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The selective catalytic reduction of NO with methane over cata-
lysts consisting of CeO;, and H-zeolites (physical mixtures or pre-
cipitates of the oxide onto the external surface of the zeolite) has
been studied with the aim to establish the catalytic functions re-
quired and the basic features of the reaction mechanism. Methods
employed include catalytic studies over various catalyst arrange-
ments, e.g., experiments involving the SCR of NO;, or NO over
the catalyst or its individual components (CeO;, zeolite), and over
layered arrangements of these components (typically 1000 ppm
NO (NOy), 1000 ppm CHy, 2% O, in He, 10,000 h‘l), studies of
NO oxidation activity of catalyst components, and IR spectroscopy
in the diffuse reflectance mode. It was found that the NO reduc-
tion includes a bifunctional interaction between redox sites at the
CeO, surface and zeolite Brgnsted sites. The oxidation of NO to
NO,, which is part of the reaction mechanism over these catalysts,
takes place over the CeO, surface, but it is not the only function
of CeO; in the reaction path that provides an extra activity of the
mixed catalysts (as compared to the known activity of H-ZSM-5).
From experiments with layered catalyst arrangements, it was con-
cluded that the bifunctional interaction is not mediated by a long-
distance transport step as would be gas-phase transport of NO,.
The experimental evidence suggests that methane is activated on
the CeO; surface, possibly assisted by adsorbed NO,, and reacts
with the latter to form a short-lived intermediate (nitromethane or
nitrosomethane), which is detached from the surface. Upon fur-
ther contact with a CeO, surface, this intermediate becomes totally
oxidized, releasing the nitrogen in oxidized form. Upon desorp-
tion into the zeolite it may be activated by Brgnsted sites and un-
dergo reactions resulting in the formation of Ny, carbon oxides, and
water. (© 2001 Academic Press

Key Words: SCR of NO; methane; zeolites; cerium oxide; bifunc-
tional catalysts.

INTRODUCTION

Over the past decade, research on the selective catalytic
reduction of nitrogen oxides with hydrocarbons (HC-SCR)
was mainly driven by the interest to establish a purifica-
tion technology for net oxidizing exhaust gases from mobile
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sources (diesel, lean-burn engines) (1-3). This approach is
also potentially attractive for stationary sources where the
reductant ammonia used today might be replaced by natu-
ral gas. So far, the most active catalysts for HC-SCR have
been found to exhibit insufficient durability in realistic flue
gas mixtures. The attempt to use the methane reductant has
been additionally hampered by the relative inertness of the
latter, which provides lower activity than other reductants
over most catalytic systems (1, 4-7).

We have recently reported a catalytic system composed
of CeO, and acidic zeolites (precipitate of oxide onto zeolite
crystallites or physical mixtures), which provides promis-
ing activities with the reductant methane while it performs
poorly with propene (8). Experiments with physical mix-
tures (including subsequent separation and separate study
of the components) implied a bifunctional nature of this
system: both the CeO, and the zeolite catalyze different
steps in the reaction mechanism that has to include a trans-
port step between these catalyst components. It has been
briefly indicated in (8) that one step catalyzed by the CeO,
particles is the NO oxidation, that the zeolite acts via its
protons, and that the interaction distance between CeO,
and the zeolite sites is short. In the present paper, the
factual basis for this view will be fully described and
the implications for the reaction mechanism supported by
this system and consequences for related systems will be
discussed.

EXPERIMENTAL

CeO,-zeolite catalyts were prepared as described in (8),
but with a variety of zeolites, which were kindly provided by
Sudchemie, Munchen; Tricat, Bitterfeld; Chemiewerk Bad
Kostritz; Alsi Penta, Schwandorf (all Germany), and EIf
Aaquitaine (France). Several different ZSM-5 materials with
Si/Al =12.5-25 were employed, which will be denoted by
Greek letters (e—n). The bulk Si/Al ratios of these materials
and a crystallinity parameter derived from their lattice IR
spectra ((9), intensity ratio of vibrations at 550 cm™! (five-
ring mode) and 450 cm~! (TO, deformation mode)) are
given in Table 1. For a well-crystalline ZSM-5 this ratio
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TABLE 1

ZSM-5 Zeolite Materials Used in the Preparation
of Ce0,/ZSM-5 Catalysts

ZSM-5 o B y ) & ¢ n

Si/Al (by ICP-AES) 14 19 14 14 125 25 25
I (550 cm~%)/1 (450 cm™%)® 0.80 0.75 nd. 078 082 077 0.77

2Ratio of lattice vibrations, crystallinity parameter (9), see text; error
margin, +0.02.

is expected to be ~0.8, which is indeed the case with the
materials used.

