensity versus size; (b) volume fraction of particles versus size.

Transmission electron microscopy images of this sample
showed the formation of aggregates (Fig. 5a). To further analyze
the magnetic mesoporous particles, EELS was carried out. Fig. 5b
shows L3 absorption peaks for Fe and Si in Fe304 and SiO,, respec-
tively. The Fe spectra exhibit two main lines labeled L; and L,
which correspond to excitations from the spin-orbit split levels
2psp2 and 2p, ), followed by a steady plateau with very weak oscil-
lations [38]. The Si spectra exhibit similar features as amorphous
SiO; [39]. These measurements confirm the presence of the iron-
oxide nanoparticles in the mesoporous particles.

The preparation of the mesoporous structure relies on the
method used by Botella et al. [35]. CTABr micelles were used as
templates to develop the porous structure. In the production of
MCM-41 bulk materials, calcination at high temperature under
air flow is the preferred method to remove the template, but, for
nanoparticulated systems, this method has the disadvantage of
producing aggregates. Thus, after developing the porous structure,
the surfactant removal is a key step. To achieve this goal two meth-
ods were investigated. First, a solvent extraction method was at-
tempted and, second, sample calcination under a N, flow was
also tried.

In order to compare the efficiency of the template removal
methods, TG/DTG experiments were carried out and the results
are shown in Fig. 6.

For the as-prepared sample three regions of weight loss were
observed: (i) from 25 to 125 °C, assigned to physisorbed water
(3.03%); (ii) from 125 to 335 °C, due to the degradation of the or-
ganic template (CTA") interacting with silanol groups of the SiO,
matrix (28.64%) and (iii) from 335 to 725 °C, attributed to thermal
decomposition of carbonaceous residues (6.59%) and to silanol
conversion to siloxane. This attribution is in accordance with pre-
vious data reported for MCM-41 bulk material [40].

For the solvent extracted sample, the same regions were ob-
served and the weight losses were not significantly different from
that for the as-prepared sample, corresponding to only 4.5%. Usu-
ally this method is used with a solution containing ethanol, hep-
tane and HNOs or HCI [41], but removal of the surfactant with
acidified ethanol could not be used in the present experiments be-
cause it would dissolve the iron-oxide nanoparticles. For the cal-
cined particles, it was only observed a weight loss of 6.37% in the
region “iii”, indicating that some carbonaceous residues are still
present.
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Fig. 5. (a) TEM image of the as-prepared magnetic mesoporous particles and (b) EELS spectra taken on the L,3 edges for Fe and Si.
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Fig. 6. Thermogravimetry (weight and differential signal, TG/DTG) profiles for the as-prepared, extracted and calcined samples.

These findings were further confirmed by FTIR spectroscopy, as
can be seen in Fig. 7. Spectra baselines have been shifted in order to
facilitate signals identification. The calcined sample FTIR spectra
showed very low intensity peaks for the symmetric and asymmet-
ric CH, stretching modes located at 2853 cm~! and 2920 cm™}, as
well as for the CH, bending mode at 1475 cm~'. These modes are
related to the surfactant tail and their intensities are related to
the surfactant concentration. Additionally, bands can be observed
at ca. 3400 and 1650 cm™! due to the stretching and bending of
O-H bonds; at 1222 and 789 cm™~', due to the external vibrations
of Si0, chains; at 1066 and 720 cm™' due to internal vibrations
of SiO,4 units; at 962 cm™!, due to asymmetric Si-O vibrations adja-
cent to sylanol groups; at 580 cm~! due to the presence of double
ring vibrations and 454 cm~! due to the angular bending of Si-O
units [42,43]. Magnetite usually presents bands at 570 and
375 cm™!, due to Fe-O vibrations in tetrahedral and octahedral
sites, respectively [44]. However, in the spectra of Fig. 7, such
bands could not be observed because they are probably overlapped
by the bands of SiO,.

Even though the calcination temperature was mild, aggregation
of the particles was observed. The DLS curve for the calcined sam-
ple showed a large peak at about 312 nm (Fig. 8).

Further evidence for the particle size enhancement was ob-
tained by electron microscopy, in which images showed formation
of aggregates of mesoporous particles (Fig. 9a). Small bright spots
are discerned in the gray areas, with diameter in the 2-3 nm range
(Fig. 9b), in agreement with the adsorption measurements.
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Fig. 7. FTIR spectra for the as-prepared, extracted and calcined samples.
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Fig. 8. Particle size distribution for the calcined magnetic mesoporous particles as
determined by DLS.

Energy-filtered imaging in the transmission electron micro-
scope, EFTEM, can be used in the low-energy-loss region to provide
information on the distribution of chemical constituents within
large particles and particle aggregates, as reported recently [45].
Inner morphological features which cannot be observed in
bright-field mode are easily detected using low-energy-loss images
from the same field. The elemental maps images were also ob-
tained for Fe and Si using the iron L-edge and the silicon L-edge.
The energy-selecting slits were set at 99 eV for Si-L,3, 708 eV for
Fe-L; and 721 eV for Fe-L,, using the three-windows method.

The bright-field image in Fig. 10 shows connected dark and gray
domains. Bright areas in the Si map are dull in the Fe map and vice
versa. The silicon map shows a bright matrix with many dark spots,
while the iron map shows many bright spots within a dark matrix,
indicating that iron oxide separate nanoparticles as well as aggre-
gates are dispersed in the silica environment.

