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The reactivity of nitromethane and tert-butyl nitrite, used as
“models” of possible intermediates of the SCR of NO by
hydrocarbons, was studied over γ -Al2O3, 1.2wt%Ag/Al2O3,
10wt%Ag/Al2O3, and 0.4wt%Co/Al2O3. DRIFTS measurements
revealed the presence of formate, cyanide, and isocyanate species on
the surface of γ -alumina, 1.2wt%Ag/Al2O3, and 0.4wt%Co/Al2O3
upon nitromethane adsorption, while nitrate species arose on
these materials following the adsorption of tert-butyl nitrite. The
oxidation of nitromethane over alumina, 1.2wt%Ag/Al2O3, and
0.4wt%Co/Al2O3 yielded NH3 as the main primary product of re-
action, while NO and NO2 were formed at low temperatures dur-
ing the oxidation of tert-butyl nitrite over the same materials. The
mechanism derived from this study and from the observation that
the formation of NO2 during the C3H6-SCR of NO over γ -Al2O3
and 0.4wt%Co/Al2O3 was not achieved through the direct oxida-
tion of NO by O2 was therefore suggested. The formation of N2
over γ -Al2O3, 1.2wt%Ag/Al2O3, and 0.4wt%Co/Al2O3 was pro-
posed to occur through the reaction of organo-nitro and nitrito
compounds and their derivatives. The presence of a low loading of
silver appeared to favour the formation of organo-nitro compounds,
while cobalt seemed to promote the formation of organo-nitrite
compounds. c© 2001 Academic Press
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1. INTRODUCTION

In recent years, the ever-growing interest in the removal
of NOx by selective catalytic reduction of NOx with hy-
drocarbons (HC-SCR) resulted in numerous studies focus-
ing on the mechanism of the above-cited reaction (1–17).
From the studies undertaken, different mechanistic path-
ways have been proposed for the HC-SCR of NOx. One
of the several reaction schemes involves the formation of
nitrogen-containing organic compounds as a precursor to
N2 formation (12–17). For example, Tanaka et al. (12) have
investigated the SCR of NO with propene over Pt/SiO2

and suggested a mechanism in which the hydrocarbon
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reacts with NO2 (formed by NO oxidation) to generate
some nitro/nitrite intermediates. The latter can then either
react with O2 to form N2 or be transformed to carbonyl
species, which further react with NO2 to produce N2.
Bamwenda and co-workers (13) investigated the C3H6-
SCR of NO over Rh/Al2O3 using the DRIFTS technique
and reported the presence of adsorbed hydrocarbons, iso-
cyanates (–NCO), cyanides (–CN), carboxylates (CO2−

3 ),
and nitrosonium cations (–NO+) on the catalyst surface.
The authors suggested that an isocyanate species was one
of the intermediates in the C3H6-SCR of NO. Ukisu and
co-workers (14) have carried out in situ FTIR experiments
using Ag/Al2O3 and have observed that isocyanate bands
appeared on the catalyst surface after exposure to a mix-
ture of NO, O2, and ethanol at room temperature and sub-
sequently heating to 300◦C. The authors suggested that the
high efficiency of the C2H5OH-SCR of NOx in the presence
of water is due to the formation of large concentrations of
surface isocyanate intermediates.

Various studies were carried out on the reactivity
of different nitrogen-containing organic compounds in
connection with the HC-SCR of NOx, these investigations
helping to identify and clarify the possible involvement of
such species as reaction intermediates in the HC-SCR (12,
18–22). Cowan et al. and Cant et al. (18, 19) studied the gas
phase decomposition and oxidation of nitromethane and
its reactivity over different catalysts such as Co–ZSM5,
H–ZSM5, Na–ZSM5, SiO2, or Al2O3 in connection with
the SCR of NOx. They found that nitromethane decom-
posed to NH3 and/or HNCO depending on the catalyst and
conditions used. The authors suggested that NO2 could
facilitate the desorption of strongly adsorbed decomposi-
tion products, HNCO and NH3, since the reaction of NH3

with NO2 was very fast over Co–ZSM5 and gave N2 as the
major product. Obuchi and co-workers (20) have studied
the reactivity of tert-butyl-substituted nitrogen compounds
over alumina. They have investigated the catalytic de-
composition, oxidation, and reaction of tert-butyl N-oxide
(t-CNO), tert-butyl isocyanate (t-NCO), and tert-butyl
cyanide (t-CN) with NO2+O2 or NO+O2. They con-
cluded that once nitrile N-oxides are formed under
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HC-SCR conditions, they are readily converted to N2

through several reaction steps. Yamaguchi (21) studied
the adsorption of nitromethane on Al2O3 using infrared
spectroscopy, NMR spectroscopy, and TPD. Nitromethane
decomposed to isocyanate, which further led to the forma-
tion of ammonia and urea on the catalyst surface at 473 K.
Yamaguchi suggested that these reaction products (iso-
cyanate and ammonia), formed from the decomposition of
organic nitro compounds, could then react with nitrogen
oxides during the HC-SCR of NO. Kameoka et al. (22) un-
dertook similar investigations, studying the adsorption of
nitromethane and nitroethane on the nonpromoted metal
oxides Al2O3 and TiO2 as well as on metal-oxide-supported
silver catalysts, namely, 2wt%Ag/Al2O3, Ag/TiO2, and
Ag/SiO2, using infrared spectroscopy. They also observed
the formation of adsorbed isocyanate (NCO) species on
the catalyst surface under certain conditions. The authors
suggested that the formation of those species mainly
occurred on the Lewis acid sites of the oxide support, silver
promoting the activation of nitroethane by a scission of
C–C bonds and/or the rearrangement reaction of adsorbed
NCO species. Kameoka and co-workers also carried out
separate SCR experiments using ethanol as the reducing
agent and concluded that the efficiency of supported silver
catalysts in NOx reduction with ethanol was correlated with
the nature of the isocyanate surface species arising from
the thermodecomposition of organic nitro compounds.

While organic nitro or nitrite have usually been consid-
ered as a whole as far as their involvement in SCR reaction
is, our group previously reported (23) that the reactivity
of nitro alkanes and tert-butyl nitrite over Al2O3 showed
significant differences, stressing the need to consider dif-
ferently the role of these compounds. This is of particular
importance with regard to some results previously reported
by our group on the C3H6-SCR of NO over Al2O3-based
materials (24–26): high yields of NO2 (in excess of the ther-
modynamic limit associated with the direct oxidation of NO
to NO2 by O2) were obtained over unpromoted-alumina
and 0.4%Co/Al2O3. A reaction mechanism involving the
formation and combustion of organo-nitrogen compounds
from the reaction of C3H6, NO, and O2 was suggested to
explain the formation of NO2 during the SCR reaction. In
an attempt to clarify the type of organo-nitrogen species
from which NO2 could originate during the C3H6-SCR of
NO over Al2O3-based materials, the study of the reactiv-
ity of organo-nitro and -nitrite compounds was extended
to Ag- and Co-promoted alumina materials active for the
C3H6-SCR of NO (24–26).

