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Buenos Aires, Argentina

B. Arcondo
Laboratorio de Sólidos Amorfos
Facultad de Ingenierı́a
Universidad de Buenos Aires
INTECIN-UBA-CONICET
Buenos Aires, Argentina

F. D. Saccone
Laboratorio de Sólidos Amorfos
Facultad de Ingenierı́a
Universidad de Buenos Aires
INTECIN-UBA-CONICET
Buenos Aires, Argentina

R. C. Mercader
Departamento de Fı́sica
Facultad de Ciencias Exactas
Universidad Nacional de La Plata
IFLP-CONICET
La Plata, Argentina

ISBN 978-3-642-10763-4
Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2009942151

* Springer-Verlag Berlin Heidelberg 2010

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is

concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,

reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication or

parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in

its current version, and permission for use must always be obtained from Springer. Violations are liable to

prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,

even in the absence of a specific statement, that such names are exempt from the relevant protective laws

and regulations and therefore free for general use.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Table of Contents

Eleventh Latin American conference on the applications of the
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ARDISSON, A. Y. TAKEUCHI and M. I. YOSHIDA / A
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Preface
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F. D. Saccone · R. C. Mercader

Published online: 30 September 2009
© Springer Science + Business Media B.V. 2009

The Mössbauer effect is the resonant emission and absorption of gamma rays.
Through the hyperfine interactions of the probe nucleus with its solid state environ-
ment, it gives results highly sensitive to the local chemical and physical properties
of the investigated systems. This information, at times irreplaceable, is of great
importance to condensed matter and materials science. Because 57Fe is the best
Mössbauer isotope and forms part of ≈ 2% of natural iron, which is the fourth
most abundant element in the Earth’s crust, the effect has been applied to a wide
range of scientific subjects, like solid state physics, catalysis, magnetism, chemistry,
mineralogy, geology, corrosion and environmental studies, new biological materials
and medical drugs. Its relatively simple and not too expensive experimental setup
has been of great importance to the scientific development in Latin America, whose
Mössbauer community exhibits a growing number of laboratories across the region
and shows the highest relative increase rate in publications and development in
the world.

Although soon after the discovery of the Mössbauer effect several laboratories
across Latin America were set up, Mössbauer spectroscopy (MS) did not catch
up scientific momentum until the series of Latin American Conferences on the
Applications of the Mössbauer Effect, LACAMEs, which have been held without
interruption each two years since 1988. The venues have been Rio de Janeiro,
Havana, Buenos Aires, Santiago de Chile, Cusco, Cartagena de Indias, Caracas,
Panama City, and Mexico D.F. A new round has started with the LACAME 2006
in Rio de Janeiro. Consequently, MS in Latin America has consolidated into a well-
known community that in particular, in Argentina alone, has produced in the last ten
years more than 45 Ph.D. theses based mainly on results obtained through MS.

J. Desimoni · R. C. Mercader (B)
La Plata, Argentina
e-mail: mercader@fisica.unlp.edu.ar

C. P. Ramos · B. Arcondo · F. D. Saccone
Buenos Aires, Argentina
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This cycle of biennial conferences aims at encouraging the knowledge and scien-
tific exchange between the research groups and applied science relevant to the needs
of the Latin American countries. At the same time, it allows that young researchers,
students and the societies in general, can meet with foreign visitors that come to the
conferences and bring along their expertise and last developments in the different
topics covered by the scientific programs. This kind of scientific achievements would
not be possible to the broad majority of the young researchers because of the vast
geography of the region, the high costs of transportation and the scant budgets that
are common to almost all the laboratories in Latin America.

LACAME 2008 has been no exception and has proved a valuable means to
improve and increase the cooperation between laboratories across the region. A total
of 87 participants from 14 countries attended the conference, which was developed
in a warmhearted and pleasant atmosphere that cooperated toward the mentioned
goals and encouraged the participants to keep on strengthening their links and
developing the series of Latin American meetings.

J. Desimoni and R. C. Mercader
La Plata

C. P. Ramos, B. Arcondo and F. D. Saccone
Buenos Aires

Reprinted from the journal4
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Fe/MCM-41 sylilated catalyst: structural changes
determination during the Fischer–Tropsch reaction

J. F. Bengoa · N. A. Fellenz · M. V. Cagnoli ·
L. A. Cano · N. G. Gallegos ·
A. M. Alvarez · S. G. Marchetti

Published online: 16 October 2009
© Springer Science + Business Media B.V. 2009

Abstract Two Fe/MCM-41 systems, one of them sylilated, were obtained to be
used as catalysts in Fischer–Tropsch reaction. They have more than 90% of the
iron species located inside the support channels, leading to a narrow crystal size
distribution accessible to reactive gases. The samples were characterized by X-ray
diffraction, atomic absorption spectroscopy, N2 adsorption, Mössbauer spectroscopy
and Fourier transformer infrared spectroscopy. Mössbauer spectroscopy allowed us
to demonstrate that the catalytic active species were the same in both catalysts. The
only difference between them was the surface hydrophobicity, which decreases the
“water gas shift reaction” in the sylilated catalyst. Besides, this solid is more active
for hydrocarbon production, with a lower methane yield.

Keywords Fischer–Tropsch synthesis · Fe/MCM-41 · Sylilation ·
Mössbauer spectroscopy · Hydrophobicity

1 Introduction

Fischer–Tropsch synthesis (FTS) is a process used to produce a broad distribution
of “clean” hydrocarbons from syngas (CO + H2) using principally Fe catalysts [1].
Although this process has been used industrially for decades, the main problem
to be resolved is to reach a good selectivity towards desirable products. Two main
approaches have been applied to this purpose: the control of the operative variables
of the process (pressure, contact time, reactor selection or temperature) or the
structural properties modification of the catalysts. The last option is the more
promising because the reaction is kinetically controlled.

J. F. Bengoa · N. A. Fellenz · M. V. Cagnoli · L. A. Cano · N. G. Gallegos ·
A. M. Alvarez · S. G. Marchetti (B)
CINDECA. Fac. Cs. Exactas, Fac. de Ingeniería,
UNLP–CICPBA–CCT–CONICET, 47 No. 257, La Plata, 1900, Argentina
e-mail: march@quimica.unlp.edu.ar
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It is accepted that FTS is a structure-sensitive reaction for iron crystal sizes lower
than 10 nm [2]. A strategy to increase the selectivity is to obtain a catalyst with a
narrow size distribution of active phase crystals whose average sizes are within a
determined range. If a mesoporous solid, like as MCM-41 [3], is used as iron support,
and if it would be possible to introduce the iron species mainly inside its channels,
small sizes of crystals would be obtained. They would have a high selectivity towards
the production of light hydrocarbons (HC), since the growth chain would be limited
[2]. Nevertheless, these crystals have a smaller activity than the larger ones. It can be
speculated that the low activity of small crystallites might be due to “intrinsic” effects
as it can be assumed that chain growth steps in Fischer–Tropsch synthesis only occur
on sites which contain a certain number of metal atoms in a certain configuration. The
density of these sites might be much lower in small crystallites, therefore rendering
them less active [2]. For this reason, the aim of the present work is to modify the
surface of Fe/MCM-41 catalyst, avoiding water adsorption, which is a product of the
reaction that leads to the poisoning of active sites. This surface modification would
compensate the decreasing of the activity due to the crystal size. With this purpose
a sylilation treatment was carried out to eliminate the surface hydroxyls, increasing
the surface hydrophobicity.

2 Experimental

2.1 Catalysts synthesis

The solid chosen as support was MCM-41. This solid is a system consisting of a two-
dimensional hexagonal array of uni-dimensional channels whose walls are consti-
tuted by amorphous silica (SiO2). It was prepared according to the methodology
proposed by Ryoo and Kim [3]. Two catalysts of approximately 8% w/w of Fe,
were obtained by incipient wetness impregnation method with an Fe(NO3)3·9H2O
aqueous solution using MCM-41 as support. The samples were dried and calcined
in a dry N2 stream. One of them was called p-Fe/MCM-41 and the other one was
sylilated. For the latter treatment, the solid was outgassed and then was mixed with a
solution of 1% (v/v) of hexametil disilazane in toluene. This process was carried out
in Ar atmosphere in a glove box. After drying, this solid was called psil-Fe/MCM-41.

2.2 Catalysts characterization

The samples were characterized by X-ray diffraction (XRD), atomic absorption
spectroscopy (AAS), N2 adsorption (BET), Mössbauer spectroscopy (MS) at 298
and 25 K and Fourier transformer infrared spectroscopy (FT-IR).

Nitrogen adsorption isotherms were recorded at the temperature of liquid nitro-
gen (77 K) using a Micromeritics ASAP 2020 apparatus. Samples were degassed
at 373 K for 12 h prior to the determination of the adsorption isotherm. Specific
areas were calculated by applying the Brunaer–Emmett–Teller (BET) method to
portions of the isotherms within the 0.05 < P/P0 < 0.30 relative pressure range. The
total pore volume was calculated from the amount of vapour adsorbed at a relative
pressure close to unity assuming that the pores are filled with the condensate in the
liquid state.

Reprinted from the journal6
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Fig. 1 XRD patterns of the
support and both precursors
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The Mössbauer spectra were obtained in transmission geometry with a 512-
channel constant acceleration spectrometer. Velocity calibration was performed
against a 12 μm-thick α-Fe foil. All isomer shifts (δ) mentioned in this paper are
referred to this standard. The temperature between 25 and 298 K were varied using
a Displex DE-202 Closed Cycle Cryogenic System. The Mössbauer spectra were
evaluated using a fitting commercial program named Recoil [4]. The spectra were
folded to minimize geometric effects. Lorentzian lines were considered with equal
widths for each spectrum component. To fit the spectra with relaxing effects the
dynamic shape analysis was used. The line shape used is the one derived by Blume
and Tjon [5] which uses a stochastic model for the fluctuation of the magnetic
hyperfine field. The model assumes that the hyperfine field fluctuates randomly
between two directions along the same axis.

Activity and selectivity measurements in FTS were carried out in a stainless steel
fixed bed reactor during 6 days run time, at 703 K, 1 bar of total pressure, with
H2/CO ratio of 2:1 and 20 cm3/min of total flow. The catalysts were activated under
continuous flow of the previous gas mixture, using a thermal program that raised the
temperature from 298 to 703 K at 5 K/min.

3 Results and discussion

The structural properties of ordered mesoporous solid MCM-41, were verified by
XRD (Fig. 1) and by textural measurements (Table 1).

Reprinted from the journal 7
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Table 1 Textural properties
and Fe contents

Sg Dp Vp Fe
(m2/g) (nm) (cm3/g) (% w/w)

MCM-41 912 2.7 0.88 –
p-Fe/MCM-41 691 2.9 0.64 8.9
psil-Fe/MCM-41 494 2.4 0.59 8.6

Fig. 2 Mössbauer spectra of
the precursors at 298 and 25 K
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The impregnation, calcination and sylilation treatments did not modify the sup-
port structure as it was verified trough XRD measurements (Fig. 1).

With respect to the textural properties, a diminution of the specific surface (Sg)
and pore volume (Vp) after iron impregnation can be observed. This effect is
attributed to a partial pore filling of the support with Fe oxide species (Table 1). After
the sylilation treatment these results were more pronounced and they were attributed
to the covering of the internal pore wall with trimethylsilyl groups, in agreement with
the observations by [6, 7].

The Fe contents obtained by AAS were equal in both precursors within the
experimental error (Table 1).

The Mössbauer spectra of p-Fe/MCM-41 and psil-Fe/MCM-41 (Fig. 2) are prac-
tically identical at both temperatures. Thus, at 298 K it can be seen a very intense
central doublet and a small sextet. At 25 K both spectra displayed a broad central
line and three peaks at both sides, two of them broad and the other narrow.

Reprinted from the journal8
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Table 2 Mössbauer parameters of the precursors at 25 K

Species Parameters p-Fe/MCM-41 psil-Fe/MCM-41

α−Fe2O3 magnetically blocked H (kOe) 540 ± 2 540 ± 2
δ (mm/s) 0.48 ± 0.02 0.48 ± 0.03
2ε (mm/s) 0.36 ± 0.05 0.31 ± 0.06

Relaxing α-Fe2O3 I H (kOe) 462a 462a

δ (mm/s) 0.40 ± 0.03 0.51 ± 0.03
2ε (mm/s) 0.00a 0.00a

Relaxing α-Fe2O3 II H (kOe) 415a 415a

δ (mm/s) 0.42 ± 0.04 0.39 ± 0.03
2ε (mm/s) 0.00a 0.00a

H hyperfine magnetic field, δ isomer shift (all the isomer shifts are referred to α-Fe at 298 K), 2ε

quadrupole shift, � quadrupole splitting
a Parameters held fixed in fitting

The spectra at 25 K were fitted with one non relaxing sextet and two relaxing ones
(Table 2). The first sextet has parameters of α-Fe2O3 [8] which has undergone Morin
transition, with diameters larger than ≈20 nm [8] (called α-Fe2O3 magnetically
blocked). The second sextet has not completed the magnetic blocked state, yet
(called relaxing α-Fe2O3 I). Finally, the third sextet, is in relaxation process with
a fluctuation speed much higher than the previous one (called relaxing α-Fe2O3 II).
The original doublet at room temperature has disappeared so we can speculate that a
further decrease in the measurement temperature, to 4 K, should block magnetically
all samples. Therefore, there should be two fractions of α-Fe2O3 with very different
sizes: a small percentage, between 5% and 10% of crystals larger than 20 nm and the
great majority as extremely small crystals that even at 25 K does not get magnetically
blocked, located inside MCM-41channels. The crystal size value of the large fraction
is in agreement with that obtained by XRD. The XRD line profile analysis, using a
Voight function, to fit the integral width of the peaks was conducted. The size of the
crystals—after subtracting the instrumental broadening and the maximum strain—
was calculated [9]. The values (very similar to those estimated by Mössbauer) were 30
nm for p-Fe/MCM-41 and 20 nm for psil-Fe/MCM-41. Therefore, this fraction close
to 10% of the total α-Fe2O3 must be located outside the channels of the support in
both precursors.

The OH substitution from silanol groups by trimethylsilyl groups can be mon-
itored by FT-IR [7, 10]. To this end IR spectra of both precursors were obtained
(Fig. 3). In psil-Fe/MCM-41 spectrum, the appearance of two new bands can be
distinguished: in 758 cm−1 assignable to the stretching of Si–C bond and in 849 cm−1

assignable to rocking of CH3 groups [7]. According to Lin et al. [10] these results in-
dicate that trimethylsilyl groups of the sylilant agent are anchored on the mesoporous
solid surface and our sylilation process was successful.

To characterize the activated samples, called c-Fe/MCM-41 and csil-Fe/MCM-
41, Mössbauer spectra at 298 and 25 K in a controlled atmosphere (H2/CO) were
obtained (Fig. 4). In the Mössbauer spectra of both catalysts at 298 K, an asymmet-
rical doublet with broad lines can be observed. It would correspond to paramagnetic
and/or superparamagnetic (sp) species. In order to realize the assignment of the
species, the catalysts spectra at 25 K were obtained, resulting in a curved background,
characteristic of the sp relaxation. It is important to remark that, due to the extreme
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Fig. 3 FT-IR spectra of the
precursors

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Wavenumber (cm-1)

 p-Fe/MCM-41
 psil-Fe/MCM-41

849 cm-1

758 cm-1

Fig. 4 Mössbauer spectra of
the activated catalysts at 298
and 25 K

-12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12

T
ra

n
s
m

is
s
io

n
 (

a
rb

. 
u

n
it
s
)

c-Fe/MCM-41

T=298K

Velocity (mm/s)

c-Fe/MCM-41

T=25K

csil-Fe/MCM-41 

T=298K

csil-Fe/MCM-41

T=25K

Reprinted from the journal10



Fe/MCM-41 sylilated catalyst

Table 3 Mössbauer
parameters of the activated
catalysts at 25 K

H hyperfine magnetic field,
δ isomer shift (all the isomer
shifts are referred to α-Fe at
298 K), 2ε quadrupole shift,
� quadrupole splitting
aParameters held fixed
in fitting

Species Parameters c-Fe/MCM-41 csil-Fe/MCM-41

Fe3O4 I site H (kOe) 518 ± 42 512 ± 30
δ (mm/s) 0.37a 0.37a

2ε (mm/s) −0.02a −0.02a

Fe3O4 II site H (kOe) 526 ± 14 523 ± 12
δ (mm/s) 0.49a 0.49a

2ε (mm/s) 0.00a 0.00a

Fe3O4 III site H (kOe) 497 ± 18 498 ± 40
δ (mm/s) 0.83a 0.83a

2ε (mm/s) −0.27a −0.27a

Fe3O4 IV site H (kOe) 482a 475 ± 17
δ (mm/s) 1.03a 1.03a

2ε (mm/s) −0.41a −0.41a

Fe3O4 V site H (kOe) 370 ± 21 339 ± 41
δ (mm/s) 0.96a 0.96a

2ε (mm/s) 0.89a 0.89a

χ−Fe5C2 I site H (kOe) 209 ± 8 210 ± 35
δ (mm/s) 0.30a 0.30a

2ε (mm/s) −0.10a −0.10a

χ−Fe5C2 II site H (kOe) 264 ± 11 259 ± 16
δ (mm/s) 0.38a 0.38a

2ε (mm/s) 0.30a 0.30a

χ−Fe5C2 III site H (kOe) 132 ± 15 132 ± 7
δ (mm/s) 0.30a 0.30a

2ε (mm/s) −0.10a −0.10a

Octahedral Fe2+ δ (mm/s) 1.56 ± 0.07 1.6 ± 0.1
� (mm/s) 2.2 ± 0.1 2.4 ± 0.1

Tetrahedral Fe2+ δ (mm/s) 1.13 ± 0.07 1.1 ± 0.1
� (mm/s) 2.7 ± 0.1 2.6 ± 0.1

complexity of the spectra, produced by the low iron loading with various crystalline
sites in a relaxation regime, a real fit process was not carried out. Initially the
hyperfine parameters values were fixed and the areas and the relaxation times were
allowed to vary freely. When these converged to a minimum, they were fixed and just
then, the values of δ and quadrupole splitting (�) of the doublets and the hyperfine
magnetic fields (H) of the sextets were allowed to vary freely. Therefore, it is possible
that the minimum obtained it is not unequivocal, being able to exist other possible
minima with very small differences. Therefore, to choose this set of values, the solid
story and its physical and chemical properties are also taken into account. The spectra
at 25 K were fitted with five sextets corresponding to the five Fe3O4 sites [11], three
sextets assigned to the three χ-Fe2C5 carbide sites [12] and two doublets assignable
to Fe2+ ions located in octahedral and tetrahedral sites within the SiO2 wall [13]
(Table 3). These species are present in the spectra at 298 K in sp regime: a doublet
of sp carbide [12], a singlet of Fe3O4 sp [13] and two Fe2+ doublets assignable to
ions diffused within the SiO2 wall and/or Fe3O4 sp. The percentages of the species
determined by the fitting at 25 K are equal for both catalysts within the experimental
error. For c-Fe/MCM-41, the total Fe2+ is: 25 ± 4%, Fe3O4: 62 ± 21% and χ-Fe2C5:
13 ± 7%, while in csil-Fe/MCM-41 the total Fe2+ is: 22 ± 4%, Fe3O4: 68 ± 26%
and χ-Fe2C5: 10 ± 9%. Considering that the activated fresh catalysts are structurally

Reprinted from the journal 11



J.F. Bengoa et al.

Table 4 Activity and
selectivity results

a Si =
Mols (i) ∗ Number.of .C (i)

∑

i
Mols (i) ∗ Number.of .C (i)

b% CO converted to CO2

c-Fe/MCM-41 csil-Fe/MCM-41

HC production 2.1 × 1017 2.3 × 1017

(molecules/g s)

R = C=
2 + C=

3

C2 + C3
0.85 0.67

% C1
a 61 53

%C4
+a 3 5

XCO (%) 11 12
% CO2

b 71 53

identical, the only difference between them is the hydrophobicity degree generated
by the sylilation treatment.

The results of the activity tests after 100 h of reaction showed a total hydrocarbon
production (HC) per gram for csil-Fe/MCM-41, 10% higher than the catalyst without
sylilation (Table 4). It should be noted that csil-Fe/MCM-41 reached the activity
value of the pseudo-stationary state for t = 0, while c-Fe/MCM-41 required about 2 h
to obtain it. Both experimental results can be justified considering that the surface
hydrophobicity in csil-Fe/MCM-41 inhibit the water adsorption on the catalyst active
site, favouring the arrival of the reagents. The total CO conversion XCO, analyzed at
the same space velocity and mass of catalyst, is very similar for both solids. Therefore,
it is possible to consider iso-conversion conditions, neglecting the influence of this
variable on the selectivity results. In these conditions, the olefins/paraffins ratio
(R) is slightly higher for c-Fe/MCM-41 than csil-Fe/MCM-41 (Table 4). Besides,
csil-Fe/MCM-41 produces approximately 13% less CH4 (C1) and 25% less CO2 than
c-Fe/MCM-41. In the FTS, the CO2 can come from the water gas shift reaction
(CO + H2O → CO2 + H2) or from the CO disproportionation (Boudouard reaction)
(2CO → C + CO2). This last reaction would not have to be altered by a hydropho-
bicity difference; therefore, the higher water rejection in csil-Fe/MCM-41 must be
responsible for the smaller CO2 production in this catalyst. In addition, it is observed
that HC higher than C4 (C4

+) are produced in minimum percentage by both catalysts.
These results can be attributed to the effect of structural properties (very small
crystallite size [2]), and the operative variables used (high reaction temperature).
Both of them contribute to increase the light HC production.

4 Conclusions

Two Fe/MCM-41 systems, with more than 90% of Fe species located inside the
channels of the support were obtained, which produced a narrow small crystals
distribution, accessible to reactive gases.

In the activated catalysts, the extremely small crystal sizes and their location inside
the support channels would modify the activation energy and/or would generate dif-
fusion impediments. To overcome these obstacles it is necessary to use a temperature
higher than that traditionally used in the FTS. These conditions generate a high
selectivity towards light HC in both catalysts.

On the other hand, the activated solids only differ in the surface hydrophobicity,
produced by the sylilation treatment, which would decrease the “water gas shift
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reaction” in csil-Fe/MCM-41. Consequently, the undesirable CO2 production is
diminished. Besides, this solid is more active for HC production, with 13% less of
CH4 generation. All these results improve the catalyst performance in FTS.
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Abstract The production of magnetic nanoparticles of Fe3O4 or Fe0 coated with
carbon and carbon nanotubes was investigated by the reduction of hematite with
ethanol in a Temperature Programmed Reaction up to 950◦C. XRD and Mössbauer
measurements showed after reaction at 350◦C the partial reduction of hematite to
magnetite. At 600◦C the hematite is completely reduced to magnetite (59%), wüstite
(39%) and metallic iron (7%). At higher temperatures, carbide and metallic iron
are the only phases present. TG weight losses suggested the formation of 3–56 wt.%
carbon deposits after reaction with ethanol. It was observed by SEM images a high
concentration of nanometric carbon filaments on the material surface. BET analyses
showed a slight increase in the surface area after reaction. These materials have
potential application as catalyst support and removal of spilled oil contaminants.

Keywords Ethanol · Iron oxide · Magnetic particles · Carbon nanostructures

1 Introduction

The combination of magnetic nanomaterials and carbon nanotubes (CNTs) is a
promising research with a wide range of applications such as catalyst support, ad-
sorption process for technological and environmental application, magnetic storage
and drug delivery. Their small size provides new physic-chemical properties as super-
paramagnetism and high surface area. Different coats and magnetic phases have
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Fig. 1 Formation of magnetic nanoparticles with carbon structures coated iron phases by reaction
with ethanol

been reported, e.g. C/SiO2@Fe [1], Al2O3/γ-Fe2O3 [2], FeNi@C [3], Fe@Au [4] and
polyacrylamide/Fe3O4 [5].

Mössbauer spectroscopy has been used for studies of carbon-coated ferromagnetic
nanoparticles, such as nanocrystals produced by carbon arc discharge [6, 7] and a
randomly network of carbon nanotubes produced by the pyrolysis of polymers and
ferrocene [8].

In this work, it was investigated the reduction of hematite with ethanol using
the Temperature Programmed Reaction (TPRe) technique to produce magnetic
nanoparticles with the catalytic growth of carbon structures on the surface (Fig. 1).
The proposed method is technically simple and very promising to produce magnetic
nanoparticles coated with carbon as well as CNTs.

2 Experimental

The hematite was prepared by heating of 5 g of Fe(NO3)3·9H2O in air at 5◦C min−1

up to 400◦C for 3 h. The TPRe (Temperature Programmed Reaction) studies were
carried out with ethanol at ca. 6% in N2 (30 mL min−1) and hematite placed in
a quartz tube of 7 mm diameter with a heating rate of 5◦C min−1 up to 950◦C.
To guarantee a homogeneous temperature throughout the sample and uniform
reaction only 200 mg hematite was used. The samples before and after TPRe were
characterized by XRD (Rigaku Geigerflex using Cu Kα radiation scanning from 10
to 80◦ (2θ)), transmission Mössbauer spectroscopy (spectrometer CMTE MA250
with a 57Co/Rh source at room temperature using α-Fe as a reference), thermal
analysis (Shimadzu TGA-60, constant heating rate of 10◦C min−1 under air flow
of 100 mL min−1), SEM (Jeol JSM 840A), Raman spectroscopy (IN Via Renishaw
micro-Raman with the excitation wavelength of 514.5 nm) and BET surface area
(nitrogen adsorption with a 22 cycles N2 adsorption/desorption in an Autosorb 1
Quantachrome).

3 Results and discussion

The reduction of hematite with ethanol was interrupted at different temperatures,
i.e. 350, 600, 700, 800, 900 and 950◦C. Mössbauer spectra of the samples are shown in
Fig. 2 and the analyses of the hyperfine parameters are given in Table 1. Mössbauer
and XRD showed for pure hematite (Ht) the presence of a sextet relative to the
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Fig. 2 Mössbauer spectra
from reaction of ethanol and
hematite (HtEt) interrupted at
different temperatures: 600,
700, 800, 900 and 950◦C
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Table 1 Mössbauer hyperfine
parameters for the materials
after reaction of ethanol and
hematite interrupted at
different temperatures: 350,
600, 700, 800, 900 and 950◦C

δ isomer shift with respect
to α-Fe; ε quadrupole shift;
Δ quadrupole splitting;
Bhf hyperfine field;
RA relative sub-spectral area;
[] tetrahedric site;
{} octahedric site

Sample Phase δ/mm s−1 ε, Δ/mm s−1 Bhf /T AR/%
(0.05) (0.05) (0.05) (1)

Ht α-Fe2O3 0.36 −0.21 51.4 100
HtEt350 α-Fe2O3 0.36 −0.21 51.4 60

{Fe3O4} 0.63 0.02 45.92 24
[Fe3O4] 0.29 −0.05 49.05 16

HtEt600 {Fe3O4} 0.63 0.01 45.78 43
[Fe3O4] 0.27 −0.06 49.09 16
Fe1−xO 0.97 0.54 – 34
Fe 0.00 0.00 33.00 7

HtEt700 Fe 0.00 0.00 33.00 35
Fe3C 0.17 0.03 20.60 65

HtEt800 Fe 0.00 0.00 33.00 56
Fe3C 0.18 0.03 20.63 44

HtEt900 Fe 0.00 0.00 33.00 46
Fe3C 0.17 0.03 20.60 54

HtEt950 Fe 0.00 0.00 33.00 57
Fe3C 0.17 0.03 20.60 43

phase α-Fe2O3 and crystallite size of 21 nm, determined by the Scherrer equation.
After TPRe at 350◦C, XRD and Mössbauer measurements showed the reduction of
40% of hematite to magnetite phase (two news sextets relative to octahedric and
tetrahedric sites of magnetite) with particle size of 26 nm. At 600◦C the hematite
is completely reduced to magnetite (59%), wüstite (39%) that appears as a central
doublet and small amounts of metallic iron (7%). At higher temperatures it is
observed only two phases present as two sextets identified as carbide and metallic
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Ht-EthanolHematite (Ht)

Fig. 3 SEM of the hematite before (Ht) and after TPRe at 800◦C with ethanol

iron with relative area of metallic iron of 57% and iron carbide with 43%. The
reduction of hematite with ethanol likely follows the steps below.

3Fe2O3 + CH3CH2OH → 2Fe3O4 + products of ethanol oxidation
Fe3O4 + CH3CH2OH → 3Fe1−xO + products of ethanol oxidation

Fe3O4/Fe1−xO + CH3CH2OH → 4Fe0 + products of ethanol oxidation

3Fe0 + C → Fe3C

TG profiles (in air) of products after TPRe with ethanol indicate weight losses of ca.
24, 39, 25 and 30% between 450 and 700◦C for the samples at 700, 800, 900 and 950◦C,
respectively. These weight losses are related to the oxidation of carbon deposits.
These results suggest carbon contents of ca. 44–56 wt.% at temperatures higher than
700◦C. SEM images (Fig. 3) showed agglomerate particles of ca. 0.2–1.0 μm with
a high concentration of nanometric carbon filaments with diameter around 100 nm
on the material surface after reaction with ethanol. Raman spectroscopy is a typical
technique in the characterization of carbon materials such as amorphous carbon,
graphite and carbon nanotubes. The obtained spectra for samples after TPRe above
700◦C showed two peaks related to carbon forms: (1) at 1,583 cm−1, assigned to
Tangential Mode band (TM-band) related C–C modes of graphitic layers and (2) at
1,353 cm−1, the disordered band (D-band). After TPRe with ethanol it can be
observed an increase on the BET surface area from 17 m2 g−1 for pure hematite
to 45 m2 g−1 at 700◦C. This increase on the surface area occurs due to an increase
of mesopores lower than 10 nm in the materials. At higher temperatures the surface
area suffers a slight decrease (34–24 m2 g−1).

4 Conclusions

Carbon coated magnetic nanoparticles of Fe3O4 and/or Fe0 can be produced by
reaction of hematite and ethanol in a TPRe system. The results show that under
the reaction conditions ethanol converts α-Fe2O3 to Fe3O4, Fe1−xO and Fe0 with
the formation of carbon structures as well as CNTs. These materials have potential
application as catalyst support and removal of spilled oil contaminants. We are
currently investigating activation process to produce high surface area magnetic
activated carbon.
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Abstract In this work, it was investigated the production of magnetic nanoparticles
encapsulated with carbon by the reaction of hematite and methane by Temperature
Programmed Reaction up to 950◦C. XRD and Mössbauer analyses showed that the
materials prepared at 600◦C and 700◦C are mainly composed of magnetite and small
amounts of hematite α-Fe2O3 with particle size of 30–40 nm. At higher tempera-
tures, the spectra also display two central doublets corresponding to wüstite phase
(Fe1−xO). The materials were also characterized by magnetization measurements,
BET surface area, thermal analysis (TG) and SEM. These materials can be prepared
by a simple and low cost process and show great potential to be used as adsorbents
and catalyst support.

Keywords Methane · Iron oxide · Magnetic particles · Carbon nanostructures

1 Introduction

Magnetic nanoparticles have been used for many different applications as catalyst
support and magnetic adsorbent. Their small size provides new physical and chemical
properties as superparamagnetism and high surface area. Some examples of appli-
cation are the use of coated magnetic nanoparticles in magnetic recovery catalyst
in hydrogenation reactions [1], in pre-concentration of phenolic compounds from
environmental water samples [2] and even as contrast agent for MR imaging [3].
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Fig. 1 Mössbauer spectra
from reaction of methane and
hematite interrupted at
different temperatures and
times: 600◦C, 700◦C, 800◦C,
900◦C, 950◦C and 900◦C
1 and 3 h

-12 -9 -6 -3 0 3 6 9 12

HtM900/3h

Velocity (mms-1)

HtM900/1h

HtM950

HtM900

HtM800

HtM700

HtM600

R
el

at
iv

e 
T

ra
ns

m
is

si
on

 (
a.

u.
)

Ht

Different encapsulation and magnetic phases are reported such as C/SiO2@Fe [4],
Al2O3/γ -Fe2O3 [5], FeNi@C [6], Fe@Au [7] and polyacrylamide/Fe3O4 [8].

In this work, the production of magnetic nanoparticles was investigated using
hematite and methane. This process involves the reduction of α-Fe2O3 with CH4

via a TPRe (Temperature Programmed Reaction up to 950◦C) to form a magnetic
nucleus of Fe3O4 with the catalytic growth of a carbon layer on the surface [9].

2 Experimental

The hematite was prepared by heating of 5 g of Fe(NO3)3.9H2O in air at 5◦C min−1

up to 400◦C over 3 h. The TPRe (Temperature Programmed Reaction) studies were
carried out with methane at ca. 5% in N2 (30 mL min−1) and hematite placed in
a quartz tube of 7 mm diameter with a heating rate of 5◦C min−1 up to 950◦C.
To guarantee a homogeneous temperature throughout the sample and uniform
reaction only 100 mg hematite was used. The samples before and after TPRe were
characterized by XRD (Rigaku Geigerflex using Co Kα radiation scanning from 10 to
80◦ (2θ)), transmission Mössbauer spectroscopy (spectrometer CMTE MA250 with
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Table 1 Mössbauer hyperfine parameters for the materials after reaction of methane and hematite
interrupted at different temperatures and times: 600◦C, 700◦C, 800◦C, 900◦C, 950◦C and 900◦C 1 h
and 3 h

Sample Phase δ/mm s−1 (0.05) ε, Δ/mm s−1 (0.05) Bhf /T (0.05) AR/% (1)

Ht α-Fe2O3 0.36 −0.20 51.3 100
HtM600 α-Fe2O3 0.36 −0.20 51.3 27

{Fe3O4} 0.66 −0.01 46.1 47
[Fe3O4] 0.27 −0.01 49.1 26

HtM700 α-Fe2O3 0.36 −0.20 51.3 7
{Fe3O4} 0.66 −0.01 46.1 60
[Fe3O4] 0.27 −0.01 49.1 33

HtM800 {Fe3O4} 0.66 −0.01 46.1 58
[Fe3O4] 0.27 −0.01 49.1 33
Fe1−xO 0.87 0.65 – 9

HtM900 {Fe3O4} 0.66 −0.01 46.1 43
[Fe3O4] 0.27 −0.01 49.1 23
Fe1−xO 0.87 0.65 – 34

HtM950 {Fe3O4} 0.66 −0.01 46.1 15
[Fe3O4] 0.27 −0.01 49.1 8
Fe1−xO 0.87 0.65 – 46
Fe1−xO 1.04 0.60 – 31

HtM900/1 h {Fe3O4} 0.64 −0.01 45.9 7
[Fe3O4] 0.25 −0.05 49.1 7
Fe1−xO 0.87 0.65 – 52
Fe1−xO 1.04 0.60 – 34

HtM900/3 h Fe1−xO 0.87 0.65 – 70
Fe1−xO 1.04 0.60 – 30

δ isomer shift with respect to α-Fe, ε quadrupole shift, Δ quadrupole splitting, Bhf hyperfine field,
RA relative sub-spectral area, [] tetrahedric site, {} octahedric site

a 57Co/Rh source at room temperature using α-Fe as a reference), magnetization
measurements (portable magnetometer with a fixed magnetic field of 0.3 T), BET
surface area (nitrogen adsorption with a 22 cycles N2 adsorption/desorption in an
Autosorb 1 Quantachrome), thermal analysis (Shimadzu TGA-60, constant heating
rate of 10◦C min−1 under air flow of 100 mL min−1) and SEM (Jeol JSM 840A).

3 Results and discussion

It was studied the reaction of hematite and methane at different temperatures, i.e.
600◦C, 700◦C, 800◦C, 900◦C, 950◦C and 900◦C for 1 and 3 h. XRD analyses showed
for pure hematite (Ht) the presence of the phase α-Fe2O3 (PDF 1–1053), with
crystallite size of 22 nm, determined by the Scherrer equation. After TPRe at 600◦C
and 700◦C the materials prepared are mainly composed of magnetite (Fe3O4, PDF
19–629) and small amounts of hematite α-Fe2O3 with particle size of 30–40 nm. At
higher temperatures, wüstite phase (Fe1−xO, PDF 6–615) was formed.

Mössbauer spectra in Fig. 1 and Table 1 show a sextet related for the pure
hematite. After TPRe at 600◦C, this sextet decreases the relative area (from 100% to
27%) and splits into two news sextets assigned to octahedric and tetrahedric sites of
the magnetite phase, with 47% and 26% of area, respectively. At 700◦C of reaction
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Fig. 2 SEM image and
particle size distribution of
HtM700 dispersed in water
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with methane, the reduction to magnetite is almost complete (93% of relative area).
For higher temperatures it can be observed one or two duplets related to the presence
of Fe2+ and Fe3+ from wüstite phase. It is observed that higher temperature and
longer times of reaction increase the relative area of wüstite phase, from 9% at 800◦C
to 100% at 900◦C/3 h. The reactions taking place of hematite with methane are show
below.

CH4 + 12Fe2O3 → 8Fe3O4 + CO2 + 2H2O

CH4 + 4Fe3O4 → 12Fe1−xO + CO2 + 2H2O

Magnetization measurements showed that all materials produced were magnetic
proportional to the content of magnetite phase. The highest magnetizations were
found for the samples at 700◦C and 800◦C with 91 and 88 J T−1 kg−1, respec-
tively. BET area showed a drastically reduction of surface area after TPRe at
higher temperature and longer times, that suggest the materials agglomeration or
the carbon deposition over the porous structures. The surface area changed from
17 m2 g−1 for pure hematite (Ht) to 6.0, 3.0, 0.4, 0.4 and 0.2 m2 g−1 at 700, 900, 950,
900◦C/1 h and 900◦C/3 h, respectively. TG weight losses suggested carbon contents of
3–4 wt.% after reaction with methane. Raman spectroscopy is a typical technique in
the characterization of carbon materials such as amorphous carbon, graphite and
carbon nanotubes. At temperatures above of 700◦C, the obtained spectra showed
two weak signals at 1,300 and 1,395 cm−1 related to amorphous carbon. The magnetic
materials were dispersed in water and the suspension analyzed by SEM. The SEM
images (Fig. 2) showed the presence of a large fraction of particles with nanometric
dimension of 100–200 nm that remain highly dispersed in different solvents favoring
the catalytic process. Organic molecules, i.e. methylene blue dye and chlorobenzene,
are strongly adsorbed due to the hydrophobic carbon surface.
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4 Conclusions

Hematite can be reduced by methane to produce magnetic materials encapsulated
with a layer of carbon. XRD and Mössbauer spectroscopy showed that under
the reaction conditions methane converts α-Fe2O3 to Fe3O4 and Fe1−xO. After
dispersion in solvent a nanometric magnetic particles fraction can be separated and
used as adsorbent and catalyst support which can be removed from the medium by
simple magnetic separation process.

Acknowledgements The authors would like to thank the support from PRPq/UFMG, FAPEMIG,
CNPq.

References

1. Jacinto, M.J., Kiyohara, P.K., Masunaga, S.H., Jardim, R.F., Rossi, L.M.: Recoverable rhodium
nanoparticles: synthesis, characterization and catalytic performance in hydrogenation reactions.
Appl. Catal., A Gen. 338, 52–57 (2008)

2. Zhao, X.L., Shi, Y.L., Wang, T., Cai, Y.Q., Jiang, G.B.: Preparation of silica–magnetite nanopar-
ticle mixed hemimicelle sorbents for extraction of several typical phenolic compounds from
environmental water samples. J. Chromatogr. A 1188, 140–147 (2008)

3. Sosnovik, D.E., Nahrendorf, M., Weissleder, R.: Magnetic nanoparticles for MR imaging: agents,
techniques and cardiovascular applications. Basic Res. Cardiol. 103, 122–130 (2008)

4. Veintemillas-Verdaguer, S., Leconte, Y., Costo, R., Bomati-Miguel, O., Bouchet-Fabre, B.,
Morales, M.P., Bonville, P., Perez-Rial, S., Rodriguez, I., Herlin-Boime, N.: Continuous produc-
tion of inorganic magnetic nanocomposites for biomedical applications by laser pyrolysis. J. Magn.
Magn. Mater. 311, 120–124 (2007)

5. Shi, G.M., Zhang, Z.D., Yang, H.C.: Al2O3/Fe2O3 composite-coated polyhedral Fe nanoparticles
prepared by arc discharge. J. Alloys Compd. 384, 296–299 (2004)

6. Wei, X.W., Zhu, G.X., Xia, C.J., Ye, Y.: A solution phase fabrication of magnetic nanoparticles
encapsulated in carbon. Nanotech. 17, 4307–4311 (2006)

7. Wang, Z.F., Mao, P.F., He, N.Y.: Synthesis and characteristics of carbon encapsulated magnetic
nanoparticles produced by a hydrothermal reaction. Carbon 44, 3277–3284 (2006)

8. Hong, M.K., Park, B.J., Choi, H.J.: Preparation and physical characterization of polyacrylamide
coated magnetite particles. Phys. Status Solidi A, Appl. Mater. Sci. 204, 4182–4185 (2007)

9. Tristão, J.C., Ardisson, J.D., Sansiviero, M.T.C., Lago, R.M.: Reduction of hematite with ethanol
to produce magnetic nanoparticles of Fe3O4, Fe1−xO or Fe0 coated with carbon. Hyperfine
Interact. (2009). doi:10.1007/s10751-009-0095-5

Reprinted from the journal 25

http://dx.doi.org/10.1007/s10751-009-0095-5


Hyperfine Interact (2010) 195:27–34
DOI 10.1007/s10751-009-0097-3

Niobian iron oxides as heterogeneous Fenton catalysts
for environmental remediation

Diana Q. L. Oliveira · Luiz C. A. Oliveira ·
Enver Murad · José D. Fabris · Adilson C. Silva ·
Lucas Morais de Menezes

Published online: 26 September 2009
© Springer Science + Business Media B.V. 2009

Abstract Heterogeneous Fenton or Fenton-like reagents consist of a mixture of an
iron-containing solid matrix and a liquid medium with H2O2. The Fenton system
is based on the reaction between Fe2+ and H2O2 to produce highly reactive inter-
mediate hydroxyl radicals (•OH), which are able to oxidize organic contaminants,
whereas the Fenton-like reaction is based on the reaction between Fe3+ and H2O2.
These heterogeneous systems offer several advantages over their homogeneous
counterparts, such as no sludge formation, operation at near-neutral pH and the
possibility of recycling the iron promoter. Some doping transition cations in the iron
oxide structure are believed to enhance the catalytic efficiency for the oxidation
of organic substrates in water. In this work, goethites synthesized in presence of
niobium served as precursors for the preparation of magnetites (niobian magnetites)
via chemical reduction with hydrogen at 400◦C. These materials were used as Fenton-
like catalysts. Both groups of (Nb, Fe)-oxide samples were characterized by 57Fe
Mössbauer spectroscopy at 298 K. The results show that increasing niobium contents
raise the catalytic potential for decomposition of methylene blue, which was, in this
work, used as a model molecule for organic substrates in water.
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1 Introduction

Spinel iron oxides are of technological importance because of their structural, elec-
tronic, magnetic and catalytic properties [1]. Other metal cations can isomorphously
replace iron in magnetite (Fe3O4), thereby changing selected physico-chemical
properties of the material, depending on the nature and amount of the metal and
on the structural site on which the metal is incorporated [1].

A novel and promising catalytic application of iron oxides is the chemical decom-
position of organic contaminants in wastewaters, using H2O2 in a heterogeneous
Fenton system [2–6]. In this heterogeneous Fenton system the iron oxide activates
H2O2 to generate radicals, especially •OH, which can completely oxidize organics
present in the aqueous medium [7]. Magnetite has been observed to be particularly
active for the Fenton oxidation of organics by H2O2. This activity was assigned to
the presence of Fe2+ species in the magnetite structure, which can activate H2O2 by
a Haber–Weiss mechanism [8]. Recent work has shown that the activity of magnetite
is strongly influenced by the presence of different metals in the spinel structure. Thus
the introduction of cobalt and manganese in the magnetite structure remarkably
increased the reactivity towards the Fenton chemistry, whereas nickel showed an
inhibitory effect [9–11].

In this work, niobium associated with magnetite (“niobian magnetite”) has been
used to produce an active heterogeneous spinel system. Nb5+ shows interesting
features for this system such as an ionic radius (64 pm in octahedral coordination)
[12] that is comparable to that of high-spin octahedral Fe3+ (65 pm) and, based
alone on size, might be structurally incorporated in magnetite, and a high reactivity
towards H2O2 activation. To our knowledge, no systematic studies on iron-rich
spinels prepared in a niobium-containing medium or their catalytic properties have
been reported so far.

2 Experimental

2.1 Synthesis and characterization

The goethite samples were prepared by precipitation of Fe(NO3)3·6H2O (1 mol L−1)

with potassium hydroxide (5 mol L−1) and the addition of 2, 7 and 17 mol% niobium
that is present in NH4[NbO(C2O4)2(H2O)](H2O)n supplied by CBMM (Araxá, MG,
Brazil). The precipitates were washed with water until the pH became adjusted to 7;
they were then transferred to a 2 L-beaker with distilled water and aged for 72 h at
60◦C. The so produced goethites were finally reduced with hydrogen for 30 min at
400◦C to produce magnetites.

The total iron was determined by K2Cr2O7 titration and energy dispersive spec-
trometry (EDS) analyses were performed using a Jeol JXA-8900RL microscope.
Mössbauer spectra were taken at room temperature (298 K) on a CMTE MA250
spectrometer with a constant acceleration drive and a 57Co/Rh source at room
temperature. The experimental data were fitted using Lorentzian functions with
a least-squares procedure based on the NORMOS program, and calibration was
effected and isomer shifts are given relative to α-Fe. Powder X-ray diffraction
(XRD) was carried out on a Rigaku Geigerflex 3064 diffractometer equipped with
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Table 1 Compositions of the
niobian magnetites from
chemical analyses and EDS
data

Sample Total Fe/% Nb/%

(a) Pure Mt 70(3) 0
(b) Mt-Nb2 67(1) 2.1(2)
(c) Mt-Nb7 61(1) 7(1)
(d) Mt-Nb17 59(1) 17(2)

a Cu tube and a graphite diffracted-beam monochromator. To improve accuracy,
additional scans of the samples were taken with Si as internal standard.

2.2 Reactions

The hydrogen peroxide decomposition was carried out by mixing 10 mL H2O2

2.9 mol L−1 and 10 mg catalyst and measuring the formed gaseous O2 in a volumetric
glass system. The oxidation of the methylene blue dye (50 mg L−1) with H2O2

(0.3 mol L−1) at pH 6.0 (the pH of the sole H2O2 solution) was carried out with a
total volume of 10 mL and 10 mg of the oxide catalyst. The reactions were monitored
by UV–vis measurements. All reactions were carried out under magnetic stirring in
a recirculating controlled-temperature bath kept at 25 ± 1◦C.

In an attempt to identify the intermediate products, the decomposition of
methylene blue was also monitored with the positive ion mode ESI-MS in an Agilent
MS-ion trap mass spectrometer (1100 Series). The reaction samples were analyzed
by introducing aliquots into the ESI source with a syringe pump at a flow rate of
5 L min−1. The spectra were obtained as an average of five scans of 0.2 s each. Typical
ESI conditions were as follows: heated capillary temperature 325◦C; sheath gas (N2)

at a flow rate of 20 units (ca. 4 L min−1); spray voltage 4 kV; capillary voltage 25 V;
tube lens offset voltage 25 V.

3 Results and discussion

3.1 Characterization of materials

Not unexpectedly, the chemical compositions of the niobian magnetites (Table 1)
show a concurrent increase of niobium and decrease of iron.

Room-temperature Mössbauer spectra of the unsubstituted magnetite and the
niobian series are shown in Fig. 1. While spectra of the pure magnetite and the
samples prepared in presence of 2 and 7 mol% niobium show two characteristic
sextets that can be assigned to Fe3+ on the A sites and Fe2+/Fe3+ on the B sites
of magnetite [13], the sample prepared in the presence of 17 mol% niobium shows
only a minor indication of magnetite.

