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In this  work,  the  Fe–Mn–O  system  was  mechanically  processed  in  a high-energy  ball-milling.  The  as  milled
powders  were  characterized  by X-ray  diffraction  (XRD),  temperature  programmed  reduction  (TPR),  X-
ray photoelectron  spectroscopy  (XPS)  and  specific  surface  area  measurement.  Catalytic  total  oxidation  of
n-hexane  was  studied  to  find  out  the suitability  of the  material  for VOC  decomposition  reaction.  The  route
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of the  solid  state  transformation  of Mn–Fe–O  system  has  been  established  as  a function  of  the  cumulated
energy  from  mechanical  milling.  Complex  multicomponent  catalysts,  which  may  be difficult  to  prepare
by conventional  high  temperature  treatment,  have  been  successfully  prepared  by  milling.

©  2013  Elsevier  B.V.  All  rights  reserved.
anganese iron oxides, VOC catalytic
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. Introduction

The objective of research on nanoscience may  be summarized
n three aspects: synthesis, understanding and exploration of new
anomaterials, and the related phenomena. It is widely accepted
hat nanosized magnetic materials exhibit different properties
ompared with bulk materials [1–4]. When the size of a particle
ecomes smaller and smaller to the finite size, the surface effects
lay an important role in various properties of materials [5–7].
his brings a renewed interest in the study of different proper-
ies of pure and mixed oxide systems in nanocrystalline regime.
n catalysis, the characteristic of the surface is the most impor-
ant factor. High-energy ball milling is the earliest nanoparticle
reparation method that has been applied to industrial produc-
ion among those nanoparticle synthesis technologies [8]. A wide
ariety of techniques are being used to synthesize nanostructured
aterials including gas condensation, rapid solidification, elec-

rodeposition, sputtering, crystallization of amorphous phases and
hemical processing [9]. The high-energy ball milling has become

 popular method to make nanocrystalline materials because of
ts simplicity and the relatively inexpensive equipment needed, as

ell as the applicability to essentially all classes of materials. The
ajor advantage often quoted is the possibility for easily scaling

p to tonnage quantities of material in a number of applications.

n fact, contamination problems are frequently given as a reason
o dismiss the method at least in relation to some materials [8]. In
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the past, the effectiveness of a milling process has been assessed in
terms of changes in the particle shape, size and size distribution.

The Mn-Fe-O system has been proposed as an excellent cata-
lyst for catalytic combustion [10]. The Mn2O3 is a stable phase.
MnOx is capable of mobilizing electrons and, thus, of generating the
mobile-electron environment required by redox catalysts. Mn2O3
can absorb oxygen and act, in an oxidizing atmosphere, as p-type
semiconductors. This is due to the possibility of Mn  cation to reach
the tetravalent state. An n-type semiconductor, like Fe2O3, cannot
be further oxidized. Duran et al. [10] have prepared Mn2O3–Fe2O3
mixtures by the citrate method. They showed that these mate-
rials are active catalysts for the catalytic oxidation of volatile
organic compounds at low temperatures. The formation of several
arrangements such as solid solution or FexMnyO4 spinels has been
proposed. The physico-chemical properties of ferrites are strongly
dependent on the site, nature and amount of the metal incorpo-
rated in the structure. There are not many oxide systems studied by
high energy ball milling (HEBM). Schaffer and McCormick [11] were
the first to report the mechano-chemical reduction of metal oxides
by a more reactive metal (CuO + Ca → Cu + CaO). In a subsequent
publication [12], these authors have reported similar mechano-
chemical reduction reactions in a number of systems (Ag2O + Al;
ZnO + Ca; ZnO + Ti; V2O5 + Ti; Fe2O3 + Ca; CuO + Me,  where Me  = Al,
Fe, Mg,  Mn,  Ni). In ball-milling experiments involving pure �-Fe2O3
[13–17] or mixtures of �-Fe2O3 and SiO2 in air [18], reduction
of �-Fe2O3 to Fe3O4 was observed to occur in a closed stainless
steel container after prolonged milling. More recently, Medeiros
et al. [19] have mechanically processed the (Fe2O3)x(Mn2O3)1−x