Cerium hydroxide was precipitated onto the external sur-
face of the zeolites (mostly ZSM-5 in the H form, some-
times NH4 or Na forms, but also H-BEA, H-MOR, H-Y)
by rapidly adding aqueous NH3 (25%) to a slurry of the
zeolite ina cerium nitrate solution. The Ce content was typ-
ically 8.2 wt%. Physical mixtures (17.5 wt% Ce) were pre-
pared by mixing CeO, (from the calcination of Ce(NO3)3)
with the zeolite after compacting, crushing, and sieving the
two components into different mesh fractions (CeO,, 100-
160 um; zeolite, 250-355 pm). Results obtained by mixing
the primary zeolite and CeO; particles did not differ signif-
icantly from those described below. In some experiments
the components were not mixed but applied in consecutive
layers. Ce-exchanged ZSM-5 was obtained by exchanging
NH4-ZSM-5(«) with a cerium(l11) nitrate solution as de-
scribed previously (8). The Ce content of this sample was
0.57 wt%, which indicates a theoretical exchange degree
of ~20%. An XPS analysis did not reveal significant Ce
enrichment at the external crystallite surfaces while it did
with the precipitates (10).

IR spectra (diffuse reflectance mode) were measured
withaNicolet Protegé 460 FTIR spectrometer. The samples
were outgassed for 3—-4 h in flowing Ar at 773 K prior to data
acquisition. IR spectra of adsorbed pyridine were obtained
with a Unicam RS1 spectrometer. Pyridine was adsorbed at
423 K, and spectrawere recorded after desorption of loosely
bound adsorbates at 623 K. During all measurements, the
sample temperature was held at 423 K. tH-MAS NMR spec-
tra were measured with a Bruker MLS 500 spectrometer
after previous out-gassing in vacuum at 673 K. 2’ AI-MAS
NMR spectrawere recorded with a Bruker ASX 400 instru-
ment. Concentrations of protons and octahedrally coordi-
nated Al nuclei (cf. Fig. 2) were obtained by comparing the
areas of the corresponding signals with those of reference
samples with known proton or Al concentrations.

The selective catalytic reduction (SCR) of NO with
methane was studied in a catalytic microflow reactor feed-
ing 1000 ppm NO, 1000 ppm CHy, and 2% O, in He over 0.8—
0.9 g of catalyst at 220 ml min~—. The amount of catalyst was
selected to ensure a constant GHSV of 10,000 h~* (“stan-
dard reaction conditions’). Prior to each run, the samples
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were calcined in flowing He at 873 K for 2 h. The prod-
ucts were analyzed by a combination of gas chromatog-
raphy (O2, N, CHy,), calibrated mass spectrometry (NO,
CH,), and calibrated nondispersive IR photometry (CO,
COy, N,O). Test experiments with IR photometric analysis
of NO and NO; indicated that the latter was not formed in
significant amounts under our reaction conditions (11). C
and N balances of 100 &+ 5% were routinely obtained in the
product analyses.

The NO oxidation activity of the catalyst components was
studied between 773 and 673 K, feeding 1000 ppm NO and
10% O3 in He at a space velocity which was 5 times that
employed for the investigation of the SCR reaction. For
the zeolites (=93 vol% in physical mixtures), this means
a GHSV of ~55,000 h%; for CeO, (~7 vol%) the GHSV
was ~700,000 h~! since the standard GHSV in SCR runs
(10,000 h~%) corresponds to ~140,000 h~* relative to the
CeO, component. The results will be reported in terms of
the NO conversion given as the ratio between NO, formed
and the sum of NO; and NO. In the NO oxidation experi-
ment, NO and NO, were analyzed by calibrated nondisper-
sive IR photometry.

