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This study reports on the successful preparation of magnetic nanocomposites comprising nanosized magnetic particles encapsulated within
thermally expanded vermiculite. The nanosized surface-dressed (with oleic acid) and surface-undressed particles were encapsulated via
immersing of the hosting template within magnetic fluid samples. Samples were characterized using transmission electron microscopy, X-
ray diffraction and M̈ossbauer spectroscopy. Mössbauer data show that oxidation of the as-precipitated nanosized magnetite to maghemite
was not completely accomplished using the employed chemical treatment. Nevertheless, Mössbauer spectra revealed that encapsulation of
the nanosized magnetic particles within the hosting template was achieved. In addition, combination of X-ray diffraction and Mössbauer
spectroscopy data reveal that the modified clay template size-sorts the nanoparticles while the encapsulation process takes place. Surface-
uncoated (coated) magnetic particles presenting average diameter of 9.9 nm (11 nm) while suspended as magnetic fluids experience reduction
of average diameter down to 7.2 nm (5.2 nm) within the hosting template.

Keywords: Mössbauer; Vermiculite; X-ray; magnetic fluid; nanoparticle.

En este estudio analizamos la preparación exitosa de nanocompuestos magnéticos constituidos por nano-partı́culas magńeticas encapsu-
ladas dentro de vermiculita expandida térmicamente. Las partı́culas cuya superficie fueron recubiertas (con acido oleico) y no recubiertas
fueron encapsuladas a través de la inmersión del molde hospedero dentro de un medio de fluido magnético. Las muestras fueron caracter-
izadas mediante microscopı́a electŕonica de transmisión, difraccíon de rayos X y espectroscopia Mössbauer. Los datos M̈ossbauer indican
que la oxidacíon del precipitado nanoḿetrico de magnetita a maghemita no se llevó a cabo completamente a través del tratamiento quı́mico
empleado. Sin embargo, los espectros Mössbauer indican que la encapsulación de las partı́culas nanoḿetricas magńeticas dentro del molde
hospedero se ha logrado. Además, la combinación de los datos de difracción de rayos X y espectroscopia Mössbauerdatos revelan que el
molde de arcilla (clay) modifica el tamaño de las nanopartı́culas cuando el proceso de encapsulación se desarrolla. Las partı́culas magńeticas
recubiertas y no recubiertas presentaron un diámetro promedio 11 nm y 9.9 nm, respectivamente, mientras que cuando se sumergen en el
fluido magńetico su tamãno promedio disminuye a 5.2 nm y 7.2 nm, respectivamente, dentro del molde hospedero.

Descriptores: Mössbauer; Vermiculita; Rayos X; Fluido magnético; nanopartı́culas.

PACS: 47.57.-s; 75.75.-c; 76.80.+y; 87.64.kd; 87.64.kx

1. Introduction

The literature reports on a wide variety of technological ap-
plications of magnetic fluids (MFs), spanning from indus-
trial to medical ones [1]. The present study reports on the
use of MF samples for encapsulation of nanosized parti-
cles within thermally-expanded vermiculite aiming its ap-
plication for removal of oil from water. The MF sam-
ples developed consist of suspended maghemite nanoparti-
cles obtained by oxidation of previously-precipitated nano-
sized magnetite [2]. One fraction of the as-produced nano-
sized maghemite was dispersed in low-pH aqueous solution
to produce the ionic magnetic fluid (IMF) sample. The sec-
ond fraction was dispersed in low-pH aqueous solution and
mixed with oleic acid under stirring. The resulting surfacted
magnetic fluid (SMF) sample used toluene to disperse the
oleic acid-coated maghemite nanoparticles. Vermiculite is an

abundant mineral in Brazil, relatively inexpensive and pre-
senting a high cation exchange capacity [3]. In order to pro-
duce different magnetic nanocomposites thermally expanded
vermiculite (EV) was treated with the produced MF samples
(IMF and SMF). Nanocomposite samples produced using the
IMF and the SMF were labeled VIMF and VSMF, respec-
tively. Nanoparticulated samples were characterized using
transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD) in order to determine the average magnetic parti-
cle size/size dispersion and to confirm the crystalline struc-
ture, respectively. Since the characteristic XRD peaks of
magnetite and maghemite are close together we found inter-
esting to employ M̈ossbauer spectroscopy to assess the pres-
ence of the two phases (magnetite and maghemite) in the pro-
duced samples. The M̈ossbauer spectra were recorded at 77
and 300 K
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FIGURE 1. Typical TEM micrograph of IMF sample.

