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The MexFe3-xO4 (x = 1 for divalent metal, Me = Mg, Co, Ca and x = 0.5 for monovalent
metal Me = Li) ferrites were prepared by self-combustion method and then heat treated at
9000C to assure chemical and thermal stability for catalyst applications. The
morphological and structural characterization of the ferrite powders have been performed
with various techniques: X-ray diffraction (XRD) to determine the phase composition and
the crystallite nanosize, SEM observations to show off the agglomerate formations, EDAX
spectroscopy to evaluate the chemical composition and BET analysis to determine the
specific surface area. The ferrite powders have been tested as catalysts in combustion
reaction of three diluted gases: acetone/air, ethanol/air and methanol/air. The results
revealed a dependence of the gas combustion minimum temperature on the ferrite catalyst
composition. The gas combustion process over Mg ferrite surface can start at lower
temperatures than over the other ferrites.
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1. Introduction
In the last years there is an interest in investigating the catalytic combustion of
hydrocarbons using ferrospinel-type metal oxide compounds as catalysts. The catalytic combustion
makes possible to drastically reduce the temperature required for a complete combustion. Thus,
while thermal combustion proceeds at temperatures above 1000oC, in the catalytic process the
temperature for a complete combustion can be below 7000C.
The main objective is to find a thermally and chemically stable solid-state catalyst to
ignite the combustible gases at low temperature, without the use of flames. Current catalyst
compositions that have shown promising results are based on transition metal oxide compounds.
Several research reports [1 - 6] have proven that the spinel ferrites (ferrospinels) have a
great potential not only as a refractory material, but also as a catalytic material for the combustion
of the volatile organic compounds (VOC), given their high melting point, hardness, thermal and
chemical stability and low cost.
For catalytic purposes, the microstructure has a predominant role. The achievement of
ferrites with the high specific surface areas and nanosized particles is a priority in the performance
of a ferrite catalyst. In nanostructured ferrites, the interface between the nanoparticles and its
surrounding media plays a major role compared to the bulk. Also, the strong curvature of ferrite
particles due to their small radius leads to an increased number of the structural defects at the
*
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nanoparticle surface which enhance the surface reactivity. To obtain spinel ferrites with superior
microstructures, various chemistry based synthesis methods have been proposed, such as sol-gel
technique [7], coprecipitation [8, 9], citrate precursor [10, 11], hydrothermal synthesis [12, 13],
spray drying [1], combustion reaction [1], and flash combustion method [14]. In this work, selfcombustion method [15 – 17] was applied to synthesize ferrite nanoparticles. Among the various
methods known, the self-combustion method allows a good control over the size of the material
particles, which in turn decides their structural properties. The procedure offers the advantage to
produce ultra-fine, homogeneous and reproducible, multicomponent ceramic powders and with
precise stoichiometry. The preparation way is relatively simple, implies a low energy cost by
utilizing an exothermal reaction and allows a controlled growth of the crystallites by subsequent
heat treatments.
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Hydroxide sol
Stirring
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Drying in air
Dried gel
Selfcombustion
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Fig.1

Processing of ferrite powders by self-combustion route.

The purpose of this work was to find new ferrite compositions with suitable properties for
catalyst applications. Spinel-type ferrite nanopowders of chemical composition MexFe3-xO4 (x = 1
for divalent metal, Me = Mg, Co, Ca and x = 0.5 for monovalent metal Me = Li) were prepared
through self-combustion procedure. Some structural and morphological aspects of the four ferrite
nanopowders were investigated to clarify how compositional changes affect properties and
characteristics of ferrites.
X-ray diffraction (XRD), nitrogen adsorption by BET, scanning electron microscopy
(SEM) and energy dispersive X-ray (EDAX) techniques were used to investigate the structural and
chemical properties. The catalyst activity of the ferrite powders was tested. It is known that the
starting temperature for combustion reaction of volatile organic compounds (VOC) depends on the
composition of the catalyst and the nature of the compound to be oxidized [18]. The minimum
temperature of the catalytic combustion reaction of diluted gases (ethanol/air, methanol/air and
acetone/air) over ferrite nanopowder catalysts was determined and the effect of Me-type was
analyzed.
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The catalytic combustion has received much attention mainly due to the possibility of
lowering the combustion temperature thus practically reducing emissions of NOx, CO and
unburned hydrocarbons [19].
2. Experimental
The synthesis of MgFe2O4, CaFe2O4, CoFe2O4 and Li0.5Fe2.5O4 spinel ferrite particles was
accomplished through self-combustion route. In this method, the thermal energy for synthesis
reaction of ferrites was provided by a quick exothermic reaction. Metal nitrates, ammonium
hydroxide and polyvinyl alcohol were used as starting materials. Metal nitrates are the salts we
preferred because they contain nitrogen and are water soluble (a good homogenization can be
achieved in solution). Hydrate salts are even more favored, although the water molecules are
irrelevant for the chemistry of the combustion. The preparation procedure by self-combustion is
given in Fig.1. This route included the following procedures: (1) dissolution of metal nitrates in
deionized water; (2) polyvinyl alcohol addition to the first solution to make a colloidal solution;
(3) NH4OH addition to increase pH to about 8; (4) stirring at 800C; (5) drying the gel at 1200C; (6)
and finally self-combustion. The dried gel was ignited at one end by using an electrically heated W
wire (0.5 mm in diameter) and an exothermic combustion reaction began. The combustion front
spontaneously autopropagates and converts the dried gel in a loose powder. The as burnt powders
were calcined at 500oC for 30 min to eliminate any residual organic compounds. Then, calcined
powders were heat treated at 9000C for a short time of 10 minutes, to obtain a good crystallinity of
the powder without a sesizable increase of the crystallites. The detailed step-by-step procedure has
been reported elsewhere [15 - 17].
The structural homogeneity, crystal structure, phase formation and crystallite size were
determined by X-ray diffraction (XRD), using PANANALYTICAL X’ PERT PRO MPD
diffractometer and CuKα radiation (λ = 1,542512 Ǻ). The diffraction patterns were recorded in the
range 2θ = 20÷800 at 20min-1. The average crystallite size was calculated from Scherer’s equation
[20]

