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Reaction kinetics and infrared spectroscopic studies of the selective catalytic reduction of nitric
oxide by ammonia were conducted at reactant concentrations near 500 ppm and temperatures from
473 to 623 K, over Fe-Y zeolites having Si/Al ratios of 2.4, 3.2, and 4.4. The presence of iron
cations within the zeolite was necessary to sustain steady-state catalytic activity, which was
enhanced by about two orders of magnitude in the presence of oxygen. The reaction was near first
order in NO and near zero order in ammonia. Ammonia oxidation was found to become a significant
competing reaction between 493 and 543 K over zeolites with Si/Al ratios equal to 2.4 and 3.2.
Ammonia oxidation did not occur over the sample with a Si/Al ratio of 4.4. The primary surface
species observed under reaction conditions by in situ IR spectroscopy were NH; and NH; . In the

absence of oxygen, the rate-limiting step appears to be the reoxidation of iron.

Press, Inc.

INTRODUCTION

The catalytic reduction of NO is of impor-
tance for the control of emissions from sta-
tionary sources, such as flue gases from
combustion units. Ammonia is a useful re-
ducing agent for this reaction, due to its high
selectivity for the reduction of NO in the
presence of O,. Different metals, metal ox-
ides, and zeolites have been used in kinetic
studies of the selective catalytic reduction
(SCR) of nitric oxide by ammonia. Of these
catalysts, vanadia/titania is one of the best
because of its high activity and its resistance
to poisoning by SO, (e.g., (/-8)). Although
not as selective as vanadium oxide, iron ox-
ide also exhibits significant activity for NO
reduction by ammonia. Furthermore, the ki-
netic parameters reported for iron oxide are
not significantly different from those re-
ported for vanadia (5-9). In addition, Co-
and Cu-exchanged Y zeolites have been
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studied for the SCR reaction (/0-15). The
kinetic parameters observed over these cat-
alysts at temperatures near 400 K have been
reported to be different from those mea-
sured over corresponding metal oxide cata-
lysts.

In this paper we report the resuits of ki-
netic and infrared spectroscopic studies of
the selective catalytic reduction of NO by
NH; over Fe-Y zeolites. In particular, we
have studied Fe-Y zeolites with differing
Si/Al ratios, because these materials com-
bine the high activity of iron oxide for the
SCR reaction and the unique structural
properties of the zeolite framework. The
isolation of exchange cations in the zeolite
framework provides an opportunity to study
the catalytic properties of these cations in
a well-defined environment. Infrared spec-
troscopy was used to monitor the chemical
species adsorbed on the catalyst surface un-
der SCR reaction conditions and after differ-
ent catalyst pretreatments. Similar in siti IR
studies of nitric oxide reduction over titania
(16), vanadia/titania (/7) and Co-Y zeolites
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SCR OF NITRIC OXIDE BY AMMONIA OVER Fe-Y ZEOLITES

TABLE 1
Chemical Analysis Results for Fe-Y Zeolites
(Dry Basis)
Si/Al ratio Fe content (Fe cations/g)
2.4 7.3 x 10®
3.2 5.6 x 10%
4.4 4.6 x 10%

(15-18) have been reported. We have also
utilized in situ Mossbauer spectroscopy to
monitor the changes in iron oxidation
states during the SCR reaction. Results
from those studies were reported earlier
{19). These spectroscopic studies enhance
our understanding by providing informa-
tion concerning the state of the active
metal cations and the adsorbed species
present on the surface under the conditions
at which kinetic measurements are ob-
tained.

EXPERIMENTAL

The starting material for the varying Si/Al
ratio Y-zeolites used here was Linde SK-40
(lot no. 1280-133) with a Si/Al ratio of 2.4.
The 3.2 and 4.4 Si/Al ratio samples were
prepared by reacting (NH,),SiF, with an
aqueous suspension of Na-Y. Ferrous cat-
ions were exchanged into the zeolites using
FeSO, in aqueous solution under a nitrogen
atmosphere (20). During the exchange pro-
cess the solution pH was maintained be-
tween 3.8 and 4.0 to prevent hydrolysis of
the zeolite at lower pH and the formation
of iron hydroxide at higher pH. The Si/Al
ratios and iron contents were determined by
chemical analysis (Galbraith Laboratories),
the results of which are shown in Table 1.

