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a  b  s  t  r  a  c  t

Magnetic  clay  composite  prepared  by  the  method  of  precipitation  of  iron  oxide  onto  the  clay  surface  was
subjected  to  a heat  treatment.  The  presence  of  iron  oxide  phase  in composite  before  the  heating  was
determined  by the  Mössbauer  spectroscopy  method  as  �-Fe2O3. Structural  changes  of maghemite  in  clay
composite  after  heating  at  selected  temperatures  in  N2 and  Ar/H2 atmosphere  were  studied  using  Möss-
bauer  spectroscopy,  X-ray  diffraction,  TG/DSC  and  SEM  methods.  It was  shown  the  full  transformation  of
eywords:
omposite

ron oxides
hase transformation
-ray diffraction
össbauer spectroscopy

�-Fe2O3 to  �-Fe2O3 in  the  inert  atmosphere  at temperature  650 ◦C  and  only  a  partial  transformation  to
Fe3O4 in  the  reductive  atmosphere  at 300 ◦C.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Preparation and research of magnetic particles has a long his-
ory in the field of solid state science, and recently was  focused
n nanoparticles [1–3], due to their interesting optical, magnetic,
lectrical and catalytical properties and wide utilization, for exam-
le for preparation of magnetic fluids, biomedical applications
4], or in remediation of oil spill [5]. Most of applications require
hemically stable, well-dispersed and uniformly sized particles. For
his reason new technologies in synthesis and methods of anal-
sis have been developed. One of the effective approaches for
reventing particle agglomeration is to coat nanoparticles with
olymers or other targeting agents, taking into account their bio-
ompatibility. Preparation and magnetic properties of silica coated
anoparticles were studied by Mazaleyrat et al. [6],  synthesis and
ize-modulation of silica coated maghemite nanoparticles were
escribed by Almeida et al. [7].  Characterization of magnetite

Fe3O4)/polyvinyl alcohol-based nanocomposites and study of their
n vitro blood compatibility were published by Bajpai et al. [8,9].
mino acid-coated magnetic nanoparticles which might be applied

∗ Corresponding author.
E-mail address: orolinova@saske.sk (Z. Orolínová).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.08.023
to cell separation, diagnosis and targeted drug delivery for cancer
therapy were investigated by Durmus et al. [10].

Surface decoration of the aluminosilicate minerals with mag-
netic nanoparticles had led to a new class of composite materials
[11–13], which could be also used for environmental purposes as
adsorbents of organic and inorganic compounds and metal ions
[14,15] or as possible contrast agent in MRI  of gastrointestinal tract
[16].

In this work the composite material prepared by the precipita-
tion of iron oxide on the bentonite surface was  characterized. In
general, it is difficult to differentiate between two synthetic mag-
netic iron oxides magnetite and maghemite therefore iron oxide
was also prepared without the support and studied by different
methods. The composite material should be used in powder cata-
lysts or catalysts support [17] where it might be subjected to high
temperatures. Because of this reason our study was focused on the
possibility to change present magnetic phase by simple heat treat-
ment. The phase transformation was studied by X-ray diffraction
and Mössbauer spectroscopy methods. The thermal properties of
composite were investigated by simultaneous differential scanning

calorimetry (DSC) and thermogravimetric analysis (TG/DTG). The
changes in physicochemical properties of the composite affected by
heat treatment [18] were studied by low temperature adsorption
measurements.

dx.doi.org/10.1016/j.jallcom.2011.08.023
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:orolinova@saske.sk
dx.doi.org/10.1016/j.jallcom.2011.08.023
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Fig. 1. XRD pattern of the synthesized iron oxide without the support and the
4 Z. Orolínová et al. / Journal of Allo

