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a b s t r a c t

In this study we report on the synthesis and characterization of both silica-coated and aminopropyl-
silica-coated maghemite nanoparticles of different particle sizes by one-step reaction of an alkaline
aqueous-based dispersion of maghemite nanoparticles (7–10 nm). The nanoparticle surface coating was
performed using tetraethoxysilane. The influence of reaction time, amount of maghemite nanoparti-
cles and tetraethoxysilane employed in the synthesis upon the composition and morphology of the
as-prepared samples and on the colloidal dispersion properties produced from them was investigated.
The weight percentage of silica in the composite samples varied from 5.4 to 94% depending on reac-
tion conditions. When very low amount of maghemite nanoparticles is present in the reaction mixture,
large and nearly spherical-shaped multicore maghemite–silica particles (60–80 nm) are predominantly
formed. On the other hand, when high amounts of maghemite nanoparticles are employed, smaller

core–shell particles and non-spherical aggregates of them were observed. The silica-coated maghemite
particles showed negative zeta potential values for their neutral aqueous dispersions while improved
colloidal stability (stable magnetic fluid samples) was observed for small-sized suspended particles. In
turn, the aminopropyl-silica-coated maghemite particles showed positive zeta potential values greater
than +30 mV only for acidic aqueous dispersions and the colloidal stability also varied according to the

particle size.

. Introduction

A wide variety of applications involving superparamagnetic
ron oxide (SPIO) particles are related to stable colloidal disper-
ions of nanosized particles in a continuous liquid phase named
agnetic fluid (MF). Each particular application demands nanopar-

icle’s production with specific characteristics, taking into account
he chemical and structural stabilities of the core as well as the
hysico-chemical properties of the shell. The nanoparticle shell
lays multiple functions, such as protecting the magnetic core
gainst phase changes, improving colloidal stability, and incorpo-
ating surface functionality. Furthermore, the presence of reactive
hemical groups on the nanoparticle surface allows for instance
onjugation of biomolecules, fluorescent probes, and drugs. Silica

nd organo-functionalized silica have been pointed out as a con-
enient surface coating for SPIO particles [1,2]. Typically, there are
wo methods to prepare silica-coated magnetite or maghemite par-
icles. One of them is based on a microemulsion approach using
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tetraethoxysilane [3–5] and the other is based on the Stöber pro-
cess in which silica is formed by the hydrolysis and condensation
of tetraethoxysilane in an aqueous solution containing ethanol
and ammonia [6]. The method based on the Stöber process was
described by Philipse [7] who found to be necessary to firstly
deposit a thin silica layer onto the nanoparticle surface using a
water glass solution before reacting them with the tetraethoxysi-
lane precursor mixture. Variations of this method continue to be
explored and studied recently by other authors [8–12].

In this study we report on the successful synthesis of silica-
coated maghemite (SM) nanoparticles of different particle sizes by
a one-step reaction of alkaline aqueous dispersion of maghemite
nanoparticles with a solution of tetraethoxysilane in ethanol.
Aminopropyl-silica-coated maghemite (ASM) nanoparticles were
obtained from the reaction of the previously prepared SM samples
with 3-aminopropytrimethoxysilane. The influence of the synthe-
sis parameters on the characteristics of the as-prepared samples
and on the colloidal dispersions properties produced from them

was also investigated.

2. Experimental procedures

Silica-coated maghemite (SM) and aminopropyl-silica-coated maghemite
(ASM) nanoparticles were prepared employing a modification of the Stöber method

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:patricia@quimica.ufg.br
mailto:patconf@gmail.com
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sing tetraethoxysilane (TEOS) and 3-aminopropyltrimethoxysilane (APTMS),
ater, ethanol, and ammonium hydroxide. The maghemite nanoparticles were

ntroduced into the reaction mixture as aqueous MF samples which were previ-
usly prepared. The influence of the reaction time, amount of nanoparticles and
EOS employed in the synthesis upon the characteristics of the SM and ASM samples
as investigated.

