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Abstract

The distribution of gaseous products and the nature of the surface species generated during the selective catalytic reduction
of NO with C3H6 in the presence of excess O2 (i.e. C3H6-SCR) were studied over both a 0.4% Co/g-Al2O3 catalyst and a
sulphated 1.2% Ag/g-Al2O3 catalyst. The results were compared with those previously reported for the C3H6-SCR over 1.2%
Ag/g-Al2O3 andg-Al2O3. High concentrations of NO2 were observed in the product stream of the SCR reaction over the
0.4% Co/g-Al2O3 and sulphated 1.2% Ag/g-Al2O3 materials. The results show that (as in the case of theg-Al2O3 and also
probably that of the 1.2% Ag/g-Al2O3) the NO2 was formed via an alternative route to the direct oxidation of NO with O2.
The yields of NO2 were higher over the Co/g-Al2O3 than over the other materials and in contrast to the other materials, no
NH3 was produced over the Co/g-Al2O3 catalyst. Based on these results and those of in situ DRIFTS experiments, a global
reaction scheme incorporating organo-nitrogen species as key intermediates is proposed. In this scheme, NO, propene and
oxygen react to form organo-nitro and/or organo-nitrito adsorbed species, the reaction products of which combine to yield
N2. The results reported here suggest that Co preferentially promotes the formation of nitrito-compounds which can readily
decompose to NO2, whereas Ag preferentially promotes the formation of nitro-compounds (from reaction of strongly bound
ad-NOx species) which can decompose to isocyanates and ammonia. The sulphation of the 1.2% Ag/g-Al2O3 reduced the
surface concentration of strongly bound ad-NOx species which were thought to react with the reductant or derived species to
yield the organo-nitrogen species. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alumina is one of the most active single metal
oxides for the selective catalytic reduction (SCR) of
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NO in the presence of excess O2 using light alka-
nes (other than methane), alkenes and oxygenated
molecules such as alcohols [1–8]. In addition, unpro-
moted alumina selectively yields N2 rather than N2O,
the latter compound being often observed in the case
of platinum-promoted materials [9]. When using hy-
drocarbons as reductants, the alumina is only active
at the high temperatures (typically above 500◦C), but
promotion of the alumina by a wide range of metals
and metal oxides such as platinum [10,11], silver
[12,13], cobalt [14–16] and copper [17,18] can lower
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the temperature of reduction of NO. The exact role of
these compounds on the enhancement of the catalytic
activity of the alumina is not trivial and depends on
the nature of the promoter and reductant employed
and also the experimental conditions. For instance,
two markedly different reaction mechanisms have
been reported for the SCR of NO over Pt/g-Al2O3
when using propene and propane as reducing agents
[19]; the alumina being a crucial component for the
reaction to occur in the case of using the alkane
[20]. Interestingly for thenC8H18-SCR of NO over
Pt/g-Al2O3, the occurrence of the two mechanisms
could be observed, but only when different experi-
mental conditions applied (i.e. at varying reductant
partial pressure) [21].

Silver–alumina materials have recently been the
focus of much interest as catalysts for the SCR
of NO with alkenes [13,22–26] and oxygenated
molecules [12,25,27–29] and the effect of SO2 on
their activity was the object of further contributions
[22,25,29,31,32]. In the case of the C3H6-SCR of
NO over Ag/g-Al2O3 catalysts, the different oxi-
dation states of the silver phase (depending on the
silver loading over the alumina [13]) were associated
with different activity and selectivity patterns [26].
In particular, the oxidic silver phase of a low load-
ing material, i.e. 1.2 wt.% Ag/g-Al2O3, was shown
to promote the oxidation of NO to adsorbed NOx

(ad-NOx) species. It was suggested that the ad-NOx

species subsequently reacted with propene to form
organo-nitro and organo-nitrito compounds, as in the
case of silver supported on a TiO2–ZrO2 mixed ox-
ide [33]. IR bands were assigned to organo-nitrogen
species on the surface of silver–alumina catalysts
in some in situ IR studies [24,28], including work
in our laboratory [26]. The assignment of these IR
bands were essentially made by comparison with the
IR bands associated with organo-nitrogen species ob-
served over other materials [18,33–35]. The decom-
position and reaction of these species through various
intermediates (such as NO2, isocyanates, amines) was
proposed to lead to the formation of N2 [24,36–40].

In the case of the C3H6-SCR of NO over Co/Al2O3,
it was suggested that the role of the promoter was
to oxidise NO with O2 to form NO2 which subse-
quently reacted with the alkene on the alumina to yield
N2 [14,15]. This assumption relied mostly on the fact
that: (1) over the alumina, the C3H6-SCR of NO2

to N2 proceeded much faster than that of NO, and
(2) the C3H6-SCR of NO2 over alumina proceeded
much faster than the C3H6-SCR of both NO and NO2
over the cobalt-promoted sample. However, other re-
sults published on the oxidation of NO to NO2 over
Co/Al2O3 materials apparently contradicted this view
[16]. The measured activity for NO oxidation to NO2
was found to be too low to be able to account for the
related SCR activity. It was suggested that the deac-
tivation of the catalyst by strongly bound surface ni-
trates was possible when no reductant was available
[41].

This paper uses the results of kinetic and in
situ DRIFTS analyses to compare the roles of
cobalt and silver during the C3H6-SCR of NO over
g-Al2O3-based samples. The data are discussed with
reference to recent results from our laboratory show-
ing that the NO2 observed over unpromoted alumina
during the C3H6-SCR of NO was not formed via
the direct oxidation of NO with O2 [42]. In addi-
tion, a deeper insight into the nature of the surface
species present over a 1.2 wt.% Ag/g-Al2O3 dur-
ing the C3H6-SCR of NO is presented. The in situ
DRIFTS spectra obtained during the SCR reaction
are compared to reference spectra obtained with the
reactants admitted separately over the catalyst; the
effect of pre-sulphation with SO2 was also examined.

