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Abstract

For Cu- and Co-ZSM-5, at temperatures around 3008C, the adsorption of nitromethane followed by its acid-catalyzed
transformation into isocyanates and melamine as well as the reactivity of these species with respect to oxygen and NO were
studied by FTIRS. Both species easily interact with molecular oxygen, while no reaction with NO was observed. In the
course of melamine oxidation, partial oxidation products including isocyanates appear to be produced. The reactivity of
melamine and isocyanate depends upon the temperature and nature of transition metal cation, being reasonably high to
suggest their role as intermediates in the NO CH -SCR. q 2000 Elsevier Science B.V. All rights reserved.x 4
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1. Introduction

Lately, NO selective reduction by hydrocar-x

bons in excess of oxygen has attracted great
attention due to its possible application for the
clean-up of oxygen-rich exhausts. A lot of reac-
tion mechanisms, claiming various species as
intermediates, were suggested. For Cu- and Co-
ZSM-5, FTIRS in situ, combined with pulse
titration experiments, proved the reductive
transformation of strongly bound nitrite–nitrate
species under the effect of hydrocarbons to be

w xthe rate-determining stage 1,2 . Organic ni-
Žtrocompounds nitromethane, in the case of

) Corresponding author.

.methane, was used as reductant are formed as
w xthe primary products of this reaction 1–3 . To

get a deeper insight into the reaction scheme,
the routes of these nitrocompounds subsequent
transformations yielding at last N , H O and2 2

CO are to be studied. Our preliminary results2
w xfor ZSM-5-based catalysts 4 revealed the ni-

tromethane rapid transformation into other inter-
mediates even at room temperature, those
species being retained at the surface at tempera-
tures above 2008C when nitromethane is already
desorbed. FTIRS experiments for Cu-ZSM-5 in
the flow cell demonstrated that nitromethane
was transformed into N , NO, CO, CO and2 2

water, although the rates of the surface reactions
w xwere not estimated 5 . Meanwhile, to clarify
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the role of such intermediates in the NO CH -x 4

SCR, the rates of their transformation at temper-
atures close to the operation temperatures of
steady-state catalytic reaction are to be esti-
mated and compared with the rates of surface
nitrates transformation. That was the aim of this
paper.

2. Experimental

The synthesis and some properties of Cu-
Ž .ZSM-5 SirAls25; 2.6 wt.% Cu and Co-
Ž .ZSM-5 SirAls15; 2.25 wt.% Co samples

w xused in this work are presented elsewhere 1,2 .
Experiments were carried out in a static IR cell
of a 0.5 L volume, which allowed heating up to
6008C in controlled atmospheres. The samples
were pressed into self-supported wafers with
densities ;10–12 mgrcm2. The sample tem-
perature was controlled by a thermocouple situ-
ated near its surface. Before the experiments
were conducted, samples were pretreated in

Ž y3 .vacuum 10 Torr at 5008C for 1 h, then kept
for 1 h under 20 Torr of oxygen at the same
temperature, cooled in O to 2808C, and then2

Ž .evacuated. Nitromethane 1 ml was inserted
through the rubber diaphragm using a micro
syringe. After 10 min of nitromethane contact
with the catalyst, the gas phase was evacuated.
Two sets of experiments were then carried out.
In the first one, 7.6 Torr of O were added. In2

the second set, NO was first dosed up to the
residual pressure ;0.1 Torr, kept for 6 min
followed by cell evacuation, and only after that

Ž .was oxygen 7.6 Torr introduced. The spectra
were obtained by an accumulation of 32 scans
at 4 cmy1 resolution using an IFS-113V Bruker
spectrometer.

3. Results and discussions

3.1. Cu-ZSM-5

Fig. 1 shows the spectra recorded in the
course of nitromethane adsorption. Several ab-

Fig. 1. Typical spectra for nitromethane adsorption on Cu-ZSM-5
at 2808C.

sorption bands arise, with their intensities vary-
ing in different ways.