Maghemite nanoparticle samples were obtained by bubbling oxygen in an
cid (pH = 3.5) aqueous suspension containing magnetite nanoparticles, at 90 ◦C for
h. Magnetite was synthesized by chemical co-precipitation of Fe(II) and Fe(III)

ons in alkaline medium, following a procedure described in the literature [13].
n each case, the solids were isolated by centrifugation and washed several times

ith acetone/water. Aqueous-based maghemite MF samples (pH = 5) were pre-
ared by peptizing maghemite nanoparticles in water followed by dialysis in
eionized water. The total concentration of iron in the maghemite-based MF sam-
les varied in the range of 1.0–1.5 mol L−1, as determined from atomic absorption
nalysis. The amount of residual Fe(II) within the samples was determined by
he orthophenantroline spectrophotometric method. Powder X-ray diffraction of

aghemite samples was recorded in a Schimadzu XRD 6000 equipment, using
he Cu-K� radiation. The X-ray line broadening of the most intense diffraction
eak (3 1 1) of the cubic spinel diffraction pattern provided the average diameter
7–10 nm) of the nanocrystalline domain for the maghemite prepared samples. The
verage nanoparticle size was estimated using the Scherrer’s equation [14,15].

The synthesis apparatus used to prepare the SM samples consisted on a two-
ecked round-bottom flask coupled with a condenser and an addition funnel. A
ypical procedure consisted on adding a solution containing ethanol and TEOS to
he aqueous-based maghemite MF sample containing ammonium hydroxide (pH
.5–9.0). The suspension was stirred at room temperature for periods of time that
aried from 4 to 24 h. The preparation of ASM samples consisted on adding an aque-
us solution of APTMS to the previously prepared suspension of maghemite/silica
articles. The solids were isolated by centrifugation, washed several times with
thanol and water and finally suspended in water. Table 1 shows the details regard-
ng the reaction conditions and sample identification.

The diffuse reflectance infrared spectra (DRIFTS) of composite samples were
btained in a FTIR Bomem, MB 100 equipment, with samples dispersed in KBr
1%). Taking into account the iron content obtained from atomic absorption analysis
nd considering that all silicon were present as SiO2 the silica content (weight%)
ithin the composite samples (heated at 120 ◦C until weight was constant) was

stimated after digestion of solid samples in hot hydrochloric acid. Hydrodynamic
adius and zeta potential of diluted aqueous dispersions of MF (pH = 5), SM (pH = 7)
nd ASM (pH = 3) samples were determined by dynamic light scattering measure-
ents using a Malvern Instrument Zeta Sizer Nano Series ZS90. Samples were also

nalyzed by transmission electron microscopy (TEM) in a Jeol JEM 1011 instrument.
ll measurements were done at room temperature.

. Results and discussion

The powder X-ray diffraction patterns of maghemite and
aghemite–silica composite samples show the typical X-ray peaks

f the maghemite spinel structure (JCPDF 25-1402), with lattice
arameter values between those for bulk maghemite (0.839 nm)
nd bulk magnetite (0.834 nm). All iron oxide samples prepared in

his study contained around 5% Fe (II).

Fig. 1 shows the FTIR spectra of the SM and ASM samples in
he 1300–500 cm−1 region. All spectra show the �-Fe2O3 bands
t 636 and 582 cm−1 [16], the superimposed asymmetric Si–O–Si
tretching bands at around 1080 and 1180 cm−1, plus the sym-

able 1
aghemite nanocrystallite average diameter (DXRD), reaction conditions, silica content o

PDI) and zeta potential (�) for the aqueous dispersions of silica-coated maghemite (SM)

