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a b s t r a c t
Perovskite-type catalysts with LaFeO3 and substituted LaxCe1 − xFeO3 compositions were prepared by sol–gel
method. These catalysts were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), CO temperature-programmed reduction (CO-TPR), and SO2 temperature-programmed desorption
(SO2-TPD). Catalytic reaction for NO reduction with CO in the presence of SO2 has been investigated in this
study. LaFeO3 exhibited an excellent catalytic activity without SO2, but decreased sharply when SO2 gas was
added to the CO + NO reaction system. In order to inhibit the effect of SO2, substitution of Ce in the structure
of LaFeO3 perovskite has been investigated. It was found that La0.6Ce0.4FeO3 showed the maximum SO2 resistance
among a series of LaxCe1 − xFeO3 composite oxides.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Emissions of nitrogen oxides (NO and NO2) in urban area have
resulted in severe environmental conditions such as acid rain and
fog and haze worldwide [1]. Reduction of nitrogen oxide to nitrogen
is the most promising process to control NOx emissions. Selective
catalytic reduction of NO by NH3 (NH3-SCR) has been proved an effective method for the removal of NO at low temperatures [2].
However, NH 3 is very sensitive to the reaction temperature and
atmosphere; furthermore, it is expensive and inconvenient for
industrial application. Catalytic reduction of NO by CO is a key
chemical process, because it eliminates both NO and CO emissions.
Because it uses CO as reductant, one of the usual components of
exhaust gases, this process is not affected by the possible slipping
of NH3 [3].
The highly increasing demand for NO reduction, which is one of
the most important tasks for the control of air pollution, has led to
the development of new catalysts. Noble metals (e.g., Pt and Pd)
and their oxides were previously investigated as catalyst for the
reduction of NO [4–5]. However, these catalysts usually tend to
collapse the structure of the reactants at high temperatures or easily
agglomerated during the reaction. Perovskite-type mixed oxides of
the general-type ABO 3 have been widely studied for their unique
physical and chemical properties. In this particular structure, A is
the larger cation with 12-fold coordination and B is the smaller cation with six fold coordination [6]. Compared with noble metals,
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perovskite-type oxides can select low-cost elements to replace the
sites of A or B, and be stable even above 1000 °C. Redox properties
of these oxides could be modiﬁed by the substitution of A- or B-site
cation, without destroying the matrix perovskite structure, and
oxygen vacancy will be created to meet the chemical charge valence
of the perovskite structure [7]. This vacancy could signiﬁcantly
enhance the redox properties of the catalyst. Thus, it is evident
that perovskite-type oxides could be a potential catalyst for NO
reduction.
A substantial amount of SO2 gases exists in most industrial
exhaust gases, because of the presence of sulfur in fossil fuel.
The negative effect of SO2 restricts the practical application of NO
reduction. SO2 could form sulﬁde and sulfate species on the catalyst
surface, which is harmful to the catalytic reaction [8–9]. Therefore,
it is necessary to improve SO2 resistance of the catalysts. Ceria has
two different valences Ce3 + and Ce4 +, and is thus capable of storing
and releasing oxygen via redox shift under oxidizing or reducing
conditions [10–11]. Considering its particular redox property,
A-site substitution with Ce in ABO3 perovskite structure could be a
potential way to enhance SO2 resistance of ABO3 perovskite catalyst.
In this study, LaFeO3 and a series of LaxCe1 − xFeO3 perovskitetype oxide catalysts were prepared by citric acid sol–gel method.
All these samples were characterized by X-ray diffraction (XRD),
Brunauer–Emmett–Teller (BET) method, X-ray photoelectron
spectroscopy (XPS), SO 2 temperature-programmed desorption
(SO2 -TPD) and CO temperature-programmed reduction (CO-TPR)
to illustrate the inﬂuence of Ce substitution on SO 2 resistance,
and explain the role played by Ce in La x Ce1 − x FeO3 perovskitetype catalyst.
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2. Experimental

