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Abstract

IR experiments under flow of NO and propane on H/Cu-ZSM-5 evidence at 623 K the appearance of bands at 2248,
2157 and 2047 cm ™', tentatively assigned through the use of '’NO to nitrile, carbonyl (CO—Cu*) and isocyano species
respectively. Addition of O, suggests conversion of isocyano to isocyanato species (2208 cm™!) which by hydrolysis leads
to NH; formation, revealed by IR bands at 3366, 3290, 3192 and 1610 cm ™.
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1. Introduction

The mechanism of the reduction of NO, with
hydrocarbons in the presence of oxygen is not
well established yet [1]. Propositions for the
reactional process are numerous:

— decomposition of NO into N, + O, on the
active sites, the hydrocarbon regenerating them
by reacting with the oxygen produced [2].

— partial oxidation of the hydrocarbon by O,
[3] or by NO, [4,5], the product formed reacting
with NO.

— formation of an isocyanato species by ther-
mal decomposition of a precursor C_H NO_,
followed by reaction with NO to give N, [6].

— formation of a carbonaceous deposit on the
surface as the active site [7].

* Corresponding author.
! This work was financially supported by the European Com-
munity, taking part in a Brite-Euram program.

In a recent study, we evidenced on Cu-ZSM-5
the formation of NH, during the reduction of
NO by propane in excess oxygen [8]. The for-
mation of NH; seemed to be linked with the
presence of two types of adsorbed species char-
acterized mainly by IR bands located at 2047
and 2248 cm™!, respectively. The aim of the
present work is to assign more precisely these
two bands, to confirm the role of these species
in the formation of NH, and especially to esti-
mate the importance of this route in the mecha-
nism of SCR of NO by propane.

2. Experimental

The H/Cu-ZSM-5 catalyst (Si /Al = 27) was
prepared by ion exchange with a Cu(NO;),
solution giving a copper content of 1.47 wt.-%.
The design of the IR cell for in situ studies has
already been reported [9]. It permits reactivity
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experiments, combined with rapid collection of
IR spectra of surface species (Nicolet Magna
750 FTIR spectrometer). Nitrogen oxides were
analysed by FT-IR in a gas cell. The sample
was pressed into self-supporting discs (ca. 15
mg cm™2) and heated progressively to 623 K
(2.5 K min™"') under 5% O, in He and main-
tained for 3 h in these conditions. It was then
exposed (flow rate = 25 cm® min~'; GHSV =
50000 h™') to different gas mixtures at 623 K.

Static experiments were performed in a clas-
sical IR cell. The sample was calcined then
evacuated at 673 K before admission of the
reactants (*NO or ’NO, C;H,: ca. 1 mmol/g
cat) and the spectra further recorded at room
temperature.

All the spectra of the adsorbed species were
obtained by subtracting the spectrum of the
activated wafer from the spectrum obtained af-
ter introduction of the reactants.

3. Results and discussion
3.1. Dynamic experiments

The IR spectrum of adsorbed species on
H/Cu-ZSM-5 at 623 K under a stream of NO
(2000 ppm) + C H; (2000 ppm) in helium
shows the immediate formation of adsorbed CO
species characterized by a band at 2157 cm™!
(Fig. 1a). With time on stream, bands at 2047
cm™~! then 2248 cm™! and a broad massif in the
region of vy, ethylenic vibrations appear,
whereas the intensity of the band at 2157 cm ™!
decreases. In the hydroxyl region, we note the
appearance of a vy band at 3597 cm~'. Con-
version of NO, which was initially 8%, de-
creases regularly and reaches ca. 3% after 40
min of reaction. From this moment, no further
variation of the spectrum is observed. After a
flush of pure helium at 623 K, the spectra of the
adsorbed species remains unchanged (Fig. 2a).
Pulses of oxygen (10 ul; 13.3 wmol /g cat) are
then introduced in the inlet stream of helium.
The IR spectra recorded after each pulse show a
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Fig. 1. IR spectra of adsorbed species on H/Cu-ZSM-5 at 623 K
(a) NO+C;H; in He after 7 min, (b) 18 min, (c) 30 min and (d)
40 min.

regular decrease of the bands at 2047 and 3597
cm™! but above all, the simultaneous appear-
ance of several bands in the vibration region of
N-H bonds at 3366, 3290, 3192 and 1610 cm ™!
(Fig. 2). A weak band by 2208 cm™' can be
evidenced from the second pulse (Fig. 2a—c)
and its intensity remains constant until the fifth
pulse of O,. The band at 2248 cm™' begins to
disappear only from the third pulse. After the
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Fig. 2. IR spectra of adsorbed species on H/Cu-ZSM-5 at 623 K
under He flow (a) 30 min after spectrum 1d, (b), (c), (d), (e) and
(D) after 1, 2, 4, 5 or 6 pulses of O, (10 ul), respectively.
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sixth pulse of O,, the NH vibration region is
modified by the appearance of one new band at
3225 cm™! whereas the bands in the range
2000-2300 cm ™' have gone (Fig. 2f).