Steady-state kinetic studies were con-
ducted using a glass flow reactor. Helium
(Liquid Carbonics) was purified by passing
through copper turnings at 473 K and a mo-
lecular sieve trap at 77 K. Oxygen (Liquid
Carbonic) was purified by passage through
a molecular sieve trap at 195 K. Gases used
for SCR kinetic studies were mixed from
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three certified analyzed mixtures of
1000-1100 ppm NO in He, 1000-1100 ppm
NH; in He (Matheson or AGA), and 5%
O, in He (AGA). Helium was added when
necessary to dilute further the reacting gas
mixture. The NH; in He was used without
further purification. The NO in He was
passed through a glass bead trap at 195 K.
The O, in He was purified in the same man-
ner as the O, mentioned above.

The reacting gases were mixed prior to
the reactor entrance and preheated to the
reaction temperature by passage through a
glass coil. A thermocouple well in the center
of the catalyst bed was used to measure the
catalyst temperature. The inlet and reactor
effluent gases were analyzed by chemilumi-
nescence for NO (Model 10A Thermo Elec-
tron Analyzer) and acidic titration for NH;.
The reactor effluent gas was periodically
trapped and analyzed by infrared spectros-
copy to estimate the concentration of N,O
produced. Prior to the introduction on the
reacting gas mixture, the samples were
heated in He to 673 K and then treated at
this temperature for 4 h in flowing O, (200
cm’*/min).

Infrared spectra were collected using a
Nicolet model 170SX Fourier transform
spectrometer equipped with a narrow-band
MCT detector. Transmission spectra were
collected in the single beam mode. Refer-
ence spectra of the clean surfaces were
collected separately and the data shown
herein are the difference between the sam-
ple and the reference. A stainless steel IR
cell with a 15-cm path length having KBr
windows was used. A heating element
wrapped around the cell allowed collection
of in situ spectra at temperatures up to
623 K. For experiments at elevated tem-
peratures, the windows were cooled by
flowing water through copper tubing
curved around the windows. Samples were
self-supporting wafers that had a diameter
of 2.5 cm and a thickness of about 5 mg/
cm’. The infrared studies were conducted
with the same gases used for the Kinetic
studies.
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TABLE 2

Catalytic Activities for Fe-Y Zeolites in the
Absence of O,

Si/Al ratio Rate® TOF” E 1
2.4 2.1 x 108 29 x 107° 31.0¢
32 1.6 x 10 2.9 x 107 68.5¢
4.4 6.6 x 104 1.5 x 10°% 44.07

“ Estimated at 523 K, 600 ppm NO, 400 ppm NHj;.
Units of molecules of NO/g of catalyst/s.

b Estimated at 523 K, 600 ppm NO, 400 ppm NH;.
Units of molecules of NO/Fe cation/s.

“ Activation Energy (kJ/mol).

¢ Temperature range of 545-655 K.

¢ Temperature range of 540-630 K.

! Temperature range of 580-675 K.

RESULTS

Two NaH-Y zeolites having Na contents
corresponding to 17 and 34% of the ion-
exchange capacity and with a Si/Al ratio of
2.4 were examined for their activity towards
SCR at 523 K in the presence of oxygen.
No measurable NO consumption was found
for these samples, which contained 400 ppm
of iron as an impurity.

Catalytic Behavior in the Absence
of Oxygen

Catalytic activities were obtained in the
absence of O, over atemperature range from
545 to 675 K. All initially oxidized Fe-Y
catalysts exhibited deactivation extending
over a period of 20 to 30 h. During this pe-
riod, the activity decreased by nearly two
orders of magnitude. Mdssbauer spectros-
copy (/9) has shown this loss in activity to
be related to the reduction of ferric to fer-
rous iron. Rate measurements of the appar-
ent steady state reached following the deac-
tivation period were carried out at various
temperatures with 600 ppm of NO and 400
ppm of NH;. These data are summarized in
Table 2, which lists the rate of NO reduc-
tion, the turnover frequency (TOF), and the
activation energy for each Fe-Y zeolite.
Comparison of the TOF values of these zeo-
lites with typical values reported for vana-
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dium oxide catalysts (/, 2, 2/, 22) shows the
iron zeolites to be between two and eight
times less active. In addition, the Fe-Y zeo-
lites are about an order of magnitude less
active than Co—and Cu-Y zeolites (/4, 15).
The values found for the activation energies
were consistent with the range of values for
other catalysts that have been reported (/,
2,9, 21, 22).