2. EXPERIMENTAL

2.1. Catalyst Preparation and Characterisation
The γ -Al2O3 utilised in this work was supplied by Alcan
(AA400). For the preparation of the silver-promoted
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materials, an appropriate amount of silver nitrate (analyt-
ical grade, Johnson Matthey) was dissolved in a volume
of deionised water equal to that of the porous volume of
the alumina. The solutions were then deposited on the alu-
mina by dry impregnation at room temperature. The sam-
ples were dried for 14 h at 120◦C and then calcined at 600◦C
for 2 h in synthetic air. For the preparation of the cobalt-
promoted catalyst, a similar procedure was applied using a
cobalt acetate tetrahydrate salt (analytical grade, Aldrich).
N2 adsorption at 77 K using a Micromeretics system was
used to measure the surface area of the samples. Prior to
these measurements, the samples were each outgassed for
2 h at 200◦C under a dynamic vacuum (i.e., with a resid-
ual pressure lower than 20 Pa). Atomic absorption spec-
troscopy measurements were performed to determine the
promoter content of the catalysts. The loadings of promot-
ers on the alumina are reported in weight percent.

2.2. Catalytic Tests

A quartz flow microreactor (3-mm internal diameter)
was used for the catalytic tests, the catalytic bed being held
in place by quartz wool plugs. Two hundred milligrams of
catalyst was loaded in the reactor for all the experiments
reported here. The temperature of reaction was measured
inside the reactor, just before the catalyst bed, by a thermo-
couple enclosed in a quartz tube. The temperature of the
reactor furnace was reduced from 600 to 100◦C in 50◦C in-
tervals dwelling at each temperature for 1 h. The data points
reported were taken in the last 20 min of the dwelling stage
at each temperature. The actual feed compositions used in
each of the experiments reported in this paper are shown
in the legends of the appropriate figures. Nitromethane
(Fluka, puriss ≥99.0%) and tert-butyl nitrite (Fluka, assay
≥90%) were fed using a saturator flushed by a He stream;
this stream was then added to a flow of the other reactants.
The total flow rate was 100 ml min−1. The saturator was
kept at room temperature or 0◦C for the experiments using
nitromethane or tert-butyl nitrite, respectively.

Analysis of the reaction products was carried out using a
Nicolet 550 FT-IR spectrophotometer fitted with a gas cell
of volume 0.22 dm3 and a triglycine sulphate pyroelectric
(DTGS) detector. A total of 64 scans was recorded at a res-
olution of 1 cm−1. The concentration of a given species was
measured by integrating the peaks in selected regions of its
absorbance spectrum and comparing these to a calibration
curve. A Varian 3400CX gas chromatography, equipped
with a 2-m-length molecular sieve 5A column and using
a TCD detector, was used to detect and quantify N2.

2.3. Diffuse Reflectance FT-IR Analysis

The diffuse reflectance FT-IR measurements were car-
ried out in situ in a high-temperature cell (Spectra-Tech)

fitted with ZnSe windows. The sample for study (ca. 30 mg)
was finely ground and placed in a ceramic crucible, the
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temperature of which could be varied from 20 to 800◦C. All
the samples were calcined in situ at 630◦C prior to analysis.

The nitro compounds (Fluka), namely, nitromethane
(puriss≥99.0%), nitroethane, nitrobutane, and 2-nitropro-
pane, and nitrite compounds (Fluka), e.g., n-butyl nitrite
and tert-butyl nitrite (assay ≥90%), were fed using a sat-
urator flushed by a He stream for 30 min. The saturator
was then by-passed and the temperature of the sample was
increased from room temperature in 100◦C steps, dwelling
for 1 h at each temperature. For the experiments involving
the adsorption of the organo-nitrite compounds, the sat-
urator temperature was kept at 0◦C; for the organo-nitro
molecules, the temperature was 20◦C. In all cases, the total
flow rate was 100 ml min−1. The absorbance measured af-
ter the reaction stream passed over the catalyst relative to
that of the same material at the same temperature under
a stream of argon (background) is reported for each spec-
trum. Spectra were recorded using 128 scans at a resolution
of 2 cm−1.

3. RESULTS AND DISCUSSION

3.1. The Reactivity of Nitromethane and tert-Butyl Nitrite
over γ -Al2O3-Based Materials

Figure 1 shows the concentrations of the main nitrogen-
containing products of the oxidation of nitromethane over
γ -Al2O3 (148 m2 g−1) as a function of temperature. NO,
N2, N2O, NH3, and traces of HCN (not quantified) were
detected. No NO2 was produced at any temperature. NH3

was the main product of reaction at temperatures below
550◦C and its maximum yield occurred in the temperature
range 250–400◦C. At temperatures above 400◦C, the NH3

concentration decreased steadily until it was undetectable
at 600◦C; at the same time, the formation of NO and N2 in-
creased, reaching a maximum at 600◦C. HCN was detected
over the temperature range 100–400◦C; above 400◦C, no

FIG. 1. Catalytic activity of alumina in the oxidation of nitromethane

as a function of temperature. Feed: 0.03%CH3NO2 + 1.5%O2 in He.
M(Al2O3) = 200 mg. Total flow = 100 ml min−1.
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FIG. 2. Concentrations of various N-containing products formed dur-
ing the oxidation of tert-butyl nitrite on alumina as a function of temper-
ature. Feed: 0.2% C(CH3)3ONO+ 1.5% O2 in He. M(Al2O3) = 200 mg.
Total flow = 100 ml min−1.

HCN could be detected. No CO was detected and CO2 was
the main C-containing product detected.

Both nitromethane (Fig. 1) and tert-butyl nitrite (Fig. 2)
were very reactive under the conditions used here, and at
200◦C and above, the conversions of both compounds were
total. While the oxidation of nitromethane yielded NH3 as
the main reaction product, the oxidation of tert-butyl nitrite
led mainly to the formation of the nitrogen oxides NO and
NO2.

Figure 2 shows the concentrations of the main nitrogen-
containing products of the oxidation of tert-butyl nitrite
over Al2O3 as a function of temperature. NO, NO2, N2,
N2O, NH3, and HCN (not quantified) were detected. NO
was the main product of reaction over the whole temper-
ature range investigated, i.e., 100–600◦C; its concentration
passed through a maximum at 200◦C before steadily de-
creasing with increasing temperature. NO2 was the second
most abundant product of the reaction between 200 and
300◦C, but its concentration decreased rapidly toward zero
at 400◦C. On the other hand, NH3 could be detected for
temperatures above 300◦C and it became the second most
abundant product above 300◦C. A small amount of N2 could
also be detected at high temperatures, its maximum concen-
tration occurring at 600◦C, while a very low concentration
of N2O could also be detected above 100◦C.

Over alumina, the reaction of nitromethane in the pres-
ence of O2 yielded NH3, which was formed as a result
of the thermal decomposition of the starting molecule,
this being the main primary product of reaction. Increas-
ing the temperature led to the oxidation of the NH3 to
produce NO and N2. In contrast, the oxidation of tert-
butyl nitrite yielded NO and (to a lower extent) NO2 as
main primary products of reaction at low temperatures.
At higher temperatures, NO2 could no longer be detected

in the gas stream, and this was attributed to its reduction
by isobutene (formed as product of reaction) to produce
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FIG. 3. Comparison of the selectivities to NO2 and NH3 over Al2O3,
1.2%Ag/Al2O3, 10%Ag/Al2O3, and 0.4%Co/Al2O3 during the oxidation
of nitromethane (a) and tert-butyl nitrite (b) at 200◦C. M(catalyst)=
200 mg. Total flow = 100 ml min−1.