and Fey(Mn2O3)1−y systems in a high-energy ball-mill. These sys-
tems were submitted to mechanical milling and their structural,
magnetic and Mossbauer characteristics were investigated. In the
oxide–oxide system, a (Fe,Mn)2O3 solid solution with the bixbyite

dx.doi.org/10.1016/j.apcata.2013.09.001
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2013.09.001&domain=pdf
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tructure was  formed for any hematite starting concentration. The
btained bixbyite phase had two iron sites and showed a mag-
etic transition at ∼40 K. However, those authors have limited their
tudies to the use of a vial and balls of hardened steel, under air
tmosphere. With milling conditions such as ball-to-powder mass
atio (30:1), rotation velocity (300 rpm) and milling time (24 h),
ll kept constant throughout the experiments, the accumulated
nergy was low.

Furthermore, the Mn-Fe system has been extensively studied
o obtain the spinel ferrite MnFe2O4. Ding and his coworkers [20]
ound that Mn2O3 and Fe2O3 ball-milled for 66 h under an argon
tmosphere resulted in the formation of disordered MnFe2O4.
anoparticles of spinel ferrites are of great interest in fundamen-

al science for addressing relationship between physical properties
nd their crystal structure and chemistry. Ferrites represent a class
f materials extensively studied, thanks to their electrical and mag-
etic properties. These materials are widely used both in electrical
nd electronic industry for the fabrication of devices and compo-
ents such as high-density magnetic core of read/write heads for
igh-speed tape or disk recording. Besides the traditional applica-
ion, a renewed interest is now emerging in different fields such
s biomedical science [21,22] or in sustainable energy research.
t has been proved that some ferrites can be successfully used in
ow-temperature water splitting thermochemical cycles [23–25].

In the majority of the cases, the HEBM synthesis of MnFe2O4
as carried out under argon atmosphere by mechanically activated

olid-state reaction of a stoichiometric mixture of the reagents.
ost of the works have used MnO  or MnO2 as starting manganese

xides, vial and balls of stainless steel, and the lowest energy of
illing.
Reduction processes induced by mechanical treatment repre-

ent an important and significant class of mechano-chemical solid
tate reactions. Mn-Fe-O system offers a large number of combina-
ions of steps and arrangements of steps, which result catalytically
nteresting [10]. Kedesdy and Tauber [26] have published the phase
iagram showing the formation of manganese ferrite under differ-
nt conditions. Recently, it has become apparent that in order to
haracterize more fully a powder, account must be taken of the
train content induced during the milling process. Although in the
iterature there are scores of research articles describing the effect
f grain size on magnetic properties of spinel ferrites synthesized
y several chemical routes including ball milling, no details of the
olid state reaction during the transformation into the spinel phase
re available. A perusal of the literature indicates that these partic-
lar aspects, i.e. mechanical milling induced strain and its effect on
tructural properties of Mn-Fe oxides, have not been investigated in
etail or correlated with the accumulated energy, though all other
hysical properties are decisively dependent on structure, grain
orphology and cation distribution in the spinel ferrite system.
e feel that this study will provide a new dimension in the area of

ano-sized ferrite materials and structure–property correlation.
Herein, we report the effect of the accumulated energy from

echanical grinding on the morphology, structural properties and
ynthesis route of Mn–Fe–O oxides.