Other experiments, where pulses of oxygen
have been replaced by pulses of NO or N,O,
did not evidence any reaction. Similarly, admis-
sion of pulses of H,O did not alter the species
associated with the band at 2047 cm ™' neither
induced the emergence of vy, bands.

The first species formed on the catalyst is an
adsorbed carbonyl; it is related to propane oxi-
dation yielding CO. The catalyst contains Cu*
and Cu’* ions in cationic positions but the
carbonyl species formed corresponds in fact to
CO—-Cu*. This v, vibration at 2157 cm™! is
higher than usual [10] but is characteristic for
Cu™ ions in cationic position [11]. Moreover,
Cu?* in cationic position in the H/Cu-ZSM-5
used does not give any v, band characteristic
for carbonyl species at temperatures above 298
K [12].

The intensity rise of the band at 3597 cm™
is related to a partial reduction of the catalyst
under a stream of NO + C;Hg. This is due to
the transformation of Cu®* to Cu* ions which
is accompanied by the formation of protons so
as to maintain the charges balance of the ze-
olitic framework.

The second species detected is characterized
by a band at 2047 cm™'. The intensity of this
band increases whereas the v intensity of the
carbonyl species decreases. A linear correlation
can be established between the appearance of
the band at 2047 cm ™! and the disappearance of
the carbonyl species but the interpretation is not
univocal; whether the species is formed from
the carbonyl or whether it is substituted to CO
on Cu™.

The regular consumption of the species re-
lated to the band at 2047 cm ™! with admission
of pulses of O, shows that it is oxidised into a
new species which could be associated to the
band at 2208 cm™' (Fig. 2a-c). We note the
simultaneous appearance of bands at 3366, 3290,
3192 and 1610 cm™' corresponding to NH,

1

coordinated to Cu* [8]. Experiments of adsorp-
tion of NH, at different temperatures over
H/Cu-ZSM-5 oxidised or reduced [26] show
that at 623 K the ammonium form does not
exist and that the coordinated form is present
only on Cu™. At this temperature, on oxidised
catalyst, NH; must be totally oxidised.

The formation of NH; could originate from
the hydrolysis of the oxidised species at 2208
cm~' with water present on the catalyst or
formed by oxidation of the catalyst (2 Cu®+ 2
H*+ 10, - 2Cu®*+ H,0) in accordance with
the intensity decrease of the band at 3597 cm ™.

Presence of at least three independent bands
in the spectral region 2000-2350 cm ™' testifies
to the formation of new species containing ei-
ther two cumulative double-bonds (C=N, C=0
or C=C) or one triple-bond (C=N, N=N or
C=C). The isocyanate species -N=C=0 has
often been put forward in the reactions of NO +
CO over supported noble metals [13-18], over
CuO-Si0, [19] or with NO, C,H,, O, over
Cu/Cs-Al,0; [6,20,21]. Hayes et al. [22] re-
cently ascribed a band located at 2260 cm™!
observed during the reaction of NO + C;H,
over H/Cu-ZSM-5 to a nitrile species. In fact,
assignment of bands in this range to adsorbed
species with well defined structure is difficult
because nitriles, isonitriles, carbodiimides, dia-
zonium, cyanates, isocyanates, etc. all have
strong IR absorption bands in this spectral re-
gion [23].

The band at 2047 cm™' is ascribed to an
adsorbed species which does not seem to have
vibration bands in the vy region. Its unreactiv-
ity towards H,O and the fact that it needs to be
exposed to O, to react suggest a cyano Cu—C=N
or isocyano Cu—N=C type species. Moreover,
the greater stability to oxidation of nitriles com-
pared to isonitriles and the low value of the
wavenumber of the band at 2047 cm™!
(Cu(CN),: vey=2125 cm™' [24]) direct the
choice towards the isonitrile structure.