RESULTS AND DISCUSSION

Selective Reduction of NO with Methane over
CeO,/H-ZSM-5 Catalysts

Figure 1 shows an example for the performance of
a CeOy/H-ZSM-5 precipitate (parent zeolite-8) in the
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FIG. 1. NO conversions in the selective catalytic reduction of NO
by methane over CeO,/H-ZSM-5 catalysts. GHSV, 10,000 h~%; 1000 ppm
NO; 1000 ppm CHg; and 2% O, in He. (A) Precipitates and physi-
cal mixtures. Curves: (a) CeO,/H-ZSM-5(B), by precipitation; (b) CeO,/
H-ZSM-5(8) physical mixture; (c) CeO,/H-ZSM-5(«) physical mixture;
(d) CeO,/Ce,H-ZSM-5(r) physical mixture. (B) Influence of re-exchange
with Na* (NaNOj solution). Curves: (a) CeO,/Na,H-ZSM-5(3), by preci-
pitation onto Na-ZSM-5(3); (b) a, re-exchanged with Na* without interme-
diate treatment; (c) a, re-exchanged with Na* after 2 h of calcination in air
at 873 K; (d) CeO,/Ce,H-ZSM-5(«), by precipitation; (e) d, re-exchanged
with Na*.
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selective reduction of NO by methane (curve a). The NO
conversions given were achieved with methane conver-
sions increasing monotonically from 16% (723 K) to 93%
(873 K). Similar data were obtained also with other ZSM-5
materials, e.g., « and y (see Fig. 3) or §, as reported in (8).
NO conversions up to 65% were measured under standard
reaction conditions at temperatures between 823 and 873 K.
Above 873 K, the NO conversion decreases again (11). This
was observed in an experiment with a less active prepara-
tion, which has not been included in Fig. 1. Curve b was
measured with a physical mixture of CeO, with H-ZSM-
5(B). It is obvious that the components display a similar
behavior whether exposed as a precipitate or as a physical
mixture, with somewhat lower conversions over the latter.
A mixture of CeO, with the Na form of ZSM-5(8) provided
NO conversions of only 3%. Thus, while CeO,/H-ZSM-5
catalysts are less active than some other catalysts known so
far for the selective reduction of NO by methane (e.g., Pt—
In/ZSM-5 (12), Co-ZSM-5 (13)), they are attractive for an
in-depth study of the catalyst function due to their ability
to operate in the form of a physical mixture.

Zeolite Sites Participating in the Bifunctional
Reaction Mechanism

These results and the data reported in (8) suggest that
the zeolite participates in the mechanism via its acidic sites.
However, the catalysts system works under conditions in
which solid-state ion exchange would be expected to take
place. Figure 2 compares *H NMR spectra of the CeO,/
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FIG.2. 'H-MAS NMR spectra of CeO,/H-ZSM-5(3), by precipita-

tion. Curves: (a) prior to catalysis (dehydrated by evacuation at 673 K);
(b) after catalysis (standard reaction conditions, 873-673 K, for ~8 h); in
brackets, concentrations of octahedrally coordinated Al as evaluated in a
parallel ¥ Al NMR measurement (spectra not shown).
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H-ZSM-5(68) precipitate catalyst prior to catalysis, i.e., af-
ter vacuum dehydration at 673 K, and after a catalytic run
at temperatures between 873 and 673 K. The loss of acidic
protons indicated by the signal at ~4.2 ppm is obvious. Also
given are concentrations of octahedreally coordinated Al
in these samples as obtained in a parallel 2’ Al NMR study
(11) (the spectra, which exhibit the known signals for tetra-
hedrally and octahedrally coordinated Al, are not repro-
duced). The loss of Brgnsted sites is larger than could be
expected from the extent of dealumination detected. Al-
though this result is not entirely conclusive since 2 AINMR
may fail to detect certain forms of extraframework Al (14),
some transfer of cerium cations to intrazeolite cation posi-
tions appears quite likely. Even a small extent of solid-state
ion exchange into zeolite layers adjacent to the CeO; crys-
tals may, however, suffice to create a situation described
by Yokoyama and Misono (15) wherein NO, formed over
extrazeolite CeO, (or MnO,) crystals was proposed to facil-
itate HC-SCR of NO (reductant propene) over intrazeolite
Ceions.