Catalytic Behavior in the Presence
of Oxygen

Kinetic studies in the presence of 1.2%
oxygen were carried out over a temperature
range of 480 to 575 K with a gas mixture
containing 400 ppm of both NO and NH,
in He. The results for NO reduction rate,
activation energies and TOF are summa-
rized in Table 3.

Comparison of the kinetic data presented
in Tables 2 and 3 demonstrates that the pres-
ence of O, enhances the catalytic activity by
approximately 2 orders of magnitude. This
result is in agreement with previous studies
(1, 3, 5, 9, 23). These data also show that
the zeolite Si/Al ratio has only a modest
effect on the catalytic activity, with the ma-
terial having a Si/Al ratio of 3.2 being the
most active. In addition, the TOF values
compare favorably with that reported for
iron oxide (5).

TABLE 3

Catalytic Activities for Fe-Y Zeolites in the
Presence of O,

Si/Al ratio Rate’ TOF? Eact’
2.4 9.6 x 10 1.3 x 10°¢ 47.0¢
3.2 1.8 x 10" 3.2 x 1074 50.4¢
4.4 5.8 x 10 1.3 x 1074 73.3/

4 Estimated at 523 K, 400 ppm NO, 400 ppm NH;
and 1% O,. Units of molecules of NO/g of catalyst/s.

b Estimated at 523 K, 400 ppm NO, 400 ppm NH,
and 1% O,. Units of molecules of NO/Fe cation/s.

¢ Activation Energy (kJ/mol).

4 Temperature range of 480565 K.

¢ Temperature range of 480-575 K.

/ Temperature range of 480-565 K.
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TABLE 4

Kinetic Orders of NO and NH; for the NO-NH;
Reaction over Fe-Y Zeolites in the Presence of O,

Si/Al ratio m T,! n T
2.4 0.9 490 0.0 490
0.9 540 0.3 542
32 1.7 490
1.5 502 0.1 503
1.0 544 -0.2 542
4.4 1.0 493 0.0 493
0.8 544 -0.4 544

@ Kinetic order of NO.

» Temperature (K) at which the kinetic order of NO
was determined.

¢ Kinetic order of NH;.

¢ Temperature (K) at which the kinetic order of NH;
was determined.

The kinetic orders with respect to NO and
NH, were determined in the temperature
range from 490 to 545 K. The results of these
studies are presented in Table 4. The data
show that the reaction was near first order
in NO (0.8-1.0), in agreement with other
studies (1, 2, 4, 3, 9, 24, 25). However, the
lower temperature data (490-502 K) from
the zeolite having a Si/ Al ratio of 3.2 showed
a higher order (1.7), decreasing to first order
at higher temperature. The reaction rate was
independent of the NH, concentration at
low temperatures (490-500), in agreement
with most of the literature results for other
catalyst systems (/-5, 9, 21, 24). At 545 K,
the order in NH; became slightly positive for
the Si/Al = 2.4 zeolite, whereas it became
slightly negative for the higher Si/Al
samples.

The reaction stoichiometry dictates that
the rates of NO and NH,; consumption
should be equal (i.e., 4NO + 4NH; +
0, — 4N, + 6H,0). This 1:1 NO:NH,
consumption ratio was found at 480 K for
the samples with an Si/Al ratio of 2.4 and
3.2. However, the consumption rate of NH,
exceeded that of NO by a factor of nearly
2 at higher temperatures (565 K). This be-
havior suggests that NH; oxidation may
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play a significant role at higher tempera-
tures.

The oxidation of ammonia by O, over the
Fe-Y zeolites was studied using a mixture
of approximately 400 ppm NH; and 1.2%
O, in He at 493 and 543 K. None of the
zeolites tested exhibited measurable ammo-
nia oxidation activity at 493 K. The 4.4
Si/Al ratio zeolite was inactive at tempera-
tures up to 543 K. The Fe-Y zeolites with
Si/Al ratios of 2.4 and 3.2, however, showed
measureable activity at 543 K, with rates of
NH, consumption equal to 1.4 x 10" and
1.0 x 10" molecules of NH,/g/s, respec-
tively. The difference between the ammonia
consumption rates and the NO consumption
rates during SCR in the presence of oxygen
was 1.6 x 107 and 1.1 x 10" molecules/
g/s for these same zeolites, under similar
conditions. The good agreement between
the numbers for excess ammonia consump-
tion during SCR and the rates of ammonia
oxidation is consistent with the hypothesis
that the excess ammonia consumption is due
to ammonia oxidation.

