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Steady-state reaction studies were performed over a Pd/titania
catalyst for NO reduction using CH4 as a reducing agent. The
catalyst was prepared using a wet impregnation technique and Pd-
acetate as a precursor for palladium. Characterization of the cata-
lyst samples was performed using the BET surface area technique,
X-ray diffraction (XRD), laser Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM),
and thermal analysis techniques. A fixed-bed, flow reactor system
was used for activity and selectivity measurements. Identification
and quantification of reaction effluents were done on-line using gas
chromatography—mass spectrometry, chemiluminescence, and wet
chemistry techniques. Temperature-programmed reduction studies
indicated that the catalyst was reducible by H; even at sub-ambient
temperatures. The catalyst was seen to reduce NO with conversions
above 95% in the oxygen concentration range from 0 to 1.3%. Oscil-
latory behavior was exhibited by the catalyst under certain reaction
conditions. The results obtained from the reaction experiments, to-
gether with the findings from the characterization studies, are used
to explain the mechanistic aspects of this reaction.  © 1997 Academic

Press

INTRODUCTION

Recently there has been growing interest in reduc-
ing NOy emissions using hydrocarbons from stationary
sources. Several hydrocarbons have been investigated as
reducing agents for NOy reduction to replace the current
process which utilizes ammonia (1-6). There are several
disadvantages associated with using ammonia as a reduc-
ing agent. The main problem is the corrosion of down-
stream equipment due to formation of ammonium salts
as a result of a reaction of SOy and NH3 present in the
gas stream. The other concerns are associated with trans-
portation and storage of ammonia in and around residen-
tial areas and slippage of unreacted ammonia. The use
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of hydrocarbons offers obvious practical advantages over
ammonia.

Methane being the most abundant hydrocarbon in the
form of natural gas offers a very attractive alternative for
NOy reduction. Recently, several catalysts have been inves-
tigated for this reaction. Some of the promising catalysts
investigated include Co-ZSM-5 (7), Co-ferrierites (8), Ga-
ZSM-5 (9), rare earth oxides (10), and Pd-ZSM-5 (11, 12).
The kinetics and mechanism of the NO-CH, reaction seem
to be a strong function of the nature of the catalyst, includ-
ing its active component and the support. Li and Armor
(7) have studied zeolites such as mordenite and ZSM-5 ex-
changed with different ions such as Co?*, Ni?*, and Mn?*,
Co-ZSM-5 was seen to be the most active of all these cata-
lysts for NOy reduction in the presence of excess oxygen.
It was also pointed out that cobalt, when impregnated on
a conventional oxide support, renders a very poor cata-
lyst for NOy reduction. Li and Armor (8) have also studied
Co-ferrierite which offers a dramatic increase in the activ-
ity over the Co-ZSM-5 catalyst. Water was seen to inhibit
the activity for both of these catalysts. Another family of
catalysts, i.e., methane coupling catalysts, was investigated
by Vannice & co-workers for NO reduction with methane
(10). Li/MgO, La,O3, CeO;, Nd,O3, Sm,03, Tm,O3, Lu,Og,
and Sr—-Sm,0O3 were some of the catalysts studied for NO
reduction with methane. Li-promoted MgO catalysts were
seen to be active in reducing NO in the absence of oxygen,
but the activity decreased with the introduction of oxygen
in the feed stream. Methane conversion was seen to in-
crease with the introduction of oxygen. Resasco and co-
workers (11) observed that prereduced Pd-ZSM-5 was ac-
tive for NO decomposition, but deactivated rapidly with
the product oxygen poisoning the catalyst. Introduction
of methane into the system exhibited high and sustained
activity for NO reduction in the absence of gas-phase
oxygen.

Activation of methane seems to be a crucial step in
NO reduction reactions. A good catalyst should activate
methane and should be able to selectively reduce NO,
even in the presence of gas-phase oxygen. Other desirable
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properties of agood NOy reduction catalyst are thermal and
hydrothermal stability under severe conditions. Palladium
catalysts are well known for their ability to activate lower
hydrocarbons, especially methane, in several complete and
partial oxidation reactions. More recently the interest in
Pd-based catalysts has increased because of the stricter hy-
drocarbon emission standards for automobiles and because
of their potential use as methane combustion catalysts. Pd-
only catalysts for automobiles offer advantages in cost as
compared to Rh/Pt catalysts. Another aspect which has
stimulated this interest is the scarce supply of Rh and Pt
coupled with relatively large supplies of Pd in the United
States. It is evident that a better understanding of the
NO/CH,4/O, interaction over Pd-based catalysts would be
of significant value.