D XRD  0.9

 cos  ,

(1)

where λ is the wavelength of the target, β is the full width maximum of diffracted (311) plane and
θ is Bragg angle.
The surface morphology was examined with scanning electron microscope (QUANTA
2000 3D Dual beam model). The specific surface area (SBET) was calculated from the nitrogen
sorption data using the Brunauer-Emmett-Teller (BET) equation [21]. Adsorption/desorption
isotherms of nitrogen were measured at ~ 77K with NOVA 2200 apparatus. The pore size
distribution (PSD) curves were obtained from the sorption isotherms using BJH (Barret, Joyner
and Halenda) method [21]. The chemical composition of the ferrite particles was determined with
an energy dispersive X-ray spectrometer (EDAX: Genesis). Incident electron beam energies from
0 to 14 Kev have been used. In all cases the beam was at normal incidence to the sample surface
and the measurement time was 100 s. All the EDAX spectra were corrected using the ZAF
correction.
3. Results and discussions
The X-ray powder diffraction was employed for phase identification and nanoparticle
formation. The XRD patterns of the ferrite powders before and after heat treatment at 9000C are
shown in Fig.2. Except for Ca-containing composition, the cubic spinel phase formation with
Fd3m space group for Co, Mg and Li ferrites was detected before and after heat treatment at
9000C. The most intense peaks in all specimens are (220), (311), (400), (422), (333) and (440).
Monophase crystalline materials were obtained.
After calcination at 5000C for 30 min dicalcium ferrite, Ca2Fe2O5 (Fig.2 - a) was formed,
with orthorhombic brownmillerite structure belonging to the space group Pcmn with lattice
parameters: a = 5.42 Ǻ, b = 14.77 Ǻ and c = 5.59 Ǻ. Ca2Fe2O5 brownmillerite structure regarded as
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an oxyygen-deficient perovskitte (ABO2.5) provides ox
xidation cataalytic activiity and mak
kes this
ferrite a good canndidate as a toxic-metal free and a low-cost
l
cattalyst [2]. Byy heat treatm
ment at
9000C for 10 min, CaFe2O4 ph
hase with ortthorhombic structure (sp
pace group PPnam) was detected
d
(Fig.2 - b). The latttice parameters are givenn in Table 1.

(a)

Fig.22

(b)

XRD patterrns for the ferrrite powders:: (a) after calccination at 500
00C; (b) after heat treatm
ment at
0
900 C
Ta 1 Structture characterristics of ferriites after 9000C heat treatm
Table
ment

Feerrite
compposition
CoF
Fe2O4

Metal
M
ion
radius
(nm)
0.079

MgF
Fe2O4

0.086

LiF
Fe5O8

0.090

CaF
Fe2O4

0.114

Lattice
constantt
(nm)
0.8379
(0.838)
0.8366
(0.836)
0.8338
(0.833)
a = 0.9230
b = 1.070
0
c = 0.3029