Nitrous oxide was found to be a product
of SCR in the presence of O,. A 30% selec-
tivity towards N,O was observed at 493 K
over a 2.4 Si/Al Fe-Y zeolite, in agreement
with other reports (10, /1). The rate of N,O
formation was nearly equal to the rate of
NO consumption at 593 K. II’chenko and
Golodets (26 ) reported that N,O is produced
by NH; oxidation. However, our 4.4 Si/Al
Fe-Y sample showed NO consumption
rates greater than NH, consumption rates
over the entire range of conditions explored.
This result is consistent with NO contribut-
ing to N,O formation in addition to NH;
being a source for its formation. The extents
to which each molecule contributes over the
range of Si/Al ratios and conditions studied
are beyond the limits of the data reported
herein.

Adsorption of NO

The interaction of NO with metal oxides
and ion-exchanged zeolites is generally
stronger after reduction (e.g., (27-31); how-
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FiG. 1. In situ infrared spectra of an Fe-Y zeolite
with a Si/Al ratio equal to 4.4, collected in a flowing
1000 ppm NO in He mixture at steady state (a) at 573 K
and (b) at room temperature following standard oxi-
dation.

ever, adsorption of NO has been reported
on oxidized surfaces (29). In situ infrared
spectra of the Fe-Y zeolite catalysts were
collected in a flowing 1000 ppm NO diluted
in He mixture at 300 and 573 K following
oxidation (Fig. 1) and reduction (Fig. 2)
treatments at 673 K. These figures are for
an Fe-Y sample with a Si/Al ratio equal
to 4.4, and they are representative of the
spectra obtained with all Fe-Y zeolites. The
dominant feature in these spectra is a band
at 1870-1890 cm~', which is present only
in the Fe-Y zeolite samples. This band has
previously (29, 32) been assigned to a
mononitrosyl iron species either in a zeolite
or on supported iron oxide. The band inten-
sity is strongly enhanced upon reduction
prior to NO exposure. The band is present,
however, upon exposure of NO to samples
which have undergone oxidation in flowing
oxygen at 673 K. This behavior is especially
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true for Fe-Y zeolites with a high Si/Al ra-
tio. Mossbauer spectroscopy (/9) has
shown that the Fe-Y zeolite with a 4.4 Si/Al
ratio retains Fe™, even after extensive oxi-
dation treatment at 673 K. Thus, at least in
part, the band on the oxidized sample (Fig.
1) may be due to NO on Fe?* cations re-
maining in the sample.

Several weak bands are observed in the
room temperature spectra of Figs. | and 2
which can be assigned to nitrate species.
Spectra collected at 523 K do not include
these bands, probably due to the poor ther-
mal stability of the nitrate species. When
freshly oxidized Fe-Y zeolites were ex-
posed to flowing 1000 ppm NO in He at
523 K, bands were observed at 1597 and
1628 ¢m™! that increased in intensity for
about 3 min and then decreased thereafter.
These bands are most likely the result of
gaseous NO, formed by reaction between
gaseous NO and weakly adsorbed oxygen.

1887

Absorbance
—
(=]
-

-

' S N T I

Ak i 'S PUNEE FUWEE Rl PR

¥ T L] T T

21000 2000 1900 1800 170K 1600 IS0 1400 1300
Wavenumber (cm-1)

F1G. 2. In sitie infrared spectra of an Fe-Y zeolite
with a Si/Al ratio equal to 4.4, collected in a flowing
1000 ppm NO in He mixture at steady state (a) at 523 K
and (b) at room temperature following standard re-
duction.
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Fi1G. 3. Infrared spectra of an Fe-Y zeolite with a
Si/Alratio equal to 4.4, collected in a flowing 1000 ppm
NH, in He mixture at room temperature following a
standard (a) oxidation and (b) reduction treatment.