In our earlier studies, it was shown that NO can be re-
duced with conversions exceeding 95%o, in the absence and
in the presence of oxygen over Pd/titania catalysts (13) us-
ing methane as a reducing agent. We have also performed
isotopic tracer studies to understand the mechanistic as-
pects of NO-CHj, interaction over these catalysts (14). In
this article we report the results of reaction studies over
Pd/titania catalysts, where the effect of temperature and
oxygen concentration in NO—-CHj, reaction was examined,
using oxygen concentrations ranging from 0 to 1.3% and
temperatures ranging from 200 to 600°C. Although a com-
plete testing of the catalyst would certainly require exam-
ining the NO reduction behavior in the presence of water
vapor, CO,, and even SOy, we have limited the scope of this
phase of the study to the assessment of the effect of oxy-
gen concentration. Studies examining the effect of other
stack gas components such as water vapor, CO,, and SO,
are currently under way.

EXPERIMENTAL

Catalyst Preparation and Characterization

The catalyst used in this study was 2 wt% Pd/TiO, which
was prepared using awet impregnation technique. The TiO;
(anatase) (Aldrich) support was wet impregnated with a
solution of Pd-acetate (Aldrich). Oxalic acid was added to
the solution to maintain the pH around 4.0. The solution was
then stirred at 90°C for 4.5 h, followed by overnight drying
of the slurry in the oven at 100°C. The resulting catalyst
was then calcined at 500°C (or at the reaction temperature
for those cases where the reaction temperature was higher
than 500°C) in oxygen for 5 hr. In the experiments which
involved bare titania (e.g., TPR, TPD), TiO, was used as
received, without any further treatment.

The catalyst used in this study was characterized using
several techniques such as BET surface area measurements,
scanning electron microscopy, X-ray photoelectron spec-
troscopy, X-ray diffraction, laser Raman spectroscopy, and

temperature-programmed reduction (TPR) and desorption
(TPD) techniques. Details of these studies have been re-
ported elsewhere (15).

Reaction Studies

NO reduction with methane was studied in the pres-
ence as well as in the absence of oxygen. The experi-
mental setup used for these studies is described in detail
elsewhere (16). The reaction experiments were performed
in a fixed-bed, flow reactor. Feed and product analyses
were done using a combination of on-line gas chromatogra-
phy, mass spectrometry, wet chemistry, and chemilumines-
cence analysis techniques. Inlet and outlet concentrations
of nitric oxide were measured with an on-line chemilu-
minescence NO-NOy analyzer (Thermo Environmental
Instruments, model 10). The ammonia concentrations in
the product streams were determined by a conventional
titration method with the aid of a hydrochloric acid solu-
tion of known concentration after the product stream was
bubbled through a diluted aqueous boric acid solution for
the absorption of ammonia. An on-line gas chromatograph
(Hewlett Packard 5890 A) with a 10 ft x 1/8 in Porapak Q
column and a 8 ft x 1/8 in molecular sieve 5A column was
used to quantify Ny, N,O, CO, CO,, and CH,4 concentra-
tions.

The weight of the catalyst was varied between 37.5
and 75 mg. The total flow rate of the feed stream was
62 cm®(STP)/min. This gave a space velocity between 96,000
to 192,000 hr~. The methane-to-NO ratio was maintained
at 12 for all the runs. The catalyst was reduced in situ in
a stream of hydrogen (33%, balance helium) at 200°C for
30 min, followed by flushing with helium (40 cm*(STP)/min)
at the same temperature for 1 hr before the reaction exper-
iments.

RESULTS

Catalyst Characterization

The catalyst had a surface area of 12.0 m?/g. X-ray dif-
fraction and X-ray photoelectron spectroscopy studies over
the oxidized catalysts have shown that all the palladium on
the surface is in the form of palladium oxide (PdO), follow-
ing the synthesis. All the features in the X-ray diffraction
pattern correspond to the anatase phase of TiO,, with an
additional weak signal observed at a d spacing of 2.644 A,
which corresponds to the (101) reflection of PAO. The signal
was very weak since the metal loading was quite low for the
sensitivity limits of this technique. The powder diffraction
pattern of the catalyst which was treated with hydrogen at
200°C for 30 min showed, in addition to the peaks that were
typical of TiO,, a small feature at a d spacing of 2.246 A,
which corresponds to the (100) reflection of metallic palla-
dium.
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The X-ray photoelectron spectra showed that all the pal-
ladium present on the surface of a fresh catalyst was in the
form of PdO, whereas the surface of a prereduced catalyst
comprised mostly of metallic Pd, with only 10.5% being in
the form of PdO. Details of catalyst characterization results
have been presented elsewhere (15).