Figure 1 shows further the results of some experiments
aiming at the detection of such a possible interaction be-
tween extra- and intrazeolite Ce in our system. These exper-
iments were designed to exclude any influence of irrepro-
ducibilities, which may occur in the precipitation step of our
catalyst preparation. Curves ¢ and d compare the catalytic
behavior of physical mixtures of CeO, with H-ZSM-5(«)
and with the same zeolite partially exchanged with cerium
(Ce,H-ZSM-5(«)). This comparison shows that the intro-
duction of Ce ions into ZSM-5 causes the catalytic activity
of the mixture to decrease considerably, which is opposite
to the observations reported with similar mixtures for the
reductant propene (15). With the CH, reductant, it is clear
that the presence of intrazeolite Ce decreases the activity
for selective NO reduction. At the same time it may be
noted that there is also a difference between the activities
of the physical mixtures of CeO, with different H-ZSM-5
materials ((«) and (B), cf. Fig. 1A, curves b and c). This will
be discussed below.

Figure 1B reports NO conversions over precipitate cata-
lysts prepared with Na-ZSM-5(8) or ion-exchanged Ce,H-
ZSM-5(«). It is obvious that the NO conversions are quite
high even over the preparation with the sodium form
(curve a). Since the precipitation was performed with aque-
ous ammonia, a concomitant partial exchange of Na by
NH; ions, which would result in new acidic sites, may be
anticipated: indeed, the residual Nat content of this sam-
ple as determined by ICP-AES corresponded to an NH;
exchange degree of ~80%. Part of this material was re-
exchanged with Na* ions (1 mol/l NaNOs solution, 298 K,
overnight) to poison the acidic protons. This was done in
two portions: one of them was re-exchanged without any
pretreatment, and the other one was previously calcined
in air at 873 K for 2 h in order to stimulate solid-state ion
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exchange as is likely to proceed under the reaction condi-
tions. The poisoning of the protons resulted in a total loss
of NO reduction activity with or without an intermediate
calcination step (Fig. 1B, curves b, ¢). This implies that the
zeolite participates in the reaction mechanism via its pro-
tons (or Lewis sites formed from them under reaction con-
ditions), but not via Ce ions that may have been introduced
by solid-state ion exchange. The latter was also excluded by
the experiment with CeO; precipitated on Ce,H-ZSM-5(«).
While this preparation still provided a significant activity
(curve d), it was completely inactive after the re-exchange
treatment with sodium nitrate solution (curve e). It was
confirmed by a blank experiment that Ce ions were not
removed to any significant extent under the re-exchange
conditions employed: the Ce content of the Ce,H-ZSM-
5(«) parent zeolite was decreased by only ~20% by three
repeated re-exchange treatments.

The crucial role of zeolite Brgnsted sites was strongly
supported by a DRIFTS study of catalysts that provided
different activities for the selective reduction of NO with
methane. Figure 3A summarizes NO conversions obtained
under standard reaction conditions over precipitate cata-
lysts prepared with various ZSM-5 parent materials. There
are large differences in the performance of the catalysts
although no correlation with the bulk Si/Al ratio may be
noted: Indeed, the best results were obtained with samples
with Si/Al ratios of 14 and 19 while a material with Si/Al ~
12.5 is among the inferior catalysts (¢).

No correlation was found between the catalytic activities
achieved and various properties of these parent zeolites
as crystallinity (cf. Table 1), crystal size, micropore surface
area, and external surface area (11). Figures 3B and 3C
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show IR spectra of the ZSM-5 zeolites used for the prepa-
rations (O-H stretching modes, B; combination of O-H
stretching and in-plane deformation vibrations, C). In the
OH region, the signals at 3610, 3744, 3650, and 3780 cm !
are assigned to zeolite Brgnsted sites, silanol groups (ex-
ternal surface or structural defects), and bridging and ter-
minal OH groups of extraframework alumina, respectively
(16, 17). It may be noted from Fig. 3B that the zeolites dif-
fer strongly with respect to the ratio between the signals
for Brgnsted sites and silanol groups. This may be partly
ascribed to differences in crystal size, but the presence of
considerable amounts of extraframework alumina is also
obvious in most of the materials studied. ZSM-5 materials
providing active catalysts («, 8, y, cf. Fig. 3A) are charac-
terized by strong bands for Brgnsted sites and weak signals
for silanol groups. The difference is even more clearly re-
flected in the region of the combination modes (Fig. 3C),
where the silanol combination vibration is expected around
4550 cm~! while the analogous signals of Brgnsted sites and
bridging OH groups of extraframework alumina should ap-
pear at 4660 and 4630 cm™?, respectively (18), and may re-
main unresolved. In our study, the broad band at 4646 cm™!
obviously may be assigned to the combination mode of the
Brgnsted sites. It is shifted to lower wave numbers in sam-
ples in which extraframework aluminium is abundant (e.g.,
n, €, o, see Fig. 3B) due to a contribution of the signal from
AI-OH groups at lower wave numbers. It may be noted
that the signal assigned to Bransted sites (4646 cm™! or
slightly below) is predominant with those parent materials
that yield active catalysts.

