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Palladium-exchanged H-mordenite catalysts (Pd-H-MOR)
were studied for the selective catalytic reduction of NO by CH4
(CH4-SCR). In situ UV-Vis results showed that the isolated Pd?*
ions coordinated to cation exchange sites, Pd(Oz)%, are present on
the dehydrated samples, and their amount increases linearly with
increasing Pd loading to 1.5 wt%. During the CH4-SCR reaction,
a Pd(Oz)3" complex interacting with NO is present as the main Pd
species, together with the bare Pd(Oz)3" and Pb(H20)%" complexes
as the minor Pd species. The reaction rate for CH4-SCR correlated
well with the amount of Pd(Oz)?" sites before the reaction, indicat-
ing that Pd(Oz)%" is involved in the crucial steps for NO reduction.
The kinetic results suggest that strongly adsorbed NO-derived
species and weakly held CHg-derived species are involved in the
crucial steps for NO reduction. In situ IR spectra showed that a
Pd**-NO complex (1860 cm™2) is a dominant adspecies during
CH4-SCR on Pd-H-MOR over a wide range of temperature. The
adsorbed NO species on Pd?t are reduced in a flow of CHy to
form NHjlr (3250 and 1430 cm~1) adsorbed on the zeolite acid site.
NH; on Pd-H-MOR rapidly reacts in a flow of NO or NO + Oy,
which can result in N, formation. The results indicate that a
Pd?*-NO complex and NHI play an important role as possible
intermediates, and thus both Pd(Oz)3" sites and Bransted acid sites
of a zeolite are required for this bifunctional catalysis. A proposed
mechanism is consistent with the Kkinetic results, indicating that
it can be the dominant NO reduction pathway during the SCR
reaction in a steady state.  © 2000 Academic Press

Key Words: selective reduction of NO; Pd—H-mordenite; in situ
UV-Vis; in situ IR; reaction mechanism.

1. INTRODUCTION

The selective catalytic reduction of NO by methane
(CH4-SCR) is a potential method to remove NOx from
natural-gas-fueled engines, such as lean-burn gas engines
in a cogeneration system (1). Pd-exchanged zeolites are
among the most active catalysts for CH4-SCR in the pres-
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ence of water vapor (2-4). Pd-zeolites can be the candidates
for practical use, if the problem of irreversible deactiva-
tion during the reaction in the presence of water vapor (4)
is solved. Recently, it was shown that, among Pd-zeolites,
Pd-H-MOR exhibits better durability than Pd—-H-MFI (4).

Many attempts have focused on the fundamental aspects
of CH4-SCR on Pd-zeolites. As for the supports for
palladium, zeolites are especially favorable for achieving
high de-NOy activity. It is widely believed that one of
the important roles of zeolite acid sites is to stabilize
molecularly dispersed PdO (or Pd?*) species (3-12), which
can be the active center for this reaction. However, the
structure of the active Pd species during the reaction and
the interaction of Pd species with reactant molecules are
rather ambiguous. Also, the mechanism of CH;-SCR on
Pd-zeolites, and hence the role of the Pd?* and H™ sites,
seems to be controversial in the literature. Lobree et al.
(12) proposed that Pd is a principal active component in
Pd-H-MFI, on the basis of the TPD-IR and MS results
that N, produced by the reaction of Pd-NO with CH,.
In contrast, Misono and co-workers (3, 13, 14), on the
basis of activity measurements, proposed a bifunctional
mechanism in which NO, formed on a Pd or H* site and
CHy formed on Pd reacting at the H* site to form N,
and COy. Adelman and Sachtler (6) support the idea of
bifunctional catalysis. They deduced that H* sites interact
with certain intermediates formed over Pd or NOy sites,
though they did not clarify the nature of the intermediates.
Hence, the involvement of H* sites in a certain step of the
reaction is still limited in the speculative proposal.

Thisstudy presentsin situ spectroscopic characterizations
of the active site structure and reaction mechanism for CH,-
SCR on Pd-H-MOR. The state of Pd** species in various
gas mixtures is monitored by using in situ UV-Vis. Dynamic
behavior of the surface adspecies during the reaction are
monitored by using in situ FTIR. Combined with kinetic
results, a mechanism is proposed, which involves NO ad-
species on Pd?** and NH3 bonded to H* as possible inter-
mediates. The results clarify the possible role of Pd** and
H* sites and extend the earlier suggestion of bifunctional
catalysis in terms of surface chemistry.

0021-9517/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



152

2. EXPERIMENTAL

H-form Mordenite (H-MOR) with a SiO,/Al,O3 ratio
of 20 was supplied from Sid-Chemie Nissan Catalysts Inc.
Pd-exchanged H-MOR (Pd-H-MOR) was prepared by an
ion exchange method using an aqueous solution of Pd(II)
acetate for 24 h at 353 K, followed by drying at 393 K for
12 h and by calcination in air at 773 K for 5 h. Pd loading
was confirmed by ICP.