Sample DXRD (nm) NP/TEOSa (1016 mL−1) H2O:NH3:CH3CH2OH:TEOS

SM/P1 7 3 54:0.1:41:1.0
SM/P2 7 10 54:0.1:41:1.0
SM/T1 8 8 54:0.1:41:1.0
SM/T2 8 8 54:0.1:41:1.0
SM/T3 8 8 54:0.1:41:1.0
SM/TS1 10 110 54:0.1:41:0.062
SM/TS2 10 11 54:0.1:41:0.620
SM/TS3b 9 0.1 59:1.9:153:1.0
ASM/1 SM/TS1 8.6c –
ASM/2 SM/TS3 1.2c –

a The average number of maghemite nanoparticles (NP) in MF samples was estimated fr
b Colloidal stability of SM/TS3 aqueous dispersion was very poor and light scattering m
c Weight (g) of SM sample to the volume (mL) of APTMS.
Fig. 1. DRIFTS spectra of the silica-coated maghemite and aminopropyl-silica-
coated maghemite samples.

metric Si–O–Si stretching band around 800 cm−1. The asymmetric
Si–O stretching band of Si–OH groups peaks around 960 cm−1

[17]. The intensities of the Si–O–Si and Si–OH bands compared to
those of the �-Fe2O3 bands varied significantly, indicating sam-
ples containing different amounts of silica [18]. Furthermore, the
shape of the asymmetric Si–O–Si stretching bands changes accord-
ing to the sample’s preparation condition. The lower frequency
band around 1100 cm−1 is usually attributed to the vibration mode
of perfect SiO4 tetrahedra whereas the higher frequency band
around 1200 cm−1 is due to distorted SiO4 [19]. The asymmetric
Si–O–Si absorptions for the SM/TS1 sample that contains lower sil-
ica content seems to be enlarged and shifted to lower frequencies,
suggesting a less interconnected silica network that still contains
some amount of non-hydrolyzed –SiOCH2CH3 groups. The ASM/1
sample shows other bands in the 1300–1600 cm−1 region (not
shown) associated to aminopropyl groups [20]. Table 1 shows the
results of the light scattering measurements together with the esti-
mative of the silica content. The weight percentage of silica varied
from 5.4 to 80% for the SM samples depending on reaction condi-
tions. Considering samples of the series SM/T which were obtained

from a fixed H2O:NH3:CH3CH2OH:TEOS molar proportion, it can be
noted that the reaction time had a significant effect on the sample
composition. The silica amount for sample SM/T2 (reaction time
of 8 h) was about twice that for sample SM/T1 (reaction time of

f the composite particles, average hydrodynamic radius (Rh), polydispersion index
and aminopropyl-silica-coated nanoparticles (ASM).

(mol) Reaction time (h) SiO2 (wt%) Rh (PDI) (nm) � (mV)

24 39 79 (0.23) −35.8
24 20 74 (0.19) −43.3

4 22 98 (0.19) −40.1
8 46 172 (0.36) −37.4

12 51 170 (0.32) −37.1
4 5.4 90 (0.17) −44.1
4 10 170 (0.40) −38.6

24 80 – –
4 15 76 (0.19) +37.8

24 94 82 (0.07) +65.9

om the iron content, average nanoparticle size (XRD), and bulk maghemite density.
easurements could not be done.
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Fig. 2. TEM images of samples SM/P1 (a), SM/P2 (b), SM/TS1 (c),

h). However, the silica percentage showed just a small increment
hen the reaction time was increased to 12 h (sample SM/T3). Con-

idering samples of the series SM/P which were also obtained from
he same reagent proportions but with different NP/TEOS ratios,
t can be noted that as the ratio of amount of nanoparticles to
he volume of TEOS increases the silica content decreases. The
ame tendency regarding the relation between silica content and
P/TEOS ratio employed in the synthesis was observed for SM/TS

amples despite the fact they were prepared from very different
2O:NH3:CH3CH2OH:TEOS molar proportions and reaction times.
ample SM/TS1 contains only 5.4% of silica whereas sample SM/TS3
howed 80% of silica. As expected, samples ASM/1 and ASM/2 pre-
ented higher silica contents than their precursor samples SM/TS1
nd SM/TS3, respectively.