NH3 or/and N2. It is noteworthy that NO2 was mainly
not observed when NH3 was present in the reaction prod-
ucts and vice versa. This feature was also observed during
the oxidation of nitromethane and tert-butyl nitrite over
the other catalysts under investigation, namely, 1.2%Ag/
Al2O3 (141 m2 g−1), 10%Ag/Al2O3 (120 m2 g−1), and
0.4%Co/Al2O3 (135 m2 g−1), with the exception of the
oxidation of tert-butyl nitrite over 10%Ag/Al2O3. This is
illustrated in Fig. 3, which shows a comparison of the
selectivity to NH3 and NO2 obtained at 200◦C for the
oxidation of nitromethane (Fig. 3a) and tert-butyl nitrite
(Fig. 3b) over γ -Al2O3, 1.2%Ag/Al2O3, 10%Ag/Al2O3,
and 0.4%Co/Al2O3. At 200◦C, no NO2 was detected over
any of the four catalysts investigated, while NH3 was
the main reaction product over γ -Al2O3, 1.2%Ag/Al2O3,
and 0.4%Co/Al2O3 with a selectivity above 90%. Over
10%Ag/Al2O3, neither NH3 nor NO2 were detected at
this temperature, N2O being the main reaction product.
In contrast, during the oxidation of tert-butyl nitrite at
200◦C, NO2 was detected over the four catalysts along with
NO, no NH3 being produced over unpromoted alumina
and 1.2%Ag/Al2O3. The 10%Ag/Al2O3 material seemed
again to exhibit different behaviour from the other cata-
lysts as NH3 and NO2 were both detected at 200◦C during
the reaction of tert-butyl nitrite with O2. It clearly appears
from those results that organo-nitro and organo-nitrite
compounds reacted in a different way: while organo-nitro
species mainly yielded NH3, organo-nitrite compounds
could yield more NO2.

Cant et al. (19) reported that temperatures above 450◦C

were required for nitromethane to react in the gas phase,
while Otsuka et al. (27, 28) suggested that organo-nitrito
R Al2O3-BASED CATALYSTS 343

species were important intermediates in the gas phase
oxidation of light alkanes in the presence of NO. Hence,
the occurrence of gas phase reactions possibly triggered by
the catalyst surface cannot be excluded. However, the re-
sults obtained here over the different catalysts appear to
result from the different activities of the materials them-
selves, especially at the lower temperatures.

3.2. DRIFT Spectra on γ -Al2O3

Figure 4 shows the DRIFT spectra of the species formed
from the adsorption of nitromethane (NM) on Al2O3.
Bands assigned to physisorbed nitromethane (1380, 1407,
1572, and 2959 cm−1), together with peaks at 1259, 1285,
1431, 3067, and 3192 cm−1, were observed on the alu-
mina surface at room temperature. At 100◦C, physisorbed
nitromethane had completely desorbed from the surface
while peaks at 1259, 1285, 1387, 1533, 1598, 2231, and
2250 cm−1 were detected. In accordance with the results
reported by Yamaguchi (21), the peaks at 1259, 1285, 1598,
3067, and 3192 cm−1 can be assigned to the aci-anion of ni-
tromethane (CH2NO−2 ), this being produced from the dis-
sociative adsorption of nitromethane on the alumina sur-
face. The peaks at 2231 and 2250 cm−1 may arise from an
(inorganic) isocyanate group, a bridged cyanide, or a ni-
trile species (29, 30). Two bands at 2228 and 2250 cm−1

were observed when cyclohexyl isocyanate was adsorbed
on alumina (not shown) and additional experiments have
shown that the bands at 2228 and 2250 cm−1 derived from ni-
tromethane were readily displaced by water at 300◦C, NH3
FIG. 4. In situ DRIFT spectra of the surface species resulting from
the adsorption of nitromethane on alumina. Total flow = 100 ml min−1.
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being observed in the gas phase. This high reactivity with
water suggests that these bands should be assigned to an
isocyanate species rather than to a cyanide/nitrile species
since the latter would be significantly less reactive toward
water (20, 31). Therefore, and in agreement with previously
reported results (32), the peaks at 2231 and 2250 cm−1

are assigned to anionic isocyanate (NCO−) and covalent
isocyanate (NCO), respectively. The peaks at 1387 and
1532 cm−1 could only be detected at 100◦C. Yamaguchi
(21) has reported the presence of a peak at 1532 cm−1 on
his alumina surface during the adsorption of nitromethane
and assigned it to a (C, N, O) adduct along with other peaks
that do not appear to be formed on the alumina used in
this work. That these peaks at 1387 and 1532 cm−1 appear
at 100◦C and then disappear at 200◦C, at which the inten-
sity of the isocyanate peaks increases suggests that these
peaks may be due to a precursor responsible for the forma-
tion of isocyanate species. The exact nature of this precur-
sor is difficult to determine from the present results and
additional experiments, possibly using labeled reactants,
should be carried out to confirm the assignment. How-
ever, these two peaks are tentatively assigned to the ν(CN)
and δ(CNH) vibrations, respectively, of formohydroxamic
acid (CHO–N(H)OH), which has already been suggested
as a possible intermediate in the reactivity of nitromethane
over different zeolites. Increasing the temperature to 200◦C
resulted in a decrease of the bands assigned to the aci-
anion of nitromethane and to their complete disappearance
at 300◦C. The intensity of the bands assigned to surface
isocyanate species increased with increasing the tempera-
ture to reach a maximum at 300◦C before decreasing at
higher temperature and completely disappearing at 500◦C.
At 200◦C, new bands appeared on the alumina surface at
1377 cm−1 (νs

OCO), 1395 cm−1 (δCH), 2905 cm−1 (νCH), and
3004 cm−1 (combination band νa

OCO+ δCH); these, together
with the band at 1598 cm−1 (νa

OCO), can be assigned to a for-
mate species (29, 33). Other peaks were detected at 1452
and 1682 cm−1 on the sample surface at 200 and 300◦C and
they are tentatively assigned to the νNCO and νCO vibrations
of carbamic acid (NH2COOH), respectively. The band at
1452 cm−1 could also be assigned to the ammonium species
NH+4 resulting from the adsorption of NH3 (produced from
the thermal decomposition of NM) on the Brönsted sites of
the alumina (34). The small band appearing at 2120 cm−1 at
300◦C could be characteristic of a linearly adsorbed cyanide.
The adsorption of HCN on the Al2O3 used in this work (not
shown) gave only a band at 2092 cm−1 in the spectral re-
gion 2000–2300 cm−1. Increasing the temperature to 400◦C
resulted in a decrease of the peak intensities of the for-
mate bands and to the appearance of a band at 1465 cm−1,
which can be assigned to a carboxylate species. At 500 and
600◦C, the carboxylate species, with characteristic bands at

1465 and 1566 cm−1, was the only detectable entity on the
alumina surface.
IER, AND ROSS

FIG. 5. In situ DRIFT spectra of the surface species resulting from
the adsorption of tert-butyl nitrite on alumina. Total flow= 100 ml min−1.