Since the study of the OH group signals does not exclude
apossible role of Lewissites (extraframework alumina, true
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FIG. 3. The role of zeolite protons in the selective catalytic reduction of NO by methane over CeO,/H-ZSM-5 catalysts. (A) NO conversions over
CeO,/H-ZSM-5 precipitates made of different H-ZSM-5 parent materials (for bulk Si/Al ratio see panel C); GHSV, 10,000 h~%; 1000 ppm NO; 1000 ppm
CHyg; and 2% O; in He. (B, C) DRIFT spectra of the H-ZSM-5 parent materials: B, OH stretching region; C, region of combination modes between
stretching and in-plane deformation vibrations of OH groups.
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TABLE 2

Type of Acidity Relevant for the Selective Reduction of NO with
Methane over CeO,/ZSM-5 Catalysts: Intensity Ratios between
Signals of Pyridine Adsorbed on Brgnsted and Lewis Sites (1540
and 1450 cm~1) of the Parent ZSM-5 Zeolites and NO Conversions
over CeO,/H-ZSM-5 Precipitates Prepared with Them

ZSM-5 o B y n €

I (1540 cm™1)/1 (1450 cm—1)? 2,7 34 37 1,6 0.8
X(NO), %, at 823 K" 47 54 59 23 25

aError margin, £0.3.
b Error margin, +2.

Lewis sites) the role of the latter was investigated by an
IR study of pyridine adsorption over the zeolites involved.
Table 2 shows intensity ratios between IR bands charac-
teristic of Brgnsted and Lewis sites and compares them
with NO conversions at 823 K under standard reaction
conditions. It is obvious that the highest conversions are
obtained with catalysts prepared from materials with high
Brgnsted/Lewis ratios.

It appears from these results that ZSM-5 materials that
are well crystalline as judged from their framework vibra-
tions may exhibit large differences regarding the degree of
Al incorporation into the framework. The techniques used
to assess this property with low-silica zeolites (*°Si and 2’ Al-
MAS NMR) are near their limits of application with the
high-silica materials employed here because of the low Al
concentration and the fact that some forms of extraframe-
work Al may escape detection by 2’ AI-MAS NMR (14). The
IR approach demonstrated here allowed us to characterize
the degree of Al incorporation into the lattice and to con-
clude that this property, which determines the number of
Brgnsted sites, is crucial for the activity of CeO,/H-ZSM-5
catalysts for the selective reduction of NO with methane.

It was also attempted to improve the catalytic activity of
a CeOy/H-ZSM-5 precipitate by increasing the strength of
the acidic sites. For this purpose, a ZSM-5 support («) was
subjected to a mild steaming procedure (10% H,O in He,
800 K), which is known to strongly enhance the hydrocar-
bon cracking activity (19). The origin of the extra activity
is still under debate. A particular acidity of the remain-
ing Brgnsted sites due to an interaction with Lewis sites
is often inferred (as summarized in (20)), but the effect
has been also assigned to an increased Lewis acidity (21).
Figure 4A shows the effect of mild steaming on the NO
reduction activity of catalysts prepared from the steamed
ZSM-5. Figure 4B reports cracking conversions in an n-
butane cracking experiment, the experimental details of
which are given in the legend. While the development of
cracking conversions with time-on-stream should not be
overemphasized, it is clear that these conversions increase
with the length of the steaming treatment. With respect to
the SCR reaction, however, the same treatment causes a
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decline of activity (Fig. 4A). Whatever the correct interpre-
tation of the trends in cracking catalysis, this result proves
that the zeolite participates in the NO reduction mechanism
with its Brgnsted sites, and not with its Lewis sites.