The catalytic test was performed with a fixed-bed flow
reactor by passing a mixture of 1000 ppm NO, 2000 ppm
CH,, and 10% O, in He at a rate of 100 cm®min~! over
0.02-0.5 g of catalyst. Prior to the experiment, the catalyst
was heated in 10960,/He at 823 K for 1 h. After steady state
was reached, effluent gas was analyzed by a NOy analyzer
(Best BCL-100uH) and by a gas chromatograph with 13X
molecular sieve and Porapak Q columns. The rates of NO
reduction to N, and CH, oxidation to CO, were measured
under the conditions where NO and CH, conversions were
below 30%. Since the present reaction can be regarded as
competitive oxidation of a hydrocarbon by NO and O,, the
selectivity for SCR can be defined as the ratio of oxygen
atoms supplied from NO to all oxygen atoms reacted with
hydrocarbonsto CO and CO; (15). In the case of CH4-SCR,
the selectivity is represented as 2N,/(3CO + 4CO,) x 100
(%0). The selectivity is equal to 100%, in the case of com-
plete selective oxidation of hydrocarbon by NO, and it de-
creases as the contributions of the CH4 + O, reaction in-
creases. The selectivity used in this study corresponds to
half of the selectivity defined by Armor (1) and a group of
Descorme et al. (9).

The UV-Vis experiments were conducted with a UV-
Vis spectrophotometer (JASCO V-750). In situ diffuse re-
flectance spectra were taken in the range 240-800 nm. An
in situ cell designed by JASCO Co., Ltd. connected to a con-
ventional flow reaction system was used to perform mea-
surements under reaction conditions at high temperatures
up to 673 K. The integrating sphere was externally inter-
faced with the UV-Vis spectrophotometer through the use
of fiber optic cables. The cell was designed so that the in-
tegrating sphere could be directly attached to the quartz
window of the cell. The composition of the reaction gas
mixture was the same as that of catalytic tests, and the flow
rate was 50 cm®min—1.

In situ IR spectra were recorded on a JASCO FT/IR-
620 equipped with the IR cell connected to a conventional
flow reaction system, which was used in our previous stud-
ies (16, 17). The samples were pressed into self-supporting
discs (0.06 g) and mounted into a quartz IR cell with CaF,
windows. The spectra were measured at reaction temper-
atures at a resolution of 2 cm™. A reference spectrum of
the catalyst wafer in He was subtracted from each spectrum.
Since the contribution of external CO, cannot be neglected,
the bands at 2300-2400 cm ™! attributed to gaseous CO, are
not discussed. Prior to each experiment, the catalyst was
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heated in 109%0,/He at 823 K for 1h, then cooled to the
desired temperature, and purged for 30 min with He. The
composition of the reaction gas mixture was the same as
that of catalytic tests, and the flow rate was 42 cm® min—2.
The time required for a complete flushing of the cell was
ca. 3 min.

3. RESULTS

3.1. Catalytic Tests of CH4-SCR on Pd-H-MOR

Figure 1 shows results of the selective reduction of NO
by CH,4 over Pd-H-MOR catalysts. The rates of NO reduc-
tion and CH, conversion, the selectivity for SCR, and the
N, selectivity defined as No/(N2 + N2O) x 100 are plotted as
a function of Pd loading. H-MOR showed low activity and
high selectivity for SCR. With an addition of Pd, the rates of
NO reduction and CH4 conversion increased, while the se-
lectivity for SCR decreased. A rather high SCR selectivity
of 0.3 wt% Pd-H-MOR may be due to a contribution of the
NO reduction occurring on the surface of H-MOR. Above
0.5 wt%, the activity increased with an increase of Pd load-
ing, while the selectivity for SCR remained constant. Above
0.5 wt%o, the activity increased with an increase of Pd load-
ing, while the selectivity for SCR remained constant. On
Pd-MOR catalysts, a small amount of N,O was produced.
Asshown in Fig. 1, the N, selectivity decreased with Pd con-
tent and it was around 90% on the 1.5 wt% Pd-H-MOR
sample.

Figure 2 shows the effect of NO, CH,4, and O, concentra-
tions on the rates of NO reduction and CH,4 conversion for
SCR by CH, at 623 K. As shown in Fig. 2a, the NO reduc-
tion rate increased with increasing NO concentration up to
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FIG. 1. The ratesof (O) NO reduction to N, and (@) CH,4 conversion
to COy, (O) the selectivity for SCR and (V) the N, selectivity defined as
N2/(N2 4+ N20) x 100 on Pd-H-MOR catalysts at 623 K as a function of
Pd loading. Conditions: NO = 1000 ppm, CH;= 2000 ppm, O, = 10%,
W/F=0.01-0.3gscm™3.