By investigating a new promising field of applications, we  will
how how the preparation of materials having a high surface area
nd/or presenting structural defects can lead to a material with
nteresting catalytic properties. In the field of total catalytic oxi-
ation, a lot of work has been devoted to this subject. This mixing
rings the formation of supplementary lattice defects, which are
elieved to play a major role in the catalytic activity of the sam-
le. Up to now, oxide catalysts were mainly synthesized by solid

tate reaction and chemical solution method. The former, involving

 high-temperature ceramic process, leads to materials exhibit-
ng low surface area and large particle size, whereas the latter is

 complicated process with several steps.
lysis A: General 474 (2014) 26–33 27

Duran et al. [10] prepared a fine catalyst, following the citrate
method. It has a Fe:Mn atomic ratio equal to 1:3, and was calcined in
air at 500 ◦C. It has a 60 m2 g−1 BET surface area, and its XRD diffrac-
tion lines are from �-Mn2O3 (bixbyite), and �-Fe2O3 (hematite).
This catalyst is our reference catalyst, and our aim is to prepare it
following a mechanochemical method.

The benefit of mechano-chemistry on the catalytic properties
of Mn–Fe–O oxides will be demonstrated. In addition, a catalyst
with an excellent performance in VOC combustion can be obtained
regulating the cumulative energy.

2. Experimental

2.1. Catalyst preparation

The solid-state reaction of a fixed atomic ratio of Mn:Fe = 3:1
was mechanically activated from a mixture of Mn2O3 and Fe2O3.
The starting reagents were commercial Fe2O3 powder (Fluka) and
Mn2O3 obtained by thermal decomposition of manganese car-
bonate (Fluka) calcined in air at 600 ◦C for 1 h. The ball milling
processes were carried out using a planetary ball milling (Fritsch
Pulverissette 6) equipped with cylindrical tungsten carbide vials
(80 cm3) together with 15 mm diameter agate and WC  balls. The
ball mass–powder mass ratio was fixed at two levels: 10:1 and
35:1. The rotation speed was  fixed at two  levels, 300 and 500 rpm.
As result of the combination of the ball mass–powder mass ratios
and the rotation speeds, three series of catalysts were prepared:

Series A: low energy (300 rpm and BPR of 10:1), agate balls.
Series B: medium energy (500 rpm and BPR of 10:1), agate balls.
Series C: high energy (500 rpm and BPR of 35:1), WC  balls.

Milling time: 1 min  (A0, B0, C0), 5 h (A5, B5, C5), 10 h (A10, B10,
C10) and 20 h (A20, B20, C20).

After mechanical milling the catalysts were calcined at 350 ◦C
during 3 h.

2.2. Characterization

2.2.1. BET specific surface area
The specific surface area of catalysts was  calculated by the BET

method from the nitrogen adsorption isotherms at 77 K after out-
gassing the samples at 250 ◦C by using a Micromeritics Gemini V
apparatus.

2.2.2. X-ray diffraction (XRD)
XRD patterns were obtained by using a Rigaku diffractome-

ter operated at 30 kV and 25 mA  by V-filtered Cr K� radiation
(� = 0.2291 nm), 3◦ min−1 scan velocity. The crystalline phases were
identified by reference to powder diffraction data (PDF).

2.2.3. Temperature programmed reduction (TPR)
The TPR was performed in a quartz U-type tubular reactor using

a TCD as detector. A 40-mg sample was used. The reducing gas
was a mixture of 5 vol% H2/N2, at a total flow rate of 30 ml  min−1.
The temperature was increased at a rate of 15 ◦C min−1 from room
temperature to 700 ◦C; then, it was kept constant at 700 ◦C until the
signal of hydrogen consumption returned to the initial values.

2.2.4. X-ray photoelectron spectroscopy (XPS)
The XPS analyzes were performed in a multi-technique system

(SPECS) equipped with an Al-monochromatic X-ray source, and a

hemispherical PHOIBOS 150 analyzer operating in the fixed ana-
lyzer transmission (FAT) mode. The spectra were obtained using
a monochromatic Al K� X-ray source (h� = 1486.6 eV) operated
at 150 W and the pass energy for the element scan was 30 eV.
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he working pressure in the analyzing chamber was  less than
 × 10−8 mbar. The data treatment was performed with the Casa
PS program (Casa Software Ltd, UK). The peak areas were deter-
ined by integration, employing a Shirley-type background. Peaks
ere considered to be a mixture of Gaussian and Lorentzian func-

ions. For the quantification of the elements, sensitivity factors
rovided by the manufacturer were used.

