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The catalytic activity of hematite (α-Fe2O3) was studied in deep propane oxidation. Propane conversion to CO2 was
more than 90% at 400oC in excess of oxygen. The AC electrical conductivity measurements performed in situ showed
that at low temperature the surface conductivity is influenced by the presence of moisture in the feed which is adsorbed
on the surface. Based on the conductivity data obtained in absence of oxygen coupled with information provided by
Mössbauer spectroscopy, the results are discussed in terms of the redox-type mechanism.

INTRODUCTION∗
Liquefied petroleum gas (LPG) is used as a fuel
substitute for automobiles, because of its clean combustion. The major components of the LPG are propane and butanes, the ratio of which being variable
depending upon the production technology. Since in
homogeneous combustion the reactivity of propane is
lower than that of butanes, the concentration of propane in the auto exhaust gases is much higher. Hence,
in order to control the hydrocarbon emissions from
the LPG-fuelled automobiles, an efficient catalyst for
total oxidation of propane at low concentration of
hydrocarbon is required.
Many studies have reported earlier on the combustion of propane over different catalysts, particularly over supported noble metals1-4 and transition
metal oxides.5-8 In general, noble metal containing
catalysts have high hydrocarbon combustion activity at low temperature, but they are more liable to
deactivation by poisoning9 being also much more
expensive. Transition metal oxide-based catalysts,
however, have lower hydrocarbon combustion activity, but they are much cheaper and moreover,
more resistant towards poisoning.
∗
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Iron oxide is widely known in literature as an
essential component of the catalysts for selective
oxidation or oxidative dehydrogenation (see for
example the oxidative dehydrogenation of butene
to butadiene 10, 11 or for the dehydrogenation of
ethylbenzene to styrene12).
The presence of iron compounds in multicomponent oxide catalysts improves their performances in
hydrocarbon oxidation; the Fe2+–Fe3+ redox couple
facilitates the reduction/reoxidation of other component phases having coherent interfaces, since it acts
as a source and sink of electrons.13
In this paper we focus on the catalytic behavior
in propane oxidation of hematite (α-Fe2O3). AC
electrical conductivity measurements in operando
conditions (differential step technique) were also
performed in order to follow the dynamics of the
oxidation level of the oxide surface.
EXPERIMENTAL
α-Fe2O3 (hematite) was prepared from iron hydroxide, by
calcination for 7 hours at 600oC. The sample was characterized before and after the catalytic test in propane oxidation by
BET method for measuring of surface area and porosity (N2
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room temperature and 450oC, with 0.5cm3 of catalyst grains
(size fraction between 0.2 – 0.5mm), for propane:oxygen
(from air) molar ratios between 2:1.8 and 1:6, at contact times
between 0.75 and 2s; the gas flow was measured by using
MKS mass controllers. The composition of the effluent was
analyzed on line by gas chromatography (Perkin Elmer – Clarus 500) equipped with TCD and FID detectors using Hayesep
Q and Molecular Sieve 5A columns.

adsorption-desorption), X-ray diffraction (XRD), Mössbauer
spectroscopy, and by AC electrical conductivity measurements
in operando conditions. XRD analysis was performed on a
DRON X-ray powder diffractometer linked to a data acquision
and processing facility. CuKα radiation (λ=1.540598Å) and a
graphite monocromator have been used. The Mössbauer spectra were recorded at room temperature using a constant acceleration spectrometer and a 57Co source in Rhodium matrix. αFe foil (Amersham, England) was used to calibrate the Mössbauer spectrometer in a velocity range of ±10mms-1. All spectra were analyzed by nonlinear least-square fitting in the hypothesis of lorentzian line shape.
AC electrical conductance G and capacitance C of 1.5cm3
of catalyst powder (size fraction between 0.2 – 0.5mm) were
measured in operando conditions, between room temperature
and 400oC with a RLC precision bridge (Tesla BM 484, 1592
Hz) during linear heating (2oC/min) in gas flow, in various
gases and in conditions simulating the catalytic experiment;
this was coupled with simultaneous gas analysis. The measurements were performed by using the differential step technique (DST)14 consisting of various heating/cooling cycles and
a specially designed cell.15
The cycles succession was:

DHe1-3
CT3

DO
DHe6

DHe4
CT2

RESULTS AND DISSCUSSION
Iron oxide has two typical crystalline modifications: α-Fe2O3 (hematite) and γ-Fe2O3 (maghemite)16.
The phase transition between maghemite and
hematite occurs in air approximately at 300oC and
in vacuum at lower temperature (approximately
250oC)17 according with scheme:
oxidation
reduction

→ γ-Fe 2 O3
α-Fe 2O3 
→ Fe3O 4 ←

reduction

The X-ray refinements indicated that the fresh
sample contains only hematite phase (Figure 1a).
After the catalytic test, the hematite phase is accompanied by γ-Fe2O3 phase, which is the dominant phase in the sample (~ 64%) (Figures 1b).
Figures 2 show the room temperature transmission
Mössbauer spectra of the fresh sample (Figure 2a)
and of the same sample after its use in the series of
catalytic tests (Figure 2b).

CT1

HO

DHe5

where DHe-dry helium, DO and HO dry or humid oxygen
respectively, CT1-2 – the catalytic test in C3H8:air 1:10 mixture and CT3 – test with propane: helium mixture(i.e. in absence of oxygen).
The catalytic tests were performed on the same batch of
sample which was previously used in electrical conductivity
measurements; they were done in an integral reactor between
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Fig. 1 – XRD analysis for α-Fe2O3 sample; a – fresh, b – after the catalytic tests.
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Fig. 2 – Mössbauer spectra for α-Fe2O3 sample; a – fresh, b – after the catalytic tests.

The Mössbauer hyperfine parameters: the magnetic hyperfine field (Hhf), the isomer shift (IS), the
quadrupole splitting (∆) together with the relative
areas of different components, as resulted by fitting
the spectra, presented in Table 1, are characteristic
for Fe3+ ions; no Fe2+ species were detected in the
samples.
The electrical conductivity measurements indicated that the hematite has n-type semiconductor
behavior (Figure 3), which is in evidence between
100-200oC (lower conductivity in oxygen with respect to inert, due to the adsorption of electron

consuming oxygen species). At higher temperature, the trend is changed, probably associated with
the existence of the plateau, indicating a phase
transition. The U shape of the plots clearly indicates the surface sensitivity to water adsorption at
low temperature, the decreasing arm being connected with the removal by gas flushing of the
weakly adsorbed water species from the surface 18,
as shown by the analysis of the effluent gas.

Table 1
The Mössbauer parameters and phase composition of the fresh and tested iron oxide
Sample ID
α-Fe2O3 – fresh
α-Fe2O3 – tested
Error

Hhf
(T)
51.6
51.7
49.4
±0.3

* IS is given relative to α-Fe standard

IS*
(mm/s)
0.34
0.34
0.29
±0.01

∆
(mm/s)
-0.22
-0.21
-0.03
±0.01

Relative Areas
(%)
100
35.8
64.2
±0.4

Phase/Site assignment
α-Fe2O3 (Fe3+ )
α-Fe2O3 (Fe3+ )
γ-Fe2O3 (Fe3+ )
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Fig. 3 – Arrhenius plots of conductivity for α-Fe2O3 in different atmospheres.

The capacity data, coupled with effluent analysis confirm this statement, showing that in the low
temperature region, the weakly adsorbed water
species desorbs from the surface by heating – see
the low temperature peaks, Figure 4. The increasing part is connected with the increased mobility of
the surface dipoles (e.g. water molecules) while the
decreasing part is related with their desorption14.
Testing in propane:air 1:10 mixture influences
the surface conduction for the low temperature

domain but it has no any noticeable effect above
100oC (see DHe4, CT1 in Figure 3). However,
testing again (CT2) after the treatment in humid
oxygen induces surface sensitization, since the
next reference cycle in inert (DHe6) showing much
higher values indicates a considerable surface reduction. To confirm this statement, an experiment
was performed in absence of oxygen (CT3 – propane:helium cycle). As shown, the values between
110-240oC are practically superposed on DHe6
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flexion point at 300oC must be due to the transition
of phase as indicated by XRD and Mössbauer
spectroscopic data.
Catalytic results obtained in a separate series of
experiments performed on the same batch of sample indicate that iron oxide is active in deep propane oxidation, with more than 90% conversion to
CO2 in excess of oxygen (Figure 5).