Except for sample SM/TS3, all the aqueous dispersions of SM
amples (pH = 7) presented higher colloidal stability, as can be ver-
fied by the zeta potentials in the range of −35.8 to −43.3 mV
see Table 1). Sample SM/TS3 showed reduced stability; the par-
icles suspended in water (pH = 7) being decanted very rapidly,
uggesting the presence of bigger particles with high weight and
ow surface charge density. MF samples (pH = 5) used to pre-
are these SM particles showed positive zeta potentials around
40 mV due to Fe–OH2

+ species at the maghemite nanoparticle
urface [21]. Thus the negative potential observed for the SM sam-
les evidences the presence of Si–O− species on the surface of
he SM particles. The average hydrodynamic radius (Rh) of SM

articles varied from 74 to 172 nm, the size distribution being
onomodal and broad with polydispersion index (PDI) between

.17 and 0.40. For samples SM/T1 and SM/T2 the Rh increases with
he increasing of the silica content. However, samples SM/P1 and
M/P2 showed similar Rh values despite their different silica con-
(d), ASM/2 (e), and particle size histogram of sample ASM/1 (f).

tents. Zeta potentials for the aqueous dispersions of ASM samples
(pH = 3) were positive suggesting the presence of protonated amine
groups on the particle’s surface. Sample ASM/2 showed the high-
est potential value of +65.9 mV, average Rh value of 82 nm, and
a narrower distribution of hydrodynamic radius as indicated by
the low PDI value of 0.065. Above pH = 3 the colloidal stability of
the ASM samples was very poor due to the low surface charge
density.

Fig. 2 shows the TEM images of SM and ASM samples. The
morphology of samples SM/P1 and SM/P2 is very similar, present-
ing some individual maghemite nanoparticles (around 5–10 nm)
covered by a very thin silica layer (around 2–3 nm). In addition
to individual nanoparticles bigger structures with non-spherical
morphology were also observed, more likely coming from aggre-
gation/coalescence of individual nanoparticles. Although sample
SM/P2 also contains the above-mentioned non-spherical structures
it seems that they are smaller than the ones observed in sample
SM/P1. The TEM average diameters of composite particles were
respectively 11 ± 2 and 9 ± 2 nm for samples SM/P1 and SM/P2
whereas the XRD average diameter of the precursor maghemite
nanoparticle was 7 nm. Although the particle sizes obtained from
the XRD measurements are usually bigger than those determined
via TEM the small increase in the average diameter of the composite
particles as obtained by TEM strongly indicates that the maghemite
nanoparticles are covered by a thin layer of silica. Thus, the for-
mation of aggregates in the aqueous dispersion of these particles

may explain the high Rh values determined by the dynamic light
scattering measurements.

It may be argued that for a NP/TEOS ratio below 3, as employed
in the synthesis of sample SM/P1, the formation of aggregates
of primary maghemite–silica particles is favored. It is worth to
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ote that sample SM/TS1, which was prepared using a very high
P/TEOS ratio of 110 from a more dilute reaction medium and
short reaction time, did not shows large aggregates (Fig. 2(c)).

he aqueous dispersion of this sample also shows a high Rh value
90 nm) despite the value of TEM diameter (DTEM) being only
± 1 nm. Again, this finding suggests that aggregation is important

n aqueous medium. On the other hand sample SM/TS3, which was
repared using a very low NP/TEOS ratio of 0.1 from a reaction mix-
ure that contained higher amount of ethanol and ammonia, mainly
resents large multicore maghemite–silica particles (60–80 nm),
ith nearly spherical shape and showing a thicker silica layer

Fig. 2(e)). However, this sample also contains larger particles of
p to 200 nm in size, which seems to have been formed from the
oalescence of smaller ones. The morphologies of the ASM/1 and
SM/2 samples are very similar to the ones observed for SM/TS1
nd SM/TS3, respectively. The DTEM value for the ASM/1 (9 ± 1 nm)
ample was slightly higher than the value for the SM/TS1 (8 ± 1 nm)
ample, as expected. However, an opposite trend occurred with
he Rh values, probably due to the presence of different function-
lities on the particles’ surface. Thus, the reaction of APTMS onto
he previously prepared SM particles does not promote any further
ggregation.

