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In situ FTIR study of the selective catalytic reduction
of NO on Pt/ZSM-5
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Abstract

The ‘direct decomposition mechanism’ is suggested for the reduction of NO over ion-exchanged Pt/ZSM-5 catalyst with
propene in the presence of oxygen by in situ FTIR spectroscopy.

Kevwords: In situ FTIR; Selective catalytic reduction; NO: Pt/ZSM-5

1. Introduction

Recently, Pt-group metals, as an alternative system
to Cu/ZSM-5 in the reaction of selective catalytic
reduction (SCR) of NO, have been reported to show
the highest activity for NO reduction at very low
temperature range (200-350°C) [1-3]. Among these
catalysts, ion-exchanged Pt/ZSM-5 showed more
stable performance in the presence of water vapor
and/or SO, and has been examined in actual diesel
engine exhaust [4,5].

Different intermediates have been detected and
some mechanisms were then suggested for
NO + C3Hg + O, reaction on platinum supported
on inorganic metal oxides, such as organic nitro-
and nitrito-compounds on Pt/SiO, by IR below
200°C [1]; isocyanate (-NCO) species on Pt/Al,O5
by FTIR at 250°C [2]; and the direct decomposition of
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NO molecules on reduced platinum sites to produce
nitrogen on Pt/Al,O; by steady-state reaction and
TPA technique [3]. However, the reaction mechanisms
are still not fully understood. In view of the lack of IR
data as well as the study of the Pt/ZSM-5 mechanism
in the literature, in the present work we used diffuse
reflectance infrared Fourier transform spectrometry
(DRIFTS) for the in situ identification of the surface
species formed on Pt/ZSM-5 during the
NO -+ C3:Hg + O, reaction.

2. Experimental

The Pt/ZSM-5 catalyst was prepared by a conven-
tional ion-exchange procedure. The metal salt used
was Pt{NH;),Cl,. Na/ZSM-5, having a Si/Al ratio of
30, was synthesized according to the patent [6].
Following the ion-exchange procedure in an aqueous
solution at room temperature for 24 h, the solid was
thoroughly washed with deionized water and dried at
393 K overnight and then calcined in air at 500°C for
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1 h. The platinum loading was 2.4 wt% as determined
by ICP-ES (Inductively Coupled Plasma-Atomic
Emission Spectroscopy).

DRIFT spectra were recorded on a Bomem Model
MB-102 FT-IR spectrometer equipped with an on-
line mass spectrometer to analyze the effluent gas.
Before recording IR spectra the catalyst was treated in
situ IR cell in the following procedure: (1) oxidation in
flowing O, at 400°C for 10 min; (2) flushing in the
flowing He at 400°C for 30 min; (3) reduction in
flowing H, at 350°C for 1 h; and (4) flushing in
flowing He at 400°C for 30 min. The sample was then
cooled to the desired temperatures in the flowing He.
Gas mixtures were prepared by mixing different reac-
tants which were 1% NO/He, 1% C3;Hs/He and 20%
0, /He before feeding into the cell. The total flow rate
in most of the experiments was 30 cm® min~'. The
NO gas was passed through a dry ice trap to remove
traces of NO, before being mixed with other gases.

In the case of NO adsorption experiment, 5%
NO/He was introduced as flowing gas. Different in
situ pretreatment was carried out on Pt/ZSM-5 as
follows: (1) oxidization in 20% O,/He at 400°C for
1h and cooling in it to the desired temperatures
(Pt/ZSM-5(0X)); (2) reduction in H, at 350°C for
1 h, flushing in He at 400°C for 30 min and cooling in
He to the desired temperatures (Pt/ZSM-5(RE)); and
(3) after (2), changing the flush from He to 5% NO/He
at 400°C for 30 min. and then cooling in NO/He to the
desired temperatures (Pt/ZSM-5(0X/NO)). IR spec-
tra of Pt/ZSM-5 were acquired during the reaction in
the flow of NO/He.

3. Results

Fig. 1 shows the IR spectra of the adsorbed species
after the addition of a mixture of NO + C3Hg + O;
onto Pt/ZSM-5 and Na/ZSM-5 at reaction tempera-
tures. IR bands around 1721, 1595 and 1510 cm ™" are
detected on Pt/ZSM-5 at 200°C as shown in Fig. 1b.
At 250°C, two broad bands around 1721 and
1580 cm™!, which may be deconvoluted to the bands
at 1580 and 1595 cm™, exist on the surface (Fig. 1a).
In addition, broad bands are observed at 2800-
3000 cm~!, which are attributed to asymmetric
and/or symmetric C-H stretching vibrations in CH;
and CH, groups of hydrocarbon fragments adsorbed
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Fig. 1. DRIFT spectra recorded at 200 or 250°C of adsorbed
species on Pt/ZSM-5 (a and b) and NaZSM-5 (c) obtained after the
addition of NO(3300ppm) + C2He(3300ppm) + 0,(7%) for
60 min at (a) 250°C, (b) 200°C and (c) 250°C.