Figure 5 shows the DRIFT spectra obtained from the
adsorption of tert-butyl nitrite on Al2O3. The results were
markedly different from those obtained using nitromethane
(Fig. 4) and other organic nitro compounds (Fig. 7). At
100◦C, main bands were detected on the alumina surface
at 1305 and 1571 cm−1, along with smaller peaks at 1258,
1368, 1689, 2875, and 2975 cm−1. The bands at 1258, 1305,
and 1571 cm−1, which remained on the surface up to 400◦C,
could be assigned to nitrate species; the band at 1571 cm−1

probably resulted from an overlapping of two bands at 1555
and 1586 cm−1. Separate adsorption experiments over the
same Al2O3 using NO, NO2, and O2 showed that the bands
at 1258 and 1555 cm−1 were coupled, whereas the band
at 1305 cm−1 was coupled to a band at 1586 cm−1. Ac-
cording to the literature, these bands correspond to two
different types of bidentate nitrate species (35). The peaks
observed at 100◦C at 1611 and 1689 cm−1 are character-
istic of the N==O stretching vibrations of organic nitrite
compounds and could be related to physisorbed tert-butyl
nitrite, together with the CH stretching vibrations (at 2875
and 2975 cm−1) observed at room temperature (not shown)
and 100◦C. These bands decreased with increasing tempera-
ture and disappeared at 200◦C and only the ad-NOx species
bands remained on the sample surface at this tempera-
ture. At 400◦C, carboxylate species (band at 1476 cm−1) ap-
peared on the catalyst surface. At 600◦C, only traces of car-
boxylate species (bands at 1476 and 1571 cm−1) remained
on the sample surface.

The adsorption of n-BuONO on alumina was also carried
out and the results are reported in Fig. 6 for temperatures
ranging from room temperature to 600◦C. Bands in the C–H
stretching vibration region (2879, 2940, and 2966 cm−1)
were observed up to 600◦C. This result is markedly different

from what was observed during the adsorption of t-BuONO
over Al2O3, in which case the bands corresponding to the
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FIG. 6. In situ DRIFT spectra of the surface species resulting from
the adsorption of n-butyl nitrite on alumina. Total flow = 100 ml min−1.

ν(C–H) vibrations had already disappeared from the sur-
face at 200◦C. The linear organic nitrite was adsorbed much
more strongly on the alumina surface, possibly due to its
oligomerisation. At room temperature, a peak characteris-
tic of an inorganic nitrite species was detected at 1236 cm−1

(35). Increasing the temperature resulted in the disappear-
ance of this peak and in the appearance of a peak at
1310 cm−1, assigned to an inorganic nitrate species (29,
35, 36). C-containing species were also detected on the
alumina surface, with the peaks at 1466 and 1571 cm−1

assigned to carboxylate species. At the lower tempera-
tures, however, the band at 1571 cm−1 was quite broad and
probably resulted from the overlapping of several peaks.
Among others, it would be quite possible that the peak
at 1580 cm−1, usually associated with the nitrate band
at 1310 cm−1, was present here. As in the case of tert-
butyl nitrite (Fig. 5), essentially no isocyanate species were
detected at any temperature for n-BuONO, while those
species could be detected with all nitro compounds stud-
ied, namely, nitromethane (Fig. 4), nitroethane, nitrobu-
tane, and 2-nitropropane (Fig. 7).

Figure 7 shows the DRIFT spectra of surface species
resulting from the adsorption at room temperature of ni-
troethane, nitrobutane, and 2-nitropropane on alumina fol-
lowed by heating to 300◦C in argon alone. Despite the
differences in the alkyl chain associated with the nitro
groups, similar DRIFT spectra to those observed with ni-
tromethane, were obtained with all three of these organo-
nitro compounds. In particular, all three nitro compounds
gave rise to isocyanate species with a broad band, prob-
ably resulting from the overlapping of the characteristic

−1
bands at 2230 and 2250 cm (32) arising in the 2220- to
2250-cm−1 region. Bidentate formate species, with the
R Al2O3-BASED CATALYSTS 345

bands at ca. 1394 and 1595 cm−1, could also be observed
with the three compounds. The band at ca. 1460 cm−1

could be assigned to the νs(CO−2 ) vibration of a carboxylate
species or/and to the δ(CH) vibration of the alkyl groups
since both species could be formed on the alumina sur-
face under the experimental conditions used here. Uniden-
tate formates or/and unidentate acetates were also present
on the alumina surface following the adsorption of ni-
troethane, with characteristic peaks at 1339 and 1675 cm−1.
Equivalent unidentate formate/acetate species were prob-
ably also produced on the alumina surface following the ad-
sorption of nitrobutane and 2-nitropropane, but in smaller
concentration since a shoulder could be observed on the
main peak at around 1585–1590 cm−1 in both cases. The
assignment of the peaks at 1339 and 1675 cm−1 to uniden-
tate formate/acetate species result from separate experi-
ments (not shown) in which formic acid and acetic acid
were fed to alumina at room temperature using a satura-
tor. The latter was then by-passed and the temperature was
increased. Bands in the C–H stretching vibration region
(2800–3200 cm−1) were also observed in the three spectra,
these being characteristic of the corresponding alkyl groups.

Contrary to the case of the organo-nitrite species, no inor-
ganic nitrate and/or nitrite species were detected at any time
and/or temperature when organo-nitro compounds were
adsorbed on the alumina surface.

3.3. DRIFT Spectra on 1.2%Ag/Al2O3

Figure 8 shows the DRIFT spectra of the species formed
from the adsorption of nitromethane on 1.2%Ag/Al2O3.
Surface species similar to those arising on alumina (Fig. 4)
were observed at 100◦C: the peaks observed at 1258 and
1284 cm−1 were previously assigned to the aci-anion of
nitromethane (CH2NO−2 ) and these appeared together

FIG. 7. In situ DRIFT spectra of the surface species resulting from
the adsorption at room temperature of nitroethane, nitrobutane, and 2-

◦
nitropropane on alumina and subsequently heating in Ar to 300 C. Total
flow = 100 ml min−1.
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FIG. 8. In situ DRIFT spectra of the surface species resulting from
the adsorption of nitromethane on 1.2%Ag/Al2O3. Total flow = 100 ml
min−1.

with peaks at 2230 and 2248 cm−1 characteristic of ionic
and covalent isocyanate species, respectively. The peaks at
1383 and 1520 cm−1, thought to characterise an isocyanate
precursor (possibly formohydroxamic acid), were also ob-
served. The intensity of the bands assigned to the aci-anion
of nitromethane decreased upon increasing temperature
and eventually disappeared at 300◦C. In contrast, the con-
centration of surface isocyanate species increased with
increasing temperature to reach a maximum at 300◦C.
Upon heating to 400◦C, their concentration decreased but
they could still be observed on the catalyst surface. At
200◦C, a shoulder also appeared on the isocyanate peak at
2130 cm−1. At 300◦C, this shoulder “split” into two peaks
at 2165 and 2128 cm−1. The peak at 2165 cm−1, which could
not be observed during the adsorption of nitromethane on
unpromoted alumina (Fig. 4), is tentatively assigned to the
stretching vibration of a cyanide species (ν(CN)) adsorbed
on a Ag site. At 400◦C, the intensity of the peaks assigned
to the cyanide species decreased, but the rate of decrease
was much lower than in the case of the isocyanate bands.
From 200 to 400◦C, formate species were observed on the
surface of the 1.2%Ag/Al2O3 material, these having bands
at 1378 cm−1 (νs

OCO), 1394 cm−1 (δCH), 1600 cm−1 (νa
OCO),

2900 cm−1 (νCH), and 3004 cm−1 (combination band νa
OCO +

δCH). In contrast, the peaks observed on unpromoted alu-
mina (Fig. 4) and assigned to carbamic acid (NH2COOH)
could not be detected in the case of 1.2%Ag/Al2O3. This
appears to suggest that the silver particles (at low loading)
promote the reaction of this carbamic acid intermediate
(to give NH3, Fig. 1). At 500 and 600◦C, only carboxylate
species were detectable on the alumina surface, these hav-
ing characteristic bands at 1460 and 1571 cm−1.