Adsorption of Ammonia

Bands due to the antisymmetric bending
of the ammonium ijon appear between 1500
and 1400 cm ™! (e.g., (15, 17, 33-36)). The
symmetric bending mode, between 1700 and
1650 cm™', is IR inactive in unperturbed
NH; . The presence of H-bonding between
NH; and the surface, however, distorts the
molecule and lowers its T, symmetry to-
wards C,,, thereby allowing the detection
of this band in zeolites, as observed by oth-
ers (35, 46). Bands in the 1600-cm ™! region
can be ascribed to the symmetric bending
modes of adsorbed NH, while the antisym-
metric modes are below the 1300-cm™' de-
tector cut-off. Finally, bond bending modes
of NH, and NH species appear between
1600 and 1400 cm ™' (e.g., (37-40)).

The infrared spectra of an Fe-Y zeolite
with a Si/Al ratio of 4.4, collected in flowing
1000 ppm NH; in He at ambient temperature
following oxidation and reduction treat-
ments at 673 K are shown in Fig. 3. The
bands near 1465 and 1700 cm ™! can be as-
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signed to the antisymmetric and symmetric
bending modes of NH; adsorbed on
Brgnsted acid sites. The band at 1620 cm ™!
can be assigned to the antisymmetric bend-
ing mode of NH, adsorbed on Lewis acid
sites. The intensity of this band was stronger
in the reduced sample, in agreement with
the lower degree of coordination of Fe?*,
making these cations more accessible. The
intensity of the band due to NH; remains
essentially the same, or perhaps decreases
slightly, when the sample is reduced. There-
fore, additional Brgnsted acid sites are not
created upon reduction of the sample (as
might be expected if the reduction reaction
were written as H, + 2Fe'* — 2Fe?* +
2H *); and the charge balance on the lattice
during reduction is preserved by removal of
oxygen anions (e.g., H, + 2Fe** + O~ —
2Fe** H,0). Finally, the band at 1637 cm ™!
can be attributed to weakly bonded ammo-
nia (33, 41) or to adsorbed water.

Heating an Fe-Y sample in flowing He
which had first been saturated with NH;,
caused the band near 1640 cm™! to disap-
pear at temperatures between 423 and
473 K, as demonstrated in Fig. 4 for the
zeolite with a 2.4 Si/Al ratio. This behavior
is consistent with the band being assigned to
a weakly bound NH, species or to adsorbed
H,0. The disappearance of this band clearly
revealed the band near 1615 cm~' which is
a strongly bound NH; species on Lewis acid
sites.

Among the bands assigned to NH; on
Brgnsted acid sites, the band at 1505 cm ™!
disappeared with a concomitant increase in
the 1465-cm ! band, upon heating from 323
to 373 K. These bands are probably associ-
ated with NH; on weak and strong
Brgnsted acid sites. Another band at 1695
cm”~' can be assigned to the symmetric
bending mode of an NH; species. This
latter band is present in ambient tempera-
ture spectra but disappeared upon heating
(Fig. 4). Among the species discussed
above, only NH; on Brgnsted sites and
NH; on Lewis sites were observable at
523 K. These species are, therefore, the
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F1G. 4. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4, saturated
with NH; at room temperature and heated in flowing
He at (a) 323 K (1 h), (b) 373 K (40 min), (c) 423 K (30
min), (d) 473 K (1 h), and (e) 523 K (15 min).

ones expected to play a role in the SCR
reaction.

Interaction of Fe-Y Zeolites with
NO-NH -0, Mixtures

In situ IR spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio of 2.4 are
presented in Fig. 5. The spectra were col-
lected under steady-state reaction condi-
tions at 523 K using different concentrations
of NO and NH, in the presence of 1% O,.
The intensities of the two bands correspond-
ing to NH; and NH; on Lewis and Brgnsted
acid sites vary in relationship to the NH,
concentration in the gas phase. No detect-
able bands are present in the mononitrosyl
region of the spectra (1900 — 1800 cm ') at
low NO concentrations (Fig. 5¢). However,
at high concentrations (Fig. 5a) a weak band
is present, and the intermediate spectra con-
tain some indications for the presence of a
mononitrosyl band. The mononitrosyl spe-
cies is probably associated with the 15%
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of Fe?* present as under these conditions,
as shown by Mdssbauer spectroscopy (19).