2. Experimental

The MF sample preparation was carried out following the
procedure already described in the literature [2]. Production
of the magnetic nanocomposite samples was performed by
immersing the expanded vermiculite pellets within the MF
samples for 60 minutes.

Transmission electron microscopy was used to obtain the
average diameter and diameter dispersion of the magnetic
nanoparticle. TEM micrographs were obtained for both MF
samples using the JEOL JEM 1011 microscope. Sample
preparation for TEM used one drop of the diluted MF sample
deposited onto a copper mesh grid covered with a polymer
(formvar) and dried at ambient air before recording the TEM
micrographs. Around 1000 particles were counted from the
TEM micrographs using the ImagePro Plus 4.0 program. The
obtained particle size histograms were curve-fitted using the
log-normal distribution function [4]:

P (D) =
1

Dσ
√

2π
exp

[
− ln2 (D/DMET)

2σ2

]
, (1)

whereD is the actual nanoparticle’s diameter,DMET is the
average nanoparticle’s diameter, andσ is the diameter dis-
persion.

The XRD spectra were obtained from the powder sam-
ples supported onto glass slides. Spectra were recorded in a
continuous scan from 10◦ to 80◦ (2 θ), in steps of 2◦/minute
using the Cu-Kα radiation (λ = 1.54056Å). The employed
Schimadzu XRD 6000 system was set at 40 KV and 30 mA
for operation. Estimation of the average crystallite size using
the XRD data was accomplished using the Scherrer equation,
as described in the literature [5]. To take into account the

FIGURE 2. Particle size histogram of particles suspended within
sample IMF. The solid line represents the best curve fitting accord-
ing to Eq. (1). The inset shows the XRD of particles suspended
within sample IMF.

instrumentation correction while using the Scherrer equa-
tion to caracterize the nanosized magnetic particles the XRD
linewidth (FWHM) of a crystalline Silicon sample was first
obtained.

The Mössbauer spectra were recorded using a commer-
cial Wissel system operating in the constant acceleration
mode. The radiation source used was the 50 mCi Co57 in
Rh-matrix. Samples (80 mg of powder) were placed in a
sample holder with 1.6 cm in diameter and 0.7 cm thick. The
Mössbauer spectrometer was calibrated with a thin natural
iron sheet. Spectra were taken at 300 and 77 K, the latter
recorded using a Janis cryostat coupled to a temperature con-
troller.

3. Results

Figure 1 shows a typical TEM micrograph whereas Fig. 2
shows the diameter histogram for particles suspended in
the IMF sample. Note from the TEM micrograph that the
nanoparticle’s morphology is roughly spherical in shape, as
typical from the employed synthesis route. The vertical bars
in Fig. 2 are the experimental data whereas the solid line rep-
resents the best fit according to Eq. (1). The curve-fitting
presented in Fig. 2 provides the average diameter of 7.1 nm
and diameter dispersion of 0.16. For the particles suspended
in the SMF sample we found the average particle diameter of
8.2 nm and diameter dispersion of 0.19. The XRD spectrum
of the particles suspended within the IMF samples is shown
in the inset of Fig. 2. The (311) XRD peak was used to
estimate the average particle diameter of nanoparticles sus-
pended in both MF samples (IMF and SMF) and nanoparti-
cles incorporated within the vermiculite (samples VIMF and
VSMF). Table I collects the nanoparticle’s average diameter
obtained from the XRD data.

Figure 3 presents the room-temperature Mössbauer spec-
trum of the powder obtained from drying sample IMF. The
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TABLE I. Values found for the average diameter using the most in-
tense XRD peak. Standard peak positions (2θ) of the (311) reflec-
tion are 35.631◦ and 35.423◦ for maghemite (JCPDS-ICDD #1346)
and magnetite (JCPDS-ICDD #9-629), respectively.