Temperature-programmed reduction experiments over
oxidized catalyst showed a strong hydrogen consumption
peak observed while the temperature of the catalyst was
kept around at 5°C, followed by a hydrogen evolution
peak (negative peak) seen at around 95°C. Temperature
programmed desorption experiments performed without
any adsorption steps showed an oxygen evolution feature
around 680°C (15).

Reaction Studies

The system studied involves several possible reactions
such as

4NO + CHy — 2N, + 2H,0 + CO;
2NO — N, 4+ O,
2NO — N,O + 10,
CH4 + 0, — CO;, + H,0.

Formation of CO and even hydrogen as products is also
among the possibilities. This phase of the study was aimed
at assessment of the effect of oxygen and of temperature
on NO reduction behavior.

For all the runs, the NO and CH,4 concentrations were
kept constant at 1789 and 21300 ppm, respectively. The clo-
sure of carbon balances for all the runs was greater than
95%. The closure of nitrogen balances was greater than
97%.

NO reduction with methane in the absence of oxygen.
NO reduction was investigated over 2% Pd/TiO, catalyst
in the absence of oxygen in a temperature range from 200
to 500°C in intervals of 50°C. The space velocity used was
96,000 hr~1. Activity measurements were performed using
a feed mixture that consisted of 1770 ppm NO, 2.13% CHg,
and the balance helium.

CO, CO,, N2, NH3, and N,O were the only carbon- and
nitrogen-containing products observed. The consumption
and production rates of various species are presented in
Figs. 1a and 1b. There was very little methane conversion
observed at 200 and 250°C. At 300°C, the methane conver-
sion was around 1%. It steadily increased with tempera-
ture up to 450°C and showed a steeper slope between 450
and 500°C. At this temperature the conversion was around
4.5%. There was no detectable CO, formation at 200 and
250°C. The CO, formation increased with temperature up
to 400°C and remained essentially constant at higher tem-
peratures. At 500°C, there were significant levels of CO
formation, equaling those of CO, formation. NO conver-
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FIG.1. Conversion and production rates of different species in
NO + CHj reaction in the absence of oxygen (SV = 96,000 hr™%): (a) C-
containing species, (b) N-containing species.

sion profiles in the same range are presented in Fig. 1b.
Between 200 and 300°C, the NO conversion changed from
10 to 15%. At 350°C, the NO conversion showed a sudden
rise, reaching 100%. The NO conversion continued to be
complete at higher temperatures. The N,O production rate
was slightly higher than the N, production rate at lower
temperatures. Between 300 and 400°C, the N, production
rate increased substantially and leveled off at higher tem-
peratures. N,O formation rate, on the other hand, went
through a very broad maximum and became almost negli-
gible above 450°C. There was no NH; formation observed
below 350°C. Its formation rate increased slowly with tem-
perature, accounting for 8.5% of NO in the feed at 500°C
(Fig. 1b).

Activity experiments with the same feed mixture were
also performed at a higher space velocity (192,000 hr™1).
These experiments were performed at 400, 450, and 500°C
where NO conversion was complete and there was sub-
stantial methane conversion. The selectivities of nitrogen-
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FIG. 2. Selectivities for N-containing products in NO + CH, reaction
in the absence of oxygen: (a) N, (b) N>O, and (c) NHs.

containing products, i.e., N2, N,O, and NH3, at two different
space velocities as a function of temperature are compared
in Figs. 2a—2c, respectively. This comparison corresponds to
equal conversion of NO, which was ~100% for all cases. In
this temperature range, the selectivity to N, increases with
temperature whereas the selectivity to N,O decreases. The
selectivity to NHj; also increases with temperature. These
trends remain the same at both space velocities. It is also
observed that the higher space velocity increases N,O se-
lectivity, whereas it decreases N, selectivity. The percent
methane conversion was lower at the higher space velocity,
as expected. At 400 and 450°C, CO, was the only carbon

containing product, whereas at 500°C, CO formation was
observed, with a higher formation rate at the higher space
velocity.

