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Mechanistic study of lean NO, reduction by propane over
HZSM-5 in the presence of water
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This study focuses on the mechanism of lean NO, reduction by propane in the presence of water, over an acidic zeolite (HZSM-
5). Fourier Transform Infrared spectroscopy measurements with NO, and propane in excess oxygen show formation of surface
bound NO™, isocyanate, unsaturated hydrocarbons and traces of amine species. Upon addition of water the isocyanate species
disappear and amine species are formed. Hence, it seems likely that the isocyanate species are hydrolysed to amine species, which
are possible reaction intermediates in the HC-SCR reaction over HZSM-5.
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1. Introduction

Since the HC-SCR concept was first investigated by
Iwamoto et al. [1] and Held ef al. [2] the reaction
mechanism has been intensively studied and debated.
For zeolite materials there are several possible reac-
tion pathways suggested in the literature. In general
three main groups can be identified [3.,4]. That is
catalytic decomposition of NO to nitrogen, oxidation
of NO to NO,, which is then reduced by the hydro-
carbon likely through organic intermediates, and
partial oxidation of the hydrocarbon forming oxygen-
and/or nitrogen-containing intermediate species, which
subsequently reduce nitrogen oxides to nitrogen. The
SCR reaction is dependent on the oxygen and
hydrocarbon concentrations and cannot take place in
the absence of oxygen [5]. A general view concerns the
oxidation of NO to NO, as an initial and necessary
step for the reaction to occur, which of course em-
phasises the role of oxygen. However, in the present
case, NO, is used as the NO,, source in the reaction,
yet the oxygen concentration seems crucial. An
optimum in oxygen concentration is shown for
NO, reduction by iso-butane over HZSM-5 zeolites
[6]. This optimum can be related to the hydrocarbon
activation, i.e. the oxygen is necessary for the activa-
tion but compete with NO, for the activated species.
The C/NO, ratio, for the same system, also shows an
optimum in NO, reduction [6]. The decrease in NO,
reduction at higher ratios is supposed to be due to
carbonaceous deposits blocking the active sites.
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Chen et al. [7,8] discuss the reaction mechanism for
HC-SCR over Fe/MFI in terms of NO oxidation and
chemisorption, and formation of a deposit containing C,
O, H and N atoms. Isotope labelling shows that one N
atom in the formed N, origins from the NO and the
other from the deposit. Formation of a heteronuclear N,
molecule has also been reported by, for instance, Sun
et al. [9,10] and Li et al. [11] for ammonia-SCR. The
reaction pathway is suggested to include formation of
ammonium nitrite as a reaction intermediate, Yeom
et al. [12] put a similar discussion forward for the HC-
SCR reaction, The nitrogen oxides and the organic
molecules are proposed to react and form nitromethane,
from which isocyanic acid (HNCO) may be formed via
the aci-form of the molecule. Ammonia is then sug-
gested to be formed by hydrolysis of the HNCO and
then further react with the nitrogen oxides to form
ammonium nitrite and N,. However, this reaction route
seems to require a relatively basic catalyst since the aci-
anion of nitromethane is less likely to be formed over
acidic materials [13]. The HC-SCR reaction has also
been investigated by the reaction of NO, with a nitro-
paraffin, e.g., [14,15], and the mechanism that emerges
involves isocyanate species, likely formed via the aci-
form over Bronsted acid sites. The N, formation is then
suggested to proceed either by hydrolysis of isocyanate
forming amine species (and/or ammonia) followed by an
SCR reaction or by a reaction between NO, and the
deposited isocyanate.