2. Experimental

2.1. Catalysts preparation and characterisation

The g-Al2O3 utilised was supplied by Alcan
(AA400) and had a total surface area of 148 m2 g−1.
The silica was supplied by Rhône Poulenc (DBM
250) with a total surface area of 250 m2 g−1. For the
preparation of the silver- and cobalt-promoted mate-
rials, appropriate amounts of silver and cobalt nitrate
(both from BDH, analytical grade) were dissolved
in a volume of de-ionised water equal to that of the
porous volume of the supports. The solutions were
then deposited by dry impregnation at room tempera-
ture. Unless otherwise stated, the samples were dried
for 14 h at 120◦C and then calcined at 630◦C for 6 h
in synthetic air. N2-adsorption at 77 K using a Mi-
cromeretics system was used to measure the surface
area of the samples. Prior to these measurements, the
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samples were each out-gassed for 2 h at 200◦C un-
der a dynamic vacuum (i.e. with a residual pressure
lower than 20 Pa). Atomic absorption spectroscopy
measurements were performed in order to determine
the promoter content of the catalysts. The loadings
of promoters on the alumina or silica are reported
in wt.%. The sulphated silver–alumina sample was
prepared by exposing the corresponding fresh sample
to a stream composed of 100 ppm SO2+5% O2 in Ar
for 10 h at 630◦C.

2.2. Catalytic tests

A quartz flow microreactor (3 mm internal diame-
ter) was used for the catalytic tests, the catalytic bed
being held in place by quartz wool plugs. The temper-
ature of reaction was measured inside the reactor, just
before the catalyst bed, by a thermocouple enclosed
in a quartz tube. Unless otherwise stated, the temper-
ature of the reactor furnace was reduced from 600 to
300◦C in 50 or 25◦C intervals, dwelling at each tem-
perature for 1 h. The data points reported were taken 5
and 20 min before the end of the dwelling stage at each
temperature. The reactant gases used were high pu-
rity 1% NO/He (BOC), 1% C3H6/He (Air Products),
O2 (BOC, 99.9%) and Ar (BOC 99.99%). The actual
feed compositions used in each of the experiments re-
ported in this paper are shown in the legends of the
appropriate figures. Analysis of the reaction products
was carried out using a Nicolet 550 FT-IR spectropho-
tometer fitted with a gas-cell of volume 0.22 dm3. The
gas-cell and the lines of the system were heated at
90◦C. The concentration of a given species was mea-
sured by integrating the peaks in selected regions of
its absorbance spectrum and comparing these to a cal-
ibration curve. The integration intervals were selected
to avoid wherever possible overlap between the dif-
ferent species (Table 1). However, NO2 had to be in-
tegrated in a region of the spectrum where C3H6 also
absorbs and these products were therefore quantified
together using matrix-based calculations (QuantIR®

Table 1
Integration regions used for the quantification of gaseous species with IR

Molecule NO N2O and CO NO2 and C3H6 NH3

Quantity measured Peak area Peak area Peak area Peak height
Integration interval (cm−1) 1878.7–1872 2220–2100 2960–2900 931a

a Peak extends over the range 940–924 cm−1.

software); the same applied to the combination of N2O
and CO. A relative precision better than±2% was es-
timated for the measured concentrations of the differ-
ent species. As N2 is not IR active and hence could
not be detected, its concentration was calculated as-
suming that there was mass balance of 100% for all
the nitrogen-containing molecules. The relative preci-
sion obtained on the value of N2 was therefore esti-
mated to be better than 4% (statistical value derived
from the addition of the four independent measure-
ments of the concentrations of NO, NO2, N2O and
NH3). Hydrogen cyanide which was only observed at
higher temperatures over the alumina catalyst was not
quantified but this was thought to affect the N-balance
only to a minor extent [17]. The yields were calculated
on a nitrogen-atom basis, i.e. N2 yield=20% meaning
that 20% of the NO molecules was converted to N2.
A blank experiment using an empty reactor showed
no significant conversion of NO up to 600◦C. On the
other hand, the conversion of propene was ca. 6% at
this temperature.

2.3. Thermogravimetric analysis

Weight changes associated with passing NO and
O2 over different materials were measured as a func-
tion of time using an intelligent gravimetric analyser
(IGA) supplied by Hiden Analytical and capable
of detecting changes in mass of±0.1mg. Samples
of 100 mg were first annealed in a He stream of
100 cm3 min−1 at 450◦C for 3 h. The temperature was
then reduced to 400◦C and the system was flushed
with a 400 cm3 min−1 stream of 2.5% O2/He for 1 h.
At this stage, 500 ppm of NO was introduced into the
stream and the weight changes were recorded.

2.4. Diffuse reflectance FT-IR analysis

The diffuse reflectance FT-IR measurements
were carried out in situ in a high temperature cell
(Spectra-Tech®) fitted with ZnSe windows. The
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sample for study (ca. 30 mg) was finely ground and
placed in a ceramic crucible the temperature of which
could be varied from 20 to 800◦C. All the samples
were calcined in situ at 630◦C prior to analysis.
Unless otherwise stated, the temperature of the sam-
ple was increased from room temperature in 100◦C
steps, dwelling ca. 1 h at each step of temperatures.
The spectra reported here were taken after dwelling
at a given temperature for 40 min. The absorbance
measured in the presence of the reaction stream over
the catalyst relative to that of the same material at
the same temperature under a stream of argon are
reported. At a resolution of 2 cm−1, 64 or 128 scans
were usually recorded.

The W/F during the catalytic and DRIFTS experi-
ments were different, typically 60×10−3 g s cm−3 in
the former case and 18×10−3 g s cm−3 in the latter.
While no spectrokinetic analyses were attempted in
the present work, the DRIFTS experiments provided
instead a qualitative description of the nature and re-
activity of the species observed at the catalyst surface
at different temperatures. As all the samples analysed
by DRIFT were similar (i.e. same alumina support
promoted with low weight percents of Ag or Co and/or
sulphated) and the catalysts were packed into the cru-
cible in the same fashion, it can be approximated that
the same mass/volume of sample was analysed in each
case. Therefore, the concentrations of a given surface
species from two different samples could be directly
compared through the corresponding absorbance
measured in each case.