NO reduction with methane in the presence of oxygen.
NO reduction reactions with methane were also performed
in the presence of gas phase oxygen. The oxygen concen-
tration range was varied depending on the temperature of
the reaction. Catalytic activity was investigated in the pres-
ence of oxygen at three different reaction temperatures,
namely 500, 550, and 600°C. The space velocity was kept
at 192,000 hr~! for all runs in this set of experiments. At
every temperature the oxygen concentration was increased
in steps and the activity of the catalyst and its selectivity
toward different products were investigated.

One interesting feature observed in the course of the re-
action experiments was that, at every temperature, there
was a critical oxygen concentration range in which regu-
lar, self-sustained oscillations were observed in both reac-
tant and product profiles. Above this oxygen concentration
range, the NO conversion level dropped to about 10% and
CHgconversion increased by almost twofold above its mean
oscillatory value. Below the critical oxygen concentration,
NO conversion was higher than 98% at every temperature.
The conditions under which the oscillatory behavior was
observed are listed in Table 1.

At 500°C, the oscillatory behavior was observed when
O, concentration was raised to 3800 ppm. The reactant and
product profiles obtained during this oscillatory behavior
under these conditions are presented in Fig. 3. lons with
m/e =15 and m/e = 30 were followed for methane and NO
profiles, respectively. The profile for the ion with m/e =28
represents a combination of CO and N; and the profile for
the ion with m/e =44 is a combination of N,O and CO..
CH, conversion was seen to oscillate between 2 and 16%
while the NO conversion was seen to oscillate between 93
and 11%. The average time period of oscillations for all the
species was 0.387 min. Temperature oscillations of about
2-3°C were also seen accompanying the oscillations in re-
actant and product profiles.

TABLE 1

Conditions under Which Oscillatory Behavior was Observed

Temp. (°C) O, concentration (%) Observation
500 0.20 >98% NO conversion
500 0.29 >98% NO conversion
500 0.38 Oscillatory behavior
550 0.38 >98% NO conversion
550 0.70 >98% NO conversion
550 0.87 Oscillatory behavior
600 0.70 >98% NO conversion
600 1.17 >98% NO conversion
600 131 Oscillatory behavior
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FIG. 3. Reactantand product oscillations in NO + CH, + O; reaction
at 500°C (NO = 1780 ppm, CH4 = 2.12%, and O, = 3800 ppm).

Oscillations observed in the profiles of different species
were not completely symmetric. CH, and NO oscillations
seemed to be out of phase with each other. The oscilla-
tions observed in ions m/e =28 and m/e =44 seemed to be
roughly in phase with each other and out of phase with CH,4
oscillations.

When the temperature of the catalyst was raised to 550°C,
keeping the other parameters constant, the oscillatory be-
havior disappeared, giving essentially complete NO conver-
sion. At 500°C, the oscillatory behavior was observed be-
tween oxygen concentrations of 3800 and 6500 ppm. When
the oxygen concentration was raised to 7500 ppm at this
temperature, the oscillations disappeared and the NO and
CH, conversion levels remained at steady values of 10 and
16%, respectively. Definite conclusions cannot be drawn
from this set of data since each of the ions (m/e =28 and
m/e = 44) represents a mixture of two different species. A
detailed investigation of this oscillatory behavior conducted
using isotopically labeled reactants is presented in a subse-
quent paper (17).

At 500°C the NO—CHy, reaction was examined at three
different oxygen concentrations, namely, 0, 2095, and
2980 ppm. The rates of conversion and formation of var-
ious species are presented in Figs. 4a and 4b. Methane con-
version increased from 3.1% in the absence of oxygen to
10.3% in 2980 ppm of oxygen. The CO; production rate
also increased steadily in the same range. While the net

rate of CO production did not appear to be strongly af-
fected by oxygen concentration, its percentage in the over-
all product distribution, i.e., selectivity clearly decreased.
The NO conversion was over 98% in this oxygen concen-
tration range. The nitrogen and ammonia formation rates
remained steady over the oxygen concentration range stud-
ied. No appreciable N,O was detected using a gas chromato-
graph when there was oxygen present in the feed stream.
However, N,O was observed when the reactor effluent was
analyzed using a mass spectrometer.