The low angle XRD pattern for the mesoporous particles con-
sisted of two peaks. The first peak is located at 2.45° (digo=
3.6 nm) and the second one is almost unresolved at 4.75° (dy¢ =
1.86 nm). These peaks are in agreement with the expected pattern
for the MCM-41 material that usually shows a sharp peak between
2.1° (dy0o = 4.21 nm) and 2.5° (d100 = 3.53 nm) [46]. Peak broaden-
ing is usually seen in structures with wormhole pore arrangements
[47]. From the position of these peaks the cell lattice parameter
was calculated to be approximately 4.7 nm. To enhance peak
intensity in the XRD pattern, the intensity data were multiplied
by 20 and plotted against 20 (inset in Fig. 11).
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Fig. 9. TEM images of the calcined magnetic mesoporous particles showing: (a) larger aggregates formed after calcination and (b) porous nature of the silica matrix.

Fig. 10. (a) Bright-field image; (b) EFTEM (25 eV energy loss); (c) Si map and (d) Fe map for the calcined magnetic mesoporous particles.
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Fig. 11. XRD pattern of calcined mesoporous particles. The inset shows: (Inten-
sity x 20) versus 20.

Examination of the samples by nitrogen sorption, Fig. 12, re-
sulted in type IV isotherms (Fig. 12a) with pores of about
2.48 nm diameter (Fig. 12b), as determined by the Barrett-Joy-
ner-Halenda (BJH) method. The high porosity indicated by the hys-
teresis at high relative pressures correlates to a specific surface
area of approximately 1023 m?/g. The large surface area and pore
volumes determined by nitrogen sorption provide additional evi-
dence for the successful removal of the template.
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The magnetization versus temperature DC measurements for
this sample showed a ZFC magnetization peak temperature at
95K, and a ZFC and FC bifurcation temperature at about 200 K
(Fig. 13). For a superparamagnetic system with a very narrow par-
ticle size distribution, the peak in the ZFC magnetization defines
the blocking temperature and is normally very close to the bifurca-
tion temperature between the ZFC and FC curves. In the present
sample the bifurcation temperature is almost 100 K away from
the ZFC peak temperature. This reflects the presence of a particle
size distribution and interaction effects among the particles. In
fact, the dipolar magnetic interaction can shift the blocking tem-
perature to higher temperatures [48].

Magnetization versus field measurements at 5 K did not show
magnetic saturation and the ferromagnetic loop showed a non-flat
behavior even at fields as high as 5 T. The coercive field was 490 Oe
and its magnetization at a field of 5 T was about 1.9 emu/g. At
300 K the loop showed a negligible coercive field and a negligible
remanence. The higher coercive field might be related with mag-
netic pinning effects at the interface between the magnetite and
the SiO, mesoporous structure. The surface spins would have such
an effect on the core, avoiding the possibility of the core spins to
rotate. Similar behavior was recently observed in maghemite
nanoparticles embedded in a SiO, matrix [49].

The magnetization at high field showed a flat behavior and a
magnetization at 5 T equal to 0.6 emu/g. This small value of the
magnetization is due to normalization by the total mass. Similar
values for the high field magnetization in the 300K M x H
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Fig. 12. (a) Nitrogen adsorption and desorption isotherms and (b) pore size distribution for the calcined magnetic mesoporous particles.
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Fig. 14. Mossbauer spectroscopy measurements performed at room temperature
for calcined magnetic mesoporous particles.

measurement were reported for SiO, coated magnetite particles.
However, in that case the particles were not submitted to any ther-
mal treatment [50].

Although the iron-oxide particles reported here have a mean
diameter of 8.1 nm, their magnetic relaxation time would be differ-
ent based on the size distribution, morphology and interaction ef-
fects. The critical size for a single magnetic domain depends on
several factors, including particle size and shape. For most mag-
netic particles, estimates of the single domain to multi domain
transition size are based on theoretical calculations. For magnetite
(assuming a particle spherical shape) the best estimate for the
transition size is about 80 nm [51]. Also, it was reported that the
maximum critical diameter for a single domain particle of magne-
tite and maghemite is in the range of 30-100 nm [52].

The Mossbauer spectrum recorded at room temperature
(Fig. 14) shows only a paramagnetic component caused by mag-
netically unblocked particles.

The phenomenon of superparamagnetism in Mdssbauer spec-
troscopy originates from the thermal fluctuations of fine particles
that cause the direction of the associated magnetic moments to
vary with a relaxation frequency that depends upon the particle
size, anisotropy energy and temperature. If the relaxation fre-
quency is greater than the Larmor frequency of the >’Fe probe
(approximately 108 s~ ') the magnetic hyperfine splitting collapses
and turns into a paramagnetic sub-spectrum. Around the
Mossbauer blocking temperature, the relaxation frequency ap-
proaches the nuclear Larmor frequency and the spectrum should
be composed of two sub-spectra, including a broad sextet related
to the blocked particles and a paramagnetic sub-spectrum related
to the unblocked particles (each one having a relative absorption
area of around 50%). This result is in agreement with the M x T
measurements.

4. Summary

Magnetic mesoporous particles with unprecedented but desir-
able properties were synthesized by a simple four-step procedure.
Solvent extraction was not efficient for template removal and cal-
cination showed to be a better route, despite causing some nano-
particle aggregation. Composite particle size is about 300 nm and
total surface area is 1023 m?/g showing superparamagnetic behav-
ior at room temperature. This composite offers many possibilities
to tailor the material for a wide range of applications including
hydrophilic and hydrophobic drug carrying therapies via magnetic
targeting as well as selective drug extraction from complex biolog-

ical environments, offering a combination of high load with narrow
pore size distribution.
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