3. Results

3.1. Activity of Co/γ -Al2O3 and sulphated
Ag/γ -Al2O3 catalysts for the C3H6-SCR of NO

Fig. 1 shows the propene and NO conversions and
the yields of N2, NO2, N2O and NH3 for the title
reaction over 0.4% Co/g-Al2O3 (135 m2 g−1), 1.2%
Ag/g-Al2O3 (141 m2 g−1) andg-Al2O3 (148 m2 g−1).
The plots of the alumina- and silver-promoted sample
were described in an earlier study [26] and there-
fore are not described in detail here; these plots
are reproduced for the sake of comparison with the
cobalt-promoted sample.

The results show that (as in the case of the
silver-promoted sample) the addition of cobalt to
the alumina shifted the plots for propene and NO
conversions to lower temperatures when compared
to the case of the unpromoted alumina. High yields
of N2 were obtained in the 400–600◦C temperature
range. The main difference between the Co and Ag
samples was the absence of ammonia in the product
stream from the Co sample. All the three materials
yielded minor concentrations of N2O. The dotted line
in the plot giving the conversion of NO2 represents
the thermodynamic equilibrium limit associated with
the following reaction:

NO+1
2O2 ⇔ NO2 (1)

It can be clearly seen that (as in the case of
alumina [26,42]) the NO2 yield obtained over the
cobalt–alumina catalyst exceeded the equilibrium
limit of reaction (1) at temperatures >475◦C. In the
case of the silver–alumina, the NO2 yield also ap-
peared to be above the thermodynamic limit although
the exceedance was smaller than over the Co/g-Al2O3
and similar to the precision of the measurement (i.e.
ca. 2%).

Fig. 2 shows the plots associated with the activ-
ity of a sulphated 1.2% Ag/g-Al2O3 for the title re-
action. The effect of the pre-sulphation of our 1.2%
Ag/g-Al2O3 on the propene conversion and N2 yield
was described in detail elsewhere [32]. Compared with
the unsulphated material (see Fig. 1), the plots for NO
and propene conversions were shifted towards higher
temperatures and the maximum yield of N2 was lower.
Interestingly, the NO2 yield appeared to be signifi-
cantly above the thermodynamic limit of reaction (1),
upon completion of propene conversion. The curve of
NO2 yield exhibited a minimum at ca. 475◦C; such a
behaviour was also observed on the unsulphated sam-
ple at ca. 425◦C (see Fig. 1), although the minimum
was less marked in this case. In addition, the reaction
over the sulphated material yielded significantly more
ammonia than the unsulphated sample. It is worth not-
ing that the temperature of maximum NH3 yield cor-
responded to the minimum of NO2 yield in the case
of both the sulphated and unsulphated silver–alumina
materials.

Fig. 3 shows the molar ratios of NO2/NO (calcu-
lated from data collected during the C3H6-SCR of
NO) as a function of temperature over the four
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Fig. 1. C3H6-SCR of NO overg-Al2O3 (×), 1.2% Ag/g-Al2O3 (s) and 0.4% Co/g-Al2O3 (d) as a function of temperature. Feed: 0.05%
NO+0.05% C3H6+2.5% O2/He, W/F=0.06 g s cm−3 (GHSV ∼50 000 h−1). The dotted line in the plot giving the NO2 yield represents
the thermodynamic limit of NO2 yield associated with the reaction NO+ 1

2O2 ⇔ NO2.

catalysts reported in the present study and compares
these curves to the ratio associated with reaction
(1). The difference between the experimental ratios
and those predicted by thermodynamics is appar-
ent for all the samples. At 480◦C, the experimental
NO2/NO ratio measured during the reaction over the
cobalt–alumina sample was ca. 40-fold higher than
the thermodynamic ratio.

3.2. Activity of Co/γ -Al2O3 and Ag/γ -Al2O3
catalysts for the oxidation of NO to NO2

Fig. 4 shows the activity of silver- and cobalt-
promoted alumina catalysts for the oxidation of NO
to NO2. No other products of reaction other than NO2

were observed. On one hand, the four samples reported
in the Section 3.1 (i.e.g-Al2O3, unsulphated and
sulphated 1.2% Ag/g-Al2O3 and 0.4% Co/g-Al2O3)
exhibited a low activity for the title reaction; the NO2
yield reaching the equilibrium curve only at temper-
atures above 600◦C. On the other hand, the catalysts
with high loadings of cobalt (i.e. 8% Co/g-Al2O3
and 6% Co/SiO2) had significantly higher activities.
In the case of the 8% Co/g-Al2O3, the calcination
temperature had a marked effect on the oxidation
activity: the sample calcined at 630◦C was an order
of magnitude less active than that calcined at 450◦C.
In contrast, the calcination temperature had little ef-
fect on the NO oxidation activity of the 6% Co/SiO2
sample.



292 F.C. Meunier et al. / Catalysis Today 59 (2000) 287–304

Fig. 2. C3H6-SCR of NO over sulphated 1.2 wt.% Ag/g-Al2O3:
propene conversion (×), NO conversion (s), N2 yield (d), NO2

yield (1), N2O yield (+) and NH3 yield (j) as a function
of temperature. Feed: 0.05% NO+0.05% C3H6+2.5% O2/He,
W/F=0.06 g s cm−3 (GHSV ∼50 000 h−1).

3.3. Thermogravimetric studies of the reaction:
NO+1

2O2⇒ad-NOx

The formation of ad-NOx species over the Al2O3
and the unsulphated and sulphated Ag/g-Al2O3 and
the 0.4% Co/g-Al2O3 was studied by thermogravimet-
ric analyses at 400◦C under a flow of NO and O2 (Fig.
5). It has been already reported that one of the roles of
silver was to promote the formation of ad-NOx species
[26] as evidenced by the faster weight uptake observed
over the 1.2% Ag/g-Al2O3 as compared to the case
of theg-Al2O3. In contrast, the sulphated silver sam-
ple and the cobalt material showed significantly less
rapid weight uptakes as compared with the case of the
alumina.