These findings can be understood in terms of a model described
n the literature for the method described by Philipse [7] regarding
he preparation of micrometer magnetite–silica particles. Follow-
ng this route maghemite nanoparticles are firstly coated with

very thin layer of silica using a silicate solution. These pri-
ary particles aggregate in aqueous solution containing ethanol

nd ammonia and then TEOS is added into the reaction mixture,
esulting in the formation of spherical multicore maghemite–silica
articles with sizes that vary in the range of 0.5–10 �m. In the
ethod used in the present study TEOS was directly poured into

n alkaline aqueous dispersion of maghemite nanoparticles, with
o previous particle coating. It is important to emphasize that
aghemite nanoparticles remained dispersed during the entire

ynthesis; no flocculation being noted by visual inspection. This
s interesting because other authors observed flocculation for sim-
lar reaction conditions [8]. The difference observed here may be
ssociated with the fact that the MF samples employed in our
ynthesis were dialyzed for many days to reduce excess ions and
harges and the pH was carefully raised to 8.5–9.0 by adding ammo-
ium hydroxide. When the amount of TEOS used in the synthesis is

ow (NP/TEOS = 3–10) the hydrolyzed and partially condensed TEOS
ormed at the early stages of reaction deposit on the maghemite
anoparticles and onto the small aggregates of them, resulting in
rimary maghemite–silica particles of small sizes. These small pri-
ary particles may aggregate and coalesce randomly in a low TEOS

oncentration medium so that the further growth of the silica layer
s not favored. On the other hand, when the amount of TEOS is high
NP/TEOS = 0.1) the primary maghemite–silica particles may also
orm and aggregate, but the growth of the silica layer on the sur-
ace of these aggregates is enhanced due to the high concentration
f TEOS, resulting in multicore maghemite–silica particles with a
ilica layer of large thickness. Furthermore, when the amount of

EOS used in the synthesis is very low (NP/TEOS = 110) most of
he partially hydrolyzed TEOS that is present in the early stages
f the reaction is incorporated onto the surface of the maghemite
anoparticles, so that a very thin and less interconnected silica net-
ork layer is formed around maghemite nanoparticles. In this case,

[

[

[

nd Compounds 500 (2010) 149–152

the density of negative charges on the maghemite–silica particles
may be large enough to inhibit extensive aggregation.

4. Conclusion

The one-step reaction of alkaline aqueous dispersion of
maghemite nanoparticles with tetraethoxysilane resulted in silica-
coated maghemite nanoparticles, which were successfully used to
further prepare aminopropyl-silica-coated maghemite nanoparti-
cles. The weight percentage of silica within the samples could be
tuned by varying the synthesis parameters such as the reaction time
and the amount of maghemite nanoparticles and tetraethoxysilane,
which also determined whether large multicore silica–maghemite
composite particles, small core–shell particles or aggregates of
them predominate in the as-prepared samples. The colloidal sta-
bility of the aqueous dispersions of the prepared samples varied
according to the pH of the medium, nature of chemical groups
at the particle’s surface, and size of the composite particles. The
small core–shell composite nanoparticles that contain a very thin
layer of silica or aminopropyl-silica is useful to obtain stable mag-
netic fluids, whereas the large multicore composite particles can be
employed as magnetic beads. Further improvements in synthetic
strategies are in progress in order to prepare maghemite–silica
and maghemite–aminopropyl-silica core–shell particles of variable
sizes with avoidable aggregation.
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