.  Materials and methods

.1. Synthesis of composite

The natural bentonite with crystalochemical formula [Si7.95Al0.05]
Al3.03Fe0.22Mg0.75]O20 (OH)4 (Ca0.42Mg0.04Na0.01K0.01) originated from the
eposit of locality Stará Kremnička – Jelšový potok (Slovakia) [19]. The sample was

solated from the 4% water suspension of bentonite and treated by sedimentation
ethod with the aim to obtain the monomineral fraction of montmorillonite
ith the particle size below 20 �m [20]. The composite material was prepared

y  the method of precipitation from the solution of FeSO4·7H2O and FeCl3·6H2O
with ratio of Fe3+/Fe2+ = 2), according to the method described for magnetic fluids
reparation [21]. First the pH of the solution was adjusted to the value 1.8 by
ddition of HCl and was stirred for 0.5 h and bubbled by the nitrogen in water bath
t  85 ◦C. The bentonite was  mixed into the solution of iron cations prior to the
eaction with NH4OH and its amount was adjusted in order to obtain the weight
atio  1:1. Then the dark brown suspension was stirred for half an hour. The final
roduct was washed with deionised water, filtrated and dried at 70 ◦C. The pure

ron  oxide particles were synthesized by the same reaction.

.2. Heating of composite

The heating of the composite in N2 atmosphere for 2 h up to 650 ◦C was  used
o  change the magnetic phase to nonmagnetic. After 2 h the sample was taken from
he  furnace and cooled down to room temperature. This process was realized twice.

The  composite sample was  also heated in Ar/H2 atmosphere for 1.5 h up to
00 ◦C. After heating the sample was cooled down in furnace to the temperature
00 ◦C in the same atmosphere. The process of heating and cooling was  realized
wice. After that the sample was remained in Ar/H2 atmosphere to reach the room
emperature.

.3. Methods of characterization

Powder X-ray diffraction (XRD) of pure iron oxide and composite patterns were
ecorded using a Philips PW1820 diffractometer (The Netherlands) equipped with

 CuK� radiation (40 kV, 40 mA). The JCPDS PDF database was used for the phase
dentification.

In  situ XRD measurement of the synthesized iron oxide was realized by the
iffractometer Phillips X’Pert Pro (equipped with the Cu cathode with positional
ensitive detector-X’Celerator) (The Netherlands) in the high temperature chamber
rom 25 to 980 ◦C in inert atmosphere (at measurement conditions 40 kV/50 mA
nd divergence slit 1.0◦). The data were analysed using Philips Software, X’PertHigh
core with PDF-2 Database.

Mössbauer measurements were made in transmission geometry. A 57Co/Rh-ray
ource was  used. The velocity scale was  calibrated relative to 57Fe in Rh. Mössbauer
pectral analysis software “Recoil” [22] was used for the quantitative evaluation of
he spectra. The Voigt-based fitting method was applied for all spectra to determine
he  line positions, line widths and peak intensities.

TG/DSC curves were recorded in the synthetic flow air (20 cm3/min) and the
eating rate 9 ◦C/min using Netzsch STA 409PC thermal analyzer.

Morphology of the iron oxide particles and composite sample was observed
y the field-emission scanning transmission electron microscope (FE-STEM) of the
ype JEM-2100F (JEOL Ltd., Japan). The surface morphology of the composite sample
efore and after the heat treatments was compared using the scanning electron
icroscope (SEM) of the type JSM-6400 (JEOL Ltd., Japan).

Adsorption and desorption isotherms were measured with the Micrometrics
SAP 2400 apparatus (USA) by the method of physical adsorption of nitrogen at 77 K.
xperimental data were processed by the BET (Brunauer, Emmett, Teller) isotherm
23] in the range of relative pressure 0.05–0.2 p/p0. The value of total pore volume
a was  estimated from the maximum adsorption at relative pressure close to the
aturation pressure.