An interesting feature of the reaction of nitromethane

on the Ag-promoted alumina compared to that over the
unpromoted alumina was the ratio between the intensi-
IER, AND ROSS

ties of the isocyanate and formate bands. It can clearly be
seen from the spectra at 300◦C or even 400◦C that the ratio
A(NCO)/A(Formate) (where A represents the absorbance)
is much higher over 1.2%Ag/Al2O3 than over alumina. This
seems to indicate that the Ag promotes the formation of
isocyanate species on the alumina surface. A similar obser-
vation applies to the cyanide species at both 300 and 400◦C.

Figure 9 shows the DRIFT spectra of the species formed
on the surface of the 1.2%Ag/Al2O3 sample following the
adsorption of tert-butyl nitrite. At 100◦C, bands character-
istic of nitrate species and of the tert-butyl group of the
organic nitrite compound were detected on the sample
surface. The bands at 1209, 1240, 1370, 1474, 2870, and
2972 cm−1 can be assigned to the vibrations νa(C3C),
ν(CC3), δs(CH3), δa(CH3), νs(CH3), and νa(CH3) of the
tert-butyl group, respectively (30). The bands at 1255+
1550 cm−1 and 1305 + 1591 cm−1 are assigned to two
different types of nitrates, which will be referred to
as nitrates “A” and “B”. Increasing the temperature to
200◦C resulted in the appearance of isocyanate species
with a characteristic band at 2232 cm−1, and the bands
characteristic of nitrate species and of the stretching
vibration ν(CH) of the tert-butyl group could still be
observed. These results are very different from those ob-
tained from the adsorption of tert-butyl nitrite over un-
promoted alumina (Fig. 5), in which case increasing the
temperature to 200◦C led to the desorption of all but the
surface nitrate species. Moreover, no isocyanate species
could be observed in the case of alumina alone. At 300◦C,
the main surface species arising on 1.2%Ag/Al2O3 were
nitrates with the peaks at 1255, 1305, and 1552 cm−1,
while formate species could also be detected, these hav-
ing peaks at 1370 (νs(CO−2 )), 1393 (δ(CH)), and 1591 cm−1

(νa(CO−2 )) (29, 33). At 400◦C, formate species had dis-
appeared and carboxylate species had appeared (band at

FIG. 9. In situ DRIFT spectra of the surface species resulting from

the adsorption of tert-butyl nitrite on 1.2%Ag/Al2O3. Total flow= 100 ml
min−1.
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FIG. 10. Integrated area of the peak detected at 2975 cm−1 (ν(C–H))
at 100◦C (a) and 200◦C (b) during the adsorption of tert-butyl nitrite on
Al2O3, 1.2%Ag/Al2O3, 10%Ag/Al2O3, and 0.4%Co/Al2O3. Total flow =
100 ml min−1.

1459 cm−1), in addition to the nitrate species. At 500 and
600◦C, only carboxylate species could be detected on the
sample surface.

Compared to alumina alone (Fig. 5), the surface coverage
in hydrocarbons (HC) was increased at low temperatures
(i.e., 100 and 200◦C) over the Ag-promoted materials. This
is illustrated in Fig. 10, which represents the integrated ab-
sorbance at 100◦C (a) and 200◦C (b) of the peaks detected
between 2800 and 3000 cm−1 on the surface of the four cata-
lysts under investigation. While the hydrocarbon species
completely desorbed from the surface of the alumina and
Co/Al2O3 samples at 200◦C, they were still detected over
the low and high silver loading materials. These results seem
to indicate that one of the roles of the Ag would be to pro-
mote the adsorption of hydrocarbons, possibly by creating
more adsorption sites for the HC.

Figure 11 shows the DRIFT spectra obtained at room
temperature over alumina and 1.2%Ag/Al2O3 after 1 h un-
der a flow containing C3H6 and O2. These results highlight
as well the promotional effect of the Ag particles on the ad-
sorption of hydrocarbon species: two peaks centred at 1637
and 2957 cm−1 were detected over alumina and respectively
assigned to the stretching vibrations ν(C==C) and νa(CH3)
of propene, while various bands of more intensity could be
detected over 1.2%Ag/Al2O3. These bands at 1380, 1458,
2862, 2898, 2927, 2957, 2981, and 3082 cm−1 were assigned
to the vibrations δs(CH3), δa(CH3), 2δa(CH3), 2δa(CH3),
νs(CH3), νa(CH3), νs(CH2), and νa(CH2) of physisorbed
propene, respectively.

3.4. DRIFT Spectra on 10%Ag/Al2O3

Figure 12 shows the DRIFT spectra of the species formed
from the adsorption of nitromethane on 10%Ag/Al2O3. At
100◦C, peaks at 1567, 1600, 2154, and 2240 cm−1 were ob-
served on the sample surface. A wide plateau also appeared
between 1250 and 1370 cm−1; however, the peak resolution
was poor and it was difficult to distinguish any peak in this

region. It should be noted that, at low temperature (100◦C)
over 10%Ag/Al2O3, the formation of cyanide species (with
R Al2O3-BASED CATALYSTS 347

FIG. 11. In situ DRIFT spectra resulting from the adsorption of C3H6

in the presence of O2 at room temperature. Feed: 0.05% C3H6+ 2.5% O2

in Ar. Total flow = 100 ml min−1.

a peak at 2154 cm−1) was favoured over that of isocyanate
species (peak at 2240 cm−1) and that this contrasts the re-
action on the unpromoted alumina or low silver loading
alumina samples. At 200◦C, formate species could be de-
tected on the sample surface (peaks at 1378, 1395, 1600, and
2905 cm−1) along with isocyanate species with a peak at
2240 cm−1, the intensity of which increased with temper-
ature. Carboxylate species, with the peaks at 1459 and
1567 cm−1, also appeared at 200◦C on the catalyst surface
and these remained the only surface species at 500 and
600◦C. The isocyanate and cyanide species disappeared al-
most completely from the sample surface at 400◦C.
FIG. 12. In situ DRIFT spectra of surface species resulting from the
adsorption of nitromethane on 10%Ag/Al2O3. Total flow= 100 ml min−1.
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TABLE 1

Assignment of the Bands Resulting from the Adsorption of
Nitromethane (NM) on the Alumina-Based Materials (s =
Symmetric, a = Asymmetric, ν = Stretching, δ = Bending, RT =
Room Temperature)