3. Results and discussion

2.1. Catalyst preparation

3.1. Catalytic activity results

LaFeO3 samples were prepared by a citric acid sol–gel method. Equal
amounts of lanthanum nitrate and ferric nitrate were dissolved in
deionized water and mixed together, and then 120% (molar ratio) of
citric was added into the solution and stirred for 30 min. The solution
was evaporated at 80 °C until it became viscous. The obtained sample
was dehydrated at 120 °C for 12 h, and then calcined in airﬂow at
750 °C for 4 h. LaxCe1 − xFeO3 samples were synthesized by the same
way. The proportions of lanthanum nitrate and ceria nitrate varied
according to the value of x in each LaxCe1 − xFeO3 sample. This process
is similar to the LaFeO3 synthesis process, except the addition of ceria
nitrate in the ﬁrst step.

Fig. 1 shows the NO conversion rate of the LaxCe1 − xFeO3 samples
with different amounts of Ce substitution. Fig. 1a and c shows the results
of NO conversion and N2 selectivity for NO + CO reaction, respectively,
with LaxCe1 − xFeO3 samples and reaction temperature ranging from
100 to 500 °C. Without the addition of SO2, the LaFeO3 catalyst exhibited
the maximum catalytic performance, the maximum conversion rate of
100% at 500 °C and N2 selectivity of approximately 80%.
Fig. 1b shows the effect of SO2 in NO reduction with CO. The long
time durable experiment started with CO + NO mixed gases, whose
temperature was maintained at 500 °C. After 30 min, a certain amount
of SO2 (100 ppm) was added into the mixed gases system, and the
catalytic activity started changing, which is attributed to the inﬂuence
of SO2 injection. As mentioned earlier, the LaFeO3 sample exhibited
the maximum NO conversion in the ﬁrst 30 min; however, after the
addition of SO2, the catalytic performance rapidly declined. After
approximately 100 min, catalytic conversion rate of the LaFeO3 sample
decreased to approximately 40–50%. When a certain amount of Ce
was introduced into the LaFeO3 perovskite structure, the SO2 resistance
of the catalysts obviously improved. In particular, the La0.6Ce0.4FeO3
sample maintained a conversion rate of 80% during the latter 270 min
after addition of SO2 gas into the CO + NO reaction system. However,
too much Ce decreases the catalytic ability of LaxCe1 − xFeO3 catalysts,
and the conversion rate curve indicates that La0.2Ce0.8FeO3 and pure
CeO2 samples exhibited poor performance for NO reduction.
Fig. 1d illustrates the NO conversion curves of CO + NO reaction
with SO2, O2, and H2O. The catalysts were tested in a mixed gas condition consisting of NO (400 ppm), CO (500 ppm), SO2 (100 ppm), O2
(3%), and water (3 vol.%). The catalytic data curves in Fig. 1b and d indicate that SO2 exhibits poisoning effect on NO reduction. In general,
La0.6Ce0.4FeO3 exhibited both comparatively good catalytic performance
for NO reduction and excellent SO2 resistance to the catalytic reaction.