In the 1500–1700 cmy1 region, a group of
Ž y1.bands 1530, 1580, 1665, 1722 cm is ob-

served. The band at 1580 cmy1 corresponds to
w xmolecularly adsorbed nitromethane 6 . The

small intensity of this band, in agreement with
w xprevious results 4 , proves the rapid transforma-

tion of nitromethane at this temperature into
another more stable species. The band at 1665

y1 w xcm , according to Ref. 5 , corresponds to the
heterocyclic s-triazine compound, melamine
Ž .Scheme 1 andror its derivatives. On Co-
ZSM-5 at 2808C, this species was shown to be
quite inert, its accumulation within the zeolite

w xchannels leading to their blockage 5 . The low
intensity band at 1722 cmy1 can be assigned to
cyanuric acid, the cyclic trimer of HNCO
Ž .Scheme 2 .

In the region of 2100–2300 cmy1, a set of
bands at 2166, 2205, 2247, 2276 cmy1 and a

y1 Žweak band at 2333 cm disappearing upon
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Scheme 1.

.evacuation are observed. This region is typical
of the stretching of –NCO or –CN groups. By
analogy with the results of Solymosi and

w xBansagi 7 for HNCO adsorption on Cu-ZSM-5,
bands at 2205 and 2166 cmy1 can be assigned
to the asymmetric stretching of Cuq–NCO and
Cu2q–NCO species, respectively. The band at
2276 cmy1 was assigned earlier to isocyanate

w xspecies bound to the zeolite matrix 2 . The
band at 2247 cmy1 can be tentatively assigned
to vibrations of the protonated NH groups of2

w xmelamine 5 . Such a protonation is suggested
by the emergence in the difference spectrum of
a negative peak around 3600 cmy1 due to the
consumption of zeolite acidic Si–OH–Al
groups. The nature of the band at 2333 cmy1 is
not clear.

In the region above 3200 cmy1, new bands
are observed despite a high noise level. As
judged by their position, these bands correspond
to asymmetric and symmetric stretching of
–NH groups in the protonated melamine2

molecule, thus explaining a large number of
such bands.

Fig. 2 illustrates the spectra variation follow-
ing the oxygen admission. The intensity of the

y1 Ž .1668 cm band declines see inset in Fig. 2 ,
though some induction period is observed, prob-
ably due to oxygen diffusion limitations within
zeolite channels filled by melamine molecules.
The intensity of the 2205 cmy1 band goes

Scheme 2.

Fig. 2. The effect of oxygen on the spectra of surface adspecies on
Cu-ZSM-5 at 2808C. Inset: dynamics of the 2205 and 1665 cmy1

absorption bands.

through the maximum as typical for reaction
intermediates. It implies that the Cuq–NCO
complex can be formed as a result of the
melamine oxidative destruction. However, an-
other possible reason for the specificity of the
2205 cmy1 band dynamics can be inferred from
the intensity decline of the 2166 cmy1 band
assigned to Cu2q–NCO species, while the band
at 2276 cmy1, which corresponds to NCO
species stabilized on the zeolite matrix, remains
unchanged. The last fact suggests a very slow
exchange of NCO species between various ad-
sorption sites. Hence, the increase of the Cuq–
NCO species concentration can also be ex-
plained by a reduction of Cu2q by the products
of melamine partial oxidation due to limited
oxygen access into the channels blocked by
melamine.

After the induction period, the variation of
the 1668 cmy1 band intensity is well described
by a first-order rate equation, which allows the
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estimation of the rate constant as being equal to
3=10y4 sy1. Taking into account the value of
the rate constant of surface nitrates consumption
at the same temperature under methane action
Ž y3 y1 w x.2=10 s 2 , and the fact that three N2

molecules are formed from one melamine
molecule, while only one N molecule is de-2

rived from two nitrate species, melamine ap-
pears to be sufficiently reactive to be one of
intermediates in the NO selective reduction byx

methane in the presence of excess oxygen, at
least, under nonsteady-state conditions. Indeed,
for Cu-ZSM-5, during the titration of adsorbed

w xnitrates by methane and oxygen pulses 2 as
well as in the oxidation of nitromethane by

w xoxygen 8 , N selectivity was much higher than2

in the steady-state reduction of NO by methanex

in the presence of excess oxygen. Since the
dynamics of the Cuq–NCO species consump-
tion reveals a reactivity comparable with that of

Ž .melamine see inset in Fig. 2 , isocyanates can
also be considered as probable intermediates.

