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Full Length Article

NO reduction by propane over monolithic cordierite-based Fe/Al2O3

catalyst: Reaction mechanism and effect of H2O/SO2
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h i g h l i g h t s

� Fe/Al2O3/cordierite catalyst for NO
reduction with C3H8.

� The strong and reversible inhibition
effect of H2O on NO2/NO3

� species,
while the negligible effect on
acetate/formate species.

� The weak inhibition effect of SO2 on
NO2/NO3

� species, although the
enhancement of the acetate/formate
species.

� A mechanism of the C3H8-SCR
reaction over Fe/Al2O3/cordierite
catalyst was proposed.
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a b s t r a c t

The selective reduction of NO by C3H8 and the sensitivity to H2O and SO2 have been studied over mono-
lithic cordierite-based Fe/Al2O3 catalysts, which were prepared by the sol–gel and impregnation method.
The catalysts were investigated by N2 adsorption, X-ray diffraction (XRD), scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS) and in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) techniques. Results showed that NO reduction was more than 90% in the absence
of oxygen at 500 �C and in the presence of oxygen at 600 �C respectively. In a continues test of 12 h at
600 �C, 0.02% of SO2 caused an irrecoverable decrease of NO conversion from 94% to 85% and 2.5% of
H2O caused a drop of NO conversion from 86% to 56%, while NO conversion totally recovered when
H2O was removed. The catalysts lost 15% of the initial activity after a hydrothermal treatment due to
the agglomeration of iron oxide nanorods. Sulphidation treatment caused about a loss of 30% of the initial
activity because of the deposited SO4

2� species. In situ study by DRIFTS indicated that coexisting H2O
influenced the formation NO2 adspecies and unidentate nitrate, while SO2 slightly inhibited the formation
of NO2/NO3

� species, but promoted the formation of acetate/formate species during NO reduction by C3H8.
Based on the results, a preliminary mechanism was proposed and discussed. The results may help
understand the fundamental performance of monolithic cordierite-based Fe/Al2O3 catalysts and provide
some reference for SCR-HC catalyst design.
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1. Introduction

Nitrogen oxides (NOx) are key air pollutants and are mainly
come from combustion process of fossil fuels. Many researchers
have carried out intensive studies on NOx elimination by combus-
tion modification technologies such as reburning [1,2], photo-
chemical oxidation method [3–6] as well as post-combustion
reduction technologies, such as selective catalytic reduction with
NH3 (SCR-NH3) and hydrocarbons (SCR-HC). In the past two dec-
ades, SCR-NH3 has achieved great success in commercial applica-
tion to utility plants. However, ammonia is expensive and
requires special handling system and storage, needs a sophisti-
cated metering system to avoid NH3 slip, which is the shortcoming
of SCR-NH3. So there is a great incentive to use hydrocarbons as
reductant in stationary SCR units rather than NH3. Since Cu-ZSM-
5 was reported as a highly active catalyst by Held et al. [7] and
Iwamoto [8], SCR-HC attracts great interest in both applied and
fundamental research. Many studies on the SCR-HC involve metal
ion-exchanged zeolites [9–12] and various metal oxide-based
catalysts [13–16] (Table 1). The main obstacle to limiting the
zeolite-based catalyst to practical application is its poor hydrother-
mal stability [17].

Alumina-supported metal oxide catalysts have attracted much
attention as potential candidates for practical applications because
of their high stability [18]. Ag/Al2O3 is one of the most active metal
oxide-based catalysts, the use of higher hydrocarbons is preferable
for both the activity and the water tolerance on SCR-HC [19]. How-
ever, the presence of SO2 can markedly depress its catalytic activity
[19,20]. Although the modification will improve sulphur tolerance,
Ag/Al2O3 catalyst deactivation in the presence of SO2 and water is
still not fundamentally resolved [15]. Iron-based catalytic materi-
als appear to be promising due to their low cost and environmental
friendliness. Iron supported metal oxides, such as ZrO2 [21], TiO2

[22], Al2O3 [23], and even iron oxides [24] exhibit moderate cat-
alytic activity for NO reduction with light hydrocarbons. In addi-
tion, the influence of SO2 [25] and H2O [26] on NO reduction by
methane over iron oxides were insignificant.