Wavenumber Temperature
(cm−1) Surface species Vibration (◦C)

1259 CH2NO−2 νa(NO2) RT to 200
1285 CH2NO−2 νa(NO2) RT to 200
1377 Formate νs(CO−2 ) 200 to 400
1380 Physisorbed NM RT
1387 Formohydroxamic acid ν(CN) 100
1395 Formate δ(CH) 200 to 400
1407 Physisorbed NM RT
1452 Carbamic acid ν(NCO) 200 to 300
1465 Carboxylate νs(CO−2 ) 400 to 600
1533 Formohydroxamic acid δ(CNH) 100
1566 Carboxylate νa(CO−2 ) 600
1572 Physisorbed NM RT
1575 Carboxylate νa(CO−2 ) 500
1598 Formate νa(CO−2 ) 100 to 400

CH2NO−2 ν(C==N) 100
1682 Carbamic acid ν(CO) 300
2120 Cyanide ν(CN) 300
2231 Isocyanate ν(NCO−) 100 to 300
2250 Isocyanate ν(NCO) 100 to 300
2905 Formate ν(CH) 200 to 400
2959 Physisorbed NM RT
3004 Formate νa(CO−2 )+ δ(CH) 200 to 400
3067 CH2NO−2 ν(CH) RT
3192 CH2NO−2 ν(CH) RT

Figure 13 shows the DRIFT spectra of the species ob-
tained following the adsorption of tert-butyl nitrite on
10%Ag/Al2O3. At low temperatures, i.e., 100 and 200◦C,
a wide plateau appeared between 1200 and 1700 cm−1,
and this made it difficult to identify the species absorb-
ing in this region. However, two main peaks could be de-

FIG. 13. In situ DRIFT spectra of the surface species resulting from

the adsorption of tert-butyl nitrite on 10%Ag/Al2O3. Total flow = 100 ml
min−1.
NIER, AND ROSS

tected in this region at 1300 and 1558 cm−1. Similar DRIFT
spectra were obtained over 10%Ag/Al2O3 when NO and
O2 were fed to the catalyst and these two peaks were as-
signed to nitrate species (29, 35, 36). The stretching vibra-
tions, ν(CH), of the tert-butyl group at 2975 and 2870 cm−1

were the other peaks detected on the sample surface at
100 and 200◦C. At 300◦C, nitrate species were the main
surface species, while carboxylate species had begun to ap-
pear (peak at 1466 cm−1). Increasing the temperature to
400◦C resulted in the complete disappearance of the nitrate
species and the presence of a single carboxylate species
with characteristic symmetric and asymmetric stretching
vibrations νs(CO−2 ) and νa(CO−2 ) at 1466 and 1575 cm−1,
respectively.

Compared to the low silver loading material, less adsorp-
tion of alkyl species was observed on the 10%Ag/Al2O3

material, despite the higher concentration of Ag thought
to enhance the HC adsorption capacity on the surface of
the catalyst (Fig. 10). This is probably due to the difference
in the nature of the Ag promoter, which is thought to be
kept in an oxidised state at low loading, due to a greater
dispersion and greater interaction with the alumina while
metallic Ag particles are thought to predominate in the high
loading material (37, 38).

3.5. DRIFT Spectra on 0.4%Co/Al2O3

The DRIFT spectra of the species formed on 0.4%
Co/Al2O3 as a result of the adsorption of nitromethane
are shown in Fig. 14. The spectra shown for each tempera-
ture are very similar to those obtained for the same reaction
over unpromoted alumina (Fig. 4). The similarity between
the unpromoted alumina and the 0.4%Co/Al2O3 sample
can be attributed to the very low cobalt loading on alumina,
which does not affect to any great extent the observable sur-
face species.

TABLE 2

Assignment of the Bands Resulting from the Adsorption of
tert-Butyl Nitrite on the Alumina-Based Materials (s =
Symmetric, a = Asymmetric, ν = Stretching, δ = Bending)

Wavenumber Temperature
(cm−1) Surface species Vibration (◦C)

1258 Nitrate NO−3 “A” νa(ONO) 300 to 500
1305 Nitrate NO−3 “B” νa(ONO) 100 to 400
1368 Tert-butyl δ(CH3) 100
1476 Carboxylate νs(CO−2 ) 400 to 600
1556 Nitrate NO−3 “A” ν(N–O) 500
1571 Nitrate NO−3 ν(N–O) 100 to 400

Carboxylate νa(CO−2 ) 400 to 600
1611 Nitrite ν(N==O) 100
1689 Nitrite ν(N==O) 100
2875 tert-Butyl ν(CH3) 100

2975 tert-Butyl ν(CH3) 100
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FIG. 14. In situ DRIFT spectra of the surface species resulting from
the adsorption of nitromethane on 0.4%Co/Al2O3. Total flow = 100 ml
min−1.

Figure 15 shows the DRIFT spectra of the species formed
from the adsorption of tert-butyl nitrite on 0.4%Co/Al2O3.
As in the case of the adsorption of nitromethane on both
unpromoted alumina and 0.4%Co/Al2O3 presented above,
the spectra resulting from the adsorption of tert-butyl ni-
trite on 0.4%Co/Al2O3 were very similar to those obtained
on alumina alone (Fig. 5). However, a difference could be
observed: the higher reactivity (i.e., lower stability) of the
nitrate species on the 0.4%Co/Al2O3 sample compared to
the unpromoted alumina. These species had completely dis-
appeared from the surface of the Co-containing sample at
400◦C, while they were still present as the main surface
species on alumina at this temperature. At higher tempera-
tures, i.e., 500 and 600◦C, the carboxylate species were again
the only detectable species.

FIG. 15. In situ DRIFT spectra of the surface species resulting from

the adsorption of tert-butyl nitrite on 0.4%Co/Al2O3. Total flow= 100 ml
min−1.
R Al2O3-BASED CATALYSTS 349

It appears from these results that the Co promoter is not
involved in the reaction of the organo-nitrogen compounds
as the catalytic data and DRIFT spectra obtained over the
0.4%Co/Al2O3 sample were similar to those obtained over
unpromoted alumina. However, our group has previously
reported that the presence of Co on alumina enhanced the
rate of reaction of the C3H6-SCR of NO (26). Assuming
that the C3H6-SCR of NO proceeds via the intermediacy
of organo-nitro/nitrite-like species, this could suggest that
the Co promoter would have a beneficial effect on one of
the former steps of reaction, i.e., on the formation of the
organo-nitrogen species rather than on their reaction.