CH4-SCR OVER Pd-H-MOR

153

150 150 b 150 c
T 400 %, "o [ O a0 = T 400 =,
'OD Tol) :ZD | /. 'Ton 'DD TOD
=} — =) r . o =) —
100 g 100} . e & e
£ e 2 E S :
g BT 2 N s 2 B
5 i 200 8 E | —200 § E 200 &
o @] r = o
50 = 50 ol
>, 5 4 N | g Z i &)
[t
0 Y ' 1 L | 0 oL 1t | SE E RATE 0
%’ 500 1000 1500 1000 2000 0 5 10
[NOY ppm [CH,}/ ppm [02)/ %
FIG. 2. Ratesof (O) NO reduction to N, and (@) CH, conversion to CO on 0.7 wt% Pd-H-MOR at 623 K as a function of (a) NO concentration,

(b) CH,4 concentration, and (c) O, concentration. Conditions: (a) CH4 = 2000 ppm, O, = 10%, (b) NO = 1000 ppm, O, = 10%, and (c) NO = 1000 ppm,

CH,;=2000 ppm.

500 ppm. Below 500 ppm NO, the empirical reaction order
for NO reduction with respect to NO was about 0.6. At
higher NO concentrations (above 500 ppm), the empirical
reaction order for NO reduction was close to zero, which
suggests that most of the surface of Pd-H-MOR is covered
with strongly adsorbed NO-derived species during the reac-
tion. Asshown in Fig. 2b, the rates increased with increasing
CH,concentration. The empirical reaction order for NO re-
duction with respect to CH4 was 0.7. The result in Fig. 2¢
shows that NO reduction occurs, even in the absence of
O,, as reported in the previous studies of CH4-SCR on Pd-
H-MFI catalysts (12, 13). With an addition of 1% O, the
rate of CH, oxidation greatly increased, while that of NO
reduction slightly increased. With a further increase of O,
concentration, the rate of CH,4 oxidation slightly increased,
while that of NO reduction remained constant. The empir-
ical reaction order for NO reduction with respect to O in
the range 1-10% O, was close to zero. In summary, under
the standard reaction conditions (1000 ppm NO, 2000 ppm
CHy, and 10% O,) at 623 K, the empirical reaction orders
for NO reduction with respect to NO, CH,4, and O, were 0,
0.7, and 0, respectively. From the kinetic results, it is sug-
gested that a strongly adsorbed NO-derived species and
weakly held CHy-derived species are involved in the cru-
cial steps for NO reduction. The presence of O, is not es-
sential for this system, but it contributes to a nonselective
oxidation of CH,4 and a slight promotion of SCR.

3.2. In Situ UV-Vis Results in Various Gas Mixtures

Figure 3A shows in situ UV-Vis diffuse reflectance spec-
tra of Pd-H-MOR samples with various Pd loadings. The
samples were calcined at 823 K in 10% O, and then purged
with He, and then the spectra were taken in situ in a flow
of He at 623 K. In the spectra of Pd-H-MOR samples, an
absorption peak centered around 460-480 nm and a strong
absorption below 250 nm were observed. Previous works
(18, 19) established the assignment of the absorption peak

around 460-480 nm on Pd**-exchanged zeolites; the band
is assigned to the d-d transition of the isolated Pd** ions
coordinated to the framework oxygens of zeolites (Oz), i.e.,
cation exchange sites of zeolites. The absorption band be-
low 250 nm was previously observed for the [Pd(NH3)4]**
complex onsilica and was tentatively assigned to the LMCT
transition between oxygen of the support and Pd?* (20). Al-
though the band below 250 nm was observed for H-MOR,
its intensity increased as the Pd loading increased. Thus, the
band below 250 nm can be assigned to the LMCT transition
between framework oxygens of zeolite and Pd?*. As shown
in Fig. 3A, the intensity of the d—d band around 460-480 nm
increased as the Pd loading increased. The area of the d-d
band was plotted as a function of Pd loading in Fig. 3B. A
linear relation was obtained between the d—d band intensity
and Pd loading in a whole range of Pd loadings employed
in this study.

Figure 4 shows changes in the in situ UV-Vis spectra of
the 1.5 wt% Pd-H-MOR sample in a flow of various gas
mixtures. In the spectrum of the freshly prepared sample
(ex situ, spectrum a), the d-d band was centered around
390-410 nm. The position of the d-d band reported by
Rasmussen and Jgrgensen for the Pd(HZO)i’L complex
was 379 nm (21). Thus, the band around 390-410 nm can
be assigned to the Pb(H,0)2* complex present in the ze-
olite. After calcination of this sample at 823 K in 10% O,
followed by purging with He at 623 K (spectrum b), the
d-d band was shifted to the lower energy region and was
centered around 480 nm. This indicates that, after the cal-
cination, dehydration of the Pb(H,0)2* complex occurs,
resulting in the formation of bare Pd*" ions coordinated
to the cation exchange sites of the zeolite, the Pd(O;)2*
complexes. As for the LMCT band region (Fig. 4A), the
intensity of the band below 250 nm increased after the cal-
cination (spectra a to b). This indicates that desorption of
H,O ligands results in a certain change in the electronic
state of the Pd—-O bond. After the calcined sample was ex-
posed to a flow of 1000 ppm NO at 623 K (spectrum c),
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FIG.3. (A) In situ UV-Vis diffuse reflectance spectra in flowing He
for 30 min at 623 K after calcination at 823 K in 10% O: (a) H-MOR and
Pd-H-MOR with a Pd loading of (b) 0.3 wt%, (c) 0.5 wt%, (d) 0.7 wt%,
and (e) 1.5 wt%. (B) Integrated intensity of the d—d band around 460—
480 nm as a function of Pd loading.