Although the poisoning effect of H2O [27–32] and SO2 [33–38]
on SCR-HC catalysts have been discussed, the mechanism is not
well understood yet. Several studies on alumina-based catalysts
revealed that coexisting H2O suppressed the formation of formate

and NO3
� surface species [27]. However, some authors proposed

that the catalyst deactivation by H2O was due to its preferential
adsorption, which inhibited the hydrocarbon adsorption on the
catalyst surface [29]. There were also some different conclusions
on the effect of SO2. According to the work by Guzmán-Vargas
et al. [34] the deactivation induced by SO2 was mainly ascribed
to the competitive adsorption between SO2 and NO on the active
sites, however, a few reports indicated that the deactivation was
attributed to the formation of metal sulphate on the catalysts
[36,38]. In addition, most of the previous studies have focused on
zeolitic-based catalysts of SCR-HC, and the effect of H2O and SO2

on the SCR-HC reaction over iron supported metal oxides have
not been reported.

In our previous work [39], a series of monolithic cordierite-
based Fe/Al2O3 catalysts were prepared and tested. These catalysts
were efficient for the SCR of NO with ethane, e.g., the catalyst con-
taining 5.5 wt% iron, exhibited more than 95% NO conversion at
600 �C in the presence of oxygen. The objective of this study is to
analyse the effect of H2O and SO2 on the activity of
Fe/Al2O3/cordierite catalyst for NO reduction by propane. The
phase structure and chemical states of iron species are investigated
when exposed to H2O and SO2. The inhibition mechanism of coex-
isting H2O and SO2 is studied using the in situ DRIFTS, which is
important to further improve the SCR performance and H2O/SO2

resistance for its practical applications.

2. Experimental

2.1. Catalyst preparation

Ceramic block matrices with a honeycomb cordierite structure
(Shanghai Institute of Ceramics, Chinese Academy of Sciences,
400 cell in�2) were used as catalyst supports. Cordierite honey-
comb (£20 � 20 mm) supports were treated with a 15 wt% nitric
acid solution for 12 h at room temperature. Al2O3 was deposited
on the treated cordierite support using sol-gel synthesis from urea
and aluminium nitrate. The samples were immersed in the sol for
1 h followed by drying at 110 �C for 12 h and calcining at 500 �C for
5 h. This deposition process was repeated thrice to achieve approx-
imately 20% loading of Al2O3 [40]. The Al2O3/cordierite supports
were impregnated overnight with a 1 mol/L Fe(NO3)3 solution

Table 1
Reaction conditions and NOx reduction activity of SCR-HC catalysts.

Catalysts Reaction conditions T (�C) NOx conversion (%) Ref.

Cu-ZSM-5 1000 ppm NO + 1000 ppm C3H8 + 5% O2 + 0 or 5% H2O GHSV = 30,000 h�1 300–500 �C 90, 60 (500 �C) [10]
In-ZSM-5 65, 20 (500 �C)
La-ZSM-5 40, 10 (500 �C)

Cu-ZSM-5 1000 ppm NO + 1000 ppm C3H6 + 5% O2 + 0 or 5% H2O GHSV = 30,000 h�1 300–500 �C 85, 78 (400 �C) [10]
In-ZSM-5 58, 52 (400 �C)
La-ZSM-5 45, 35 (400 �C)

Fe-ZSM-5 600 ppm NO + 1200 ppm C3H6 + 1% O2 + 0 or 10% H2O GHSV = 5000 h�1 275–375 �C 71, 73 (350 �C) [11]

In/ZSM-5 1000 ppm NO + 1000 ppm CH4 + 9.3% O2 + 0 or 5% H2O 250–500 �C 80, 18 (500 �C) [12]
In/H-ZSM-5 95, 15 (500 �C)

Cu/Al2O3 1000 ppm NO + 2000 ppm C3H6 + 6.7% O2 + 0 or 10% H2O GHSV = 30,000 h�1 250–500 �C 45, 30 (350 �C) [13]
Co/Al2O3 55, 45 (450 �C)
Ni/Al2O3 68, 55 (450 �C)

Ga2O3AAl2O3 1000 ppm NO + 1000 ppm (C3H8 or C2H6 or CH4) + 6.7% O2 + 0 or 2.5% H2O 300–650 �C 100, 80 (450 �C) [14]
100, 80 (500 �C)
90, 55 (500 �C)

Ag/Al2O3 1000 ppm NO + 2000 ppm C3H6 + 5% O2 + 10% CO2 + 0 or 20 ppm SO2, GHSV = 20,000 h�1 300–500 �C 44, 21 (350 �C) [15]
Ag/MgOAl2O3 98, 90 (350 �C)

LaFeO3 3000 ppm NO + 3000 ppm C3H6 + 1% O2, GHSV = 40,000 h�1 250–600 �C 58 (550 �C) [16]
LaFe0.8Cu0.2O3 98 (600 �C)
LaFe0.94Pd0.06O3 68 (300 �C)
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and then dried at 110 �C for 12 h followed by calcination at 500 �C
for 5 h. The inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) was used to accurately determine the metal
loading, which calculated the Fe loading to be 6.1%. The catalyst
prepared using this procedure is hereinafter referred as ‘‘fresh”
Fe/Al2O3/CM catalyst.