3.6 Discussion

3.6.1. The reactivity of nitromethane over alumina-based
materials. In agreement with the results reported by
Yamaguchi (21), nitromethane (H3C–NO2) was found to
dissociatively adsorb on the alumina surface at room tem-
perature in its aci-nitro form. This process occurs as a re-
sult of tautomerisation of nitromethane to the correspond-
ing oxime (H2C==N+(O−)OH), followed by the reaction of
the latter species over surface oxide sites. The resulting ni-
tronate ion is then likely to be stabilised on the Lewis acid
sites of the alumina, while the proton formed by dissociation
would react on the basic sites of the oxide. The character
amphoteric of the alumina could then explain the formation
of the aci-anion of NM, which had been observed previously
over basic alkaline earth oxide materials such as MgO and
CaO and not over acidic oxides (39): despite its weaker
basicity, Al2O3 enables the formation of aa-NM due to its
amphoteric properties which allow the stabilisation of the
anion on its Lewis acid sites. Increasing the temperature re-
sults in the reaction of this nitronate ion, which rearranges
to form formohydroxamic acid, possibly through a three-
membered cyclic oxaziridine intermediate as has been sug-
gested by Blower and Smith (40). The formohydroxamic
acid can then be hydrolysed to formates and hydroxylamine
by the residual water present in the feed or, in contrast, it
can be dehydrated to an isocyanate, in a reaction equiva-
lent to the Lossen rearrangement of the O-acyl derivatives
of hydroxamic acids (41). The formation of the isocyanate
species from the nitro-compound might also occur through
the dehydration of the enol tautomer of nitromethane
to form fulminic acid species (HCNO), followed by iso-
merisation of this unstable nitrile N-oxide to give the iso-
cyanate acid (HNCO) by a dyotropic rearrangement (42)
(Fig. 16).

The formation of NH3 from the oxidation of nitro-
methane could, hence, be explained by the thermal decom-
position of nitromethane according to the following reac-
tion steps:

CH NO → CHO–N(H)OH
3 2 (ads)

→ HNCO(ads)+H2O [1]
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FIG. 16. Scheme of the reactivity of nitromethane over alumina.

HNCO(ads) +H2O→ NH2COOH(ads)

→ CO2 + NH3. [2]

The formation of NH3 and CO2 from the thermal decom-
position of nitromethane in the presence of O2 has been re-
ported in the literature for various catalysts (18, 19, 43). The
intermediacy of formohydroxamic acid species in Eq. [1]
has already been suggested by Blower and Smith (40) and
the suggestion is supported by the observation by DRIFTS
in this work (Fig. 4) of IR bands at 1387 and 1533 cm−1,
which are compatible with the molecular structure of this
surface species. The possible intermediacy of carbamic acid
species in Eq. [2] is also supported by the observation by
DRIFTS (Fig. 4) of IR bands at 1448 and 1681 cm−1, those
being compatible with its molecular structure. The decom-
position of the latter would result in the formation of NH3

and CO2.
The reaction between the surface isocyanate species

(HNCOads) and H2O is probably fast enough on the Al2O3

surface to avoid the release of isocyanic acid (i.e., HNCO)
to the gas phase, as no gaseous HNCO was detected dur-
ing the catalytic oxidation experiment. This is in agreement
with the results of Dümpelmann et al. (44, 45), who reported
that alumina is a good catalyst for the hydrolysis of HNCO.

The formation of N2 at temperatures above 400◦C could
be explained by the oxidation of NH3 according to the fol-
lowing equation:

4NH3 + 3O2 → 2N2 + 6H2O. [3]

In a similar oxidation reaction, NO could be formed at these
higher temperatures through the reaction of NH3 with O2:

4NH3 + 5O2 → 4NO+ 6H2O. [4]
HCN formation is believed to occur through two different
pathways:
NIER, AND ROSS

(i) The reaction of the possible reaction intermediate,
formhydroxamic acid:

CHO–N(H)OH(ads)
+H2O−−→HCOOH(ads)+NH2OH(ads) [5]

HCOOH(ads) +NH2OH(ads)−−→−H2O
H2C==N–OH

→ HCN + H2O. [6]

The reaction of aldehydes with hydroxylamine is known to
lead to the formation of oximes which can successively be
dehydrated to give nitriles (46).

(ii) The reaction of surface formate species with gas
phase ammonia to give formamide (NH2CHO):

HCOOH(ads) +NH3 → NH2CHO+H2O [7]

NH2CHO↔ NH==CHOH→ HCN+H2O. [8]

The formamide can then rearrange to give its enol tautomer
(NH==CHOH) whose dehydration results in the formation
of HCN.

3.6.2. The reactivity of tert-butyl nitrite over alumina-
based materials. tert-Butyl nitrite appears to react over
alumina through the initial cleavage of its C–O bond to
produce the tert-butyl carbocation which is stabilised on
the O2− sites of the oxide and the N-containing part of the
molecule which reacts over the acid sites of the alumina to
form nitrates (Fig. 17) (47).

The tert-butyl species adsorbed on the alumina are read-
ily displaced with increasing temperature under argon, only
nitrate species remaining on the sample surface at 300◦C.
Sadykov et al. (48) have previously reported that NO and
NO2 were formed in TPD experiments of nitrate species
adsorbed on various catalysts, and so the formation of NO
and NO2 during the oxidation of tert-butyl nitrite could be
explained using a similar mechanism. The nitrate species
formed on the surface of the alumina sample from the ad-
sorption of tert-butyl nitrite probably decomposes to pro-
duce the nitrogen oxides NO and NO2. The formation of
FIG. 17. Scheme of the reactivity of tert-butyl nitrite over alumina.
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NH3 and N2 at temperatures above 300◦C could be ex-
plained by the presence of large amounts of hydrocarbons,
particularly methane and isobutene, produced during the
reaction: these hydrocarbons can then function as reducing
agents in the selective catalytic reduction of the nitrogen
oxides (NO and NO2) formed as primary products during
the tert-butyl nitrite oxidation reaction.

3.6.3. Relation to the C3H6-SCR of NO over alumina. It
clearly appears from those results that organo-nitro and
organo-nitrite compounds react in a different way: while
organo-nitro species mainly yield NH3, organo-nitrite com-
pounds can yield more NO2. These observations could be
related to the results previously reported on the C3H6-SCR
of NO over promoted-alumina materials (24–26), where
high yields of NO2 (in excess of the thermodynamic limit as-
sociated with the direct oxidation of NO to NO2 by O2) were
obtained over unpromoted alumina and 0.4%Co/Al2O3.
From the results regarding the reactivities of nitromethane
and tert-butyl nitrite over alumina, it appears that the com-
pound from which the NO2 originates during the C3H6-
SCR of NO is more likely to be an organo-nitrite species
rather than an organo-nitro one: nitromethane oxidation
yielded mainly NH3, which further reacted to produce N2,
no NO2 being detected; on the other hand, tert-butyl ni-
trite yielded NO and NO2 at low temperatures, the latter
apparently reacting with the reducing agent present in the
feed (isobutene) at higher temperatures. The formation of
NH3 observed in significant proportions during the C3H6-
SCR of NO over alumina, but only when the conversion
of propene was incomplete (24–26) could be explained
through the intermediacy of an organo-nitro compound as
NH3 was obtained from reaction of nitromethane over alu-
mina, as reported by Lombardo et al. (49) and confirmed
here. NH3 is a well-known reductant of NO and NO2 un-
der O2-rich conditions over many catalytic materials (50).
The intermediacy of NH3 in the hydrocarbon-SCR reaction
has been suggested for zeolitic catalysts (17, 51). Moreover,
our group previously reported that NO2 was observed only
when NH3 was absent and vice versa during the C3H6-SCR
of NO (24–26). This observation was also made during the
reactions of tert-butyl nitrite and nitromethane over alu-
mina. These results strongly support the idea that a sig-
nificant proportion of the N2 formed during the C3H6-
SCR of NO over alumina could arise from the reaction
between NO2 (formed from an organo-nitrite compound)
and NH3 (formed from an organo-nitro compound), or at
least from the corresponding adsorbed species from which
these molecules were formed (i.e., ad-NOx, NO, and NO2