Analysis of the Mössbauer spectra (Table 2) shows the tetrahedral (A site) of
the unsubstituted magnetite to have a hyperfine field (Bhf) of 49.0 T and the B
(octahedral) site to have a hyperfine field of 45.8 T with isomer shifts (δ) relative
to α-Fe of 0.28 and 0.67 mm s−1, respectively. While these parameters resemble
those of pure, stoichiometric magnetite [13], the area ratio of the B-site resonance
to that of the A-site resonance (1.39) indicates the unsubstituted magnetite to have
a composition given by Fe2.94O4, and thus to have undergone noticeable oxidation.
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Fig. 1 Room-temperature Mössbauer spectra of the niobian magnetites

Table 2 Room-temperature (∼298 K) Mössbauer parameters for pure magnetite and magnetites
prepared in the presence of niobium

Sample 57Fe site δ/mm s−1 2ε, Δ/mm s−1 Bhf/T Γ /mm s−1 RA/%

Pure Mt A 0.2831(8) −0.010(1) 48.960(6) 0.349(2) 36.6(2)
B 0.6680(7) 0.010(1) 45.786(5) 0.388(2) 50.8(2)
Fe2+ 1.000(4) 0.571(7) – 0.70a 12.6(1)

Mt-Nb2 A 0.295(2) −0.013(3) 49.27(1) 0.433(5) 40.6(4)
B 0.649(3) 0.012(6) 45.75(2) 0.72(1) 43.5(1)
Fe2+ 1.076(3) 0.408(6) – 0.55a 15.9(1)

Mt-Nb7 A 0.304(3) −0.020(5) 48.90(2) 0.458(9) 50(1)
B 0.642(5) 0.020(9) 45.46(4) 0.69(2) 50(1)

Mt-Nb17 A 0.30a −0.02a 48.2(1) 0.42(6) 3.0(4)
B 0.63a 0a 43.7(1) 0.71a 7.2(3)
Fe2+ 1.124(3) 0.326(4) – 0.42(1) 16.6(5)
Fe0 −0.0020(8) 0a 33.034(6) 0.323(3) 41.0(3)
Doublet 0.59(2) 0a – 2.29(4) 32.2(6)

δ isomer shift relative to α-Fe, 2ε quadrupole shift,Δ quadrupole splitting, Bhf magnetic hyperfine
field, RA: relative sub-spectral area
aParameter held fixed during fitting

The degree of oxidation rises with increasing niobium concentration during synthesis
from the above value to Fe2.92O4 at 2% niobium in the synthesis solution and to
Fe2.91O4 at 7% niobium. The line widths of the magnetites prepared in the presence
of niobium, particularly those of the B sites, are furthermore significantly higher
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Fig. 2 X-ray diffraction
diagrams of the niobian
magnetites
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than those of the pure magnetite. At a niobium concentration of 17%, magnetite
formation is largely inhibited, but the Mössbauer spectrum indicates the presence of
magnetically ordered metallic iron and paramagnetic Fe2+. The magnetic hyperfine
fields of the A site show no and the B-fields show little systematic variation as a
function of the niobium concentration during synthesis. Because Nb5+ is a diamag-
netic ion with a krypton configuration, this does not provide conclusive evidence for
the concept that niobium has substituted iron in the magnetite structure. The lines
of the magnetite components become broader as the concentration of niobium in
the synthesis solution increases, indicating decreasing particle sizes. Mean coherence
lengths calculated from broadening of the 311 diffraction line indicates a significant
decrease from 62 to 45, 24 and 8 nm from the pure magnetite to the 2%, 7%, and
17% Nb samples, respectively.

Powder XRD (Fig. 2) also shows the samples to contain various proportions of
magnetite (the sample prepared in the presence of 17% niobium again showing the
lowest proportion of magnetite), and the samples prepared in the presence of 2%
and 17% niobium show the presence of some wüstite (Fe1−xO). Diffraction diagrams
(not shown) were also taken under addition of Si as an internal standard for 2θ .
The resulting patterns do not show a systematic variation of the position of the
strongest magnetite peak (311) as a function of the niobium concentration, so that
XRD also does not provide conclusive evidence for the incorporation of niobium in
the magnetite structure.
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Fig. 3 Methylene blue
discoloration in the presence
of niobian magnetites
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3.2 H2O2 decomposition and dye oxidation

The catalytic activity of the niobian magnetites was studied using two reactions: (1)
the decomposition of H2O2 to O2 (H2O2 →H2O + 0.5 O2) and (2) the oxidation
of the model contaminant (methylene blue dye) with H2O2 in an aqueous medium.
The reaction kinetics was investigated by UV/vis discoloration measurements to
form non-colored intermediates. The discoloration of the solution of the dye is shown
in Fig. 3.

The control experiment (only methylene blue and H2O2 but no catalyst) showed
no significant discoloration even after a reaction time of 60 min. On the other
hand, in the presence of the niobian magnetite catalyst and H2O2 as oxidant, discol-
oration can be observed. For the system niobian magnetite/H2O2, the discoloration
is moderate in the presence of the pure magnetite and the magnetites prepared
at low niobium contents. However, the sample prepared at high niobium content
(Mt-Nb17) produces a catalytic discoloration of more than 15% after 60 min. This
behavior can have several causes: sample mineralogy (e.g. the presence of metallic
iron in the Mt-Nb17 sample), a catalytic enhancement due to the presence of Nb,
and particle size changes. While some or all of these effects can act together to
bring about the higher catalytic activity of the Mt-Nb17 sample, the drastic particle
size reduction of magnetite in this sample indicates particle size to play a key role.
Although H2O2 decomposition kinetics is a complex reaction, the linear behavior
of the decomposition plots between 0 and 25 min suggests that the process can be
approximated to pseudo-zero order kinetics [8].

Discoloration measured by UV–vis spectroscopy does not provide any informa-
tion about reaction intermediates of the methylene blue oxidation. Such identifi-
cation could be achieved by using mass spectroscopy with electrospray ionization.
The identification of intermediates was studied obtaining spectra after 60 min of
reaction in the presence of H2O2 (Fig. 4). The spectrum of methylene blue solution
(without catalysts) indicated only one peak at m/z = 284 due to its cationic structure.
After 1 h of reaction, intermediates were observed in the spectra, showing that the
mineralization was not total. An intense peak at m/z = 270 suggested the beginning
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Fig. 4 Mass spectra of the
reaction products of
methylene blue oxidation with
electrospray ionization as a
function of the niobium
concentration
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of dye structure degradation. A signal at m/z = 300 and 316 is probably due to
successive hydroxylation of the aromatic ring [14]. The peak at m/z = 149 is indicative
of ring rupture and subsequent total mineralization [15].

4 Conclusions

The presence of niobium associated with magnetite has a significant effect on the
crystallinity and catalytic activity of the oxide. In this study, the oxidation of organic
compounds with H2O2 has been shown to probably take place via radicals, as
suggested by ESI-MS data. An oxidation mechanism was indicated to occur by attack
of the free radical *OH over the molecule, giving rise to hydroxylation products
as principal by-products, although compounds resulting from ring cleavage are also
detected. The presence of niobium increases the activity of the oxide for the H2O2

decomposition, and the surface niobian species seem to act directly in the catalytic
properties of the niobian magnetites.
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Abstract This study was devoted to the evaluation of the effectiveness of Fenton
catalysts, based on magnetically-concentrated portions of iron oxide-rich sand frac-
tions from two magnetic Ultisols, derived from volcanic materials of southern Chile.
The samples were labeled according to the municipality where the sample sites are
geographically located, namely Metrenco and Collipulli, and were characterized with
Mössbauer spectroscopy at 298 K and saturation magnetization (σ ) measurements.
Mössbauer data revealed a complex magnetic hyperfine structure for these magnetic
portions from both soil-sand materials, suggesting relatively complex mineral as-
semblages. The monitored rate of H2O2 decomposition via heterogeneous Fenton
reaction revealed that materials from the Collipulli soil are more efficient Fenton
catalyst than are those from the Metrenco soil. The reasons for these differences are
from now on being explored on basis of a more detailed chemical investigation of
these samples.
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1 Introduction

A heterogeneous Fenton reagent typically consists of a mixture of a Fe2+-containing
solid matrix in a liquid medium with H2O2. It is highly active in promoting oxidation
of organic substrates, being used, for instance, to remove organic pollutants in
water. The heterogeneous reaction presents some practical advantages over the
homogeneous system, as no sludge is formed, by operating at near-neutral pH,
and enables recycling the iron promoter [1, 2]. Some iron-bearing geomaterials are
potentially very interesting alternatives as Fenton catalyst, from the technological
and economical viewpoints. This is mainly true if the reaction is directed to envi-
ronmental remediation of contaminated water bodies with organic residues, as from
industrial effluents or with agriculture chemical residues, including those based on
phenols and formaldehydes, or from most commonly bio-active substances from
commercial pesticides [3, 4].

Ultisols are mainly characterized by having high clay and iron oxide contents.
It has been considered an increasing interest to know about their potential ap-
plicability, specifically of their clay fraction, as inexpensive heterogeneous catalysts,
for different reactions of environmental and industrial uses, as water gas shift,
Fenton and Fenton-like reactions [5, 6]. Ultisols are particularly rich in magnetic
iron oxides, which are mainly found in their sand fractions. This feature suggests
that Ultisol materials are presumably good technological alternative as catalysts for
decomposition of organic substrate in water via Fenton or Fenton-like processes.

This study was devoted to the evaluation of the effectiveness of Fenton catalysts,
based on the magnetic portion of an iron oxide-rich sand fraction from two Ultisols
derived from volcanic materials in southern Chile.

2 Materials and methods

The two soil samples were collected at a depth between 15 and 30 cm, one from each
of two Ultisol profiles located in southern Chile (geographical coordinates of the
sampling sites: Collipulli at 36◦58′ S 72◦09′ W and Metrenco at 38◦50′ S 72◦37′ W).
The collected soil material was sieved in the field, so to obtain a fraction with mean
particle diameter ≤2 mm (whole soil), and packed under roughly the corresponding
field moisture atmosphere [7, 8].

The chemical compositions of samples were determined by digesting 0.100 g of
the dry sample with HF and aqua regia (at 10:1.5 ratio), in a PARR bomb digester,
set at 110◦C, during 12 h. The resulting digestion mixture was treated with ultra pure
graded (Merck) boric acid, diluted to 100 mL with water, and stored in a plastic
flask at 5◦C, prior to elemental chemical dosages of Fe, Si, Al, Mg, Mn and Ti, from
readings on a flame atomic absorption spectrometer (Perkin Elmer, model 2380).
Data presented in this work are expressed as averaged values of two sample-replicas.

The specific soil magnetization was measured with a portable soil magnetometer
[9]. The equipment allows direct digital readings of the magnetic moment of soil sam-
ples, expressed J T−1. From the sample mass, the specific saturation magnetization
in J T−1 kg−1 is deduced. An amount of about 0.3 g of each sample was placed into
a plastic container and the saturation magnetization was obtained as the averaged
value of about 20 readings.
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Fig. 1 298 K-57Fe-Mössbauer
spectra for the whole sand
fractions from Metrenco and
Collipuli soil materials

-10 -8 -6 -4 -2 0 2 4 6 8 10

0.94

0.95

0.96

0.97

0.98

0.99

1.00

0.92

0.94

0.96

0.98

1.00

Sand Collipulli

 

R
el

a
ti

v
e 

T
ra

n
sm

is
si

o
n

Velocity/mm s-1

 

Sand Metrenco

The Fenton activity was evaluated by measuring the formation of gaseous O2 from
the decomposition of 3.5 mol L−1 hydrogen peroxide, in a volumetric gas system [4]
at 20 ± 1◦C and pH 5.7, using 15 mg of the solid sample as catalyst. The volumetric
gas system consisted of a glass ball as reactor containing 50 mL of the solid sample,
2 mL 30% w/v hydrogen peroxide and 5 mL of water. The reactor system was
connected to an inverted burette immersed in a 2 L cylinder containing water. The
oxygen formation was followed each minute by measuring the hydrogen peroxide
volume decrease. An analytical blank without solid sample was measured in similar
conditions.

The Mössbauer spectra were collected at 298 K in constant acceleration transmis-
sion mode with a ∼30 mCi 57Co/Rh source. Data were stored in a 512-channel MCS
memory unit, with Doppler velocities ranging between approximately ±10 mm s−1.
The experimental data were fitted using Lorentzian functions, with least-squares
fitting procedure based on the NORMOS™ computer program.

3 Results and discussion

Magnetic portions of the sand fraction of Metrenco and Collipulli soil materials
were found to be σ = 31.3(1) J T−1 kg−1 and σ = 34.0(3) J T−1 kg−1, respectively.
Comparing these saturation magnetization values with those for the pure magnetic
phase, it would be possible to directly infer about its quantitative proportion in each
soil sample. However, to identify, characterize and quantify the magnetic mineral(s)
in such a complex natural mixture is a real experimental challenge and often requires
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Table 1 Chemical composition (data expressed in mass % of the corresponding element, on an
oxide basis) for the whole soil and sand (including its magnetic extract) and clay fractions from the
Collipulli and Metrenco soil samples

Sample Fraction Fe2O3 Si2O Al2O3 TiO2 MnO2

Metrenco Soil 12.5 42.9 10.4 1.8 nd
Sand 16.9 51.9 19.0 2.4 nd
Clay 11.9 56.9 10.0 1.7 nd
Magnetic portion from sand 57.0 nd nd 3.1 1.6

Collipulli Soil 17.8 39.8 23.2 2.3 0.4
Sand 14.6 43.2 23.1 2.0 0.3
Clay 15.8 32.5 30.2 1.2 0.2
Magnetic portion from sand 56.7 nd nd 3.6 1.5

nd not determined
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Fig. 2 298 K-57Fe-Mössbauer spectra and corresponding profiles of hyperfine distributions for the
magnetic portions from sand fractions of Metrenco and Collipuli soil materials

information from several experimental techniques. As it would be expected for
most soil samples, room temperature Mössbauer analyses revealed rather complex
patterns for both sand fractions, Metrenco and Collipulli, with an intense central
doublet and low-intensity and broad resonance lines (Fig. 1). From results of chem-
ical composition for the soil, sand and clay fractions, silicon appears in the highest
proportion (Table 1). For their corresponding magnetic fractions, the amount of iron
is, as expected, significantly higher than in the whole sand soil fractions. Mössbauer
spectra for the corresponding magnetic portions reveal that resonance signals due
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Table 2 298 K-Mössbauer fitted parameters for the magnetic portions from sand fractions of
Metrenco and Collipuli soil materials

Sample Assignment δ/mm s−1 ε, Δ/mm s−1 Γ /mm s−1 Bhf /T AR/%

Metrenco Mt-A 0.29 (2) 0.03 (3) 1.03 (6) 46.4 (1) 26 (2)
Mt-B-Dist 0.48 (1) 0a 0.31a 27.8 (2) 13 (1)

0.49 (1) 0a 0.31a 36 (6) 21 (1)
0.49 (1) 0a 0.31a 41 (1) 19 (2)
0.50 (1) 0a 0.31a 43.4 (6) 10 (1)
0.50 (1) 0a 0.31a 45.2 (4) 3 (1)

Paramagnetic-Fe2+ 0.91 (1) 1.84 (3) 0.60a 8 (1)
Collipulli Mt-A 0.28 (1) 0.02 (2) 0.71 (4) 48.0 (1) 24 (2)

Mt-B-Dist 0.46 (2) 0a 0.31a 28.3 (1) 12 (1)
0.45 (2) 0a 0.31a 38 (4) 26 (3)
0.45 (2) 0a 0.31a 41 (1) 16 (1)
0.44 (2) 0a 0.31a 44.6 (3) 15 (1)

Paramagnetic-Fe2+ 0.92 (2) 1.82 (4) 0.60a 7 (1)

A magnetic hyperfine spectrum fitted with Lorentzian-shaped lines, B-Dist model-independent
hyperfine field distribution (for this case, Bhf = hyperfine field at maximum probability), δ isomer
shift relative to αFe, ε quadrupole shift, Δ quadrupole splitting, Γ line width, Bhf magnetic hyperfine
field, AR relative subspectral area
aFixed parameter during the fitting procedure

Fig. 3 Kinetic curves for
hydrogen peroxide
decomposition by using
different Fenton catalysts from
the two Ultisol materials
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to the magnetic hyperfine structure are clearer more intense then those obtained
for the whole sand fractions (Fig. 2). A ferrous doublet also appears in spectra for
samples from both sand fractions. Corresponding fitted parameters are presented in
Table 2. Non-stoichiometry magnetite has been previously identified by Mössbauer
analysis, supporting optical microscope image observations that reveal typical spinel
grains assignable to magnetite, in this magnetic portion from the sand fraction of this
Collipulli soil material [10]. Microprobe analysis also revealed a relatively wide range
of chemical composition of the spinel phases: Mg–Ti–Mn–magnetite formulae were
allocated from some averaged data obtained from optically similar probing zones on
individual grains [10].
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Figure 3 shows results obtained for the decomposition measurements of hydrogen
peroxide for the Metrenco and Collipulli soil materials, carried out in a volumetric
gas system. The hydrogen peroxide decomposition rate for the sand and magnetic
fractions from Collipulli soils are found to be approximately 8.0 and 6.0 times that
of the blank, respectively, meaning that a significant decomposition rate of H2O2

occurred, by using those fractions as heterogeneous Fenton catalysts. For all samples
it was taken in account that the free oxygen volume is due only to the oxidation of
the hydrogen peroxide decomposition.

The decomposition rates either with whole sand fractions or its correspond-
ing magnetic portion for the Collipulli are significantly higher than those for the
Metrenco soil samples. The reasons for these kinetic results will from now be
analyzed on basis of the elemental chemical composition for both soils, as there
is no clear difference on their iron oxides mineralogy, basing on the Mössbauer
patterns only for the two magnetic portions. In spite of the occurrence of Ti and
Mn in these soil materials (Table 1), the catalytic activity in the magnetic portion of
sand materials is being accounted to the iron-rich spinels only. From the allocated
formulae based on the chemical microprobe analysis [10], Ti and Mn presumably
contribute very few to the catalytic activities, as they represent only 2.9% and 0.8%,
respectively, of all Fe content in the magnetic portion from the sand fraction of the
Collipulli sample. Chemical Analysis for these magnetic portions reveals that the Ti
and Mn contents are about 6.0% and 2.7%, respectively, in both samples (Collipulli
and Metrenco) relatively to the corresponding iron contents (Table 1).

4 Conclusions

The sand fraction and its magnetically concentrated extract from the Collipulli
soil is by far more efficient than those from Metrenco, as Fenton catalysts, as it
could be evaluated, from the decomposition of H2O2. The saturation magnetization
and Mössbaer patterns for both soil materials are nearly comparable. Reasons for
differences in the catalytic behavior on the decomposition of H2O2 are now being
explored on basis of a more detailed chemical investigation of these samples.
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Abstract In this work, highly reactive carbon–iron composites were prepared using
a waste, i.e. tar, as carbon precursor and a simple iron oxide, i.e. hematite. Tar was
impregnated on Fe2O3 with different tar/hematite weight ratios of 1:1; 2:1 and 4:1,
and thermally treated under N2 atmosphere (400◦C, 600◦C and 800◦C). Mössbauer,
XRD and magnetization measurements suggested that treatment at 400◦C and 600◦C
produces Fe3O4 but treatment at 800◦C produced mainly Fe◦. Raman and TG
analyses of the different composites suggested the formation of carbon contents
of 18, 24 and 32 wt.% as amorphous and graphitic highly dispersed on the Fe
surface. The composites obtained at 800◦C showed high efficiency to reduce Cr(VI)
as CrO2−

4 in aqueous medium with much better results compared to finely ground
commercial Fe◦.

Keywords Iron oxides · Carbon · Mössbauer spectroscopy · Cr(VI) contamination

1 Introduction

Iron is a naturally occurring material and is in abundance in the earth’s crust. This
metal has a very interesting chemical because of its magnetic properties, electrical,
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Fig. 1 Schematic representation of the reduced Fe/carbon composites prepared from tar and Fe2O3

physical, chemical and morphological. Is an important reducing agent due to its low
toxicity, cost and availability. For these reasons, Fe◦ has been extensively used in
several environmental remediation processes, like permeable reactive barriers [1],
reduction of different contaminants such as organochloro [2], nitroaromatics [3], dyes
[4], Cr(VI), Pb(II), Ag(I) and Cd(II) [5, 6].

In this work, highly active reduction systems based on composites of carbon and
different Fe phases, have been investigated for environmental remediation. These
composites can be prepared from any available and low cost iron oxide, e.g. Fe2O3,
from several origins (synthetic, geological or from industrial mining waste), and a
carbon source. In the present case, a pinus tar, a well known waste from the coal
industry was used (Fig. 1). Upon thermal treatment, tar mixed with Fe2O3 decom-
poses on the iron oxide surface to produce elemental carbon, which readily reacts
with Fe3+ to produce variably reduced chemical species, according to the simplified
reaction equations:

0.5 C + 3Fe2O3 → 2Fe3O4 + 0.5 CO2 (1)

0.5 C + Fe3O4 → 3FeO + 0.5 CO2 (2)

0.5 C + FeO → Fe + 0.5 CO2 (3)

2 Experimental

The hematite was obtained by thermal treatment of Fe(NO3)3·9H2O (Aldrich) until
400◦C for 3 h. The pinus tar pre-treated at 100◦C (to remove volatile compounds)
under vacuum was dissolved in acetone and impregnated on the Fe2O3. The com-
posites were prepared with different tar/hematite weight ratios of 1:1; 2:1 and 4:1. The
tar/hematite composites were separated into three parts treated at three different
temperatures 400◦C, 600◦C and 800◦C under N2 flow (50 mL min−1). After treatment
the composites were stored in N2 atmosphere. Mössbauer spectra were collected
in a constant acceleration transmission mode with a 50 mCi Co57/Rh source. A
spectrometer equipped with a transducer (CMTE model MA250) controlled by a
linear function driving unit (CMTE model MR351) was used to obtain the spectra
at a temperature of 298 K. Data were store in a 512 channel-MCS memory unit,
with the Doppler velocity ranging between about ±10 mm s−1. Mössbauer isomer
shifts are quoted relative to α-Fe. The surface area was determined by the B.E.T.
method using a 22 point N2 adsorption/desorption in an Autosorb 1 Quantachrome.
Magnetization measurements were carried out in a portable magnetometer with
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Fig. 2 Mössbauer spectra of the tar/iron oxide 1:1, 2:1, and 4:1 composites treated at different
temperatures

magnetic field of 0.3 T calibrated with Ni metal. The reduction of Cr(VI) was per-
formed using 5 mL solution 50 ppm of Cr(VI) with 60 mg of composite at 28 ± 2◦C.
During the reaction, a magnet was used to retain the solid while aliquots of 0.1 mL
were collected and Cr(VI) was complexed with 1.5-diphenylcarbazide (5 g L−1 in
acetone) in 25 mL pH 1 (H2SO4). The concentration of the red complex formed
was determined by spectrophotometric analyses at λ = 545 nm in an UV–Vis
Analyser 800 M spectrophotometer. Cr(VI) reductions were also carried out with
reactions with commercial metallic iron (Synth) and were used to compare with the
composites activity.

3 Results and discussion

Figure 2 shows the Mössbauer spectra (MS) obtained to all treated composites. MS
for the composites treated at 400◦C is composed of a signal related to magnetite
suggesting that Fe2O3 is reduced by the carbon formed from tar (Eq. 1). At 600◦C
Fe3O4 with small amounts of wüstite (FeO) are produced. On the other hand,
treatment of composites at 800◦C produced large amounts of metallic iron with small
amounts of magnetite and wüstite (Fig. 2). MS also suggested that at 800◦C besides
α-Fe, small amounts of γ-Fe were observed. Detailed XRD investigation confirmed
all Mössbauer results.

Figure 3 shows a general idea of phase compositions for the different composites
treated at 400◦C, 600◦C and 800◦C.

Saturation magnetization was obtained for the composites treated at 400◦C, 600◦C
and 800◦C. As Fe2O3 is reduced to Fe3O4 (400◦C and 600◦C) a magnetization of
60–70 J K−1 T−1 was obtained. When Fe◦ is produced, the magnetization tends to
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Fig. 3 Phase compositions
obtained from the MS data
for the different composites
treated at 400◦C, 600◦C
and 800◦C
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Fig. 4 Cr(VI) reduction by tar/iron oxide composites a 1:1, b 2:1 and c 4:1 treated at 400◦C, 600◦C
and 800◦C

increase, reaching values of 139 J K−1 T−1 since pure standard Fe◦ shows higher
saturation magnetization of 180 J K−1 T−1 compared to Fe3O4 (100 J K−1 T−1) [7].

BET surface areas were obtained from the N2 adsorption isotherms on the treated
tar/iron oxide composites. The original Fe2O3 showed low surface area of 4 m2 g−1.
On the other hand, as the composites are thermally treated the surface area increases
to 25, 36 and 90 m2 g−1 (1:1 tar/iron oxide), 6, 10 and 86 m2 g−1 (2:1 tar/iron oxide)
and 2, 4 and 46 m2 g−1 (4:1 tar/iron oxide) to composites treated on 400◦C, 600◦C and
800◦C. This increase in surface area is likely related to the formation of carbon on
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Fig. 5 Mösbauer spectroscopy
of the 4:1 tar/iron oxides
composite treated at 800◦C
after deactivation (a) and
regenerated at 800◦C on N2
flow (b)
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the Fe2O3 surface. Upon thermal treatment, part of this carbon reacts with the iron
oxide developing some porosity and producing an increase in the surface area. In fact,
DTF pore distribution suggests that after treatment at 800◦C meso and macropores
are created.

The thermally treated tar/iron oxide composites were used to reduce the Cr(VI),
as CrO2−

4 , solution at an initial pH of 5. Figure 4 shows that composites treated
at 400◦C and 600◦C are nearly inactive for the Cr(VI) reduction. Reactions with
commercial Fe◦ powder showed slightly higher efficiency of 20% Cr(VI) conversion
after 3 h. On the other hand, for the composites treated at 800◦C a remarkable
higher efficiency was observed with almost complete chromium reduction. After the
reactions, all composites were exposed to a phosphate solution in order to desorb
any Cr(VI) (CrO2−

4 ) from the composite surface [8].
The deactivation of the composites was investigated by exposing the same com-

posite sample consecutively to different HCrO−
4 solutions (50 ppm) until no Cr(VI)

was observed. These studies showed that after five consecutive reactions with Cr(VI)
solutions, the composite strongly deactivates, likely due to an oxidation of Fe◦ on the
composite surface. To investigate the surface modifications of the composite the MS
was obtained after the 5th reaction (Fig. 5). The MS shows that the Fe◦ content in the
composite decreases from 43% to 25% whereas the phase magnetite increased from
7% to 27%. Wüstite present in the composite at 50% did not change significantly
after reaction. The deactivate composite was then regenerated at 800◦C under N2.
After this thermal treatment, the activity of the composite was completely restored.
The MS obtained for the regenerated composite (Fig. 5) shows a strong increase in
the Fe◦ content to 96% which can explain the activity for Cr(VI) reduction.

4 Conclusion

The results obtained from Mössbauer spectroscopy and saturation magnetization
showed that tar decomposes on the hematite surface and reacts with Fe2O3 to
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produce reduced phases, i.e. Fe3O4, FeO and Fe◦. These phases, mainly Fe◦, showed
high activity to reduce Cr(VI) in aqueous medium.
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Abstract Hydrogen production using ethanol and Fe2O3/support in a redox cycle
was investigated. The composites were prepared by impregnation of Al2O3 and SiO2

with Fe(NO3)3, with different proportions of iron, i.e. 10, 30 and 50 wt.%, calcinated
at 450◦C and characterized by Mössbauer spectroscopy, XRD, SEM, BET and TG.
The redox cycle to produce and/or store hydrogen is a two step process (1) initially
the ethanol is used to reduce the iron oxide to Fe◦; (2) and when H2 is needed, Fe◦
reacts with H2O to produce CO-free hydrogen, and the iron oxide is reduced again
to Fe◦ making this system cyclic. After the reactions it was interesting to observe
that ethanol can directly reduce the iron oxide to produce metallic iron, with carbon
deposition and iron–carbon as side product. Preliminary results indicate that it is
possible to perform multiple redox cycles with the supported iron oxide without
deactivation.
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Fig. 1 Iron-based redox
system to hydrogen production
from ethanol
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1 Introduction

Hydrogen, the “fuel of the future”, will probably replace fossil energy sources in few
years, with higher efficiency and several environmental advantages [1–3]. Today, the
large-scale use of H2 faces two main challenges: its production and storage [2, 4–7].

Currently, for the production of H2, the steam methane reforming is the largest
and generally the most economical way, however, producing hydrogen from fossil
fuels makes H2 an indirect source of CO2. Therefore, the real opportunity for the
future is the non-fossil fuel approaches for the production of H2. For hydrogen
storage, the use of solid state materials is considered to be one of the most efficient
and secure and in accordance with the International Energy Agency (IEA) an ideal
solid should store at least 5 wt.% and 50 kg H2/m3 of H2 and the supply and storage
should work in a cyclic process [8–10]. To the best of our knowledge, no materials
show all these properties. Otsuka et al. have proposed the use of a reversibly redox
system to store and supply hydrogen to fuel cell based on the reduction of iron oxide
by hydrogen. The metallic iron produced could be easily stored and, when necessary,
the iron could be re-oxidized by water, producing pure hydrogen [11–15].

In this work, we present an innovative method for H2 production using ethanol
and Fe◦/Fe2O3 redox system. This is a two step process (Fig. 1): (1) initially the
ethanol is used to reduce the iron oxide to Fe◦; (2) when H2 is needed, Fe◦ reacts
with H2O to produce CO-free hydrogen, and the iron oxide is reduced again to Fe◦
making this system reversible. In order to produce a more reactive system, Fe2O3

was dispersed on Al2O3 and SiO2, which have a high surface area. The samples were
submitted to Temperature Programmed Reaction (TPRe) cycles, using a mixture of
EtOH/N2 for reduction and H2O/N2 for re-oxidation, from 30◦C to 900◦C.

2 Experimental

2.1 Preparation of Fe2O3/Al2O3 and Fe2O3/SiO2

The composites were prepared by impregnation of Al2O3 or SiO2 (Aldrich) with
Fe(NO3)3 in water, slowly dried at 60◦C and calcinated in a tubular furnace (Lind-
berb Blue M) at 10◦C min−1 until 450◦C and held in this temperature for 4 h. The
amount of iron was calculated to produce materials with 10, 30 and 50 wt.% of
supported hematite.
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Fig. 2 Mössbauer spectra and relative area of the iron phases for the composites with alumina (left)
and silica (right) before TPRe

2.2 Temperature programmed reactions

The reactions with H2 were carried out with a flow of 5% H2/N2 (30 mL min−1). The
ethanol used for the reduction reaction was kept at 0◦C. When water was used it was
kept at 25◦C. In both reactions N2 (30 mL min−1) was used as carrier gas.

The reactions between ethanol and the iron oxide composites (30 mg) were carried
out in a tubular furnace between 30◦C and 900◦C, with a heating rate of 5◦C min−1 or
10◦C min−1. The gas products were analyzed by a Shimadzu 17A gas chromatograph
equipped with a flame ionization detector (FID) or by a ChemBET3000 TPR of the
Quantachorme Instruments with a thermal conductivity detector (TCD).

2.3 Characterization

Mössbauer spectroscopy experiments were carried out in a spectrometer CMTE
model MA250 with a 57Co/Rh source at room temperature using α-Fe as a reference.
The powder XRD data were obtained in a Philips 1830 equipment using Cu Kα

radiation scanning from 2◦ to 75◦ at a scan rate of 4◦ min−1. Scanning electron
microscopy (SEM) analysis was done using a Jeol JSM840A. The surface area was
determined by the B.E.T. method using a 22 cycles N2 adsorption/desorption in an
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Fig. 3 Mössbauer spectra and relative area of the iron phases for the composites with alumina (left)
and silica (right) after TPRe

Autosorb 1 Quantachrome instrument. TG analyses were carried out in a Shimadzu
TGA60 simultaneous TG/DTA.

3 Results and discussion

XRD and Mössbauer Spectroscopy (Fig. 2), for the composites before the reactions,
show mainly hematite and the superparamagnetic VIFe3+ phase. The amount of
this superparamagnetic phase, attributed to nanometric hematite particles, decreases
with the increase of the total amount of iron on the composites, and it is greater on
the SiO2 support, which has higher surface area.

α-Iron and iron carbide are the main species observed in the Mössbauer spectra
for the Al2O3 composites, after the first reduction with ethanol at 900◦C (Fig. 3).
Small amount of disperse superparamagnetic Fe2+ and Fe3+ could also be observed,
as well γ -iron (probably stabilized by carbon) on the sample with 10% of initial iron
oxide content. For the samples supported on SiO2 a fayalite (Fe2SiO4) phase was
observed after the reaction. It was also observed that the amount of metallic iron
phase increase with the increase of the total percentage of iron on the sample, while
the oxidized phases (including fayalite and iron carbide) decrease with the increase
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Fig. 4 Changes on the iron
phases after TPRe of the
50 wt.% Fe2O3/Al2O3
composites
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of iron percentage. XDR shows carbon deposition over the composites which was
confirmed by SEM and TG analyses. The others side-products observed during the
TPRe with ethanol were ethene and small amount of ethylic ether (produced by intra
and inter dehydration of ethanol, respectively).

The changes on the iron phases after TPRe of the 50 wt.% Fe2O3/Al2O3 compos-
ites are shown in Fig. 4. Fe◦ is produced at temperatures over 600◦C with the best
yield at 800◦C. In Fig. 5 a proposal for the changes on the iron phases during the
TPRe with ethanol is presented.

After one redox cycle with the composites (reduction with ethanol and oxida-
tion with water) Fe2O3/support and/or Fe3O4/support were observed. To better
understand this process several redox cycles will have to be carried out for these
composites, considering that with pure hematite five redox cycles were successfully
obtained with only small deactivation.

4 Conclusions

It was interesting to observe that ethanol can directly reduce the iron oxide to
produce metallic iron, with carbon deposition and iron–carbon as side products.
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When SiO2 was used as support a high concentration of fayalite was observed,
especially for the composites with less than 50% of iron oxide. This silicate phase
could be stable during the oxidation step of the cycle, deactivating the composite
after some cycles.

Preliminary results indicate that it is possible to perform multiple redox cycles
with the supported iron oxide without deactivation. More detailed studies have been
carried out to determinate the life-time and the efficiency of these composites for
hydrogen production and/or storage.
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Abstract The mineralogical characterization of two clay samples from the Central
Andean Region of Peru, denominated White Greda and Red Greda, is reported.
These clays contain the clay minerals mica and illite respectively. Both clays were
treated thermally in an oxidising atmosphere under controlled conditions up to
1,100◦C with the purpose of obtaining information about structural changes that may
be useful for pottery manufacture. X-ray fluorescence was used for the elemental
characterization of the samples and X-ray diffractometry was used to determine
the collapse and formation of the mineral phases present in the samples caused by
thermal treatment. At temperatures above 1,000◦C it is observed the formation of
spinel in the case of White Greda and of hematite, corundum and cristobalite in
the case of Red Greda. Room temperature transmission Mössbauer spectroscopy
allowed the monitoring of the variation of the hyperfine parameters with the thermal
treatment temperature; In the case of the evolution of the quadruple splitting of the
paramagnetic Fe3+ sites with temperature, in both clays, the analyses reproduced
results such as the “camel back” curve shape, found by other workers (Wagner and
Wagner, Hyperfine Interact 154:35–82, 2004; Wagner and Kyek, Hyperfine Interact
154:5–33, 2004).
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1 Introduction

The effects of firing a clay sample can be studied by monitoring the changes in
the hyperfine parameters. Mössbauer spectroscopy (ME) is the only technique
that provides direct information about the content and the transformation of the
different phases of iron containing minerals during the thermal treatment. The
thermal treatments applied to the clay samples cause a sequence of chemical and
structural modifications, such as dehydration, oxidation, dihydroxilation, decompo-
sition, formation of new phases and vitrification, all of which in general improve
some of the physical properties such as mechanical resistance, durability, etc. X-
ray diffractometry (XRD), as a characterization technique, provides evidence about
the early reactions in the process showing changes in the basal spacing of the
philosilicates when water is removed from the interlayer; the more radical changes
such as the fracture of the crystalline structure due to the loss of structural hydroxyls,
and the formation of new phases at high temperature can also be monitored by DRX.
ME sees selectively the structural sites occupied by iron atoms, which frequently are
hard to detect by XRD. Several papers [1, 3, 4] have shown that the changes observed
in the Mössbauer spectra of clay minerals caused by thermal treatment from 100◦C
to 400◦C are due to the loss of hydroxyl radicals in mineral clays, which produces
a distortion in the crystalline electric field which manifests itself in the increase of
the electric field gradient (QUA) at the structural sites occupied by Fe3+ cations
in the clay minerals. At higher temperatures, between 700◦C and 800◦C, the laminar
structure collapses eventually into amorphous phases in order to form new crystalline
structures and QUA starts to decrease.

2 Experimental methods

2.1 Previous preparation and measurements

The pH was measured of both samples as found. The clay fractions, <2 μm, were ob-
tained by sedimentation. The textural class of the samples as found was obtained by
the hydrometer method. Previous to the XRD analysis organic matter was eliminated
from the samples using a conventional chemical technique. The sample was mounted
in the sample holder using the glace slade method; this consists in preparing a
solution of water and clay, and then allowed to precipitate on the sample holder;
then the sample is dried at room temperature. This procedure produces a preferential
orientation of the (00�) planes of the clay minerals along the vertical direction.

2.2 Applied analytical techniques

For the elemental characterization by X-ray fluorescence an energy dispersive sys-
tem, manufactured by Amptek, was used. This uses a Si solid state detector cooled to
−30◦C using the Peltier effect, and an X-ray source that uses a Ag cathode operated
at 25 kV. The sample was prepared in the form of a compressed tablet 5 mm in
diameter and 3 mm in thickness. The spectra were taken in air and room temperature.
The energy detection threshold is about 1.3 keV. The program QXAS, available from
the IAEA web page, was used for the qualitative analysis and calculation of the areas
under the spectral peaks of the characteristic X-rays observed in the spectra.
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Table 1 Results of the elemental quantitative analysis

Sample K (%) Ca (%) Ti (%) Mn (%) Fe (%) Zn (%) Rb (%)

San Joaquin 2.030 1.890 0.342 0.054 3.500 0.011 0.010
White Greda 3.624 0.015 0.297 0.016 1.478 0.008 0.016
Red Greda 1.206 0.727 0.407 0.054 5.262 0.011 0.023
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Fig. 1 Diffractograms of White Greda and Red Greda samples obtained at RT and after heating in
an oxidizing atmosphere for 3 h, from 400◦C to 1,100◦C

For the structural analysis an X-ray diffractometer (RIGAKU, Miniflex model,
Cu-Kα radiation, with a Ni filter and with no monochromator) was used. The
operating conditions were: 30 kV, 15 mA, interval 4◦ < 2θ < 70◦ with a 2θ step
of 0.03◦ per step of 2 s. For the identification of the mineralogical components the
data base JCPDS-ICDD (PCPDFWIN, the programa Origin 7.0 and the program
Crystallographica were used.

For the characterization of the local structural order transmission Mössbauer
spectroscopy was used. A radioactive 57Co source in a rhodium matrix was used.
The spectra were fitted using the program PCMOSII in its crystalline site version.
The samples were placed in a circular sample holder with an internal diameter of
1.68 cm, which is placed between the source and the detector. For this sample holder
200 mg of sample in powder was required to obtain a total optical thickness of about
1.60 at 14.4 keV [7]. The spectra were taken at room temperature.

A tubular kiln with flow of oxygen was used for the thermal treatment. The range
of temperatures used was from 100◦C to 1,100◦C. The temperature was increased at
a rate of 1.7◦C/min until the required maximum temperature was reached; then this
was maintained during 3 h.

3 Results and discussion

3.1 Quantitative elemental analysis by X-ray fluorescence

X-ray fluorescence spectra were taken of the two Greda clays and of a reference soil
sample, San Joaquin (SRM 2709, NIST), under the same irradiation and detection
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conditions. The accumulated counts in the spectra were normalized for the same
time of irradiation taking into account the different counting rates and dead time
effects. The resulting areas under the identified characteristic X-ray peaks, using the
criteria that the areas are approximately proportional to the concentration of the
identified elements in each of the clay samples and the reference sample, can be used
to estimate the concentrations of the identified elements (Table 1).

3.2 Characterization by X-ray diffractometry

XRD was used for the characterization and identification of structural phases present
in the White and Red Gredas with no thermal treatment. The White Greda sample
was mounted using the glace slade method and the Red Greda was prepared by the
powder method. The clay minerals found in the White Greda were muscovite, illite
and chlorite, whereas mica was found in the Red Greda. Moreover, it is observed
that due to the higher Fe content in the Red Greda, the diffractogram shows a
background with a slight positive gradient due to the detection of characteristic
X-rays of Fe produced by fluorescence. In Fig. 1 it is shown the diffractograms of
the White Greda sample mounted using the glace slade method (sample at RT);
using the latter method it was possible to identify the presence of chlorite. Moreover,
there appears a reflection peak with an interplanar distance of 2.79 Å, enhanced by
the preferential orientation, that has not been possible to identify.

3.3 Monitoring of the thermal treatment by X-ray diffractometry

After thermal treatment of White Greda in an oxidizing atmosphere up to 1,100◦C,
of the initial minerals present in the sample only quartz remains exhibiting a reduced
intensity in its peaks. Due to dehydration of the clay structure, the interplanar
distances (00�) of muscovite and illite diminish up to 400◦C; likewise, the line
intensities were affected also. From this temperature on, the changes in the structures
are due to dihydroxilation, by which water molecules are formed from the (OH)
radicals in the samples and free O2. At 900◦C illite converts to mica (Fig. 1). Above
900◦C the structure of mica collapses and there appears a new phase called spinel
(MgAl2O4).

In the case of Red Greda no notable change was observed up to 800◦C, at which
the clay structure begins to collapse; mica remains present with a reduced intensity
but still it has not collapsed as the (110) peak appears in the diffractogram. The
recrystallization process appears more pronounced in the Red Greda above 1,100◦C.
Eventually, the Fe3+ cations will depart from the clay structure to form magnetic
iron oxides which are observed as sextets in the Mössbauer spectra; at the end of the
process these become the more prominent characteristic of the Mössbauer spectra in
Red Greda. Moreover, it is also observed that as a product of recrystallization, silicon
oxide changes to a new phase called cristobalite, and aluminium oxide (Al2O3),
denominated corundum, is formed.
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a
White Greda 

b Red Greda 

Fig. 2 a Mössbauer spectra at RT of White Greda samples thermally treated in an oxidizing
atmosphere at different temperatures. b Mössbauer spectra at RT of Red Greda samples thermally
treated in an oxidizing atmosphere at different temperatures
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3.4 Characterization by Mössbauer spectroscopy

The results of the analyses by Mössbauer spectroscopy at RT of samples of White
and Red Gredas, with no thermal treatment, are shown in Fig. 2a, b. In White Greda
the spectrum shows two paramagnetic Fe3+ sites (with 60.0% of the total resonance
absorption area) and a paramagnetic site that is assigned to illite (35.9%). In Red
Greda the spectrum shows two paramagnetic Fe3+ sites (65.3%) and a paramagnetic
Fe2+ site with a large quadrupolar splitting that can be associated with an amorphous
phase in the clay (30.0%); in addition, it shows a magnetic site (4.7%) with a field of
50.82 T and it is assigned to hematite.

3.5 Monitoring of the thermal treatment by Mössbauer spectroscopy

The Mössbauer spectra of White Greda, with thermal treatment, is shown in Fig. 2a;
in the temperature interval 100–400◦C there is a decrease of the absorption area for
the paramagnetic Fe2+ site due to oxidation of Fe. In the case of Fe3+ sites, their
absorption areas increase up to 600◦C (Fig. 3); from this temperature up to 800◦C
the hyperfine parameters and absorption areas behave almost constant; above this
temperature a marked decrease in the absorption area of Fe3+ is observed (Fig. 3);
this decrease is associated to the collapse of crystalline structures and the formation
of new phases; at 900◦C it is observed the appearance of a magnetic site associated
hematite (Fig. 2a); then as the temperature temperature increases the absorption
area associated with this magnetic site decreases from 20% to 5%; this is due to the
new spinel phase (identified by XRD at 1,100◦C in the White Greda). This behaviour
is characteristic of hematite if the sample is free of iron oxides before it reaches
the temperature of 800◦C. For the case of Red Greda it is observed in Fig. 2b that
as the temperature increases the absorption area of the paramagnetic site of Fe3+
increases; a similar behavior is observed for the parameter QUA (0.58–0.133 mm/s)
for this Fe3+ site; which is due to the loss of water from the interlayer sheet and
the dihydroxilation of the layers. These processes of collapse and formation of new
structures undergo a transition state characterized by the presence of amorphous
phases, which are associated to the appearance of undefined iron sites responsible
for a relative absorption area less than about 20% in the case of Red Greda; then
a reduction of QUA for Fe3+ is observed starting at 800◦C (Fig. 2b), behavior
associated to higher crystallinity. Starting at 300◦C, as the temperature of thermal
treatment increases, the relative area of the magnetic site increases from 4.7% to
71.74%.

In Fig. 4. it is observed that upon heating of the samples up to 100◦C, the
total absorption area diminishes by about 35% in the case of Red Greda, and in
the case of White Greda it increases by about 36%; this behavior is related to a
decrease of the fA factor in the case of Red Greda and an increases in the case of
White Greda. Figure 4 shows also the dependence of average line width of the Fe3+
doublets with the temperature of the thermal treatment; this dependence exhibits
also a “camel back” curve shape and it is more pronounced in the case of the Red
Greda.

Reprinted from the journal60



Mineralogical characterization of Greda clays

0 200 400 600 800 1000

0,2

0,4

0,6

0,8

1,0

1,2

1,4

Q
U

A
, I

SO
(m

m
/s

)

Temperature (oC) Temperature (oC)

Qua(Fe3+)  Iso (Fe3+)

White Greda

200 400 600 800 1000
0,2

0,4

0,6

0,8

1,0

1,2

Q
U

A
,I

SO
 (

m
m

/s
)

Qua(Fe3+)  Iso (Fe3+)

Red Greda
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Fig. 4 Left variation of the total resonance absorption area as a function of the temperature of
the thermal treatment for White Greda and Red Greda. Right variation of the line width of Fe3+
doublets with temperature for White Greda and Red Greda

4 Conclusions

The elemental analysis allows to deduce that the concentration of Fe in Red Greda
is larger than in White Greda, but in a lower ratio than the respective total resonance
absorption areas. This indicates that the effective fA factor may be slightly larger
in the White Greda than in the Red Greda. By XRD it is found that in the case
of Red Greda, at high temperatures, hematite is formed and that quartz transforms
into cristobalite. In the case of White Greda, at high temperature, it is observed the
formation of spinel and hematite. The monitoring of the variation of the hyperfine
parameter QUA for the Fe3+ sites with temperature in both clay samples reproduces
a behavior obtained by other researchers that is known as the “camel back effect”
[5, 6]. The evolution of the total resonance absorption areas with temperature shows
an increase of the fA factor of the clays after the thermal treatment and this takes
place in a larger proportion in the case of Red Greda; this may indicate that the
crystalline structures, after thermal treatment, become more rigid. The monitoring
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of the variation of the quadrupole splitting of the paramagnetic Fe3+ sites shows
an increase up to about 800◦C and then diminishes at higher temperatures. This
behavior is related to structural changes that are produced in the samples during the
first stage of the treatment which is followed by a stage of higher structural ordering
associated to crystallization and vitrification.
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Abstract The analysis by X-ray diffraction of a mining sample collected from
Oshno hill, which is located in the District of Chavín de Pariarca, Huamalies
Province, Huanuco, Peru, indicates the presence of lepidocrocite (γ-FeOOH) and
goethite (α-FeOOH). The room temperature Mössbauer spectrum (MS) doublet
with broad lines displays hyperfine parameters corresponding to the presence of
particles of iron hydroxides smaller than 100 Å in a superparamagnetic regime. The
measurement of a MS at 4.2 K allowed confirming the presence of goethite and
lepidocrocite (with average magnetic fields of 49.21 T and 44.59 T, respectively).

Keywords Goethite · Lepidocrocite · Mössbauer spectroscopy

1 Introduction

In the Marañón Basin, Peru, there is a Regional Geology named Complejo Marañón,
consisting of metal minerals such as copper, silver and gold in schists (which are rocks
that can easily be split in thin layers) that is a good candidate for mining exploitation.
The minerals form part of a group of medium-grade metamorphic rocks mainly
prominent by the preponderance of laminate minerals such as mica, chlorite, talc,
hornblende, graphite, and others in contact with intrusions, as well as with nickel,
cobalt, titanium, and platinum minerals, among others.

The metallurgy tests carried out in our laboratory indicate a good metallurgy
recovery of the concentrate obtained of Chalcopyrite mineral, which means a good
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Fig. 1 Oshno part of the hill where the sample is collected

economic possibility for the Marañón Basin [1]. The samples of Oshno as metallic
powder grain are of interest to small and medium steel industry.

Although the usual mineralogical techniques allow identifying the sample miner-
als as well as the presence of iron oxides with a magnetization degree that indicates
the presence of metals in areas where the samples are taken from, it is not possible
to study with more detail the system because of the very small particles that make
up the iron oxides. In this work, we apply Mössbauer spectroscopy to understand the
size and nature of the particles of the iron oxides found in one mineral sample.

2 Experimental

The sample was collected at the Oshno hill, which is located in the Chavín de Pariarca
District, Province of Huamalies, Huanuco Region, Peru. Figure 1 shows the place
where the sample was collected. The characterization of minerals of this area is made
by optical microscopy, Mössbauer spectroscopy at RT, and multi-elemental chemical
analysis.

In the Laboratory of Extractive Metallurgy-UNMSM we proceeded to develop
metallurgical processes and operations commissioned: crushing, grinding and sifting
to take a size suitable for the chemical and physical characterization.

The X-ray powder diffraction patterns were recorded with a BRUKER D8 Focus
using a graphite monochromator to select the CuKα-doublet, in the range 8◦ to 80◦
with steps of 0.02◦. The chemical composition was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) using the method ICP-40B that
consist in multi-acid (four acid) digestions that is a combination of HCl (hydrochloric
acid), HNO3 (nitric acid), HF (hydrofluoric acid) and HClO4 (perchloric acid).
Because hydrofluoric acid breaks down silicates, these digestions are often referred
to as “near-total digestions”. There can be a loss of volatiles during digestion
(e.g. B, As, Pb, Ge, and Sb). Multi-acid digestion is a very effective dissolution
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Fig. 2 X-ray diffraction of
sample Oshno. G Goethite,
L Lepidocrocite
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Table 1 Chemical analysis
of the sample Oshno

Major elements (ppm)
Cu 968
Zn 3,996
As 367
Mn 1,118
Ba 282

Minor elements (ppm)
Cr 92
V 66
W 34
Sr 197.8
Cd 23
Co 23
Ag 6.8
La 38.7
Sc 12.3
Sn 24
Ni 18
Fe 7.39

procedure for a large number of mineral species and is suitable for a wide range
of elements.