2.2. Catalytic activity measurements

The catalytic activity tests were carried out in a flowing ceramic
reactor at atmospheric pressure. A ceramic tube with a 25 mm
inner diameter was used as the reactor, which was electrically
heated in a temperature-programmed furnace. The monolithic cat-
alyst samples (£20 � 20 mm, 6 block fragments) were placed in
the reactor. The reactant gas mixtures were prepared using the fol-
lowing two compositions: 0.05% NO, 0.08% C3H8 in N2 and 0.05%
NO, 0.3% C3H8, 1% O2, 2.5% H2O (when used), 0.02% SO2 (when
used), in N2 at a flow rate of 1500 ml/min, which corresponds to
a superficial space velocity of 18,000 h�1. Initially the reactor was
purged with N2 for some time to remove any air. Then, the system
was electrically heated at a rate of 10 �C/min to the desired tem-
perature, and the NO/N2 gas mixture was continuously fed into
the reactor. The effluent gas species were measured using an online
analyser (ECOM-J2KN, Germany). The data were recorded from 200
to 700 �C after 30 min of reaction at a certain temperature. The NOx

reduction efficiency was defined by the ratio of the difference
between the inlet and outlet NOx concentration to the inlet NOx

concentration.

2.3. Catalysts characterization

The textural properties were studied with an ASAP 2020 appa-
ratus at 196 �C using the nitrogen adsorption/desorption method.
The samples were degassed under vacuum for 3 h at 300 �C prior
to the measurements. The specific surface area of the samples
was determined by the BET method, and the mesopore size distri-
bution was obtained by the BJH method. Scanning electron micro-
scopy (SEM) analysis was carried out to observe the surface
morphology of the samples using a FEI Quanta-250 at an accelerat-
ing voltage of 3 kV, with an energy dispersive X-ray spectroscopy
(EDX) detector (AZtec X-Max 20) from Oxford.

X-ray diffraction (XRD) measurements were performed using a
Riguku D/max-2550 system with a Cu Ka (k = 0.154 nm) radiation
at 40 kV and 200 mA. The XRD patterns were recorded from 5� to
80� at a scan rate of 20�/min and a step size of 0.02�. The X-ray
photoelectron spectra (XPS) were recorded using a Thermo escalab
250Xi with Al Ka (1486.6 eV) radiation. The binding energies of Fe
2p, O 1s and Al 2p were calibrated using C 1s (BE = 284.6 eV) as a
standard.

2.4. In situ DRIFTS measurements

The in situ DRIFTS spectra were measured on an FTIR gas anal-
yser (Thermo Nicolet IS50) equipped with a diffuse reflectance
optics accessory (HVC-DRP). The DRIFTS spectra were recorded at
a resolution of 4 cm�1 using an average of 64 scans with the
MCT/A detector. Prior to each experiment, 50 mg of Fe/Al2O3/CM
sample (40–60 mesh) was vacuum annealed at 500 �C for 3 h to
clean the catalyst surface [41]. When the catalyst was cooled to
room temperature, the background spectrum was recorded at the
desired temperatures. The temperature of the sample was
increased at a rate of 5 �C/min, and the infrared spectra were
recorded under the temperature-programmed reaction conditions.
In addition, the catalyst was exposed to the reactant gas mixtures
for 30 min at the desired temperature, and a series of time-
dependent DRIFT spectra was recorded. The reactant gas mixture

with a composition of 2% NO, 2% C3H8, 5% O2, 2.5% H2O (when
used), 0.2% SO2 (when used) in a N2 balance gas, was introduced
to the DRIFT cell via separate mass flow controllers at a flow rate
of 20 ml/min, corresponding to a superficial space velocity of
20,000 h�1.