Fig. 3. NO2/NO ratio measured during the C3H6-SCR of NO
over g-Al2O3 (×), 1.2% Ag/g-Al2O3 (s), sulphated 1.2%
Ag/g-Al2O3 (1), and 0.4% Co/g-Al2O3 (d) as a function
of temperature. Feed: 0.05% NO+0.05% C3H6+2.5% O2/He,
W/F=0.06 g s cm−3 (GHSV ∼50 000 h−1). The dotted line repre-
sents the NO2/NO ratio at the thermodynamic equilibrium of the
reaction NO+ 1

2O2 ⇔ NO2.

3.4. In situ DRIFTS of the oxidation of NO over
Ag/γ -Al2O3

The aim of the results presented in Sections 3.4 and
3.5 is to provide reference DRIFTS spectra of surface
species generated by the oxidation of NO and the oxi-
dation of propene over the alumina supported materi-
als. The assignments derived from these analyses are
used in the description of the SCR reaction data pre-
sented in Section 3.6. Fig. 6 shows the DRIFTS spec-
tra of the surface species formed during the oxidation
of NO with O2 over the 1.2% Ag/g-Al2O3 at differ-
ent temperatures. The band observed at 1230 cm−1

at a temperature of 100◦C was assigned to a nitrite
species (chelate or bridging NO2

−), whereas that at
1567 cm−1 was typical of bidentate nitrate NO3−
compounds [43–46]. The large width and asymme-
try of the bands in both cases probably indicated
the presence of several species. The minor bands at
1465 and 1320 cm−1 could be indicative of linear and
monodentate nitrites, respectively [46]. The intensity
of the bands associated with nitrites decreased with
increasing temperature, in agreement with the results
reported by Kijlstra et al. [46]. At the higher tem-
peratures (300–500◦C), only the nitrate bands were
observed. At least two sets of nitrate bands were
present, the association that we propose from other
experiments (not shown) being 1550+1250 cm−1
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Fig. 4. The activity of various catalysts for the oxidation of NO to NO2 as a function of temperature. Unless otherwise stated, all the
samples were calcined at 630◦C prior use. Feed: 0.05% NO+2.5% O2/He. The dotted lines represents the NO2 yield at the equilibrium
of the reactions NO+ 1

2O2 ⇔ NO2.

(i.e. nitrate “A”) and 1580+1305 cm−1 (nitrate
“B”). The overlapping of the two signals giving rise
to the broad band between 1600 and 1500 cm−1.
(The assignments of the main IR bands are sum-
marised in Table 2.) At 600◦C, no traces of ad-NOx
species could be detected on the surface of the
material.

Fig. 5. Thermogravimetric analysis of the formation of ad-NOx

species at 400◦C over g-Al2O3 (×), 1.2% Ag/g-Al2O3 (s), sul-
phated 1.2% Ag/g-Al2O3 (1), and 0.4% Co/g-Al2O3 (d) as a
function of time. Feed: 0.05% NO+2.5% O2.

3.5. In situ DRIFTS of the oxidation of C3H6 over
Ag/γ -Al2O3 andγ -Al2O3 catalysts

Fig. 7 shows the DRIFTS spectra of the surface
species formed during the oxidation of C3H6 with O2
over the 1.2% Ag/g-Al2O3. At 100◦C, bands in the
C–H vibration region and two bands at ca. 1456 and
1580 cm−1 were observed. These bands can be related
to carboxylate groups such as those in acrylate species
(i.e. 1450 and 1567 cm−1 over alumina [47]). The
1450 cm−1 band can also be attributed to an alkoxide
species (note that no band at ca. 1650 cm−1 associated
with C=C was observed) [48].

At 200◦C, the C–H vibrations were no longer ob-
servable on the catalyst surface, only weak bands be-
ing present between 1700 and 1400 cm−1. At 300◦C,
the spectrum featured a broad peak at 1590 cm−1

and two other large bands at 1650 and 1454 cm−1,
while no definable band was observed in the C–H
stretching region. These bands could be attributed to
aromatic species (1590+1454 cm−1 [49]) or polyene
compounds (e.g. 1590 cm−1 to the C=C stretching
of –C=C–C=C– [50]). In spite of the oxidative na-
ture of the feed in SCR reactions, the formation of
carbonaceous residues has been reported over sev-
eral catalysts [51–53] and is hence possible in the
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Fig. 6. In situ DRIFTS of 1.2% Ag/g-Al2O3 during the reaction of NO and O2. Feed: 0.05% NO+2.5% O2/Ar.

Table 2
Bands observed on alumina-based materials during DRIFTS experiments and the corresponding surface species and vibrations to which
they were assigned (s=symmetric, a=asymmetric,ν=stretching,δ=bending)

Wave number (cm−1) Surface species Vibration

1230 Bidentate or chelating nitrite NO2
− νa

ONO
1320 Monodentate nitrite NO2−
1465 Linear nitrite NO2−
1550 Nitrate “A” NO3

− νN=O

1250 νa
ONO

1580 Nitrate “B” NO3
− νN=O

1305 νa
ONO

1575 Free carboxylate COO−/acetate νa
OCO

1460 νs
OCO

2905 Formate HCOO− νCH

1595 νa
OCO

1395 δCH

1380 νs
OCO

2230, 2250 Isocyanate –NCO
2135 Cyanide –CN
1645 Organo-nitrite or oxime? νN=O or νN=C

ca. 1650 Carboxylic acid or oxygenate?
ca. 1590, 1454 Aromatics, polyene, acrylate?
1456+2924 Alkoxide?
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Fig. 7. In situ DRIFTS of 1.2% Ag/g-Al2O3 during the reaction of propene and O2. Feed: 0.05% C3H6+2.5% O2/Ar.

present case. The presence of carboxylic acids or
other oxygenated molecules was also possible (band
at 1650 cm−1, extending up to 1800 cm−1 probably
indicating the presence of carbonyl groups) [47,54].
No combustion activity was noticed up to 300◦C as
evidenced by the absence of a gaseous CO2 band at
2360 cm−1. The gaseous CO2 band was clearly visible
from 400◦C upwards. At 400◦C, the two strong bands
at 1575 and 1460 cm−1 indicated the presence of a
carboxylate species which could be part of an acetate
group. The IR spectra of bridged or bidentate acetates
present mainly two bands at ca. 1575+1465 cm−1