on the catalyst [7] and disappear at 250°C. The
absence of C-H stretching bands above 3000 cm™!
indicates that no olefinic or acetylenic hydrocarbon
fragments are present. The band at 2098 cm™' is
assigned to CO adsorbed on platinum [8]. The two
bands at 2358 and 2334 cm™" can be assigned to gas
phase CO, confined in the pore system of ZSM-5.
Trace of ~NCO band at 2235 cm ' is detected on
Na/ZSM-5 at 250°C as shown in Fig. 1c.

Fig. 2 shows IR spectra obtained after exposing
Pt/ZSM-5 to C;Hs, C3Hg + O;, CsHg +NO and
NO + C3Hg + O, at 200°C, respectively. According

T=200°C
2940 ‘.['020
2866 1510

1721 1595

{

Absorbance

1 L 1 L {
3000 2500 2000

_—

L
1500
Wavenumber (cm-)

Fig. 2. DRIFT spectra recorded at 200°C of adsorbed species on
Pt/ZSM-5 obtained after the addition of various mixed gases at
200°C for 90 min: (a) CsHg (5000 ppm), (b) C3He(5000 ppm)+
0,(10%), (c) C3He(3300ppm) + NO(3300ppm) and (d)
NO(3300 ppm) + C3Hg(3300 ppm) + O2(7%).
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to the literature [9-14] the sharp band at 1510 em™ s 1650 cm ™' region arising from 1(C=C) mode. With

assigned to the 7-allyl complexes, ie., C-—=C=C, the presence of excessive oxygen as shown in Fig. 2b,
formed during the adsorption of propene on Pt/ZSM- a new band at 1595 cm™ ' along with the 1580 em!
5. The shoulder at 1467 cm ™! can be assigned either to band in Fig. la can be associated with the stretching
deformation vibrations of C-H or to the asymmetric vibrations of COO~ and/or CO3~ groups in carbonate
stretching vibration of C-—C==C in the 7-allyl spe- and carboxylate species adsorbed on the surface. The
cies. This means that the C=C bond of propene is most reasonable assignment of 1721 cm ™' band is the
greatly weakened by the adsorption on Pt/ZSM-5 as stretching of v(C=0). Its frequency shifts with the
evidenced by the absence of IR bands in 1600- function group that bonds directly to the carbon atom
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Fig. 3. DRIFT spectra taken at 200°C on Pt/ZSM-5 after the addition of 5% NO/He on (A) Pt/ZSM-5(0X), (B) Pt/ZSM-5(RE), and (C)
Pt/ZSM-5(0X/NO). The time-on-stream in NO is (a) 5 min; (b) 15 min; (¢) 30 min: (d) 60 min; and (e) after (d) in He for 30 min.
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[13]. For comparison, IR spectrum of the coadsorption
of NO and propene is shown in Fig. 2¢, which exhibits
a weaker band at 1721 cm™' but a comparatively
strong peak at 1595 cm™". It is also noticeable that
CO band at 2098 cm ™' is observed in Fig. 2¢, sug-
gesting that the oxidation of propene is proceeded by
NO on Pt/ZSM-5.

Fig. 3 illustrates the in situ IR spectra for NO
adsorption at 200°C on Pt/ZSM-5 pretreated at dif-
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ferent conditions (see Section 2). As shown in
Fig. 3A, the most intense bands formed after NO
adsorption on Pt/ZSM-5(0X) are at 1909 and
2127 cm™'. The band around 1900 cm™' has been
previously assigned in the literature to molecular
adsorption of NO on a partly oxidized platinum sur-
face on Pt/SiO, at 1935cm™! [15], Rh-NO™ on
Rh/ALO; at 1910cm™' [16], and NO adsorption
on oxidized Ir sites on Ir/Al,O5 at 1950 cm™" [17].
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Fig. 4. On-line mass spectrometer signals of (A) N, (m/e = 28), (B) N,O (m/e = 44) and (C) O; (m/e = 32) detected at outlet of in situ IR
cell after Pt/ZSM-5 catalysts were brought in contact with 5% NO/He at 200°C.
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We therefore assign the present 1909 cm ' band to
NO molecules adsorbed on oxidized platinum sites.
The band at 2127 cm™' has been attributed to the
adsorbed NOz+ on ZSM-5, which may be associated
with the framework hydroxyls of the zeolite [18].
When Pt/ZSM-5(RE) was brought in contact with
NO, as shown in Fig. 3B, there is an obvious growth of
the band at 1909 cm ™' with exposure time. As com-
pared to the NO adsorption on oxidized Pt/ZSM-3,
this 1909 cm ' band is at lower intensity. Another
significant feature in Fig. 3B is a drastic decrease in
intensity of the band at 2127 cm ™' with exposure time,
especially within the first 10 min. Fig. 3C further
shows the IR spectra of NO adsorption on Pt/ZSM-
5(0X/NO). A higher decrease in intensity of the
1909 cm™ ' band is observed, which can be completely
removed by flushing in He for 30 min. The other weak
IR bands of low frequencies at 1630 cm ™' are prob-
ably attributed to bridged or bent bound NO species on
platinum sites [15,19].