3. Results and discussion

3.1. Catalyst activity

The C3H8-SCR activity of Fe/Al2O3/CM catalysts was studied
under two reaction conditions (i.e., in the presence and absence
of oxygen). Fig. 1 shows the NOx and C3H8 conversion as a function
of the reaction temperature. In the absence of oxygen, as showed in
Fig. 1a, the honeycomb Fe/Al2O3/CM catalyst showed a lower activ-
ity for the NO reduction by propane when the temperature was
below 350 �C. The catalyst activity increased significantly with
temperature from 350 to 500 �C and a maximumNO reduction effi-
ciency of 98% was achieved at 500 �C. After that, the NO reduction
efficiency remained nearly constant with further increase in the
temperature up to 600 �C. Similar catalytic activity was observed
in the presence of oxygen, as showed in Fig. 1b, but the active tem-
perature window shifted upwards by approximately 100 �C, and
the maximum NO reduction conversion was achieved at 600 �C.

3.2. Catalytic activity after hydrothermal and sulphidation treatment

To determine the effect of H2O and SO2 on the phase structure
and chemical state of iron species, the catalysts were subjected
to hydrothermal and sulphidation treatment respectively. The
samples were exposed to the gas stream containing either 10%
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Fig. 1. NOx conversion and C3H8 conversion over Fe/Al2O3/cordierite. Reaction
conditions (a) 500 ppm NO, 800 ppm C3H8, and GHSV = 18,000 h�1, (b) 500 ppm NO,
0.3% C3H8, 1% O2, GHSV = 18,000 h�1.
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H2O or 0.02% SO2 at a flow rate of 1500 ml/min at 700 �C for 24 h
and were noted as ‘‘H2O-treated” or ‘‘SO2-treated” Fe/Al2O3/CM
catalyst. The NOx conversion was tested with the catalysts after
the hydrothermal and sulphidation treatment and the results were
depicted in Fig. 2. After hydrothermal aging at 700 �C for 24 h, the
H2O-treated catalyst maintained approximately 85% of the initial
activity, which implied that Fe/Al2O3/CM catalysts could keep a
reasonable stability under hydrothermal conditions, although the
temperature for maximum NOx conversion was shifted upwards
by approximately 50 �C. After the sulphidation treatment at
700 �C for 24 h, the catalytic activity was significantly reduced as
compared to that of the fresh catalyst, e.g., the NOx conversion at
650 �C was only 65% of that with fresh catalyst. It has been
reported that the occupation of the active sites by sulphur species
would consequently decrease the SCR activity [33,36]. To validate
the relations between sulphur species and catalytic activity, the
SO2-treated sample was washed by deionized water for 24 h
[42]. The catalytic activity of the SO2-treated sample after washing
was tested, as showed in Fig. 3. After the desulfation treatment, the
maximum NOx conversion of 93% was obtained at 700 �C, while it
was 67% for SO2-treated sample. The results indicated the elimina-
tion of sulphur species was beneficial to recover the catalytic
activity.

3.3. Catalyst activity in the presence of H2O and SO2

A continuous test was conducted with step-change of H2O and
SO2 at 550 and 600 �C respectively in order to find out the effect of

coexisting H2O and SO2 on the catalyst activity. In this experiment,
200 ppm SO2 and 2.5% H2O were added separately to the reactor
and then removed when the NOx concentration did not change.
The results are showed in Fig. 4.

When the reaction temperature was 600 �C, the catalyst was
exposed to SO2-free mixture (t = 0–1 h), the recorded NOx conver-
sion was stable around 94%. However, when 200 ppm SO2 was
added to the reactor (t = 1–5 h), the NOx conversion decreased to
about 85%, which indicated a slight catalyst deactivation was
caused by SO2. When SO2 was removed (t = 5–7 h), the NOx conver-
sation increased slightly but did not recover to its original level,
which implied that catalytic activity was barely restored. Then
2.5% H2O was introduced to the reactor (t = 7–10 h) and a drop of
NOx conversion from 86% to 56% was recorded after 2 h. When
H2O was removed (t = 10–12 h), the NOx conversion was totally
recovered, indicating that H2O, compared to SO2, had a completely
reversible but detrimental effect on the catalytic activity. The
inhibiting effect due to coexisting H2O might be ascribed to the
poisoning of the catalyst surface by adsorbed hydroxyl groups,
which compete with NO and/or hydrocarbon at the same active
sites [27]. The results of SCR sensitivity to H2O/SO2 at 550 �C were
similar to the results at 600 �C. 200 ppm of SO2 caused a slight
decrease of NO conversion from 61% to 58% and 2.5% of H2O caused
an obvious drop of NO conversion from 60% to 41%, while NO con-
version recovered when H2O was removed. The effect of coexisting
H2O and SO2 on adsorbed species of SCR reaction are further dis-
cussed in Section 3.7 by in situ DRIFTS analysis.