(i.e. asymmetric and symmetric stretching vibration
of the carboxylate group of the acetate), while the
–CH bands are essentially not observable [54]. There-
fore, it is difficult to distinguish an acetate from a
free carboxylate species (adsorbed CO2) which shows
the OCO vibrations at ca. the same wave numbers.
The weaker peaks at 2905+1595+1385 cm−1 are
attributable to formate species [55]. The intensity
of the band at 1650 cm−1 decreased significantly at
400◦C compared to the intensity at 300◦C. At 500 and
600◦C, the formate species were no longer present
and only the carboxylate group remained in addition

to a weak signal at 1650 cm−1. The wave numbers
of the main IR bands and their proposed assignments
are summarised in Table 2.

Similar spectra were observed during the in situ
DRIFTS analysis of the propene oxidation over the
unpromoted alumina (Fig. 8). However, no adsorbed
species could be detected at 100◦C. As in the case of
the silver–alumina, the light off of the combustion of
propene occurred between 300 and 400◦C. The for-
mate and the carboxylate bands were clearly observed
at temperatures of up to 500◦C.

3.6. In situ DRIFTS of the C3H6-SCR of NO over
1.2% Ag/γ -Al2O3

Fig. 9 shows the in situ DRIFTS spectra of the
surface species formed during the title reaction over
the silver-promoted alumina. Some of the spectra re-
ported in Fig. 9 are described elsewhere [26], and
therefore only the comparison of the spectra obtained
in the case of reacting NO and propene, respectively,
is done. At 100◦C, the C–H bands and that of the var-
ious nitrites and nitrates observed in the case of react-
ing NO and C3H6 separately were also present during
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Fig. 8. In situ DRIFTS ofg-Al2O3 during the reaction of propene
and O2. Feed: 0.05% C3H6+2.5% O2/Ar.

the SCR reaction. The light off of the reaction oc-
curred between 300 and 400◦C, as evidenced by the
appearance of the CO2 bands. A major characteris-
tic of the spectra related to the SCR reaction was the

Fig. 9. In situ DRIFTS of 1.2% Ag/g-Al2O3 during the C3H6-SCR of NO. Feed: 0.05% NO+0.05% C3H6+2.5% O2/Ar.

presence of isocyanate species (2230 and 2250 cm−1)
at 300◦C and cyanide species (2130 cm−1) at 300 and
400◦C [37,44,56–58]. A band at 1645 cm−1 was also
observed at 400◦C (shoulder) and 500◦C. At 500 and
600◦C, the intensities of the bands of nitrates “A” and
“B” were modified as compared to the case of the
NO+O2 reaction. The intensities of nitrate “B” bands
(e.g. 1305 cm−1) being more diminished than those
of nitrate “A” (e.g. 1250 cm−1) (see Fig. 6). In addi-
tion, the nitrate “A” species could still be observed at
600◦C along with carboxylate groups, contrary to the
case of the reaction without propene.

3.7. In situ DRIFTS of the C3H6-SCR of NO over
0.4% Co/γ -Al2O3

The in situ DRIFTS spectra observed during
the title reaction over the cobalt-promoted alumina
(Fig. 10) were different from that obtained over the
silver-promoted sample (Fig. 9). At 100◦C, no signal
in the C–H region could be detected in the case of the
Co-sample. Ill-defined bands from 1700 to 1500 cm−1

were observed, which may be due to ad-NOx species
(e.g. organo-nitrate or nitrito compounds [59]) and/or
compounds formed from the reaction of propene (see
Fig. 7). On one hand, the intensity of the band at
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Fig. 10. In situ DRIFTS of 0.4 wt.% Co/g-Al2O3 during the C3H6-SCR of NO. Feed: 0.05% NO+0.05% C3H6+2.5% O2/Ar.

1230 cm−1 attributable to nitrite species was signif-
icantly weaker (ca. fourfold) than that observed on
the silver sample. On the other hand, the band of the
nitrite at 1320 cm−1 exhibited a similar intensity in
both cases. At 200◦C, the nitrite at 1230 cm−1 dis-
appeared, while the bands of nitrates “A” and “B”
were strong. In contrast to the case of the silver sam-
ple, the intensity of the absorption due to nitrate “B”
(ca. 1305 cm−1) was greater than that of species “A”
(1250 cm−1). Neither isocyanate nor cyanide species
could be detected at any temperature over the Co sam-
ple. The presence of gas phase CO2 at 400◦C showed
that light off of the propene commenced between 300
and 400◦C. At 400◦C, significant concentrations of
formate and nitrate species were observed. At 500 and
600◦C, the nitrate species were no longer present on
the surface of the catalyst which was instead covered
with formate and carboxylate groups.

3.8. In situ DRIFTS of the C3H6-SCR of NO over
unpromotedγ -Al2O3

The in situ DRIFTS spectra observed during the
title reaction over the unpromotedg-Al2O3 cata-
lyst were studied in detail at 300◦C as a function
of time-on-stream (Fig. 11). The alumina was oxi-

dised in situ in air at 630◦C before introducing the
reactant stream at 300◦C. Interestingly, strong bands
associated with nitrite species (1320 and especially
1235 cm−1) were initially observed while gas-phase
methane was evolved (band at 3016 cm−1 and the
corresponding rotational side bands). A broad peak
from 1650 to 1500 cm−1 could be observed (possibly
due to carbonaceous deposits) in addition to a band at
1460 cm−1, probably associated with carboxylate or
acetate species. The nitrite species gradually disap-
peared from the surface while formates gradually in-
creased with increasing time-on-stream. A very weak
band at 1550 cm−1 was observed, possibly indicating
the presence of nitrate “A”.