a broadening of the d—d band and a slight shift of the ab-
sorption maximum of the d-d band to the higher energy
region (around 450-470 nm) were observed. Also, the in-
tensity of the LMCT band below 250 nm decreased. These
results suggest an interaction of Pd(O,)2* complexes with
NOy adspecies. After the calcined sample was exposed to
a flow of NO + CH4+ O, at 623 K (spectrum d), the d-d
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band shifted to the higher energy region and was centered
around 450 nm. The band is broadened, and it is likely that
shoulder peaks are present around 400 and 480 nm. In ad-
dition, Fig. 4A shows a significant decrease in the intensity
of the LMCT band after the calcined sample was exposed
to a flow of NO + CH,4 + O,. However, the area intensities
of the d—d bands centered around 460-480 nm in spectra b
and d were estimated to be 8.8 and 12.5 nm, respectively;
i.e., the intensity of the d—d band did not decrease in the
reaction. It is suggested that Pd>* species are the main Pd
species during the CH;-SCR reaction.

3.3. Formation of Adsorbed Species on Pd-H-MOR
in Various Gas Mixtures

Figure 5 shows the IR spectra of adsorbed species on Pd—
H-MOR at 673 K in flowing various gas mixtures in a steady
state. In a flow of NO (spectrum b), a strong band centered
at 1860 cm~! was observed. Previously, Che et al. (22) re-
ported NO adsorption on a Pd-Y zeolite and observed the
band at 1865 cm™!. They assigned the band to the linear
nitrosyl complex bonded to Pd?* ions in supercages. Aylor
et al. (5) also reported that a band at 1866 cm~%, which
was observed by NO adsorption on Pd-H-MFI, is assigned
to NO bonded to molecularly dispersed PdO in ion ex-
change sites of MFI. Thus, the band at 1860 cm~! is assigned
to NO bonded to Pd?* ions (Pd’*-NO) in ion exchange
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FIG.4. The CT band (A) and the d-d band (B) regions in in situ
UV-Vis diffuse reflectance spectra of 1.5wt% Pd-H-MOR (a) at 300 K
without any pretreatment (ex situ), (b) after calcination in 10% O, at
823 K for 30 min, followed by purging in He for 30 min at 623 K, (c) in
flowing 1000 ppm NO at 623 K for 30 min after (b), and (d) in flowing
NO + CH4+ O, at 623 K for 30 min after (b).
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FIG. 5. IR spectra of adsorbed species on 0.7 wt% Pd-H-MOR in a

flow of (a) NO + CH, + O, for 20 min, (b) NO for 20 min, (c) NO + O, for
20 min, and (d) CH4+ O, for 20 min at 673 K.

sites of MOR. In NO + O, (spectrum c), a band due to
Pd**-NO (1860 cm™) and bands at 1600 and 1630 cm™*
were observed. Cheung et al. (23) and Hoost et al. (24),
who both performed IR studies with Cu-ZSM-5, assigned
bands between 1600 and 1630 cm~! to NO,-derived ad-
species. According to the assignment by Li and Armor,
the bands at 1600 and 1630 cm~! are most likely to be
due to nitro and nitrito species, respectively (25). During
NO + CH4+ O, reaction at 673 K (spectrum a), a strong
band due to Pd**-NO (1860 cm™1) was observed together
with the bands due to CH4 in a gas phase (3018 cm™).
Figure 6 shows IR spectra during NO + CH4 + O, reaction
at various temperatures (573 to 823 K) in the steady states.
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FIG. 6. IR spectra of adsorbed species in a flow of NO + CH;+ O;

over 0.7 wt% Pd-H-MOR (a) at 823 K for 30 min, (b) at 773 K for 30 min,
(c) at 723 K for 30 min, (d) at 673 K for 45 min, (e) at 623 K for 45 min,
and (f) at 573 K for 45 min.
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FIG. 7. IR spectra of adsorbed species in flowing NO + CH4+ O, at

673 K for 45 min on (a) H-MOR, and Pd-H-MOR with Pd loadings of
(b) 0.3 wt%, (c) 0.5 wt%, (d) 0.7 wt%, and (e) 1.5 wt%.

The strong band at 1860 cm~! was observed over a wide
range of temperatures, which indicates that Pd*>*-NO is
the most abundant adspecies during the reaction. Bands
around 1600-1630 cm~* possibly due to NO, adspecies were
observed, though their intensity was very low. Very weak
bands observed at 2210 and 2240 cm~* may be due to—-NCO
and —CN species, respectively (26), or N,O (27).