3.4. Textural properties and surface morphologies

The BET specific surface areas, pore diameters and pore volumes
of fresh, H2O-treated and SO2-treated samples were determined by
N2 adsorption and are listed in Table 2. The fresh Fe/Al2O3/CM cat-
alyst surface area was approximately 21 m2/g even after calcina-
tion at 500 �C for 5 h, while the average size of the mesopores
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Table 2
Properties of fresh Fe/Al2O3/cordierite catalyst, H2O-treated and SO2-treated catalyst.

Samples Specific surface area
(m2/g)

Pore volume
(ml/g)

Pore diameter
(nm)

Fresh catalyst 21.4 0.056 6.3
H2O-treated

catalyst
14.7 0.061 7.1

SO2-treated
catalyst

17.6 0.043 8.3
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was approximately 6.3 nm. When the fresh catalyst sample was
exposed to the gas stream containing 10% H2O for 24 h at 700 �C,
the surface area decreased significantly, e.g., only 14.7 m2/g, while
the pore volume increased from 0.056 to 0.061 ml/g. When the
fresh catalyst sample was exposed to the gas stream containing
0.02% SO2 for 24 h at 700 �C, the surface area became down to
17.6 m2/g and pore volume decreased from 0.056 to 0.043 ml/g.
As a comparison, the fresh Fe/Al2O3/CM surface area reduced to
about 17 m2/g after calcination at 700 �C, meaning the decrease
of surface area after hydrothermal or sulphidation treatment was
mainly attributed to the high temperature sintering. The pore size
distributions of samples were also calculated using the BJH for-
mula, both pore distribution curves shifted significantly to the
higher pore diameter after 10% H2O and 0.02% SO2 exposure at
700 �C for 24 h. The high pore diameter was a result of the small
blocked pores due to the decreasing pore volume and the cluster
detachment during poisoning [36].

Fig. 5 shows the SEM images of the samples. When Al2O3 was
deposited on the cordierite after the acid treatment, the Al2O3/
CM surface was smooth with few small pores and fine cracks as
showed in Fig. 5a, indicating the presence of a thin Al2O3 layer
[40]. When 6 wt% iron was loaded on the catalyst, iron oxide
nanorods as long as 500 nm were uniformly distributed on the
Al2O3 layer, as showed in Fig. 5b. After hydrothermal and sulphida-
tion treatment at 700 �C for 24 h, significant agglomeration of
nanorods was observed (Fig. 5c and d), which might lead to
decreased surface area. The agglomeration of active sites on the
catalyst surface may be one of the reasons for its thermal deactiva-
tion [43].

3.5. Structural characteristics

XRD patterns of the catalysts are showed in Fig. 6. Typical
diffraction peaks of a-cordierite (JCPDS file No. 85-1722) [44] were
observed in the fresh Fe/Al2O3/CM sample, while the two diffrac-
tion peaks at 24� and 33.2� were assigned to the Fe2O3 phase
(JCPDS file No. 79-1741). No other diffraction peaks were detected
after 20 wt% Al2O3 loading, suggesting that the alumina sol might
have penetrated the pores of the cordierite after the acid treatment
and formed only a very thin layer of amorphous Al2O3 [40]. The
intensity of the diffraction peaks corresponding to Fe2O3 phase

Al2O3/cordierite Fresh Fe/Al2O3/cordierite catalyst

H2O-treated catalyst SO2-treated catalyst

Fig. 5. SEM of fresh Fe/Al2O3/cordierite catalyst, H2O-treated and SO2-treated catalyst.
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was significantly increased after 24 h of hydrothermal treatment,
indicating the increased crystallinity of the iron oxide. After 24 h
of sulphidation treatment, the intensity of the diffraction peaks
corresponding to Fe2O3 phase was also slightly increased. These
observations are consistent with the SEM results in Fig. 5c and d,
where the iron oxide nanorods were aggregated on the surface of
aged samples. However, in the wide-angle region no diffraction
peaks corresponding to sulphur species were observed on
SO2-treated sample. It indicated that the sulphate species formed
after the sulphidation treatment may be amorphous or consist of
crystallites too small to be detected by X-ray diffraction.