For the sample presented in this paper, Mössbauer spectra were recorded in trans-
mission geometry using a constant acceleration spectrometer and a 512 multichannel
analyser. The source is of 57Co in Rh matrix. Spectra were recorded at 300 K and,
in this particular case, also in a liquid helium cryostat at 4.2 K with a sinusoidal
velocity variation. Isomer shifts are given relative to the centroid of the spectrum
of an absorber of α-Fe at room temperature. Spectra were analyzed by least-squares
fits using lorentzian line shapes. For the spectrum at 4.2 K the fittings were performed
with the NORMOS program [2] that allows analyzing the data with hyperfine field
distributions.

Reprinted from the journal 65



A. Bustamante et al.

Fig. 3 Mössbauer spectrum
at RT showing the Goethite
(continuous line) and
Lepidocrocite (dotted line)
sub spectra
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Table 2 Hyperfine parameters for fitted Mössbauer spectra

δ(mm/s) ± � or 2ε(mm/s) B (T) ± 0.5(T) �(mm/s) ± A(%) ± 2%
0.03(mm/s) ± 0.03(mm/s) 0.02(mm/s)

RT
Lepidocrocite 0.37 0.51 0.37 53
Goethite 0.37 0.98 0.48 47

4.2 K
Lepidocrocite 0.36 44.6 0.35
Goethite 0.36 −0.10 49.2 0.35

δ is the isomer shift relative to α iron, Δ is the quadrupole splitting, 2ε is the quadrupole shift, Γ is
the line width, A is the spectral fractional area as obtained from the fit, B is the hyperfine field

3 Results and discussion

3.1 X-ray difraction

The X-ray diffraction (XRD) pattern is shown in Fig. 2. The analysis indicates the
presence of two mineralogical phases, namely, lepidocrocite (γ-FeOOH ASTM 74-
1877) and goethite (α-FeOOH ASTM 02-0273).

3.2 Chemical analysis

The chemical analysis, shown in Table 1, indicates the presence of major elements
Cu, Zn, As, Mn y Ba and Cr, V, W, Sr, Cd, Co, Ag, La, Sc, Sn, Fe y Ni as minor
elements (Certificate No. 42876 of SGS company).

3.3 Mössbauer spectroscopy

The Mössbauer spectrum (MS) at room temperature of the sample from Oshno
hill shows a broadened doublet (Fig. 3). Two doublets are required to obtain a
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Fig. 4 a Mössbauer spectrum at 4.2 K and, b the corresponding hyperfine field distributions P(B)
that was fitted with two Gaussian lines. The dotted line corresponds to goethite and dashed one to
lepidocrocite

good fitting. The first doublet has hyperfine parameters δ = 0.37±0.03 mm/s, � =
0.51±0.03 mm/s and � = 0.37±0.02 mm/s and corresponds to the presence of
lepidocrocite [3]. The second doublet has δ = 0.37±0.03 mm/s, � = 0.98±0.03 mm/s
and � = 0.48±0.02 mm/s and a wide line. It corresponds to particles of oxides or
hydroxides with average diameters smaller than ≈100 Å in a superparamagnetic
regime [4] (see Table 2). Figure 4a shows the MS at 4.2 K in zero external magnetic
field. It displays a broadened sextet which was numerically analyzed using a hyperfine
field distribution computer program that yielded an average isomer shift of 0.36 mm/s
and a quadrupole shift close to −0.10 mm/s. The mean value of the magnetic field was
determined from the hyperfine field distribution P(B) by fitting the histogram with
two lines of Gaussian shape in the range of 30 to 53 T. The data show an average
field of 49.21 T, confirming the presence of goethite, as showed in Fig. 4b (dotted
line) (see reference [3] page 366 that reports δ = 0.34 mm/s, 2ε = −0.25 mm/s and
B = 49.2 T) and lepidocrocite with an average magnetic field of 44.59 T (dashed
line) (see reference [3] page 436 reports that δ = 0.342 mm/s, 2ε = 0.018 mm/s and
B = 45.6 T).

4 Conclusions

Using Mössbauer spectroscopy performed at liquid helium temperature it was possi-
ble to show that the iron material from Oshno hill is composed of superparamagnetic
particles of Goethite and Lepidocrocite.

Acknowledgements A.B.D thanks to the UNMSM for supporting this research, through the
SEGUSM system and Dra. Rosa B Scorzelli from CBPF for the measurement at liquid helium
temperature.
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Abstract Iron oxides are dominant minerals in many geo-domains of economical
interest, as iron ore mines. Knowing the main mineral transformation pathways is
a fundamental step to plan prospecting new mineral deposits. This study aimed at
contributing to a better understanding of the chemical and mineralogical processes
related to the genesis and transformations of iron oxides involving hematite in an
iron-ore mine of the east border of Quadrilátero Ferrífero, Minas Gerais, Brazil.
Two representative geo-samples were analyzed with synchrotron radiation X-ray
diffraction (XRD), 57Fe Mössbauer spectroscopy, X-ray fluorescence and saturation
magnetization (σ ) measurements. The iron content varied from 65 to 69 mass%
Fe. From XRD data, hematite is indeed the major mineral for all samples but
characteristic reflections of goethite and magnetite also appear. For the magnetic
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sample, σ = 6.9 J T−1 kg−1. 298 K- and 110 K-Mössbauer data allow characterizing
hematite in these iron-rich geo-materials.

Keywords Iron oxides · Synchrotron radiation · Saturation magnetization ·
Mössbauer spectroscopy

1 Introduction

Iron oxides may be a very important scientific and technological issue in
economically-based agriculture systems or in industrial mining activities [1], par-
ticularly to countries for which ore commodities represent an important item in
its economy. Actually, about 60% of all industrial iron in Brazil is exploited from
Quadrilátero Ferrífero, Minas Gerais state, Brazil. Knowing the mineral trans-
formations pathways in such natural systems is the first fundament for planning
exploitation, prospecting new mining areas, predicting ore deposit reserves and
directing geological researches with technological interest [2]. Setting up optimal
parameters in metallurgical industrial processes as those for ore agglomeration and
iron metal production depends upon the mineralogical characteristics of the ore,
including size and crystal arrangement. The study of existing fluid inclusions in
crystalline formations is also of particular interest as it can tell us about various
physical–chemical conditions governing the crystallization or re-crystallization of
minerals, including any metamorphic events, occurring subsequently to the mineral
genesis [3–6]. The nature of fluids forming or somehow involved in subsequent
genetic events of deposits may also evidence chemical and physical conditions
governing the transformation mechanisms of primary minerals to form hematite or
specularite, a black-shinning plated form of metamorphic hematite. For instance,
the change of magnetite to hematite is not yet completely understood. There are
two general accepted chemical mechanisms: (1) one involving the formation of an
intermediate iron oxide, namely maghemite [7], and (2) by other route, magnetite
is directly oxidized to hematite [8–11]. In both cases, some factors are presumably
associated to the differentiation process of magnetite oxidation, i.e. the hosted-rock,
isomorphic substitution, particle size and temperature. The main purpose of this still
ongoing work is to contribute to a better understanding of the main chemical and
mineralogical pathways related to the iron oxides formation and transformations in-
volving hematite in an iron oxide-rich geo-domain of the east border of Quadrilátero
Ferrífero, Minas Gerais state, Brazil.

2 Experimental

Lumps of hematite-rich materials from a itabirite lithology (Figs. 1 and 2) were
collected from two sampling sites in a mining area for iron (geographical coordinates
of the sampling site 20◦07′51.71′′ S 43◦25′00.09′′ W), located in the east border of
Quadrilátero Ferrífero, Minas Gerais state, Brazil. The non-magnetic (FZ-01) and
magnetic (FZ-11) materials were identified as a first sampling criterion, simply by
their ability to be stuck to a hand magnet. Their chemical composition was deter-
mined by conventional chemical analytical methods, as redox volumetry, for total
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Fig. 1 Sample FZ-01: specularite and hematite (Hm hematite, Qt quartz)

Fig. 2 Sample FZ-11:
hematite and magnetite (Hm
hematite, Mt magnetite)

iron, and X-ray fluorescence. The mineralogy was first assessed with synchrotron ra-
diation X-ray diffractometry (XRD), at 298 and ∼12 K. The 57Fe Mössbauer analysis
was performed with the samples at 110 and 298 K; the saturation magnetization (σ )
was measured with a portable soil magnetometer, under a fixed magnetic field of
∼0.3 T [12].

3 Results and discussion

Synchrotron X-ray diffraction data revealed hematite to be by far the main min-
eralogical constituent in both samples, followed by a cubic structure of a spinel
phase, which is putatively magnetite [13], along with weaker reflections of goethite
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Fig. 3 Synchrotron XRD pattern from FZ-11 sample (λ298 K = 1.76051 Å; λ12 K = 1.74664 Å) [Hm
hematite, Mt magnetite, Gt goethite, Qt quartz]

Table 1 Chemical
composition as obtained by
XRF, expressed on an oxide
basis

aCa, Mg, K, S and P

Elements Amount/mass%

FZ-01 FZ-11

Fe2O3 93.3 (7) 97.9 (0)
Al2O3 0.7 (3) 0.5 (3)
SiO2 5.2 (8) 1.1 (3)
TiO2 0.02 (3) 0.04 (4)
MnO 0.51 (2) 0.08 (0)
Othera 0.03 (3) 0.31 (5)

and quartz also appear (Fig. 3). Some preferential crystallographic orientation was
observed on patterns for both samples, in both temperatures (Fig. 3).

From volumetric determinations, the total iron contents are 65 mass% (FZ-01)
and 68 mass% (FZ-11) Fe, and these results agree with previously reported data on
related materials of this same area [13, 14]. Corresponding chemical composition
obtained with X-ray fluorescence for samples is presented in Table 1. The value
of saturation magnetization for sample FZ-01 is nearly zero; for sample FZ-11,
σ = 6.90(2) J T−1 kg−1. This result indicates the occurrence of magnetic minerals
in sample FZ-11, which is in line with observations from optical petrographic
analysis: this magnetic sample unequivocally contains some altered, i.e. partially
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Fig. 4 Reflected light
photomicrographics showing
alterations in magnetite,
sample FZ-11 [Mt magnetite,
Mr martite]

Fig. 5 298 K-Mössbauer
spectrum for sample FZ-01
and FZ-11

oxidized magnetite (Fig. 4). 298 K-Mössbauer data also confirmed that hematite is
the dominant mineralogical phase, for both samples (Fig. 5), but about 5.7% of the
subspectral Mössbauer (Table 2) of sample FZ-11 is assignable to magnetite, which
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Table 2 Mössbauer parameters for samples FZ-01 and FZ-11

Sample Temperature/K δ/mm s−1a ε/mm s−1 Bhf/T �/mm s−1 AR/%

FZ-01 298 0.309 (3) −0.21 (1) 51.7 (5) 0.32 (9) 98.0 (8)
0.366 (7) −0.26 (2) 38.2 (1) 0.30 (9) 1.0 (2)

110 0.48 (7) 0.41 (1) 54.7 (6) 0.37 (7) 100.0 (1)
FZ-11 298 0.375 (3) −0.20 (6) 51.9 (8) 0.30 (3) 94.2 (5)

0.144 (1) 0b 49.3 (1) 0.31 (1) 2.0 (0)
0.715 (7) 0b 46.5 (7) 0.4 (2) 3.7 (5)

110 0.468 (6) 0.37 (5) 53.6 (9) 0.33 (2) 83.0 (1)
0.451 (1) −0.27 (2) 50.8 (0) 0.6 (8) 16.0 (9)

aIsomer shift reported with respect to α-Fe
bFixed value during fitting convergence procedure

Fig. 6 110 K-Mössbauer
spectrum for sample FZ-01
and FZ-11

is fairly consistent with the corresponding saturation magnetization measurement.
110 K-Mössbauer spectra indicate that the hematite in both samples undergoes
the Morin transition (characteristic TM = 260 K), as expected for a relatively pure
oxide. This is supported at least for the chemical composition of sample FZ-01, with
the low proportion of ∼1.2 × 102 mol Fe (mole hematite)−1 being isomorphically
replaced by Al, as estimated by the equation Al = 35.46 − 70.402a/nm [15] (a =

Reprinted from the journal74



Hematite from a mining area of Quadrilátero Ferrífero

5.0348 Å, is the trigonal–hexagonal cell dimension, as deduced from XRD data).
The 110 K-spectrum for sample FZ-01 evidences a magnetically-ordered component
with exceptionally high hyperfine field, Bhf = 54.7 T (Fig. 6; Mössbauer parameters
are presented in Table 2), but this value has already been early reported in the
literature [16]. A similarly surprising result was obtained via CEMS measurement
with the same sample at 298 K: a magnetically ordered subspectrum corresponding to
Bhf = 53.7 T (figure not shown) contributes to the whole spectrum. This behavior is
planned to be now experimentally explored in more detail, as with in-field Mössbauer
measurements, in an attempt to seek for a consistent explanation.

4 Conclusions

Hematite is the main mineralogical constituents in both samples. This magnetite–
hematite transformation was found to follow a direct pathway, as no maghemite
was unequivocally detected, either from X-ray or from Mössbauer data. Results
obtained for the non-magnetic sample suggest that this specularite is somehow
altered relatively to what would be expected for the characteristic specimen. New
numerical analyses, as via Rietveld structural refinement of XRD data, already
collected at different temperatures, are now in progress, in a further attempt to
have a more consistent crystallographic picture, allowing us to more accurately trace
and consistently model the main mineralogical transformation mechanisms involving
hematite, either as a direct product from magnetite or as precursor for other iron-
bearing species in this geo-system.
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Abstract In the present work, we have applied Mössbauer spectroscopy as well as
the traditional chemical analyses to assess the contents of different states of Fe in
oxides and hydroxides in an Entisol soil from the Argentine coastal plain of the
Rio de La Plata. Tentative assignments for the different Fe ion sites are proposed.
Our findings show that the isomer shift and quadrupole splitting are sensitive to
the changes detected in the Fe2+ contents of the soluble phase while others remain
constant within the experimental uncertainties.

Keywords Hydromorphic soils · Mössbauer spectroscopy · Fe oxidation states

1 Introduction

The geomorphologic locations of some areas render flooding conditions that differ
along the year and give rise to soils that are generally named hydromorphic soils.
A large part of the Argentine coastal plain of the Rio de La Plata is covered with
wetland soils whose geochemical properties and the influence of the different compo-
nents of the environment are not totally understood. In a recent paper [1] the evo-
lution of some hydromorphic parameters, such as Eh and concentration of soluble
Fe2+ and Mn2+ and moisture, formed on different parent materials and landforms,
has been analyzed in an attempt to establish the relationships of these parameters
with external factors, including floods, real evapotranspiration or water table depth,
including also the expression of redoximorphic features, in poorly drained soils
located along the Argentine coastal plain of the Rio de La Plata.
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Alternating dry and wet periods along the year bring on oxidized or reduced states
of the soil profile horizons that thus, for the Fe and Mn compounds in particular, have
a much more active geochemistry than for other types of soil. When flooding occurs,
the soil-iron in the soil tends to be reduced to soluble Fe2+. Under subsequent drier
season, the Fe2+ in the profile gradually oxidizes to Fe3+ and precipitates as oxides
or hydroxides with variable degree of crystallinity. The degree of segregation of the
oxides in the profile and the assessment of crystalline iron species helps toward a
deeper understanding of the pedogenesis process associated with the hydromorphic
states. Changes between different oxidation states are faster for iron than for other
ions, but in soils they are not immediate, as they are strongly influenced by different
local parameters like the presence of organic matter, pH, Eh, or the granulometric
distribution of the soil material.

In principle, because of the sensitivity of the hyperfine parameters obtained by
57Fe Mössbauer analysis, it should be possible to study in more detail than with other
methods the oxidized Fe formed by reactions taking place during pedogenesis [2].
However, in practice, although it is not impossible, a thorough study is extremely
time-consuming and yields results difficult to assess accurately. This is because of the
complexity of the soil system and the great overlapping that the Mössbauer signals
have for the different iron species present in the soil [3].

In this work, we attempt to relate measured room temperature Mössbauer para-
meters with some earlier reported chemical data [1] for the soluble phase.

2 Experimental materials and methods

Soil materials from a Fluvaquent [4] (sampling site, at geographical coordinates
34◦47′10′′ S 58◦00′50′′ W) were sampled along the year. Twenty-four monthly in situ
determinations of pH and Eh (by the method of Vizier [5]) were made in the three:
A, 2Cxg, and 2Cg horizons. Table 1 displays selected properties of the investigated
soil. The Pt electrodes were calibrated with the Zobell solution, using the equation
corrected for the calomel electrode [6].

The Fe2+ extraction was made with a 3% AlCl3 solution (according to ref. [7]).
Fe2+ was analyzed by colorimetry with o-phenantroline. The samples were put in
air-tight plastic jars immediately after collection, refrigerated during transport and
stored for up to 24 h in a refrigerator at 4◦C until analyzed.

The Mössbauer spectra were taken for samples selected according to the maxi-
mum and minimum states of reduction so found. Therefore, each horizon was
analyzed through samples that had yielded the maxima and minima values for the
contents of Fe2+ determined by chemical methods. Mössbauer spectra (MS) of the
total fraction (crushed and sieved through a 250 μm mesh) without previous separa-
tion were taken in transmission geometry using a 5mCi 57Co in a Rh matrix source
and recorded in a standard constant acceleration spectrometer in the velocity range
of about ±12 mm/s. Due the different iron hyperfine sites, the MS were numerically
analyzed using hyperfine field distributions [8].

3 Results and discussion

Figure 1 shows the Mössbauer spectra recorded for these samples. Two main con-
tributions can be separated: (1) a magnetic sextet and (2) a central set of doublets.
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Fig. 1 Room temperature Mössbauer spectra of two sets of samples with different Fe2+ soluble
contents (labeled ‘min’ and ‘max’) for different horizons of an Entisol of the Rio de La Plata coastal
plain in Argentina. The solid line corresponds to the least-squares-fitted spectra. Parameters are
shown in Table 2

The sextet is assignable to α-Fe2O3, whereas the central part was fitted by assuming
three quadrupole interactions, two of them corresponding to Fe3+ and the other one
to Fe2+. The resulting fitting parameters are quoted in Table 2.

While the sextets are unequivocally assignable to hematite, the assessment of
Mössbauer parameters for the central doublets is more ambiguous because of the
different Fe species that have similar parameters that overlap in the same region
of the spectra [3]. We have found broadened contributions from two Fe3+ and one
Fe2+ doublets, which may belong to minerals, to Fe hydroxides or to finely divided
Fe oxides under superparamagnetic relaxation processes that, in addition, can have
some Fe ions partially substituted for other ions, like Al or Mn. Therefore, we have
followed the assignments performed in a recent paper by Paduani et al. [9].

The doublet noted by Fe3+(doublet I) in Table 2 comprises signals arising from
iron hydroxides and from Fe3+ ions in octahedral coordination. Therefore, all signals
originating in minority Fe minerals as well as the different Fe hydroxides that may
be present in the sample will contribute to the spectral area assigned to this fraction.

The iron fraction noted with Fe3+(doublet II) in the table, which can be attributed
to Fe3+ ions located at tetrahedral sites [9], displays relative spectral areas that do not
change much, within experimental uncertainties, for the different samples collected
at diverse times and depths. We assign this fraction to detritic Fe minerals.
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The Fe2+ fraction can be partially due to Fe ions located in tri-octahedral co-
ordination [9], but determining the Fe species to which it belongs, would require
performing measurements at different temperatures, which is the usual procedure in
Mössbauer studies of soils [2, 3].

Figure 2 shows the relative area variations for samples from different soil horizons.
The fraction belonging to the Fe3+(doublet I) species has the higher relative fraction
for all horizons and displays variations that can be distinguished from one horizon to
the next. The other fractions exhibit differences that are not so clearly defined and lie
within the experimental uncertainties. In both the maxima and the minima samples
of all horizons, the Fe3+(doublet I) fraction displays greater variations than the other
fractions do, with the exception of the Fe2+ fraction of the deepest horizon.

Figure 3 shows the variation of the soluble Fe2+ ions fraction determined by the
chemical methods described in [1]. The greater changes of the Fe2+ contents between
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the soil horizons are observed for the maximum values of the reduced state. The
higher value of Fe2+ in the soil solution belongs to the deepest horizon, which
remains saturated for most of the year. Currently, to disclose the system dynamics,
we are carrying out detailed correlation analyses of the different parameters to
determine the degree in which the observed changes in the solid phase are due to
the different oxidation states of the soil.

4 Conclusions

Although this study has been carried out by taking the Mössbauer spectra in very
simple and straightforward manner, it can be seen that some hyperfine parameters
are sensitive to the changes detected in the Fe2+ contents of the soluble phase. The
first relations found in this study between the Fe2+ contents are clearer defined for
different redoximorphic conditions of Entisol. Further studies are in progress.
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Abstract We report the results of 57Fe Mössbauer spectroscopy, gamma-ray spec-
trometry and X-ray diffraction of two fully metamict samarskites and two partially
metamict gadolinites. The absorbed α-dose for these minerals are found to range
from 3.6 × 1015α-decay/mg for one of the gadolinite samples to 7.7 × 1017α-
decay/mg for one of the samarskite samples. The Mössbauer spectra of samarskites
and gadolinites show increasing line widths of the Fe2+ doublets with absorbed
α-dose. We also observe that the increase in average quadrupole splitting of the
Fe2+ components correlates better with absorbed α-dose from 232Th than with total
α-dose.

Keywords Samarskite · Gadolinite · Mössbauer spectroscopy · Metamict minerals

1 Introduction

Metamict minerals such as samarskites and gadolinites are a class of natural
amorphous materials that were initially crystalline but have become amorphous.
These minerals contain radioactive elements that cause structural damage mainly
by progressive overlapping nuclear recoil nuclei collision cascades from α-decays of
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Fig. 1 XRD patterns of investigated metamict samples

238U, 232Th, 235U and their daughter products. Because of the natural occurrence
of these actinide elements, they serve as analogs for radiation effects in high-level
nuclear waste [1].

Samarskite is a complex niobium-tantalum-titanium oxide. Samarskite has the
general structural formula A3+B5+O4 where A = Ca, Ti, Fe2+, Fe3+, rare earth
elements (REE), U and Th, and B = Nb and Ta [2]. Analysis of average site charges
and cation radii indicate that both A and B sites have octahedral coordination [2].
Gadolinite has a formula REE2Fe2+Be2Si2O10, where REE means both rare earth
elements and yttrium. Structurally, gadolinites consist of sheets of SiO4 and BeO4

tetrahedra interconnected by layers of distorted octahedral Fe and 8-coordinate Y,
REE and actinides (U and Th) [3].

The purpose of this work is to show that certain changes in hyperfine parameters
are associated with the absorbed α-dose and are common for the investigated
complex metamict oxides and silicates.

2 Samples and experimental procedures

A large, massive brownish black sample of samarskite, SAM1, was collected in peg-
matites in Centennial Cone, Jefferson Co., Colorado. A massive chunk of dark brown
samarskite, sample SAM2, was collected from the Ross Mine, Yancy Co., North
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Table 1 Ages of the samples, Fe, U and Th concentrations and calculated α-doses

Samarskite Samarskite Gadolinite Gadolinite
(SAM1) (SAM2) (GSP1) (GSP2)

Age (Ma) 1,400–1,700a 1,000–1,200b 328(12)c 328(12)c

Fe (wt.%) 5.9 5.4 8.5 12.1
U (wt.%) 11.4 19.0 0.22 0.28
Th (wt.%) 1.7 0.41 0.43 0.63
Calculated total dose 7.1(8) × 1017 7.7(8) × 1017 3.6(2) × 1015 4.7(2) × 1015

(α-decay/mg)d

Calculated dose from 232Th 2.1(2) × 1016 3.6(3) × 1015 1.12(4) × 1015 1.62(6) × 1015

(α-decay/mg)
a[4]
bMesoproterozoic rocks
c[5]
dDose has been calculated from the equation: D = 8 × N238

(
etλ238 − 1

) + 7 × N235
(
etλ235 − 1

) +
6 × N232

(
etλ232 − 1

)
, where N238, N235 and N232 are the present number of atoms of 238U, 235U

and 232Th per milligram, λ238, λ235 and λ232 are the decay constants of 238U, 235U and 232Th, and t is
the geologic age

Carolina. Figure 1 shows XRD patterns of each of the samples. The lack of crystalline
peaks for SAM1 and SAM2 indicates complete metamictization (amorphization)
of the samples. The gadolinite samples (GSP1 and GSP2) are from pegmatites of
Szklarska Poręba in southwestern Poland. The sample GSP1 is dark grayish matte
while the sample GSP2 is glassy black. Despite being from the same location, the
two samples exhibit different degrees of metamictization, as indicated by differing
numbers of crystalline peaks as seen in Fig. 1. This discrepancy is due to different U
and Th concentrations. Ages, Fe, U and Th concentrations and calculated α-doses of
the four samples are given in Table 1.

The concentrations of 232Th, 238U and 235U were calculated for each sample
based on the gamma-ray activities of 228Ac (232Th), 226Ra, 214Pb, 214Bi (238U) and
235U. Gamma-ray spectra were collected using an HPGe detector (32% efficiency
with energy resolution of 0.86 keV at 122 keV) and analyzed using the Genie
2000 v.3 software package. Iron concentrations were obtained using a JEOL JSM-
6480 Scanning Electron Microscope. The samples were ground into powder and
prepared in the shape of a thin disc absorber. The Mössbauer transmission spectra
were recorded at room temperature using a constant acceleration spectrometer, a
multichannel analyzer with 512 channels and a linear arrangement of a 57Co/Rh
source (=50 mCi) absorber and detector. All Mössbauer spectra were numerically
analyzed by the fitting software programs Recoil and MEP. X-ray powder diffraction
(XRD) patterns were obtained using a PHILIPS X’Pert diffractometer in the Θ–Θ

system and Cu Kα radiation in scan mode with step size 0.02◦.

3 Results and discussion

The Mössbauer spectra of the samarskite and gadolinite samples with the corre-
sponding quadrupole splitting distributions (QSD) are shown in Fig. 2. The hyperfine
parameters derived from the fitting procedure are summarized in Table 2.
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� Fig. 2 (Lefthand plots) 57Fe Mössbauer spectra at room temperature of metamict samarskite and
gadolinite samples. Solid dots experimental data, thick solid line fitted curve, thin solid line fitted
doublets. (Righthand plots) Corresponding QSD

Table 2 Parameters for 57Fe Mössbauer spectra (shown in Fig. 2) for investigated metamict samples

Sample Doublet χ2 δ Δ � Assignment Intensity
no. (mm/s) (mm/s) (mm/s) (CN)a

Samarskite (SAM1) 1.6
1 0.88 (2) 2.43 (2) 0.30 (2) Fe2+ (6) 0.24 (2)
2 0.382 (5) 1.21 (3) 0.22 (2) Fe3+ (6) 0.35 (3)
3 0.379 (3) 0.77 (3) 0.21 (1) Fe3+ (6) 0.41 (3)

Samarskite (SAM2) 2.3
1 1.038 (4) 2.51 (3) 0.19 (1) Fe2+ (6) 0.23 (3)
2 1.031 (3) 2.08 (2) 0.19 (3) Fe2+ (6) 0.34 (4)
3 0.994 (6) 1.63 (2) 0.22 (1) Fe2+ (6) 0.28 (3)
4 0.39 (2) 0.92 (3) 0.31 (2) Fe3+ (6) 0.15 (1)

Gadolinite (GSP1) 1.6
1 1.045 (1) 1.775 (3) 0.229 (2) Fe2+ (6) 1.0

Gadolinite (GSP2) 2.5
1 1.025 (5) 1.66 (2) 0.24 (1) Fe2+ (6) 0.35 (4)
2 1.100 (3) 2.15 (2) 0.29 (1) Fe2+ (6) 0.65 (4)

Isomer shift values (δ) are given relative to the α-Fe standard at room temperature
aCoordination number

The Mössbauer spectrum of the sample SAM1 is fitted to three quadrupole
doublets assigned to Fe2+ (labeled with a number 1 in Fig. 2; details given in
Table 2) and Fe3+ (labeled 2 and 3) in octahedral positions with a total relative
contribution of 0.24 Fe2+. Based on annealing experiments recently performed in our
laboratory, it appears that nearly the entire content of Fe2+ in SAM1 is a result of the
metamictization process. The main features seen in the spectrum of SAM2 are two
broad, asymmetric peaks from divalent iron components. The corresponding QSD
has also two maxima at 0.93 and 2.10 mms−1. Based on this QSD, the Mössbauer
spectrum can be fitted to three Fe2+ doublets (nos. 1, 2 and 3) and one Fe3+ doublet
(no. 4). Unlike in SAM1, the total relative content of Fe2+ is as high as 0.85. Most
likely, the very high content of Fe2+ in samarskite from Ross Mine reflects the high
initial ratio of Fe2+ to total Fe at the time of its formation rather than a result of the
metamictization process. It is known that Fe2+/� Fe for samarskites often differ from
sample to sample [6].

The Mössbauer spectrum of the gadolinite sample GSP1 is fitted to one doublet
(no. 1) assigned to Fe2+ in a uniform octahedral site. The corresponding QSD is
very narrow with maximum at 1.77 mm s−1. The sample represents an intermediate
stage between the crystalline and metamict state of gadolinite [7]. Similar to the
SAM2 spectrum, the spectrum of gadolinite sample GSP2 is characterized by two
broad, asymmetric peaks from solely Fe2+ components. The corresponding QSD is
continuous with central maximum at 1.96 mm s−1. Based on this QSD, the Mössbauer
spectrum of GSP2 can be fitted to two Fe2+ doublets (nos. 1 and 2). The doublet
no. 1 represents the Fe2+ octahedra that have undergone a contraction during
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Fig. 3 The total line widths of high energy peaks of a Fe2+ and b Fe3+ components vs. total absorbed
α-dose

Fig. 4 Average quadrupole splittings for Fe2+ doublets a vs. total absorbed α-dose and b vs.
absorbed α-dose from the 232Th series

metamictization, while the doublet no. 2 represents the Fe2+ octahedra that have
undergone an expansion during metamictization.

The total line widths of the high energy peaks of Fe2+ and Fe3+ components
vs. total α-dose are shown in Fig. 3a, b, respectively. Figure 3a shows that the line
widths of the Fe2+ peaks increase with α-dose both for gadolinites and samarskites.
Figure 3b shows that the Fe3+ line widths increase with α-dose for samarskites.

Figure 4a, b show the average of quadrupole splittings for Fe2+ doublets vs. total
absorbed α-dose and vs. absorbed α-dose from the 232Th series, respectively. As can
be seen in Fig. 4, plotting the quadrupole splitting as a function of the α-dose from
232Th gives the same increasing trend both for gadolinites and samarskites, unlike
plotting as a function of total α-dose. The average energy of α particles from the
232Th series is 6.14 MeV and the average energy of recoil nuclei is about 105 keV.
These values are higher than for the 238U series, where the average energy of α

particles and of recoil nuclei is 5.34 MeV and 89 keV, respectively. The α-decays
from the 232Th series cause larger radiation damage than α-decays from 238U. From
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the 232Th decay, SAM1 has obtained an α-dose six times higher than that of SAM2,
whereas this ratio for gadolinites (GSP2/GSP1) is about 1.4 (Table 1). Thus, for
metamict minerals, the increase of average quadrupole splittings of Fe2+ doublets
in the high degree may be controlled by the α-dose from 232Th.

4 Conclusions

The line widths of the Fe2+ components for gadolinites and samarskites and the
widths of the Fe3+ components for samarskites increase with total absorbed α-
dose. The increase in average quadrupole splitting for Fe2+ doublets correlates with
absorbed α-dose from 232Th for both gadolinites and samarskites.
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Abstract The influence of the impregnation media (ethanol or water) and the
calcination atmosphere (air and NO/He) on the hematite nanowires production
embedded on a hard template (MCM-41) was studied. The solids were characterized
by X-ray diffraction, Mössbauer spectroscopy and magnetic measurements. The
results obtained indicate that the more appropriate conditions for the iron oxide
nanowires to get inside the MCM-41 hard template seem to be reached using water
as a solvent and air as calcination atmosphere.

Keywords Nanoarrays · Nanoparticles · Hematite · Fe/MCM-41

1 Introduction

The properties exhibited by arrays of nanowires and nanotubes are currently inten-
sively investigated because of the new phenomena that they give rise and the wealth
of applications that these systems offer, like potential applications in high-density
magnetic recording media and other nanodevices [1]. Several methods have been
used to obtain nanowires with specific physical properties, for example: laser ablation
[2], electrodeposition [3] or supercritical fluid phase inclusion [4]. However, these
techniques have the common disadvantage of their complexity.

Aiming at overcoming this difficulty, a highly ordered mesoporous template could
be used as a host, where the material of interest can be embedded. MCM-41 is an
almost perfectly ordered mesoporous material suitable for this purpose. It has been
reported that conveniently magnetic compounds [5, 6] can be confined in a quasi
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one-dimensional array due to its particular topology of regular hexagonal parallel
channels with usual average diameters of less than 5 nm.

In a previous work [7] we have obtained nanowire geometry by embedding
hematite nanoparticles in the hexagonal array of the very narrow channels of
MCM-41. Hematite was chosen as the first step of the preparative methods because
its handling is easier than the magnetic iron oxides, maghemite and magnetite.
Notwithstanding, the magnetic oxides are more interesting due to their potential
applications [1]. Currently we are carrying out alternative experiments to induce
the structural transformations that lead from hematite nanowires to maghemite and
magnetite nanowires.

In this work, we report the synthesis of three samples prepared in different
conditions by incipient wetness impregnation of MCM-41 with iron nitrate to yield
an iron nominal concentration of 15 wt.%. The aim of the present work is to study
the effect of the nature of the impregnating solution and the calcination atmosphere
on the structural properties of the iron oxides nanowires.

2 Experimental section

The MCM-41 matrix was prepared according to the methodology proposed by Ryoo
and Kim [8]; firstly 40 g of sodium silicate (26.1% SiO2) is dissolved into 74 g of water.
The solution was then slowly added to 38 ml of cetyltrimethylammonium chloride
and 0.65 ml of NH3 with vigorous stirring at room temperature. This mixture was
heated in a polypropylene bottle, without stirring to 373 K for 24 h, afterwards,
it was cooled to room temperature. The pH was adjusted to approximately 11 by
drop wise addition of acetic acid with vigorous stirring. The reaction mixture was
heated again to 373 K for 24 h. This procedure for pH adjustment and subsequent
heating was repeated twice. The resulting solid was filtered, washed and dried in air at
room temperature. It was then calcined at 813 K for 1 h in flowing N2 (150 cm3/min)
followed by 6 h in flowing air (150 cm3/min).

Three solids were obtained treating MCM-41 in the following ways in order to
obtain iron concentrations of about 15 wt.%:

Fe/MCM-41 (alc-air) incipient wetness impregnation with Fe(NO3)3·9H2O in
ethanolic solution. The sample was dried at room tem-
perature in atmospheric air, calcined in dry air stream
(100 cm3/min) from 298 to 723 K at 1 K/min and kept at
723 K for 4 h.

Fe/MCM-41 (alc-NO/He) impregnated in the same way that Fe/MCM-41 (alc-
air). The sample was dried at room temperature in
atmospheric air, calcined in a dry mixture of 1% (V/V)

of NO in He (100 cm3/min) from 298 to 723 K at 1 K/min
and kept at 723 K for 4 h following the methodology
proposed by Sietsma et al. [9].

Fe/MCM-41 (aq-air) incipient wetness impregnation with Fe(NO3)3·9H2O
aqueous solution. The sample was dried at room tem-
perature in atmospheric air, and calcined in the same
way than Fe/MCM-41 (alc-air).
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The resulting solids were characterized by X-ray diffraction (XRD), Nitrogen
adsorption (BET), Mössbauer spectroscopy and magnetic measurements.

All XRD patterns were measured using a standard automated powder X-ray
diffraction system Philips PW 1710 with diffracted-beam graphite monochromator
using Cu Kα radiation (λ = 1.5406 Å). Nitrogen adsorption isotherms were recorded
at the temperature of liquid nitrogen (77 K) using a Micromeritics ASAP 2020
apparatus.

The Mössbauer spectra at 298 and 30 K were taken in transmission geometry with
a constant acceleration spectrometer. A source of 57Co in Rh matrix of nominally
50 mCi was used. Velocity calibration was performed against a metallic 12 μm-thick
α-Fe foil at room temperature. All isomer shifts (δ) are referred to this standard. The
temperature between 30 and 298 K was varied using a Displex DE-202 Closed Cycle
Cryogenic System. The Mössbauer spectra were fitted using the Recoil program
[10]. At 30 K the Blume and Tjon’s dynamic line shape site analysis option was
used [10]. Lorentzian lines with equal linewidths were considered for each spectrum
component in a complete superparamagnetic regime.

Magnetic measurements of Zero Field Cooling (ZFC) and Field Cooling (FC),
recorded between 5 and 300 K, were carried out using a commercial superconducting
quantum interference device magnetometer from Quantum Design with a field of
HFC = 500 Oe.

3 Results and discussion

The typical structural properties of an ordered mesoporous solid MCM-41, used as
template, were confirmed by XRD and by their textural properties measured by N2

adsorption using the BET method. Because of the lack of space, the results are not
shown here. The XRD measurements allowed verifying that the impregnation and
calcination treatments did not modify the solid structure.

The Mössbauer spectra of all samples at 298 K only display a doublet (Fig. 1). The
hyperfine parameters obtained by the fitting procedure (Table 1) are identical, within
the experimental errors, for all solids. They can be assigned to superparamagnetic
α-Fe2O3 or paramagnetic Fe3+ ions. Taking into account our previous results, the
absence of a sextuplet at room temperature, is an indication that nearly all the iron
species are inside the MCM-41 channels [7].

When the temperature decreases down to 30 K, the spectrum of Fe/MCM-41
(aq-air) shows a magnetic splitting with a very intense central peak and four
additional peaks (Fig. 1). One relaxing sextet and a very broad singlet were used
in the fittings. The hyperfine parameters of the sextuplet can be assigned to small
α-Fe2O3 crystals [11] (Table 1). Therefore, from the thermal evolution of the spectra
we conclude that iron species in Fe/MCM-41 (aq-air) consists of α-Fe2O3constituted
by crystallites of very small size, which are in a superparamagnetic relaxation regime
at room temperature. Since at 30 K the magnetic signal area is about 58%, we can
consider that the blocking temperature is not far from this value.

The Fe/MCM-41 (alc-air) spectrum at 30 K displayed a central doublet and a
curved background typical of a superparamagnetic signal belonging to a magnetic
system that is close to its blocking temperature (Fig. 1). It was fitted with a doublet
and a relaxing sextet. Following the same reasoning that in the sample impregnated

Reprinted from the journal 95



L.A. Cano et al.

T
ra

ns
m

is
si

on
 (

a.
u.

)

FeMCM-41
(aq-air)
298 K

FeMCM-41
(alc-air)
298 K

FeMCM-41
(alc-NO/He)
298 K

FeMCM-41
(alc-NO/He)
30 K

FeMCM-41
(aq-air)
30 K

FeMCM-41
(alc-air)
30 K

-8 -4 0 4 8
Velocity (mm/s) Velocity (mm/s) Velocity (mm/s)

-8 -4 0 4 8 -8 -4 0 4 8

Fig. 1 Mössbauer spectra of all solids at 298 and 30 K

Table 1 Hyperfine parameters and blocking temperatures of the samples

Temperature Parameters Fe/MCM-41 Fe/MCM-41 Fe/MCM-41
(aq-air) (alc-air) (alc-NO/He)

298 K � (mm/s) 0.75 ± 0.01 0.75 ± 0.01 0.72 ± 0.01
δ (mm/s) 0.35 ± 0.01 0.35 ± 0.01 0.36 ± 0.01
% 100 ± 2 100 ± 2 100 ± 2

30 K H (T) 54.2 ± 0.3 53a 53a

δ (mm/s) 0.46 ± 0.03 0.47a 0.47a

2ε (mm/s) −0.02 ± 0.05 0a 0a

% 58 ± 2 39 ± 2 36 ± 5
δ (mm/s) 0.44 ± 0.01 – –
% 42 ± 1 – –
� (mm/s) – 0.77 ± 0.01 0.73 ± 0.03
δ (mm/s) – 0.46 ± 0.01 0.46 ± 0.01
% – 61 ± 1 64 ± 1

ZFC-FC blocking temperature (K) 40 ± 2 15 ± 2 < 6

H hyperfine magnetic field in Tesla, δ isomer shift (all the isomer shifts are referred to α-Fe at 298 K),
2ε quadrupole shift, Δ quadrupole splitting
aParameter held fixed in fitting

with aqueous solution, the only species present would be α-Fe2O3. However, in this
sample the blocking temperature is lower than 30 K, since only 39% is magnetically
blocked at that temperature. Therefore, the nature of the solvent has produced a
difference on the α-Fe2O3 crystallite sizes. Perhaps, the lower surface tension of

Reprinted from the journal96



Synthesis of hematite nanowires using a mesoporous hard template

Fig. 2 ZFC-FC curves for
Fe/MCM-41 (aq-air)
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the ethanolic solution has favoured the “spreading” of the iron species on the wall
channels of the MCM-41 template leading to smaller crystallite sizes.

To study the influence of the calcination atmosphere, a sample impregnated in
ethanolic solution was calcined in NO/He flow, as proposed by Sietsma et al. [9].
According to these authors, this procedure enables the preparation of high loading of
Co3O4 (15–18 wt.%) inside the pores of SBA-15 with high dispersion. In our system
(Fe/MCM-41 (alc-NO/He)) the Mössbauer spectrum at 30 K is very similar to that
obtained by Fe/MCM-41 (alc-air; Fig. 1). There is only a slight difference between
the percentages of the magnetically blocked signal (Table 1). Therefore, the blocking
temperatures of both samples must be very similar.

The values of the blocking temperatures obtained from ZFC-FC magnetization
results are in good agreement with the estimations from Mössbauer spectroscopy,
taking into account the different sampling times of both techniques. These values
are displayed in Table 1. Besides, at temperatures higher than the corresponding
blocking temperatures, the ZFC-FC curves are coincident, confirming the superpara-
magnetic state of the iron species. As an example, in Fig. 2 it can be seen the ZFC-FC
curves for Fe/MCM-41 (aq-air).

4 Conclusions

In the present work, we have demonstrated that in Fe/MCM-41 (15% wt of Fe)
system, the effect of the solvent on the structural properties of the iron species
is more important than that of the calcination atmosphere. Considering that in all
samples the maximum diameter of the iron oxide particles is determined by the
channel diameter of the MCM-41, the higher blocking temperature in Fe/MCM-41
(aq-air) would indicate a higher shape anisotropy magnetic constant. Therefore, the
more appropriate conditions for the iron oxide nanowires to get inside the MCM-41
hard template seem to be reached using water as a solvent and air as calcination
atmosphere.
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Abstract In this study the synthesis of very small magnetite nanoparticles is re-
ported. Analysis of the (311) X-ray diffraction line indicates nanoparticle with 2.2 nm
average diameter. The as-synthesized nanosized magnetite sample was submitted to
a chemical oxidation process for conversion to maghemite. However, the yielding
of the chemical oxidation process, as indicated by the analysis of the Mössbauer
data, was about 20%. This finding indicates a strong size-dependence of the oxidation
process, reducing the yielding of the chemical process used as the nanoparticle size
reduces down to extremely low values.

Keywords Mössbauer · Magnetite nanoparticle · Oxidation process ·
Size-dependence · Magnetic fluid · Transformer

1 Introduction

Development of oil-based magnetic fluid (MF) samples for use in high voltage
transformers technology requires highly-stable MFs, displaying specific electrical
properties and able to operate at temperatures above 100◦C and under high voltages
for long periods of time [1]. Colloidal stability of organic-based MF samples can be
achieved via balancing the Van der Waals, magnetic dipole and steric interactions,
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Fig. 1 X-ray diffractogram of
the sample after the oxidation
process. The gray solid line is
the curve-fitting of the three
main features using Lorentzian
shaped curves. The standard
X-ray lines of magnetite and
maghemite are indicated with
long and short arrows,
respectively

the latter due to the presence of long chain hydrocarbon molecules comprising the
molecular shell dressing the suspended magnetic core nanoparticle. Phase stability
of the magnetic nanosized core is also a key issue in producing highly-stable MF
samples for applications in high voltage transformers. In this study, Mössbauer
spectroscopy was used as the main technique in the investigation of nanosized
magnetic particles surface-coated with oleic acid (OA). The nanosized magnetic
powder used for OA surface-coating was obtained by oxidation of native nanosized
magnetite. Nevertheless, the oxidation process aimed to oxidize magnetite (Fe3O4)
up to maghemite (γ-Fe2O3) seems to be size-dependent. Therefore, starting with a
polydispersed magnetite sample one has the possibility to obtain a partially-oxidized
sample, consisting of a mixture of magnetite and maghemite. In order to investigate
this aspect of the nanoparticulated powder sample Mössbauer spectra were recorded
at 300 and 77 K. X-ray diffraction (XRD) data of the investigated sample will be used
to provide information in regard to the average size of the nanoparticulated material
and to support the discussion of the Mössbauer data regarding the material phases.

2 Experimental

Preparation of native maghemite nanoparticle was accomplished in a two-step
procedure whereas its surface-coating with oleic acid (OA) was realized in a third
step [2]. In the first step magnetite nanoparticle was precipitated after pouring NaOH
aqueous solution under vigorous stirring into an aqueous solution containing both
Fe(II) and Fe(III) ions. In the second step the oxidation of the as-produced magnetite
was performed by adding HCl aqueous solution to the fresh black sediment (setting
the pH at 3.5) and the resulting suspension was heated at 97◦C under stirring, for
3 h, while oxygen was bubbled throughout the aqueous suspension. In the third
step pure oleic acid was added under stirring to the previously-oxidized suspension
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Table 1 Standard XRD lines (2θ) of maghemite (JCPDS-ICDD 1346 chart), magnetite (JCPDS-
ICDD 9-629 chart) and the approximated values of the XRD lines (2θ) identified in the sample
investigated in the present study

Hkl 111 220 311 400 422 511 440

γ−Fe2O3 (2θ) 18.38 30.24 35.63 43.28 53.73 57.27 62.92
Fe3O4 (2θ) 18.27 30.09 35.42 43.05 53.39 56.94 62.51
This study 18.02 30.44 35.66 43.26 53.06 58.34 63.02

Fig. 2 Three hundred and
77 K Mössbauer spectra of the
sample after the oxidation
process. Open squares and
circles are experimental data
whereas thin solid lines
represent the sub-spectra
obtained from the curve-fitting
using combination of sextets
and doublets. The thicker solid
line represents the convolution
of the sub-spectra

whereas the pH was set at 6 by adding NH4OH aqueous solution. The suspension
was stirred for 30 min. At the end of the third step the OA-coated nanoparticles
were captured in organic phase which was separated from the aqueous phase by
decantation and further washed with ethanol until the excess of free oleic acid was
completely removed. The OA-coated nanoparticles were then dried out (powder
sample), removing the ethanol for further suspension in insulating mineral oil to
produce the stock diluted MF sample (4 g of the OA-coated nanoparticles in 100 mL
of insulating oil). The powder sample produced before the surface-coating step
(AO-coating) was investigated using XRD and Mössbauer spectroscopy. Data in
Fig. 1 represents the XRD pattern of the OA-coated nanosized sample in the 2θ

range of 10◦ to 80◦, showing the typical reflection lines associated to both magnetite
and maghemite. Long (short) arrows represent the standard XRD line positions of
magnetite (maghemite), as quoted in the JCPDS-ICDD charts (9-629 and 1346 for
magnetite and maghemite, respectively) and collected in Table 1. The peak positions
observed in the XRD of the sample investigated are also included in Table 1. The
300 and 77 K Mössbauer spectra of the sample are presented in Fig. 2. Symbols in
Fig. 2 represent the experimental points, thin solid lines represent the Mössbauer
sub-spectra and the thick solid lines are the best curve fitting for the data. The
corresponding hyperfine parameters are collected in Table 2.
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Table 2 Mössbauer parameters associated to the 77 K sub-spectrum obtained from the present study
and from the magnetite sample reported on [4]

Spectrum component IS (mm/s) QS (mm/s) IS (mm/s) QS (mm/s) HF (T) Area %

Doublet (Fe3O4)
a 0.46 0.97 13.2

Sextet (Fe3O4)
a 0.48 −0.0003 45.4 16.1

Sextet (Fe3O4)
a 0.89 1.86 24.5 50.2

Sextet (γ-Fe2O3)
a 0.47 −0.23 49.4 20.5

Sextet (Fe3O4)
b 0.40 0.00 50.7 42

Sextet (Fe3O4)
b 0.54 −0.04 52.8 14

Sextet (Fe3O4)
b 0.78 −0.03 49.9 25

Sextet (Fe3O4)
b 0.86 0.02 46.0 15

Sextet (Fe3O4)
b 1.15 2.19 34.5 4

aPresent study
b[4]

3 Data analysis

Though the XRD data presented in Fig. 1 does not allows the estimation of the
magnetite-to-maghemite content ratio precisely it was used for both identifying the
XRD peaks associated with the two main phases (magnetite and maghemite) as well
as to estimate the average nanoparticle diameter (2.2 nm), the later using the Scher-
rer’s relation [3]. The standard XRD lines associated to magnetite and maghemite
(see Table 1) are indicated in Fig. 1 by long and short arrows, respectively. The
XRD features observed in Fig. 1 can be quickly identified with the typical XRD
lines of magnetite and maghemite, indicating the presence of both phases. The solid
gray line in Fig. 1 represents the best curve fitting of the three main XRD features,
namely (111), (311) and (440) using Lorentzian lines. The corrected linewidth at
half-height of the (311) reflection was used to estimate the average nanoparticle
diameter of about 2.2 nm. Analysis of the Mössbauer spectra, however, was used to
provide the information in regard to the magnetite-to-maghemite content ratio. The
room-temperature Mössbauer spectrum was curve-fitted using one sextet and one
doublet, as shown in Fig. 2 (upper panel). Differently, the liquid-nitrogen Mössbauer
spectrum was curve-fitted using three sextets and one doublet, as indicated in Fig. 2
(lower panel). Table 2 summarizes the hyperfine parameters obtained from the 77 K
Mössbauer sub-spectra. Included in Table 2 are typical hyperfine parameters ob-
tained from the analysis of a nanosized magnetite sample at 77 K, whose Mössbauer
spectrum was curve-fitted using five sextets [4].