Figure 7 shows the IR spectra recorded during
NO + CH4+ O, reaction at 673 K in the steady states on
Pd-H-MOR with various Pd loadings and on H-MOR.
As for H-MOR, the band at 1860 cm~ was not observed,
but the bands due to NO, adspecies (1600 and 1630 cm™1)
were observed. In the case of Pd-H-MOR, the Pd**-NO
(1860 cm~1) was observed as the main adspecies. The in-
tensity of the Pd**-NO (1860 cm™1!) band increased with
an increase of Pd loading. Also, very weak bands due to
NO, adspecies and -NCO and —CN species or N,O (2210
and 2240 cm~1) were observed.

3.4. Reaction of Adsorbed Species on Pd-H-MOR

Figure 8B shows the changes in the integrated intensities
of the band due to Pd?*-NO (1860 cm™) as a function of
time. When the 0.7 wt% Pd-H-MOR sample was exposed
to a flow of NO + CH,+ O; at 673 K, the intensity of the
band due to Pd?>*—~NO sharply increased and reached al-
most constant after 5 min. This indicates that the Pd?*-NO
complex is immediately formed in the reaction.

To examine the reactivity of Pd**-NO species, a transient
response of IR spectra was examined at 673 K. After the
spectrum during CH4-SCR (Figure 8A, spectrum a) was ob-
tained, the gas flow was switched to 2000 ppm CH, and the
surface reaction was followed by in situ IR. The changes in
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FIG.8. (A) IR spectra of adsorbed species on 0.7 wt% Pd-H-MOR

at 673 K in flowing (a) NO + CH4+ O, for 45 min, after (a) in flowing
2000 ppm CH, for (b) 12 min, (c) 14 min, (d) 16 min, (e) 25 min, and after
(e) He flow for 10 min (f), after (f) NO flow for (g) 2 min, and (h) 10
min. Spectra (i) and (j) were measured after an introduction of NH; (0.6
mmol/g) on H-MOR and 0.7 wt% Pd-H-MOR, respectively, at 673 K and
subsequent He purge for 10 min. (B) Time dependence of the integrated
areas of the Pd?*-NO band (O, 1860 cm~*) and NH; bands (#, 3250 cm~*
and <, 1430 cm™1).

the integrated intensities of the band were shown in Fig. 8B.
After an induction period of ca. 12 min, the band due to
Pd**—NO dropped to zero (spectra b to e). Simultaneously,
bands at 3250 and 1430 cm™! appeared, and its intensity
increased as the intensity of the Pd?>*-~NO band decreased.
The couples of bands at around 3250 and 1430 cm~* are
assigned to NH deformation vibrations and NH stretching
frequencies of NH; on a zeolite acid site (28, 29). Note that
the same bands (3250 and 1450 cm~1) were also observed
when NHj3 was introduced onto H-MOR (spectrum i) or
Pd-H-MOR (spectrum j) at 673 K. From these results, it
is shown that the NO adspecies on Pd?* sites reacted in a
flow of CH, to form NH; (NH; bounded to the Brgnsted
acid sites of a zeolite). After the NH; bands were obtained,
followed by purging with He (spectrum f), the gas flow was
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switched to 1000 ppm NO and the surface reaction was fol-
lowed by in situ IR (spectra g and h). After NO was intro-
duced, NH; bands immediately dropped, which suggests
that NH; is reactive toward NO species.

The transient experiment mentioned in Fig. 8 was carried
out at various temperatures. The result (Fig. 9) shows that
at each temperature except for 573 K, the Pd>*-NO band
(1860 cm™1) dropped to zero after the induction periods,
and simultaneously, the NH; band (1430 cm™!) appeared.
As the reaction temperature was increased, the induction
period became shorter and the rate of the Pd>*-NO band
drop increased. The presence of induction periods suggests
that the adsorbed NO species do not directly react with CH4
in the gas phase.

The reactivity of NH; ions toward NOy species on H
and Pd?* sites was confirmed by IR as follows. NH3; was
introduced onto 0.7 wt% Pd-H-MOR or H-MOR at 673 K
as a pulse in the He carrier, followed by purging with He
for 10 min, and then the gas flow was switched to O, NO,
or NO + O,. Figure 10 shows the change in the integrated
intensity of the NH; band (1430 cm™1) as a function of
time. On Pd-H-MOR, the NH band was relatively stable
in Oy, while it significantly decreased in NO + O,. NH;{ on
H-MOR also reacted rapidly with NO + O,. Considering
the result that the IR band due to the NO, species (1600
and 1630 cm™!) appeared in a flow of NO 4+ O, on Pd-H-
MOR (Fig. 5) and H-MOR (not shown), the above results
indicate that NH; on Pd-H-MOR and H-MOR is reactive
toward NO; species formed by NO + O,. In a flow of NO,
NH; on H-MOR was relatively stable, while NH; on Pd-
H-MOR decreased much faster. This suggests that NH; is

NO+CH4+0, .