3.6. Chemical state analysis

The XPS measurements were carried out to identify the chemi-
cal states of Fe and Al on the catalyst surface. Fig. 7a shows the Fe
2p XPS spectra of the samples after hydrothermal and sulphidation
treatment compared with the fresh sample. All of the Fe/Al2O3/CM
samples exhibit peaks corresponding to two Fe levels (i.e., Fe 2p3/2
and Fe 2p1/2) along with the satellite peak. The position of the Fe
2p3/2 peak remained nearly the same for all the samples. However,
the intensity of the peak decreased for SO2-treated sample. The Fe
2p3/2 peak for these catalysts was observed at approximately
711.0 eV, and its satellite was observed at 719.1 eV. It suggested
that iron was mainly in +3 valence state for all the samples
[45,46] and that the chemical states of iron species did not change
after hydrothermal and sulphidation treatment. The XPS results in
Fig. 7b indicated that the Al 2p peak for these catalysts was
observed at approximately 74.4 eV. Three binding energies of
73.0, 74.5, and 75.4 eV were observed for Al 2p by Pashutski and
Folman [47] and were assigned to metallic Al, AlOx in the zeolite
framework, and the anhydrous Al2O3, respectively. Therefore, most
of the aluminium was successfully incorporated into the pores of

the cordierite after the acid treatment of all the samples, which
is consistent with the XRD results.

The XPS elementary surface composition and atomic ratio
showed that surface atomic ratio of Fe/Al for fresh catalyst, H2O-
treated catalyst and SO2-treated catalyst is 0.197, 0.163 and
0.112, respectively. It is important to note that surface atomic ratio
of S/Al for SO2-treated catalyst is 0.056. Although the sulphur spe-
cies formed after sulphidation treatment remained undetected by
XRD possibly due to their small amount, their formation has been
confirmed by the XPS results. It is also worth noting that catalyst
pretreatment with a SO2-based reactant mixture led to a decrease
in the Fe/Al atomic ratio, implying the tendency of sulphur species
to accumulate over the Fe surface. Zhang et al. [36] reported that
the formation of sulphate species over Fe-based perovskites was
possible via anion vacancies and the subsequent reaction of chemi-
sorbed SO2 with Fe3+O� and Fe3+O2�. Alifanti et al. [48] also
reported the SO2 poisoning behaviour over perovskites in methane
oxidation process. The LaMnO3 and LaCoO3 catalysts, lost about
10–30% of the surface area, but 50% and 90% of the initial activity
respectively when they were exposed to 20 ppm of SO2 for 15 h
at 550�. Hence, the catalyst deactivation due to SO2 poisoning after
0.02% SO2 exposure at 700 �C for 24 h was attributed not only to
the agglomeration of iron oxide nanorods but also to the deposited
sulphur species.

3.7. In situ DRIFTS studies

To investigate the surface species in the SCR reaction, the in situ
DRIFTS spectra were recorded in a flow of NO + O2 + C3H8 on the
Fe/Al2O3/CM catalyst from room temperature to 400 �C under
steady state condition. As showed in Fig. 8, after 30 min exposure
to NO and O2 at room temperature, four strong bands were
observed at 1336, 1420, 1596, and 1628 cm�1 in the IR spectrum.
The band near 1630 cm�1 was assigned to NO2 or NO2

� containing
species [49,50]. In fact, the band at 1628 cm�1 is very close to the
asymmetric stretching frequency of gaseous NO2 molecules
(1617 cm�1), so it was assigned to the NO2 adspecies (nitro or
adsorbed NO2 molecule) on the catalyst [51]. The complex

740 735 730 725 720 715 710 705 700

719.1
711.0

Fe 2p3/2Fe 2p1/2
(a) Fe 2p

SO2-treated catalyst

H2O-treated catalyst

Fresh catalyst

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

85 83 81 79 77 75 73 71 69 67 65

Al 2p
74.4

SO2-treated catalyst

H2O-treated catalyst

Fresh catalyst

(b) Al 2p

In
te

ns
ity

 (a
.u

.)

Binding Energy E (eV)

Fig. 7. XPS spectra of fresh Fe/Al2O3/cordierite catalyst, H2O-treated and SO2-
treated catalyst.

2400 2200 2000 1800 1600 1400 1200 1000

13
76

12
99

14
71

13
36

14
20

12
40

15
9616

28
17

45

18
42

22
20

A
bs

or
ba

nc
e(

a.
u.

)

Wavenumber (cm-1)

RT in NO+O
2

RT in NO+O
2
 and C

3
H

8

50°C

100°C

150°C

200°C

250°C

300°C

350°C

400°C

0.1

Fig. 8. In situ DRIFTS of the C3H8-SCR reaction over Fe/Al2O3/cordierite catalyst at
different temperatures from room temperature to 400 �C.