.3. Catalytic test

The catalysts were evaluated in total oxidation of n-hexane as
epresentative volatile organic compound (VOC) using a quartz
eactor of fixed bed. The catalyst powder was pressed, crushed and
ieved to a size of 80–100 mesh (0.18–0.15 mm)  for catalytic evalu-
tion and then, a 200-mg sample was diluted with glass of the same
ize as that of the catalyst and in a volumetric ratio of 1:23. The total
ow was 200 ml  min−1 with 4000 mg  C m−3 of n-hexane. The tem-
erature, measured with a coaxial thermocouple, varied between
0 and 350 ◦C, increasing in steps of 20 ◦C. The data reported at
ach reaction temperature were the average of at least two  steady-
tate measurements. The reagents and products of reaction were
nalyzed on line by using a GC equipment.

. Results and discussion

In this work, phase transformation during milling using the
echanical milling parameters as reference has been presented.

t is well known that mechano-chemical reactions are promoted
y the energy transferred from the milling bodies to the milled
owder. In order to favor a comparison between different milling
onditions, results are discussed using as parameter the cumula-
ive kinetic energy released in the system. It includes ball-impact
nergy, ball-impact frequency, milling time and powder weight
arried out by Burgio et al. [27], and systematized in a milling map
y Rojac et al. [28]. According to these authors, a total of nine param-
ters are required to describe the process which can be further
ivided in terms of the milling balls, milling vial, milling opera-
ion and mill characteristics. As it is known, the conventional high
nergy ball milling needs calcinations at high temperature in order
o assure high crystallinity and stability; but in the case that a pre-
ared solid is used as catalyst, it is necessary to maintain the specific
urface area and the calcination at high temperature is not conve-
ient because it favors the sintering process. For this reason, the
umulated energy used was higher than that of previous works
ublished in the literature. Table 1 shows the cumulative energy
or each sample, calculated from the following equations [28].

�Eb =
[

1
2

(
�b

�d3
b

6

)
W2

p

(
Wv

Wp

)2(
Dv − db

2

)2
(

1 − 2
Wv

Wp

)
− 2Rp

−
(

Wv

Wp

)2(
Dv − db

2

)2
]

t = NbK(Wp − Wv)

cum = �Ebvt t

mp

here �Eb is the ball-impact energy (J/hit), vt the ball-impact fre-
uency (s−1), �b is the density of the balls, db the diameter of the

alls, Wp the rotary speed of the supporting disk, Wv the rotary
peed of the vial, Dv the diameter of the vial, Rp the distance
etween the rotational axes, Nb the number of balls, and K is a
onstant (which is approx. 1.5 for ball diameters around 10 mm),
lysis A: General 474 (2014) 26–33

)(
Dv − db

2

)

Ecum is the weight-normalized cumulative kinetic energy released
in the system (J g−1), t the milling time, and mp the powder weight.

Phase transformation during milling was analyzed by powder
X-ray diffraction. Fig. 1 shows the XRD patterns of the powders
with the cumulated energy after milling. In Series A and B including
C0, X-ray diffraction pattern shows the presence of the only initial
powders: Mn2O3 (bixbyite, PDF 41-1442) and Fe2O3 (hematite, PDF
33-0664). Fe2O3 almost disappears in sample C5 and it is unde-
tectable for C5, C10 and C20. In C20, the most intense lines of
MnFe2O4 (PDF 38-0430) are observed.

The formation of a bixbyite structure (Mn,Fe)2O3, besides the
presence of Fe2O3 and Mn2O3 precursor oxides, is unobservable.
The only peaks that could be different from Mn2O3 bixbyite are
2� = 45.026◦ and 75.358◦ (�Cr). In addition, the former has a value
close to [2 0 2] diffraction line of MnFe2O4 (PDF 38-0430). If a solid
solution of Fe into Mn2O3 structure occurs, this solid solution is
undetectable from XRD analysis, due to the crystallite size reduc-
tion induced by the mechanical milling.