2.2. Characterization
XRD patterns were acquired using a Rigaku-TTRIII diffract meter
operating at 40 kV and 40 mA with nickel-ﬁltered Cu Kα radiation
(λ = 1.5418 Å) in the range of 10° ≤ θ ≤ 80°, at a step size of 0.02°.
BET surface area was determined by N2 at 77 K using a Micrometrics
ASAP-2020 analyzer. Before each adsorption measurement, approximately 0.1 g of the catalyst sample was degassed in a N2/He mixture
at 300 °C for 4 h.
The CO-TPR was measured using 1% CO/Ar and 0.1 g of catalyst at
a total ﬂow rate of 100 ml/min. Before TPR measurements, the
catalyst was pretreated in a ﬂow of O2 at 500 °C for 30 min, followed
by cooling to room temperature. The catalyst was placed in a quartz
tube surrounded by a tube furnace, and the temperature was
increased to 1000 °C at a rate of 10 °C/min. The outlet gas was
monitored by Autochem2920 (Micrometrics).
SO2-TPD was performed with 0.5 g of the catalyst sample at a total
ﬂow rate of 100 ml/min. Before TPD measurements, the catalysts were
pretreated in a ﬂow of O2 at 500 °C for 30 min and then cooled to
room temperature. The samples were then treated with 1% SO2/Ar for
1 h. The SO2 was purged with Ar for 1 h before starting the TPD experiments. During the TPD experiments, the temperature was increased
to 1000 °C at a rate of 10 °C/min, the SO2 outlet gas was monitored by
a thermal conductivity (TC) detector.
XPS experiments were performed on a PHI-5300 ESCA system with Al
K radiation under ultrahigh vacuum (UHV, 1.33 × 10−8 Pa). Before the
measurement, the sample was outgassed at room temperature in a UHV
chamber (b 5 × 10−7 Pa). All peaks were calibrated by the carbon deposit
C 1s binding energy (BE) at 284.8 eV. The atomic ratios were calculated by
using the atomic sensitivity factors provided by the manufacturer.
2.3. Activity test
Catalytic reaction was carried out in a quartz tube (d = 6 mm;
l = 60 mm), and the catalyst samples (500 mg) were placed in the
middle of the tube. The simulated ﬂue gas was a mixture of NO
(400 ppm), CO (500 ppm), SO2 (100 ppm when needed), O2 (3%),
and water (3 vol.%) with balance N2, while gas hourly space velocity
(GHSV) = 24,000 h− 1. Then the quartz tube was heated to increase
the temperature from 100 to 500 °C. The outlet gases NO and NO2
were analyzed by MRU VarioPlus, and N2O was measured by Nicolet
380. The NO conversions and N2 selectivity of the catalyst were
calculated by the following equations:

NO conversion ð%Þ ¼

N2 selectivity ð%Þ ¼

NO in − NO out − NO2 out − N2 O out
 100% ð1Þ
NO in

NO in − NO out − NO2 out − N2 O out
 100% ð2Þ
NO in − NO out

3.2. Physical properties
Fig. 2 shows the XRD results of LaFeO3, La0.6Ce0.4FeO3 and CeO2 samples. The LaFeO3 perovskite phase (JCPDS-ICDD, 88-0641) was clearly
observed without any segregated phase, with the main peak at 32.3°
[12–13]. A single CeO2 phase (JCPDS-ICDD, 65–5923) was observed at
its main peak when diffraction 2θ = 28.6° [14]. For the La0.6Ce0.4FeO3
sample, the substitution of Ce showed both typical LaFeO3 perovskite
and CeO2 peaks in its diffraction patterns. Peaks at 28.6° and 32.3° indicated the effect of Ce substitution on the LaFeO3 perovskite structure.
The BET results are shown in Table 1. Pure LaFeO3 and CeO2 have
comparatively small surface areas. When Ce was doped in LaFeO3
perovskite, the surface area and pore volume of La0.6Ce0.4FeO3 were
increased. This increase might be attributed to the substitution of Ce
in A-site of LaFeO3 perovskite [15]. Obviously, a larger surface of the catalyst is beneﬁcial to the absorption and desorption of the reaction gases,
which could enhance the catalytic performance to a higher extent.
3.3. CO-TPR
Fig. 3 shows the CO-TPR results of fresh and sulfated samples of
LaFeO3 and La0.6Ce0.4FeO3. The pure LaFeO3 sample showed a broad
peak at approximately 700 °C, mainly attributed to the reduction of
Fe3+ [16]. When a certain amount of Ce was introduced into the
LaFeO3 perovskite structure, the consumption of CO slightly increased,
and the peak position in temperature did not change. The increase of
CO consumption might be attributed to the substitution of Ce.
In order to investigate the effect of SO2 on the redox property of
the catalyst, sulfated samples were also characterized by CO-TPR.
For sulfated LaFeO3 samples, the TPR spectra peak moved forward to
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