H. Zhou et al. / Fuel 182 (2016) 352–360 357



absorption at 1336, 1420 and 1596 cm�1 was due to the different
forms of nitrate species at room temperature [41,52,53]. After
the introduction of propane, the bands due to nitrate species in
the 1650–1200 cm�1 range decreased in intensity with time, and
two new bands appeared at 1471, 1376 cm�1 due to the bending
vibration of surface acetate and formate species, respectively
[54]. It should be noted that the position of the acetate band of
Fe/Al2O3 catalyst (1471 cm�1) is distinct from that of Al2O3

(1465 cm�1), suggesting that the acetate adsorption sites on
FeAAl2O3 catalysts are not associated with the Al3+AO sites but
with Fe3+AO sites. As the reaction temperature increased, starting
at 300 �C a new band appeared at 2220 cm�1 due to the isocyanate
(ANCO) species, an important intermediates which resulted in the
formation of N2 and CO2 after further oxidation [41,55]. The band
at 1240 cm�1 can be attributed to carbonate species [56], suggest-
ing that the acetate/formate species also can be further oxidized
directly to carbonate and water by oxygen [57].

It is important to understand the effect of H2O and SO2 on reac-
tion intermediates, therefore, the effect of coexisting H2O on
NOx/C3H8 adsorption was firstly investigated. Fig. 9 shows the
in situ DRIFTS spectra of NOx and C3H8 adsorption on the
Fe/Al2O3/CM catalyst at 200 �C in the presence of 2.5% H2O. After
exploring in the NO + O2 mixture for 60 min, the catalyst surface
was mainly covered by three types of nitrate species, including
NO2 adspecies at 1628 cm�1, bidentate nitrate [58] at 1596 cm�1

and unidentate nitrate [54] at 1299 cm�1. When propane was
introduced, the bands due to acetate (1469 cm�1), and formate
species (1377 cm�1) appeared, while the bands due to nitrate spe-
cies in the 1650–1200 cm�1 range decreased in intensity. After the
introduction of H2O, NO2 adspecies (1628 cm�1) disappeared
quickly, and the band due to bidentate nitrate (1596 cm�1) showed
some red shift to 1570 cm�1, while unidentate nitrate (1299 cm�1)
band gradually decreased in intensity over time. This suggests that
the coexisting H2O disturbed the adsorption and resulted in a
redistribution of the nitrate species from its initial adsorption sites
[59]. However, the intensity of the bands due to acetate
(1469 cm�1) and formate (1377 cm�1) species was similar in the
presence of H2O as compared with that in the absence of H2O, indi-

cating that the inhibition effect of H2O on acetate/formate species
was negligible. After the removal of H2O feed, the band intensity of
NO2/NO3

� recovered to its original level and became similar to that
of the adsorbed species formed after exposing to the gas stream of
NO + O2 + C3H8, suggesting that the significant decrease in the
band intensity of NO2/NO3

� species in presence of H2O was due to
the preferential adsorption of water on the adsorption sites of
nitrate species.

SO2 uptake on the Fe/Al2O3/CM catalyst at 200 �C was observed
in order to investigate the sulphate species in the presence of SO2.
Fig. 10 shows the spectra when the sample was exposed to 0.2%
SO2 balanced with N2. Two strong peaks at 1372 and 1359 cm�1

have been previously observed in the infrared spectra of sulfated
metal oxides and have been attributed to mas(OSO) vibration fre-
quency of SO4

2� [58,60]. The band with a negative absorbance
appeared at 3770 cm�1 was attributed to the vibrations of surface
hydroxyl (OH) species. The consumption of surface OH species
means that the reaction between SO2 and surface OH occurred
[61]. Fig. 11 shows the in situ DRIFTS spectra of NOx and C3H8

adsorption on the Fe/Al2O3/CM catalyst at 200 �C in the presence
of 0.2% SO2. After the introduction of SO2 into the feed gas, the
bands due to surface nitrate species at 1299, 1596, 1628 cm�1

showed some decrease in intensity, and unidentate nitrate band
(1299 cm�1) completely disappeared after 30 min due to the depo-
sition of the sulphate species (1328 cm�1) during the sulphidation
process. Compared with the bands at 1372, 1359 cm�1 due to the
deposited SO4

2� species, the weak band at 1328 cm�1 was ascribed
to the m(S@O) vibration of sulphate species with only one S@O
band [62,63]. In addition, it should be noted that the band intensity
of acetate species (1469 cm�1) and formate species (1377 cm�1)
increased gradually with time in the presence of SO2. After the
removal of SO2 from the feed gas, the band intensities of nitrate
and acetate/formate species recovered slightly and the adsorbed
sulphate species showed no obvious band intensity weakening.