It is clear that the first mechanical grinding (series A and B) did
not result in the formation of a new detectable phase, just led to
the broadening of the diffraction peaks for the two types of initial
oxides due to the reduction of the crystalline sizes and the accumu-
lation of the lattice strains. However, a second observation can be
made from the raw X-ray diffraction patterns. The intensity of the
background scattering increases with milling time. This is called
“temperature effect”. The high energy ball milling together with
the high local temperature, and the pressure generated may  result
in the displacement of atoms from their mean position leading to a
partial breakdown of the conditions necessary for perfect destruc-
tive interferences between rays scattered at non-Bragg angles. This
is called “temperature diffuse scattering”; it only contributes to the
general background lines of the pattern [29].

Fig. 2 shows the average crystallite size values (D)  versus the
cumulated energy. These results show the variation of crystallite
size and lattice strain in the samples. The average crystallite size (D)
of the samples was  estimated using the Scherrer equation. It can be
seen that D variations are significant for both oxides. The crystallite
size of grinded sample strongly diminished to around 20 × 105 J g−1

of the cumulative energy. The evolution was a linear diminution
between approximately 0 and ∼20 × 105 J g−1 and then it was kept
almost constant at around 2 nm.  The crystal size of both pure oxides,
Mn2O3 and Fe2O3, were in line with their respective specific surface
area. Fig. 3 shows the relative intensity of the 2� = 49◦ XRD line,
with respect to an internal standard (calcite). Those results show
a behavior similar to that of the crystallite size, with some minor
differences. Table 1 shows the cumulative energy and the specific

surface area of each sample. Mn2O3 and Fe2O3 data are shown as
reference. A0 and B0 showed a slow increase in the specific surface
area with respect the weighted value of the pure oxides. Even tak-
ing into account the experimental error, this increase could indicate
that 1 min  of mechanical milling is sufficient to start the transfor-
mation of the solids. The A20 and B5 had a similar Ecum, 6.36 and
7.43 × 105 J g−1, respectively. Their Eimp were in the same order and
the relative XRD intensity was  very close, but the time was  20 and

5 h, respectively. This fact reveals the importance of the cumulated
energy instead of the time of milling. When B20 is compared to
C5, the Eimp has a great difference (129 and 713 mJ,  respectively).
In both cases, the intensity of the XRD lines was similar, and it is
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Table  1
Specific surface area of each sample, impact and cumulative energy of mechanical grinding and XPS atomic ratio.

Catalyst Mean Mn
oxidation
state

SBET fresh
(m2 g−1)

SBET calc.
(m2 g−1)

Impact
energy (mJ)

Frecuency
of impact
(vt, seg−1)

Ecumultive × 10−5 (J g−1) Mn/Fe atomic
ratio XPS

Oad/OL ratio XPS

Mn2O3 28.7 – – – – –
Fe2O3 9.15 – – – – –

Serie  A A0 3.0 25.5 24 46 1152 0.01 3.0 0.3
A5  3.0 27.2 26.2 1.59 – –
A10  3.0 29.7 25.2 3.18 – –
A20  3.1 27.3 23.5 6.36 – –

Serie  B B0 3.0 25.8 25.8 129 1920 0.02 5.8 0.2
B5  3.3 26.7 23 7.43 7.6 0.7
B10  3.2 18.3 18.1 14.86 5.2 0.6
B20  3.1 27.2 22.3 29.72 4.1 0.4

Serie  C C0 3.0 24.1 23.7 713 1181 0.09 – –
C5  3.1 11.6 9.3 25.26 – –
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C10  2.9 14.7 8.9 

C20  2.8 13.2 5.7 

ossible that the crystal size diminished to a similar value. Thus,
he impact energy does not contribute significantly to the textural
ransformations.