The Mössbauer spectra presented in Fig. 2, including the spectrum evolution
from 77 to 300 K, is typical of superparamagnetic particles [5, 6]. The values
we found for the hyperfine parameters of the sub-spectra indicate a mixture of
magnetite and maghemite. From the Mössbauer analysis about 20% of the sample
is composed by nanosized maghemite whereas about 80% consists of nanosized
magnetite, as indicated in Table 2. This assumption is supported by the analysis of
the 77 K Mössbauer spectrum as follows. As presented in Table 2 the hyperfine
parameters obtained from the analysis of the sextet, here claimed to be associated
to nanosized maghemite, is in agreement with the literature [7]. Likewise, the
hyperfine parameters obtained from the analysis of the two sextets, here claimed
to be associated to nanosized magnetite (sites A and B), is in agreement with the
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literature [4, 8]. In addition, the hyperfine parameters obtained from the analysis
of the doublet of the 77 K Mössbauer spectrum, here claimed to be associated to
nanosized magnetite, is in good agreement with the literature [9]. This conclusion
is supported by the XRD features observed in Fig. 1 and quoted in Table 1. As
far as the two-phase composition of the sample is concerned the analysis of the
Mössbauer spectrum performed at 77 K is consistent with the analysis of the XRD
data. Indeed, Mössbauer parameters obtained from measurements performed on
nanosized oxide-based magnetic particles, as for instance magnetite, may reveal
a significant variability which could be explained by the preparation route em-
ployed, including oxidation/reduction steps, average size, size dispersion, and surface
functionalization [4].

What is quite surprising from the analysis of the 77 K Mössbauer spectrum is the
high content of magnetite, despite the oxidation chemical process the sample was
submitted to. This finding indicates the strong dependence of the chemical oxidation
yielding upon the particle size, for this particular oxidation route of magnetite.
Our findings indicate that the oxidation yielding reduces as the average magnetite
nanoparticle size reduces. The literature reports high oxidation yielding of magnetite
using this chemical route, but the average particle diameter used by van Ewijk
et al. [2] was about 10 nm. In addition, as far as the particle size dispersion is
concerned the literature reports wide distributions [2]. This characteristic supports
the hypothesis of partial oxidation of magnetite to maghemite, taking place only
in the higher particle size end of the size distribution. We then hypothesize that
the oxidation process possibly creates a selective (size-dependent) fraction of core-
magnetite structure, extremely small, responsible for the doublet observed at 77 K.
Within this picture the oxidized sample may be best represented by a bimodal
distribution of nanosized magnetite, the bigger component being responsible for
the sextets observed at 77 K. Note that the (311) X-ray linewidth may probe the
smallest component of this bimodal distribution with an average diameter of 2.2 nm.
Actually, further analysis taking into account samples with quite different average
particle diameter is presently under progress to elucidate the size-dependence of the
chemical oxidation route used in this study.

4 Conclusions

In conclusion, nanosized magnetite particles was synthesized and further oxidized
to maghemite. However, the oxidation chemical route used in the present study
seems to be strongly size-dependent. In the very small size limit the oxidation process
used here presented a reduced chemical yielding, as indicated by the analysis of the
Mössbauer spectra. These findings were also supported by X-ray diffraction analysis.
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quasicrystal by the ball milling technique

J. Quispe Marcatoma · C. V. Landauro · M. Taquire ·
Ch. Rojas Ayala · M. Yaro · V. A. Peña Rodriguez

Published online: 1 October 2009
© Springer Science + Business Media B.V. 2009

Abstract Nanocrystalline Al64Cu23Fe13 icosahedral quasicrystal has been obtained
by milling of solid quasicrystal precursors prepared by arc-melt. The local structure
around Fe atoms was studied by Mössbauer spectroscopy using a quadrupole split-
ting distribution method. Mössbauer results of annealed and milled samples show
the existence of a broadened distribution of Fe sites which is associated to intrinsic
disorder. The structural characterization was determined using x-ray diffraction.
The average grain-size of the nanostructured quasicrystal, obtained from the line
broadening of the X-ray diffraction peaks, was estimated to be of the order of 10 nm
for a sample milled by 5 h.

Keywords Quasicrystals · Mechanical milling · Nanostructures

1 Introduction

Since the discovery of quasicrystals (QCs) [1] the interest to employ these materials
for diverse technological applications was growing. Specially exciting properties for
industrial applications are low coefficient of friction [2, 3], high hardness [4], low
surface energy [5], and good wear-resistance [6]. QCs are also potential candidates
for applications as thermoelements [7–10] and in catalysis [11]. In particular, the
stable icosahedral i-Al-Cu-Fe QC, discovered in 1987 by Tsai et al. [12], is currently
one of the best studied icosahedral QCs due to its excellent thermal stability.
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Moreover, the nominal composition Al64Cu23Fe13 is considered to represent the
ideal icosahedral composition [13].

In the last years nanostructured materials are intensively studied because they
provide the possibility to improve the physical properties of their solid counterparts.
The challenge lies in controlling these properties as a function of the grain size.
Hence, the study of the nanostructured counterparts of this promising new material is
of relevant importance. In this sense, ball milling has received special attention since
it was firstly used by Benjamin and Koch [14, 15] as one of the powerful methods
for material processing, and specially for reducing the grain size (to the nanometer
scale) of the sample under study [15–18].

The main goal of the present work is to study the possibility to obtain nano-
quasicrystalline i-Al-Cu-Fe starting from a solid sample produced by arc furnace
that should be then nanostructured employing a high energy vibratory ball mill
equipment. The experimental details are described in the next section. Section 3 is
devoted to the results and discussion. In Section 4 we summarize the main results of
the present work.

2 Experimental details

Alloy ingots of the precursor icosahedral solid samples of nominal composition
Al64Cu23Fe13 were prepared from a mixture of the high-purity chemical elemental
powders of Al (99.99+%), Cu (99.99+%) and Fe (99.9+%) using arc furnace in
argon atmosphere. Then, the samples were annealed at 700◦C in evacuated quartz
tubes for up to 168 h with a subsequent quenching in liquid nitrogen. In order to
obtain a nanostructured quasicrystal these samples were milled for 5 h in a high
energy ball milling SPEX 8000 employing a 7:1 charge ratio. The milling was made
under argon atmosphere.

The phase purity of the samples was confirmed by powder x-ray diffraction
(XRD) using Cu-Kα radiation (λ = 1.5406Å). The local structure around of Fe sites
was analyzed by transmission Mössbauer spectroscopy (TMS) employing a 25 mCi
57Co/Rh radioactive source. Mössbauer spectra, recorded at room temperature,
were fitted using the NORMOS fitting program. The isomer shift values are given
relative to the α-Fe value, obtained at room temperature.

3 Results and discussion

Figure 1 shows the XRD patterns of the Al64Cu23Fe13 sample (a) as prepared in
the arc furnace, (b) after heat treatment, and (c) after 5 h milling. As can be
seen in Fig. 1a, b the quasicrystalline sample needs to be heat treated in order to
remove other metastable phases (indicated by arrows in Fig. 1a), which are generally
associated to the Al13Fe4 and ε-Al2Cu3 phases [19]. From our analysis we confirm the
presence of the ε-Al2Cu3 phase, however, the presence of the Al13Fe4 phase could
not be clearly established. The presence of the quasicrystalline phase is evident from
the XRD pattern shown in Fig. 1b where all the diffraction peaks can be indexed
according to the icosahedral scheme proposed by Cahn et al. [20], in good agreement
with previous works [21, 22]. Following Weisbecker et al. [23] we determine the six-
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Fig. 1 X-ray diffraction
patterns of the i-Al64Cu23Fe13
sample (a) as prepared by arc
furnace, (b) after heat
treatment, and (c) after 5 h
milling

20 40 60 80 100
2θ 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

(c)

(b)

(a)

6/
9 7/

11
8/

12

18
/2

9

20
/3

2

38
/6

1

40
/6

4

52
/8

4

70
/1

13

72
/1

16
dimensional lattice constant obtaining a value of a6D = 6.309Å which is very close to
values reported previously [23, 24] (for more details see [25]). After ball-milling, a
nanostructured quasicrystal is formed, which is indicated by a reduction of the peak
intensity and the broadening of the diffraction peaks. To determine the grain-size
of the sample we employ the Scherrer equation. Thus, after 5 h milling the average
grain-size has been estimated to be ∼10 nm. It is worth mention that there is not
evidence of the formation of other phases during the milling process, as can be seen
in Fig. 1c.

The local order around the Fe atoms was studied from TMS measurements of the
solid sample (before and after heat treatment) and its nanostructured counterpart
(for 5 h milling). In order to fit the Mössbauer spectra we employ a quadrupole split-
ting distribution associated to a non-equivalent paramagnetic Fe-sites distribution. A
distribution of Fe-sites could be expected as a result of the temperature of measure-
ments (room temperature) and/or the presence of intrinsic disorder, as suggested
in previous works [26–29], which should be more significant in the nanostructured
sample. For our fit we fixed the full width at half maximum � = 0.248 mm/s for all
sites. We obtain 〈δ〉 = 0.222(2) mm/s, 〈�〉 = 0.365(2) mm/s and χ2 = 1.07 for the as-
cast sample; 〈δ〉 = 0.230(2) mm/s, 〈�〉 = 0.390(1) mm/s and χ2 = 1.35 for the heat-
treated sample; and 〈δ〉 = 0.238(1) mm/s, 〈�〉 = 0.441(3) mm/s and χ2 = 1.09 for the
5 h milled sample. These values are very close to those obtained in the literature
[26–29]. The results are shown in Fig. 2.
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Fig. 2 Mössbauer spectra of
the i-Al64Cu23Fe13 sample a as
prepared by arc furnace, b
after heat treatment, and c
after 5 h milling. The right
panels correspond to the
distributions P(�) for each
case of the left (see text for
details) 0,8
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From the XRD y TMS measurements we conclude the following: (i) for the initial
sample (before heat treatment) there is an extended distribution of non-equivalent
Fe-sites which can be associated to the inhomogeneities of the sample, as confirmed
by XRD. (ii) The homogeneity of the sample is achieved after heat treatment (see
Fig. 1b) however TMS indicates the presence of intrinsic disorder (a distribution of
Fe-sites is necessary to obtain a good fit to the experiments, see below). (iii) The
5 h milled sample does not present remarkable changes in the distribution of the
Fe-sites. We observe only a reduction of the relative transmission of the Mössbauer
spectrum which is expected in nanostructured materials where only the long-range
order of the solid sample should be affected (preserving the local order) during the
milling process.

Finally, it is worth mention that because of the good structural quality of the
thermally treated icosahedral QC (as can be seen from Fig. 1b) and considering
the Cockayne model [30] we could expect that a two Fe-sites model is the most
recommended one to fit the experiments. Although the fits reproduce the spectra
well, the values of � differ significantly from 0.25 mm/s conducing to parameter
values without physical meaning, as detailed discussed in [26]. On the other hand, a
distribution of Fe-sites model seems to be more pertinent to describe the Mössbauer
spectra because of the smaller value of χ2 and the physically justifiable value of �, in
agreement with other experimental works [26–29].
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4 Summary

In summary, we have shown that a nanostructured icosahedral quasicrystal can be
obtained after milling its solid counterpart. After 5 h milling the quasicrystalline
sample reduces its average grain-size (preserving the local order) to ∼ 10 nm. The
structure and micro-structure of the studied samples were controlled by means of x-
ray diffraction and Mössbauer spectroscopy, respectively. There is also evident the
presence of intrinsic disorder in the studied samples. The next step is to obtain the
dependence of the milling time with the grain-size in order to study the physical
properties of these nanostructured quasicrystals as a function of the grain-size.
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Abstract The accumulation of iron and arsenic from aqueous solution by lettuce
leaves biomass was investigated using Mössbauer and EXAFS spectroscopic tech-
niques. Mössbauer spectroscopy results show that iron is oxidized during sorption
while EXAFS results indicate that iron is coordinated by approximately 6 oxygen
and 2 carbon atoms while arsenic is coordinated by approximately 4 oxygen atoms
with iron as a second neighbor.

Keywords Mössbauer spectroscopy · EXAFS · Arsenic

1 Introduction

Environment contamination by chemical and radioactive wastes has attracted consid-
erable attention as a consequence of ever increasing mining and industrial activities.
Arsenic is one of the most important pollutant metalloid and is naturally found in
the environment. It is present in gold and other base-metals ores and large amounts
are mobilized in the process of extraction of these metals. Mostly all of arsenic
complexes are considered toxic and cause several diseases [1]. Investigations focusing
on metal accumulation in vegetables grown in mine waste areas found that lettuce
leaves tend to accumulate a larger amount of metal than other vegetable species,
such as beans and tomatoes [2]. This accumulation pattern suggests that lettuce
leaves have potential active sites for arsenic and metalloid complexation. It has
been shown [3, 4] that iron plays an important role on arsenic retention by biomass.
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However, detailed information about interaction amongst iron, arsenic, and biomass
is still lacking. In this contribution we present Mössbauer and X-ray absorption fine
structure spectroscopy results and analysis on iron and arsenic adsorption on dried
lettuce leaves with the aim to contribute to the investigation of the arsenic retention
mechanisms including the important role of iron on arsenic accumulation.

2 Experimental methods

After dried and ground, lettuce leaves were washed with an aqueous solution at
pH 4.0, filtered, and dried. Further treatment was performed like in [5, 6]. For the
adsorption experiments, the washed biomass was brought together with solutions
of Fe(III) as FeCl3.6H2O or Fe(II) as FeSO4.7H2O. For arsenic sorption, Fe(III)-
loaded biomass was brought together with a solution of As(V) as AsHNa2O4.7H2O.
Values of pH were selected so as to avoid iron precipitation and maximize arsenic
loadings. Details of the adsorption process will be published elsewhere and show
that arsenic is sorbed only when the biomass has been previously loaded with iron.

Extended X-ray Absorption Fine Structure (EXAFS) measurements on biomass
samples loaded with iron and arsenic were performed at Laboratório Nacional de
Luz Sínchroton (LNLS) in Campinas, Brazil. Fe and As K-edges (7112 eV and
11868 eV) EXAFS data were collected at the XAFS1 workstation in transmission
geometry with a Si(111) channel-cut monochromator and ion chamber detectors.
The data were analyzed using FEFF8 [7] and ATHENA/ARTEMIS [8] software
packages. Analysis of the data was carried out as described in [9]. Mössbauer spectra
of iron-loaded samples were recorded using a conventional constant acceleration
Mössbauer spectrometer in transmission mode with a 57Co (Rh) source. The data
were evaluated with discrete subspectra using a least-square fitting routine provided
by the Normos software package. All isomer shift values (δ) quoted are relative
to α-Fe.

3 Results and discussion

Figure 1 shows the Mössbauer spectra for samples of biomass loaded with (a) Fe(II)
and (b) Fe(III)+As(V) (see Table 1 for hyperfine parameters). It can be observed
that the oxidation state of iron inside the biomass is mainly +3, even when the bio-
mass is in contact with a Fe(II) solution, indicating that Fe(II) is oxidized to Fe(III).
Previous studies have reported that iron oxidation does not occur in solution [10]
but do not offer an explanation for the observed oxidation. It is, thus, assumed
that a constituent of the biomass is capable of promoting iron oxidation. Values
of quadrupole splitting (Q.S.) indicate that Fe(III) is in an octahedral coordination.
While Fe(II) is oxidizing to Fe(III), the opposite likely does not occur, as the attempt
to fit the data for the Fe(III)+As(V)-loaded biomass with a model that includes an
Fe(II) component yields a negligible (within the uncertainty of the measurement)
contribution of this Fe(II) subspectrum (see Fig. 1b).

Figure 2a shows the real part of Fourier transformed EXAFS data (and fit)
obtained from the Fe(II)-loaded biomass sample. The fitting model is based on the
experimental evidence that iron is mainly complexed to carboxyl groups inside the
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Fig. 1 (color online) Mössbauer spectra of iron-loaded biomass samples: a Fe(II)-loaded biomass; b
Fe(III)+As(V)-loaded biomass

Table 1 Hyperfine parameters resulted from fitting of Mössbauer spectra

Sample Site δ (mm/s) Q.S. (mm/s) Area

Fe(II)-loaded biomass Fe(III) 0.39±0.01 0.69±0.01 77%
Fe(II) 1.15±0.04 2.13±0.08 23%

Fe(III)+As(V)-loaded biomass Fe(III) 0.37±0.01 0.72±0.01

1 1.5 2 2.5 3

radial coordinate (Å)

R
e{

FT
[k

3 χ (
k)

]}

data
fit

1 1.5 2 2.5 3

radial coordinate (Å)

data
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a Fe(II)-loaded biomass (Fe K-edge) b Fe(III)+As(V)-loaded biomass (As K-edge)

Fig. 2 (color online) Real part of Fourier transformed EXAFS data for ion-loaded biomass samples:
a Fe(II) at Fe K-edge; b Fe(III)+As(V) at As K-edge

biomass. Fe-O and Fe-C scattering paths from a Fe(III) acetate structure were used
to fit the data. Table 2 shows the best results for the fitting variables which indicate
that iron is bound to 5.4±0.3 oxygen atoms and 3.0±1.0 carbon atoms in the first
and second coordination shells. The Fe-O distance of 1.99 Å is consistent with that
found in the acetate structure whereas the Fe-C distance of 2.81 Å is shorter than in
the acetate group. This can be attributed to Fe bound to carboxyl groups through 2
oxygen atoms, in a bidentate mononuclear geometry, as opposed to the monodentate
structure of Fe(III) acetate. The octahedral coordination sphere is completed by two
water molecules.
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Table 2 Results of fits to
EXAFS data

Sample Shell N R (Å) σ 2 (×10−3Å)

Fe(II)-loaded biomass Fe-O 5.4±0.3 1.99±0.02 6±2
Fe K-edge Fe-C 3.0±1.0 2.81±0.04 10±8
Fe(III)+As(V)- As-O 4.1±0.7 1.71±0.01 3±1

loaded biomass
As K-edge As-Fe 1 (fixed) 2.93±0.03 6±4

Paths from FeAsO4.2H2O (scorodite) structure were used to fit the As K-edge
EXAFS spectrum of Fe(III)+As(V)-loaded biomass sample, as can be seen in
Fig. 2b. The first coordination shell (see Table 2 for fit results) is composed of
4.1±0.7 oxygen atoms in agreement with the expected tetrahedral geometry of
aqueous H2AsO−

4 present in the original solution [11]. The As-O distance of 1.71 Å
found in the fit is consistent with the typical distance for arsenate adsorbed on iron
hydroxides [12]. The structure in the Fourier-transformed data between R = 2.5 Å
and R = 3.0 Å is properly fitted with an As-Fe scattering path. Freely varying the
coordination number of this shell did not yield a stable fit. To circumvent this
problem, several fits were attempted with fixed values of N from 1 to 4. The most
statistically sound fit was achieved with N = 1 which yielded a As-Fe distance of
2.93±0.03 Å. This result was expected in views of the dependence of arsenic sorption
on the presence of iron. The concentration of iron in the biomass samples measured
was about twice as large as that of arsenic which explains no evidence of the
contribution of arsenic to the second coordination shell of iron. These results suggest
that arsenate species are linked to the iron octahedra. The geometry of this complex
has yet to be determined.
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Abstract In this work we present the results obtained by means of Mössbauer
Spectroscopy to determine and characterize different corrosion products coming
from a carbon steel screw-nut set exposed to mountain weather conditions for
more than 70 years, in Las Cuevas (Mendoza–Argentina). Measurements at room
temperature and 15 K were performed, detecting a great quantity of goethite but also
lepidocrocite, hematite, magnetite and maghemite. This study was complemented by
material characterization in terms of chemical composition, microscopic observation
and X-ray diffraction analysis.

Keywords Corrosion · Carbon steel · Mössbauer spectroscopy

1 Introduction

The present work is part of a project aiming to increase the knowledge of corrosion
products of carbon steels in order to obtain information about potential service
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life of steel structures and components. For example, this information is vital with
regards to the intermediate level radioactive waste (ILRW) disposal, where the
objective is to ensure protection to people and environment for a period of 300 years.
Service life of reinforced concrete is limited by the corrosion of reinforcement. The
corrosion of iron leads to the formation of various products which occupy a volume
much greater than the original iron and may cause internal cracking around the
bar resulting in the through cracking of the cover concrete. Nowadays the available
experience with modern reinforced concrete dating back only about 100 years old
is not enough against the expected life of, for example, the nuclear repository (more
than 300 years). This fact requires extrapolation of short term experience to 300 years
foreseen life. Accelerated laboratory tests are obviously the straightforward way to
assess the problem but doubts arise as whether the extrapolation is correct, particu-
larly regarding the type of corrosion products formed under accelerated conditions.
Mechanistic modeling is the other common approach but, in general, the nature and
composition of the corrosion products formed are necessary to be used as inputs
when modeling the reinforcement corrosion [1].Then, the study of archaeological
analogues is necessary to improve the knowledge of long-term corrosion processes
of steel components. In this context we present the results obtained by means of
Mössbauer Spectroscopy to characterize different corrosion products formed on a
carbon steel screw-nut set exposed to mountain weather conditions for more than
70 years, in Las Cuevas (Mendoza–Argentina).

2 Experimental

The analyzed piece, dating back more than 70 years ago, was part of the connecting
system of the ex-Trasandino railroad. It was obtained in the neighborhoods of Las
Cuevas station (Mendoza–Argentina), whose geographical coordinates are 32◦49′
South latitude and 69◦55′ West longitude, 2720 m above sea level. The monthly
average temperatures oscillate between 0.5◦C and 13.4◦C, the average annual pre-
cipitation is about 300 mm and on average there are 150 frost days per year (data
taken from Puente del Inca weather station) [2]. The studied piece consisted on a
screw-nut set (Fig. 1) which were observed with both optical (Olympus BX60M) and
scanning electron microscope (Philips SEM 500). In some cases, energy dispersion
X-ray analysis (EDAX) was conducted at many locations to asses the local chemical
composition. Chemical analysis of steel was made by means of combustion followed
by emission spectroscopy. Metallographic cross sections were prepared, both in the
longitudinal and transversal directions of the screw axis. The mounted sections were
mechanically polished with emery papers (grades 220–1500) and then with diamond
paste (7–1 μm). Microhardness (HV100) was measured at different depths in the
transversal section of the screw.

Mössbauer spectra were obtained in a conventional constant acceleration spec-
trometer in transmission geometry with a 57Co/Rh source both, at room temperature
(RT) and in some cases at 15 K. Spectra were fitted to a hyperfine field distribution, a
quadrupole doublet (line width ∼0.5 mm/s) and three sextets (line width ∼0.3 mm/s)
by using the NORMOS least squares fitting program [3]. Compounds assignation was
made comparing the hyperfine parameters to those available in literature [4].

Reprinted from the journal118



Characterization of corrosion products of a carbon steel screw-nut set

Fig. 1 Picture of the studied
screw-nut set

X-ray diffraction (XRD) measurements were performed with a Philips PW 3710
diffractometer with a Cu-anode operating at a generator voltage of 40 KV and a
current of 30 mA with the goniometer 2θ values varied from 10◦ to 70◦ at a scan rate
of 1.0 s/step.

3 Results

3.1 General characterization

The chemical composition of the steel was (in wt.%): C, 0.02; Si, 0.11; Mn, 0.30; Cr,
0.05; Mo, 0.01; S, 0.01; P, 0.007; and Fe balance. These results are consistent with a
SAE 1005 steel. Steel microhardness measurements along the screw radius, showed
that the value measured at 100 μm from the edge (245 HV100) was significantly
higher than those measured between 1 mm from the edge (187 HV100) and 7.5 mm
from the edge (170 HV100), at 1 mm steps. Metallographic cross sections showed
the existence of numerous and large slag inclusions (Fig. 2). This is in accordance
with the fact that ancient steels possess very heterogenous compositions, and they
invariably contain entrapped slag inclusions, as the result from the process by which
the steel was made. The inclusions in plain carbon and low-alloy steels are MnS,
silicates, nitrides, and oxides. MnS inclusions appear as elongated particles (called
stringers) and show a medium-gray color in the light microscope. These inclusions
are smooth and have rounded edges. Silicate inclusions show a dark gray color [5].
The heterogenous composition of the steel and the presence of Mn and Si in the
inclusions were confirmed by EDAX.

The pieces studied were heavily corroded. The surface rust of the nut showed
two different color zones, a white zone and a red zone (Fig. 3). These two different
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Fig. 2 Microstructure of the
steel showing slag stringers in
a ferrite matrix. a Longitudinal
section. b Transverse section

corrosion products were analyzed separately, though this differentiation was difficult
because white products were deposited over the red ones. SEM observations con-
firmed the existence of several rust layers (Fig. 4). The surface rust of the screw was
mostly red.

3.2 Mössbauer spectroscopy results

3.2.1 The nut

Tables 1 and 2 display the Mössbauer hyperfine parameters of the nut at RT and
15 K for the white and red zones, respectively; and Figs. 5, 6, 7, and 8 show their
corresponding spectra.

RT spectra were fitted by using a quadrupole doublet (D), a hyperfine field
distribution (d) and three sextets (S1, S2 and S3). In both cases (white and red
zones) the greater contributions were from D and d and the sextets contributed to
the spectra to a lesser extent. D values were obtained as an average between two
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Fig. 3 Surface rust of the nut

Fig. 4 Detail of surface rust of
the nut (SEM)

doublets with noticeably different quadrupole splittings (∼0.5 and 0.9 mm/s) but
almost equal isomer shifts. As it is difficult to distinguish both contributions at RT, at
this stage we can only suppose that this average would take into account the possible
presence of superparamagnetic goethite (ultrafine particles) and/or lepidocrocite.
The distribution was assigned to goethite with a particle size dispersion. S1 was
assigned to hematite and S2 and S3 to non-stoichiometric magnetite (Fe3−xO4).
Isomer shift values suggest the possibility to have a mixture of magnetite and
maghemite or a partially or totally oxidized magnetite.
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Table 1 Hyperfine parameters
of the nut at RT and 15 K for
the white zone; Bhf [T], QS, IS
and 2ε [mm/s]

RT 15 K

D QS 0.59 D′ Q 0.69
IS 0.37 IS 0.47

d Bhf 23.9 d′ Bhf 35.06
2ε −0.11 2ε −0.16
IS 0.41 IS 0.34

S1 Bhf 51.02 S′1 Bhf 53.27
2ε −0.28 2ε −0.16
IS 0.44 IS 0.48

S2 Bhf 49.1 S′2 Bhf 51.56
2ε 0.06 2ε −0.07
IS 0.34 IS 0.43

S3 Bhf 46.1 S′3 Bhf 50.15
2ε 0.00 2ε 0.00
IS 0.57 IS 0.64

– – – S′4 Bhf 47.79
2ε 0.00
IS 0.45

– – – S′5 Bhf 44.5
2ε −0.45
IS 0.60

Table 2 Hyperfine parameters
of the nut at RT and 15 K for
the red zone; Bhf [T], QS, IS
and 2ε [mm/s]

RT 15 K

D QS 0.63 D′ Q 0.69
IS 0.37 IS 0.47

d Bhf 19.51 d′ Bhf 35.80
2ε 0.02 2ε −0.37
IS 0.40 IS 0.47

S1 Bhf 52.30 S′1 Bhf 54.61
2ε 0.06 2ε 0.02
IS 0.33 IS 0.63

S2 Bhf 48.53 S′2 Bhf 52.27
2ε −0.09 2ε 0.05
IS 0.30 IS 0.50

S3 Bhf 46.47 S′3 Bhf 49.99
2ε 0.00 2ε 0.00
IS 0.82 IS 0.65

– – – S′4 Bhf 46.99
2ε 0.00
IS 0.69

– – – S′5 Bhf 44.35
2ε −0.38
IS 0.46

15 K spectra instead, consisted of a quadrupolar doublet (D′), a hyperfine field
distribution (d′) and five sextets (S′1, S′2, S′3, S′4 and S′5). The wide D doublet
(still present at 15 K), being also in this case the convolution of two paramagnetic
subspectra, would show the presence of poorly crystallized goethite, of ultrafine
particle, not allowing to discard the lepidocrocite presence. S′1 would come from
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Fig. 5 Fitted Mössbauer
spectrum at RT for the white
zone of the nut

Fig. 6 Fitted Mössbauer
spectrum at 15 K for the white
zone of the nut

the hematite while S′2 and S′3 would correspond to maghemite, non-stoichiometric
magnetite and a mix between them. S′4 was assigned to lepidocrocite, without
discarding any contribution of the magnetite to the subspectrum. S′5 and d′ would
refer to magnetically ordered goethite with a size particle distribution and with a
variable degree of crystallinity.

Taking into account the subspectra areas, the rate between magnetic and super-
paramagnetic areas increases when lowering temperature. This is a logical result
owing to the ordering of the phases which are disordered at RT.

3.2.2 The head of the screw

In this case only a measurement at RT was necessary to observe an appreciable
difference with the measurements performed at RT for the nut. The difference
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Fig. 7 Fitted Mössbauer
spectrum at RT for the red
zone of the nut

Fig. 8 Fitted Mössbauer
spectrum at 15 K for the red
zone of the nut

consisted on an increase of the magnetic part, showing a greater quantity of magnetic
compounds at RT than those observed in the nut (Fig. 9). The identified compounds
are in agreement with those obtained for the nut, but they are present in a different
proportion. The magnetic to superparamagnetic area ratios (M/SP) for the nut and
the head of the screw, are included in Table 3.

4 Discussion

One of the main differences in the nut between both zones (white and red) is that the
hyperfine field distribution denoting goethite presence with a particle size dispersion,
has a low field Gaussian component for the red zone which is not visible in the
white one. This suggests that the goethite formed in the red zone may be composed
by finer particles. Another difference is in the IS value for S′4 which is greater for
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Fig. 9 Fitted Mössbauer
spectrum at RT for the head of
the screw

Table 3 M/SP area ratios M/SP

Nut white zone 0.48
Nut red zone 0.47
Head of the screw 1.23

the red zone as compared to the white zone. Being the ratio between magnetic and
superparamagnetic areas almost the same for both zones, the magnetite contribution
would be dominant in comparison to lepidocrocite for the red zone. Furthermore,
quadrupole shift values for hematite should point out to a spin state coexistence
(antiferromagnetic and weakly ferromagnetic). In the red zone antiferromagnetic
hematite seems to be predominant, suggesting a bigger hematite particle size than
that for the white zone.

Mössbauer spectroscopy results show a coincidence between the iron-bearing
components present in both zones of the nut (red and white). However a priori
differences are given by the distinct color of the two zones. Our hypothesis was to
think about non-iron-bearing compounds present in the sample, so we performed
an X-ray analysis to elucidate it. The diffractograms obtained showed abundant
calcite (∼50%) and quartz (∼20%) in the white zone, meanwhile quartz (∼25%)
and calcite in a significant lower proportion were detected in the red zone. These
compounds may come from the soil where the analyzed screw was extracted.
Seeking information about Mendoza soils we concluded that this conjecture is highly
reasonable, explaining as well the difference between the two colored zones.

Moreover, from the obtained values in Table 3 it can be inferred that the white
and the red zones of the nut present the same proportions due to the magnetic
contribution (about 50% of the iron-bearing compounds), while the magnetic contri-
bution constitutes a major portion of the head of the screw. A possible explanation
consistent with this behavior is that limestone soils have alkaline pH, associated
with the presence of carbonates in the soil. Calcite, being the most common form of
carbonates in soils, increases the redox potential [6], favoring the Fe-oxyhydroxides
formation (superparamagnetic contribution).
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5 Conclusions

The SAE 1005 steel screw exposed to mountain weather conditions in Las Cuevas
(Mendoza–Argentina) presents abundant goethite, also lepidocrocite and hematite,
magnetite and maghemite in a lower proportion. By means of X-ray diffraction, it
was possible to detect non-iron-bearing compounds like calcite and quartz. These
compounds almost certainly came from the soil where the screw was extracted,
explaining the difference between the colored zones (white and red) exhibited in
the studied piece.

The present work provides the type of corrosion product that is formed in the
environment analyzed. Data concerning their physical properties such as density and
molecular weight may be used as inputs for modeling the service life of reinforced
concrete exposed to a similar environment.
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Abstract Carbon, CS, and weathering steels, WS, were totally immersed in a NaCl
containing solution. The influence of steel composition and the presence/absence of
air flux into the solution on the physical properties of spinel and other iron phases
were investigated. Large amounts of defective magnetite were formed only on CS,
whereas little amounts of small grain-sized defective maghemite were detected only
on WS. The chemical composition of the steels greatly affects the type of spinel phase
being formed and their relative abundance. A non-aerated environment favored the
formation of magnetite in CS. The protective ability of the rust was unfavored in the
presence of large amounts of spinels.

Keywords Spinel phases · Total immersion · Steels

1 Introduction

In general, the main components of the rust layer formed on steels in different envi-
ronments are α-FeOOH (α), γ-FeOOH (γ), β-FeOOH (β), and non-stoichiometric
Fe3O4 with a wide distribution of particle sizes [1, 2]. It has been established
that the protective ability of the steels specially depends on the characteristics
of the rust components and the capability of the rust for adhering to the metal
surface. To determine the protective ability index formed on weathering steels, Hara
et al. [3] proposed three types of rust layers: (1) protective if α/(β + γ + s) > 1,
(2) non-protective and active if α/(β + γ + s) < 1 and (β + s)/(β + γ + s) > 0.5 and
(3) non-protective and inactive if α/(β + γ + s) < 1 and (β + s)/(β + γ + s) < 0.5,
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Fig. 1 a DRIFT, and b Raman spectra corresponding to selected samples. L lepidocrocite,
A akaganeite, G goethite and M magnetite and Mh maghemite

where s stands for spinel. Specifically, α, β, γ and s represent the respective relative
phase abundances. The aim of this work is to identify and fully characterize the spinel
and iron phases formed on steels submitted to total immersion tests, and from this
information to discuss the protective character of the rust.

2 Experimental procedure and results

The total weight percentages of alloying elements were of 0.63 and of 2.41 for CS
and WS, respectively. The composition of WS mainly differs from that of the CS in
their higher Ni, Cr, Cu, Si and P content. The immersion process of the coupons
into the solutions was similar to that described elsewhere [1]. Aerated and non-
aerated 0.6 M NaCl concentrated solutions were studied. After 14 days, the coupons
were extracted. The rust scrapped from the steel coupons and the rusts collected
from the solutions were called AR and NAR, respectively. The characterization
was carried out by using a Nicollet Avatar 330 (of Thermo Electron Co) Fourier
transform infrared spectrometer working in diffuse reflectance (DRIFT), an InVia
Renishaw Ramanscope system, a D501 Siemens X-ray diffractometer equipped with
Cu(Kα) radiation and a conventional transmission Mössbauer spectrometer with a
Co-57 source in a rhodium matrix.
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Fig. 2 a Room temperature Mössbauer spectra for all AR and NAR samples of CS, and b XRD
patterns for AR and NAR aerated samples of CS and WS. L lepidocrocite, A akaganeite, G goethite,
M magnetite and Mh maghemite

Fig. 3 Room temperature Mössbauer spectra for a AR, and b NAR aerated samples of WS

The notation in Figs. 1 and 2 has the following meaning: AR and NAR stand
for adherent and non-adherent rusts; A and NA stand for aerated and non-aerated
samples; and CS and WS stand for carbon and weathering steels, respectively. In
all infrared spectra of AR samples, bands of γ-FeOOH, α-FeOOH, and β-FeOOH
were found [4] (see Fig. 1a). However, Fe3−xO4 and γ-Fe2O3 were detected only
in CS and in WS, respectively. Raman spectroscopy supported the DRIFT findings
[5] (see Fig. 1b). All Mössbauer spectra of AR and NAR samples from CS were
fitted using three lorentzian sextets and one or two lorentzian doublets (see Fig. 2a).
The first sextet is due to contributions coming from both Fe3+ ions on the magnetite
tetrahedral site and unpaired Fe3+ ions on the magnetite’s octahedral site. The
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Table 1 Protective character of the adherent rust as obtained from the relative abundance (vol.%)
by XRD data

Sample α/(β + γ + s) (β + s)/(β + γ + s) Type of rust

AR-A-CS 0.25 0.64 Non-protective/active
AR-NA-CS 0.06 0.69 Non-protective/active
AR-A-WS 0.03 0.11 Non-protective/inactive

The estimated uncertainty was about ± 0.01

second sextet comes from Fe2.5+ ions on the magnetite octahedral site. The third
sextet has hyperfine parameters similar to that of magnetic goethite. The doublet(s)
has (have) hyperfine parameter(s) associated with akaganeite, lepidocrocite and
super-paramagnetic goethite. The magnetite relative sub-spectral areas were of 0.60
and of 0.64 for the AR samples coming from aerated and non-aerated solutions,
respectively, whereas the respective values for the NAR were 0.17 and 0.29. Now,
the spectrum of the AR sample from WS was fitted using three sextets and two
doublets (see Fig. 3a). The hyperfine parameters for one of the sextets were well
matched with those of magnetic maghemite. The other two sextets were associated
with magnetic goethite exhibiting a wide distribution of particle sizes. The NAR
sample from WS was fitted using only two doublets, suggesting the presence of lepi-
docrocite, akaganeite and probably super-paramagnetic maghemite and/or goethite
(see Fig. 3b). Magnetic phases were no detected in the NAR of WS. It can be noticed
that more magnetite was formed in the non-aerated solution, and also that there was
a higher yield of spinel phases in the CS than in WS. These results can be understood,
because poor oxygen environments favor the formation of magnetite, the oxygen
diffusion through the corrosion layer forms a gradient with the smallest value at the
metal surface, then it oxidizes the Fe2+ to Fe3+ forming the necessary ingredients
for magnetite precipitation. Magnetite in CS seems to be formed mainly in the
oxygen diffusion stage through the rust layer either by slow oxidation of Fe(OH)2

via green rust and/or by interaction of Fe2+ with the different iron oxy-hydroxides.
On the other hand, maghemite in WS seems to be formed by either oxidation of
Fe(OH)2 and/or wet oxidation of early precipitated small-particle magnetite. The
results suggest that the magnetite formation might be favored in the absence of high
abundances of alloying elements such as silicon, phosphorous, chromium and nickel.

Quantitative X-ray diffraction (XRD) analysis was in good agreement with the
other techniques (see Fig. 2b). Table 1 shows the classification of the rusts as
estimated by XRD analysis using the criterion from Hara et al. [3]. The ratio
α/(β + γ + s) was less than 1 in all cases indicating the formation of a non-protective
rust layer. However, the ratio (β + s)/(β + γ + s) was higher than 0.5 for carbon
steels (aerated and non-aerated), but less than 0.5 for weathering steels. All these
differences were mainly attributed to the steel composition.

3 Conclusions

Different iron oxy-hydroxides phases were detected in all rusts formed on carbon
and weathering steels (akaganeite, lepidocrocite and goethite). Large amounts of
magnetite were detected both in adherent and non-adherent rust coming from
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carbon steels. In contrast, small amounts of maghemite were only detected in the
adherent rust coming from weathering steels. The relative abundance of magnetite
in carbon steels was higher in non-aerated solution in comparison to aerated one.
The rust formed on carbon steels can be classified as non-protective and active and
that on weathering steels as non-protective and inactive.
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ability Programs for GES and GICM) and Universidad Pontificia Bolivariana (project code 889-05/
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Abstract The actions of tannic acid, phosphoric acid and their mixture on lepido-
crocite, goethite, superparamagnetic goethite, akaganeite, magnetite, hematite and
maghemite for 1 day and 1 month were explored. It was found that these acids form
iron tannates and phosphates. Lepidocrocite and magnetite were the iron phases
more easily transformed with the mixture of the acids after 1 month of reaction,
whereas hematite was the most resistant phase. In the case of goethite, our results
suggest that in order to understand properly the action of these acids, we have to
take into account its stoichiometry, surface area and degree of crystallinity.

Keywords Rust converters · Iron tannates and phosphates ·
Mössbauer spectrometry

1 Introduction

Tannic acid is a natural polyphenolic compound with great significance in food, medi-
cal area and other industrial products [1], whereas phosphoric acid is an inorganic
acid used to acidify foods and beverages and it has dental and medical utilities,
among others applications. The tannic and phosphoric acids are also utilized in the
preparation of rust converters, which are environmentally safe, in contrast to toxic
inhibitors such as red lead or zinc chromates [2]. These converters can be applied
to corroded surfaces to convert the rust and to reduce further corrosion process
by forming tannates and phosphates [3–8], and by generating a layer with certain
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Table 1 Weight percentage of
each component used in the
preparation of the converters

Type of Percentage of the components (% w/w)
converter Tannic Phosphoric Isopropyl Tert butyl Distilled

acid acid alcohol alcohol water

TA 5 – 14 21 60
FA – 35 14 21 30
TFA 5 35 14 21 25

protective value, leaving a suitable roughness for the application of a subsequent
system of paintings. There have made many research studies on the application
of the rust converters in the iron oxides and oxyhydroxides [3–13]. Although the
rust converters have been used with some success for several decades, still exists
controversy about their effectiveness and inhibitory capacity against the corrosion.
Thus, the reaction mechanisms and specially the transformations taking place at the
oxide layer need further research. One of the main drawbacks to understand this
phenomenon is that most of the works have been carried out directly on the rust and
not on each iron phases individually. For this reason, it is important to understand
the effect of each acid on each iron oxide and oxyhydroxide separately, and this is
the motivation for the present work. Based upon the results of a previous work [11],
we have selected three rust converters and studied their action on each of the most
common rust products.

2 Experimental procedure

The different iron phases used in this study were synthesized following hydrothermal
methods reported by Schwertmann and Cornell [14]. We prepared poorly crystalline
goethite, G-spm, crystalline goethite, G, lepidocrocite, L, and akaganeite, A. The
synthetic iron oxides were magnetite, M, and maghemite, Mh. Hematite, H, was
obtained commercially. Three types of rust converters were employed, one based
in tannic acid, TA, another in phosphoric acid, FA, and the last, one based in a
mixture of both acids, TFA. A mixture of alcohol with water was used as solvent.
The composition of each converter is shown in Table 1. 500 mg of each sample were
mixed with 20.0 mL of each converter and allowed to react for 1 day and 1 month. The
products of the reactions were filtrated and dried at 40◦C. The obtained samples were
characterized by Thermogravimetric Analysis, Fourier Transform Infrared (FTIR),
Spectroscopy Mössbauer (MS), Surface BET analysis and X-Ray Diffraction (XRD).

3 Results and discussion

From the thermogravimetric analysis we could calculate the structural OH groups
in wt.%, and the stoichiometric formulae for each iron oxyhydroxide. The results
are shown in Table 2, together with data obtained by BET analysis. From these
values, we can see a great contrast in surface areas between G and G-spm due to
the difference in crystallinity of the samples.

By employing FTIR, the products of reaction of the different iron phases with the
TA converter for 1 day, showed bands corresponding to iron tannates (TI), whereas
with the FA converter, bands due to iron phosphates (PI) were observed. On the
other hand, the products of the reaction of each sample with the TFA converter
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Table 2 TGA and BET analysis of pures oxyhydroxides

Sample % H2O % OH % Water total Stoichiometric formule S(m2/g)

G 0.3 (3) 10.7 (2) 11.0 (2) α Fe0.32O0.95OH1.05 27.3 (2)
G spm 4.4 (3) 13.6 (2) 18.0 (2) α Fe0.24O0.73OH1.27 183.1 (2)
L 1.2 (3) 11.8 (2) 14.0 (2) γ Fe0.29O0.87OH1.13 58.9 (2)
A 1.7 (3) 11.0 (2) 12.7 (2) β Fe0.31O0.93H1.07 25.0 (2)

Numbers in parenthesis represent the uncertainty in the last digit
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Fig. 1 FTIR spectra of iron oxyhydroxides after the reaction with TA (left) and TFA (right)
converters for 1 month. Arrows point to IT bands

for 1 day showed mainly TI and PI bands. The results for 1 month were similar to
those obtained for 1 day, but the TI and PI bands were more intense, see Fig. 1.
The absorption bands corresponding to TI complexes were much more intense
in L, G-spm and M than in the other iron phases, which were presented but with
minor intensity.

The XRD patterns of all samples reacting with the TA converter, for both a day
and a month, did not clearly show the iron tannates, because these compounds are
amorphous [6, 7]. After the reaction with FA and TFA for 1 day, the diffraction
patterns of all samples showed peaks assigned to FeH3(PO4)2 · 2.5H2O and to
Fe3H9(PO4)6 · 6H2O, this latter compound being presented in minor proportion.
The XRD patterns of the oxyhydroxides reacting with the TFA converter for
1 month showed residual peaks of G-spm, A and G, but the characteristic peaks
of L were not observed. On the other hand, the XRD patterns of the oxides reacting
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Fig. 2 XRD patterns of
a M (bottom), Mh (middle)
and H (top) after the reaction
with the TFA converter for
1 month and b M after the
reaction with FA (bottom)
and TFA (top) for 1 month
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with the TFA converter for 1 month showed all peaks of H, some residual peaks
of Mh, but no peaks of M (see Fig. 2a). A special case was the XRD pattern of
M reacting with the FA converter, because besides the presence of the phosphate
phases identified previously, the pattern also showed the apparition of other iron
phosphate, identified as FePO4 · 2H2O (strenguite), whose peaks are marked in
Fig. 2b. The peaks of vivianite and herraulite could not be detected.

The room temperature Mössbauer spectrum of the reaction of TA with G, M, Mh
and H for 1 day gave no indications of the iron tannates complex formation, but with
G-spm and L a doublet with quadrupole shift values between 0.97 and 1.12 mm/s
and isomer shift values between 0.39 and 0.41 mm/s were observed, suggesting the
presence of iron tannates [6, 8]. Figure 3a shows the Mössbauer spectra of products
of the reaction of the iron oxyhydroxides with the FA converter for 1 day and for
1 month. The spectra of the reactions for 1 day revealed the presence of one doublet
with quadrupole shift values between 0.14 and 0.20 mm/s, and isomer shift values
between 0.35 and 0.45 mm/s, indicating the presence of iron phosphates [10]. A
similar doublet was observed in the spectra of the iron oxides. In the case of the
products of the reaction of iron phases with AF and ATF for 1 month, the spectra
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Fig. 3 Room temperature Mössbauer spectra of a iron oxyhydroxides after 1 day and 1 month of
reactions with the TFA converter and b M and Mh after 1 month of reaction with the TFA converter
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a b

Fig. 4 SEM images of M after the reaction with the TFA converter for a 1 day and b 1 month

showed an intensive doublet, assigned to the mixture of iron phosphates, but the
presence of iron tannates could not be detected. For H, appreciable changes were
not observed. The Mössbauer spectrum of Mh showed residual peaks of this iron
phase. In the case of the spectrum of M, the best fitting was achieved by introducing
two doublets assigned to the mixture iron phosphates without the presence of M,
in good agreement with the results of DRX (see Fig. 3b).

The results have shown that the iron phase most resistant to transformation to
PI and TI was H, possibly due to its particular crystalline structure and its high
thermodynamic stability. On the other hand, the sample that presented the major
transformation after 1 day of reaction with the converters was G-spm, because of the
poor crystallinity, great surface area and poor stoichiometry. The easier conversion
of M in comparison to Mh can possibly be due to that M contains iron in Fe2+
oxidation state, which is a direct source of Fe3+ for a subsequent transformation to
iron phosphates. The more reactive samples after 1 month of interaction with those
converters were L and M in agreement with reports by other authors [8, 9].

Figure 4a shows scanning electronic microscopy images of the products of the
reaction of M with the TFA converter for 1 day. The fine grains over the oxide
surface, suggest the formation of iron phosphate particles. Figure 4b shows the same
reaction but after 1 month, where it is clearly observed the formation of crystals
with hexagonal habit. These results revealed valuable information about of the
crystallographic structure of the iron phosphates.

The phosphate phases can be formed first by a partial dissolution of the samples
to produce Fe3+ ions, which depends of the pH of the converter. The reactions for
the oxyhydroxides and for H and Mh are:

FeOOH + 3 H+ −→←− Fe3+ + 2 H2O

Fe2O3 + 6 H+ −→←− 2 Fe3+ + 3 H2O

These Fe3+ ions can react with the predominant specie to this pH to form the main
compound.

Fe3+ + 2 H3PO4 + 2.5 H2O −→ FeH3 (PO4)2 × 2.5 H2O + 3 H+
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Likely, this compound can be trimerized by a reaction catalyzed by the acid medium
to form another hydrated ferric phosphate.

3 FeH3 (PO4)2 × 2.5 H2O
H+−→ Fe3H9 (PO4)6 × 6 H2O + 1.5 H2O

In the case of M, dissolution reaction produced both, Fe2+ and Fe3+.

Fe3O4 + 8 H+ −→←− 2 Fe3+ + Fe2+ + 4 H2O

These Fe3+ ions react with the phosphoric acid to form the compounds identified
previously and Fe2+ is oxidized to Fe3+, according to:

4 Fe2+ + O2 + 4 H+ −→←− 4 Fe3+ + 2 H2O

These reactions require an apreciable amount of H+ ions, which makes that the
solution reaches a higher pH. Under these conditionts can be formed estrenguite
by reaction between the new source of Fe3+ and acid phosphate ions.