3.9. In situ DRIFTS of the C3H6-SCR of NO over
sulphated 1.2% Ag/γ -Al2O3

The in situ DRIFTS spectra observed during the ti-
tle reaction over a sulphated 1.2% Ag/g-Al2O3 were
compared with that obtained over the corresponding
unsulphated sample (Fig. 12). Earlier work on the
sulphated material showed that both the alumina and
the silver were covered with surface sulphate species
characterised by broad IR bands between 1400 and
1300 cm−1 in the dry state [32]. The negative band at
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Fig. 11. In situ DRIFTS ofg-Al2O3 during the C3H6-SCR of NO at 300◦C. The alumina was oxidised in situ in air at 630◦C before
introducing the reactive stream at 300◦C. Feed: 0.05% NO+0.05% C3H6+2.5% O2/Ar.

ca. 1380 cm−1 observed in the case of the sulphated
sample could be attributed to the conversion of the cor-
responding sulphate bands present in the background
spectrum (measured in dry argon) to a hydrogen sul-
phate species which is known to form in moist at-
mospheres such as that formed from reaction of the
feed [60]. The latter species gave rise to a large and
intense absorption band below 1300 cm−1 and made
analysis of the spectra in this region impossible. Some
CO2 was observed at 300◦C over the sulphated mate-
rial compared with that at 400◦C over the unsulphated
material. This observation was in agreement with the
somewhat higher activity for propene conversion at
300◦C of the sulphated sample compared to that of
the corresponding unsulphated material.

Neither isocyanate nor cyanide species could be
observed on the sulphated sample at any temperature.
At 300 and 400◦C, the sulphated material exhibited,
a band around 1600 cm−1 which could be associated
with formate species but the very weak signal in the
C–H stretch region and the masking of the 1395–
1380 cm−1 region made this analysis inconclusive.
The structure of the bands in the 1650–1500 cm−1

region at the three temperatures reported for both
samples was complex. In addition to the signal

due to the formates and carboxylate species (i.e.
1570+1460 cm−1), several bands which could be as-
signed to nitrate species were observed. At 400 and
500◦C, the intensity of these nitrate bands was much
lower than that observed in the case of the unsulphated
silver–alumina sample. At 500◦C, the carboxylate
bands were the predominant peaks present on the sul-
phated material and as in the case of the unsulphated
sample, a band at 1650 cm−1 could also be observed.

4. Discussion

4.1. Formation of NO2 during the C3H6-SCR of NO
over promotedγ -Al2O3

Similar to the alumina and the unsulphated and sul-
phated 1.2% Ag/g-Al2O3, the 0.4% Co/g-Al2O3 ex-
hibited a low activity for the oxidation of NO to NO2
(Fig. 4). This behaviour contrasted with that of the 8%
Co/g-Al2O3 and 6% Co/SiO2 samples which showed
a high activity and reached equilibrium conversion at
ca. 300◦C (500◦C in the case of the 8% Co/g-Al2O3
calcined at 630◦C). However, the former catalysts ex-
hibited a high activity for the C3H6-SCR of NO (at
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Fig. 12. In situ DRIFTS of 1.2% Ag/g-Al2O3 and the correspond-
ing sulphated material during the C3H6-SCR of NO. Feed: 0.05%
NO+0.05% C3H6+2.5% O2/Ar.

temperatures above 400◦C, see Fig. 1), whereas the
latter materials did not give any significant reduction
of NO but were very active for the combustion of the
reductant (not shown). The SCR data are in agreement
with the findings of Hamada et al. [14] and Okazaki
et al. [61] who showed that a lower cobalt loading and
a higher catalyst calcination temperature favour the
SCR reaction at the expense of the combustion of the
reductant to give CO2 and water. The active phase for
the combustion of propene was attributed to Co3O4
and the active phase for the SCR was proposed to be

dispersed Co2+ species (e.g. CoAl2O4 or isolated Co
species) [15,16]. In our case, the high loading of cobalt
on the alumina and silica probably favoured the for-
mation of supported Co3O4 particles which were also
active for the oxidation of NO to NO2. The calcina-
tion of the alumina sample at the higher temperature
probably converted part of the Co3O4 to the less active
CoAl2O4. In contrast, the formation of a mixed oxide
with silica seemed to have been less significant at the
calcination temperatures used as only little difference
in the catalytic activity occurred with changing calci-
nation temperature. The nature of the cobalt phase of
the 0.4% Co/g-Al2O3 calcined at 630◦C has not yet
been elucidated and as a result it is not possible to
confirm that the Co is in a dispersed state as opposed
to Co3O4. Nevertheless, it is apparent that the active
Co/g-Al2O3 catalyst for the SCR reaction was a poor
catalyst for the oxidation of NO2.

The kinetic and thermodynamic data reported in
this work showed that (as in the case of alumina,
reported elsewhere [26,42]) the NO2 observed dur-
ing the C3H6-SCR of NO over the sulphated 1.2%
Ag/g-Al2O3 and the 0.4% Co/g-Al2O3 were not
formed through reaction (1). An oxidation mechanism
based on reaction (1) could not allow the experimental
NO2/NO ratio to exceed the corresponding thermody-
namic limit (see Fig. 3). A similar conclusion could
probably be drawn for the case of the unsulphated
1.2% Ag/g-Al2O3 although the offset of the experi-
mental data with respect to the related thermodynamic
value is closer to the experimental error. As suggested
in the case of the alumina [42], a reaction mechanism
allowing such high NO2/NO ratios could be based
on the formation and combustion of organo-nitrogen
species by reaction of NO, C3H6 and O2. Recent
work in our laboratory [37] showed that the oxi-
dation of tert-butyl nitrite (tert-butyl-O–N=O) over
alumina yielded high selectivity to NO2, contrary to
the case of several organo-nitro compounds (R–NO2)
which preferably formed NH3. It is interesting to
notice that NO2/NO ratios higher than that predicted
by thermodynamics were also observed in the case
of homogeneous reactions involving typical de-NOx

feed [62]. Other authors suggested that the formation
of organo-nitrito intermediates played a key role in
the homogeneous partial oxidation of hydrocarbons
in the presence of NO [63,64]. In view of these re-
ports, we propose that the formation of NO2 during
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the C3H6-SCR of NO over the alumina-based cata-
lysts reported here probably involved the formation
and combustion of organo-nitrito species, possibly
via some gas-phase reactions.