Due to the introduction of free energy in the crystal lattice dur-
ng the milling process, when the raw materials are submitted to
racturing, deformation and welding, metastable phases are usually
roduced [30]. The main fraction of the excess enthalpy and mod-

fication of properties can mostly be assigned to the development
f thermodynamically unstable states in the lattice, and not to the
eduction of particle size. The active mechanical energy that is par-
ially transferred is stored in the form of lattice defects [31]. The
elaxations of these structural defects decrease the excess energy
onsiderably, but never reach the initial state and consequently, a
esidual activity remains [32]. Initially, comminuting is the major
rocess and in this case, only a small part of approximately 10 per
ent of the excess enthalpy of the activated product may  account
or surface enlarging [33]. In Table 1, the specific surface area of
ach sample is shown. The value calculated on the basis of the spe-
ific surface area of the starting pure oxides is ∼24 m2 g−1. At first,
here is a weak increase in the specific surface area which may  be
xclusively attributed to the particle size diminution since no com-
ound is capable of generating porosity. The catalysts do not change
he textural properties. Only surface area changes are observed.

icroporosity is not observed. The catalysts are mesoporous and
he porosity is constant (∼0.15 cm3 g−1). The porosity of the pre-
ursors oxides remains the same and its mean values is ∼100 Å.
he surface variations are only due to the changes in the particle
ize.

In the first step of the milling process, there is oxygen in the
ial which may  facilitate the increase of the manganese oxida-
ion state from 3+ to 4+. It is well known that MnOx with lattice
efects shows a peak at low temperature in TPR experiments [33].

n Fig. 4a–d, TPR results are shown for all samples. The reduction
rofile of our Mn2O3 exhibits two well-defined peaks with the max-

ma  at 374 and 477 ◦C in agreement with the TPR curves reported for
ulk MnOx catalysts [33]. Similarly, Fe2O3 exhibits two peaks: the
rst one well defined with a maximum at 375 ◦C, and an undefined
eak at around 580 ◦C. The reduction sequence is probably MnO2 or
n2O3 to Mn3O4 and then, to MnO. The reduction of MnO  to metal-

ic manganese has not been observed even up to 950 ◦C because of
ts larger negative value of reduction potential [34,35]. During TPR
xperiment, it is expected that hydrogen easily reacts with Mn4+

r oxygen species coming from defective species of manganese

xide. This may  be observed at the beginning of the TPR curve but
ith a very low intensity. The above mentioned peaks appeared

etween 200 and 300 ◦C and they were present in all samples in
hich the cumulated energy from mechanical milling was less than
50.52 – –
101.05 1.7 0.2

10 × 105 J g−1. Samples A0 and B0 had the highest intensity. Then,
the increase in the manganese oxidation number and/or the oxygen
inclusion into the network of the manganese oxide is confirmed.
Thus, the initial cumulated energy is mainly in the form of lattice
defects which may  include manganese in a high oxidation state.
The presence of Mn4+ and/or defective species of manganese oxide
modifies the following stage of reduction. In fact, the transition 3+
to 3+/2+ has a minor temperature of reduction compared to Mn2O3
oxide. The mobility of the lattice oxygen induced by the defective
species could explain this behavior. Samples B10 and B20, with a
cumulative energy higher than 10 × 105 J g−1, show an increase in
T3+ to T 3+ to T2+. A similar observation could be extended to samples
C5 and C10. This phenomenon indicates that some transformation
in the solid system could occur. Those changes could be explained
by the introduction of Fe3+ into the bixbiyte structure forming a
solid solution. While Fe3+ and Mn3+ radii are 0.645 Å  for both ions,
the introduction of Fe3+ could reorder the bixbiyte structure leading
to a diminution of the defects. This solid solution extended to the
entire sample has been obtained with the same Mn/Fe atomic ratio
by calcinations of the precursor by means of complexation with
citric acid [10]. This is a stage in the solid state reaction between
Mn and Fe to form the spinel phase, MnFe2O4, which should be
accompanied by a modification in the Mn/Fe atomic ratio on the
surface. In fact, the Mn/Fe atomic ratio obtained from XPS measure-
ments increases until B5 and diminishes in the following samples.
In addition, even though XRD was  not the most adequate tool for
this scale, after C5 XRD patterns of Fe2O3 disappeared and a part
of iron was  introduced into the bixbiyte to form a solid solution,
after 10 × 105 J g−1 of cumulated energy. According to Duran et al.
[10], iron introduction into the bixbiyte structure promotes a resis-
tance to reduction of the manganese oxide which is observable from
TPR results. In fact, the first peak of reduction (transition Mn3+ to
Mn3+ and Mn2+) increased their temperature value from B10; that
is, the first step of mechanical milling included size diminution,
increased of structural defects and coverage of iron oxide by man-
ganese oxide. This migrated manganese oxide probably explains
the first peak of reduction and may  have a lower crystallinity to
generate an amorphous structure.