. Results and discussion

The phase analysis of the synthesized iron oxide without the
upport, Fig. 1, showed reflections identical with two  reference
atterns Fe3O4 (JCPDS PDF 19-0629) and �-Fe2O3 (JCPDS PDF
9-1346). XRD is not sensitive enough to differentiate between
agnetite and maghemite phases (both of which are spinels) due

o extreme similarity in crystal structure of these two  phases [24].
he XRD analysis of composite materials confirmed the presence
f montmorillonite as well as the Fe oxidized phase.
The Mössbauer spectroscopy is a powerful tool to distinguish
etween magnetic iron oxides like Fe3O4 (magnetite), �-Fe2O3
maghemite) and �-Fe2O3 (hematite) [25]. Magnetite crystallizes
n the spinel structure, space group Fd3m. The oxygen ions form a
composite material (M,  montmorillonite).

closed-packed cubic lattice and the metal ions are located in the
interstices between the oxygen ions. There are two kinds of inter-
stices occupied of iron atoms: the tetrahedral (A) sites and the
octahedral [B] sites. In the unit cell, there are twice as many B-
sites, populated by Fe2+ and Fe3+, as A-sites, populated by Fe3+. The
iron (III) oxide �-Fe2O3 adopts a spinel-related structure commonly
represented by the formula (Fe)[Fe5/3�1/3]O4 where ( ) denotes
tetrahedral sites, [ ] indicates octahedral sites and � denotes vacan-
cies [26]. The room-temperature (RT) microcrystalline maghemite
is readily distinguished from bulk magnetite or nonstochiometric
magnetite through the spectrum with lower hyperfine fields (and
with asymmetric lines) and/or the presence of a superparamagnetic
doublet [27]. In spite of the existence of ferric ions in two totally dif-
ferent environments, the magnetically split Mössbauer spectra of
maghemite, at all temperatures, show only one broad sextet pat-
tern, indicating, that the hyperfine parameters of both A- and B-
sites are very similar in magnitude [28].

The RT Mössbauer spectrum of synthesized iron oxide sample is
magnetically ordered, Fig. 2a. It consists of a sextet with broad line,
not comparable with spectrum typical for magnetite. The line shape
is asymmetric, so the presence of nanosized particles is expected.
From this reason some assumptions on the spectrum fitting have
been accepted:

1. The distribution of hyperfine magnetic field in tetrahedral posi-
tion is narrow, in octahedral is broad.

The hyperfine magnetic field of small particles depends on
their size, therefore the broadening of the Mössbauer lines
and/or the line shape asymmetry should be explained by the
particle size distribution [29]. The spectrum, Fig. 2b, has to be
fitted with a distribution of hyperfine fields.

The asymmetric line shape and the distribution of hyperfine
magnetic fields indicate the presence of magnetic particles with
size bellow 100 nm (nanoparticles).

2. The parameters of the tetrahedral lines (isomer shift IS
and hyperfine magnetic field H) are the same or less
unchanged in comparison with a bulk material (ISA nano = ISA bulk,
HA nano = HA bulk).

3. Based on the results [30] the cation distribution in �-Fe2O3 is

independent on the particle size.

4. The ratio of relative intensities of the subspectra is: IA:IB = 0.6.
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The thermal stability of the pure nanocrystalline maghemite
was studied by the in situ XRD method at various temperatures:
Fig. 2. Mössbauer spectrum of the synthesized iron oxide.

The RT Mössbauer parameters obtained from the fitting, Table 1,
howed only an existence of maghemite in the sample, as was  pub-
ished in [31]. In spite of the presence of inert atmosphere in the
rocess of the composite synthesis (Section 2.1), the present Fe2+

as completely oxidized during the composite drying. Based on
he results in [32] the considerable oxidation can occur due to the
lectron-hopping phenomena in ultrafine magnetite powders even
t room temperature. The obtained values of hyperfine magnetic
elds of synthesized �-Fe2O3 slightly differ from the results pub-

ished by Vandenberghe et al. (49.8 T for both sites) [27], Lee et al.
49.3 T for tetrahedral site, 50.2 T for octahedral) [30] or Helgason
t al. (47.3 T and 53.4 T) [33]. Regarding the particles size of the syn-
hesized iron oxide the obtained parameters are in good agreement
ith published values for different maghemites.