In a previous paper [16] we discuss the reaction
pathway for lean NO, reduction by propane over
HZSM-5 zeolites. The most important steps seem to
be the formation of NO™ species on the surface and
the activation of the propane through interaction with
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the Bronsted acid sites forming carbenium ion adsor-
bates, which subsequently form alkenes. These two
types of species are proposed to react forming isocy-
anate species, which can be hydrolysed to amine
species that eventually react with other NO™" species,
or with NO, in the gas phase, forming N,. However,
during the experiments an accumulation of isocyanate
species on the sample surface is observed, which may
be related to the water formation in the reaction, i.c.
the hydrolysis of isocyanate species will eventually
decrease as the water formed in the reaction is con-
sumed. The objective of this work is to further
investigate the reaction mechanism for lean NO,
reduction by propane over a HZSM-5 zeolite in the
presence of water.

2. Experimental

The catalyst used in this study is a HZSM-5 zeolite
(Akzo Nobel Catalysts BV) with a SiO,/Al,03; molar
ratio of 40. Textural data, acidic characterisation and
preparation of the sample may be find in ref [16].

In situ FTIR (Fourier Transform Infrared) spectros-
copy measurements were carried out using a BioRad
FTS 6000 spectrometer in diffuse reflection (DRIFT)
mode [17,18]. The experimental procedure is described
in detail previously [16], however in short the gases, Ar
(99.995%), O3 (99.95%), NO, (5000 ppm in Ar), C3Hg
(10% in Ar), O, (2% in Ar) and H, (4% in Ar), were
introduced via mass flow controllers (Bronkhorst Hi-
Tech) to the DRIFT cell and water was produced by
oxidation of hydrogen over a noble metal catalyst
placed in front of the DRIFT cell. Step-response
experiments where water (2000 ppm) was added and
removed from the reaction gas mixture (1000 ppm NO,,
800 ppm Cs3Hg and 10% O,, balanced with Ar) were
performed at 450 °C.

NO, + C;Hg + O,

3. Results and discussion

The FTIR measurements are performed in the region
above 2000 cm™' since below 2000 cm ™! the background
noise level is significant, probably related to perturbed
vibration frequencies of the zeolite framework [19-21],
which makes peak observation and assignment difficult
in this area.

When NO,, propane and oxygen are introduced to
the HZSM-5 sample several peaks appear (figure 1). The
2132 cm™! peak can most probably be attributed to
NO™" species [22] and the peak at 2259 cm™' with
a shoulder at 2280 cm™' is likely due to isocyanate
(-NCO) species bound to Al and Si in the zeolite
framework, respectively [8,23—-30], and/or nitrile species
[7,8,23,26,27]. The intensity of the isocyanate peaks
increase with time, i.e. the species seem to be accumu-
lated on the sample surface. In the C-H stretching
region (3000-2800 cm™") [26,27,31] peaks appear at
2880 and 2968 cm™', in particular the latter peak can be
assigned to propane, loosely bound on the surface and/
or present in the gas phase [32]. Two peaks appear at
3139 and 3169 cm™', which can be due to C-H
stretching vibrations of unsaturated hydrocarbons [8,26]
and/or N-H stretching vibrations of amine species or
ammonia [8,33,34]. Furthermore, a peak is observed
around 3330 cm™!, probably related to N-H stretch-
ing vibrations [8,26,27, 35,36], indicating amine species
present on the sample surface. Absorption peaks are
also found at 3745 and 3610 cm™', which are assigned to
OH stretching vibrations originating from silanol
groups (Si—-OH) and Si(OH)Al bridging hydroxyl
groups (Brensted acid sites), respectively [20-22, 27,37
40]. These peaks are negative, which is indicative of
species blocking the sites, possibly hydrocarbons and/or
amine species. It is likely that propane is activated over
the Bronsted acid sites forming carbenium ion adsor-
bates and eventually alkenes [16,41].
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Figure 1. FTIR experiment with 1000 ppm NO,, 800 ppm C;Hg, 10% O, in Ar at 450 °C.
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Figure 2. FTIR experiment with 1000 ppm NO,, 800 ppm C3Hg, 10% O, in Ar at 450 °C where 2000 ppm water is added at time 0 s. Light grey
corresponds to direct after the gas switch and time is then increased until steady-state is reached, which is illustrated with black.