Fe3+ + HPO2−
4 + 2 H2O −→ FePO4 × 2 H2O + H+

Although the reaction of M with ATF for a day can also be oxidized to Fe2+, is
not observed the formation of the estreguite possibly due to the contribution in the
acidity of AT.

4 Conclusions

The products of the reaction of tannic acid with each iron oxide and oxyhydroxide
were iron tannates, with phosphoric acid were iron phosphates and with the mixture
of tannic and phosphoric acid the different iron phases were transformed principally
into iron phosphates. The produced iron phosphates showed a marked hexagonal
structure. The most reactive phases were magnetite and lepidocrocite, whereas
the less transformed phase was hematite. In the case of goethite, the sample with
highest stoichiometric deviation and the highest surface area showed the major
transformation.
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Abstract A Conversion Electron Mössbauer Spectrometer to be used for the char-
acterization of Fe-containing metal surfaces was designed and installed in an Ultra
High Vacuum chamber. The design is based in the use of a Channeltron electron
multiplier for the detection of electrons emerging from the sample after an incident
γ-Ray is absorbed by resonant nuclear excitation. Using a Monte Carlo simulation
for electron trajectories in solids the mean-escape-depth of the detected Mössbauer
signal from a metallic iron sample was estimated to be 80 nm, assuming that the
main signals being detected correspond to the Fe(M), Fe(L) and Fe(K) conversion
electrons as well as the Fe(KLM), Fe(KLL) and Fe(LMM) Auger electrons. The
sensitivity to the surface region was also estimated experimentally by acquiring
Mössbauer spectra from a series of Fe films of different thickness deposited by
magnetron sputtering on 304 stainless steel substrates.

Keywords CEMS · Channeltron · Thin films · Mean-escape-depth

1 Introduction

Conversion Electron Mössbauer Spectroscopy (CEMS) is a well established non de-
structive technique that has been used in the study of oxidation, corrosion, thin films,
surface modification and coatings in iron containing surfaces [1]. The conversion
electrons and associated Auger electrons originated from the de-excitation process
after γ-Ray resonant nuclear absorption produce signals with a relatively short mean-
escape-depth that can be conveniently used for the study of surface phenomena.
As there are many surface science laboratories that routinely use conventional
ultra high vacuum chambers, what we propose in this work is the use of a simple
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Fig. 1 Experimental
arrangement

CEMS spectrometer, easily adaptable to most of those chambers in order to enhance
their capabilities with the addition of Mössbauer Spectroscopy. We also present an
estimation of the mean-escape-depth of the detected signals based on Monte Carlo
simulations [2], to be compared with the results of experimental CEMS spectra of Fe
films deposited on stainless steel substrates.

2 Experimental

Figure 1 shows a picture of the experimental assembling used in our CEMS detection
system. It is all mounted on an 8-in. flange of an ultra high vacuum chamber normally
used for LEED/AES surface analysis. A Channeltron electron multiplier [3], used
as the electron detector, was fixed to a stainless steel support rod and tilted 45◦
upwards in order to face the sample surface, which is oriented 45◦ downwards. A
lead lined stainless steel tube, welded to the flange, ends in a Be/Plexiglass window
which lets in the 14.4 keV γ-Rays while filtering out the 6.4 keV Fe(Kα) X-Rays
associated with the radioactive source. Three feedthroughs in the same flange allow
for the electrical connections necessary to operate the Channeltron: the HV bias, the
entrance cone bias and the signal collector. The window-to-sample and Channeltron-
to-sample distances are approximately 5–6 cm.

The radioactive source used was a 20 mCi 57Co/Rh mounted on a conventional
mechanical driving unit and kept outside the chamber, inside the tube, close to the
Be/Plexiglass end window. The γ-Ray footprint on the sample position is uniform
over a 25 mm diameter circle. The Channeltron electron multiplier used has an
entrance cone of 19 mm diameter and was operated in the pulse counting mode,
generating output pulses of about 20 ns width. Its detection efficiency curve as a
function of the incoming electron energy is shown in Fig. 2. Mössbauer emission
spectra were acquired using a triangle velocity mode and a conventional pulse
counting electronics, consisting of the biasing power supplies, preamplifier, amplifier,
multichannel analyzer and a personal computer. The spectrometer performance and
its surface sensitivity were evaluated by the acquisition of CEMS spectra, at room
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Fig. 2 Electron detector
efficiency vs. energy

temperature and under high vacuum conditions, from three Fe thin films samples
deposited by magnetron sputtering on 25 mm diameter stainless steel circular plates
(SS304). In this way we could compare the relative intensities of the sextet signal
coming from the α-Fe films with the singlet signal coming from the underlying SS304
substrate.

3 Results and discussion

The secondary electron image shown in Fig. 3 corresponds to the thicker of the three
Fe films; we can appreciate that the thickness is relatively uniform and the structure
is columnar. The average thickness of this film corresponds to 200 nm; from this
value the thickness of each of the other two films were evaluated according to the
deposition times used, resulting in 100 nm and 50 nm.

Due to the high-pass-filter characteristics of the Channeltron, we assume that the
main electronic Mössbauer signals being detected in our CEMS experiment are the
Fe(M), Fe(L) and Fe(K) conversion electrons as well as the Fe(KLM), Fe(KLL)
and Fe(LMM) Auger electrons. Other possible electronic Mössbauer signals like
low energy secondary electrons, 47 eV Fe MVV Auger electrons and X-Ray and
γ-Ray photoelectrons were not considered. Table 1 lists the electronic Mössbauer
signals considered in this work, together with their kinetic energies Es and their
emission probabilities ws, relative to the number of Fe atoms whose nuclei absorbed
resonantly the 14.4 keV γ-Rays. The emission probabilities ws give the relative
proportions in which these signals are originally generated within the sample and
were calculated using the values for internal conversion electron coefficients αi

obtained from reference [4] and the values of X-ray fluorescence yields ωi compiled
in reference [5]. The (KLL/KLM) Auger signal ratio was taken as 5 according to the
experimental spectra given in reference [6]. The atomic number Z, the density ρ of
the material and the electron kinetic energy values Es are relevant for the transport
of these electron signals from the depth d at which they were generated towards the
exit surface and then to the electron detector. We performed Monte Carlo electron
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Fig. 3 Fe film secondary
electrons image

Table 1 Kinetic energy and
emission probabilities

Electron signal Energy/keV Emission probability

Fe(M) 14.3 1%
Fe(L) 13.6 9%
Fe(K) 7.3 81%
Fe(KLM) 6.3 9%
Fe(KLL) 5.4 43%
Fe(LMM) 0.65 9%

trajectory simulations in order to obtain, for each one of the aforementioned signals,
the energy distribution N(E,d) of the electrons leaving the sample after traversing
an iron film of thickness d. When the conversion and Auger electrons are generated
inside sample, they can suffer straggling and energy losses as they travel through the
sample towards the exit surface, resulting in a reduced number of emerging electrons
distributed in energy according to N(E,d). As an example Fig. 4 shows the energy
distribution NFe(K)(E,d) of 105 Fe(K) conversion electrons escaping through 5, 50
and 100 nm thick iron films.

Upon reaching the Channeltron the energy distribution N(E,d) is modified ac-
cording to its detector efficiency giving a detected energy distribution D(E,d) whose
sum gives the escape probability Ps(d) of each type of detected signal as a function
of depth in a metallic Fe sample. By weighting the probabilities Ps(d) with the
respective emission probabilities ws one obtains the relative number of Mössbauer
electron signals that could be detected. However, in practice this number does not
correspond to the true detected signals because of possible detection coincidence
effects. The emission of a given Auger electron is strongly correlated with the
emission of its parent conversion electron in such a way that both emissions occur
almost simultaneously. Then, there is a high probability that both electrons reach the
detector at the same time generating a single pulse if their difference in time of flight
is smaller than the Channeltron pulse width. This is the case for the K conversion
electron and the KLM and KLL Auger electrons and for the L conversion electron
and the LMM Auger electron. If we simply add the weighted Ps(d) probabilities then
these coincidence effects would not been taken into account. To include them, each
pair of (conversion-Auger) electrons must be combined according to the expression
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Fig. 4 Fe(K) electron energy
distributions

Fig. 5 Probability of electron
detection

wconvPconv(d) + wAugerPAuger(d) [1 − Pconv(d)] [7]. By adding the different escape
probability curves according to this expression one obtains the total probability of
escape and detection as a function of depth as shown in Fig. 5. The total probability
curve is dominated by the contribution from the Fe(K) conversion electrons which
provide information from a surface region of about 200 nm thick. Information
from deeper regions is provided basically by Fe(L) conversion electrons. Due to its
low emission probability the contribution from the Fe(M) conversion electrons is
negligible. From the total probability curve we obtained the value of 80 nm as the
mean-escape-depth of the detected integrated signals from metal iron samples.

Figure 6 shows the recorded and fitted spectra for the three Fe/SS304 samples,
together with the corresponding hyperfine parameters and relative spectral areas for
α-Fe and SS304.
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Fig. 6 CEMS spectra of de α-Fe/SS304. a 50 nm, b 100 nm, c 200 nm

As can be noticed, there is still an observable signal from the stainless steel
substrate, even after coating it with a 200 nm thick iron film. This can be explained
in terms of the columnar structure of the film, typical of the magnetron sputtering
deposition method with substrates kept at room temperature [8], which leaves open
spaces between the columns, giving for the film an iron density smaller than the bulk
one assumed in our Monte Carlo simulations.

4 Conclusion

The simple CEMS spectrometer that we have designed can be easily installed in any
conventional Ultra High Vacuum chamber dedicated to surface or thin film analysis,
enhancing in this way its analytical capabilities with Mössbauer Spectroscopy. The
calculated mean-escape-depth of the Mössbauer electron signals detected by our
spectrometer in metallic iron corresponds to 80 nm.
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Abstract Mössbauer and magnetic characterization of polymer-dispersed γ-Fe2O3

nanoparticles treated under different chemical processes are reported in this work.
X-ray powder diffraction analysis provides a mean particle size of D ∼ 8.0 nm.
Whereas Mössbauer spectroscopy data suggest the presence of only Fe3+ ions,
magnetization measurements indicate the occurrence of a freezing phenomenon in
agreement with the thermal evolution of Mössbauer spectra. A core–shell model was
used to determine a magnetically disordered layer (shell) of d ∼ 1.0 nm covering a
region of collinear magnetic moments (core). The chemical treatments with H2O2

and Na2S2O8 modify notoriously the magnetic response of the polymer-dispersed
nanoparticles.

Keywords γ−Fe2O3 nanoparticle · Mössbauer spectroscopy · Magnetization ·
Core–shell model
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1 Introduction

Maghemite (γ-Fe2O3) nanoparticles are interesting for many areas of science and
technology. Since γ-Fe2O3 nanocomposites can be useful in biomedical applications,
magnetic recording, magnetic refrigeration, magneto-optics and spintronics [1–3], the
control of their magnetic properties is of great importance to reach the goals imposed
by a specific application. γ-Fe2O3 nanoparticles can show characteristic properties
such as superparamagnetism, blocking temperature, interparticle interaction, and
extra anisotropy contributions, which strongly depend on the history and preparation
method and are still not completely understood. For biomedical use, for instance,
it is mandatory to have coated nanoparticles to allow biocompatibility and site-
specificity and to prevent from aggregation [4]. Those demands have evidenced the
interest in γ-Fe2O3 nanoparticles with controllable size and size-dispersion in special
templates such as polymers, glasses or ceramics [1]. Mossbauer spectroscopy both
at room temperature and liquid nitrogen temperature have been used to study the
effects of chemical treatment on a set of composite samples containing maghemite
nanoparticles prepared by the surfactant-free emulsion method.

2 Experimental

A Poly-Styrene template was used to host co-precipitated maghemite nanoparticles.
The polymerization process was conducted in an emulsion of an aqueous phase free
from surfactant and using different solvents. The as-produced magnetic nanocom-
posites were submitted to hydroxylation using two different reagents—hydrogen
peroxide (H2O2) and sodium persulphate (Na2S2O8). Following the hydroxylation
step, both sets of samples were treated with stearic acid. In this study we present
results regarding the composite samples loaded with 10% of maghemite. Hereafter,
the magnetic nanocomposite prepared using the surfactant-free dispersion is named
EM13, the hydroxylated sample using H2O2 is H27 and using Na2S2O8 is H26. The
samples treated with stearic acid are tagged EST33 and EST34, corresponding to H27
and H26, respectively.

Transmission electron microscopy (TEM) was used to determine the average
particle size and size distribution whereas X-ray powder diffraction (XRD), carried
out with CuKα radiation, was used to determine both the crystalline phase and the
particle size of γ-Fe2O3 nanoparticles. Mössbauer spectra (MS) at T = 77 K and
room temperature were obtained using a constant acceleration spectrometer with
symmetrical waveform using a 57Co(Rh) source. Low-field magnetic measurements
were carried out in a vibrating sample (VSM) and SQUID magnetometers in a broad
range of temperature (4–300 K).

3 Results and discussion

Powder X-ray diffraction (XRD) patterns of the EM13 (see Fig. 1) show Bragg
reflections consistent with the maghemite phase (γ−Fe2O3). The broadened feature
of the peaks indicates the formation of small grains of the iron oxide phase. The
analysis of XRD data using the Rietveld refinement is consistent with the cubic phase
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Fig. 1 X-ray powder
diffraction pattern of the
samples EM13, H26 and
EST34. In the inset is shown a
plot to determine the mean
size and the strain of the
particles for the sample EM13 0.28 0.35 0.42 0.49
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(space group Fd3m). The line width of the most intense peaks, after correction for
instrumental broadening, have been used to determine the mean grain size (D) and

the strain (ε) of the system from the relation [5]: B cos (θ) =
(

0.9λ/D
)

+ 4ε sin (θ).
In the inset of Fig. 1 is shown the plot of the last relation. An average particle
size of D = 8.0 ± 0.1 nm and a small but not negligible strain of ε = −0.17% has
been determined. Since similar particle sizes are determined for the other samples,
it seems that the chemical treatments do not affect the composition and morphology
of the iron oxide nanoparticles. The analysis of TEM images (not shown here) are
well represented by a log-normal distribution function, with an average particle size
consistent with the crystalline size determined from XRD data.

Figure 2 shows the Mössbauer spectra (MS) carried out at T = 77 K and room
temperature for the sample EM13. Similar spectra were obtained for the chemically
treated samples but with lower signal-to-noise ratios, in special the samples H26 and
EST34. At T = 77 K, the spectrum shows magnetic splitting (six lines) with asym-
metric lines. However, the room-temperature spectrum suggests the coexistence of
a broad distribution of hyperfine components. The room temperature spectrum is
well resolved imposing a fit with one broad histogram distribution of magnetic fields
and one doublet (see Fig. 2). The onset of the doublet with IS ≈ 0.47 mm/s and
QS ≈ 0.6 mm/s suggests the thermal relaxation of the small-diameter part of the size
distribution of the iron oxide particles. However, the broad distribution of hyperfine
fields indicates a collective collapse from sextets into a doublet at room temperature.
The 77 K-spectrum is well-resolved with two Gaussian distributions: one centered
at Bhf = 49.7 T (S1) with a width ∼ 2 T and the second centered at Bhf = 41.4 T
(S2) with a width ∼3 T. The presence of two magnetic subspectra is consistent with
iron ions occupying the crystallographic sites of the maghemite structure (tetrahedral
and octahedral) [6, 7]. The analysis of spectral areas provides a spectral area ratio
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Fig. 2 Typical Mössbauer spectra recorded carried out at T = 297 and 77 K. The solid line represents
the best fit and dotted lines represent the subspectra used in the fit. Hyperfine field distributions
determined from the fits are presented on the right-hand side

of S2/S1 = 0.64 ± 0.04, which indicates that cation vacancies are equally distributed
in both sites in agreement with our previous report on other family of γ-Fe2O3

nanoparticles [8]. An isomer shift of +0.42 mm/s for S1 and +0.47 mm/s for S2

strongly suggest the presence of only ferric ions.
The temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC)

magnetization curves of the set of samples (not shown here) shows features con-
sistent with superparamagnetic (SPM) behavior. The ZFC curve of the sample
EM13 shows a peak centered at Tmax = 126 ± 2 K. This peak position is shifted
to lower temperatures when the polymer-dispersed nanoparticles are hydroxy-
lated. While the hydroxylation with Na2S2O8 and H2O2 shift the peak position to
Tmax = 101 ± 2 K and 115 ± 2 K, respectively, the final samples’ treatment with
stearic acid seems not to affect those peak positions. The irreversibility between the
ZFC and FC curves remains above the Tmax and suggests a thermal blocking process
of interacting particles. Interacting particles are expected because of the relatively
high concentrated dispersion. In Fig. 3 is shown the magnetization (M) as a function
of the magnetic field (H). The sample EM13 shows tendency to the saturation at
H ∼ 10 kOe and at higher fields (H > 40 kOe) a slight tendency to decrease is
observed. This high-field decreasing behavior has been associated to the diamagnetic
contribution of the host template.
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Fig. 3 Isothermal magnetiza-
tion as a function of the
magnetic field obtained
at T = 5 K for the four
different samples
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Considering the nominal concentration of γ-Fe2O3 in the dispersion (10%), a
value of ms = 32.3 emu/g for the saturation magnetization of the EM13 is obtained.
This value is largely smaller than the saturation value (87.4 emu/g) expected for
the bulk system (defect-free system) at low temperatures [9]. The small value
determined for the γ-Fe2O3 nanoparticles in our work can be associated to a spin-
canting effect which should happen in the bulk and/or near to the particle’s surface.
Defects related to the cation vacancies originate a non-collinear magnetic structure.
Related to the cation vacancy effect, reports suggest a reduction of ∼13% of the
saturation magnetization of the perfectly collinear system [9]. This reduction cannot
explain the low saturation value determined from our measurements. On the other
hand, due to the occurrence of symmetry breaking it is commonly accepted the
formation of a magnetically disordered layer on the particles surface (core–shell
model) [10, 11]. A clear dependence of the saturation magnetization on the particle
size has been reported for maghemite nanoparticles [12]. In that model the saturation
magnetization is given by: mS = M0S

[
(D/2 − d) /D/2

]3, where mS and M0S is the
saturation of the dispersion and bulk system, respectively; D is the particle diameter
and d is the thickness of the disordered layer. Using the particle size determined
from XRD data and considering the saturation magnetization M0S ∼76 emu/g, a
disordered layer of d = 1.0 ± 0.1 nm is found. This thickness is in good agreement
with values reported for maghemite particles with diameter D > 8 nm [12].

The polymer-dispersed nanoparticles hydroxylated with H2O2 shows a great
reduction in the saturation magnetization (∼40%) and a monotonous increasing
tendency even at H up to 50 kOe. This finding is related to the formation of
either smaller particles or a non-magnetic ferrous phase in agreement with the
non-magnetic contribution determined from MS data of samples H27 and EST33.
Two clear features are observed after the hydroxylation of the polymer-dispersed
nanoparticles with Na2S2O8 (sample H26). This process leads to a larger reduction
of the saturation (∼72%, in relation to the sample EM13) and to the appearance of
a diamagnetic contribution. These findings are likely associated to the removal of
magnetic material from the dispersion, which enhances the diamagnetic contribution
of the polymeric template.
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Abstract Fe-doped TiO2 samples with different Fe content prepared by mechanical
alloying have been investigated by means of Mössbauer spectroscopy at 300 and
4.2 K. The results indicate the coexistence of Fe2+ and Fe3+ ions in paramagnetic
states at room temperatures in the rutile structure. All samples present magnetic
order at 4.3 K. When the Fe concentration increases the Fe ions in the rutile matrix
became closer giving the possibility of strong magnetic interactions between them.
The temperature evolution of the magnetic order was followed for the 15 at.% of Fe
sample. The Fe-doped oxide formed for this composition orders below 20 K reaching
an almost totally magnetic ordered state at 4.3 K.

Keywords Fe-doped TiO2 · Mössbauer spectroscopy · Rutile matrix

1 Introduction

Oxide diluted magnetic semiconductors (O-DMS), produced by doping nonmagnetic
oxide semiconductors with transition metal atoms, are of interest for potential
applications in spintronics [1]. There is a continuous search of O-DMSs which present
ferromagnetic behavior above room temperature. Much work has been done in the
study of this kind of materials, but a real problem is to understand the origin of
the observed magnetic behavior [2–5]. This behavior is very dependent on synthesis
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Fig. 1 Mössbauer spectra of
Ti1−xFexO2 samples at room
temperature
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condition of the samples and on their dimensionality (films or powders). In this
work we employed Mössbauer spectroscopy in order to characterize Fe-doped TiO2

powders obtained by mechanical alloying.

2 Experimental

Samples with different concentrations (5, 10, 12.5 and 15 Fe at.%) were mechanically
alloyed during 12 h in air at 32 Hz. The former powders (rutile TiO2 and hematite
α-Fe2O3, both with 99.9% purity) were milled in a Retsch MM2 horizontal vibratory
mill using stainless steel vial and ball. The Mössbauer spectra (MS) were taken
between room temperature (RT) and 4.2 K. The isomer shifts are referred to
α-Fe. Due to the existence of different iron ion environments, the MS spectra were
analyzed using distributed subspectral contributions using a Voigt line shape (Voigt
profile is a convolution of a Gaussian profile and a Lorentzian profile).

3 Results and discussion

The RT Mössbauer spectra of Fe 5, 12.5 and 15 at.% samples (Fig. 1) were re-
produced using two paramagnetic interactions (quadrupolar electric), one corres-
ponding to Fe2+ (δ ∼ 0.9 mm s−1) and the other to Fe3+ (δ ∼ 0.38 mm s−1). The
relative fraction of the Fe2+ contribution was 20, 44 and 31% for the 5, 12.5 and
15 at.% samples respectively. The Fe 10 at.% sample spectrum was reproduced using
one doublet (Fe3+) and one sextet (Fe3+ hematite, about 2% of spectral area). The
appearance of hematite may be due to failed incorporation of Fe into the rutile TiO2

lattice. For all the other compositions this incorporation was totally achieved. XRD
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Fig. 2 Mössbauer spectra of
Ti1−xFexO2 samples at 4.3 K
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results for all samples (not shown here) reveal the presence of the rutile phase, no
evidence of other oxides was detected. Therefore both interactions (Fe2+ and Fe3+)

correspond to iron ions substituting Ti ones in the rutile structure.
The MS taken at 4.3 K are shown in Fig. 2. They reveal a progressive magnetic

ordering when the concentration of Fe increases. The spectra of the samples with
5, 10 and 12.5 at.% of Fe were fitted with one distributed doublet, one distributed
sextet, both with isomer shifts corresponding to Fe3+, and one distributed singlet.
The last contribution is taking into consideration possible relaxation effects. The
corresponding Mössbauer parameters are shown in Table 1.

When the concentration of Fe increases the relative area of the paramagnetic
doublet attributed to Fe3+ decreases progressively and finally for the sample with
15 at.% of Fe disappears. The spectral areas of Fe3+ paramagnetic contribution at RT
are significantly major than the ones for the same samples at 4.3 K. This means that a
part of Fe3+ ions are ordered magnetically at low temperature. This fact is confirmed
by the appearance of a splitting sextet with an isomer shift value corresponding to
Fe ions in an oxidation state 3+. It is difficult to determine if some Fe2+ ions remain
paramagnetic or become magnetically ordered because of the broad single line used
to take into consideration relaxation effects in our fitting procedure. In the cases of 5
and 12.5 at.% Fe-doped samples the central line has an isomer shift value higher than
the corresponding to Fe3+ which could be associated to the presence of Fe2+ ions in
the sample. However the central line of the 4.3 K spectrum of the Fe 10 at.% sample
has an isomer shift of 0.48 mm/s, corresponding to Fe3+ and in good agreement with
the results obtained from the RT spectrum (there is no Fe2+ contribution).
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Table 1 Mössbauer fitting parameters of samples with 5, 10 and 12.5 at.% of Fe at 4.3 K

Sample Singlet Doublet Sextet

Fe at.% δ A δ �Q A δ B A

5 0.683 60 0.331 0.802 16 0.411 421 24
10 0.485 56 0.362 0.952 7 0.401 411 37
12.5 0.867 69 0.243 1.026 5 0.352 432 26

δ isomer shift (mm/s), ΔQ quadrupole splitting (mm/s), B hyperfine field (Tesla), A spectral area (%)

Fig. 3 Mössbauer spectra of
Ti0.85Fe0.15O2 measured at 4.3,
10, 15 and 20 K
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In order to follow the temperature evolution of the magnetic ordering of the
Fe 15 at.% sample, several measurements between 300 and 4.3 K were performed
(Fig. 3). The spectra look rather similar from RT down to 20 K. The Fe2+ para-
magnetic interaction was not observed for temperatures lower than 20 K. Below
this temperature the resonant lines are broaden and relaxation effects appear in the
Mössbauer spectra. The spectrum for 15 K was well reproduced using a magnetic
sextet, the Fe3+ doublet and a broad single central line. The last contribution was
needed in order to take into account the existence of important relaxation effects. It
was not possible to introduce the Fe2+ doublet probably due to the superposition of
this component with the sextet. At 10 K a second sextet was necessary to reproduce
the spectrum. Finally, at 4.3 K the Fe3+ quadrupole interaction disappears and all
Fe ions are magnetically ordered. The fitted Mössbauer parameters are presented in
Table 2.
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Table 2 Mössbauer results obtained from the fits of the Ti0.85Fe0.15O2 spectra measured at different
temperatures

T (K) Doublet 1 Doublet 2 Sextet 1 Sextet 2 Sextet 3

δ1 �Q1 δ2 �Q2 δ
′
1 B

′
1 δ

′
2 B

′
2B

′
2 δ

′
3 B

′
3

300 0.342 0.713 0.743 2.207 − − − − − −
92 0.442 0.733 0.913 2.607 − − − − − −
50 0.442 0.743 0.892 2.545 − − − − − −
30 0.431 0.753 0.882 2.625 − − − − − −
20 0.405 0.768 0.834 2.659 − − − − − −
15 0.411 0.782 − − 0.415 26.13 − − − −
10 0.451 0.862 − − 0.472 16.84 0.493 40.02 − −
4.3 − − − − 0.425 21.42 0.272 43.13 0.613 43.74

4 Conclusions

Rutile Ti1−xFexO2 (x = 0.05, 0.1, 0.125 and 0.15) polycrystalline samples were
prepared by mechanical alloying. All samples show paramagnetic behavior at room
temperature with coexistence of Fe3+ and Fe2+ ions in the rutile structure. The MS
at 4.3 K show magnetic ordering that becomes more evident when the iron content
in the sample increases. This evolution of the magnetic ordering with the Fe content
could be related to the increasing proximity of the Fe ions in the sample when the Fe
concentration increases. Only the sample with the highest Fe content totally orders
at the lowest temperature. This ordering begins below 20 K.
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Abstract Mössbauer absorption line tracking methodology, under a constant ve-
locity strategy, is used for a quasi-continuous observation of the α-transition on
slightly non stoichiometric Fe1+xS alloy. To this end, two strategies were applied:
an intelligent absorption line tracking with a control algorithm that uses the data
measured in the previous region to establish the position of the next partial spectral
range; and a predetermined line tracking in which temperature evolution of a partial
spectral region of interest (ROI) is programmed. The latter uses results from the
former, in order to achieve a quasi-continuous partial spectral observation. These
experiments clearly demonstrate that line tracking allows a more efficient use of the
radioactive source, as the effort is concentrated in a partial region of the spectra from
which the desired information can be obtained.

Keywords Mössbauer Line Tracking · FeS alpha-transition ·
Programmable constant-velocity scaler

1 Introduction

Mössbauer Line Tracking (MLT) [1] is a methodology designed to record the
evolution of a spectral region of interest (ROI) while it undergoes changes due
to the variation of an external parameter such as temperature, magnetic field, etc.
The main advantage of this approach is the possibility of tracking and recording the
Mössbauer absorption only of the ROI (which may or not include the center of the
spectrum). This features allows to achieved a higher speed at which the external
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physical parameter can be swept. Also, it allows the recording of quasicontinuous
experimental response functions and the study of processes which occur too fast to
be followed by Mössbauer spectroscopy. In this work we choose the reversible α-
transition in Fe1+xS to demonstrate the capabilities of the MLT technique to follow
a structural phase transition.

The goal of the configuration described in [1] is to enable the recording of a
reduced ROI which can be continuously displaced along the whole velocity range
in response to an intentional change in the temperature of the sample. In this way
the automatic tracking of a Mössbauer absorption line as its energy position varies
can be implemented.

Slightly non stoichiometric Fe1+xS presents a structural transition (α-transition).
On heating, the Low Temperature Phase (LTP), the superstructure (P62c) derived
from the NiAs-type structure, transforms at around 400 K into the High Temperature
Phase (HTP), a transitional phase which can be described by the MnP (Pnma)
orthorhombic structure [2–4]. The transition is reversible and of the first order, then
both phases coexist within a temperature interval which, depending on stoichiom-
etry, goes from a few degrees to around 200 K. Both phases are antiferromagnetic
with iron atoms located at unique crystallographic sites. The probe environments are
different enough to allow hyperfine fields from both phases to be distinguished within
their coexistence temperature region.

MLT methodology is used to perform a quasi-continuous temperature study of the
α-transition. The tracking was performed within a ROI which allows the observation
of two absorption lines (one from each phase) and the background simultaneously,
while temperature is varied within the coexistence region, both heating and cooling.

2 Experimental procedures

Commercially available FeS powder was treated during 12 h at 870 K and during
72 h at 1,270 K to improve sample homogeneity. Phase identification was achieved
through Mössbauer Effect (see Fig. 1a). At RT 92% of the iron atoms are in the
LTP, 4% in α-Fe and 4% in a paramagnetic impurity phase barely distinguishable
in the spectrum central zone. The presence of the α-Fe signal suggests that FeS
stoichiometric is slightly Fe rich, what is confirmed by the fact that the LTP phase
spectrum coincides with that of troilite, a phase that is not observed in the case of
iron deficiency.

The Mössbauer spectra reflect the α-structural transition. At 430 K it corresponds
to the HTP structure plus the already mentioned minor contributions (Fig. 1a). The
spectrum recorded at 400 K shows the superposition of LTP and HTP subspectra
(Fig. 1a, middle).

The experimental setup for a MLT consists of a conventional pulse height
selection branch, a commercial driving system and two recently developed NIM
modules serially interfaced with a computer. The first one is a previously introduced
[5] programmable constant-velocity scaler that replaces the usual multiscaler. This
module allows the independent acquisition of every spectrum channel based on
a constant-velocity strategy and consequently the acquisition of partial Mössbauer
spectra in selected energy regions. The second module is an analog microprocessor-
based input/output interface that records the temperature and commands a linear
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a b

Fig. 1 a Mössbauer spectra of Fe1+xS (x << 1) at 300, 400 and 430 K from top to bottom. At high
and low temperature a single phase is present, while at 400 K both phases can be observed. The grey
bars stand to indicate ROI position and extension. b Line tracking results over the first line of the
magnetically split spectrum, heating (below) and cooling (above)

DC power source that heats the sample. The line tracking and temperature control
algorithms are hosted in the computer. These algorithms are written in a high-level
technical computing language that interacts directly with hardware, where an
environment for algorithm development, data visualization and data analysis was
also developed. This configuration enables the programmable scaler and the in-
put/output module to be fully operated using a re-programmable strategy that is
closely related with the experiment.

A 25 mCi 57CoRh source was used for all the experiments.

3 Line tracking experiments

As a first approach, we applied an intelligent line tracking methodology where a
control algorithm determines the position of the ROI using the measured data. The
following result was obtained from a FeS absorber (4% effect at lines 1, 6) while
it was warmed up to 435 K from 300 K, and then cooled back down to 300 K. The
wall time of the experiment was 13.5 h. A four channel ROI plus background, and
a time/channel ratio of 5 s were chosen. The initial ROI was selected in order to
match Line 1 of the LTP based on information previously obtained from Mössbauer
Spectra. While the temperature was swept the ROI was successfully repositioned
by the tracking algorithm, holding the transmission minimum approximately in the
center of the ROI (see Fig. 1b). In the temperature transition region, where both
phases coexist, the algorithm succeeded in tracking the HTP when the LTP faded.
When the temperature was lowered this process occurred in the opposite way.

In a final experiment, a predetermined tracking using a temperature dependent
ROI(T) of Lines 1 of both phases was produced, based on the information retrieved
from the line tracking experiment discussed above. A 25 point ROI(T) and a
time/channel ratio of 5 s were chosen. The background was simultaneously measured
at a fixed channel. The sample was cooled to 300 K from 435 K and then warmed
back to 435 K. The wall time of the experiment was 70 h. The experimental
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a

b

c

Fig. 2 a 3D plot of the Mössbauer transmission as a function of source velocity and sample
temperature determined using a temperature dependent ROI chosen to have a good observation of
the phase transition. This data correspond to the warming process. In black the contour lines of the
fitted surface absorption function. b Comparison of the function and experimental data at specific
temperatures. c First absorption line effect obtained from the fit procedure (solid-line) compared
with those obtained from individual fits at each temperature for both phases (LTP black points, HTP
gray point)

result corresponding to the warming process are shown in the Fig. 2a. The result
corresponding to the cooling process shows a similar behavior but a lower transition
temperature.

The whole set of data was analyzed as a velocity-temperature absorption surface
using an appropriate function f(v, T). This function consists of two Lorentzian lines,
each with a fixed width, but with temperature dependent center and intensity. The
centers were allowed to vary quadratically with temperature while the intensities
were modeled as a product of a linear and a hyperbolic tangent temperature
functions. The linear factor accounts for the Mössbauer–Lamb temperature depen-
dence and the hyperbolic tangent for the transformation temperature evolution. To
compare the fitted function and the experimental data, level curves of the first one
are plotted over the experimental results (Fig. 2a). Comparison of the function and
experimental data at 300, 400 and 420 K are shown in Fig. 2b.

Independent fits of each individual ROI with one or two Lorentzian lines (two at
phase coexistence temperatures) were also made. In Fig. 2c we show the normalized
effects for each phase as a function of the temperature obtained from the individual
fits (points) and from the whole surface fit (lines) in the warming process. When
warming (cooling) the sample the transition starts at around 390 K (400 K) and the
coexistence region size is, in both cases, about 22 K.
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4 Conclusions

Mössbauer Line Tracking was applied to record the Fe1−xS α-transition in a quasi-
continuous way. Tracking was performed on the lowest energy lines of the low and
high temperature magnetically split spectra of the Fe1−xS phases, using a feedback
procedure assisted by on-line analysis. The algorithm succeeded in tracking the HTP
when the LTP faded and vice versa. With the information retrieved from the line
tracking experiment a predetermined temperature dependent ROI(T) experiment
was designed from which an absorption vs energy–temperature surface was recon-
structed through the fitting of the experimental data with an appropriate function. In
this way a detailed quasi continuous observation of the α-transition vs. temperature
in terms of absorption spectral line intensities and positions of both phases was
accomplished.
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Abstract Cr has been added to FeCo substituting 10 at.% of Co or Fe in the alloy.
The alloys Fe50Co40Cr10, Fe40Co50Cr10 and Fe50Co50 were prepared by mechanical
alloying for 2, 5, 10, 20, 40 and 60 h. The formation of the alloy and the incorporation
of the elements have been followed by X-Ray Diffraction (XRD) and Mössbauer
Spectroscopy. The kinetics of mixing occurs by incorporation of Co and Cr into the
Fe structure. After prolonged milling it seems that Cr incorporates itself into both
α-Fe and α-FeCo structures and a mixture of FeCoCr rich in Cr and FeCoCr rich in
Co solid solutions is obtained.

Keywords Nanostructured alloys · Mechanical alloying · Mössbauer spectroscopy

1 Introduction

Mechanical alloying is widely used to produce nanophase alloys with interesting
structural and magnetic properties, due to size effects and to the disorder created
by the high density of defects. Among Fe-alloys, the Fe–Co system shows a high
permeability and the highest magnetization saturation. In particular the Fe50Co50

alloy has a considerably large permeability, low magnetocrystalline anisotropy and
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Fig. 1 XRD for different
milling times of Fe50Co40Cr10
alloys
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Fig. 2 Lattice parameter vs.
milling time for Fe50Co40Cr10
and Fe40Co50Cr10 alloys

low electrical resistivity. Near equiatomic Fe–Co alloys with additions of a third ele-
ment can change significantly their structural, electrical and magnetic properties [1].
The addition of Cr increases the resistivity and improves their dynamic properties,
slightly decreasing the saturation magnetization by dilution of the magnetic atoms
[2]. Recent work on Fe–Co–Cr has been done by Bentayeb et al. [3]; however, to
our knowledge, no reports on the near equiatomic Fe50Co50 with additions of Cr,
obtained by mechanical alloying have been found in the literature. In this work we
present a Mössbauer Spectroscopy study of Fe50Co40Cr10 and Fe40Co50Cr10 alloys
prepared by mechanical alloying to observe the effect of the incorporation of Cr into
the Fe–Co structure. For comparison Fe50Co50 alloys were also prepared.
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Fig. 3 Mössbauer spectra at room temperature for different periods of milling

2 Experimental

Powders of Fe, Co and Cr (ABCR Germany) with a purity of 99.8% and particle size
below 50 μm were used. For each sample 10 g of powder were mixed in a Fritsch P5
planetary ball mill, equipped with hardened steel vials and balls of 10 mm diameter,
with a rotational speed of 250 rpm and a ball-to-powder weight ratio of 10:1. The
milling experiments and all powder handling were performed under protective argon
atmosphere and the periods of milling were 2, 5, 10, 20, 40 and 60 h. Small amounts
of powder were withdrawn after selected milling times for structural examinations.
XRD was performed on a Siemens 5005 X-ray diffractometer, using Cu-Kα (Ni
filter) operating at 40 keV and 20 mA. 57Fe Mössbauer spectra were obtained
with a spectrometer running in the triangular symmetric mode for the velocity in
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Fig. 4 Hyperfine field distribution for 10, 20 and 60 h of milling times

a transmission geometry using a 57Co source in a Rh matrix. The experimental data
were fitted using a distribution of hyperfine fields (DHF) and this distribution fitted
with Gaussian functions in order to obtain the mean values of the hyperfine fields HF
for each alloy. The isomer shifts IS are given relative to metallic iron.

3 Results and discussion

In Fig. 1 are shown the XRD for the main diffraction peak of the Fe50Co40Cr10 alloys
milled for different periods. Similar diffraction patterns are obtained for other alloys.
The variation of lattice parameter vs. milling time is shown in Fig. 2. The lattice
parameters for these two alloys reached the lowest value after 20 h of milling, when
maximum strain was observed (results to be published). For Fe50Co40Cr10 the lattice
parameter decreases from a value near to 2.863 to 2.852 Å, after 20 h of milling and
remains constant up to 60 h of milling. For the Fe40Co50Cr10 alloy after 2 h of milling
the lattice parameter value is 2.862 Å and progressively decreases with milling time
to 2.837 Å after 20 h, and then increases to 2.860 Å after 60 h of milling, probably
due to an increase in the degree of order with prolonged milling.

The decrease in the lattice parameter may be due to the allotropic transformation,
of hcp Co to fcc Co, induced by deformation. For all the alloys the peak broadens
with milling, suggesting a decrease in the grain size. After 60 h of milling all the
alloys reached a grain size between 2 and 5 nm.

The Mössbauer spectra at room temperature of Fe50Co40Cr10 and Fe40Co50Cr10

alloys for milling periods of 10, 20 and 60 h are shown in Fig. 3. The HFD of both
alloys were plotted together with that of the FeCo alloy for comparison and can be
observed in Fig. 3 for the same milling times. For both alloys the HFD for 10 h of
milling have been fitted with two Gaussian functions, Fig. 4, giving for both alloys a
HF1 = 33.0 T, corresponding to Fe-bcc that has not reacted yet and a HF2 = 34.5 T
for Fe50Co40Cr10, and a HF2 = 34.3 T for Fe40Co50Cr10 which correspond to an FeCo
alloy [4], suggesting that diffusion of Cr is slower than that of Co.

The HFD after 20 h of milling could indicate that Cr starts to diffuse into the
crystalline structure in both the Fe-bcc and the Fe–Co bcc. In this case three Gaussian
functions fit best, Fig. 3, giving for Fe50Co40Cr10 HF1 = 30.2 T, HF2 = 32.5 T, HF3 =
34.6 T and IS = 0.03 mm/s, and for Fe40Co50Cr10 HF1 = 28.9 T, HF2 = 32.1 T, HF3 =
33.6 T and IS = 0.03 mm/s.

After 60 h of milling, the spectra for both alloys can be fitted with two HFD since it
seems that there are two separated compounds with different values of isomer shift.
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Fig. 5 Hyperfine field vs. milling time for Fe50Co40Cr10 and Fe40Co50Cr10 alloys

For Fe50Co40Cr10 we obtained HF1 = 27.8 T and HF2 = 30.1 T with an IS = 0.00 mm/s
and HF3 = 33.8 T with an IS = 0.026 mm/s. For Fe40Co50Cr10 we got HF1 = 27.0 T and
HF2 = 29.8 T with an IS = 0.00 mm/s and HF3 = 33.5 T with an IS = 0.026 mm/s. For
comparison the Fe50Co50 alloy gave us a HF = 34.7 T and IS = 0.042 mm/s. The first
two values of HF correspond to a FeCr alloy [5], with Co additions, and the third
value corresponds to a FeCoCr alloy, since the additions of Cr in FeCo decreases
the HF.

In Fig. 5 are displayed the HF vs. Milling time obtained from Mössbauer spectra.
It is interesting to note that the alloys with more amount of iron have a HF higher
than the alloys with lesser amount of iron, and that the incorporation of Cr into the
structure seems to be slower and decreases the HF. The diffusion coefficient of Co in
α-Fe at high temperatures is around 6.91 × 10−4 m2/g and the diffusion coefficient of
Cr in α-Fe at high temperatures is 2.53 × 10−4 m2/g what agrees with these results.

4 Conclusion

The mixing of Fe, Co and Cr powders by mechanical alloying suggests that Cr and
Co diffuse into the α-Fe, but Cr diffuses more slowly than Co. For both alloys after
10 h of milling α-Fe remains unreacted and a FeCo alloy is obtained. After 60 h Cr
incorporates into both α-Fe and α-FeCo structures and a mixture of FeCoCr rich in
Cr and FeCoCr rich in Co alloys seems to be obtained.
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Abstract FINEMET type ribbons (Fe73.5Si13.5Nb3−xMoxB9Cu1, x = 1.5, 2 at.%)
were produced by the planar flow casting technique and subsequently heat treated
at 823 K to induce nanocrystallization and to optimize its soft magnetic prop-
erties. The coercivity, measured by conventional fluxmetric method, resulted in
HC = 0.53 ± 0.10 and 0.41 ± 0.05 A/m for x = 1.5 and 2 respectively. A correlation
between magnetic properties and the amorphous and nanocrystalline phases when
Nb was partially substituted with Mo was studied by means of Mössbauer spec-
troscopy and X-ray diffraction.

Keywords Nanocrystalline alloys · Substitution · Structure · Magnetic properties

1 Introduction

There has been a great effort in the past decades on the development of new soft
magnetic materials for their technological application such as transformer cores,
inductive devices, magnetic shielding, sensors, etc. [1]. In 1988 Yoshizawa et al. [2]
reported FINEMET (Fe73.5Si13.5Nb3B9Cu1), a nanocrystalline ferromagnetic mate-
rial, i.e. FeSi nanocrystals (grain size d = 10–20 nm) embedded in a ferromagnetic
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amorphous matrix. Since then, numerous works on this type of alloys have been
published in order to improve and understand their magnetic properties. The amor-
phous structure is achieved through a rapid solidification technique. Then, the alloy
is annealed and the nanocrystallization takes place: Cu acts as nucleation centres and
Nb controls grain growth.

Good soft magnetic properties can also be obtained by replacing Nb by another
refractory metal such as Mo, Ta and W [2]. However, it was said [3] that Nb is the
most preferable element to improve the soft magnetic properties and it seems to be
related to the fact that it is the most effective element for decreasing d: for small
grains (d < 40 nm) coercivity, HC, is proportional to d6 [4].

Numerous researchers have investigated the effects on the magnetic properties
and structure of the total [3] or partial [4–8] substitution of Nb and/or Fe by
other refractory metals on FINEMET-like alloys. These are some of the achieved
conclusions from the latter:

1. When 2% of the Nb content was replaced by another refractory element:

• Crystalline volume fraction: Nb = Ta < Mo < V [5, 6].
• Nanocrystals Si content: V < Nb < Mo [6].
• Crystallization temperature: Nb = Ta < W < Mo < V [5].
• d: Nb = Ta < W < Mo < V [5, 6].
• HC: the results depended not only on the refractory metal substitution, but

also on Fe/Si/B ratios and annealing temperatures [5, 6].

2. When Nb was gradually replaced by Mo:

• Nanocrystals Si content: There was an increase of Si content while partially
replacing Nb with Mo [7].

• Crystallization temperature: decreased when increasing Mo content [8].
• d: with the exception of the 3 at.% Mo alloy, which exhibited a ∼30% larger

d, the partial substitution of Mo by Nb slightly increased d [7, 8].
• HC: alloys containing Nb generally exhibited much lower coercivities than

the 3 at.% Mo alloy. The lowest HC was developed in the alloy with mixed
refractory metals [7]. On the other hand, a different result was obtained in a
FINEMET-like composition [8] where HC increased with Mo concentration.

In sum, the former statement that the best magnetic properties are achieved in
FINEMETs using Nb as refractory element is not so straight forward: for some still
unknown reason and although there are some discrepancies in the results, better
properties can be attained with a partial substitution of Nb, i.e. mixed refractory
elements. In this work, we looked for a further comprehension of the influence
of Nb partial substitution by Mo, complementing X-ray diffraction (XRD) and
magnetic measurements with Mössbauer spectroscopy (MS). Results were compared
to typical FINEMET (Fe73.5Si13.5B9Nb3Cu1, called from now on Mo0) previously
reported [9].

2 Experimental

FINEMET type ribbons 10 mm wide and 20 μm thick of compositions x = 1.5 and 2
(Mo1.5 and Mo2 respectively) were produced by the planar flow casting technique in
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Fig. 1 Mössbauer spectra and fitting for annealed samples: a Mo1.5 and b Mo2. Shaded subspectra
represent amorphous phases (dark grey Am1, light grey Am2), while the lines (S1–S6) correspond to
crystalline sites

air. The amorphous structure was checked on both sides by XRD and the chemical
composition by inductively coupled plasma spectroscopy. Nanocrystallization was
induced through annealing in vacuum at 823 K for 1 h.

The structure of the annealed samples was analysed by XRD and MS at room
temperature. XRD was performed using a Rigaku Geiger Flex D-Max II TC
diffractometer. All scans were run at 40 kV/20 mA with monochromatic radiation
Cu Kα (1.5418 Å) and Ni filter. MS was carried out in transmission geometry using
a constant acceleration drive and a 57Co in Rh source. The calibration was done
with an α-Fe foil and isomer shifts (IS) are given relative to α-Fe. The spectra were
fitted using the NORMOS programme [10] considering six sextets for the different
crystalline sites of Fe atoms in a Fe3Si non-stoichiometric DO3 structure (S1 to S6)
and two wide sextets for fitting the subspectra corresponding to the amorphous phase
(Am1 and Am2) [9].

Hysteresis loops were obtained using a quasistatic fluxmetric method by applying
a longitudinal magnetic field on the sample (Hmax = 740 A/m).

3 Results and discussion

Mo1.5 and Mo2 Mössbauer spectra were very similar to each other (Fig. 1) and even
to that of Mo0 alloy. As an example, some hyperfine parameters obtained from
the fitting of Mo2 sample spectrum are shown in Table 1. The greatest difference
found was between the areas corresponding to crystalline and amorphous sites: the
resonant area relative to the amorphous phase decreased with increasing Mo content.
Another difference was related to the chemical composition of the nanocrystals when
compared Mo1.5 and Mo2 to the Mo0 alloy: the Si content of the crystalline phase
was obtained from the probability of occurrence of each kind of Fe environment
(S1 to S4, S5 and S6) using a binomial distribution [11]. Our results indicated a
Si % of about 20.5 ± 0.3 for Mo1.5 and Mo2 (see Table 2), showing a higher Si
concentration than Mo0 (∼19%). This trend was in agreement with the decrease
in the lattice parameter on Mo containing alloys obtained in [7]. Likewise, we also
obtained from XRD a nanograins lattice parameter of 2.834 ± 0.001 Å for both
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Table 1 Parameters obtained
from the Mössbauer spectrum
fitting for annealed Mo2

The numbers in parentheses
are the statistical errors
in the last digit
IS isomer shift, BHF hyperfine
magnetic field, Area relative
resonant Fe area

Subspectrum IS (mm/s) BHF (T) Area (%)

S1 0.01 (1) 32.14 (9) 4.8 (2)
S2 0.081 (5) 31.09 (4) 12.4 (2)
S3 0.137 (9) 28.74 (8) 7.4 (2)
S4 −0.01 (2) 27.4 (2) 3.7 (2)
S5 0.187 (4) 24.39 (3) 19.5 (2)
S6 0.264 (4) 19.51 (3) 19.0 (2)
Am1 0.05 (1) 18.7 (1) 30.6 (3)
Am2 0.11 (1) 4.5 (1) 2.6 (1)

Table 2 Chemical
composition of the crystallites
and of the amorphous
matrix of Mo0, Mo1.5
and Mo2 (in at.%)

The numbers in parentheses
are the statistical errors
in the last digit. Percentages
may not add up to 100%
because of rounding

Mo 0 Mo 1.5 Mo 2

Crystalline fraction 61 (1) 64 (1) 67 (1)
Grains composition

Fe 81.0 (3) 79.7 (3) 79.5 (3)
Si 19.0 (3) 20.3 (3) 20.5 (3)

Amorphous fraction 39 (2) 36 (2) 33 (2)
Matrix composition

Fe 62 (2) 63 (2) 62 (2)
Si 5 (2) 2 (1) 0 (1)
Cu 2.4 (1) 2.6 (1) 2.8 (1)
Nb 7.3 (3) 4.0 (1) 2.8 (1)
Mo – 4.0 (1) 5.7 (2)
B 22.1 (8) 24.0 (9) 26.0 (9)

alloys, which was in accordance with the Si % values obtained by Mössbauer [12].
By fitting FeSi 110 peak with a Voigt distribution and applying Scherrer formula
[13], a mean grain size of 18 ± 1 nm for Mo1.5 and Mo2 was estimated, in agreement
with [8].