Sample DRX (nm) Peak position (2θ)

EV 6.7 3488

IMF 9.9 35.58

SMF 11.0 35.61

VIMF 7.2 3523

VSFM 5.2 3513

FIGURE 3. Room-temperature M̈ossbauer spectrum of the powder
obtained from the IMF sample.

FIGURE 4. Room-temperature M̈ossbauer spectrum of sample EV.

Mössbauer spectrum shown in Fig. 3 was fitted with two
sextets. Figure 4 shows the room-temperature Mössbauer
spectrum recorded from sample EV and fitted using one dou-
blet and one sextet. Figure 5 shows the room-temperature
Mössbauer spectrum recorded from sample VIMF and fitted
using two doublets and two sextets.

FIGURE 5. Room-temperature M̈ossbauer spectrum of sample
VIMF.

4. Discussion

The peak position values we found for the most intense
XRD peak shown in Table I do not allowed us to distin-
guish between the two magnetic oxide phases (magnetite and
maghemite), as expected due the proximity of the standard
values. Nevertheless, the nanosized (DRX = 6.7 nm) mate-
rial found in the EV sample, as revealed by the XRD peak
position reported on Table I, is certainly unlike from mag-
netite or maghemite. The 300 K M̈ossbauer spectrum of the
powder sample obtaining from drying the solvent out from
sample IMF and shown in Fig. 3 was fitted using two sextets.
Notice that superparamagnetic relaxation dominates the most
intensive M̈ossbauer component, suggesting the size polydis-
persity of the sample with consequent distribution of hyper-
fine field. However, reducing the temperature down to 77 K
we observed that the dominant sextet splits into two com-
ponents with hyperfine parameters characteristic of the two
sites of magnetite [6]. Furthermore, the hyperfine parameters
associated to the second sextet observed at 300 K in the pow-
der obtained from sample IMF fall within the range of values
characteristic of maghemite [6]. The 300 K Mössbauer spec-
trum of sample EV (Fig. 4) was fitted with a doublet and a
sextet. The doublet is characteristic of vermiculite whereas
the sextet was associated to a magnetically-ordered impu-
rity present in natural vermiculite. The 300 K Mössbauer
spectrum of sample VIMF (see Fig. 5) was fitted with two
sextets and two doublets. No significant change in values
were found when comparing the hyperfine parameters (iso-
mer shift, quadrupole splitting, and hyperfine field) associ-
ated to the M̈ossbauer components used to fit the spectrum
of sample VIMF with the hyperfine parameters found in the
Mössbauer components used to fit the spectra of samples
IMF and EV. The novelty found in the 300 K M̈ossbauer
spectrum of sample VIMF rests on the onset of an extra,
weak Mössbauer doublet. A quick analysis of theDRX data
presented on Table I may help explain this finding. Notice
that theDRX value found while analyzing samples IMF and
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VIMF were 9.9 and 7.2 nm, respectively. We therefore hy-
pothesize that while in contact with the IMF sample the host-
ing EV template sorts a fraction of nanoparticles represented
by the smallest ones, with a cut off in average size (7.2 nm)
which is smaller than the average size (9.9 nm) of the provid-
ing sample (IMF). Bearing this picture in mind we assume
that the extra week doublet observed is associated with su-
perparamagnetic particles whose fraction is more prominent
within the hosting EV template than within the original IMF
sample, thus allowing the sensitivity of the used Mössbauer
instrumentation to pick it up.

5. Conclusions

This report shows that we have succeeded in finding a pro-
tocol to incorporate nanosized magnetic particles within ex-

panded vermiculite, thus opening up opportunities for dif-
ferent applications of the as-produced magnetic nanocom-
posites. The data provided by the Mössbauer spectroscopy
revealed that the attempt to oxidize nanosized magnetite to
maghemite was not completely accomplished. Furthermore,
the Mössbauer data can be successfully used to identify the
content of the encapsulated magnetic phases while provid-
ing their phase identification. In addition, comparison of the
X-ray diffraction and M̈ossbauer data allowed us to hypoth-
esize that the expanded vermiculite template size-modulates
the incorporation of nanosized magnetic particles.
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