The peaks of the precursors in the reaction mixture underwent
a progressive broadening and lowering with milling time. This
behavior is due to the continuous reduction of crystallite grain size,
as a consequence of the repeated fracture of the powders induced
by milling [36]. However, the higher diminution of the XRD pat-

terns of iron oxide with respect to those of manganese oxide could
be explained when the solid solution is started. Fe2O3 disappears
and acquires the structure of the bixbiyte. Unlike thermal synthe-
sis, in mechanical milling it is difficult to establish a clear limit for
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Fig. 1. XRD patterns of the samples with the cumulated energy after milling; (a) A
series, (b) B series; (c) C series.
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each solid transformation and probably, a overlapping of each step
takes place.

The following step of reaction included the partial reduction of
manganese to form MnFe2O4. This spinel of manganese and iron has
been extensively studied due to their magnetic properties. Mechan-
ical milling studies have been performed with MnO  or Mn3O4 as
precursor to avoid the step of reduction, or with Mn2O3 and metal-
lic Fe as precursors [39]. Those studies have been developed in
Ar atmosphere. Scheme 1 shows the evolution of the solid system
proposed.

In the vial, there is air and the initial oxidation presented in this
work has been favored by the presence of oxygen. In fact, Medeiros
et al. [19] working with Mn3+ and Fe3+ oxides as precursors and
with a relatively low cumulated energy did not obtain the spinel
structure. The XRD patterns of MnFe2O4 are clearly shown in C20,
and are slightly hinted at C10 (PDF 38-0430 Iwakite). Although the
surface is not representative of the bulk, the XPS results show a
drastic decrease of the Mn/Fe ratio for C20, with a value of 1.7. This
value is lower than the nominal one of the starting oxides. Mn/Fe

atomic ration does no reach 0.5, due to the fact that Mn  in excess is
present under the MnOx form. This XPS value could confirm the for-
mation of the MnFe2O4 spinel. TPR results, Fig. 4c, clearly indicate a
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Fig. 3. XRD calibrated intensity versus cumulative energy.
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iminution of manganese species with an oxidation number higher
han 2+ when the cumulated energy is increased. The average oxi-
ation number is calculated from the hydrogen consumption, and
hose values are showed in Table 1. The spinel phase is deficient
n iron because Mn3+ could replace it into the structure [36]. The
ppearance of the new phase implies a strong reduction of the spe-
ific surface area due to the disappearance of the small particles of
n2O3 or (Mn,Fe)2O3, being both phases the main contribution to

he specific surface area. In this respect, and following the specific
urface area evolution above 20 105 J g−1 and an E = 713 mJ,  the
imp
ystem evolves to MnFe2O4. Although it is possible to obtain the
pinel structure MnFe2O4 from Mn2O3 and Fe2O3 as precursors, it
s necessary to control the atmosphere and provide a great amount
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of cumulated energy. Ding et al. [20] using stainless steel balls found
that Mn2O3 and Fe2O3 ball-milled for 66 h under argon atmosphere
resulted in the formation of disordered MnFe2O4. These authors
also indicated that the Fe of the stainless steel ball could contami-
nate the sample and induce the formation of a wustite phase. Our
results obtained after 20 h lead us to conclude that in order to
get MnFe2O4, it is convenient to work at energy higher than that
obtained with stainless steel balls.