Knowing the relative fraction of 57Fe in the amorphous and crystalline phases
(which could be considered approximately proportional to the resonant area of each
phase), the chemical composition of the crystalline phase and the nominal chemical
composition of the as-quenched sample, it was possible to estimate the chemical
composition of the matrix. These results are enlisted in Table 2 and compared
with Mo0. Although there was an increment in the crystalline fraction, the Fe
content in the matrix did not vary significantly. This is an important fact in order
to maintain a good ferromagnetic intergranular amorphous matrix to ensure the
soft magnetic properties. However, on the other hand, there was an increase on the
content of B and Nb + Mo in the matrix that could detriment the soft magnetic
properties.

Nevertheless, a decrease in HC with Nb partial replacement was measured: Mo0
(0.58 ± 0.50 A/m) < Mo1.5 (0.53 ± 0.10 A/m) < Mo2 (0.41 ± 0.05 A/m). We
associated it to: (1) a decrease of magnetocrystalline anisotropy due to the increase
of Si % in the grains and, (2) a reduction on the magnetostriction constant of the
alloy when Mo was added [5]. Both factors reduce the effective anisotropy constant
〈K〉 and consequently increment the soft magnetic properties of the nanocrystalline
alloy.

Reprinted from the journal176



Structure and soft magnetic properties of FINEMET type alloys

4 Conclusions

A new contribution was made to the comprehension of the FINEMET system with
the partial replacement of Nb by Mo. By means of the Mössbauer technique we
were able to obtain the crystalline and amorphous mass fractions of nanocrystallized
alloys and their chemical composition, as well as to make a correlation with mag-
netic properties. We noticed an increment on crystalline fraction when Mo content
ascended from 1.5% to 2%, possibly related to the decrease of the thermal stability
[8]. Nanocrystals Si content was estimated on ∼20.5 for both alloys (error: 0.3%),
which represented ∼1% more than in our FINEMET composition alloy (Mo0). The
interesting thing was that the increase of Si was attained by the balance of refractory
elements whilst keeping Fe, Si and B contents in the alloy constant, as well as the
heat treatment.

With respect to the intergranular amorphous matrix, because of the increase on
the crystalline fraction, the content of B and Nb + Mo—that could deteriorate
the soft magnetic properties of the material—rose, but on the contrary, the Fe
content remained nearly the same as in Mo0. Moreover, such adverse effect could
be counteracted. Our results and the ones reported in [7] agreed on the decrease of
HC with the partial substitution of Nb by Mo. We explain the good soft magnetic
properties in terms of a reduction on the effective anisotropy constant via the
decreasing on both, the magnetocrystalline anisotropy of the nanocrystals due to the
higher Si content and on the magnetostriction constant. Further work will be made
in order to clarify these preliminaries results.
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Abstract Mechanically alloyed (Fe80Al20)100−xSix alloys (with x = 0, 10, 15 and 20)
were prepared by using a high energy planetary ball mill, with milling times of 12,
24 and 36 h. The structural and magnetic study was conducted by X-rays diffraction
and Mössbauer spectrometry. The system is nanostructured and presents only the
BCC disordered phase, whose lattice parameter remains constant with milling time,
and decreases when the Si content increases. We found that lattice contraction is
influenced 39% by the iron substitution and 61% by the aluminum substitution,
by silicon atoms. The Mössbauer spectra and their respective hyperfine magnetic
field distributions show that for every milling time used here, the ferromagnetism
decreases when x increases. For samples with x ≥ 15 a paramagnetic component
appears. From the shape of the magnetic field distributions we stated that the
larger ferromagnetic phase observed in the samples alloyed during 24 and 36 h is
a consequence of the structural disorder induced by mechanical alloying.

Keywords Alloys FeAl · Alloys FeSi · Mechanical alloying · X-rays diffraction ·
Mössbauer spectrometry

1 Introduction

The FeSi and FeAl binary alloys have been of major interest for several decades,
due to their wide range of both magnetic and structural properties, as well as their
diversity of applications. For example, the FeSi alloys are economics and show a
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good soft magnetic behavior, the principal reason for their commercial use in the
elaboration of transformers cores [1], whereas the FeAl alloys are characterized for
being resistant to corrosion.

The magnetic properties of the FeAl alloys are very much linked with their
structural order. It has been observed on alloys prepared by techniques such as
sputtering [2], implantation [3] and more recently by mechanical alloying [4], that
the increase of their ferromagnetism is associated to the increase of their structural
disorder. Recent studies have shown that when silicon is added to the Fe70Al30

system prepared by mechanical alloying, the milling time plays an important role
on the magnetic properties of the material [5]. For this reason we realized by X-rays
diffraction (XRD) and Mössbauer spectrometry (MS) the structural and magnetic
study of the (Fe80Al20)100−xSix system (with x = 0, 10, 15 and 20) mechanically
alloyed during 12, 24 and 36 h.

2 Experimental procedure

Using highly pure fine powder (≥99.90%) of Fe, Al and Si, samples of the system
(Fe80Al20)100−xSix (with x = 0, 10, 15 and 20) where prepared by mechanical alloying,
during milling times of 12, 24 and 36 h. For the alloying, a high energy planetary
ball mill Fritsch-Pulverisette 5 was used. The millings of the powders were performed
in stainless steel jars with balls of the same material inside. The vacuum inside the
jars was of 4.5 10−2 torr and the ratio between balls and powder masses was 15:1.
The XRD patterns were realized in a Siemens powder diffractometer with Cu-Kα

radiation and they were refined by using the GSAS program [6]. Mössbauer spectra
where taken on a conventional spectrometer with a 57Co/Rh source of 25 mCi. All
the spectra were fitted with the MOSFIT program [7], using a hyperfine magnetic
field distribution (HMFD) and in some cases with the addition of a paramagnetic
site. All the studies were realized at room temperature.

3 Results and discussion

Figure 1a shows the XRD patterns for all the samples alloyed during 12 h. All the
patterns show the corresponding (110), (200), (211) and (220) of a BCC disordered
phase. It can be noted in this figure that the peaks present a small shift toward
greater angular positions when the Si concentration increases, indicating that the
lattice parameter decreases with the x increase. The patterns for the samples alloyed
during 24 and 36 h show a similar behavior to that shown in Fig. 1a.

The behavior of the lattice parameter vs. Si concentration for the different milling
times is shown in Fig. 1b. This figure also shows that the lattice parameter presents
decreasing values when Fe and Al atoms are substituted by Si atoms (near 2%) for
all the milling times. This compression is due to the small atomic size of the Si as
compared to those of Fe and Al atoms. It can be noted also that the lattice parameters
are not appreciably affected by the milling time (the largest range of variation is of
0.008 Å, near 0.3%, corresponding to x = 0).

Experimental results obtained by Abdellaoui, in the Fe1−xSix system, showed
that the lattice parameter decreases when x increases [8, 9]. A comparison between
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Fig. 2 Hyperfine magnetic field distributions for the samples with a x = 0, and b x = 10

our results and the Abdellaoui’s results, shows that when the Si concentration
changes from 0 up to 20 at.%, the lattice parameter decreases in 1.79% and 0.70%,
respectively. Then these results permit us to conclude that nearly a 61% of the
compression is due to the substitution of Al by Si atoms and that a 39% of this is
due to the substitution of Fe by Si atoms. The Al atom presents the biggest atomic
size in this ternary system.

For all the milling times the crystallite sizes are of nanometric order (between 18
and 33 nm) and exists a decreasing tendency in the mean crystallite size as x increases,
this is a consequence of the effect of silicon on the system which increases the internal
micro tensions. These previous structural results show that inclusive for 36 h milling
the properties are still changing and the stationary state has not been reached.

The Mössbauer spectra (MS) show that for all the milling times and compositions
the samples are ferromagnetic and this behavior decreases as silicon concentration
increases. For x = 15 it appears a broad paramagnetic site which is larger for the
x = 20 sample. This behavior is principally due to the substitution of Fe atoms, which
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Fig. 3 Mössbauer spectra and their respective hyperfine magnetic field distributions for the samples
with x = 20

present magnetic moment, by Si atoms which do not present a magnetic moment and
behave as diluters.

Figure 2a shows the HMFDs obtained for the x = 0 samples. It can be noted that
this sample presents basically the same HMFD for all the milling times. The obtained
mean hyperfine magnetic field value of 28 T matches well with those values found
for disordered samples of the same composition prepared by techniques such as melt
spinning [10] and melting followed by rapid quenching [11], respectively. The nature
of these preparation techniques guarantees a high level of disorder, permitting us
to conclude that in our sample the aluminum diffuses quickly reaching a maximum
grade of disorder before 12 milling hours.

From the HMFDs for x = 10 (Fig. 2b), three major facts can be observed (also
valid for x = 15 and 20). (a) The HMFDs are displaced to lower fields compared to
those HMFDs of samples without Si (Fig. 2a). The displacement of the 12 h sample
is larger, followed by that of 36 and then that of the 24 h sample. (b) The HMFD
of the sample milled during 12 h presents a major asymmetry with respect to the
peak of maximum probability (around 29 T) and this asymmetry decreases for the
36 h sample and then for the 24 h sample. (c) A peak near 14 T is observed which is
more intense for 12 h, decreases for 36 h and increases a little for 24 h milling. This
appreciation suggests that in alloys with Si (ternary ones) the high grade of disorder,
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Table 1 Mössbauer parameters obtained from the fit of the different spectra

X 12 h 24 h 36 h

<Bhf> ± 0.2 IS ± 0.003 <Bhf> ± 0.2 IS ± 0.003 <Bhf> ± 0.2 IS ± 0.003
[T] [mm/s] [T] [mm/s] [T] [mm/s]

0 28.2 0.055 28.3 0.059 28.0 0.053
10 24.8 0.065 26.5 0.066 25.9 0.066
15 17.2 0.123 19.2 0.120 19.1 0.120
20 14.8 0.119 17.9 0.117 15.9 0.122

showed by the binary system, was not reached. This is so due that the presence of
the additional peak suggests that some local site (field) is now appearing with bigger
probability and this is an evidence of local order.

The MS and their corresponding HMFDs for samples with x = 20 are shown in
Fig. 3. In this case all the HMFDs are displaced for lower field values due to the
bigger Si content. From these HMFDs it can be noted that the previous discussion,
for samples with x = 10, can be extended for the present samples. However, for the
x = 20 samples the peak around 14 T appears with bigger probability (especially for
t = 12 and 36 h) and new peaks appear for lower fields.

All the previous results indicate that the ferromagnetism of current alloys is
not only dependent on the Si content but also strongly dependent on the milling
time. When milling time increases from 12 to 24 h it appears an increase of the
ferromagnetic spectral area and of the mean hyperfine magnetic field, which can be
associated to the increase of the disorder of the sample, in the same way as was
previously established for Fe–Al alloys [4]. In our case the ferromagnetic behaviour
present a small decrease for samples milled during 36 h, compared with that of
samples milled during 24 h due the increase of the order which is proved by the
increase of the new peaks intensity.

The Mössbauer parameters obtained during the fit of the spectra for the different
samples are reported on Table 1. It can be noted that the isomer shift values increase
with the Si content increase, especially between x = 10 and x = 15. Then the s
electron density in the Fe nucleus decrease and the reason for this increase is the
same given for binary Fe–Si alloys [12]. As Si atoms increase in the sample, more
electrons pass from Si to the 3d shell of the Fe atoms decreasing not only the magnetic
moment but also the shielding of its s electrons on the Fe nucleus

4 Conclusions

In this work it was shown that all the samples of the (Fe80Al20)100−xSix system at room
temperature, present the non stable structural BCC disordered phase, with a lattice
parameter which remains nearly constant with the milling time and decreases with
the Si concentration. The obtained results permit us to conclude that nearly a 61% of
the compression is due to the substitution of Al by Si atoms and that a 39% of this is
due to the substitution of Fe by Si atoms. It was determined that the ferromagnetism
decreases with x due primarily to the non-magnetic nature of silicon. By means of the
HMFDs it was established that the increase on the ferromagnetism with the milling
time is due to the structural disorder caused by the mechanical alloying, giving a
reason why the samples milled during 12 h are less ferromagnetic.
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Abstract The present work is aimed to compare the physical properties of
Sn1−xFexO2−δ (x = 0, and 0.05) nanopowders obtained by sol–gel method, mecha-
nochemical alloying, and mechanochemical alloying followed by thermal treatment.
The X-ray diffraction of Sn1−xFexO2−δ samples prepared by sol–gel showed peaks
due to the cassiterite phase of SnO2 and their Mössbauer spectra showed ferromag-
netic and paramagnetic signals. The samples obtained by the milling process of SnO2

mixed with α-Fe showed Bragg peaks due to SnO2 (rutile) with a line broadening
caused by the reduction of grain sizes and the presence of microstrains. Mössbauer
spectra for these samples revealed the presence of Fe3+ as well as unreacted α-Fe. In
the case of mechanochemical alloying with thermal treatment, the incorporation of
Fe3+ in the SnO2 structure with the presence of impurities was observed.

Keywords Fe and SnO2 · Sol–gel method · Ball milling · Thermal treatment ·
Mössbauer spectrometry

1 Introduction

The progress in the field of spin-based electronics critically depends on the devel-
opment of new semiconductors. Oxide diluted magnetic semiconductors, ODMS,
in which nonmagnetic oxide semiconductors are doped with just a low percent of
transition metal ions are expected to play an important role in the development
of semiconductor spintronics [1, 2]. Transition metal doped SnO2 belong to these
classes of materials [3–5]. Several synthetic methods to produce them have been
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explored, but many methods have the drawback of producing impurity phases and/or
magnetic ion clustering. Therefore, the search for proper experimental conditions to
successfully prepare these materials has become an important part of this research
field. In this work we compare some physical properties of Sn1−xFexO2−δ (x = 0, and
0.05) powders obtained by three different methods.

2 Experimental

By using sol–gel method, solutions of Sn2+ and Fe2+ precursors were employed. The
solutions were mixed in the appropriate amounts with citric acid and ethyleneglycol,
evaporated between 80–90◦C, calcinated at 200◦C for 4 h, and annealed in air at
500◦C for 2 h. Mechanochemical alloying was performed in a planetary ball mill
Fritsch Pulverisette 5. The starting materials were rutile SnO2 (Merck 99%) and
α-Fe (Merck 99%). Samples were milled for 12 h in air at atmospheric pressure,
using Cr-based stainless steel jars and balls of 12 mm in diameter. Fe nominal
concentration was of 4 at.%. The rotation velocity of the disc was of 390 rpm, and
the ball to powder ratio was of 20:1. In the mechanochemical processing with thermal
treatment, the starting reactants were SnCl2, FeCl3 and Na2CO3, with NaCl added
as diluent under inert atmosphere. The precursor concentrations were adjusted to
give a final Fe nominal concentration of 5 at.% in Fe-doped SnO2. Samples were
milled for 3 h in argon atmosphere. The rotation velocity of the disc was 250 rpm,
and the ball to powder ratio were of 20:1. The as-milled mixtures were subsequently
heat treated at 600◦C during 1 h, in air atmosphere, and finally washed in double
deionized water to remove the NaCl. The overall reaction is accounted for by:
SnCl2 + Na2CO3 → SnO + 2NaCl + CO2, and the heat treatment of the milled-
product in oxygen is followed in order to oxidize SnO to SnO2 [6]. In a previous work
we have studied proper conditions to obtain Fe-doped SnO2 by mechanochemical
alloying and mechanochemical alloying followed by thermal treatment [7]. The
crystalline structure was investigated by X-ray diffraction (XRD) using Rietveld
method, and Mössbauer spectroscopy studies were performed using a conventional
constant acceleration drive and a 57Co:Rh source. The velocity calibration was done
with a room temperature α-Fe absorber and the isomer shifts values are relative to
that of iron.

3 Results and discussion

Figure 1a shows the XRD pattern of the sample prepared by mechanochemical
milling with thermal treatment. Only Bragg peaks due to the presence of SnO2

rutile phase were observed. Figure 1b shows the XRD patterns for the high energy
milled SnO2 mixed with metallic iron. Besides the presence of the SnO2 rutile phase,
also peaks due to metallic iron were observed. The Bragg lines are broad and this
effect is attributed to the diminution of the crystallite size and to the increment
of microstrains due to the milling processes. Additionally, the XRD patterns of
SnO2 and iron-doped SnO2 obtained by sol gel method are shown (Fig. 1c and d,
respectively). Both samples evidence the formation of only the rutile phase of SnO2.
By using Rietveld method average crystallite sizes of approximately 51, 37 and 22 nm
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Fig. 1 XRD patterns for:
a iron-doped SnO2 obtained
by mechanochemical milling
and thermal treatment,
b iron-doped SnO2 obtained
by mechanical alloying, c pure
SnO2 obtained by sol–gel
method, and d iron-doped
SnO2 obtained by sol gel
method

for the samples obtained by sol gel method, mechanochemical alloying and thermal
treatment, and mechanochemical alloying, respectively, were estimated.

Room temperature Mössbauer spectra for the samples are shown in Fig. 2. The
parameters derived from the fitting are listed in Table 1. Mössbauer spectra were
fitted with two components: one sextet (S1) and one doublet (D1). The hyperfine
parameters of the sextet components point to the presence of metallic iron for
the case of the sample prepared from mechanochemical alloying, and a magnetic
phase, probably hematite, for the samples obtained from mechanochemical alloying
followed by thermal treatment and sol–gel method. The α-Fe phase corresponds
to the starting iron materials that do not react with SnO2. The parameters of the
D1 point to the presence of Fe3+ ions substituting for Sn4+ in the tetragonal SnO2

structure. This interpretation is in agreement with the reports by Cabrera et al. [8]
and Sorescu et al. [9]. In the case of the sample obtained by sol–gel, the Mössbauer
spectra shows a well defined doublet D1, indicating a major incorporation of Fe3+
in the SnO2 structure, and the sextet S1, probably assigned to hematite or Sn-doped
hematite, in agreement with Berry et al. [10].
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Fig. 2 Room temperature
Mössbauer spectra for:
a iron-doped SnO2 obtained
by mechanochemical milling
and thermal treatment,
b iron-doped SnO2 obtained
by mechanical alloying,
and c iron-doped SnO2
obtained by sol gel method

Table 1 Parameters derived
from the fit of the Mössbauer
spectra for samples obtained
by mechanochemical milling
with and without thermal
treatment, and sol gel method

S1 D1

Bhf (T) δ (mm/s) � (mm/s) δ (mm/s) � (mm/s)

Ball milling with thermal treatment
51.2 0.55 −0.29 0.41 0.96

Ball milling
33.0 0 0 0.45 0.90

Sol gel method
50.8 0.50 −0.20 0.45 0.86

4 Conclusions

The mechanochemical alloying of the mixture of rutile SnO2 and α-Fe powders
produces Fe-doped SnO2 and α-Fe. On the other hand, the mechanochemical
alloying of SnCl2, FeCl3, Na2CO3 and NaCl followed by thermal treatment, produce
Fe-doped SnO2 and hematite. The sample produced by sol–gel method contains
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Fe3+ in a paramagnetic phase, which is attributed to iron incorporated in the SnO2

structure, and probably hematite or Sn-doped hematite.
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Abstract We report the structural characterization of Gd5Ge2(Si1−xSnx)2 (x = 0.23
and x = 0.40) compounds by means of 100 and 298 K-X-ray diffractometry (XRD)
and 4 K-155Gd and 298 K-119Sn Mössbauer spectroscopy. These compounds order
ferromagnetically at 218.4 and 172.7 K, respectively. At ∼100 K, it was identified
the Gd5Si4-orthorhombic phase (type I) for both samples. At ∼298 K, it was
identified a Gd5Si2Ge2-monoclinic phase, for x = 0.23 and a Sm5Sn4-orthorhombic
phase (type II), for x = 0.40. The Rietveld analysis of XRD data suggests a first
order magneto-structural transition at Curie temperature for both compositions.
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Mössbauer results are well consistent with the proposed crystallographic models for
these systems.

Keywords X-ray diffraction · Magnetocaloric effect · Mössbauer

1 Introduction

The giant magnetocaloric effect (GMCE) was discovered for the Gd5Si2Ge2 system
by Pecharsky and Gschneidner Jr. [1], suggesting potential technological application
in refrigeration area. Since then variations in the stoichiometry and/or different
preparation methods and alloying [2–4] are being studied looking at increasing
temperatures in the more intense region of MCE to, consequently, enrich the
structural and magnetic knowledge of this family of compounds.

In this context chemical substitution is an interesting way to modify magneto-
elastic properties and at the same time to understand their electronically properties.
In particular, complete replacement of germanium by tin tends to diminish the MCE
peak, changing the magnetic transition to a second order behavior [5]. In contrast,
small amount of Sn-doping Gd5Si1.95Ge2.05 changes its magneto-elastic properties,
increasing its MCE peak retaining the first-order character of the magnetic-structural
transition [6]. Replacing tin by silicon has a similar effect but a clear dependence in
magnetically ordered transition temperature with tin content is observed [7].

In an earlier work [7] we studied Gd5Ge2(Si1−xSnx)2 ferromagnetic compounds
with x = 0.23 and 0.40, by characterizing them with XRD and 119Sn Mössbauer spec-
troscopy at room temperature. Gd5Si2Ge2-monoclinic and Sm5Sn4 orthorhombic-
type II phases were identified for x = 0.23 and x = 0.40, respectively. Also, at room
temperature, 119Sn Mössbauer results showed the occurrence of two non-equivalent
sites for Sn in these solid matrices.

In this paper, we studied these same samples focusing on their structural and
magnetic features, using powder X-ray diffractometry (XRD), 119Sn, and 115Gd
Mössbauer spectroscopy, below and above the magnetic transition temperature.

2 Experimental details

Primary components of Gd5Ge2(Si1−xSnx)2 compounds, with x = 0.23 and 0.40, were
sequentially three times melted in a water cooled copper heart arc furnace under Ar
atmosphere, at ambient pressure, with negligible (<0.2 mass%) mass losses as it is
described in [7].

X-Ray powder diffraction (XRD) measurements were performed in a Phillips
diffractometer, Cu-Kα radiation, graphite monochromator, between 10◦ and 60◦, at
100 and 298 K, scanning steps of 0.03◦ and 10 s counting time per step; the collected
data were refined by the Rietveld method. The crystal structure refinement of each
crystallographic phase was obtained by applying the Rietveld method of the GSAS
package. We considered three types of structures: Gd5Si4-(orthorhombic type I),
Gd5Si2Ge2-(monoclinic) and Sm5Sn4-(orthorhombic type II), with Pnma, P1121/a,
and Pnma space groups, respectively.
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Fig. 1 X-ray diffraction
patterns for the x = 0.23
sample taken at a 298 K and b
100 K. Patterns show a Gd5Si4
orthorhombic type I structure,
in the magnetically ordered
region, and a Gd5Si2Ge2
monoclinic phase, in the
paramagnetic state

Fig. 2 X-ray diffraction
patterns for x = 0.40 sample
taken at a 298 K and b 100 K.
Patterns show a Gd5Si4
orthorhombic type I structure,
in the magnetically ordered
region, and a Sm5Sn4
orthorhombic type II phase, in
the paramagnetic state

4.2 K-155Gd and 298 K-119Sn Mössbauer transmission spectra were collected using
a SmPd3- and a CaSnO3-embedded 155Eu and 121Sb, respectively, matrix sources, at
the same temperature as the sample. The isomer shift values are quoted relative to
the gamma-sources.

3 Experimental results and discussion

3.1 X-ray diffraction

The XRD patterns for x = 0.23 taken at 100 and 298 K, shown in Fig. 1, indicate
that orthorhombic Gd5Si4 type I structure at the lower temperature changes to
monoclinic Gd5Si2Ge2 structure at the higher temperature. On the other hand,
XRD patterns for x = 0.40, taken at 100 and 298 K (Fig. 2), indicate that the
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Table 1 Structural parameters
obtained from the Rietveld
analysis of powder X-ray
diffraction patterns at 100 and
298 K for sample x = 0.23

x = 0.23 100 K Pnma—Gd5Si4 298 K P1121/a Gd5Si2Ge2

space group orthorhombic type I monoclinic

a/Å 7.5377 (8) 7.6047 (9)
b /Å 14.842 (2) 14.873 (2)
c/Å 7.8239 (7) 7.8307 (9)
V/Å3 875.3 (4) 884.7 (5)
� 92.72 (8)o

Rp
Rwp

/% 7.5/10 6.6/8.2

Table 2 Structural parameters
obtained from the Rietveld
analysis of powder X-ray
diffraction patterns at 100 K
and 298 K for sample x = 0.40

x = 0.40 100 K Pnma—Gd5Si4 298 K Pnma—Sm5Sn4

space group orthorhombic type I orthorhombic type II

a(Å) 7.5670 (8) 7.6997 (9)
b(Å) 14.903 (2) 14.922 (3)
c(Å) 7.866 (7) 7.840 (8)
V(Å)3 887.1 (4) 900.7 (6)
Rp/Rwp(%) 7.5/10 7.0/10

orthorhombic Gd5Si4 type I structure of this material at the lower temperature
changes to orthorhombic Sm5Sn4 type II structure at the higher temperature.

From the present Rietveld refinement of XRD data for x = 0.23 (Table 1), one
can infer an increase of ∼1.0% of the unit cell volume. Only a small difference
(Rwp ≤ 10%) was found between the experimental and refined profiles for the
sample at either temperature. It indicates that the unit cell dimensions are properly
and accurately determined. Rietveld refined parameters for x = 0.40, as obtained
from XRD data, are presented in Table 2. Similarly to the x = 0.23 compound, an
expansion of ∼1.0% of the unit cell volume accompanies the structural change. A
small difference (Rwp ≤ 10%) is found between experimental and refined profiles
for both temperatures.

Magnetization measurements in both samples show that saturation magnetization
moment at 4 K is around 7.3 μB/Gd3+, in well agreement with the expected saturated
moment of 7 μB/Gd3+. The excess of 0.3 μB/Gd3+ is probably due to an itinerant
contribution. In a previous magnetic characterization of these materials [7] it was
found a first order ferromagnetic transition at 218.4 K, for x = 0.23, and at 172.7 K,
for x = 0.40. Those results suggest that magnetic transition in both compounds is
likely triggered by a magneto-structural change.

In short, the XRD data for the samples at 100 K evidence that the magnetically
ordered phase for both cases is related to the occurrence of the Gd5Si4-orthorhombic
type I crystallographic structure [8], reinforcing the hypothesis that a first order
structural transition somehow accompanies the magnetic change to the paramagnetic
state at TC = 218.4 K, for x = 0.23 (P1121/a monoclinic), and at TC = 172.7 K, for
x = 0.40 (Pnma orthorhombic type II) [7].

3.2 Mössbauer spectroscopy

4.2 K-155Gd Mössbauer spectra are showed in Fig. 3 and corresponding fitted
parameters with NORMOS® computer program are presented in Table 3. These
correspond to relative subspectral areas ratios of 87:13, for sample with x = 0.23, and

Reprinted from the journal194



Crystallographic and Mössbauer analyses of Gd5Ge2(Si1−xSnx)2

Fig. 3 4.2 K-155Gd Mössbauer
spectra for
Gd5Ge2(Si1−xSnx)2, with
x = 0.23 and x = 0.40
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Table 3 155Gd Mössbauer parameters Mössbauer parameters for Gd5Ge2(Si1−xSnx)2 (x = 0.23 and
x = 0.40) at 4.2 K

x δ/mm s−1 �/mm s−1 �/mm s−1 RA/%

0.23 0.51 0.87 1.49 87 ∼ 7 : 1
0.61 3.47 1.23 13

0.40 0.34 0.53 0.81 79 ∼ 4 : 1
0.48 1.99 0.88 21

δ isomer shift relative to the SmPd3 gamma-source at 4.2 K, Δ quadrupole splitting, Γ resonance
line-width, RA relative spectral area

79:21, for x = 0.40, meaning the co-existence of non-equivalent Gd1, in 4(c); Gd2, in
8(d) and Gd3, in 8(d) sites of the orthorhombic Gd5Si4-type structure [9]. Also, all
8(d) sites are presumably equivalent and present higher ionic occupation than 4(c)
sites.

Earlier reported 119Sn room temperature parameters (Table 4) evidenced the
co-existence of two non-equivalent hyperfine sites for the Sn4+ ions, consistently
with what is expected for both Gd5Ge2Si2 (monoclinic) and Sm5Sn4 (type II)
crystallographic structures. For the orthorhombic x = 0.40, one 119Sn Mössbauer
doublet is associated to the 4c2 and 8d equivalent sites and the other with the 4c1

site [7, 10]. This is the same for the monoclinic x = 0.23 sample, where the 8d site is
split into two symmetrically fourfold sites. When the temperature is lowered below
the Curie point TC = 218.4 K, for x = 0.23, and 172.7 K, for x = 0.40, a structural
transition is observed.

In spite of the magnetically ordered character of these compounds, the hyperfine
structure for the nuclear 86.5 keV transition in 155Gd is such that it may be much less
evident separating corresponding Zeeman resonance lines. Even for a moderately
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Table 4 119Sn Mössbauer parameters for Gd5Ge2(Si1−xSnx)2 (x = 0.23 and x = 0.40) at 298 K
(from [7])

x Site δ/mm s−1 Δ/mm s−1 Γ /mm s−1 RA/%

0.23 B 2.139 (6) 0.74 0.80 22 (4)
A 1.912 (1) 1.13 0.78 78 (5)

0.40 B 2.051 (2) 0.70 0.77 30 (4)
A 1.892 (2) 1.07 0.77 70 (4)

δ isomer shift relative to the Ca119SbO3 matrix, Δ quadrupole splitting, Γ resonance line-width, RA
relative spectral area

strong hyperfine field, values for energy transitions due to coupling with the nuclear
dipole moment may be close to those resulting from a sole electric field gradient
(EFG)–quadrupole moment interaction. This circumstance is greatly different from
that expected, for instance, for equivalent magnitudes of magnetic field and EFG
couplings on the 57Fe nuclear probe. This happens for at least three fundamental
reasons: (1) the intrinsic atomic magnetic moment are larger for the lanthanide
Gd3+, with [Xe]4f7, than for Fe3+, with [Ar]3d5 electronic configuration; (2) absolute
values of nuclear electric quadrupole and dipole magnetic moments (actual values
are reported e.g. in [11–13]) for the 86.5 keV (Iex = 5

2+; mean life-time, τ = 9.1 ns)
and ground

(
Iex = 3

2−)
states of 155Gd are roughly thrice those for the 14.4 keV

(
Iex = 3

2−; τ = 141.5 ns
)

and ground
(
Iex = 1

2+)
states of 57Fe and (3) the natural

resonance line (two times the natural line-width of the Mössbauer energy level) for
155Gd is 0.50 mm s−1, comparatively to 0.19 mm s−1, for 57Fe.

4 Conclusions

100 K-XRD data evidence that Gd5Ge2(Si1−xSnx)2 (x = 0.23 and x = 0.40) systems
do contain a Gd5Si4-orthorhombic, crystallographic structure type I, suggesting a
first order magneto-structural transition to paramagnetic state at TC = 218.4 K for
x = 0.23 (P1121/a monoclinic) and TC = 172.7 K for x = 0.40 (Pnma orthorhombic
type II). 155Gd-Mössbauer spectra for the samples at 4.2 K, despite the magnetic
structure, are numerically resolved as two quadrupolar patterns, for both samples,
with relative areas ratios 87:13, for x = 0.23, and 79:21, for x = 0.40, corresponding
to the proportion of non-equivalent distribution of Gd1 in 4(c), Gd2 in 8(d), and
Gd3 in 8(d) sites of the orthorhombic Gd5Si4-type structure. Here, all 8(d) sites are
presumably equivalent and present higher ionic occupation than 4(c) sites.

Room temperature 119Sn Mössbauer spectroscopy for compounds with x = 0.23
and 0.40 indicate the co-existence of two non-equivalent hyperfine sites for the
Sn4+ ions, as expected for both Gd5Ge2Si2 (monoclinic) and Sm5Sn4 (type II)
crystallographic structures.
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Abstract In this work the Mössbauer spectroscopy has been used to study the
magnetic properties of Fe2+xMn1−xAl alloys with small deviations of composition
from the stoichiometric 2:1:1. The Mössbauer parameters obtained for the L21 phase
indicate Hhf fields of about 25 T and 30 T at 80 K for Fe atoms at X sites in the
ordered X2YZ structure of the L21 full Heusler alloys.

Keywords Heusler alloys · Mössbauer spectroscopy · Ferromagnetism
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1 Introduction

The disordered FeAl and FeMnAl alloys have been intensively investigated in
the last past years, and have attracted attention from both experimentalists and
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theoreticians [1–6]. The disordered ternary alloys are interesting magnetic materials
considering its promising technological applications in view of their similarities with
conventional stainless steel as well as in view of the different types of magnetic phases
that can be detected. In the austenitic phase the high workhardening rate makes
it a good candidate in wear resistant application. In engineering applications these
are offered as cryogenic materials, presenting high strength with low density, with
good oxidation resistance, good toughness and strength and as cheap substitutes for
some conventional stainless steels. This has encouraged the experimental research
to improve its performance for a large variety of applications. This system provides
a plentiful field of interesting subjects of investigation, like order-disorder structural
transitions, wide variety of magnetic phases and transitions, critical behavior, com-
peting interactions and dilution.

Heusler alloys otherwise are ternary intermetallic compounds with the stoichiom-
etry X2YZ, i.e., the L21 structure. The large majority of Heusler alloys order
ferromagnetically and saturate in applied magnetic fields of less then 5 kOe at low
temperatures [7–16]. Some indeed do order antiferromagnetically, particularly those
compounds containing a group 3B element in which the magnetic moment is confined
to the Y sites, usually occupied by Mn. Fe2MnAl alloys can be obtained in the
X2YZ composition as full Heusler alloys (s.g. Fm3m). Theoretical predictions for
Fe2MnAl in the L21 structure yield moments of −0.311 and 2.633 for Fe and Mn
atoms, respectively [7–9]. Although being metals, these intermetallic compounds
have localized magnetic properties and are ideal model systems for studying the
effects of both atomic disorder and changes in the electron concentration on mag-
netic properties. Extensive studies have been carried out using Heusler alloys by
employing hyperfine methods to understand the coupling mechanism responsible for
the magnetic hyperfine fields at non magnetic sites. In this work we investigate the
magnetic properties of FeMnAl alloys with Mössbauer spectroscopy. Our aim is to
determine the Mössbauer parameters of the L21 phase besides analyze the effect of
changes in the composition on the relative occupancy of Fe sites as well as on these
parameters. This work is a further step from previous investigation [13].

2 Experimental

Polycrystalline ingots of Fe2+xMn1−xAl alloys with nominal compositions x = 0.0
and ±0.1 were prepared by arc-melting of high-purity initial elements in argon
atmosphere. Each sample was remelted several times to promote homogeneity and
then further encapsulated in quartz tubes filled with argon and annealed for 3 days
at 1273 K, then 673 K for more 3 days, and cooled in the furnace by itself. The XRD
patterns were taken by using the Cu Kα radiation. Magnetization measurements
above room temperature (RT = 293 K) were also performed with a magnetobalance
in an arbitrary field in order to verify magnetic transitions at higher temperatures.
Powder absorbers for the Mössbauer spectroscopy (MS) were obtained from the
central part of each sample. The MS spectra were collected at RT and at 80 K, in the
transmission geometry with a conventional spectrometer, operating with constant
acceleration mode (driven in the triangle mode), using a 50 mCi 57Co/Rh source.
The standard is natural α-iron, for which all quoted isomer shifts are reduced to its
centroid (δ(Fe)).
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3 Results and discussion

The XRD measurements showed that all the studied alloys unambiguously exhibit
a L21 structure of the full Heusler alloy as the main phase. A minority phase
therefore was also detected and identified as a face centered tetragonal (fct) phase
(s.g. P4/mmm). The lattice parameters of the L21 phase is constant with a value
5.816 Å, exactly the same indicated in the literature [10]. The cell volume remains
unchanged despite the variations from the stoichiometric composition. The fct phase
also presents practically the same lattice parameters in all the samples. As in a ideal
ordered L21-type structure the lattice consists of four interpenetrating face centered
cubic sublattices, with four atoms as basis: X at (000) and ( 1

2
1
2

1
2 ), Y at ( 1

4
1
4

1
4 ), and Z

at ( 3
4

3
4

3
4 ) in Wyckoff coordinates. The X sub-lattice’s are occupied by Fe atoms and

Y and Z are occupied by manganese and aluminum.
As observed in previous work [13] the main ordered L21 phase in these alloys

order ferromagnetically with TC ≈ 300 K for x = 0.0 and −0.1, and TC = 380
K for x = 0.1. On the other hand, experimental evidence was found that the
fct phase otherwise shows both antiferromagnetic (AF) and ferromagnetic (FM)
exchanges. The Mn atoms carry the largest moments in the ordered L21 phase (2.633
μB), whereas the Fe atoms have much smaller moments (−0.311 μB) [7–9], and a
competition mechanism between Fe-Fe, Fe-Mn and Mn-Mn FM exchanges and Fe-
Mn and Mn-Mn AF exchanges therefore is expected. The experimental data show
a broad transition at the disordering temperature TC, which has been interpreted as
being due to a large distribution of the FM interaction energies which arises from
the loss of FM couplings with the random substitution of Fe for Mn. In Fig. 1 are
shown results of measurements with a magnetobalance. The transition temperatures
TC are indicated. As can be seen, the transition indeed takes place gradually, and
some residual magnetic contribution from a ferromagnetic entity still remains in the
alloys up to higher temperatures until the collapse of the total magnetization.

The fitted Mössbauer spectra collected at 80 K are shown in Fig. 2. Only the
spectra at low temperature are shown, since at RT these spectra are very similar. In
the previous work the M(T) curves show a plateau up to TC, from which a monotonic
decrease is observed, as one can also see in Fig. 1. Hence, the similarities of the
Mössbauer spectra at RT and 80 K can be understood as follows: for x = 0.1 TC

and TN are well above RT (380 K and 350 K, respectively [13]); for x = 0 the
transition temperature TN of the AF entity also is higher than RT, whereas TC for
the ordered phase is near RT, and thereby thermal fluctuations in the environmental
conditions can affect the results. For x = −0.1, the disordered phase has a significant
contribution to the total magnetization and exhibits both FM and AF exchanges; the
AF component gives a lesser contribution and the FM component is thus majority,
whose TC is comparable to that one of the ordered phase, which is also near RT. In
Fig. 1 a transition is clearly seen at 350 K, which might be ascribed either to the L21

phase or to the fct phase. If one considers that the strongest FM couplings belong to
the ordered phase, where the Mn atoms possess large moments, this TC is associated
with the former. Thus, this results makes a correction in the previously reported value
of 300 K for TC of the L21 phase in these alloys at this composition.

From the discussion above, the Mössbauer spectra of these alloys at 80 K
therefore are considered as a superposition of two contributions, one associate do the
L21 ordered phase and another due to the fct disordered phase. Hence, a distribution
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Fig. 1 M(T) curves above
room temperature registered
with a magnetobalance
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Fig. 2 Mössbauer spectra at
80 K of Fe2+xMn1−xAl alloys.
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of magnetic hyperfine field (Hhf ) was used in the fitting procedure to account for
the contribution of the fct phase to the total envelope of each spectrum, which
was performed by using 75 sextets. The linewidths were constrained to have widths
corresponding to bcc iron. As partial atomic disorder in the structure cause changes
in the Fe-sites neighborhood, in order to fit the contribution of the L21 phase to the
spectra we adopted two sextets, representing the X sublattices in the X2YZ structure.
The results of the fitting procedure are listed in Table 1 and the corresponding
distribution profiles are shown on the right in Fig. 2. In the Hhf histograms one sees
a block of several peaks, where a prominent peak is seen at both in the region of
high fields and low fields. The peaky structure in the intermediate region accounts
for the different contributions which arises from the several possible configurations
of the Fe sites in the alloys. The higher field values might be associated with those Fe
sites which are strong coupled to Mn atoms, whose ordering is broken off at about
700 K, as can be seen in Fig. 1. In the central part of each spectrum a paramagnetic
contribution can be identified, which is associated with Fe sites surrounded by Al
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Table 1 Alloy composition, isomer shift (δ(Fe)), quadrupole splitting (2ε), hyperfine magnetic field
(Hhf ), line width (�) and subspectral area of Fe2+xMn1−xAl alloys (in the L21 structure 2 sextets
were used in the fitting procedure; for the fct phase Hhf is the average field value of the distribution)

x Structure δ(Fe) (mm/s) 2ε(mm/s) Hhf (T) �(mm/s) A (%)

0.1 L21 0.07 0.14 29.01 0.69 27
−0.02 −0.04 24.93 0.56 27

fct −0.09 0.17 18.10 0.26 46

0.0 L21 0.05 0.16 28.38 0.68 20
−0.03 0.02 24.40 0.59 26

fct −0.09 0.17 17.60 0.26 54

−0.1 L21 0.05 0.02 30.00 0.63 26
0.03 −0.02 25.80 0.56 29

fct −0.10 0.18 19.10 0.26 45

atoms and with smaller moments. A range of values for the Fe moments thus is
expected.

The prominent sextets in each spectrum are tentatively ascribed to the principal
Fe sites in the ordered L21 phase. One may argue that this might be an artefact,
but it represents a first attempt to obtain a reasonable description for the observed
results. In Table 1 are listed the corresponding parameters. It is noteworthy that
at an equivalent composition in the disordered bcc phase of ternary Fe50Mn25Al25

alloys a Hhf = 13.2 T has been reported at room temperature [1]. Therefore, the
profiles of the spectra shown in Fig. 2, as well as the distribution profiles (on the right)
are completely different from that one corresponding to a disordered Fe50Mn25Al25

alloy. This reflects the contribution of the ordered structure in the alloys, for whom a
large mean magnetic moment has been calculated [7–9, 16]. By fitting the subspectra
(sextets), although leaving free all parameters for each one of them, it is somewhat
surprising that similar results are obtained in all the cases. From this one may infer
that these quantities yield a reasonable description for the magnetic contribution
of the ordered phase in building the envelope of each spectrum. At 80 K the alloy
with x = −0.01 is below TN of the fct phase, which results in a higher average Hhf

value, as seen in Table 1. Furthermore, as at 80 K the Mössbauer spectrum of the
alloy with x = −0.10 is similar to that one at RT, it may be concluded that most of
the contribution of the fct phase to the spectral area is due to the magnetic entity
which persists up to higher temperatures, as seen in Fig. 1. Thus both FM and AF
exchanges are ascribed to the fct phase in this alloy. This study with the Mössbauer
spectroscopy complements results of low temperature magnetization measurements
in the interpretation of the observed trends.

Summarizing, from the results above one may conclude that the fct phase exhibits
both FM and AF exchanges in the studied alloys. However, it is not possible
distinguish between these contributions for the average magnetic hyperfine field. The
ordered phase, which is responsible for the main FM entity in these alloys, has a well
defined magnetic contribution to the total envelope of the Mössbauer spectra, as can
be promptly verified in Table 1, and at 80 K show Hhf values lower than α-Fe. This
is consistent with results of first-principles calculations in Fe2MnAl Heusler alloys,
which give 1.98 μB for the total magnetic moment [7–9]. Moreover, since at 80 K the
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spectra of the alloy with x = −0.10 is similar to that one at RT, and TN = 205 K, one
may infer that the AF component gives a small contribution for the spectral area as
well as for Hhf , which is then preponderantly due to the FM entity, which exists in
both phases. Particularly in this case (x = −0.10), with the Mn atoms carrying the
largest moments, only a small fraction of Fe atoms is thus expected to be weakly
coupled to the nearest neighbors and the large majority is strongly coupled to the
surrounding magnetic neighbors.
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Abstract The structural analysis of strontium hexaferrites SrFexO19 (for x = 12, 11
and 10) and substituted samples Sr0.7Nd0.3Fe12−yCo0.3O19 (for y = 0.3, 1.3 and 2.3)
prepared through the citrate precursor method is shown. Nd and Co substitution
modifies saturation magnetization (MS) and increases coercivity (Hc) in samples
heat-treated at 1100◦C for two hours. Mössbauer analyses show different iron
occupancy and the influence of the Fe3+ content is particularly emphasized. Hematite
segregation is observed for some compositions. Samples with low Fe3+ content show
the best magnetic properties with no secondary phase segregation.

Keywords Strontium hexaferrites · Nd-Co substitution · Non-stoichiometric
hexaferrite
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1 Introduction

The magnetic properties of substituted hexaferrites are strongly dependent upon
the electronic configuration of the substituting cations as well as on the Fe3+
ions five different intersticial crystallographic sites: three octahedral sites (12k, 2a
and 4f2), one tetrahedral site (4f1) and one bipyramidal site (2b). The magnetic
structure is ferrimagnetic with different sublattices: three parallel (12k, 2a and 2b)
and two antiparallel (4f1 and 4f2) which are coupled by superexchange interactions
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through the O2− ions [1]. It has recently been shown that the magnetic properties of
anisotropic M-type SrFe12O19 hexagonal ferrites can be improved by doping with La
and Co [2–4]. This improvement is largely related to the coercivity and the magneto-
crystalline anisotropy [5]. Wang et al. prepared Nd-substituted Sr hexaferrite parti-
cles hydrotermally synthesised [6]. They reported that saturation magnetization MS

values are almost the same than that of Sr-M whereas their coercivities are around
11% higher. The solubility of rare earth ions in Sr-hexaferrites is very low and their
introduction leads to the formation of secondary phases, which must be avoided in
order to obtain permanent magnets with optimal properties. Secondary phases such
as SrFeO3 and NdFeO3 were observed for all the Sr-rare earth ions substitution.
La-Co substituted hexagonal ferrite prepared by the citrate self-combustion route
has been tried by different researches [3, 5]. However, complete single-phase forma-
tion was not observed for annealing temperatures below 1200◦C.

In this paper we present the novel results for Sr ferrites with Nd-Co substi-
tution. We have recently reported Nd inclusion in strontium hexaferrites [7]. As
different iron compounds were reported to be the main secondary phases when
rare-earth ions substitution increases [3], we propose a deficient iron formulation.
A further improvement of both intrinsic and magnetic properties of the Nd-Co
substituted ferrite can be obtained by adjusting the chemical composition. Pow-
ders of strontium hexaferrites (SrFexO19) for x = 12, 11 and 10 and substituted
samples (Sr0.7Nd0.3Fe12−yCo0.3O19 for y = 0.3, 1.3 and 2.3) prepared through the
citrate precursor method are investigated by Mössbauer spectrometry. The hyperfine
parameters deduced from the fittings are discussed in relation with the substitution
effects.

2 Experimental

Samples of composition SrFexO19 (for x = 12, 11 and 10) and substituted samples
Sr0.7Nd0.3 Fe12−yCo0.3O19 (for y = 0.3, 1.3 and 2.3) were prepared by the self-
combustion method. The chemical precursors used for these experiments were
Fe(NO3)3· 9H2O, SrCO3, Nd2O3, Co(CH3COO)2· 4 H2O, as it was earlier reported
[7, 8]. The ratio citric:nitric acid was fixed in 2:1 for each experiment. Aqueous
suspensions were stirred and heated for several hours until the sol turned into a dried
gel. Then the dried gel was ignited in a corner and a combustion wave spontaneously
propagated through the whole gel converting it into loose magnetic powder. Powders
were heat-treated in air at 1100◦C for two hours. The non-stoichiometric composi-
tions and sample labels for the powders heated at 1100◦C are given in Table 1. The
oxygen content was calculated assuming the following valences: Sr2+, Nd3+, Co2+
and Fe3+.

The structural analysis of the powders was done by x-ray diffraction using a Philips
diffractometer and CuKα radiation. The patterns were taken between 2θ = 20◦ and
70◦ with a step of 0.02◦. A vibrating sample magnetometer Lakeshore 7300 was
used to measure the magnetic properties at room temperature. Hysteresis loops
M vs H were measured with a maximum applied field of 15 kOe. Since the loops
did not saturate at 15 kOe, the value of saturation magnetization MS for each sample
was calculated by extrapolating M vs 1/H to 0. Fe Mössbauer spectroscopy (MS)
was performed at room temperature, in transmission geometry. 57Co(Rh) source was
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Table 1 Composition, sample labels and magnetic properties of powders heat-treated at 1100◦C for
2 hours

Sample Nominal composition Fe defect Hc [Oe] Mmax [emu/g] MS[emu/g]

F12N0 SrFe12O19 0 2100 72 91
F11N0 SrFe11O17.5 1.0 4930 77 97
F10N0 SrFe10O16 2.0 2845 71 89
F12N3 Sr0.7Nd0.3Fe11.7Co0.3O19 0.3 4613 60 75
F11N3 Sr0.7Nd0.3Fe10.7Co0.3O17.5 1.3 5120 70 87
F10N3 Sr0.7Nd0.3Fe9.7Co0.3O16 2.3 4885 64 77

Fig. 1 X-ray diffraction
patterns of the studied samples
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used with a constant acceleration drive. The spectrometer was calibrated employing
an α-Fe foil. Mössbauer spectra were fitted with the NORMOS (SITE) program [9]
Isomer shift values are reported relative to α−Fe whereas the velocity abscissas of
the spectra are relative to the source.