-1

Pd**-NO area/cm"'
S
NH4+ area/cm

Time/ min

FIG.9. Dynamicchangesintheintegrated areas of the Pd>*~NO band
at 1860 cm~! (open symbols) and NH; bands at 1430 cm~! (close symbols)
asafunction of time in flowing 2000 ppm CH,at (A, A) 573K, (<, ) 623 K,
(O, @) 673 K, and ([J, W) 773 K over 0.7 wt% Pd-H-MOR. Before the
measurement, the catalyst was pre-exposed to a flow of NO + CH;+ O;
for 45 min at various temperatures.
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FIG.10. Time course of the relative intensities of the NH; band
(1430 cm™1) in (O) NO + 0, (A) NO, and () O, on 0.7 wt% Pd-H-
MOR, and in (®) NO + Oz and (A) NO on H-MOR at 673 K. Before the
measurements, NH; (0.6 mmol/g) was introduced at 673 K, followed by
purging in a flow of He for 10 min. Conditions: 1000 ppm NO and 0 or
10% O,.

also reactive toward NO species activated on the Pd?* sites,
i.e., Pd>*-NO species.

4. DISCUSSION

4.1. State of Pd Species Required for CH4-SCR

Summarizing the in situ UV-Vis and in situ IR results,
combined with the results in the literature, the state of palla-
dium in H-MOR is discussed as follows. The UV-Vis spec-
trum of the freshly prepared sample (ex situ) shows that
the Pd(H,0)2* complex is present as the main Pd species
in Pd-H-MOR (Fig. 4). After calcination at 823 K, dehy-
dration of the Pd(Hzo)ﬁJr complex occurs, leading to the
formation of isolated Pd?* in cation exchange sites of H—
MOR, Pd(O,)2*. The increase of the LMCT band intensity
after calcination may suggest an electron-deficient nature
of the exposed Pd?* center. As shown in Fig. 3B, the amount
of Pd(O,)2" species increases linearly as the Pd loading in-
creases, which suggests that Pd(O,)2* species are the main
Pd species in the samples. This proposal is almost consis-
tent with previous studies concerning the state of Pd species
in Pd-exchanged zeolite (4, 5, 10, 18, 30). A Raman spec-
troscopic study by Ohtsuka and Tabata (4) confirmed the
absence of PdO crystallite on the Pd-H-MOR, suggesting
that Pd is maintained in a highly dispersed state. Pommier
and Gelin (30) reported that an interaction of Pd** ionswith
the lattice O~ ions of MFI was confirmed by the IR band
at 928 cm™, attributed to distorted T-O (T =Si, Al) vi-
brations. They proposed that the exchanged Pd species are
present as isolated Pd?* oxo and/or hydroxo complexes.
UV-Vis and EXAFS study by Zhang et al. (18) showed
that exchanged Pd species in Pd-Y are present as bare Pd?*
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ions coordinated to four O; ions after calcination. Recently,
Ogura and Kikuchi (10) reported a quantification of Pd?*
ions in Pd—H-MFI by using NaCl titration. They showed
that, below 0.7 wt% Pd, the whole Pd is present as the
isolated Pd?* ions. It should be noted that the SiO./Al,O4
ratio in our H-MOR is half that of H-MFI used by Ogura
and Kikuchi; i.e., a density of cation exchange sites of the
former is twice as high as the latter. From the above dis-
cussions, it can be concluded that the isolated Pd?* oxo
and/or possibly hydroxo complexes are the dominant Pd
species in our Pd-H-MOR samples after dehydration, and
its amount increases linearly with increasing Pd loading to
1.5 wt%.

After the desorption of H,O ligands, the exposed Pd?*
cations are expected to be the active site for guest molecules.
In situ IR results (Fig. 5) show that the Pd**-NO com-
plex is formed in a flow of NO. In situ UV-Vis results
(Fig. 4) also provided evidence of the interaction of Pd?**
ions with NO adspecies; the position of the d—d band in a
flow of NO (around 450-470 nm) is slightly higher in en-
ergy than that of the calcined sample (480 nm), and the
intensity of the LMCT band decreases after NO adsorp-
tion. During the CH;-SCR reaction, the Pd?*-NO species
are the main adspecies (Figs. 5-7). In situ UV-Vis results
(Fig. 4) suggest that Pd?* species are the main Pd species
during CH,4-SCR reaction. This is consistent with previous
XAFS results by Ali et al. (7), who showed that highly dis-
persed Pd** species are present in Pd—H-zeolites during the
CH4-SCR reaction. In addition, the d-d band centered at
450 nm and a shoulder at 480 nm would suggest the presence
of Pd?*-NO species as the main Pd species and Pd(Oz)2*
species as the minor species, respectively. The presence of
a shoulder around 400 nm suggests that a part of the Pd**
ions are hydrated, forming a Pd(H,0)2* complex. The fact
that the intensity of the LMCT band is much lower than
the calcined sample may be due to the electron donation
by adsorbed NO and H,O molecules to electron-deficient
Pd?* ions. From these results, it can be concluded that, dur-
ing the reaction, Pd?*-NO species are present as the main
Pd species, together with Pd(Oz)2* and Pd(H,0)2* com-
plexes as the minor Pd species. When NO concentration is
low (below 500 ppm), surface coverage of NO adspecies
becomes lower; i.e., the fraction of the vacant Pd?* sites
becomes higher. This should explain a fractional order for
NO reduction with respect to NO obtained below 500 ppm
NO (Fig. 2a).