At 550°C the NO-CH, reaction was studied at three
different oxygen concentrations, namely, 2095, 2980, and
7000 ppm. The conversion and production rates of various
species are presented in Figs. 5a and 5b. Methane conver-
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sion increased from 9.7% at 2095 ppm of oxygen to 21% at
7000 ppm of oxygen. The conversion of NO at this temp-
erature was essentially complete. The effect of oxygen con-
centration on product distribution was similar to that ob-
served at 500°C.

At 600°C, the oxygen concentration was varied be-
tween 2095 and 11720 ppm. The conversion and production
rates of different species are presented in Figs. 6a and 6b.
Methane conversion was seen to increase from 13.2% at
2095 ppm oxygen to 36.8% at 11,720 ppm of oxygen. The
NO conversion was again essentially complete. While the
N, was the major nitrogen containing product with a selec-
tivity of 91%, ammonia production remained at nonnegligi-
ble levels. N,O formation was small and was detectable only

by the mass spectrometer. The other trends were similar to
those observed at the lower temperatures.

At 500°C and with an oxygen concentration of
2090 ppm, the 63% of CH,4 converted was used for NO
reduction and the remaining 37% for complete combus-
tion. The percentage of CH, used for compete combustion
increased with increasing temperature and oxygen concen-
tration, as expected.

Control experiments. Control experiments performed
over freshly oxidized versus prereduced catalysts (Table 2)
showed the NO conversion to be very low in the first
few minutes over the oxidized catalyst as compared to
>98% over the prereduced catalyst in the same time period.
Methane conversion on the other hand was significantly
higher over the oxidized catalyst initially than it was over
the prereduced catalyst. Within the first 20 min, however,
the conversion levels over the oxidized catalyst became
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FIG. 6. Conversion and production rates for different species in
NO + CH;+ O, reaction at 600°C: (a) C-containing species, (b) N-
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TABLE 2

Variation of NO and CHj4 Conversion Levels in
the First 20 min of the Reaction (T =500°C, NO =
1780 ppm, CH4 =2.13%, O, =2100 ppm)

Oxidized catalyst
%conversion

Prereduced catalyst
%conversion

Time (min) NO CH, NO CH,
4 <1.0 23.0 99 7.1

6 26 10.8 99 71

8 95 7.4 99 7.1

20 99 71 99 71

equal to the ones observed over the prereduced catalyst.
The other interesting feature of these control experiments
was that the product distribution of the nitrogen containing
species changed in favor of nitrous oxide when a freshly ox-
idized catalyst was used instead of the prereduced catalyst.
Augain, the difference between the product distribution of
the oxidized and reduced catalysts, which was significant at
the beginning of the reaction, became negligible after the
first 20 min.

DISCUSSION

The NO—CHy, reaction studies performed over Pd/TiO;
catalysts, when combined with characterization results,
strongly suggest that the phase transition between the oxide
and the metallic forms of palladium is one of the key fac-
tors in determining the catalytic activity of these catalysts in
NO reduction reaction.

As seen in the TPR experiments, PdO can be reduced
to the metallic phase very easily, even at subambient tem-
peratures. The oxygen signal observed when the oxidized
sample is subjected to a temperature-programmed desorp-
tion procedure without adsorbing any gases over it is due to
thermal decomposition of the palladium oxide to metallic
palladium. In the absence of gas phase oxygen, this tran-
sition takes place at around 680°C. Similar behavior is ob-
served when Pd is supported over other oxides (26). The
phase transition takes place at higher temperatures as the
partial pressure of oxygen is increased and in some cases
shows a hysteresis when the steps are reversed (27). Some of
our later studies conducted using thermal gravimetric anal-
ysis (TGA) and controlled atmosphere X-ray diffraction
techniques, which showed the relative ease and speed with
which the phase transformation can take place between the
oxidic and the metallic phases, lend further support to this
suggestion (17).

NO-CH, reaction studies showed that it was possible
to achieve complete conversion of NO in the absence as

well as in the presence of gas phase oxygen over Pd/TiO,
catalysts. These studies also showed that it was the metallic
palladium that was active in reducing NO to N,. The oxide
form of the catalyst, however, clearly showed higher activity
for methane combustion than the reduced form.

Another important phenomenon that is observed in
these studies is the self-sustained oscillations that occur
once a critical oxygen concentration level is reached. The
oxygen concentration at which the oscillations start to ap-
pear goes up with increasing temperature. Although the
results presented in this article do not provide any direct ev-
idence as to the cause of these oscillations, our more recent
studies (17), combined with some findings in the literature
(28-31), lead us to suggest that these oscillations are the
result of cyclic phase transformations between the oxidic
and the metallic forms of palladium on the catalyst surface.