Crystallite size
(nm
m)
36.3
33

X
X-ray
deensity
(g//cm3)
55.31

41.7
78

44.55

46.4
44

44.74

93
51.9

44.79

The resultss obtained by
y XRD analyysis are summarized in Table
T
1 for fe
ferrite powdeers after
0
heat treeatment at 900 C. Some observationss can be mad
de:
the lattice
l
constant dependss on the Me
M type and suggests thhe formation of a
compoositionally hoomogeneous solid solutioon;
the laattice constan
nts for ferritee nanoparticlles are close to those knoown for bulk ferrites
[22] (aare given in parenthesis);
p
the crystallite sizze DXRD calcculated with Scherer’s eq
quation was found to bee in the
range 36 to 52 nm
m and this demonstratees that powd
ders with naanosized cryystallites hav
ve been
obtaineed;
thouggh all samplees were preppared under identical
i
con
nditions, the crystallite siize was
not thee same for all compositio
ons; this increeases with in
ncreasing the Me ion radiius [23].
The X-ray density,, dX, was calcculated with the formula [22]

d X  8M

Na
N 3

,

d a is lattice constant.
c
where M is molecuular mass, N is Avogadroo number and

(2)
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Nitrogen adsorption/desorption at ~ 77 K was used to obtain the informations about the
specific surface area SBET and the pore volume of the ferrite particles. Some characteristic
isotherms are presented in Fig. 3 for samples before and after heat treatment at 9000C. These
isotherms can be classified as type II in IUPAC classification [21]. The pore size distribution
graphs (PSD) obtained from N2 sorption isotherms by BJH method [21] are shown inset of Fig.3.
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Fig. 3 Nitrogen adsorption/desorption isoterms at 77K for two ferrite powders (◦◦◦ is the
adsorption branch and ▫▫▫ is the desorption branch; n – samples after calcination at 5000C
and t – samples after heat treatment at 9000C; inset: the pore size distribution graphs)

The obtained results for all samples heat treated at 9000C for 10 min are summarized in
Table 2. DBET, was calculated using the SBET measured values (by assuming that all particles have
spherical shape) with the formula [21]

DBET  6

S BET d X

,

(3)

where 6 is the shape factor and dX is the X-ray density. One can see from Table 2 that the surface
areas, SBET, have reasonable values, in the range 3.91 – 2.77 m2/g and the particle diameter ranges
between 337 and 455 nm. The pore volume is very small (0.06 – 0.038 cc/g). The pore volume and
particle size markedly influence the surface area. It is interesting to note that the Mg ferrite has the
largest SBET and pore volume, yet these are smaller than those measured on the samples calcined at
5000C, but without heat treatment at 9000C. For comparison, in Table 3 are given SBET, DBET and
pore volume for Mg- and Co- ferrites calcined at 5000C. One can see that the particle diameter
increased after annealing at 9000C. This increase is probably due to the presence of nanometric
particles which favor the coalescence. Although SBET value of the thermal treated samples is
smaller, these samples were chosen for investigation because the annealing at 9000C assures the
good thermal and chemical stability required by catalyst applications.
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Table 2 Surface chaaracteristics for
fo ferrites afteer 9000C
hheat treatmen
nt

Ferritte
composition SBET
(m2/g))
CoFe2O4
3.26

DBET
(nm)
346

Pore
P
Adsorbed N2
vo
olume
volume
(cc/g)
(cc/g)
(
0.0048
3.2

MgFe2O4

3.91

337

0.006
0

4.8

LiFe5O8

2.77

455

0.0038

2.5

CaFe2O4

2.83

441

0.0049

3.3

Fig.4 SEM
M micrographs for
f ferrites affter heat treatm
ment at 9000C:
C a) MgFe2O44; b) LiFe5O8;
c) CoF
Fe2O4; d) CaF
Fe2O4.
Table 3 Surf
rface characteeristics for two
o ferrites calcined at 5000C

SBEET (m2/g)
3.61

DBET (nm)
313

Pore volu
ume
(cc/g)
0.0287

6.35

207

0.090
0
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From PSD
D spectra, sh
hown inset oof Figure 3, one can seee that the poore sizes aree in the
mesopporous range (5÷15 nm) and
a the poree distribution
n changes wiith the Me-tyype and the thermal
t
treatment. The pore volume is correlated
c
w
with adsorbed
d N2 volume.
The surfacce morpholog
gy of ferrite powders heeat treated att 9000C was examined by SEM
and it is illustratedd in Fig. 4. Itt is clear from
m the microg
graphs that the
t microstruucture chang
ges with
changiing the Me-ttype in the ferrite
f
compoosition. One can notice the
t presencee of both mini- and
macro--agglomeratees of irregulaar shapes. Thhe particles within the agglomerationns are small (340 –
450 nm
m). The Ca and
a Li ferrites exhibit onnly some larrge agglomerrates and maany dispersed
d small
agglom
merates (abouut of 1 μm) due
d to the cooarse particlees (of about 450
4 nm). In C
Co and Mg ferrites,
f
the finner granulatiion of the powders
p
(off about 340 nm) led to the formatition of many
y large
agglom
merates (4÷5 μm). All agglomerates aare soft and can
c be easily
y destroyed bby light grind
ding.
The EDAX
X patterns co
onfirm the hoomogeneouss mixing of Mg,
M Li, Ca, C
Co and Fe attoms in
samplees and the puurity of the chemical coompositions. The Me/Fe molar ratio was found close
c
to
the theeoretical vallue. EDAX spectrum foor MgFe2O4 powder is shown
s
in Fiig. 5. One can
c see
characcteristic peakks and the composition off MgFe2O4 ferrite.
f
The Mg/Fe
M
molarr ratio was fo
ound of
0.55, w
whereas theooretical valu
ue is of 0.5 which is a proof of ho
omogeneous distribution of the
elemennts in the sollid.