The on-line mass spectrometric results, as shown in
Fig. 4, clearly show that reduced platinum surface is
very active for NO decomposition, producing con-
siderable amount of N, (Fig. 4A) and trace of N,O
(Fig. 4B) in the gas phase. But its activity quickly
decreases by the adsorbed oxygen atoms remaining on
the surface after the decomposition of NO (Fig. 4C).
The mass spectrometric results for Pt/ZSM-5(0X)
and Pt/ZSM-5(0OX/NO) are very similar. Both of
them show low activity for the NO decomposition,
suggesting the oxidation of pre-reduced Pt/ZSM-5 in
NO at 400 C.

4. Discussion

The above FTIR results have shown that the main
surface species observed on Pt/ZSM-5 during the
NO + C3Hg + O reaction are partially oxidized com-
pounds such as carbonyl, carbonate and/or carbox-
ylate formed from the oxidation of propene. No other
species which have been reported to be the intermedi-
ates such as the N-containing species are detected on
Pt/ZSM-5 under our experiment conditions. Partial
oxidation of propene is also observed proceeding in
the presence of NO, leading to the formation of carbon
monoxide and partially oxidized compounds on the
surface. The reduced Pt/ZSM-5 shows its high activ-

ity for the decomposition of NO, while very low
activity is found on oxidized surfaces. It might be
expected from the present IR results that reduced
platinum sites are the active sites not only for the
decomposition of NO but also for the reduction of NO
by propene on Pt/ZSM-5. A direct decomposition
mechanism is therefore suggested for the reduction
of NO on Pt/ZSM-5. According to this mechanism,
NO decomposition on reduced platinum sites to gen-
erate nitrogen and adsorbed oxygen atoms, followed
by the removal of adsorbed oxygen by hydrocarbon.
thus produces CO,, CO and other partially oxidized
compounds which might be adsorbed on the catalyst.
N,O which has been reported as another main product
during the SCR reaction on Pt-grouped metal cata-
lysts. is yielded by the reaction between adsorbed NO
molecules and N atoms on surface.

This proposed mechanism is essentially consistent
with that of Burch et al. [3] who suggested that
propene firstly reduced Pt-O to Pt metal active sites
during the same reaction on pre-oxidized Pt/Al-O5. In
the case of Pt/ZSM-5, Fig. 3A-C clearly indicate that
on the reduced catalyst, the development of
1909 cm ™' band is due to NO adsorbed on platinum
sites in the neighborhood of adsorbed oxygen pro-
duced by the decomposition of NO on freshly reduced
surface. For the oxidized catalyst, however, NO
adsorption on pre-oxidized platinum sites leads to a
strong band quickly appeared at 1909 cm . More-
over. the results on Pt/ZSM-5(0X/NO) indicate that
there are differences in the characteristics of the
platinum sites depending on the pretreatment condi-
tion. The comparison of the 1909 cm ™' bands of NO
adsorption on different samples of Pt/ZSM-5
(Fig. 3A-C) indicates that the degree of the oxidation
of pre-reduced platinum sites by adsorbed oxygen
atoms may be different from those which are pre-
oxidized either by pure oxygen or by NO at higher
temperatures. From this result it can be further
expected that the pre-oxidized platinum sites may
be quite different in the way of getting reduced by
propene from the platinum sites occupied by adsorbed
oxygen atoms which may become mobile on the
surface as temperature is increased. The former
may be partially reduced by propene, leading to the
generation of active sites for NO decomposition, while
the removal of adsorbed oxygen atoms on the latter
surface by propene is expected to be more effective.
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5. Conclusion

The main surface species observed on Pt/ZSM-5 in
the NO + C3Hg + O, reaction are carbonyl, carbonate
and/or carboxylate compounds formed from the par-
tial oxidation of propene on the surface. In contrast to
the oxidized ones, reduced Pt/ZSM-5 is found to be
very active for the decomposition of NO, producing
N, in the gas phase and leaving oxygen atoms
adsorbed on the surface. We therefore suggest the
‘direct decomposition mechanism’ for the reduction
of NO on Pt/ZSM-5.
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