The spectrum of the composite is a complex consisting of one
aramagnetic doublet and one sextet, Fig. 3. Besides the compo-
ents, which belong to the synthesized iron oxide, also the presence
f iron cations in the bentonite structure had to be considered. Clay
inerals can contain structural iron on concentrations from less

han 1% to over 10%. This is usually octahedrally, less frequently
etrahedrally, coordinated. Most clay minerals are paramagnetic
own to 4.2 K [34,35]. Mössbauer spectra of clay minerals are usu-
lly broad and in dependance on the valence of iron and the number
f sites in the structure, the spectra consist of one or several Fe2+

nd/or Fe3+ doublets. For montmorillonite, it is often possible to
t observed spectrum with two Fe3+ doublets of similar chemical
somer shifts, while the more intense doublet has the quadrupole
plitting approximately a half of that, which belongs to the less
ntense doublet [36]. For experimental data fitting superposition
f four spectral components (two sextets and two doublets) was

able 1
össbauer parameters for synthesized iron oxide.

Spectral component Bhf [T] IS [mm/s] RA [%]

Fe3+ Tetrahedral site 47.0 0.13 37.5
Fe3+ Octahedral site 47.9 0.25 14.4

43.4 14.3
40.0 21.8
24.3 12.0

hf, hyperfine magnetic field; IS, isomer shift; RA, relative spectral area.
Fig. 3. Mössbauer spectrum of the composite.

needed. The obtained parameters are listed in Table 2. Considering
the presence of �-Fe2O3 nanoparticles, the spectrum was also fitted
with distributed hyperfine fields. The relative area of the first com-
ponent of Bhf in octahedral site (47.9 T) is only 6.3% in comparison
with 14.4% for pure oxide. It should be caused by the presence of
higher amount of smaller maghemite particles in composite, what
was also observed by TEM. Two positions of trivalent iron in the
bentonite, which were detected probably represent central Fe3+

atoms in octahedrons and atoms in the interlayer space in bentonite
structure.

FE-TEM micrograph of synthesized maghemite nanoparticles is
shown in Fig. 4a. All the particles are approximately of the spheri-
cal shape and their size (diameters) changes in the range from 10
to 50 nm.  Selected area electron diffraction pattern exhibits spots
and rings indicating the presence of structurally disordered regions.
Marked Debye-Sherrer rings, Fig. 4b, represent interlayer distances
in the structure of the nanoparticles corresponding to the refer-
ence diffractions of �-Fe2O3, what is in agreement with the result
obtained from the Mössbauer spectroscopy. The nanomorphol-
ogy of the composite material is shown in Fig. 5. Agglomerations
of magnetic particles (sized in range from 10 to 30 nm) nonho-
mogenously distributed on the bentonite surface can be seen. The
occurence of smaller iron oxide particles in the composite corre-
sponds with the results obtained from the Mössbauer spectroscopy
measurements discussed above.
25, 140, 370, 430, 480, 530, 590, 775 and 980 ◦C, Fig. 6. Typi-
cal X-ray peaks of the maghemite spinel structure are observed

Table 2
Mössbauer parameters for composite material.

Spectral component Bhf [T] IS [mm/s] QS [mm/s] RA [%]

Fe3+ 0.23 0.52 3.4
Fe3+ 0.28 1.38 1.1
Fe3+ Tetrahedral site 47.0 0.13 35.8
Fe3+ Octahedral site 47.9 0.25 6.3

42.0  36.2
28.6  17.2

Bhf, hyperfine magnetic field; IS, isomer shift; QS, quadrupole splitting; RA, relative
spectral area.
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ig. 4. FE-TEM micrograph of the synthesized maghemite (a) with electron diffrac-
ion pattern (b).

n the diffractograms of the nonheated and heated sample in the
ange 140–530 ◦C. At 590 ◦C the specimen is in a mix  state of �
nd � phases. Full phase transformation was obtained at 775 ◦C.
imilar results were published by Sartorrato et al. [37], where
iffractograms of the maghemite powder sample heated in tem-
erature range of 700–1400 ◦C showed only the hematite phase.
uenched synthesized nanocrystalline �-Fe2O3, studied by Ye et al.