Element

Wt%

At%

OK
MgK
FeK

26.66
14.21
59.13

50.34
17.66
31.99

Fig.5. EDAX
X spectrum foor MgFe2O4 feerrite heat trea
ated at 9000C.

The catalyyst tests of th
he four prep ared ferrite powders
p
werre performedd by measurring the
minim
mum temperature at which the combuustion reactio
on of very sm
mall concent
ntrations of acetone,
a
ethanool and methannol occurs in
n air environnment catalyzed by ferritte powders. IIt is known that
t the
catalyzzed combusttion reaction takes place at much low
wer temperatu
ures than thaat non-cataly
yzed. In
Fig.6 tthe minimum
m temperatu
ure for combbustion of th
he three dilu
uted gases ovver the fourr ferrite
nanopoowders are given.
g
For co
omparison is given also the
t minimum
m temperaturre required to
o ignite
the meentioned gasses without a spark or c atalyst being
g present. All
A experimennts were con
nducted
twice tto ensure repproducibility
y; similar ressults were allways obtain
ned. In the baar diagram one
o can
remarkk the changee of minimu
um combustiion temperatture with ferrrite catalystt compositio
on. It is
importtant to note that
t
the mostt efficient feerrite catalystt is Mg-ferrite which hass the greatesst effect
in decrreasing the combustion
c
teemperature ((to about 200
0 deg) of gases in air envi
vironment, beeing the
most aactive catalysst.
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Fig.6 Bar diagram for the minimum combustion temperature of acetone, ethanol and methanol
vapour in air in the presence of ferrite catalyst and without catalyst

It is known that the oxygen species ( O 2  , O2 , O  ) adsorbed on the oxide compound
surface play a major role in the catalytic combustion [24 - 26]. The interaction of surface active
oxygen species with reactants determines the mechanism for gas oxidation over mixed oxide
catalysts, but the surface defects are sites for oxygen adsorption [27]. However, the possibility of
involvement of the surface lattice oxygen in the gas combustion over mixed oxides cannot be
excluded [21]. The valence of Mg2+, Li+, Ca2+ or Co2+ ions, lower than that of Fe3+ ion, can cause
the formation of oxygen vacancies and modification of the lattice oxygen mobility.
In the present study, a possible explanation for the temperature differences in the gas
combustion reactions catalyzed by various composition ferrites can be either different reactivity of
the oxygen species adsorbed on the ferrite surfaces ( O  is more active than O 2 ) or various
densities of the active surface sites. The improved activity of Mg containing ferrite can be mainly
ascribed to a larger density of surface active oxygen species, weakly bonded on the ferrite surface,
which can facilitate the ferrite to oxidize the combustible gas when this comes into contact with
ferrite surface. Also, the larger surface area of Mg ferrite presumes much more intensive
interactions between the ferrite surface and the gas which can promote the gas oxidation at lower
temperatures. The weakly effect of Ca and Co ferrites suggests less active oxygen species
available for the combustion reaction.
The obtained results incite to investigate also other ferrite compositions to find a catalytic
material with the best properties.
4. Conclusions
The synthesis by nonconventional method, self-combustion, has favored the production of
Mg-, Li-, Co- and Ca ferrite powders with nanometric crystallites.
The X-ray diffraction confirmed the crystallinity and the nanosize of the ferrite crystallites (36 –
52 nm).
SEM micrographs evidenced the presence of agglomerates of fine particles. The
agglomerate sizes are in the range from 1 to 5 μm.
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The specific surface area SBET and the pore volume obtained from nitrogen
adsorption/desorption isotherms depend on the ferrite composition; Mg ferrite has the largest SBET
and pore volume.
The catalytic tests revealed that the minimum temperature for catalytic combustion of
diluted gases in air environment remarkably decreases when using Mg ferrite powder as catalytic
material. A probable explanation has been proposed.
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