3 Results and discussion

XRD patterns of all the samples are shown in Fig. 1. It is found that they are mainly
composed of single-phase magnetoplumbite crystalline structure. Small amounts of
hematite are present in samples with higher iron content. In substituted samples
neither Nd nor Co compounds were detected indicating that both ions were included
in the hexagonal structure. Intermediate phases such as SrFe2O4 were not observed
as it is normally observed in samples synthesized by the ceramic route [10]. This in-
dicates that the solid state reaction is exclusively heterogeneous, and the hexaferrite
phase formation proceeds by the formation and growth at the expense of the existing
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Fig. 2 Hysteresis loops of
selected samples
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phases—strontium carbonate, hematite and maghemite. This is possible since, in the
citrate gel route of synthesis, the mixing of cations takes place at the atomic level,
thus reducing the paths of diffusion for various cations, as compared to the ceramic
route where the diffusion distances are considerably larger [11]. It may be pointed
out that the amount of vacancies at the Fe sites is as high as 16% (for sample F10N0)
and yet the hexaferrite structure does not break down nor do any other phases occur
indicating that the structure is stable.

Table 1 shows magnetic properties of all samples and Fig. 2 shows the hysteresis
loops of some of them. It can be seen that Hc increases with Nd-Co substitution
for all Fe composition (y). These magnetic ions modify superexchange interaction in
the magnetoplumbite structure. MS is slightly modified in all samples since its value
depends on composition, crystallinity and the presence of non-magnetic phases as
hematite.

Mössbauer spectra of SrFexO19 (see Fig. 3, left) were fitted with five sextets (one
for each crystallographic iron site), except for samples were hematite was detected.
In these cases, another contribution for hematite was included. The isomer shifts
(δ), that may be attributed to Fe3+, follow the sequence 4f2≥12k>2b> 4f1>2a
whereas the sequence for hyperfine magnetic fields (Bhf ) is 4f2≥ 2a>4f1>12k≥2b.
Similar results were reported by B. J. Evans et al. [12]. However, isomer shift values
corresponding to sites 4f1 and 2a are exchanged. This difference may be attributed
either to the different synthesis procedure followed in each case or to the intrinsic
difficulties found in fitting these complex spectra due to the poorly resolved 4f2, 2a
and 4f1 sites contributions. Hyperfine parameters for these samples are reported in
Table 2.

Figure 4 shows the site occupancy Oi estimated from Mössbauer results for
non-substituted samples with different iron content as Oi = N

A Ai, where N is the
theoretical number of Fe atoms in the unit cell, A is the total area of the Mössbauer
spectrum and Ai is the area of each site contribution. Corrections for hematite
presence were considered. Iron vacancies are not proportionally distributed in all
sites. The occupancy of sites 12k, 4f1 and 2b is lower than the theoretical values

Reprinted from the journal208



Mössbauer analysis of Nd-Co M-type strontium hexaferrite powders

0.94

0.96

0.98

1.00

0.94

0.96

0.98

1.00

0.94

0.96

0.98

1.00

0.92

0.94

0.96

0.98

1.00

-10 -5 0 5 10
0.92

0.94

0.96

0.98

1.00

-10 -5 0 5 10

0.94

0.96

0.98

1.00

R
el

at
iv

e 
tr

an
sm

is
si

on

F11N0 F11N3

F10N3F10N0

v [mm/s]v [mm/s]

F12N0 F12N3

Fig. 3 Room temperature Mössbauer spectra and fittings of SrFexO19 (left) and of
Sr0.7Nd0.3Fex−0.3Co0.3O19 (right) obtained with a 57Co(Rh) source

(dashed lines in Fig. 4) and varies with x. From Mössbauer results the effective
number of Fe3+ spins per cell n = (12k + 2a + 2b) − (4f1 + 4f2) for x = 12, 11 and 10
are 7.5, 7.6 and 5.7 respectively, and can be related to MS (Table 1). The relatively
low experimental value of MS for x = 12 (72 emu/g) may be attributed to the
presence of hematite (8%) in this sample (F12N0). In our experimental conditions,
sample F11N0 shows the best composition for a non-substituted hexaferrite sample
as it is monophasic with high MS and high Hc values (Table 1).

Mössbauer spectra of powders with x = 12, 11 and 10 are shown in Fig. 3 (right)
and their hyperfine parameters are reported in Table 2. It is observed that Bhf and
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Table 2 Hyperfine parameters for all samples with different iron content

Site Parameter F12N0 F12N3 F11N0 F11N3 F10N0 F10N3

12k ↑ δ(±0.01) 0.35 0.35 0.35 0.35 0.35 0.35
Octahedral �(±0.01) 0.31 0.45 0.34 0.44 0.32 0.48

Bhf (±0.1) 41.0 41.6 41.5 41.7 40.6 42.0
�(±0.01) 0.39 0.39 0.41 0.39 0.39 0.39

4f1 ↓ δ(±0.02) 0.27 0.25 0.26 0.25 0.26 0.27
Tetrahedral �(±0.02) 0.35 0.35 0.31 0.38 0.32 0.35

Bhf (±0.2) 48.7 48.9 49.0 48.9 48.3 49.1
�(±0.01) 0.19 0.17 0.17 0.17 0.15 0.13

4f2 ↓ δ(±0.05) 0.50 0.45 0.40 0.44 0.38 0.41
Octahedral �(±0.02) 0.30 0.35 0.32 0.38 0.29 0.39

Bhf (±0.2) 51.3 51.3 51.6 51.4 50.8 51.6
�(±0.05) 0.07 0.05 0.22 0.11 0.22 0.22

2a ↑ δ(±0.03) 0.24 0.21 0.22 0.19 0.21 0.23
Octahedral �(±0.02) 0.30 0.35 0.25 0.21 0.27 0.39

Bhf (±0.3) 51.3 51.5 51.3 51.5 50.1 51.1
�(±0.01) 0.04 0.03 0.16 0.05 0.18 0.14

2b ↑ δ(±0.01) 0.27 0.27 0.26 0.27 0.25 0.25
Bi-pyramidal �(±0.01) 0.24 0.37 0.25 0.29 0.27 0.35

Bhf (±0.1) 40.9 40.9 41.3 41.1 40.5 41.5
�(±0.01) 2.21 2.21 2.25 2.18 2.22 2.21

Isomer shift δ, quadrupole splitting � and line width � are in mm/s, hyperfine field Bhf is in Tesla

Fig. 4 Fe3+ occupancy of the
five sites of SrFexO19 for
samples with different iron
content (x). Theoretical values
for the different sites are
indicated by dashed lines
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the line width of the 12k contribution increases with substitution, in agreement with
an increasing distribution of environments around the 12k site.

The inherent randomness in site occupancy of the different ions and the presence
of vacancies (due to non-stoichiometry) appear to be the responsible for the increase
in line widths (see � in Table 2) whereas the increase in Bhf corresponding to 12k
sites may be attributed to a perturbation of the superexchange 12k–O2–4f2 and
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12k–O2–2a interactions due to the presence of Co2+ in the 4f2 and 2a sites. Co
substitution in 4f2 sites increases Bhf on sites 12k due to its magnetic moment, lower
than that of Fe3+ and opposite to this one. On the other hand, Co substitution in
2a sites decreases Bhf on sites 12k due to the common alignment of both magnetic
moments. As the number of 4f2 sites in 12k environment doubles that of 2a sites,
the net effect is an increase in Bhf corresponding to Fe3+ in sites 12k. On 4f2 sites
δ decreases with Fe defect. This may be attributed to a decrease of Fe–O distance
for 4f2 sites due to vacancy in 2b sites. This behavior is accompanied by an increase
of the quadrupole splitting �. When substitution takes place, δ decreases for site
4f2 in samples with smaller Fe defect. This decrease is attributed to the presence of
Nd3+ instead of Sr in the vicinity of the 4f2 site in relation with the electron density
in the vicinity of this site. Similar results were reported by Lechevallier et al. for
La3+ substitution in hexaferrites [13]. On the other hand, in samples with a larger Fe
defect δ increases with substitution. This effect may be attributed to the Co2+ for Fe
substitution in the neighborhood of sites 4f2, with the consequent effect on electron
density on the 4f2 site environment.

In sites 2a, a slight tendency towards the diminution of δ with Fe defect is
observed. As for 4f2 sites this effect may be attributed to the decrease of the Fe–O
distance due to vacancy of Fe in 12k and 4f1 sites. However, the effect of vacancy in
both places is not necessary additive. Hyperfine parameters from 4f1 and 2b sites are
not affected neither by Fe defect nor by substitution.

4 Conclusions

Nd-Co substituted hexaferrites were prepared by the self combustion method with
different iron content. Magnetic properties enhance with substitution in all samples.
Samples F11N3 and F11N0 present the best magnetic properties followed by sub-
stituted samples F10N3 and F12N3 even when there is a considerable iron vacancy
(near 9%). Mössbauer analysis shows that iron occupancy is related to magnetization
values and that hyperfine parameters reflect the changes that take place in the
hexaferrite structure upon Fe defect and substitution of Fe and Sr by Co and Nd,
respectively.
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Abstract In the present work, the formation of the Al70Cu20Fe10 icosahedral phase
by mechanical alloying the elemental powders in a high-energy planetary mill was
investigated by X-ray diffraction and Mössbauer spectroscopy. It was verified that
the sample milled for 80 h produces an icosahedral phase besides Al(Cu, Fe) solid
solution (β-phase) and Al2Cu intermetallic phase. The Mössbauer spectrum for this
sample was fitted with a distribution of quadrupole splitting, a doublet and a sextet,
revealing the presence of the icosahedral phase, β-phase and α-Fe, respectively. This
compound is not a good hydrogen storage. The results of the X-ray diffraction and
Mössbauer spectroscopy of the sample milled for 40 h and annealed at 623◦C for 16 h
shows essentially single i-phase and tetragonal Al7Cu2 Fe phase.

Keywords Al–Cu–Fe quasicrystal · X-ray diffraction · Mössbauer spectroscopy
and mechanical alloying

1 Introduction

The quasicrystalline state is a metastable state between the amorphous and the
crystalline phases first reported in 1984 [1]. Quasicrystalline materials have long-
range rotational order but lack of long range translational order and are not truly
periodic. Besides being theoretically interesting due to their complex atomic struc-
ture, the unique properties of quasicrystalline materials (low electrical and thermal
conductivities, unusual optical properties, oxidation resistance, high hardness, etc.)
also make them interesting for many applications. Up to now, quasicrystalline
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phases have been observed in over a 100 different metal alloy systems [2]. Al–
Cu–Fe quasicrystalline alloys are more attractive due to their lack of toxicity, easy
availability and low costs of their alloying elements [3]. Quasicrystalline alloys are
usually prepared by rapid or conventional solidification from the melt. However,
in the last few years, it has been reported that quasicrystalline alloys can also
be prepared by mechanical alloying (MA) [4]. Studies on the Al–Cu–Fe system
prepared by MA have been reported in a number of papers [5–8]. Asahi et al.,
in the composition Al65Cu20Fe15 observed that the formation of the icosahedral
phase (i-phase) directly by MA [5], whereas Eckert et al. could produce it only after
subsequent annealing [6]. V. Sirinivas et al. have studied the i-phase development
in mechanically alloyed Al70Cu20Fe10 powder mixture [7]. In a high-energy mill,
40 h milling produces a structure consisting of the icosahedral phase along with the
cubic β-phase and a small amount of the Al2Cu intermetallic phase. Ajay Gupta
et al. investigated the effect of high pressure on the short-range order in the stable
Al63.5Cu24Fe12.5 quasicrystal using Mössbauer spectroscopy (MS) [8]. However, no
MS results on Al70Cu20Fe10 have been reported so far. In the present work, the
formation of icosahedral phase in Al70Cu20A10by mechanical alloying of crystalline
elemental powders and MA with subsequent annealing were investigated by X-ray
diffraction and Mössbauer spectroscopy.

2 Experimental

High purity crystalline powders of Al, Cu and Fe with the nominal composi-
tion of Al70Cu20Fe10 were mechanically alloyed in a planetary ball mill (Fritsch
Pulverisette), with the vial and balls made of hardened steel. The ball to powder
weight ratio was maintained at 10:1 and the rotational speed was controlled at
300 rad s−1. Some milled samples were annealed under inert atmosphere (Ar)
for different time intervals and temperatures. The X-ray diffraction (XRD) was
performed at room temperature, using a Semmens D500 X-ray diffractometer, in
the Bragg–Brentano geometry and Cu Kα radiation. The Mössbauer spectroscopy
were performed in the transmission geometry, using a conventional Fe57 Mössbauer
spectrometer operating in a constant acceleration mode. The quasicrystalline sample
was submitted to isothermal hydrogenation using the Sieverts technique. The amount
of gas absorbed was calculated by the difference in pressure noted at the begin and
end of the process.

3 Results and discussion

The Fig. 1 shows the XRD patterns for Al70Cu20Fe10 samples after different milling
times, which were produced using a high-energy planetary mill. The XRD patterns
for milling times of 20, 40, and 60 h show the presence of residual Al, Fe along
with an Al(Cu, Fe) solid solution (β-phase) and the Al2Cu intermetallic phase [7].
In these cases, it is clear from the peak intensities that β-phase is the major phase
and that the fraction of Al2Cu increases with the milling time up to 60 h. Milling
up to 80 h results in the evolution for the quasicrystalline phase (i-phase), which
is associated with the dissolution of Al and Al2Cu phases [7], besides the earlier
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Fig. 1 XRD patterns for the
as-milled Al70Cu20Fe10 after
different milling times
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observed phases. The sample milled for 100 h consisted of the β-phase the Al2Cu
compound and i-phase. The Mössbauer spectrum for the sample milled for 80 h can
be observed in the Fig. 2. It was fitted with a distribution of quadrupole splitting, a
doublet and a sextet, attributed to the i-phase, β-phase and α-phase, respectively.
The distribution reveals a variation in the neighborhood of the iron atoms in the i-
phase. The parameters for this phase obtained are in good agreement with previously
reported results [8]. The X-ray diffraction patterns of the sample milled for 40 h
and heat-treated at 623◦C for 16 h shows essentially single i-phase and tetragonal
Al7Cu2Fe phase (Fig. 3).The Mössbauer spectrum for this sample (Fig. 4) was fitted
with a distribution of quadrupole splitting and a doublet, revealing the presence of
the i-phase and possibility the Al7Cu2Fe phase, respectively [9]. The results of the
fitting of the Mössbauer spectra for the samples analyzed are showed in the Table 1.
This sample was placed in an atmosphere of hydrogen. The kinetics of the reaction at
400◦C and pressure of 3 atm was very low to the sample milled for 80 h. After of 24 h,
the quantity incorporated of gas is very low. The concentration of the sample were
of 0.3 atoms per unit cell. Since a lattice uses to expand under effective hydrogen
absorption, and no shift towards left is observed for the peaks of the i-phase (Fig. 5).
Therefore, there was not hydride formation from the i-phase. Consequently, the
Al70Cu20Fe10 compound is not a good hydrogen storage medium.
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Fig. 2 Mössbauer spectrum
for the 80 h milled sample
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Fig. 3 The X-ray diffraction
patterns of the sample milled
for 40 h and heat-treated at
623◦C for 16 h
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Fig. 4 Mössbauer spectrum
for the sample milled for 40 h
and heat-treated at 623◦C for
16 h
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Table 1 Mössbauer hyperfine parameters and relatives areas milled and annealed samples

Milling times δ(mm/s) QS (mm/s) � (mm/s) Bhf (T) Area (%)

80 h Sextet (α phase) 0.01 – 0.35 33.0 18.5
Doublet (β-phase) 0.22 0.44 0.31 – 19.6
QS DIST. (i-phase) 0.19 0.44 0.35 – 61.9

40 h Doublet (Al7Cu2Fe) 0.14 0.16 0.28 – 8.7
623◦C QS DIST. (i-phase) 0.19 0.36 0.35 – 91.3

Fig. 5 The X-ray diffraction
patterns of the sample after
hydrogenation
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4 Conclusions

An icosahedral quasicrystalline phase has been synthesized by mechanical alloying
of Al70Cu20Fe10 samples. Annealing the mechanically alloyed Al70Cu20Fe10 powder
gives rise to an i-phase and a tetragonal Al7Cu2Fe phase. Hyperfine properties of
the quasicrystalline mechanically alloyed Al70Cu20Fe10 powders were determined
by Mössbauer spectroscopy. Studies concerning H2 incorporation on Al–Cu–Fe
quasicrystal phase reveled that this sample is not a good hydrogen storage medium.
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Abstract Fe100−xNix samples with x = 22.5, 30.0 and 40.0 at.% Ni were prepared
by mechanical alloying (MA) with milling times of 10, 24, 48 and 72 h, a ball
mass to powder mass (BM/PM) ratio of 20:1 and rotation velocity of 280 rev/min.
Then the samples were sintered at 1,000◦C and characterized by X-ray diffraction
(XRD) and transmission Mössbauer spectrometry (TMS). From the refinement of
the X ray patterns we found in this composition range two crystalline phases, one
body centered cubic (BCC), one face centered cubic (FCC) and some samples
show FeO and Fe3O4 phases. The obtained grain size of the samples shows their
nanostructured character. Mössbauer spectra were fitted using a model with two
hyperfine magnetic field distributions (HMFDs), and a narrow singlet. One hyperfine
field distribution corresponds to the ferromagnetic BCC grains, the other to the
ferromagnetic FCC grains (Taenite), and the narrow singlet to the paramagnetic FCC
grains (antitaenite). Some samples shows a paramagnetic doublet which corresponds
to FeO and two sextets corresponding to the ferrimagnetic Fe3O4 phase. In this fit
model we used a texture correction in order to take into account the interaction
between the particles with flake shape and the Mössbauer γ-rays.
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1 Introduction

Fe–Ni system has attracted the attention of researchers because it originates the
formation of a great number of alloys with special thermal and magnetic properties
[1–14]. The use of high energy mills and other new technological methods of prepara-
tion joined, in some cases, by heat treatments, enable to obtain samples with different
structures and novel properties. This is the current field of the nanotechnology, which
allows preparing nanostructured Fe–Ni alloys and other different materials [15, 16].
Their small grain size gives rise to a high ratio between the number of atoms located
in the grain boundary and those in the interior. In addition, these materials are
very interesting from the magnetic point of view because their reduced grain size
approaches to the size of a magnetic domain and offer the possibility to eliminate
the influence of the domain walls. It is very well established that the intermetallic
compounds prepared by mechanical alloying (MA) have a high structural disorder
and are unstable [17–19]. These factors implied unusual physical properties, which
are very different compared with those of bulk microcrystalline materials. For this
reason, several studies have been carried out investigating the structural properties of
the Fe–Ni alloys prepared by MA [6, 7]. Kaloshkin et al. [12], after annealing at 650◦C
samples of the Fe1−xNix system prepared by MA, showed that the concentration
ranges of the phase existence shift to the low nickel content side of the phase diagram
of melted alloys, and additionally showed the formation of a non-ferromagnetic
alloys very unusual for the Fe–Ni system. More recently Valderrutem et al. [20]
have reported a MS and XRD study of samples from the Fe100−xNix system, with x
varying from 22.5 up to 40, prepared by MA. They found that all the samples present
the coexistence of some phases: the ferromagnetic Fe–Ni BCC, the ferromagnetic
Fe–Ni FCC (taenite) and the paramagnetic Fe–Ni FCC phase (antitaenite). They
proposed a new fit model which includes two HMFDs which correspond to the two
ferromagnetic phases and a paramagnetic site which corresponds to the antitaenite
phase.

The aim of the present work is to compare the phase composition and hyperfine
properties of three samples of the Fe1−xNix system, obtained by mechanical alloying
and then sintering. According to our knowledge, no work has been reported previ-
ously on these alloys prepared by this route.

2 Experimental method

Pure carbonyl Fe powder (99.9%) and electrolytic Ni powder (99.9%) were used as
the starting materials. Fe100−xNix samples with 22.5 ≤ x ≤ 40.0 were alloyed under
vacuum for 10, 24, 48 and 72 h by MA in a planetary ball mill (Fritsch “Pulverisette
5”) using hardened chromium steel vials and balls. The ball mass-to-powder mass
(BM/PM) ratio was about 20:1. Part of the final powders were used for be sintered
at 1,000◦C during 1 h. The MA powders and those obtained after sintering were
characterized by X-ray diffraction (XRD) using a Rigaku diffractometer with the
CuKα radiation and Mössbauer spectrometry (MS) by collecting the spectra at room
temperature (RT) with a conventional transmission spectrometer using a 57Co (Rh)
source and an α-Fe foil as calibration sample. The XRD patterns were refined by the
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Fig. 1 XRD patterns for
Fe70.0–Ni30.0 samples alloyed
during 10, 24, 48 and 72 h
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Rietveld Method using the MAUD program [21] and the Mössbauer spectra were
fitted by using the MOSFIT program [22].

3 Experimental results and discussion

Figure 1 illustrated the XRD patterns of the 30.0 at.% Ni samples milled during
different times and then sintered. It can be noted the coexistence of two phases in
all the studied samples, BCC and FCC and no appreciable changes with the milling
time can be observed. In some sintered samples small quantities of FeO and Fe3O4

oxides appear. Different microstructural models were proposed for the refinement
of the patterns and the better description is obtained assuming pseudo-cubic grains
for BCC and FCC phases.

Figure 2 shows the behavior of the volumetric percentage of the detected
phases as a function of the Ni concentration. The coexistence of the BCC and
FCC phases is obtained for all the samples and of the FeO and Fe3O4 oxides in
some ones.

The comparison between the obtained grain sizes for the BCC and FCC phases
of the samples obtained by MA and those sintered is shown in Fig. 3. Clearly it
can be noted that the grain sizes of the sintered samples (between 20 and 40 nm)
are larger than that obtained for the AM samples (between 8 and 20 nm). This
enhancement of the grain size is induced by the thermal treatment. Besides, the
grain size systematically decreases between 10 and 48 h of mill and then it increases
between 48 and 72 h. The reduction of the grains of the phases BCC and FCC can be
related with the presence of oxides, which increase the fragility of the particles of the
powder.

Figure 4 shows the behavior of the volumetric percentage of the detected phases
as a function of the milling time for the samples with 22.5 and 40.0 at.% Ni
MA and sintered. It can be noted that the BCC and FCC phases coexist for
the sample with x = 22.5, the content of which decreases and increases as the Ni
content increases, respectively. For the sample with x = 40.0 the BCC phase is not
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Fig. 2 Phase proportions
obtained from the XRD
patterns of the Fe70Ni30 MA
and then sintered samples
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Fig. 3 Grain size vs. milling
time of the Fe–Ni (BCC) and
Fe–Ni (FCC) phases obtained
from the refinement of the
XRD patterns of MA, and MA
plus sintering Fe70Ni30
samples
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detected. Some samples show the FeO and Fe3O4 oxides, which must be due to
fails in the Argon flux during the thermal treatment and/or trapped air inside the
powders.

The RT Mössbauer spectra which are presented in Fig. 5 were fitted following a
recent method proposed for this type of samples [20], which include two hyperfine
magnetic field distributions (HMFDs) and a singlet, in addition to a small preferential
orientation of the Fe magnetic moments. Some samples shows the paramagnetic
doublet corresponding to FeO and two sextets corresponding to the ferrimagnetic
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Fig. 4 Phase proportions vs.
milling time obtained from
XRD patterns for the
Fe77.5Ni22.5 and Fe60.0Ni40.0
sintered samples
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Fe3O4 phase in according with XRD results. The best agreement between the
experimental and the calculated spectra was obtained when a maximum field of
about 32T was taking for the FCC HMFD, a small overlap between the HMFDs
was permitted and two different isomer shifts values were used. Finally, the single
line is due to the FCC Fe–Ni paramagnetic grains with high Fe content [8, 11, 21]. It
can be noted also that for the sample with lower Ni content (22.5 at.%) the bigger
contribution to the spectral area corresponds to the HMFD of the BCC phase. For
the case of the sample with bigger Ni content (40 at.%) the mayor spectral area
corresponds to the HMFD of the FCC phase. The MS results obtained for the
samples with x = 22.5 and 30 are in according with those obtained by XRD. For
the x = 40 sample the BCC ferromagnetic phase was detected by MS and was not
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Fig. 5 RT Mössbauer spectra of Fe77.5Ni22.5, Fe70.0Ni30.0 and Fe60.0Ni40.0 sintered samples

detected by XRD. Then this phase appears with a volume fraction lower than 2%,
but this phase presents more Fe content than that of the FCC phase explaining in this
way its appearing in the MS.
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Fig. 6 HMFDs obtained for
the Fe100−xNix samples with
22.5, 30.0 and 40.0 milled
during 10 h and sintered. The
lines are a guide for the eyes
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Figure 6 shows the HMFDs estimated from the proposed fit model and after
considering the texture effect. It can be noted two principal domains: the high field
component is attributed to the BCC Fe–Ni ferromagnetic grains [9], while the other
one (lower field values) is ascribed to the FCC Fe–Ni ferromagnetic grains [9].

4 Conclusions

The XRD and MS studies of samples of the Fe100−xNix system with x = 22.5, 30.0
and 40.0 prepared by MA, and MA and then sintering show that the structural
and magnetic properties of samples prepared by these two routes are very similar.
However, two differences can be detected as a consequence of the heat treatment: it
stabilize the FCC phase and increase the grain size. These small differences permit to
conclude that the MA samples of the Fe–Ni system will preserve their magnetic and
structural properties if they will be compacted and sintered in order to manufacture
pieces for different applications.
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Abstract We present the preparation of massive Zn1−xFexO ternary oxides using the
mechanical mill. The Fe atom is a particular dopant since it presents two different
oxidation states which allow us to vary the starting materials: Fe2O3, α-Fe or FeO.
Parameters such as initial concentrations, atmosphere and milling times were varied.
X-ray diffraction and 57Fe Mössbauer spectrometry (MS) were applied in order to
analyze the structure evolution and iron incorporation in the wurtzite crystalline
structure with milling time. At final stages, Fe atoms seem to be incorporated in
the ZnO structure for those samples milled under Ar atmosphere. In all cases,
two paramagnetic components, attributed to Fe atoms in both valence states, were
observed by MS.

Keywords Mechanical milling · Mössbauer spectroscopy · Fe-doped ZnO ·
Diluted magnetic semiconductors

1 Introduction

During the last years, the wide bandgap semiconductor ZnO doped with small
quantities of magnetic atoms (Mn, Co, Fe and Ni) has attracted the attention since it
may show room temperature ferromagnetism. However, the mechanism responsible
of such singular ferromagnetic behaviour is not yet well understood and controversial
experimental evidences of the magnetic character were reported [1–6].
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Fig. 1 XRD patterns for ZnO
powders with 5 at.% α-Fe,
FeO and Fe2O3 after 16 h
of milling under Ar
atmosphere.Column bar
indicates the diffraction peaks
for ZnO hexagonal structure
(P63mc), filled triangle
corresponds to Fe2O3 phase
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We initiated our work in these diluted magnetic semiconductors by preparing
Co-doped ZnO samples [7] and massive Zn1−xFexO ternary oxides [8] using the
mechanical mill.

The Fe atom is a particular dopant since it presents two different oxidation states
which allow us to vary the starting materials: Fe2O3, α-Fe or FeO. On the other hand,
high energy ball milling has proved to be a useful and versatile solid-state powder
processing technique [9] which has been previously used with similar aims [10, 11].

Continuing that work and contributing to the comprehension of the magnetic
behaviour of these semiconductors, we investigated the preparation of massive
ternary oxides Zn1−xFexO using mechanical work in Ar atmosphere and different
starting powder mixtures.

Progressive iron incorporation in the wurtzite crystalline structure was studied by
X-ray diffraction. 57Fe Mössbauer spectrometry was applied in order to characterize
the different ion phases formed and their magnetic properties.

2 Experimental

Samples from mixtures of ZnO (Alfa Aesar, Johnson Matthey Co., 99.99) with 5
and 10 at.% of α-Fe (Merk, 99.5) or FeO (Sigma Aldrich, 99.9, −10 mesh) or Fe2O3

(Johnson Matthey Co., 99.99, −15 mesh) powders were prepared. All samples were
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Table 1 Lattice parameter (a, b) for doped-ZnO after 16 h of milling obtained from Rietveld
refinement (determined from the fit with best agreement factors)

Sample a(Å) b(Å)

ZnO + Fe 3.2491 5.2081

ZnO + FeO 3.2511 5.2081

ZnO + Fe2O3 3.2711 5.2061

ZnO as received 3.2481 5.2041

ZnO m.m. 1 h 3.2511 5.2051

ZnO m.m. 5 h 3.2521 5.2041

Results for non milled and milled pure ZnO (m.m. stands for mechanical milled) are included for
comparison [8]

Fig. 2 XRD patterns for ZnO
powders with 10 at.% Fe2O3
after 16 h of milling under air
(top) or Ar (bottom)
atmosphere. Column bar
indicates the diffraction peaks
for ZnO hexagonal structure
(P63mc), filled triangle
corresponds to Fe2O3 phase
and filled circle corresponds
to spinel ZnFe2O4 phase
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manipulated in a Controlled Atmosphere Chamber (O2 content less than a few ppm),
introduced in a cylindrical steel milling chamber together with one steel ball (φ =
12 mm), filled with Ar at 0.2 MPa and sealed with an O ring. The ball to sample mass
ratio was 11.5:1 and progressive milling was carried on using a horizontal oscillatory
mill Retsch, at a fixed oscillation frequency of 32 Hz. X-ray diffraction patterns were
obtained with CuKα radiation in the 20◦ ≤ 2θ ≤ 80◦ range at 0.02◦/s using a Philips
PW1710 diffractometer. 57Fe Mössbauer spectra were measured using a conventional
constant acceleration spectrometer at room temperature employing a 57CoRh source,
in transmission geometry. All quoted isomer shifts are given relative to α-Fe.
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Fig. 3 Mössbauer spectra for:
a ZnO+5 at.% FeO,
b ZnO+5 at.% Fe2O3,
and c ZnO+10 at.% Fe2O3
milled in Ar atmosphere
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3 Results and discussion

3.1 XRD measurements

For all samples, as milling proceeds two main features can be observed: broadening
of diffraction peaks due to grain size reduction and progressive disappearance of
the initial added Fe-based materials. Figure 1 shows the resulting X-ray patterns for
ZnO powders samples with 5 at.% α-Fe, FeO and α-Fe2O3 after 16 h of milling. The
characteristic diffraction peaks of ZnO hexagonal structure (P63mc) are observed
for all samples. For those samples milled with hematite, a slight contribution of
this phase can still be appreciated. Lattice parameters obtained from Rietveld
refinements show no significant changes with iron content with the exception of a
slight increase in parameter a (Table 1) a similar behavior observed previously for
milled pure ZnO [8] .

Another sample of ZnO with 10 at.% Fe2O3 was also prepared in Ar atmosphere,
in order to compare with previous results done under air conditions [9]. While after
prolonged mechanical milling in air the spinel structure ZnFe2O4 forms, instead
under Ar, the wurtzite structure is obtained (Fig. 2).
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Table 2 Fitted hyperfine parameters for the Mössbauer spectra of 16 h ball-milled samples

Sample Phase Isomer Quadrupole Line width Hyperfine Absorption
or site shift δ splitting � � (mm/s) magnetic area

(mm/s) or shift 2ε field (T) proportion
(mm/s) (%)

ZnO+5%FeO ZnO(I) 0.25 ± 0.03 0.82 ± 0.05 0.60 ± 0.06 – 46 ± 17
ZnO(II) 0.87 ± 0.02 1.20 ± 0.04 0.60 ± 0.06 – 54 ± 17

ZnO+5%Fe2O3 ZnO(I) 0.26 ± 0.01 0.92 ± 0.02 0.61 ± 0.02 – 46 ± 6
ZnO(II) 0.97 ± 0.02 1.29 ± 0.03 0.61 ± 0.02 – 25 ± 7
Fe2O3 0.38 ± 0.02 −0.21 ± 0.04 – 51.3 ± 0.2 29 ± 6

ZnO+10%Fe2O3 ZnO(I) 0.26 ± 0.01 0.86 ± 0.01 0.57 ± 0.01 – 82 ± 4
ZnO(II) 0.89 ± 0.04 1.62 ± 0.09 0.57 ± 0.01 – 7 ± 5
Fe2O3 0.40 ± 0.04 −0.23 ± 0.08 – 51.4 ± 0.2 11 ± 4

ZnO+10%Fe2O3 ZnO(I) 0.32 ± 0.02 0.57 ± 0.03 0.58 ± 0.06 – 45 ± 10
milled in air [9] ZnFe2O4 0.47 ± 0.02 2.64 ± 0.3 0.51 ± 0.2 – 56 ± 17

3.2 Mössbauer spectrometry

For all samples, a progressive evolution with milling time from the characteristic
hyperfine features for FeO or Fe2O3 to two similar paramagnetic signals is observed.
In Fig. 3, the Mössbauer spectra corresponding to the most prolonged milling
time for ZnO mixtures with 5 at.% FeO and Fe2O3, are displayed. Both cases
can be successfully described with similar quadrupole interactions. For the case of
hematite less than a 30% of Fe atoms experienced the characteristic sextet for this
oxide, assuming the same values of recoilless f factor. In consequence, there is a
good agreement with X-ray diffraction results. The resulting hyperfine parameters
obtained from least squared fittings are displayed in Table 2.

The observed two quadrupole interactions can be identified with two ion sites
in the wurtzite ZnO structure in Fe2+ (ZnO(I)) and Fe+3 (ZnO(II)) state. These
values are consistent with the proposed fit B in a previous work on mixtures of
ZnO with 10% of additional Fe-based phase [9]. The (ZnO(I)) called values are
consistent with Fe 2+ ions in tetrahedral coordination, as expected for substitutional
sites in ZnO. Similar results were observed by Ahn et al. [12] in samples prepared
by solid state reaction at 1,200◦C and Lin et al. [9] for Fe-doped ZnO prepared by
mechanical milling at low iron concentrations. As it was discussed by Verdier et al.
[5] on the formation on Fe2+ during milling hematite with ZnO to obtain the spinel
ZnFe2O4, we must analyzed the presence of both valence state of Fe in our results.
Initially Fe is on the valence state Fe+2 in FeO and Fe+3 in Fe2O3 and in state 0 if
coming from the milling tools. At the final step of milling both valence states are
found for both experiments, and when the milling was done under air as well. It was
argued [5] that ZnO presence and tools contamination may be responsible of such
redox reduction reaction, but since these facts occur independently of atmosphere
and initial precursors, we state that the mechanical work itself, by the introduction
of different kinds of defects, does originates the variety of valence states in Fe ions.
However some additional experiments and ab initio calculations will be done in order
to elucidate this point.

Under air milling conditions favour the formation of spinel structure ZnFe2O4, in
agreement with results of previous section. Figure 4 exhibits the Mössbauer spectrum
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Fig. 4 Mössbauer spectra for
ZnO+10 at.%Fe2O3 milled
in air [8]
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of ZnO+10 at.%Fe2O3 after 16 h of air-milling: the obtained parameters agree with
those reported in literature for this phase [13].

4 Conclusions

Fe-doped ZnO oxides were successfully synthesized by high energy ball milling under
Ar atmosphere irrespective of concentration and kind of starting materials (FeO
or α-Fe2O3). Among the milling conditions, the atmosphere is the more important
parameter for the final product phases. Fe atoms with different ionization states,
substitute Zn atoms in tetragonal sites leading to two quadrupole splitting sites:
Zn(I) Fe+2 and ZnO(II) Fe+3. In all cases, no final magnetic hyperfine structures
were observed in the studied composition range.
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Abstract The system (1 − X).ZnO+X.FeO was high-energy ball-milled for 24 h and
characterized by X-ray diffraction and Mössbauer spectroscopy. Sintered pellets
were also prepared for X ≤ 0.07 by further thermal annealing pressed milled samples.
These samples were also characterized regarding their I–V behavior. The results
revealed the monophase formation of a (Zn1−XFeX)O solid solution isomorphous to
the zincite and a spinel-like phase of the Zn1−YFe2+YO4 type. The sintered samples
showed I–V curves typical of poor varistor systems and the resistivity increasing
with X.

Keywords ZnO · Ball-milling · Diluted magnetic semiconductor ·
Mössbauer spectroscopy

1 Introduction

Extended solid solution can be prepared by high-energy ball-milling metal or ceramic
precursors, eventually increasing the mutual solubility of the milled materials far
beyond the equilibrium [1].
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The metastable combination mechanically induced between transition metals
oxides, for instance, has frequently been investigated due to the importance of the
mineralogical or technological aspects of these solid solutions.

The mechanosynthesis of metastable solid solutions made from monoxides—i.e.,
(M, M′)O—with different structures, for instance, is particularly interesting since new
materials, not always achievable by chemical methods, may eventually result.

Thus, we investigated the properties of the high-energy ball-milled (1 − X).ZnO–
X.FeO binary system. Wustite (FeO) and zincite (ZnO) have cubic and hexagonal
structures, respectively, and the as-milled powders were characterized regarding
structural and hyperfine properties. We report in this paper the results obtained
specifically for the 0 < X ≤ 0.12 concentration range.

Interestingly, the system (Zn1−δFeδ)O has been pointed out as a diluted magnetic
semiconductor (DMS) [2–4]. These materials have been increasingly investigated
because of their potential technological applications such as in spintronic devices
[5]. In addition, the (Zn1−δFeδ)O system, in particular, has been studied also as a
promising Fe-doped ZnO based varistor [6].

Thus, motivated by these additional reasons, we also prepared some sintered
samples from the milled powders and characterized them respectively for their
electric resistance. The electric transport results are explained on the basis of a
varistor model.

2 Experimental

The samples were prepared by high-energy ball-milling a (ZnO)1−X(FeO)X powder
mixture in free atmosphere, with starting nominal compositions within the 0 <

X ≤ 0.12 range. The milling was conducted in a planetary mill, with a rotation
speed of 300 rpm, using hardened steel vial and balls. The ball-to-powder mass ratio
was ∼30:1.

The X = 0.03 and 0.07 milled powders were uniaxially compacted in the form
of pellets, with a pressure of 60 MPa. Further, the pellets were sintered in air at
1,000◦C/1 h, using a resistive furnace, with a heating rate of 10◦C/min and slow
cooling inside the furnace.

All the samples were characterized by X-ray diffraction (XRD) and Mössbauer
spectroscopy (MS). The sintered samples were electrically characterized after elec-
tric contacts were provided through the Au-deposition by sputtering on both faces of
the pellets.

The XRD analysis was carried out in a conventional diffractometer, with a Cu-Kα

beam. The scanning step and time of pulse accumulation were 0.02◦ (2θ) and 0.6 s,
respectively.

The MS characterizations were performed at room temperature (RT), in trans-
mission geometry, using a conventional Mössbauer spectrometer, in a constant
acceleration mode. The γ-rays were provided by a 57Co(Rh) source. The Mössbauer
spectra were analyzed with a non-linear least-square routine, with Lorentzian line
shapes. All isomer shift (IS) data given are relative to α-Fe throughout this paper.

The I × V measurements (i.e., current x voltage) were performed by using a
high voltage source with a GPIB interface for computer. The J × E (i.e., current
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Fig. 1 X-ray diffraction
pattern (a) and Mössbauer
spectrum (b) for the X = 0.07
as-milled sample
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density × electric field) curves were traced after carefully measuring the geometrical
dimensions of the sintered samples.

3 Results and discussions

Figure 1 shows a representative diffractogram and the respective RT Mössbauer
spectrum obtained for the samples prepared in the X ≤ 0.07. The colored vertical
bars in the X-ray pattern are positioned according to the peak positions for the zincite
phase (JCPDS—File no. 80-0075). The reflection peaks are broadened, as expected
for milled samples that consist of very fine and disordered crystallites. No other
structure is clearly identifiable in the diffractogram, besides the zincite hexagonal
one, although the small peak at ∼43◦ could be attributed to a spinel structure
(JCPDS—File no. 22-1012). The Mössbauer spectra for the samples prepared in this
concentration range were fitted with only one doublet, which is attributed to a solid
solution of the (Zn1−XFeX)O type [2, 7]. Table 1 presents the hyperfine parameters
for these and all other samples.

Typical diffractometric and Mössbauer results obtained for the samples prepared
in the 0.09 ≤ X ≤ 0.12 concentration range are shown in Fig. 2. The diffractogram
reveals that a spinel-like phase of the Zn1−YFe2+YO4 type formed together with the
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Table 1 Mössbauer hyperfine parameters and subspectral areas for the as-milled and sintered
samples

Sample X Phase IS QS �

(mm/s) (mm/s) (mm/s)

As-milled 0.01 (Zn1−XFeX)O 0.22 0.49 0.37
0.03 " 0.22 0.66 0.44
0.05 " 0.22 0.62 0.39
0.07 " 0.22 0.67 0.41
0.09 (Zn1−X′ FeX′ )O 0.22 0.71 0.38

Zn1−YFe2+YO4 0.25 0.37 0.27
0.12 (Zn1−X′ FeX′ )O 0.22 0.63 0.43

Zn1−YFe2+YO4 0.27 0.35 0.25

Sintered 0.03 ZnFe2O4 0.40 0.48 0.39
0.07 " 0.41 0.50 0.38

IS = isomer shift, QS = quadrupole splitting, Γ = linewidth;

Fig. 2 X-ray diffraction
pattern (a) and Mössbauer
spectrum (b) for the X = 0.12
as-milled sample
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(Zn1−X′ FeX′)O solid solution (with X′ < X). For these samples, fitting the Mössbauer
spectra required two doublets, one related to the iron doped zincite phase and the
other to the spinel phase, which showed hyperfine parameters—specially the quadru-
pole splittings—similar to those of milled franklinite (ZnFe2O4) [8]. According to the

Reprinted from the journal238



Properties of the high-energy milled (1 − X).ZnO–X.FeO system

Fig. 3 X-ray diffraction
pattern (a) and Mössbauer
spectrum (b) for the X = 0.07
sintered sample
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subspectral areas, and supposing similar f factors for both phases, one third of the
iron atoms present in these samples belongs to the spinel phase.

Figure 3 presents the XRD and MS results for the X = 0.07 sintered sample.
The peaks are now much better defined as a consequence of the re-crystallization
induced by the thermal annealing. The phases identified by XRD for the two
annealed samples were ZnO and ZnFe2O4. The Mössbauer spectra showed again
only one doublet, which, according to the X-ray results, belongs to franklinite. Small
discrepancies regarding the hyperfine parameters reported earlier [9, 10] may be
attributed to the differences in the synthesis routes. Therefore, sintering gave rise
to a phase separation in which all, or almost all, the iron dissolved in the ZnO matrix
was consumed in the ZnFe2O4 formation. Earlier results revealed solubility of 1%
for iron in ZnO samples heat-treated in air at 1,000◦C [9]. It is also worthy of note that
the isomer shifts for franklinite in the sintered samples presented a positive variation,
respectively to the same phase in the as-milled samples, which can be attributed to
oxidation (i.e., a decrease in the effective iron valence).

The J × E curves for the sintered samples are shown in Fig. 4. It can be observed
that when the iron content increased from X = 0.03 to X = 0.07, the resistivity of the
samples also increased. From these curves, and considering the nonlinear equation
J = K × Eα, where K is a constant related with the material microstructure, the α

values were found to be (from the angular coefficients of the straight lines plotted
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Fig. 4 J–E curves for the
sintered samples
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on logarithmic scale) 2.8 and 4.0 for the X = 0.3 and 0.7 samples, respectively. This
indicates a poor varistor behavior [11].

The breakdown electric field, Er, obtained at J = 1 mA/cm2, also varied with X,
increasing from 1742 V/cm, for X = 0.03, to 3220 V/cm, for X = 0.07. This is probably
related with the lower grain size resultant in the microstructure of the material with
higher X, due to the pinning induced by the ZnFe2O4 precipitates.

4 Conclusions

The properties of the high-energy as-milled (1 − X).ZnO–X.FeO powders depend
on the concentration range. For 0 < X ≤ 0.07, a single (Zn1−XFeX)O phase was
mechanosynthesized, whereas for 0.09 ≤ X ≤ 0.12, a Zn1−YFe2+YO4 spinel phase was
formed in addition to the (Zn1−X′ FeX′)O solid solution. Sintering the 0 < X ≤ 0.07
milled samples induced the segregation of ZnFe2O4 precipitates in the ZnO matrix,
in a ceramic body with poor varistor behavior.
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Abstract Samples of the (Fe70Al30)100−xNix system, with x = 5, 10, 15, and 20, were
prepared by mechanical alloying using milling times of 12, 24, 36, 48, and 72 h
and characterized by X-ray diffraction (XRD) and Mössbauer spectrometry (MS).
XRD of all the samples allowed us to identify the BCC structure as the main
component. A decreasing lattice parameter, as the milling time and Ni content
increase, was obtained. The MS experiments were carried out at room temperature.
The spectra were fitted with a hyperfine magnetic field distribution (HMFD). The
Mean Hyperfine Fields (MHF) are ranged between 27 and 29 T with a small
dependence with the milling time and was not strongly influenced by Ni content. An
additional paramagnetic single line in the spectra of samples with x = 20 and that of
sample with x = 15 and milled during 72 h must be included. The Mössbauer spectral
area of this phase increases when the milling time increases and it was associated to
an FCC phase.

Keywords Mössbauer spectroscopy · X-ray diffraction · Mechanical alloying

1 Introduction

Mechanical alloying (MA) is an useful and interesting technique that allows to
produce a large variety of new powdered materials with technological applications
mainly in the nanomaterial field. It is well known that reactions occur far from
equilibrium conditions and a high amorphization in the products can be achieved and
some special physical properties have been found [1, 2]. Among the alloys produced
by MA it can be mentioned here the Fe–Al, Fe–Ni and Ni–Al ones. The Fe–Al
alloys are cheap magnetic materials used in transformer core; Fe–Al had shown a
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disordered ferromagnetic character at concentrations less than 18 at.% Al [2] and
an order-disorder transition, detected by XRD, was found in Fe70Al30 alloys when
milling time increases, transition that improves their ferromagnetic behavior [3].
Otherwise, Fe–Ni alloys are soft magnetic materials that exhibit low coercive field,
high saturation magnetization, low permeability but high electrical resistance [4]. A
simultaneous occurrence of FCC and BCC phases, between 22.5 and 40 at.% Ni,
was reported for milled Fe–Ni alloys, where the BCC phase shows a ferromagnetic
character in contrast to the FCC phase which exhibits both the paramagnetic and
ferromagnetic behavior [5]. The Ni–Al alloys show an ordered phase, with low den-
sity, high melting point, excellent oxidation and corrosion resistance, good electric
conductivity but a brittle behavior at room temperature [6, 7]. In order to improve
the different properties of the mentioned alloys, some studies of the ternary Fe–Al–
Ni alloys had been reported [6, 8–12]. In 2002, Principi et al. [6] alloyed mechanically
powders of amperite (Ni69Al31) with 10, 20, and 30 wt.% Fe, by using ceramic
and stainless steel jars. Their XRD results showed a BCC phase, whose lattice
parameter decreases when the milling time increase and the values are higher as the
Fe content increases. In these experiments the samples were also thermally treated.
The Mössbauer spectra corresponding to the untreated ones were fitted with a sextet,
associated to metallic iron, an HMFD, corresponding to different Fe environments,
and a poorly resolved doublet, maybe corresponding to Fe atoms in antisites of the
NiAl alloy. Although, the samples alloyed in ceramic jars and those annealed at 973
K in Ar atmosphere, during 1 h, showed a singlet with an IS = −0.009 mm/s. This
singlet is associated to an FCC-Fe phase, induced by milling time and temperature.
This result is in accord with the small FCC phase detected by XRD in the 20 wt.%
Fe using ceramic jars. Z. G. Liu et al. [12] reported that in Ni50Al50−xFex (for x = 20,
25 and 30) alloys, after annealing at 973 K, the coexistence of BCC and FCC phases
is obtained, and the FCC phase increases as the Fe content increases. The samples
without annealing show the Fe–Al–Ni BCC structure. It is clear, according to the
previous discussion, which a lot of work has to be done concerning the properties of
the ternary Fe–Al–Ni alloys.

The present work is focused to analyze the behavior of the ternary alloy
(Fe70Al30)100−xNix, synthesized by MA at different Ni concentrations and different
milling times. The results obtained by using XRD and MS are presented and the
changes in the structural and magnetic properties, according to the milling time and
the Ni concentration, are discussed.

2 Experimental procedure

The sample series (Fe70Al30)100−xNix (x = 5, 10, 15 and 20) were prepared by MA
with high purity Fe, Al and Ni powders, in a Fritsch–Pulverisette 5 planetary ball
mill (vacuum of 4.5 × 10−2 Torr and frequency of 280 rpm). Milling times of 12, 24,
36, 48, and 72 h and ball mass to powder mass ratio of 15:1 were considered. The
Mössbauer measurements were performed using a conventional constant accelera-
tion Mössbauer spectrometer at RT with a 10 mCi γ-source of 57Co(Rh). The spectra
were fitted using the MOSFIT program while the IS values are referred to the α-Fe
at RT. The XRD patterns of the samples were performed at RT using the Cu/Kα
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Fig. 1 Diffraction patterns of
samples with 10 and 20 at.%
Ni and different milling times
showing peaks of a BCC
phase. Sample with 20 at.% Ni
and 72 h of milling exhibits
additional peaks of a FCC
phase (asterisks)
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radiation and were refined by using the MAUD and GSAS [13] programs, allowing
the structural phases, the lattice parameters, and the grain sizes to be determined.