Previous in situ IR work over silver–alumina cat-
alysts [24,26] suggested that a band observed at ca.
1650 cm−1 during the C3H6-SCR of NO could be at-
tributed to an organo-nitrito compounds. However, the
present in situ IR study showed that a band at a sim-
ilar wave number could also be obtained under an
O2+C3H6 flow, showing that in this case the band
could not be attributable solely to organo-nitrogen
species. Therefore, additional work is needed (e.g. IR
study using15N [33,34]) to assess whether or not the
species absorbing at ca. 1650 cm−1 formed in course
of the SCR reaction was an organo-nitrite.

4.2. Reaction mechanism model of the C3H6-SCR of
NO over promotedγ -Al2O3

In the case of transition metal oxides supported on
alumina, the role of strongly bound nitrate species (i.e.

Fig. 13. Simplified reaction scheme of the C3H6-SCR of NO overg-Al2O3 and the low loading Ag and Co/g-Al2O3 giving the nature
of the different species likely to be involved. It is proposed that the reduction to N2 occurs through the reaction of oxidised and reduced
(species in shaded circle) nitrogen compounds.

ad-NOx) as possible intermediates of the SCR reac-
tion has been suggested [65]. Spectrokinetic analy-
ses over alumina showed that the rate of consump-
tion of nitrates was similar to that of the formation of
N2 [54]; in this study, the authors also reported that
the nitrates were reacting with partially oxidised hy-
drocarbons such as acetates. The presence of reduced
species of nitrogen in the gas-phase (e.g. NH3) or at
the catalyst surface (e.g. –NCO over the unsulphated
silver–alumina) was evident in the results presented
here. It is interesting to notice that NH3 could only be
observed when the concentration of NO2 was low and
vice versa (see Figs. 1 and 2 or Ref. [26]).

Fig. 13 gives a schematic representation of a pro-
posed reaction mechanism for the SCR of NO by
propene over cobalt- and silver-promoted alumina
catalysts. This model is based on the results of ex-
periments described in this paper and on observations
made concerning the intermediary [66] and reactivity
of organo-nitrogen compounds. One of the crucial
roles of O2 is to react with NO and the reductant to
form various surface ad-NOx (x>1) species and par-
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tially oxidised hydrocarbons [54]. One of the promot-
ing roles of silver [26] and cobalt would be to favour
these oxidation steps (but not primarily NO to NO2 as
proposed in Ref. [14,15]). These species could then
react according to two distinct routes. Firstly (route
I), organo-nitro species (R–NO2) would be formed
and would subsequently react/decompose over the
catalyst to give rise to isocyanates, amino-groups
and finally ammonia [35–40,67]. Secondly (route
II), organo-nitrito compounds would be formed and
would subsequently be oxidised to NO2 [37]. In
addition to route II, the formation of NO2 via homo-
geneous reaction, possibly triggered by the catalyst
surface, could not be excluded (route II′) [62]. Even-
tually, the reduced forms of nitrogen formed from
route I (–NCO, R–NH2 and NH3) would react with
the oxidised forms of nitrogen (e.g. organo-nitrito or
NO2) to yield N2 [24,68,69]. In addition, the reduced
forms of nitrogen could also react directly with NO
or the inorganic ad-NOx to yield N2 [24].

4.3. Effect of the sulphation on the SCR activity of
the 1.2% Ag/γ -Al2O3

The selectivities to N2, NO2, N2O and NH3 of the
kinetic data obtained for the C3H6-SCR of NO over
the sulphated and unsulphated 1.2% Ag/g-Al2O3 were
similar (see Figs. 1 and 2). The main difference was
a shift of ca. 50◦C towards higher temperatures of the
plots associated with the sulphated sample compared
to that of the unsulphated material. The in situ IR
data showed that the concentration of ad-NOx species
was significantly lower on the sulphated catalyst when
compared to the unsulphated sample at the tempera-
tures at which the SCR reaction was operating (i.e.
T≥400◦C) (Fig. 12). Two main reasons could explain
these findings; firstly, Burch et al. [8] reported that the
sulphation of alumina reduced the numbers of strong
chemisorption sites for NOx species. Secondly, ear-
lier work showed that one of the role of silver was
to promote the oxidation of NO to ad-NOx species
[26,32] and this work (Fig. 5) showed that the sul-
phated silver was less active for this reaction. There-
fore, the lower SCR activity observed on our sulphated
Ag/g-Al2O3 could be attributed to the loss of some of
the adsorption sites for NOx and/or the lower activity
of sulphated silver for the oxidation of NO to ad-NOx

species.

While high concentrations of NH3 (probably de-
rived from isocyanates) could be observed during the
SCR over the sulphated sample, no isocyanate species
could be evidenced by in situ IR at any temperature on
this sample, this being in contrast to the unsulphated
material at 300◦C. The isocyanate groups observed
over the unsulphated sample could have arisen from
one of the ad-NOx species that was not present over
the sulphated form of the sample at this temperature.
It has to be stressed that the –NCO species were ob-
served over the unsulphated material only at a temper-
ature at which the catalyst showed no significant ac-
tivity (i.e. 300◦C). This fact stresses that such species
were highly reactive at higher temperatures and the
corresponding surface coverage was probably too low
to allow detection. It is possible that isocyanate species
were not detected over the sulphated sample simply
because the species were only present in detectable
quantities over a narrow temperature range (less than
the 100◦C intervals at which DRIFTS spectra were
recorded).

The determination of the nature of the adsorption
sites of the isocyanate species (i.e. two main bands at
2250 and 2230 cm−1) over our silver–alumina cata-
lyst is difficult. Over a 5% Ag/g-Al2O3, Sumiya et al.
[24] reported two bands at 2260 and 2230 cm−1 which
were suggested to be that of –NCO species located on
the g-Al2O3 and the silver phase, respectively. This
assignment is in agreement with the data of Solymosi
and Bansagi [57] reporting the asymmetric vibration of
–NCO overg-Al2O3 at higher wave numbers, i.e. ca.
2260 cm−1. However, Anderson et al. [18] proposed
that bands at 2261 and 2241 cm−1 could be associ-
ated with –NCO species on the alumina. Other results
showed that the adsorption of cyclohexyl isocyanate
over alumina lead to a broad band at 2228 cm−1 [37].
These reports stress the need for further investigations
on the location/wave numbers of –NCO groups over
these materials.