3.8. Proposed reaction mechanism

Based on the in situ DRIFTS results in Section 3.7, the mecha-
nism was proposed to describe the C3H8-SCR reaction over
Fe/Al2O3/CM catalyst and the effect of H2O and SO2 on the reaction
pathway are presented in Scheme 1. In the SCR reaction, the
in situ-produced NO2 adspecies and nitrate species can strongly
adsorb on the catalyst surface. Propane is partially oxidized to
acetate and formate species. Shimizu et al. [64] and Jie et al. [65]
reported the importance of acetate in the formation of N2 on
alumina-based catalysts. The acetate species then react with the
nitrates to produce N2 and CO2 via the formation and reaction of
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ANCO. The presence of this intermediate is supported by the
observation of infrared bands at 2220 cm�1 when the temperature
is above 300 �C (Fig. 7), and a steady reduction of NO is observed
with further increase in temperature (Fig. 1).

The corresponding spectrum of coexisting H2O on NOx/C3H8

adsorption, proved that the interaction of H2O molecules with the
catalyst surface resulted in a significant decrease in the intensity
of NO2 adspecies and unidentate nitrate. In contrast, there was no
significant difference in the accumulation of acetate/formate
species during the reaction in the absence and presence of H2O.
Therefore, it is believed that H2O simply competes with NOx for
the same adsorption sites, whichwas fully confirmed from the com-
plete restoration of band intensity of NO2/NO3

� species after H2O
removal from the feeding gas, as showed in Fig. 9. This is also in good
agreement with the step-change experiment results in Fig. 4. Hence
the catalyst deactivation in the presence of H2O was mainly caused
by the competitive adsorption between H2O and NOx and could
recover after the removal of H2O. Similar inhibition effect was also
observed for In2O3AAl2O3 catalysts, although coexisting H2O was
found to promote the removal of formate species which were spec-
tator species and the hydrolysis of theANCO species [27]. Based on
the in situ DRIFTS results (Fig. 9) and step-change experiment
results (Fig. 4), we can conclude that the inhibition effect of H2O
on the adsorption of NO2 adspecies and unidentate nitrate over
the Fe/Al2O3/CM catalyst was strong but reversible.

On the other hand, it could be seen in Fig. 11 that the main
NO2/NO3

� species were not displaced by sulphate species in the
presence of SO2, although the formation of sulphate species with
only one S@O band was observed. However, when the catalyst
was exposed to SO2 in the absence of NO (e.g., SO2-treated cata-
lyst), the deposited SO4

2� species would occupy the active sites of
NO adsorption, resulting in the significant decrease of NO conver-
sion over SO2-treated catalyst (Fig. 2). Therefore, when the Fe/
Al2O3/CM sample was exposed to the gas stream containing both
NO and SO2, the adsorption ability on active sites of NO was much
higher than that of SO2. In the reaction of SCR-HC, the formation of
sulphate species with only one S@O band would weaken the NO
adsorption slightly. This agrees very well with the results obtained
from the step-change experiment, which showed that the slight
loss in the catalytic activity due to SO2 poisoning could not be
recovered after the removal of SO2. Although the presence of SO2

promoted the formation of the acetate/formate species, the forma-
tion of nitrate species was slightly inhibited by sulphate species.

4. Conclusions

NO reduction with propane was studied over monolithic
cordierite-based Fe/Al2O3 catalyst prepared by using the sol–gel
and impregnation method. A good catalytic performance for NO
reduction efficiency was demonstrated to be more than 90% in
the absence of oxygen at 500 �C and in the presence of oxygen at
600 �C respectively. Fe/Al2O3/cordierite catalyst showed the stabil-
ity even after hydrothermal treatment yielding a slight loss of 15%
of initial activity, however, maintaining 65% of the initial activity
after sulphidation treatment. The effect of H2O and SO2 treatment
on catalyst was characterized by N2 adsorption, XRD, SEM, XPS. The
results indicated that the mild activity depression after hydrother-
mal treatment was due to the thermal deactivation caused by
agglomeration of iron oxide nanorods. The deactivation after sul-
phidation treatment was mainly attributed to the deposited
SO4

2� species.
The effect of coexisting H2O and SO2 on the catalytic activity

catalysts was investigated by step-change experiment and further
discussed based on in situ DRIFTS study. A mechanism were pro-
posed to describe the C3H8-SCR reaction over Fe/Al2O3/cordierite
catalyst and the effect of H2O and SO2 on the reaction pathway.
Coexisting H2O influenced the formation NO2 adspecies and
unidentate nitrate, while SO2 slightly inhabited the formation of
NO2/NO3

� species, but promoted the formation of acetate/formate
species during NO reduction by C3H8.
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