In the set of experiments where oxygen ad-
mission was preceded by NO adsorption, nei-
ther new bands emerge nor existing bands no-
ticeably change their intensity. In part, this is
explained by the rapid transformation of NO
into nitrite–nitrate species whose absorption

y1 w xbands situated at 1630 cm 2 are masked by
the melamine intense band.

3.2. Co-ZSM-5

As follows from the spectra presented in Fig.
3, the nitromethane adsorption is accompanied
by the appearance of bands situated at 1585,
1665, 1720, 1801, 2196, 2265 cmy1, along with
a group of poorly resolved bands in the 3400–
3500 cmy1 region. The assignment of first three
bands as well as those situated at high frequen-
cies is the same as in the case of Cu-ZSM-5
Ž . y1vide supra . The absorption band at 1801 cm
corresponds to nitrosyl complexes with Co

w xcations 9 as confirmed by the emergence of
the same band after NO adsorption on Co-ZSM-

Ž .5 with preadsorbed nitromethane vide infra .

Fig. 3. Typical spectra for nitromethane adsorption on Co-ZSM-5
at 2808C.

Bands at 2196 and 2265 cmy1 are assigned to
the asymmetric stretching of NCO species lo-
cated on Co2q cations and the zeolite matrix,
respectively. For the latter band, some shift in
position as compared with that on Cu-ZSM-5
can be tentatively explained by the difference in
zeolite SirAl ratio. For Co-ZSM-5, a smaller
number of bands is observed in the 2100–2200
cmy1 region as compared with those found for
Cu-ZSM-5, suggesting a higher uniformity of
the coordination and oxidation states of Co
cations.

At 2808C, in agreement with earlier results
w x5 , the reactivity of the adspecies was too low
to be detected. From the molecular point of
view, such low reactivity can be explained by
the stronger bonding of these intermediates with
tetrahedrally coordinated Co cations as com-
pared to the relatively weak axial bonding with
square-planar coordinated Cu cations.

At 3508C, adspecies on Co-ZSM-5 become
quite reactive, and the results are illustrated in
Fig. 4. For the band at 1665 cmy1, the first-order
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Fig. 4. The effect of oxygen on the spectra of surface adspecies on
Co-ZSM-5 at 3508C. Inset: dynamics of the 2196 and 1665 cmy1

absorption bands.

reaction rate constant was estimated to be ;1.4
=10y3 sy1. Taking into account the rate con-
stant of the surface nitrates transformation under

Žmethane action at the same temperature ;2=
y2 y1.10 s and the number of N molecules2

produced from one melamine molecule, the last
species can be considered as one of the interme-
diates in the reaction of NO with CH in SCRx 4

conditions. The same conclusion is apparently
valid for Co–NCO species of comparable reac-

Ž .tivity see inset in Fig. 4 .
NO admission, after nitromethane adsorption,

was accompanied by the emergence of new
bands at 1800 and 1883 cmy1 corresponding to
Co2q and Co3q nitrosyls. As for the case of
Cu-ZSM-5, NO adsorption did not affect the
intensities of other absorption bands for the
reasons mentioned above.

The higher reactivity of species formed from
nitromethane on Cu-ZSM-5 implies their lower
surface concentration at NO CH -SCR opera-x 4

Ž .tion temperatures ;4008C in steady-state

conditions. It explains the reason for the poor
w xselectivity of Cu-ZSM-5 in this reaction 10 .

4. Conclusions

For Cu- and Co-ZSM-5, at temperatures
around 3008C, adsorbed nitromethane is shown
to be easily converted into isocyanates and then
melamine via polymerization of the former
species. Molecular oxygen interacts with both
species, and their reactivity depends upon the
temperature and the nature of the transition
metal cation. It is sufficiently high to suggest
their role as possible intermediates in the NOx

CH -SCR reaction.4
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