NO Oxidation

In the literature, the intermediate oxidation of NO to
NO. is often assumed to be part of the reaction sequence
of HC-SCR (15, 22-27). As to the active site of NO; for-
mation, both the redox component (22, 23) and the zeo-
lite protons (or Lewis sites resulting from them) (24-27)
have been considered to catalyze the NO oxidation step.
We studied the role of a possible NO, intermediate over
our catalyst system by comparing the reduction of NO and
of NO, by methane both in the absence and in the presence
of oxygen (Fig. 5A, catalysts based on ZSM-5(3)). The re-
sults show that the NO reduction is very slow in the absence
of oxygen as expected (curve b). NO, may be reduced both
in the presence and in the absence of oxygen, which sup-
ports its role as a reaction intermediate. The lower NO,
conversion in the absence of oxygen (curve d) is due to the
high redox activity of CeO, (vide infra), which leads to a
rapid equilibration between NO;, and NO and, hence, low
NO; concentrations along the catalyst bed at higher tem-
peratures. The increased NO, conversions in the presence
of 2% oxygen (curve c) may be explained by the higher
equilibrium NO; concentrations under these conditions.

The property of the CeO,/zeolite system to operate in
the form of physical mixtures allowed us to assess the con-
tribution of both catalyst components to the NO oxidation
step individually. For this purpose, the NO oxidation was
studied with CeO; and various zeolites at a GHSV 5-fold
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FIG. 4. Performance of mildly steamed ZSM-5(«) in n-butane crack-
ing and selective catalytic reduction of NO with methane. Steaming treat-
ment: 10 vol% H,O in He, 800 K, length as given in the figure. (A) NO
conversion in the NO reduction with methane over CeO,/H-ZSM-5
precipitates prepared from steamed parent zeolite; GHSV, 10,000 h™%;
1000 ppm NO; 1000 ppm CHy; and 2% O, in He. (B) n-butane conversion
in a cracking experiment over steamed parent zeolite; 50% n-butane in
Ar; 623 K; GHSV, 2400 h™.
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exceeding that of the SCR runs. The results were com-
pared with the NO reduction activity obtained with physical
mixtures of CeO, with the corresponding zeolites (Fig. 6).
Figure 6A shows that CeQO, is by far the most active NO
oxidation catalyst among the substances studied (the con-
versions measured with the zeolites, e.g., H-Beta, refer to
considerably lower GHSV, cf. Experimental). Even at the
higher space velocity used it provides equilibration between
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FIG.6. NO oxidation activity of catalyst components and perfor-
mance of their mixtures in the selective catalytic reduction of NO with
methane. (A) NO oxidation activity of CeO, and various zeolites (see
inset), compared with equilibrium conversions and empty reactor data;
1000 ppm NO; 2% O, in He; GHSV = 55,000 h~* for zeolites, ~700,000 h~*
for CeO; (cf. Experimental). (B) NO conversions in the SCR with methane
over physical mixtures of CeO, with zeolites, the NO oxidation activity of
which is reported in panel A. GHSV, 10,000 h~%; 1000 ppm NO; 1000 ppm
CHy; and 2% O; in He.
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NO and NO; already at 723 K. For reasons not understood
so far, the NO oxidation activity of the zeolites studied is
very divergent and clearly not correlated with either the
Si/Al ratio or the zeolite type.

Moreover, comparison of the NO oxidation activity of the
various zeolites with the SCR activity of CeO,-containing
mixtures with them reveals no correlation between these
two catalytic functions (Figs. 6A, 6B). Conversely, the per-
formance of the CeO,/H-Beta mixtures in NO reduction
is disappointing although H-Beta is a good NO oxidation
catalyst while H-ZSM-5 and H-MOR samples, which pos-
sess very low NO oxidation activity, provide much better
SCR catalysts. This seems even to indicate that zeolite NO
oxidation activity, which is known to be necessary for the
SCR reaction to proceed over acidic zeolites (22) (i.e., in
the absence of CeO;), may even interfere with the partic-
ular reaction mechanism that provides the excess activity
induced by the presence of CeO.. It is apparent from these
results that the NO oxidation function has to be assigned
to the extrazeolite CeO, in the composite system.