Introduction of water to the sample (figure 2) causes
a rapid disappearance of the NO ¥ species. This is likely
caused by further reaction to -NCO species, as well as
instability of the NO™ species in the presence of water
[22]. The isocyanate peaks decrecase with time and
eventually become negative, at the same time the N-H
stretching peak, around 3330 cm™', and the peaks
attributed to unsaturated hydrocarbons and/or amine
species increase. During the sequence with water the
Bronsted acid peak becomes more negative, i.e. the sites
are blocked or consumed. These results support a
hydrolysis reaction of the isocyanate species forming
amine species and/or ammonia. For instance, Liu et al.
[15] have studied the reaction of nitroethane over Cu-
MFI under HC-SCR conditions and propose a reaction
mechanism starting from the nitroparaffin via isocya-
nate species, which are likely formed through dehydro-
genation of the aciform over Bronsted acid sites, and
then further hydrolysed to amine species. Alternatively,
ammonia can be formed from isocyanic acid (HNCO)
which may react with NO, forming ammonium nitrite
and eventually nitrogen [9—12]. However, this reaction
route involves formation of N,O5 on the sample surface
and even though we find a peak in the N=0O region
(1930-1880 cm™") [10] the symmetric and asymmetric
stretching vibrations of NO,, at 1590-1550 and 1305-
1290 cm™", respectively [10], are not detected. Of course,
disturbances from the zeolite framework are significant
in this area (below 2000 cm™") and may influence the
peak observations [19-21], thus it is possible that these
peaks exists. On the other hand, Hadjiivanov et al. [22]
state that the NO ™ species is the only stable NO, sur-
face species on HZSM-5 and Svedberg et al. [42] have
investigated the NO, storage ability on several materials
and conclude that the amounts of stored NO, on acidic
samples is negligible above 300 °C. Therefore, based on
the present results it is hence less likely that the

ammonium nitrite route is the predominant reaction
pathway under these conditions. For the same reason,
formation of isocyanate from nitroparaffin may not
readily occur over HZSM-5 zeolites. Moreover, it is
reported that the aci-anion of nitromethane is less likely
formed over acidic materials [13]. Instead isocyanate
species are possibly formed by reaction of an alkene
(formed from the alkane over Breonsted acid sites) and
the NO ™ species over Bronsted acid sites. N-oxides (R-
CNO) may thus be formed, which can be easily rear-
ranged to isocyanate species (R-NCO) [25].

Turning off the water (figure 3) results in an imme-
diate development of the NO * peak and eventually the
isocyanate peaks (2259 and 2298 cm™') appear and seem
to be accumulated throughout the sequence. The peaks
assigned to unsaturated C—H and/or N-H vibrations
have become one peak centred around 3155 cm™", which
increases with time. It is likely that this peak eventually
mainly reflects C-H vibrations, since the amount of
water probably is insufficient for the hydrolysis reaction
a while after the water has been turned off. The number
of blocked Bronsted acid sites increases, which can be
seen in an increasing negative peak at 3610 cm™'.
Unsaturated hydrocarbons and/or amine species are
possibly formed on these sites, as manifested by the
increase in the 3155 cm™' peak, alternatively there is a
loss of Brensted acid sites.

It is hence most likely that amine species are formed
in a hydrolysis reaction of isocyanate species and that
the water produced from the propane, in the corre-
sponding dry reaction, is not enough for a complete
hydrolysis of the -NCO species to occur. We can thus
conclude that the reaction route suggested in ref [16],
where NO ™ species reacts with the activated hydrocar-
bon over the Brensted acid sites forming isocyanate
species, which are hydrolysed to amine species that can
react with NO™ species and/or NO, forming N, is a
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Figure 3. FTIR experiment with 1000 ppm NO,, 800 ppm. C3Hg, 10% O, in Ar at 450 °C where the water is turned off at time 0 s. Light grey
corresponds to direct after the gas switch and time is then increased until steady-state is reached, which is illustrated with black.

possible pathway for the reaction to occur, over HZSM-
5 zeolites.
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