The weak band at 2208 cm ™! detected during
oxidation of the species associated to the band
at 2047 cm™! could be ascribed to an iso-
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cyanate species on Cu*. As a matter of fact,
isocyanate species on metals are very unstable
at these temperatures and their identification is
most often assigned to an isocyanate formed on
the metal support [16]. London and Bell [19]
ascribed a band at 2200 cm™! to copper iso-
cyanate by comparison with the complex
Et,N[Cu(NCO),] whose vibration y,(NCO) is at
2198 cm™'. Solymosi and Kiss [25] in the dis-
sociative adsorption of isocyanic acid HNCO
over Cu-SiO, partially oxidised obtained a band
at 2210 cm ™! assigned to CuNCO. Ukisu et al.
[20], in the reaction of NO + C;H, + O, over
Cu/Cs-Al,O,, observed a band at 2254 cm™!
that they ascribe to copper isocyanate but the
presence of alumina which gives stable iso-
cyanates at these same wavenumbers does not
certify this assignment. An argument for the
identification of this species is the concomitant
formation of NH; over the catalyst since hydro-
lysis of isocyanic acid or isocyanate complexes
is known to produce unstable carbamic acid
which decomposes into NH; and CO,.

The species associated to the band at 2248
cm™! seems much less sensitive towards O,
and moreover, it can be correlated with a vy
band at 3065 cm™'. The group responsible for
the absorption at 2248 cm™' could, thus, be
hold by an olefinic group. But as in any per-
formed experiments this band ever preceded the
appearance of the one at 2047 cm™!, it is
unlikely that these two species take part to the
same reactional process.
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Fig. 3. IR spectra of adsorbed species on H/Cu-ZSM-5, (a) from
“NO +C4Hj after 15 min at 623 K and (b) from '*NO+C,H,
after 15 min at 623 K.

Table 1
Table of isotopic shifts N — "N calculated and observed
(cm™")

Ay, [23] Ay, [23,27)
Cyano (-CN) 30 ca. 30
Isocyano (-NC) 38 ca. 38
cyanato (~OCN) 18
Isocyanato (-NCO) 10 ca. 10
Fulminato (-CNO) 37
Diazo, azido (-NN) 73

3.2. Static experiments

In order to confirm the assignment of the
bands situated at 2047 and 2248 cm™' we have
undertaken experiments with °NO + C,H;. The
species associated with the band at 2047 cm™!
is much more difficult to generate in static
conditions than the one at 2248 cm~'. The
spectrum of the adsorbed species with '“NO +
C,;Hg compared to NO + C,H, is shown in
Fig. 3. Thus, one can correlate the band at 2255
cm™! to a band at 2229 cm™! (with *NO), i.e.,
an isotopic shift of 26 cm ™! whereas the one at
2047 cm™! seems to be associated to a broad
band centred near 2005 cm ™! (with °NO) giv-
ing an isotopic shift of ca. 42 cm™!. These
experiments confirm that these two species con-
tain only one nitrogen atom and that it is not
located within a group of two cumulative dou-
ble-bonds since the coupling met in the latter
species disperses the mass effect on the vibra-
tions v, and », and decreases a lot the isotopic
shift. Comparison of the isotopic shifts obtained
in our experiments to those in Table 1 confirms
that the vibration at 2047 cm™"! can correspond
to an isonitrile species whereas the one at 2248
cm™! is closer to a nitrile species.

4. Conclusion

The mechanism of the SCR of NO with
C,H; in the presence of O, is probably made
up with several parallel and consecutive reac-
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tions. The relative importance of one or the
other of these reactions depends on the operat-
ing conditions and on the nature of the catalyst.

In the present work, the first stage of the
process which allows the formation of the
Cu'NC species is not elucidated yet. The imme-
diate appearance of CO in the beginning of the
reaction, which further decreases simultane-
ously with the appearance of the isonitrile
species leads to think that over H/Cu-ZSM-5,
the reaction NO + CO would rather yield isoni-
trile species rather than isocyanate species
habitually observed over noble metals. In fact,
this isonitrile species stable without O, locks
the process. An approximate determination of
the amount of this species from the ammonia
obtained after addition of O, shows that the
catalyst at this stage would contain at least 30
pmol /g cat of this species. This fact suggests
that this route is not secondary in the whole
process.

We showed in a recent work [8] that if one
introduces 0.5% of O, in a C;H + NO stream
consecutively to the formation of this species,
the IR spectrum presented the same NH bands
in flow mode. The NO conversion initially nil
reached 64% after 12 min on stream. With
rising the concentration of O,, the NH, bands
become very weak and the conversion passes
through a maximum (78%) with 2% of O, in
the feed. In these conditions, the NH, species
and the one related to the band at 2047 cm ™!
have totally disappeared. This suggests the
CuNC species formed takes part in the reduc-
tion process of NO and must lead in its final
stage to a mechanism close to that proposed for
the SCR of NO by NH;. An evaluation of the
relative importance of this process compared to
other mechanisms can only be done through a
correlation between the quantity of these ad-

sorbed species and the conversion of NO in
transient flow mode experiments.
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