These observations coupled with the results of some de-
tailed isotopic labeling studies (32) suggest that the reduc-
tion of NO to N, takes place through an interaction between
adsorbed NO species and activated CHy species. The metal-
lic form of palladium is needed to generate and stabilize the
CHy species on the surface, as we have also seen in studies
on methane coupling over Pd-promoted catalysts (33). The
oxide form of palladium readily combusts methane through
the direct involvement of oxygen in the PdO lattice. CHy
species over the oxide either are not generated, or are read-
ily consumed by the combustion reaction and are not avail-
able for the NO reduction reaction. The increase in the
methane conversion coupled with the dramatic drop in NO
reduction when a fully oxidized catalyst is used instead of
the reduced one supports this suggestion. Over the metallic
palladium sites, however, CHy species are not only gener-
ated, but reside on the surface as evidenced by our transient
response experiments (14, 32) and they are essential for re-
duction of NO to molecular nitrogen. Occurrence and sta-
bility of various CHy(s) species over noble metal catalysts
have been discussed in detail in the literature (34, 35). At
temperatures above 200°C, Solymosi and co-workers have
observed methane dissociation into CHy and H fragments
over Pd surfaces and have reported Pd/TiO, to be the most
effective catalyst for the dissociation reaction, but the least
effective one for coupling of the CHy species. They have
also observed increased dissociation with increasing tem-
peratures (34).

The reaction studies as well as the NO decomposition ex-
periments that we have reported earlier suggestthat NO can
decompose over both the metallic palladium and the palla-
dium oxide and the major product is nitrous oxide. Over the
reduced catalyst, in addition to nitrous oxide, some nitrogen
isalso produced. The reaction experiments presented in this
article showed NO conversion levels of 10-12% when there
was essentially no methane conversion, especially at the
low temperature end, where the temperature was not high
enough for the first hydrogen abstraction from methane.
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Also seen in these results was the fact that the major prod-
uct under these conditions was nitrous oxide, with selectiv-
ities around 60%. As the temperature increased, accompa-
nied by increased methane conversion, the nitrous oxide
formation rate went through a maximum and decreased as
the nitrogen formation rate took over. Temperature pro-
grammed desorption experiment following NO adsorption
and the temperature programmed oxidation using NO as
the oxidizing agent gave only nitrous oxide (13), suggesting
that NO coupling primarily leads to N,O and that the N, for-
mation requires the presence of CHy species. Isotopic label-
ing experiments which involved switching from a mixture
of NO + CH, + O; to >NO + CH, + O, under steady state
conditions showed very different surface residence times
for species leading to N, or to N,O, suggesting two different
intermediates or possibly two different routes for the for-
mation of these two products. These experiments also sug-
gested the existence of a dimerized surface species residing
on the surface for a long time and decomposing/desorbing
to give N,O. Existence of dimer-type species has been re-
ported in the literature on various catalyst surfaces includ-
ing Pd catalysts (36—41). Dimers are also shown to lead to
N,O formation over Ag catalysts (42). Dimers can be ex-
pected to be unstable at higher temperatures, subsequently
resulting in adecrease in the selectivity to N,O with increas-
ing temperatures. In our oxygen exchange studies where
we performed the switch N0 — N0 over the oxi-
dized and the prereduced catalyst (32), doubly labeled or
doubly unlabeled isotopes of nitrous oxide, such as **N,O,
5N,0, 1N,'®0, and *N,'®0, were formed, but there was no
cross-labeled nitrous oxide species. This observation cou-
pled with the fact that the transients for doubly unlabeled
species relaxed very slowly suggests that N,O formation
goes through a stable dimeric intermediate and that these
dimer-type intermediates can be formed on both oxidized
and prereduced catalysts. We also suspect that the nitrous
oxide observed under steady-state NO—-CHy, reaction con-
ditions is also due to direct decomposition of NO through
a dimeric intermediate.