In our catalytic experiments it was found that the CeO,
surface accumulates NOy at temperatures between 570 and
670 K, probably in the nitrate form, which leads to imper-
fect N balances in this temperature range. NOy adsorbed
on CeO, by treatment with 1000 ppm NO, 10% O, in He at
673 K, with subsequent cooling in the same gas flow, des-
orbed in a subsequent TPD experiment (10 K/min) in two
peaks at ~673 (as NO,) and ~773 K (NO).

Methane Activation and Transfer Step between Sites

The assignment of the methane activation sites is less
straightforward since the activated form will easily couple
with NO; (or be produced by interaction with NO;) and
rapidly undergo consecutive reactions leading to N, and
carbon oxides. The position of the transfer step between
redox and acidic sites in the reaction sequence (prior to
or after methane activation) is also of relevance for the
identification of the methane activation site.

Figure 5B shows NO; conversions in the reaction with
methane over H-ZSM-5 (curve a) and CeO, (curve b).
These data should be compared with curve c in Fig. 5A,
which reports the NO; conversion over the complete cata-
lyst under the same conditions. It is obvious that CeO,
alone is unable to reduce even NO, to N, with methane
(Fig. 5B, curve b). H-ZSM-5 provides measurable conver-
sions, which are, however, significantly exceeded by the
conversions over the complete catalyst particularly at high
temperatures (Fig. 5A, curve c). The latter would not be
expected if the equilibration of NO and NO, were the only
function of CeO; in the SCR reaction sequence, with the re-
maining steps proceeding on zeolite sites. At temperatures
of 823-873 K, the equilibrium NO; concentration formed
from our standard feed mixture is in the range of only
75-50 ppm. This is rapidly established in the presence of
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FIG. 7. Selective catalytic reduction of NO with methane over CeO,
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the zeolite (900 mg), or placed in intermediate position (relative to gas
flow), comparison with activity of fully mixed components and of H-ZSM-
5. GHSV, 10,000 h~*; 1000 ppm NO; 1000 ppm CHj; and 2% O, in He.

CeO,. Over the pure H-ZSM-5, the NO, concentration
should remain significantly higher along the catalyst bed;
hence, larger N, formation should be found in the absence
of CeO.. Since the opposite is true, the interaction between
methane and NOy obviously starts on the CeO surface.

A similar conclusion was derived from an experiment in
which CeO; and H-ZSM-5 (y) were arranged in consec-
utive layers. These components provide NO conversions
of ~40% when completely mixed (Fig. 7, curves “physical
mixture,” X(NO) cited from Fig. 6B). Figure 7 reports NO
and methane conversions for arrangements with CeO, on
top of, in the middle of, or behind the zeolite bed and com-
pares them with the results of the physical mixture and the
pure H-ZSM-5. If the function of CeO, was just to pro-
vide NO; for a consecutive reaction over zeolite sites, the
NO conversion should decrease significantly as the ceria
is moved behind the catalyst bed. Instead, the NO conver-
sion remains constant and low (panel A) while the methane
conversions decrease (panel B). The latter proves that
the NO, formed over the CeO; s, indeed, transported along
the zeolite bed, but at the low concentrations possible above
750 K it obviously boosts only the methane total oxidation.
Hence, the contact between hydrocarbon and NO; (nitrate)
required for NOy reduction to proceed occurs on the CeO,
surface. In addition, Fig. 7 allows us to conclude that the
lifetime of the species that mediates the bifunctional inter-
action between CeO;and zeolite sites isshort: only real mix-
tures or precipitates, where CeO; and zeolite are in close
contact, exhibit the synergetic interaction between these
components.

This short-range transfer step may be directed from ze-
olite to ceria or vice versa. In the first case, the short-lived
intermediate would have to be an activated methane, i.e.,
a methyl radical. Although the ability of H-ZSM-5 to form
methyl radicals from methane at elevated temperatures
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cannot be ruled out, it certainly does not play a significant
role in the reaction mechanism under discussion. Since only
a small part of the zeolite crystal is near the external sur-
face, i.e., near CeO,, most of the methyl radicals formed in
the bulk of the zeolite particles would have to react with
the NO; provided by the ceria in a radical scheme, i.e., to
carbon oxides and NO. Such a mechanism could not ex-
plain any significant selectivity of the catalyst for the NO
reduction path.