Figure 11 plots the reaction rates and the intensity of the
IR band due to the adsorbed NO on the Pd?** ion during
CH4-SCR reaction as a function of the relative amount of
Pd(Oz)2* species determined from UV-Vis results (Fig. 3).
Clearly, the reaction rate and the concentration of Pd?>*-NO
species during the reaction correlated well with the amount
of Pd(Oz)2* sites. This indicates that the Pd(Oz)* site is
involved in the crucial steps for NO reduction, including
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FIG. 11. Theratesof (O) NO reductionto N, and (@) CH,conversion
to COy at 623 K and (<) the intensity of the Pd?>*-NO band at 1860 cm™*
during CH4-SCR at 673 K on Pd-H-MOR catalysts (from Fig. 7) as a
function of the relative amount of the Pd(O,)2" complex estimated from
the integrated intensity of the d—d band around 460 nm (from Fig. 3B).

the adsorption of NO. A rather low activity of 0.3 wt% Pd-—
H-MOR will be explained later.

4.2. Reaction Mechanism of CH4-SCR on Pd-H-MOR

The transient response of IR spectra (Figs. 8 and 9)
showed that the Pd**-NO band dropped to zero after an in-
duction period, and simultaneously, the bands due to NH;
appeared. As the reaction temperature was increased, the
induction period became shorter and the reaction rate of
the NO adspecies on Pd*" increased. It is clear that the
NO adspecies are reduced in a flow of CH,4 to form NHs,
which is then bounded to the Brgnsted acid sites in zeolite
as NH; . However, the presence of an induction period sug-
gests that adsorbed NO species do not directly react with
gaseous CHy. In the literature concerning the CH4-SCR
mechanism (14, 31), the activation of CH, to form a CHy
intermediate is proposed to be an important step. Cowan
et al. (31) proposed that the rate-determining step in CHy-
SCR on Co-H-MFI is the abstraction of a hydrogen atom
from CH, to form a methyl species. This methyl species
was proposed to be the intermediate that is reactive toward
NOy. Misono and co-workers (14) examined the kinetic iso-
tope effect for CH4-SCR on Pd-H-MFI and showed that
the dissociation of the C—H bond of CHy, is one of the slow
steps. On the basis of activity measurements, they suggested
that the activation of CH, occurs on the Pd site (3). Thus,
it is deduced that the adsorbed NO on Pd-H-MOR does
not react with CH,4 but with CHy species derived from the
dissociation of the C-H bond of CH,4 over Pd?* sites. This
proposal is supported by the kinetic result (Fig. 2b) that the
empirical reaction orders for NO reduction with respect to
CHjwas 0.7, suggesting that CH4 molecules weakly interact
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with the surface of Pd-H-MOR. Taking into account the
results of kinetics (Fig. 2a) and in situ UV-Vis (Fig. 4) that
most of the Pd?* sites are covered with strongly adsorbed
NOy species during the reaction, the induction period be-
fore the Pd?"-NO drop (Figs. 8 and 9) may be explained
as follows. During the reaction, most of the Pd** ions are
covered with NO adspecies, and the concentration of the va-
cant Pd?* sites is very low when the gas is switched to CH,.
After the induction period, where the desorption and/or
the reaction of NO adspecies with CHy formed on vacant
Pd?* sites occur, a sufficient amount of the vacant Pd?* sites
becomes available for CH, activation to CHy species, and
then Pd?*—NO reacts immediately with CH,.

It is well established that NH; on H-zeolite is efficient
in reducing NOy to N (28, 32). We have confirmed the re-
activity of NHJ ions with NOy species by using in situ IR.
The result in Fig. 10 indicates that NH; on Pd-H-MOR
and H-MOR is reactive toward NO; species formed by
NO + O,. Eng and Bartholomew confirmed that NO,-type
species formed by NO + O, on H-zeolites react with NH;
to produce N, and H,O (28). Therefore, the reaction of
NH; with NO; species over Pd-H-MOR should result in
the formation of N, and H,O. In addition, NHjlr is also re-
active toward Pd**-NO species (Fig. 8 and 10). It is inter-
esting to note that NH; (or NH3) has been suggested as
a possible intermediate for other HC-SCR systems over
zeolite-based catalysts: SCR of NO; by C3Hg on H-MOR
(29), CH4-SCR on Co-H-MFI (33), and SCR by C3Hg or
C3Hg on Cu-H-MFI (26, 34). For example, Cowan et al.
(33) showed that NH3 is formed by the consecutive reac-
tion of CH3NO; on the Co-MFI catalyst. However, to our
knowledge, no report has succeeded in presenting IR ev-
idence on NH; (NHj3) formation by the reaction of CH,
with reactive NOy adspecies, which is proposed to be one
of the initial steps of this reaction (12, 31).