It is highly probable that all three reactions, namely
NO + CHy interaction, NO decomposition, and CH,4 com-
bustion, take place on the catalyst surface simultaneously.
To what extent each reaction takes place appears to be a
strong function of the relative abundance of the oxidic or
metallic palladium sites and the reaction medium. While
the CH,4 combustion is the primary reaction over the oxidic
sites, CHx formation occurs primarily on the metallic pal-
ladium sites. CHy species are essential for the reduction of
NO to N,. Inthe absence of CHy species on the surface (e.g.,
at low temperatures, at higher space velocities, or over the
oxide phase when CH,4 combustion becomes dominant) the
direct decomposition of NO becomes important, leading to
N,O formation. When there is a sufficient concentration of
CHy species on the surface, however, the NO reduction to

N is the favored reaction. Based on the isotopic labeling
studies we have performed (32), we also suspect that there
may be a methyl dinitrosyl species acting as an intermedi-
ate and leading to the formation of N, and CO; as products
of the same reaction step. We also envision that the direct
combustion of methane on PdO sites leads to the forma-
tion of CO, which could oxidize further to CO; if there is
sufficient oxygen available.

Based on this reaction scheme, it is possible to explain
the occurrence of the product and reactant profile oscil-
lations. The cyclic phase transformations that we suggest
as the cause of these oscillations, on the other hand, can
be explained by the thermodynamic equilibrium state of
PdO/Pd + O, reaction that favors the metallic phase at
higher temperatures and the highly exothermic nature of
the CH,4 combustion reaction, which generates the temper-
ature rise that drives the phase transformation toward the
metallic phase. A more detailed discussion of these consid-
erations is presented in a subsequent paper in these series
(7).

One of the important observations in this study was the
formation of ammonia in the high temperature range. Am-
monia formation was observed in the presence as well as
in the absence of oxygen in the gas phase. In general, its
formation rate was seen to increase with temperature and
decrease with increasing oxygen concentration. With the
increase in temperature more methyl species are activated,
leading to the formation of H(s) species on the surface
which could possibly react with NO(ad) or even with N,
which is the product. The formation of gas phase H, during
these reactions cannot be ruled out either. The reaction of
hydrogen with NO is much more heavily favored thermody-
namically than its reaction with N, both being exothermic
reactions (43). It is clear, however, that the concentration
of NHg in the product stream is not determined by thermo-
dynamic equilibrium.

No NO; formation was observed in our steady-state or
transient response experiments. Although NO, is suggested
as a possible intermediate in NO/CHg, reaction in the liter-
ature (7, 44), all of these studies have reported essentially
no activity in the absence of oxygen. The fact that we had
very high NO reduction activity in the absence as well as in
the presence of oxygen leads us to suspect that NO, is not
amajor intermediate in the reaction network over Pd/TiO,
catalyst.

SUMMARY

The studies outlined in this article showed that Pd/TiO,
catalysts can reduce NO in the absence aswell asin the pres-
ence of oxygen. The reaction network is likely to include
NO/CHy, reaction, direct NO decomposition, and methane
combustion. The extent of each of these reactions appears
to be determined by the relative abundance of the oxidic
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and metallic sites of palladium. The transformation of the
sites between the two oxidation states seems to be very
fast and driven by the temperature and the oxygen concen-
tration in the medium. The results of our isotopic labeling
studies performed under transient and steady-state condi-
tions and a detailed analysis of the oscillatory behavior of
the catalytic system are presented in the next two articles
in this series (17, 32).

ACKNOWLEDGMENT

The financial support provided for this work from National Science
Foundation through Grant CTS-9412544 and from the Exxon Foundation
is gratefully acknowledged.

REFERENCES

1. Kharas, K. C. C., Robota, H. J, and Liu, D. J., Appl. Catal. B: Environ.
2,225 (1993).

2. Ukisu, Y., Sato, S., Abe, A., and Yoshida, K., Appl. Catal. B: Environ.
2, 147 (1993).

3. Hamada, H., Kintaichi, Y., Sasaki, M., Ito, T., and Tabata, M., Appl.
Catal. 64, L1 (1990).

4. Bethke, K. A, Li, C,, Kung, M. C,, Yang, B., and Kung, H. H., Catal.
Lett. 31, 287 (1995).

5. Feeley, J. S, Deeba, M., Farrauto, R. J,, Beri, G., and Haynes, A., Appl.

Catal. B: Environ. 6, 79 (1995).

. Misono, M., and Kondo, K., Chem. Lett., 1001 (1991).

. Li, Y., and Armor, J. N., Appl. Catal. B: Environ. 2, 239 (1993).

. Li, Y., and Armor, J. N., J. Catal. 150, 376 (1994).