The other transfer direction (CeO, — zeolite) implies
that the activation of methane occurs also on the CeO, sur-
face. This may be achieved with or without the assistance of
the adsorbed NO; (or nitrate) species. In the TPD experi-
ment after accumulation of NO, on the CeO, surface from
a NO/O, stream, NO was desorbed peaking at 773 K (vide
infra), presumably as a result of a thermal reduction of ni-
trate species. The presence of NO and O, may increase the
stability of this species, which might be, therefore, a candi-
date for the NO, 445 OF nitrate reaction intermediate men-
tioned. There is evidence in the literature that CeO, has a
low tendency to release methyl radicals into the gas phase
(28). This does not necessarily mean that it is not able to
form these radicals, but they may undergo consecutive oxi-
dation steps on the surface. In the presence of chemisorbed
NO; (or nitrate) the methyl radicals might be trapped to
form nitromethane, which is detached from the surface. Al-
ternatively, nitro- or nitrosomethane may be formed in a
NO,-assisted methane activation step. In this model, the
fate of these intermediates depends on their next surface
contact: if this surface is CeO, (as in the pure oxide) or a
zeolite without suitable active sites (Na-ZSM-5), they un-
dergo radical reactions resulting in carbon oxides and NO.
When, however, the CeO, crystal is adjacent to (or sup-
ported on) an acidic zeolite crystal a significant amount of
the reactive intermediates has the chance to escape into
the zeolite where they are further activated by Brgnsted
sites and undergo transformations to nitrogen and carbon
oxides, which have been discussed in the literature (29-32).

This reaction mechanism may be summarized as shown
in Scheme 1. While we do not claim that this scheme reflects
all surface processes in detail, it illustrates that over CeO,/

(nitrate)
o
NO + 120, «* NO, o <> NO, Ce0,
CH, + {0,} — CH; + OH,
NO, ,, (nitrate) + CH; —» CH;NO, Ce0,
NO, ,, (nitrate) + CH, + {O, } — CH,NO {CH,NO,} + OH,*
NO NO/NO,, CO/CO, H,0 CeOs0r
2 zeolite voids
CH,NO {CH;NO,} .
zeolite Bron-
NO,? Nz, CO/CO,, H0 sted sites

SCHEME 1
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H-ZSM-5 catalysts the bifunctional cooperation proceeds
via a reaction sequence that is very much different from
other mechanisms discussed in the literature so far, where
mere supply of NO; is often the only function assigned to
one of the catalyst components (14, 23-26, 33). A bifunc-
tional mechanism, which includes a short-lived intermedi-
ate species mediating the interaction between separate re-
dox and acidic sites has been reported recently for HC-SCR
(reductant propane) over Pt/Al,O3 (34) but the details of
the reaction path derived differ from our conclusions. It
should be noted that bifunctionality mediated via gas-phase
NO; is more favorable from a technological point of view
than the scheme presented above since the latter prevents
any technology involving reductant supply behind the oxi-
dizing catalyst component (33). Moreover, it will be shown
in a subsequent paper that the mechanism detected in our
work is very prone to reversible poisoning by water and
to irreversible deactivation by zeolite dealumination (35).
In summary, the present work confirms that bifunctional-
ity may be realized by different mechanisms in catalysts
for HC-SCR. Which type of mechanism is operative may
be elucidated by experiments in which the component that
supplies NO; is separated from the remaining catalyst (cf.
Fig. 7).

CONCLUSIONS

NO may be selectively reduced by methane over cata-
lysts consisting of CeO, admixed to or precipitated onto
H-zeolites, in particular H-ZSM-5. The catalytic functions
of this system have been studied by reaction experiments
and FTIR spectroscopy. The reaction proceeds via a bifunc-
tional mechanism, in which redox sites on the CeO, surface
cooperate with protonic sites of the zeolite; however, it was
proved that the bifunctional interaction is not mediated by
NO.. It is suggested that a short-lived intermediate (nitro-
or nitrosomethane) is formed from adsorbed NO; or ni-
trate and methane on the CeO, surface, which has to acti-
vate both NO and methane. The intermediate is detached
from the CeQ; sites and transformed to nitrogen and car-
bon oxides over Brgnsted sites of the adjacent zeolite. In the
voids of inactive zeolites (e.g., Na forms) or upon further
contact with CeO,, the intermediate undergoes unselective
radical chemistry resulting in carbon oxides and NO. This
mechanism is basically different from other bifunctional
mechanisms for HC-SCR discussed in the literature so
far.
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