38], was changed completely into �-Fe2O3 when the temperature
as higher than 550 ◦C.

The thermogravimetric and differential scanning calorimetry
urves for the composite is shown in Fig. 7. The dehydratation in
he sample takes place in temperature range up to 140 ◦C. In tem-
erature range from 150 to 600 ◦C the continuous mass loss was
bserved until the steeper decrease from 600 to 680 ◦C took place.
his mass loss was accompanied with the endothermic peak on the
SC curve showing on the dehydroxylation of the composite. Upon
eating, clay minerals usually become dehydroxylated and their
tructure break down at temperatures that are often characteristic
or individual species. Önal and Sarikaya in their study observed
he mass loss of the Ca-bentonite during the dehydroxylation in

emperature interval from 400 to 800 ◦C, where the maximum tem-
eratures for decrystallization and recrystallization were reached
t 980 and 1030 ◦C, respectively [39]. The partial transformation

Fig. 5. FE-TEM micrograph of the composite material.
Fig. 6. In situ XRD analysis for thermal stability of the synthesized maghemite (Pt
reflections belong to the platinum plate used for the measurements).

of maghemite (�-Fe2O3) phase to hematite (�-Fe2O3) in the com-
posite occurred at the temperature around 400 ◦C as indicated
by a broad exothermic peak centred at 400 ◦C. Ennas et al. [40]
also presented a broad exothermic peak centred around 390 ◦C in
the DSC curve of the nanocrystalline �-Fe2O3, corresponding to
the temperature of the � to � phase transition. Data on micro-
crystalline maghemite particles prepared with the conventional
method showed an exothermic peak centred around 570 ◦C.

Based on results obtained from in situ XRD and DSC measure-
ment, the composite was  heated up to 650 ◦C in inert atmosphere
with aim to obtain bentonite–hematite system. The XRD pat-
tern after the thermal treatment showed narrow diffraction peaks
of hematite phase (JCPDS file no.: 24-0072) pointing out well-
recrystallized iron oxide particles in the composite, Fig. 8.

The RT Mössbauer spectrum of the composite heated at 650 ◦C

showed almost symmetric sextet structure, consisting from the
sharper peaks in comparison with the unheated. Three compo-
nents were used for the spectrum fitting, Fig. 9: two quadrupole
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Table 3
Mössbauer parameters for composite material heated at 650 ◦C in N2 atmosphere.

Spectral component Bhf [T] IS [mm/s] QS [mm/s] RA [%]

Fe3+ 0.23 1.86 2.7
Fe3+ 0.22 0.66 2.8
Fe3+ 50.8 0.23 −0.1 79.1

47.0  7.6
39.2  7.8
Fig. 7. TG, DTG and DSC c

pectral components for Fe3+ in bentonite and one sextet with dis-
ributed hyperfine fields for oxide. The obtained value of Bhf (50.8 T)
s smaller than Bhf of bulk �-Fe2O3 (51.7 T), but is in accordance

ith literature date of Bhf for small size hematite particles (51 T)
41]. The Mössbauer parameters resulting from the fitting of the
pectra, Table 3, confirmed the full transformation of �-Fe2O3 to
-Fe2O3.

Comparison of the morphology of the composite before and after
eating at 650 ◦C observed by SEM is shown in Fig. 10a  and b. The
omposite after heating can be characterized by higher level of
ensification and homogenization.