values, but at higher temperature they are much
higher due to the surface reduction by propane.
This is confirmed also by the capacity data (Figure
4), surface reduction resulting in increased surface
capacitance. These clearly indicate that surface
reduction by propane in absence of oxygen occurs
above 240oC, while in presence of oxygen, this
effect appears at much higher temperature.The in-

50

DO
DHe4
CT1 (C3H8:air)
40

HO
CT2 (C3H8:air)
DHe6
CT3 (C3H8:He)

C (pF)

30

20

10

0
0

50

100

150

200

250

300

350

o

temperature ( C)
Fig. 4 – Variation of apparent capacity during heating for α-Fe2O3.
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Fig. 5 – Propane oxidation on α-Fe2O3 at 400oC, contact time 0.75s.
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Fig. 6 – Propane oxidation on α-Fe2O3, propane:oxygen ratio – 1:2.

For a propane:oxygen ratio of 1:2 the hydrocarbon conversion is around 60%, with 80% selectivity to CO2, the rest being C1-C3 products. Propane
conversion is slightly higher at lower contact time
(Figure 6). This is probably due to the fact that a
longer residence time of the hydrocarbon on the
surface blocks some of the active sites.

A high local exothermal effect indicating the
onset of oxidation (corresponding to a sharp increase of temperature by about 50oC with respect
to the programmed one) was noticed between 275–
325oC (depending on the residence time) and associated with a sharp increase of conversion (Figure 6).
This sharp temperature increase is diminished on
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increasing the residence time; as mentioned before,
this suggests either that in the latter case some of
the active sites might be blocked by strongly adsorbed hydrocarbon-derived species (and consequently the activity is diminished by coke formation), or that the iron phase is more reduced in this
case. The decrease of the propane:oxygen ratio
(2:1.8) induces a slight increase of selectivity to
C1-C3 products (30%), but at much lower conversion (35%).
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After the catalytic tests the surface area of the
hematite increased, suggesting that α to γ transition
must be accompanied by the change in particle
size. At the same time, a change in pore size distribution was noticed, after the catalytic test the larger pores being transformed in smaller pores,
probably by coke formation, but the pore volume is
higher (Figure 7).

0.07

0.050

α - Fe2O3 - tested
2 0.06

0.045α - Fe O - fresh
2 3

SBet = 17.6 m /g

2

0.05

0.035
0.030

0.04

0.025
0.03

0.020
0.015

0.02

0.010
0.01

0.005
0.000

Pore volume (dV/dlogD)

Pore volume (dV/dlogD)

S0.040
= 14.4 m /g
Bet

0.00
0

20

40

60

80

100

120

Pore diameter (nm)
Fig. 7 – Pore volume distribution (N2 adsorption-desorption) for α-Fe2O3 samples.

CONCLUSIONS
In this study the catalytic activity of α-Fe2O3
and in situ measured electrical properties were investigated in deep propane oxidation with the aim
of evidencing the potential application of this oxide as a catalyst for auto-exhaust gases of vehicles
using LPG as a fuel and also to find mechanistic
details of its action.
In spite of the fact that no Fe2+ ions were detected in the used catalyst by Mössbauer spectroscopy, the final presence of γ-Fe2O3 clearly indicated that propane combustion on iron oxide occurs via a redox-type process. This is also supported by the electrical conductivity/capacity data,
particularly in absence of oxygen in the feed.
The high propane conversion to CO2 for richin-oxygen mixtures recommends iron oxide to be
used as a catalyst for removing traces of hydrocarbon from auto-exhaust gases.
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