From the above discussions, combined with the results
in the literature, the reaction mechanism of CH;-SCR over
Pd-H-MOR is thus proposed:

References
(1) Pd*" + NO — Pd**-NO
(2) Pd*" + CH,; — Pd**-CH, (14)
(3) Pd*"—=NO + Pd?*—CHy
—— NCO and/or CN (12)

(4) NCO and/or CN + H,0O

— NH + CO, (26, 29, 33, 35)
(5) NO + O, — NO, €)
(6) NH; + NO; (and Pd*"-NO)

— Nz + H,O (28, 32)

The reaction begins with the adsorption of NO on isolated
Pd?*ionsand the formation of the Pd>*~NO complexonion
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exchange sites of the zeolite (step 1). During the reaction,
the NO species are strongly adsorbed on Pd?*, and hence
most of the Pd?" sites are covered with them. On the other
hand, the CHy species can be derived from the dissociation
of the C-H bond of CH, over vacant Pd** sites (step 2).
According to the results by Lobree et al. (12), the reaction
of Pd?*t*-NO in a flow of CH, should result in the forma-
tion of NCO and CN intermediates (step 3). According to
the well-known fact that NCO or CN are easily hydrated
to yield NH3; (26, 29, 33, 35), NCO and CN intermediates
should be rapidly converted to NHj; (step 4). NH3 then mi-
grates to the zeolite acid sites and adsorbs in the form of
NH; . NH; reduces NO, species or NO adspecies on Pd?*
to form N (step 6). This mechanism is consistent with the
kinetic results (Fig. 2), suggesting that a strongly adsorbed
NO-derived species and weakly held CH,4-derived species
are involved in the crucial steps for NO reduction. There-
fore, the above mechanism can be the dominant NO re-
duction pathway during the steady-state reaction. The role
of O, seems to be of secondary importance; NO, formed
by NO + O, (step 5) is not necessary for N, formation, but
can increase the rate of step 6. This is consistent with the
steady-state kinetic results (Fig. 2¢) that the NO reduction
proceeds even in the absence of O, and is slightly facilitated
by the addition of O, and that the empirical reaction order
for NO reduction with respect to O, was zero. The primary
role of O, may be to suppress the reduction of Pd** ions at
high temperatures, as Lobree et al. (12) proposed.

It is reported that the addition of water in the CH4-SCR
reaction on Pd—-H-MOR results in not only an activity sup-
pression but also an irreversible deactivation (4). The pres-
ence of excess water could result in an increase of the con-
centration of the Pd(HZO)ﬁJr complex and a decrease of
that of bare Pd(Oz)2" sites. Thus, water should suppress
the activity by inhibiting steps 1 and 2. Further, hydrated
Pd** species may also be responsible for the irreversible
deactivation by water as suggested in the literature (4, 11).

Finally, the above mechanism demonstrates that both
Pd?* and Brgnsted acid sites are required for this reaction.
The Pd?* site plays an important role in steps 1, 2, and 3. A
relatively low reactivity of the Pd-H-MOR with the lowest
Pd?* density (0.3 wt%) shown in Fig. 11 may be consistent
with the above scheme, where two adjacent Pd?* sites are
required for step 3. Brgnsted acid sites are indispensable,
not only as stabilization sites of the Pd>*—NO complex but
also as sites for adsorption of the NH intermediate, and a
subsequent reaction step 6.

5. CONCLUSIONS

In situ UV-Vis results clarified the states of exchanged
Pd species in H-MOR. The Pd(H,0)2* complex is present
in the ex situ sample. After calcination at 823K, dehy-
dration of the Pd(H,0)2* complex occurs, leading to the
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formation of the isolated Pd’* oxo and/or hydroxo com-
plexes on the cation exchange sites of the zeolite as the
dominant Pd species in Pd-H-MOR samples. The Pd?*—
NO complex is formed by the adsorption of NO. During
the CH4-SCR reaction, the Pd*>"-NO complex is present as
the main Pd species, together with the bare Pd(Oz)2+ and
Pd(H,0)2* complexes as the minor Pd species. The reac-
tion rate for CH4-SCR and the concentration of Pd?>t*-NO
species during the reaction correlated well with the amount
of Pd(Oz)%* sites before the reaction, which indicates that
Pd(Oz)%* sites are involved in the crucial steps for NO re-
duction, including the adsorption of NO.

Adsorbed NO on Pd?* is reduced by CH4-derived reac-
tive species, such as CHy, to form NH; on the zeolite acid
site. NH; rapidly reacts with NO on Pd?* and NO; species
formed by NO + O,, which can result in N, formation. The
Pd?*—NO complex and NH; play important roles as pos-
sible intermediates, and thus both isolated Pd?* ions and
Brognsted acid sites of the zeolite are required for this bi-
functional catalysis. The proposed mechanism is consistent
with the kinetic results, which indicates that it can be the
dominant NO reduction pathway during the steady-state
reaction.
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