. Li, Y., and Armor, J. N., J. Catal. 145, 1 (1994).

. Zhang, X., Walters, A. B., and Vannice, M. A., J. Catal. 155, 290

(1995).

. Loughran, C. J,, and Resasco, D. E., Appl. Catal. B: Environ. 5, 351

(1995).

Burch, R., and Scire, S., Appl. Catal. B: Environ. 3, 295 (1994).

Kumthekar, M. W.,, and Ozkan, U. S., Catal. Today 35, 107 (1997).

Kumthekar, M. W., and Ozkan, U. S., Appl. Catal. A: General 151(1),

289 (1997).

Ozkan, U. S., Kumthekar, M., and Karakas, G., Catal. Today, accepted

for publication.

O ©W 0o N>

=

12.
13.
14.

15.

16

17.

18.
19.

20.

21.

22.
23.
24.

25.
26.

217.

28.
29.

30.
31

32.
33.
34.

35.
36.

37.
38.
39.
40.
41.
42.

43.

44.

53

. Ozkan, U. S, Cai, Y., Kumthekar, M. W,, and Zhang, L., J. Catal. 142,
182 (1993).

Ozkan, U. S., Kumthekar, M. W., and Karakas, G., J. Catal. 171, 67
(1997).

McCaulley, J. A, J. Phys. Chem. 97, 10372 (1993).

Davis, R. J,, Landry, S. M., Horsley, J. A., and Boudart, M., Phys. Rev. B
39(15), 10580 (1989).

Nandi, R. K., Pitchai, R., Wong, S. S., Cohen, J. B,, Burwell, R. L., Jr.,
and Butt, J. B., J. Catal. 70, 298 (1981).

Nandi, R. K., Georgopoulos, P., Cohen, J. B,, Butt, J. B., and Burwell,
R. L., Jr., J. Catal. 77, 421 (1982).

Gesser, H. D., and Kruczynski, L., J. Phys. Chem. 88, 2751 (1984).
Hulzinga, T., and Prins, R., J. Phys. Chem. 85, 2156 (1981).

DeCanio, S. J., Apple, T. M., and Dybowski, C. R., J. Phys. Chem. 87,
194 (1983).

Conesa, J. C., and Soria, J.,, J. Phys. Chem. 86, 1392 (1982).
Rodriguez, N. M., Oh, S. G, Dalla-Betta, R. A., and Baker, R. T. K.,
J. Catal. 157, 676 (1995).

Farauto, R. J, Hobson, M. C., Kennelly, T., and Watermann, E. M.,
Appl. Catal. A: General 81, 227 (1992).

Slin’ko, M. M., Jaeger, N. I., and Svensson, P., J. Catal. 118, 349 (1989).
Jaeger, N. 1., Moller, K., and Plath, P. J., J. Chem. Soc. Faraday Trans.
182, 3315 (1986).

Amariglio, A., Benali, O., and Amariglio, H., J. Catal. 118, 164 (1989).
Rajagopalan, K., Sheintuch, M., and Luss, D., Chem. Eng. Commun.
7,335 (1980).

Kumthekar, M. W., and Ozkan, U. S, J. Catal. 171, 54 (1997).
Gardner, D., M.S. thesis, The Ohio State University, 1993.

Solymosi, F., Erdohelyi, A., Cserenyi, J.,, and Felvegi, A., J. Catal. 147,
272 (1994).

Solymosi, F., J. Catal. 28, 193 (1996).

Aylor, A. W, Larsen, S. C., Reimer, J. A, and Bell, A. T., J. Catal. 157,
592 (1995).

Teng, H., and Suuberg, M., J. Phys. Chem. 91, 478 (1993).

Rethwisch, D. G., and Dumesic, J. A., J. Phys. Chem. 90, 1625 (1986).
Liang, J,, Wang, H. P.,, and Spicer, L. D., J. Phys. Chem. 89, 5840 (1985).
Yoshinobu, J., and Kawai, M., Chem. Lett. 605 (1995).

Nyberg, C., and Uvdal, P,, Surf. Sci. 204, 517 (1988).

Brown, W. A., Gardner, P, and King, D. A., J. Phys. Chem. 99, 7065
(1995).

Hightower, J. H., and Van Leirsburg, in “The Catalytic Chemistry of
Nitrogen Oxides,” Plenum, New York, 1975.

Witzel, F, Sill, G. A, and Hall, W. K., J. Catal. 149, 229 (1994).