4.4. Differences in the promotion ofγ -Al2O3 by Ag
or Co

The 1.2% Ag/g-Al2O3 and 0.4% Co/g-Al2O3
catalysts reported in this work gave similar propene
conversions and yields of N2 as a function of temper-
ature (Fig. 1). However, the cobalt-promoted material
yielded significantly more NO2 than the Ag-sample
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but no NH3 was detected. At temperatures≥400◦C
(i.e. temperatures at which a significant SCR activity
was observed), the nature of the surface species ob-
served by in situ DRIFT of the Co-sample (Fig. 10)
were markedly different from those observed on the
Ag-material (Fig. 9). Significantly lower concentra-
tions of nitrate species were detected on the Co
sample, similar to the case of the unpromoted
alumina [26].

Although this data appears contradictory at first
sight, the facts described above can be rationalised by
taking into account the model proposed here (Fig. 13)
and other IR data. In the case of the C3H6-SCR of NO2
over alumina [26], both nitrates and formates could be
observed by DRIFTS at 300◦C, before the light off of
the SCR reaction occurred between 300 and 400◦C.
However, only the formate species could be observed
at T≥400◦C, in spite of the presence of NO2 (and O2)
in the feed. Therefore at the temperatures at which
the SCR proceeded, the consumption rate of the inor-
ganic ad-NOx species was significantly higher than the
rate of their formation. A similar conclusion could be
made for the 0.4% Co/g-Al2O3 during the C3H6-SCR
of NO. This assumption is supported by the fact that
the cobalt sample appeared to be significantly less ac-
tive for the formation of ad-NOx species than both the
alumina and the silver-promoted alumina (Fig. 5).

The reaction between NO2 and NH3 (yielding N2
[68]) was probably fast over the catalysts reported
here, this was evident from the fact that when NO2
was detected NH3 was not and vice-versa (Figs. 1
and 2). During the C3H6-SCR of NO over 0.4%
Co/g-Al2O3, the reaction rates of routes II and II′
(leading to NO2) were probably higher than that of
route I (leading to NH3) (Fig. 13). This hypothesis
would explain the fact that no NH3 could be observed
in this case (Fig. 1), as the proportion of oxidised
nitrogen species produced was always greater than
that of reduced species. Therefore, a large concen-
tration of NO2 remained unreacted, this eventually
decomposing back to NO and O2 [26]. Overall, the
promoting effect of cobalt could possibly be ex-
plained by an increased rate of the conversion of the
reductant to an intermediate species such as an oxy-
genated compound which would subsequently form
an organo-nitrito by reaction with ad-NOx species.
In the case of the alumina and the unsulphated and
sulphated 1.2% Ag/g-Al2O3, the rate of route I was

probably greater than that of routes II–II′ at the tem-
peratures corresponding to the maximum of N2 and
NH3 yields (these temperatures being approximately
equal), as no NO2 could be observed at this point.
However, it has to be acknowledged that the reduced
nitrogen species such as NH3 or –NCO could also
directly react with the NO or ad-NOx species to form
N2 and this further complicates quantitative analyses
of such a reaction scheme.

The transient DRIFT data obtained over the alu-
mina (Fig. 11) suggested that the ad-NOx species and
the formates were adsorbed on the same type of sites.
The fact that the 1.2% Ag/g-Al2O3 exhibited signif-
icantly higher concentrations of ad-NOx species and
lower concentrations of formates as compared to the
cases of the Co-sample could be related to a higher
formation rate and/or a higher stability of all or some
of the ad-NOx over the Ag-material. Bulk silver nitrate
(AgNO3) is a very stable compound and only decom-
poses at ca. 440◦C [30]. The threefold higher loading
of the silver material compared to cobalt would also
favour the spill-over of the nitrates from the silver onto
the alumina. It should also be emphasised that vari-
ous inorganic nitrites and at least two different types
of nitrates were present over these alumina-based ma-
terials and that the reactivity of these ad-NOx species
was probably different.

The simplified reaction model presented in Fig. 13
could probably be applied to numerous other tran-
sition metal oxides supported on alumina and other
non-reducible oxides. However, it has to be stressed
that each of the reaction steps (symbolised by an ar-
row) could have different rates over different materi-
als and therefore the nature of the side-products and
surface species coverages would vary from one pro-
moter to another. The rate determining step could also
be different in each case, and could also vary with
temperature and/or other experimental conditions for
a given catalyst.

5. Conclusions

It was shown that the initial step of the C3H6-SCR
of NO over a 0.4% Co/g-Al2O3 was not the oxidation
of NO to NO2. The high concentration of NO2 ob-
served during the course of the reaction was produced
via another route, possibly via the combustion of
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organo-nitrito compounds. A similar conclusion could
be drawn for a sulphated 1.2% Ag/g-Al2O3 material.
Over these samples and the parent materials, nitric
oxide was probably first reacted to form strongly
bound inorganic ad-NOx species such as nitrites and
nitrates. It is suggested that the ad-NOx species re-
acted with the reductant and derived species to form
both organo-nitro and organo-nitrito compounds, the
reaction products of which combined to yield N2.
However, the assignment of the IR bands observed in
situ (e.g. that at ca. 1650 cm−1) to organo-nitrogen
compounds could not be unequivocally made in the
present study. The sulphation of the 1.2% Ag/g-Al2O3
reduced the surface concentration of strongly bound
ad-NOx species, probably by decreasing both the
number of adsorption sites available to NOx and the
oxidation activity of the silver promoter. A global
C3H6-SCR of NO reaction scheme was proposed
which accounts for the various side-products and
surface species observed on the different samples.
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