Fig. 5 shows the catalytic performance of the catalyst per unit
area of specific surface. The catalysts B5 and B10 have the best per-

formance; this is better than the reference catalyst. C10 has also
a good performance but their specific surface area is poor. How-
ever, this result indicates that some characteristics of the surface
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Fig. 6. Light-off curves in the n-hexane combustion for A0, B5, B10, C20, mechanical
mixture (Mn:Fe 3:1) of Mn2O3 + Fe2O3, and Mn:Fe 3:1 synthesized by Duran et al.
[10].
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observed in B5 and B10 are present after 50 × 105 J g−1 of cumula-
tive energy by milling. As an example of the catalytic importance
of those results, Fig. 6 shows the light-off curves in the n-hexane
combustion for A0, B5, B10, C20, mechanical mixture (Mn:Fe 3:1)
of Mn2O3 + Fe2O3, and Mn:Fe 3:1 synthesized by Duran et al. [10].
Two possible mechanisms, a suprafacial and an intrafacial one and
they are widely accepted now for oxidation reactions. The former
mechanism arises from the interaction between surface oxygen and
reactants and, for hydrocarbon oxidation, it is operative at low tem-
perature (T < 400 ◦C). The latter involves a redox cycle, in which
bulk oxygen migrates toward the surface becoming available for
the oxidation of the substrate and it is replaced by gaseous oxygen

through a Mars–van Krevelen mechanism. The actual mechanism
of the catalytic reaction will be determined by the oxygen mobil-
ity in the crystalline framework as well as the catalyst affinity with
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xygen. It is proposed that paraffin oxidation would occur by means
 suprafacial mechanism. The capacity for adsorbing oxygen of the
atalyst is deduced from the Oad/OL ratio determined by XPS. O 1s
ecomposition was made following the conditions used by Merino
t al. [40]. Fig. 7 shows the O 1s peak obtained by XPS.

The catalytic activity follows the Oad/OL ratio. In addition,
t is well known that Mn4+ [33], defective species [37,38], and
Mn,Fe)2O3 solid solution [10] improve the catalytic performance
f manganese oxides. On the contrary, Mn2+ is not a good cata-
yst for catalytic combustion. It is clear that, despite the diminution
f the specific surface area, B5 characteristics improve the cat-
lytic combustion properties as compared to the initial mechanical
ixture. Besides the chemical composition, the catalyst obtained

rom mechanical milling exhibits unusual catalytic properties, due
o their extremely small grain size or large specific surface area.
ample C20 shows a poor activity in n-hexane combustion due to
he progress of the solid state reaction to MnFe2O4 and the specific
urface area decrease.

. Conclusions

The route of the solid state transformation of Mn–Fe–O sys-
em starting from manganese and iron oxides has been established
s a function of the cumulated energy from mechanical milling. A
escription of the chemical and physical transformations has been
one. From this study, it is possible to predict the milling con-
itions to obtain a Mn–Fe–O material with catalytic applications.
hat is, with an adequate specific surface area and an appropriate
rrangement of phases.

The influence of the impact energy and the cumulated energy
as been discriminated. In the same sense, the time factor and
umulated energy on the sample have been evaluated.

At high cumulative energy, it is possible to obtain the MnFe2O4
hase from Mn2O3 and Fe2O3 as precursors at relatively short
imes.

Complex multicomponent catalysts, which may  be difficult to
repare by conventional high temperature treatment, could be suc-
essfully prepared by milling. Besides the chemical composition,
he catalyst obtained from mechanical milling exhibits unusual cat-
lytic properties, due to their extremely small grain size or large
pecific surface area.
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