3 Experimental results and discussion

3.1 XRD

Figure 1 shows the XRD patterns (normalized intensity) for samples with x = 10 and
20 and milling times of 12, 24, 36, 48, and 72 h. It is clear that they correspond to
the BCC structure. Same results (no shown here) were found with 5 and 15 at.% Ni
and 12, 24 and 48 h. These results were expected, mainly due to the high Fe content,
and are in accordance with the results reported by Principi et al. [6]. In Fig. 2a the
behavior of the lattice parameter with milling time for x = 10 and 20 is showed.
The lattice parameters decrease when milling time increases, due to the high energy
transferred in the collisions permitting shortening the distance between particles in
the solid. This means that the Ni diffuses into the FeAl phase. In Fig. 2b is presented
the behavior of samples with x = 5, 10, 15 and 20 and 12, 24, and 48 h of milling. As
Ni concentration increases the lattice parameter decreases, due the substitution of
Al, with higher atomic radius, by Ni atoms.

A close observation of the XRD pattern of the sample alloyed during 72 h and
with x = 20 allows to identify a second phase, associated to an FCC phase with a
calculated phase percent near to 5%. The presence of this FCC phase is justified as
a result of the Fe substitution in the Al and Ni cells (both FCC) that is evident as
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Fig. 2 Behavior of the lattice
parameter of the BCC phase
versus: a milling time and b Ni
concentration
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Fig. 3 Mössbauer spectra and
their corresponding HFD, of
the sample with x = 20 and
milling times (MT) of 12, 24,
36, 48, and 72 h of milling time
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of the single line in the
Mössbauer spectra
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Fig. 4 Mössbauer spectra for
the samples milled during 72 h
and their corresponding
hyperfine field distributions
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milling time increases according to the energy delivered in the milling process. This
FCC phase for the highest Ni concentration was reported by G. Principi et al. [6]
and Z.G. Liu et al. [12]. Despite to the low phase fraction (less than 5%), a Rietveld
refinement allowed us to get a lattice parameter of 2.947 Å for this FCC structure,
higher than the lattice parameter for the BCC phase (2.877 Å). This behavior is
in according to the increase of a paramagnetic single line Mössbauer spectral area
(discussed below).

The mean grain size of the alloys in the parallel and perpendicular directions to
the incident X-rays was calculated using the GSAS program. The obtained values
indicate that the shape of the grains is that of an oblate spheroid with the major
axis length between 14 and 40 nm and their aspect ratio decreasing with Ni content
tending to a disk shape.

3.2 Mössbauer

Figure 3 shows the spectra for x = 20 and milled during 12, 24, 36, 48 and 72 h.
They were fitted with an HMFD whose IS tends to decrease with milling time to
a value of 0.06 mm/s for all Ni concentrations and QS values close to zero and
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negatives. Additionally, a paramagnetic single line whose IS = −0.004 mm/s, very
similar to that reported by G. Principi et al. [6], must be included, associated to an
FCC phase. The spectral area of this phase increases as the milling time increases.
Figure 4 shows some typical Mössbauer spectra of alloys for 72 h of milling time,
and their corresponding HMFDs. The Mean Hyperfine Field (MHF) values are
ranged between 27 and 29 T, with a small dependence with the milling time and not
strongly influenced by Ni content. These values are very similar to the value of 29 T
reported by Jartych et al. [14] for the Fe70Al30 alloy prepared by mechanosynthesis
and attributed to the high moment state as the most probable state in their alloys.

It is interesting to note that the HMFD for 5 at.% Ni is highly symmetric,
indicating a high grade of disorder, but as the Ni increases a small peak close to 19 T
was observed, which can be associated to texture effects of particles with preferential
orientation maybe associated to the grain flattening, as was observed by XRD.

The paramagnetic single line (singlet), also detected for the sample with x = 15
and milled during 72 h, is attributed to the FCC-FeAlNi phase detected by XRD
in the 20 at.% Ni samples and discussed above. Two types of interpretation can be
postulated to explain this behavior. The first one is attributed to the paramagnetic
behavior of Fe atoms in the FCC phase (γ-Fe) at RT which at low temperatures
behaves as antiferromagnetic [15]. The second one, recalling that FCC-FeNi alloys
with compositions near the Invar one, shows a paramagnetic site as a consequence
of the low spin of Fe atoms in this region which interact antiferromagnetically
[16, 17]. Low temperature experiments are now in progress in order to elucidate the
appropriate interpretation.

4 Conclusions

XRD results showed a BCC structure for all samples and a small signal correspond-
ing to an FCC structure in the sample with 20 at.% Ni and milled during 72 h. As
Ni concentration increases the lattice parameter decreases, due to the substitution
of high atomic radius (Al atoms) by Ni atoms. The grain size is of nanometric order
(∼=28 nm), at high Ni concentration. The fitting of the Mössbauer spectra suggested
that alloys are ferromagnetic and disordered with an MHF ranging from 27 to 29
T. For the 20 at.% Ni samples a paramagnetic phase, associated to the FCC phase
obtained by XRD, which increases as milling time increases, must be included and
justified by the paramagnetic behavior of the Fe atoms inside an FCC structure or to
the decrease of its magnetic moment in this composition region.
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Abstract We have studied some properties relevant for technological applications of
the debris produced by industrial laser cutting of steels. The investigated material is
made up of spheroidal particles, hollow and solid, which get oxidized over the cutting
process, and that we have reduced afterwards in a H2 atmosphere. The samples,
before and after the reduction, were characterized by X-ray diffraction, scanning
electron microscopy, specific surface area and Mössbauer spectroscopy. We have
found that, after the reduction treatment, the shape remains unchanged but that
the chemical composition and the physical properties of the external and internal
surface structures are modified. In particular, the specific surface area of the material
increased by one order of magnitude.

Keywords Laser cutting · Microstructured particles · Magnetite

1 Introduction

During the process of laser cutting and shaping of steels, a significant amount of
scrap material is produced and usually discarded. Along the line of our previous
investigations on the subject [1, 2] we have paid attention to the waste itself and
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Fig. 1 External surface
of L270

Fig. 2 Inner of L270

have found that it is made of spherical iron oxide, nano and microparticles, solid
and hollow. This material has potential industrial applications as carrier for different
substances, like pesticides, fertilizers or medical drugs and contrast enhancers in
NMR imaging. Besides, if it is reduced, it could be used as a Fischer–Tropsch catalyst
for hydrocarbon synthesis. To assess the feasible application of the material to these
prospective uses, we are currently exploring the incorporation of different substances
into them. In particular, we have started a project to produce a pesticide-carrying
painting that slowly releases the drug over several months. To reach higher substance
loadings we have reduced and passivated the particles to increase their specific
surface area. In this work we report the characterization of the shape, size and nature
of the material, before and after the reduction, by scanning electron microscopy,
specific surface area (BET), X-ray diffraction and 57Fe Mössbauer spectroscopy.
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Fig. 3 External surface
of L270r

Fig. 4 Inner of L270r

2 Experimental

In an industrial environment, an IR gaseous CO2 laser of 1.65 kW was tuned to a
wavelength of 10.6 μm. As the contributing gas for cutting, 99.9% pure oxygen at
69 kPa was used. The gas flow was 6.67 × 10−4 m3/s. The laser cutting was carried
out in open air on a 6.35 mm thick SAE 1010 hot rolled steel plate. The cutting
velocity was 31.75 mm/s. The ejected particles were collected, sieved and classified by
size. The particles we presented here are those of sizes lying between 53 and 75 μm
(mesh 270). This sample was called L270. A portion of L270 was reduced in ultra
pure H2 (60 cm3/min), up to 698 K, with a heating rate of 5 K/min, remaining for 26 h
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Fig. 5 Mössbauer spectra of
L270 and L270r
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at the highest temperature. The hydrogen stream was previously filtered in black Pd
and a molecular sieve 4 A, to eliminate O2 and H2O traces. After reduction, the solid
was passivated using a N2:O2 mixture, with growing O2 quantities. We called L270r
the sample of reduced and passivated solid.

L270 and L270r were analyzed by X-ray diffraction and Mössbauer spectroscopy.
XRD data were obtained in the range 10 ≤ θ ≤ 95◦ with a PANalytical’s X’Pert PRO
X-ray diffractometer system with a diffracted beam monochromator, using Cu-Kα

radiation. The Mössbauer spectra at 298 K were taken in transmission geometry with
a constant acceleration spectrometer. A source of 57Co in Rh matrix of nominally 50
mCi was used. The velocity calibration was performed against a metallic 12 μm-thick
α-Fe foil. All isomer shifts, δ, are referred to this standard. The Mössbauer spectra
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Table 1 Mössbauer hyperfine parameters of L270 and L270r at 298 K

Species Parameters L270 L270r

Fe3O4–Fe in site A H (T) 49.4 ± 0.6 46.9a

δ (mm/s) 0.30 ± 0.01 0.18a

2ε (mm/s) −0.1 ± 0.01 0a

% 47.7 ± 0.2 2.7 ± 0.2
Fe3O4–Fe in site B H (T) 45.8 ± 0.5 45.3 ± 0.1

δ (mm/s) 0.67 ± 0.01 0.69a

2ε (mm/s) 0a 0a

% 39.6 ± 0.2 2.7 ± 0.2
α−Fe H (T) 33.1 ± 0.1 32.94 ± 0.01

δ (mm/s) −0.02 ± 0.04 0.001 ± 0.001
2ε (mm/s) 0a 0.001 ± 0.001
% 3.0 ± 0.2 93.1 ± 0.2

FeO Δ (mm/s) 0.68 ± 0.29 –
δ (mm/s) 0.94 ± 0.20 –
% 9.0 ± 0.9 –

Fe–Cr impurity δ (mm/s) −0.04 ± 0.04 −0.03 ± 0.01
% 0.7 ± 0.1 1.5 ± 0.1

H hyperfine magnetic field in Tesla, δ isomer shift (all the isomer shifts are referred to α-Fe at 298 K),
2ε quadrupole shift, Δ quadrupole splitting
aParameter held fixed while fitting

were fitted using the Recoil computer code [3]. Lorentzian lines with equal linewidths
were considered for each spectrum component. Both solids were characterized by
scanning electron microscopy (SEM). To observe their inner parts, the particles were
embedded in an epoxy resin, polished by emery paper and diamond powder and
finally etched with Nital (ethanol 96% and 4% vol. nitric acid) The specific surface
area BET was determined using a Micromeritics� ASAP 2020 analyzer.

3 Results and discussion

The SEM micrographs show that L270 consists of spherical particles (Fig. 1) with
a nearly smooth surface, some of them are solid while others are hollow (Fig. 2)
with creviced shells of different thicknesses. Figure 3 demonstrates that the shape
has been maintained in L270r after the reduction treatment; however, the external
surface shows a rougher appearance. In addition, the inner parts of the particles
exhibit a dendritic-like structure without the evidence of ferritic grains, as could be
expected after the Nital etching (Fig. 4).

The Mössbauer spectrum of L270 displays magnetic split signals and a central
doublet (Fig. 5). This spectrum was fitted with three sextets, one doublet and one
singlet, and their hyperfine parameters are shown in Table 1. The less intense
sextuplet was assigned to α-Fe and the other two sextets were assigned to magnetite
[4]. According to the ratio of the areas belonging to sites A and B (S(B)/S(A) = 0.78)
this compound would be a non-stoichiometric magnetite or magnetite with γ-Fe2O3

as impurity [5]. The central doublet can be assigned to wüstite [6]. The remaining
signal of small relative area has hyperfine parameters that can be attributed to an
Fe–Cr impurity [7]. From the analysis of the percentages of the different species we
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Fig. 6 XRD of L270
and L270r
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can conclude that the particles are constituted mainly by magnetite (87.3 ± 0.4%).
When the sample is reduced and passivated, the Mössbauer spectrum displays a
very intense sextuplet, two less intense magnetic split components, and a very small
central singlet (Fig. 5). It was fitted with three sextets and one singlet (Table 1).
The more intense sextet (93.1 ± 0.2%) belongs to α-Fe and the other two ones to
magnetite likely produced over the passivation treatment (5.4 ± 0.4%). The central
singlet belongs to the Fe–Cr impurity mentioned above.
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The different iron species assigned by Mössbauer spectroscopy in L270 and L270r,
and a small quantity of cementite, were observed in the XRD results (Fig. 6). The
sample heterogeneity, could explain why cementite was not detected by Mössbauer
spectroscopy.

The values of the specific surface area determined by N2 adsorption using the
BET method were 0.6 m2/g for L270 and 5.1 m2/g for L270r. Therefore, a very simple
treatment like the reduction in H2 stream followed by a passivation with N2/air,
increases ten times the available surface, producing channels that allow the access
of different substrates inside the spheres.

4 Conclusions

This work demonstrates that after subjecting the scraps produced by the industrial
laser cutting of steels to a simple reduction-passivation treatment, the original spher-
ical shape is maintained but the porous structure is significantly increased yielding a
specific surface area about one order of magnitude higher than before the treatment.
The process renders the reduced material as an almost ideal candidate to be used
as a bulk catalyst for hydrocarbons synthesis through the catalytic hydrogenation of
carbon monoxide (Fischer–Tropsch reaction) or to be used as a carrier for different
substances, like pesticides, fertilizers or medical drugs. Our results indicate that the
passivated particles—that have a thin magnetite layer on their surface—are stable
for handling, which favors their potential technological applications.
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Abstract We report an analysis by means of Mössbauer spectroscopy, on a 9%
Cr steel submitted to a tempering process at 780◦C. Spectra of several samples
with different tempering times obtained at room temperature are fitted, and a
study on existent phases is made. From the former analysis, we infer the existence
of different neighbors of the Fe atom governed by the concentration of alloying
elements. In particular, we analyze the behavior of Cr, as the main substitutional
atom. An additional measurement of samples at low velocities is made, aiming to
reveal the existence of precipitated carbides. Finally a comparison between samples
is performed, in order to obtain a detailed study of the effect of tempering time on
hyperfine parameters.
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Table 1 Composition in wt% of the T91 steel sample studied

C Si Mn P S Cr Mo Ni Al Nb V N

0.11 0.28 0.48 0.018 0.002 8.28 0.93 0.11 0.015 0.07 0.21 0.045

1 Introduction

Ferritic–martensitic steels of the 9%Cr1%Mo type have been extensively used in
power plant components, heat exchangers, piping and tubing, etc., due to an excellent
combination of properties such as creep resistance, toughness and resistance to
oxidation at high temperatures. The continuous improvement of the properties of
9%Cr materials in the last decades has allowed a substantial increment of their
benefits: increase of the service temperatures—with the consequent increase in
efficiency—and increasingly important values of resistance to rupture. From the
environmental point of view, the increase of the efficiency also implies a reduction of
CO2 emissions.

The basic idea of improving the strength and toughness of martensitic steels at
high temperatures by addition of strong carbide or nitride formers was proposed in
the early 80’s [1]. The application of this idea to industrial components triggered
a broad corpus of research that derived in the introduction and registration of the
ASTM A213 grade T91 steel (9%Cr1%Mo0.2%V0.08%Nb0.04%N).

The manufacturing steps of this steel include normalizing at 1050–1060◦C and
tempering at 750–760◦C. The resulting microstructure is a lath martensite and the
major precipitated phase is constituted by the M23C6 carbides.

In this work we report an analysis by means of Mössbauer spectroscopy, on a 9%
Cr steel submitted to a tempering process at 780◦C. From the analysis, we infer the
existence of different neighborhoods of the Fe atom governed by the concentration
of alloying elements. In particular, we analyze the behavior of Cr, as the main
substitutional atom.

2 Experimental

Samples consisted of a T91 steel normalized at 1060◦C and then submitted to a
tempering process at 780◦C during different time intervals (M1: 40 min, M2: 1 h,
M3: 4 h, M4: 6 h and M5: 7 h). The wt% composition of the steel is given in
Table 1. Measurements were performed at RT using a transmission geometry on a
conventional Mössbauer Spectrometer set in constant acceleration mode with a 57Co
source on a Rh matrix.

Spectra were recorded at 11 mm/s and also at 2 mm/s to obtain a detailed insight
of particular spectral regions concerning the precipitation products and then fitted
by using the Normos program developed by Brand [2]. Isomer shift (IS) values are
given relative to that of α-Fe at room temperature.
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Fig. 1 Fitted Mössbauer
spectrum for M1

Table 2 Hyperfine parameters. Bhf: hyperfine field [T], IS: isomer shift [mm/s]

Subspectra Sample M1 (40′) M2 (1 h) M3 (4 h) M4 (6 h) M5 (7 h)
(tempering time)

S0 Bhf 34.1 33.5 33.9 33.8 33.7
IS 0.00 0.00 0.00 0.00 0.00

S1 Bhf 31.4 30.6 31.4 30.9 30.9
IS 0.01 0.01 0.01 0.01 0.01

S2 Bhf 29.4 28.5 29.6 29.5 28.8
IS 0.02 0.02 0.02 0.02 0.02

S3 Bhf 26.8 26.6 27.8 27.2 26.5
IS 0.03 0.03 0.03 0.03 0.03

S4 Bhf 24.1 24.5 25.9 24.8 24.3
IS 0.04 0.04 0.04 0.04 0.04

3 Results and discussion

Figure 1 displays the fitted Mössbauer spectrum at RT and at 11 mm/s obtained for
M1. This sample corresponds to the commercially standard material tempered during
40 min (as-received material). The other samples, M2, M3, M4 and M5, correspond
to additional laboratory tempering in order to achieve 1 h, 4 h, 6 h and 7 h of total
tempering time. Their corresponding spectra are similar to that displayed in Fig. 1
for M1.

Table 2 shows the hyperfine parameters obtained after the fitting routine for the
different subspectra (S0, S1, S2, S3, S4 and S5) in each one of the samples.
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Spectra were fitted to a superposition of five sextets with different hyperfine
parameters, depending on the number of iron neighbors of the 57Fe atom. These
ferromagnetic components represent the martensitic matrix.

From now on some approximations should be considered. Mössbauer spec-
troscopy by itself cannot distinguish between the single phase ferrite and martensite
from the ferrite in tempered martensite [3]. Martensite crystal structure is tetragonal
bct; however, under normal circumstances it is difficult to detect any tetragonality in
martensite in steels with less than 0.2 wt% C. In our case, the T91 steel studied has a
low carbon and nitrogen content. During tempering of the as-quenched martensite,
the tetragonal structure relaxes due to the interstitial diffusion of carbon atoms
bounded to lath boundaries and dislocations; carbon diffusion also accounts for
carbide precipitation. So, as our first approximation the matrix will be analyzed as
bcc-Fe as a whole.

We also consider that the hyperfine structure is only caused by Cr, the principal
alloying element. For this reason we are going to refer to a work of Wertheim et al.
[4] in which binary iron-reach alloys of the type FeX (X = Cr, Mn, V, Si, Al, Ti,
Co, Ru, Ga or Sn) were studied by means of Mössbauer Spectroscopy. From an
analysis of the observed structure of the magnetic splittings as a function of the
solute concentration, Wertheim concluded that the hyperfine field at a given Fe site
is reduced by an amount proportional to the number of impurity near neighbors (nn)
and next near neighbors (nnn) alone, the proportionality constant being different
for nn and nnn occupancy but independent of concentration c. The computations
assume that the effects of any number of impurity neighbors in the first two shells
are additive and that the relative location of one neighbor with respect to another
is of no import. Wertheim proposed that the hyperfine field for an Fe atom with n
impurity nn and m impurity nnn in an alloy with a fractional impurity concentration
c is expressed for low concentrations as,

H(m, n) = HFe(1 + a.n + b .m)(1 + kc), (1)

where a and b give the fractional change in hyperfine field per nn and nnn impurity
atom, respectively. The concentration-dependent factor may contain unresolved
effects of more distant neighbors. HFe is the bcc-Fe field.

For bcc structure, each atom has eight nn and six nnn sites. Assuming that
the relative abundancies of the five sextets are in agreement with a Cr random
distribution in the first and second neighborhoods of a given Fe atom in the bcc lattice
and that the difference of the distance to the first and second neighbor is small, the
probability of each configuration P(c, n) would be expressed as,

P(c, n) =
(

14
n

)

.cn.(1 − c)14−n, (2)

where n is the number of Cr nn and nnn of an iron atom and c is the fractional
Cr concentration. The proportions of each one of the ferromagnetic components
experimentally obtained by fitting the Mössbauer spectra were about 30, 31, 20, 12
and 7% in all the samples for S0, S1, S2, S3 and S4 respectively. Comparing these data
with the P(c, n) calculated values using Eq. 2 and considering c = 0.088 (Table 3), we
can infer that the model agrees with a random Cr distribution. This way each n value
was assigned to each one of the values obtained for the hyperfine field (Table 2).
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Table 3 Calculated probabilities from Eq. 2

n 0 1 2 3 4

P(c, n) 28 37 23 9 3

Fig. 2 Hyperfine field (Bhf) as
a function of the Cr number of
neighbors n for M1 (solid line).
Wertheim et al. [3] results
calculated from Eq. 1 (dash
dots)

Therefore, the five sextets S0–S4 are the subspectra corresponding to Fe atoms
having a different number of substitutional atoms as near neighbors in the α phase.
Then we can interpret the five components as coming from Fe atoms with no Cr
atoms in the two first coordination shells (S0) and from those having 1, 2, 3 and 4 Cr
atoms (S1, S2, S3 and S4), respectively. Note that S0 and S1 prevail.

Figure 2 displays, as an example, the hyperfine field as a function of the Cr number
of neighbors (n) in the matrix for sample M1. It is clear that it behaves linearly
(R ≈ 0.999, solid line in Fig. 2), the magnetic field decreases with the increase of the
number of Cr neighbor atoms. This conclusion is also valid for the other samples and
is consistent with Wertheim et al. results calculated from Eq. 1 (dash dots in Fig. 2).
Differences between both curves probably arising from another impurity species,
rather than Cr, not considered in our approximations and from alloying elements in
the third and further coordination spheres.

From Table 2 we also derive that IS values decrease with the number of Cr
impurities, in a similar way to Fe–Cr and Fe–V alloys [5, 6]. Every impurity atom
decreases the IS value in about 0.01 mm/s. This fact means that the Cr presence in
the Fe neighborhood increases the effective charge density of the s-type electrons in
the Fe site, resulting in a difference between Fe and Cr electronegativities.

In Fig. 3 a comparison of the relative intensities of the spectra for different
tempering times is depicted where we can appreciate a difference which could be
related to the Fe-bearing precipitates presence.
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Fig. 3 Comparison of the
relative intensities of the
spectra from M1 to M5

Fig. 4 Low velocity spectrum
(2 mm/s) for M4

The carbide precipitation process is rather complex and depends to a greater
extent on the chemical composition of the steel. A typical carbide transformation
sequence in 9Cr steel during tempering being of the type

(Fe, Cr)3 C → M7C3 → M23C6,

where M symbolizes a mixture of transition metals like Cr, Fe, Mo. In this work Cr is
the main component on the largely major precipitated phase M23C6, so let us simplify
using M as (Cr1−xFex).

It is visible the difference (about 2% of the effect) between the spectrum cor-
responding to M1 and that to M5 (Fig. 3), denoting more Fe in solution for M5,
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although the atoms distribution probability is the same. Cr replaces Fe with the same
probabilities for the different neighborhoods in all of the samples.

To solve more accurately the central zone of the spectrum a finer velocity scale
was used (2 mm/s) and the presence of precipitates was confirmed (see for example
Fig. 4).

The type of precipitates described above are characterized by paramagnetic
hyperfine spectra [7, 8]. Due to the low content of precipitates present in our samples
the paramagnetic signal is weak facing those corresponding to the ferromagnetic
components of the matrix; even taking into account the low velocity spectra and
having an excellent count-rate statistics. This fact inhibits the possibility of obtaining
accurate hyperfine parameters from the fit. More work is in progress to isolate the
precipitates for a better Mössbauer analysis. However, considering M4 (Fig. 4) which
showed the best available resolution in the recorded spectra among all the studied
samples, we observe at first sight a little broad doublet (peak half width about
0.4 mm/s) with QS and IS values characteristic of M23C6-type precipitates (about
0.1 and 0.06 mm/s respectively) [7]. Other even lower iron-bearing precipitates
contributions are not discarded. A detailed study of the precipitates will be the
subject of our future work.

4 Conclusions

– After tempering at 780◦C Mössbauer spectra indicate the existence of different
neighborhoods of the Fe atom.

– The magnetic Fe surroundings in the matrix are controlled by the alloy elements
concentration. In fact, the hyperfine magnetic field linearly decreases with the
number of Cr neighbor atoms whereas the isomer shift values decrease.

– The qualitative behavior for the matrix does not show a dependence on temper-
ing time from 40 min to 7 h. The percentage of each different Fe neighborhood
is almost constant as a function of tempering time.

– During tempering Fe-bearing precipitates of the M23C6-type are obtained.
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Abstract Magnetic nanoparticles coated with silica have been subjected of exten-
sive, and, in many aspects, also intensive investigations because of their potential
application in different technological fields, particularly in biomedicine. This work
was conceived and is being carried out in two main parts: (1) synthesis of the
ferrimagnetic nanoparticles, specifically magnetite, and (2) coating these particles
with tetraethyl orthosilicate (TEOS). The nanosized magnetite sample was prepared
by the reduction–precipitation and the nanomagnetite particles were coated by the
sol-gel method, based on the hydrolysis of tetraethyl orthosilicate (TEOS). The
so obtained materials were characterized with powder X-ray diffraction (XRD),
FTIR spectroscopy, saturation magnetization measurements, and 57Fe Mössbauer
spectroscopy at room temperature.
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1 Introduction

Magnetic nanoparticles have been subjected of extensive, and, in many aspects, also
intensive investigations, stimulated by their potential application in different tech-
nological fields, particularly in biomedicine and bioengineering, as in magnetohy-
perthermia treatments, magnetically assisted drug delivery, cell isolation, molecular
recognition, biomacromolecule purification, biosensors and quality enhancement of
nuclear magnetic resonance images [1–3]. Nanomagnetite is particularly interesting
for those purposes because it behaves superparmagnetically, and presents a relatively
high magnetic saturation and high magnetic susceptibility, biocompatibility, and is
less sensitive to oxidation than are magnetic transition metals, as cobalt, iron and
nickel [2, 3]. However, nanomagnetite tends to aggregate into large clusters due
anisotropic dipolar attraction, making them to lose specific properties associated to
single-domains of its magnetic nanostructures. The reduced dimensions increase the
reactivity for these particles: when they are exposed to biological environments they
may undergo rapid biodegradation [4].

For in-vivo applications, it is important embedding magnetic nanoparticles into
a nonmagnetic matrix to prevent aggregation and sedimentation, allowing them
to functionalize for specific applications. They may also enable efficient excretion,
which helps protecting the human body from toxicity. The most interesting inorganic
nonmagnetic particle coat for this purpose, taking into account its relatively low cost
and wide availability, is silica. On the surface of magnetic nanoparticles, silica, which
itself is inert, tends to favor dispersing magnetic nanoparticles in the liquid media,
and to more effectively keep the surface of silica-coated magnetic nanoparticles
chemically functional [5].

There are several methods currently used to prepare silica-coated magnetic
nanoparticles. One of these is the sol–gel method, which has been adopted more
widely to prepare silica-coated magnetic nanoparticles, as being relatively mildness
and for allowing a surfactant-free reaction, at relatively low cost. In such a prepa-
ration, the silica phase is formed on colloidal magnetic nanoparticles in a basic
alcohol/water mixture.

This work was conceived in two main parts: (1) synthesis of the ferrimagnetic
nanoparticles, specifically of magnetite, by the modified reduction-precipitation
method, and (2) coating these particles via the method described by Stöber et
al. [6] and Deng et al. [5], with some modifications. The so obtained materials
were characterized by powder X-ray diffraction (XRD), FTIR spectroscopy, sat-
uration magnetization measurements and 57Fe Mössbauer spectroscopy at room
temperature.

2 Experimental section

2.1 Synthesis of magnetite nanoparticles

The magnetite sample (labeled Mag) was obtained by reduction - precipitation of
ferric chloride through reaction with Na2SO3, after the method reported by Qu
et al. [7], with some modifications. The experiment consisted on the mixture of
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FeCl3·6H2O, Na2SO3 with diluted ammonium hydroxide solution, under a nitrogen
atmosphere. The black precipitate so formed was washed with water and centrifuged,
to separate the solid phase. The obtained product was finally dried.

2.2 Synthesis of silica coated magnetite

The sample (labeled MagSi) of coated magnetite with silica was prepared according
to methods by Stöber et al. [6] and Deng et al. [5], with minor modifications. A mass
of 0.04 g of the magnetite powder was added to ethyl alcohol and the dispersion
was homogenized in an ultrasonic water bath device. After 20 min dispersion under
those conditions, it was added water, aqueous ammonia and 1 mL of TEOS, which
was mechanically stirred for 24 h. The obtained product was placed under humidified
atmosphere overnight. Then it was placed under dry atmosphere for 24 h.

2.3 Synthesis of silica glass

A silica glass control sample was used as a comparative sample. TEOS was added to
an acidified (HCl—pH 1.7) aqueous solution, and then to ethanol, in a molar ratio
of H2O/TEOS/CH3CH2OH of 4:1:4. The solution was magnetically stirred until the
solution became apparently viscous. The material was then placed under humidified
atmosphere overnight, followed by dry atmosphere for 24 h.

2.4 Characterizations

All samples were characterized by powder XRD in Rigaku model Geigerflex equip-
ment using Co(Kα) radiation, scanning from 20 to 80◦(2θ) at scan rate of 4◦min−1,
with silicon as an external standard. FTIR spectra were used to compare differences
in patterns for the samples of magnetite and of the prepared silica-coated magnetite
nanoparticles. The samples were also analyzed in transmission mode in a Perkin-
Elmer Spectrum GX spectrophotometer. Mössbauer spectra were collected in con-
stant acceleration transmission mode with ∼15 mCi Co57/Rh gamma-ray source. A
spectrometer equipped with a transducer (CMTE model MA250) controlled by a
linear function driving unit (CMTE model MR351) was used to obtain the spectra
at 298 K. Mössbauer isomer shifts are quoted relatively to an α-Fe foil at room
temperature. The experimental reflections were fitted to Lorentzian functions by
least-square fitting with software NORMOSTM_90. Magnetization measurements
were performed in a portable magnetometer with a fixed magnetic field of 0.3 T [8]
calibrated with Ni metal. Zeta Potential (ξ) was determined in a NANO SIZE ZS
apparatus. For that, the ground material was suspended in water and homogenized
under ultrasound for 15 min. After this time, another suspension was made by adding
drops of the previous suspension to an aqueous solution of KCL 10−3 mol L−1.
The pH of this solution was measured and adjusted with either aqueous NaOH
10−3 mol L−1 or HNO3 10−3 mol L−1

. ξ was measured as a pH function. To study
the morphology of the nanoparticles samples powder were dispersed over copper
grids and then they were examined in a Leo 906E (Zeiss) TEM at 80 kV.
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Table 1 Saturation magnetization of the samples magnetite and silica-coated magnetite

Sample σ/J T−1 kg−1

Mag 67.00 ± 0.01
MagSi 57.51 ± 0.05

Fig. 1 X-ray diffraction pattern for the sample Mag

3 Results and discussion

The saturation magnetization of the synthesized magnetite nanoparticles is smaller
than the theoretical value for Fe3O4 (92 J T−1 kg−1) and it is reduced in the magnetite
coated (Table 1). This behavior may be due to the oxidization of the nanoparticles or
the thickness of the silica coating. Since no γ-Fe2O3 was detected by XDR or FTIR,
probably the silica coating layer is responsible for this reduction in the saturation
magnetization.

X-ray diffractograms for Mag (Figs. 1 and 2) showed the occurrence of essentially
a single crystallographic phase with a cubic lattice parameters a = 0.83885 nm.
This value is in good agreement with the reference file JCPDS card # 19–629 (a =
0.8396 nm) [9]. Similar diffractogram was obtained for the silica coated magnetite
(a = 0.83904); this is expected since the silica layer formed magnetite is amorphous.

Infrared spectroscopy was used to characterize the magnetite nanoparticles and
the silica coated magnetite. The magnetite present the inverse spinel structure
FeIII(FeIIFeIII)O4 and the group analysis show the existence of four IR active modes
in the vibrational spectra for this structure, but in most cases two of them are very
weak e only observed at lower wavenumbers [10]. The FTIR spectra (Fig. 3) for
sample Mag present two main absorption bands at 560 and 395 cm−1, characteristic

Reprinted from the journal268



Synthesis and characterization of silica-coated nanoparticles of magnetite

Fig. 2 X-ray diffraction patterns for the sample MagSi

Fig. 3 FTIR spectra for: a
silica-glass, b Mag, and c
MagSi

vibrations to the Fe–O stretching modes of the magnetite lattice, in good agreement
with other reported data [10, 11].

The FTIR spectrum of the silica glass showed the characteristic absorption bands
for the Si–O–Si bonds at 460, 800 and 1,080 cm−1 and a band at 950 cm−1 due to the
Si–OH vibrations. MagSi presented bands related to silica glass at 1,088 and 900 cm−1
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Table 2 298 K-Mössbauer parameters deduced from model-independent hyperfine-field
distributions

Sample Assignment δ̄/αFe Bmax
hf RA/%

Mag Fe3+/2+ 0.77(4) 13.1(2) 5.43(1)
0.70(4) 33.2(1) 19.96(2)
0.67(4) 42.4(1) 15.22(2)

Fe3+ 0.16(2) 30.7(3) 7.39(2)
0.23(2) 40.9(3) 25.8(1)
0.27(2) 45.5(4) 26.2(1)

MagSi Fe3+/2+ 0.62(4) 14.1(3) 7.00(3)
0.62(4) 33.4(3) 22.70(4)
0.62(4) 42.6(4) 21.19(3)

Fe3+ 0.15(4) 30.4(1) 5.07(1)
0.24(4) 41.0(2) 22.75(4)
0.28(4) 45.6(3) 21.29(4)

Fe3+/2+ = mixed valence iron in octahedral sites; Fe3+ iron in tetrahedral sites; δ̄/αFe = averaged
isomer shift relative to αFe; Bmax

hf = maximum-probability hyperfine field and RA = relative
subspectral area

besides the band at 560 and 395 cm−1 associated with magnetite [12]. Comparing the
FTIR spectra of these two samples, no difference can be readily observed.

Magnetite is a ferrimagnetic iron oxide with iron atoms occupying two different
coordination sites: one with tetrahedral (A-sites) and other with octahedral (B-sites)
symmetry. These two sites are characterized by well distinguishable hyperfine fields.
At room temperature, Fe2+ and Fe3+ ions in the octahedral sites exchange electrons
at a hopping rate that the corresponding Mössbauer lines appear as for a single
state, in such a way that the resulting 57Fe Mössbauer spectrum typically shows then
sextets, one of them corresponding to the contribution of the magnetic hyperfine
interaction of Fe3+ in A-sites and other to [Fe3+ ↔ Fe2+] coupling in B-sites of the
spinel structure (AB2O4).

The experimental spectrum for each presently studied sample was least-squared
fitted with two blocks of model-independent hyperfine field distribution: one of them
for the A-sites and other for the B-sites in magnetite. The resonance lines in all
cases are rather asymmetrically broadened, if compared with the typical symmetrical
Lorentzian-shape of a bulk reference magnetite sample: in the present case, values of
hyperfine field at maximum probability, Bmax

hf , isomer shift relative to αFe, δ̄
/

Fe, and
relative areas of subspectra for octahedral sites and tetrahedral sites are presented in
Table 2. The hyperfine parameters for tetrahedral iron Bhf = 45.5 T and isomer shift
δ̄
/

Fe = 0.26 mm s−1, and for octahedral iron with Bhf = 42.4 T, and δ = 0.67 mm s−1,
though lower than characteristic values, together with XRD and magnetization
(Table 1) data, indicate the presence of magnetite in sample Mag.

The differences between spectrum obtained from this magnetite sample and a
typical spectrum for a bulk material can be due to several effects. As reportedly
discussed in the literature [11, 13] the small particle size distribution may lead to an
inhomogeneous hyperfine coupling and asymmetrically line broadening. Similarly,
above the blocking temperature TB for the superparamagnetic relaxation effects and
collective magnetic excitation cause significant line broadening and asymmetric line-
shapes [13].
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Fig. 4 Mössbauer spectrum at 298 K for the sample Mag

Fig. 5 Mössbauer spectrum at 298 K for the sample MagSi

Spectrum for the Mag sample at 298 K (Fig. 4; corresponding fitted parameters,
in Table 2) was very similar to that obtained for the MagSi sample (Fig. 5 and
Table 2). No substantial differences were observed in Mössbauer parameters after
silica coating layer, indicating that the oxidation states for iron ions were preserved
during the coating process. This behavior is in good agreement with previously
reported data from other authors [14].

The zeta potential measurement was used to verify the coating efficiency. The
silica-coated and non-coated particles were measured as a function of the solutions
pH by zeta potential (Fig. 6). The pH corresponding to the isoelectric point (pHIEP)

to the Mag sample was found to be about 5,1 and the coated particle showed a
pH dependency similar to that of pure silica. The pure silica pHIEP was 2,1, while
silica coated magnetite showed pHIEP equal to 2.3. This differences could show the
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Fig. 6 Zeta Potential as a function of pH for a Mag, b silica-glass and c MagSi

Fig. 7 Micrograph of the sample Mag. Inset Histogram for the distribution of nanoparticles sizes

effectiveness of the coating process, because the surface charge properties of the
MagSi are close to those of pure silica.

The size poly-dispersity of the nanoparticles was analyzed from the TEM digitized
micrographs using an image analysis software Java version of Image J v 1.33u [15].
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Fig. 8 Micrograph of the sample MagSi. Inset Histogram for the distribution of nanoparticles sizes

Mean diameters were obtained by fitting the experimental data with a lognormal
distribution function, as suggested by O’Grady and Bradbury [16]

f (DP) = 1√
2π DPωP

exp

(

−
(
In DP − In D0

P

)2

2ω2
P

)

, (1)

with mean diameter <DP>= D0
P exp

(
ω2

P

/
2
)

and ωp as the standard devia-
tion around In D0

P. The standard deviation of the mean diameter is σP =
D0

P

[
exp

(
2ω2

P

) − exp
(
2ω2

P

)]1/2.
The size poly-dispersity analysis for the sample Mag and their distribution in-

dicated that the average diameter is <DP>31.5 nm and standard deviation σP =
0.3 nm. For the sample MagSi were obtained average diameter <Dp> = 43.3 nm
and standard deviation σP = 0.6 nm. The analysis were based in the histogram (inset
Figs. 7 and 8) where was used more the 500 particles for sample Mag and more the
230 particles for silica coated magnetite.

4 Conclusions

In this work, a magnetite sample was synthesized by a reduction-precipitation
method. Magnetization measurements, XRD diffraction, and Mössbauer analysis
confirmed that the magnetic phase formed is actually magnetite. The particles size
obtained with TEM images was 31.5 nm for the magnetite and 43.3 nm for the silica
coated magnetite.

The silica-coated magnetite was synthesized by a simple and effective method, in
room temperature. The effectiveness of the coating process was show for the Zeta
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Potential and TEM microscopy. The dates presented by XDR, FTIR and Mössbauer
spectroscopy showed that the coating do not affect the oxidation state of magnetite.
These are very interesting results because allow the incorporation of drugs into the
coating material for biological applications.
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Abstract Monodisperse iron oxide nanoparticles (NPs) of 4 nm were obtained
through high-temperature solution phase reaction of iron (III) acetylacetonate with
1, 2-hexadecanediol in the presence of oleic acid and oleylamine. The as-synthesized
iron oxide nanoparticles have been characterized by X-ray diffraction, transmission
electron microscopy, Mössbauer spectroscopy and magnetic measurements. The
species obtained were Fe3O4 and/or γ-Fe2O3. These NPs are superparamagnetic
at room temperature and even though the reduced particle size they show a high
saturation magnetization (MS ≈ 90 emu/g).

Keywords Magnetic nanoparticles · Drug delivery systems ·
Mössbauer spectroscopy · Medical applications · Magnetite

1 Introduction

The use of magnetic NPs in drug delivery offer exciting new opportunities, since
it is feasible to produce, and specifically tailor their functional properties for these
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applications. Thus, drug targeting to tumours would be desirable since anticancer
agents demonstrate non-specific toxicities that significantly limit their therapeutic
potentials [1]. In these applications, a drug is bound to a magnetic compound, intro-
duced in the body, and then concentrated in the target area by means of an external
magnetic field gradient. Then, the particles must release the drug by simple diffusion
or through mechanisms requiring enzymatic activity or changes in physiological con-
ditions such as pH, osmolality, or temperature; drug release can also be magnetically
activated using a thermosensitive grafted polymeric system (drug–polymer–magnetic
NPs composite) which can be triggered to release the loaded drug with an increase
in temperature, induced by an external alternating current magnetic field.

The key parameters in the behavior of magnetic NPs designed for such purposes
are related to: (1) surface chemistry, (2) size: magnetic core, hydrodynamic volume,
size distribution, (3) magnetic properties: superparamagnetism and high saturation
magnetization. Sufficiently reduced size of magnetic NPs is adequate to achieve
superparamagnetic regime, which is in turn needed to avoid magnetic agglomeration
once the magnetic field is removed. But small particle size implies a magnetic
response of reduced strength (i.e., a saturation magnetization diminished), making
it difficult to direct particles and keep them in the proximity of the target while
withstanding the drag of blood flow. On the other hand, negligible remanence and
coercivity inhibit agglomeration and the possible embolization of capillary vessels
is avoided.

A great number of NPs of different compounds are currently investigated, but
the magnetic iron oxide NPs are very attractive for biomedical applications due
to their biocompatibility. For this reason the aim of the present work is to verify
whether iron oxide magnetic NPs—synthesized following the recipe of Sun et al. [2],
with certain modifications to obtain a particle size lower than these authors—are
potentially suitable to be used as effective drug delivery system. The as-prepared
magnetic NPs are characterized by means of X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), Mössbauer spectroscopy (MS) and magnetic
measurements (MM).

2 Experimental

The iron oxide NPs were obtained by mixing iron (III) acetylacetonate (6 mmol),
1, 2-hexadecanediol (30 mmol), oleic acid (18 mmol), oleylamine (18 mmol), and
phenyl ether (60 ml). The mixture was magnetically stirred under a flow of nitrogen.
Then, it was heated to 473 K for 30 min and after, under a blanket of nitrogen, heated
to reflux (518 K) for another 30 min.

It is worth mentioning that to obtain a lowest final particle size; the reflux
temperature is 20 K lower than that proposed by Sun et al. [2]. The black–brown
mixture was cooled to room temperature by removing the heat source. Under
ambient conditions, ethanol (40 ml) was added to the mixture, and a black material
was precipitated and separated via centrifugation. The black product was dissolved
in hexane (30 ml) in the presence of oleic acid (∼0.15 ml) and oleylamine (∼0.15 ml).
Centrifugation (6,000 rpm, 10 min) was applied to remove any undispersed residue.
The product was then precipitated with ethanol, centrifuged (6,000 rpm, 10 min) to
remove the solvent, and redispersed into hexane.
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XRD patterns were obtained using a standard Philips PW-1710 diffractometer
with a scintillation counter and an exit beam graphite monochromator. Cu Kα

(λ = 1.5406 Å) radiation was used to obtain data in the 10◦ ≤ 2θ ≤ 100◦ range.
TEM micrographs were taken using a Philips CM200 microscope working at

160 keV.
Mössbauer spectra were obtained in transmission geometry with a 512-channel

constant acceleration spectrometer. A source of 57Co in Rh matrix of nomi-
nally 50 mCi was used. Velocity calibration was performed against a 6 μm-thick
α-Fe foil. All isomer shifts (δ) are referred to this standard. The temperature
between 25 and 298 K was varied using a Displex DE-202 Closed Cycle Cryogenic
System. The Mössbauer spectra were fitted using a commercial program named
Recoil [3]. Lorentzian lines with equal linewidths were considered for each spectrum
component.

The magnetic measurements were carried out using a Multipurpose Physical
Magnetic System superconducting quantum interference device from Quantum
Design. The magnetization versus magnetic field (M–H) loops were recorded at
2, 5 and 300 K up to a maximum magnetic field of 50 kOe.

3 Results and discussion

The XRD data (not shown here) display the pattern corresponding to a cubic spinel
structure belonging to maghemite and/or magnetite. No evidence of hematite peaks
was detected.

After subtracting the instrumental broadening we applied the integral breadths
method [4] to separate size and strain broadening assuming that the first has a Cauchy
profile and the second a Gaussian profile. Using a parabolic relationship between the
convolution and both profiles proposed by Halder and Wagner [5] and a graphical
method, we obtained an average particle size of 3 nm.

TEM micrographs showed a narrow distribution of spherical NPs. Figure 1 shows
the corresponding histogram from where an average particle size of 4.0 ± 0.5 nm was
estimated. Analysis of the ring diffraction patterns showed that the NPs present a
cubic spinel structure, with lattice parameters corresponding to Fe3O4/γ-Fe2O3.

Strikingly, the room temperature Mössbauer spectrum does not show any absorp-
tion signal (Fig. 2). Coincidently, below the fusion temperature of oleic acid, i.e.
Tf = 281◦K, a central broad signal starts to appear. Thus, the absence of resonance
above Tf can be due to the quasi-free motion of particles of small size coated by the
surfactant that increases the nucleus recoil energy.

We observe that a magnetic signal is partially resolved at 25 K. Notwithstanding,
the presence of a central signal and a curved background indicate that the blocking
of particle moments is not complete, i.e., a fraction remains in a superparamagnetic
regime. About 45% is in this regime, therefore, blocking temperature is very close
to 25 K.

We fitted this spectrum assuming two relaxation states following the Blume and
Tjon model [6]. We have considered six components, five of them to simulate the
partially magnetically ordered magnetite sites [7] and the other one to account for
the central signal. The hyperfine parameters are shown in Table 1. Comparing these
parameters with previous reported data [7, 8] for magnetite bulk we assign the Bi
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Fig. 1 Particle size histogram
from TEM observations
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Fig. 2 Mössbauer spectra of
magnetic NPs at different
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components to Fe3O4. Note that hyperfine magnetic field of all sites are diminished
in comparison with the bulk values. This effect could be attributed to the collective
magnetic excitations produced by the small particle sizes [9]. The A component can
not be assigned to any determined species but considering that their isomer shift is
typical of Fe3+ it could belong to Fe3O4 and/or γ-Fe2O3.

The M–H loops are shown in Fig. 3. We observe that the curves are reversible
down to T = 5 K, where we observe a very low coercive field of HC = 2 Oe (see
inset Fig. 1). Decreasing the temperature to 2 K, a hysteretic behavior is observed
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Table 1 Hyperfine parameters at 25 K

Species Sites H (kOe) δ (mm/s) 2ε (mm/s) %

Fe3O4 and γ-Fe2O3 A 470 ± 4 0.36 ± 0.03 0.001 ± 0.005 25 ± 2
Fe3O4 B1 508 ± 2 0.46 ± 0.02 0.03 ± 0.04 14 ± 2

B2 473 ± 14 0.83a −0.27a 5 ± 2
B3 466a 1.03a −0.41a 9 ± 4
B4 343 ± 24 0.96a 0.7 ± 0.5 2 ± 1

Relaxing Fe3+ − 300a 0.35 ± 0.04 0a 45 ± 2

H hyperfine magnetic field, δ isomer shift referred to α-Fe at 298 K, 2ε quadrupole shift
aParameter held fixed while fitting

Fig. 3 M–H curves taken at 2
and 300 K. Inset: low field
region of M vs. H loops taken
at 2 and 5 K
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with HC = 105 Oe. The MR/MS ratio is ≈0.14, which is far from the MR/MS = 0.5
value predicted for independent NPs with uniaxial anisotropy [10]. Considering the
area of the 2K-hysteresis loop we estimated an effective anisotropy constant Keff ≈
1.5 × 105 erg/cm3, which is within the order of magnitude of the bulk value [11].
Therefore, the surface anisotropy constant could be considered negligible. A satura-
tion magnetization MS = 89 emu/g at T = 2 K was estimated assuming an M vs. H
dependence of type M = MS(1-α/H) at high magnetic fields, where α is a fitting
parameter. This MS, which is similar to that reported for bulk Fe3O4 (92 emu/g)
[11] reflects the spin disorder absence at NPs surface even though the small
particle sizes.

Generally, ferrimagnetic NPs present reduced Ms values when compared with
their bulk counterparts due to the spin disorder at the surface layer. For instance,
nanosized Fe3O4 can show a reduction of 80–90% on its MS value [12, 13]. On
the other hand, when these Fe3O4 NPs are coated with surfactants, the chemical
environment of the coating may also influence on the magnetic properties [11, 14].
The present results are in concordance with that obtained by Guardia et al. [11],
confirming that the O2− of the oleic acid molecules bonded covalently to the
nanoparticles are able to reduce the surface spin disorder and thus the surface con-
tribution to the anisotropy [11] Considering that these NPs are superparamagnetic at
room temperature with a high saturation magnetization, they would have potential
applications in biomedicine.
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4 Conclusions

We were able to synthesized monodisperse magnetic iron oxide NPs through the
reaction of metal acetylacetonate and 1,2-hexadecanediol. Through different charac-
terization techniques we determined a particle diameter of about 4 nm. The NPs
composition is a mixture of both ferrimagnetic iron oxides: Fe3O4 and γ-Fe2O3,
determined by Mössbauer spectroscopy. The magnetic properties of these NPs are
very similar to that of the bulk system, perhaps due to the oleic coating effect. The
hydrophobic NPs could be transformed into hydrophilic ones by mixing with bipolar
surfactants, allowing preparation of aqueous NPs dispersions. These iron oxide NPs
and their aqueous dispersions could have a great potential in biomedical applications.
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Investigaciones Científicas y Técnicas (PIP 6524), ANPCyT (PICT 38337) and Universidad Nacional
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