To obtain the transformation of �-Fe2O3 to Fe3O4 the compos-
te was heated in reductive atmosphere at 300 ◦C. The XRD pattern

not shown here) recorded after this treatment did not differ sig-
ificantly from the pattern of the unheated composite material,
ig. 1, due to the strong similarity in the minerals crystal structures,

Fig. 8. XRD pattern of the composite heated up to 650 ◦C.
Bhf, hyperfine magnetic field; IS, isomer shift; QS, quadrupole splitting; RA, relative
spectral area.

mentioned earlier. The RT Mössbauer spectrum is asymmetric,
splitting of the experimental peaks in the left part can be seen,
Fig. 11.  For suitable fitting five components were used, which
showed, that phase transformation in this case was only par-

tial. Contrary to the work, where nearly full transformation of
maghemite to magnetite in partially oxidized basalt lava was
reached [42], in our experiment approximately 1/3 of the residual

Fig. 9. Mössbauer spectrum of the composite heated up to 650 ◦C.
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Fig. 10. SEM micrograph of the parent composite (a) and heated up to 650 ◦C (b).

Table  4
Mössbauer parameters for composite material heated at 300 ◦C in H2/Ar atmosphere.

Spectral component Bhf [T] IS [mm/s] QS [mm/s] RA [%]

Fe3+ 0.23 0.6 1.7
Fe3+ 0.28 1.30 0.7
Fe3+ Tetrahedral site 47.1 0.13 13.1
Fe3+ Octahedral site 47.8 0.25 36.3

25.9  14.6
Fe2+ Octahedral site 45.8 0.57 4.4

44.1  12.8
39.2  9.9

B
s

m
b
a
l

hf, hyperfine magnetic field; IS, isomer shift; QS, quadrupole splitting; RA, relative
pectral area.

aghemite can be found in the sample. It can be probably explained

y the presence of fine iron oxide particles, which are not so stable
nd air oxidation takes place. Obtained Mössbauer parameters are
isted in Table 4.

Fig. 11. Mössbauer spectrum of the composite heated up to 300 ◦C.
Fig. 12. SEM micrograph of the composite sample heated up to 300 ◦C.

Comparing the morphology of parent composite (Fig. 10a) and
composite after treatment, Fig. 12,  only a small difference can be

observed.

Surface properties of the parent and heated composite were
studied by the nitrogen adsorption method. The value of the spe-
cific surface area of the composite heated up to 650 ◦C decreased

Fig. 13. Pore size distribution curves of the composite samples.
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rom 82.80 m2/g to 38.46 m2/g. This relates with the recrystalliza-
ion of the iron oxide particles, observed by XRD and Mössbauer
pectroscopy method. The significant change in porous structure
fter this treatment can be seen on the pore size distribution curves
n Fig. 13.  Except the mesopores, macropores are dominant in this
tructure. After the heating up to 300 ◦C only a small decrease
f specific surface area was observed (75.57 m2/g). The peak of
he pore size distribution curve is narrower than the peak of the
on-heated composite and is shifted left, into the range of smaller
ores. The values of the total pore volume decreased from 0.251 to
.125 cm3/g STP and to 0.170 cm3/g STP after the treatments at 650
nd 300 ◦C, respectively.

. Conclusion

It was observed that synthesized �-Fe2O3 is thermal stable in
nert atmosphere up to 530 ◦C, at 590 ◦C a mixture of � and � phases

as obtained. Heating of the clay composite up to 650 ◦C in the
nert atmosphere led to the phase transformation of maghemite to
-Fe2O3. Due to the heating of the composite in the reductive atmo-
phere at 300 ◦C partial transformation of �-Fe2O3 to Fe3O4 was
btained, changing slightly the magnetic properties of the compos-
te [43]. This treatment did not influence significantly the surface
arameters of the composite material, contrary to the heating up
o 650 ◦C, which caused decrease of the surface parameters. The
eating of the magnetic clay composite should cause the changes

n its strength. Referring to the physico-mechanical properties of
entonite [44], the changes in strength after heating of magnetic
entonite should point out the further utilization of magnetic ben-
onite.
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