for organo-nitrite compounds and NCO(ads) and NH3 for
organo-nitro compounds). A parallel route for N2 forma-
tion may involve the reaction of NO with an adsorbed iso-
cyanate species (i.e., –NCO+NO→ N2 +CO2) similar to

that proposed to be involved in CO/NO reaction over Rh
catalysts (52).
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3.6.4. The role of Ag in the reactivity of organo-nitrogen
compounds and in relation to the SCR reaction. The
isocyanate and cyanide species observed over the silver-
promoted material during the C3H6-SCR of NO (24) could
also be observed during the adsorption of nitromethane
over alumina (Fig. 4) and 1.2%Ag/γ -Al2O3 (Fig. 8), the lat-
ter greatly promoting their formation compared to the un-
promoted material. Isocyanate species were also detected
on the sample surface during the adsorption of tert-butyl
nitrite on 1.2%Ag/γ -Al2O3 (Fig. 9): the isocyanate and
cyanide species observed over the silver-promoted material
during the SCR reaction could be formed from species such
as organo-nitro or nitrite compounds. Interestingly, the iso-
cyanate band disappeared readily when the temperature
was increased from 300 to 400◦C, this temperature coin-
ciding with the light-off temperature of the SCR reaction
(24). On the other hand, the cyanide band was more stable.
This suggests that the isocyanate species was the most re-
active reaction intermediate. As our group has previously
reported (24), the presence of Ag promotes the adsorption
of ad-NOx species compared to alumina alone during both
the reaction of NO and O2 and the selective catalytic re-
duction of NO by C3H6. The results reported here indicate
that the presence of Ag also promotes the adsorption of
HC species compared to unpromoted alumina. These ob-
servations could help explain the formation of isocyanate
species on the 1.2%Ag/Al2O3 surface during the adsorption
of tert-butyl nitrite (Fig. 9). Otsuka et al. (27, 28) reported
that organo-nitro compounds were formed during the ho-
mogeneous partial oxidation of alkanes in the presence of
NO and that organo-nitrite species played an important
role as the intermediate of reaction. In a somewhat similar
process, the tert-butyl nitrite under investigation here could
rearrange to organo-nitro-like species: the higher surface
coverage in HC and ad-NOx species on the 1.2%Ag/Al2O3

sample could favour the formation of such organo-nitro
compounds. Once the latter species are formed, it would be
quite understandable that they could react to form “nitro-
like-derived products” such as isocyanates (Eqs. [10] and
[11]).

R–ONO → HC(ads) +NOx(ads)→ R′-NO2 [10]

R′-NO2 → “Nitro-like derived products” : NCO(ads).

[11]

The promoting effect observed for the 1.2%Ag/Al2O3 dur-
ing the C3H6-SCR of NO compared to unpromoted alumina
seems characterised by an increased rate of formation of
organo-NOx compounds (resulting from a higher adsorp-
tion capacity of the Ag-promoted material for both ad-NOx

and hydrocarbon-like species).

3.6.5. The role of Co in the reactivity of organo-nitrogen
compounds and in relation to the SCR reaction. The

catalytic and DRIFT data reported in this work regarding
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the reactivity of nitromethane and tert-butyl nitrite over
0.4%Co/Al2O3 are very similar to those obtained over
unpromoted alumina. This seems to indicate that the Co
promoter is not involved in the reaction of the organo-
nitrogen compounds. However, kinetic data reported pre-
viously (26) showed that, as in the case of alumina, the
NO2 observed during the C3H6-SCR of NO over the
0.4%Co/γAl2O3 material was not formed through the di-
rect oxidation of NO by O2. Moreover, the presence of Co
on alumina was found to enhance the rate of reaction of the
C3H6-SCR of NO (26). Assuming that the C3H6-SCR of
NO proceeds via the intermediacy of organo-nitro/nitrite-
like species as suggested for the unpromoted alumina, this
could suggest that the Co promoter would have a beneficial
effect on one of the former steps of reaction, i.e., on the for-
mation of the organo-nitrogen species rather than on their
reaction. Moreover, it was observed that, contrary to the
cases of unpromoted alumina and 1.2%Ag/Al2O3, no NH3

was observed over the 0.4%Co/Al2O3 sample during the
C3H6-SCR of NO. This could suggest that the Co promoter
would preferentially favour the formation of organo-nitrite
compounds (from which NO and NO2 originate) compared
to the organo-nitro compounds (responsible for NH3 for-
mation): the proportion of oxidised nitrogen species pro-
duced was always greater than that of the reduced species
and a large concentration of NO2 therefore remained un-
reacted, this eventually decomposing back to NO and O2.
Overall, the promoting effect of cobalt seems to be ex-
plained by an increased rate of conversion of the reductant
to an intermediate species such as an oxygenated compound
which subsequently forms an organo-nitrito species by re-
action with ad-NOx species.

4. CONCLUSION

Organo-nitro and organo-nitrite compounds were found
to react in a very different way over alumina-based catalysts.
Nitromethane decomposed to isocyanate, cyanide, and for-
mate species on the surface of the unpromoted alumina,
1.2wt%Ag/Al2O3, and 0.4wt%Co/Al2O3, the presence of
Ag promoting the formation of isocyanate and cyanide
species. In contrast, tert-butyl nitrite mainly gave rise to
nitrate species on the surface of these catalysts. The ox-
idation of nitromethane over alumina, 1.2wt%Ag/Al2O3,
and 0.4wt%Co/Al2O3, yielded NH3 (resulting from
the thermal decomposition of this compound) as main
primary product of reaction, while the oxidation of tert-
butyl nitrite over the same catalysts resulted in the for-
mation of NO and (to a lower extent) NO2 as main re-
action products at low temperatures. Increasing the tem-
perature led to the reaction of the primary products of
reaction (NH3 in the case of nitromethane and NO (and

NO2) in the case of tert-butyl nitrite) to give N2 (among
others).
IER, AND ROSS

The study of the reactivity of nitromethane and tert-
butyl nitrite over alumina-based catalysts was then related
to the observation that the formation of NO2 during the
C3H6-SCR of NO over γ -Al2O3 and 0.4wt%Co/Al2O3 was
not achieved through the direct oxidation of NO by O2

(24–26). The formation of NO2 during the C3H6-SCR of
NO over γ -Al2O3, and 0.4wt%Co/Al2O3 is suggested to
involve the formation and combustion of organo-nitrito
species, while NH3 is suggested to derive from the reaction
of organo-nitro species. Overall, the formation of N2 dur-
ing the C3H6-SCR of NO over γ -Al2O3, 1.2wt%Ag/Al2O3,
and 0.4wt%Co/Al2O3 is proposed to occur through the re-
action of organo-nitro compounds and/or their derivatives
(e.g., isocyanate, cyanide, amines, and NH3) with NO or
the organo-nitrite and/or its derivative NO2. The forma-
tion of organo-nitro compounds appeared to be promoted
by a low loading of silver, while the presence of a cobalt
promoter seems to favour the formation of organo-nitrite
compounds.
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