The effect of reaction temperature on the
steady state surface concentrations of NH,
and NH; species is shown in Fig. 6. The
band intensities decrease with increasing
temperature. Assuming the adsorption of
these species follows a Langmuir isotherm,
an estimate of the heats of adsorption can
be made. The values for both NH; and
NH, were nearly identical. The standard
entropy and enthalpy changes of adsorption
were found to be — 185 J/mol-K and - 130
kJ/mol, respectively. These values are
within the range expected from calorimetric
NH, adsorption measurements on various
Y-zeolites (42).

In situ infrared spectra of the selective
reduction of NO by NH, were also collected
in the absence of oxygen. Mdssbauer spec-
troscopy has shown that there is a slow re-
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F1G. 5. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4 at steady
state at 523 K with a flowing mixture of (a) 600 ppm
NO, 200 ppm NH;, 1% O, in He; (b) 400 ppm NO, 400
ppm NHj;, 1% O, in He; and (¢) 200 ppm NO, 600 ppm
NH;, 1% 02 in He.
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F1G. 6. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4 at steady
state with a flowing mixture of 400 ppm NO, 400 ppm
NH;, 1% O, in He, at (a) 548 K, (b) 523 K, and (c)
498 K.

duction of the ferric to ferrous cations under
these conditions (/9), and our kinetic stud-
ies reported above showed a substantial de-
crease in catalytic activity starting with a
fully oxidized catalyst. From the data shown
in Fig. 7, it is seen that the amount of NH;
which is adsorbed on the Lewis acid sites
increases with increasing time, while there
is a decrease in the concentration of NH;
species. This behavior is consistent with the
spectra of Fig. 3, indicating that the sample
becomes reduced under reaction conditions
in the absence of O,. We also observed the
same effect upon removing O, from a NO-
NH;-O, mixture at 523 K.

In situ IR spectra were obtained on a 2.4
Si/Al sample under 700 ppm flowing NH;,
and 1.6% O, in He at 523 and 548 K. These
are experimental conditions under which
NH, oxidation becomes an important side
reaction. These spectra show increased in-
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tensity in the region between 1500 and 1600
cm ™' where NH and NH, species are found
(37-40). However, it was not possible to
resolve these bands from those of water or
the strong NH, and NH; bands. Impor-
tantly, new bands appeared in the OH
stretching region when the temperature was
increased. Because hydroxyl groups are the
product of NH, dehydrogenation, this ob-
servation supports the idea that ammonia
oxidation proceeds through NH,/NH
species.

Reactivity Studies

Infrared spectra were collected versus
time for a sample which had been equili-
brated with a 1000 ppm NH; in He mixture
at 523 K and subsequently exposed to dif-
ferent gas mixtures at this same tempera-
ture. Figures 8-10 show the spectra of a
sample with a 2.4 Si/Al ratio collected when
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Fi1G. 7. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4 collected
at 523 K in a flowing mixture of 500 ppm NO, 500 ppm
NH; in He, (a) 1 h, (b) 2 h, and (c) 6.5 h after the
introduction of the mixture.
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F1G. 8. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4 collected
at 523 K (a) following 30 min in 1000 ppm NH, in He,
(b) 10 min after the NH; in He has been replaced by
He, and (c¢) 30 min after the replacement.

the gas was switched to (1) He, (2) a 5% O,
in He mixture, and (3) a 1000 ppm NO in
He mixture. Upon switching to pure He the
IR bands due to NH; and NH; decreased
slightly as small amounts of ammonia de-
sorbed (Fig. 8). When the mixture was
switched to the O, mixture, the NH; and
NH; band intensity also decreased slightly
(Fig. 9). This behavior is consistent with the
kinetic results which demonstrate that NH,
oxidation is not a major side reaction at
these conditions. The band was formed near
1640 cm ! can be assigned to water present
in the He or to water formed from ammonia
oxidation.

Importantly, when a 1000 ppm NO in He
mixture is passed over an Fe~-Y zeolite con-
taining preadsorbed ammonia, the rate of
disappearance of NH; and NH; bands was
significantly higher than during treatments
in either pure He or O, in He. Specifically,
both the NH; and NH; bands were essen-
tially eliminated within 30 min after the NO
mixture was introduced, as shown in Fig.
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10. Furthermore, the bands due to adsorbed
ammonia were not replaced by bands due
to adsorbed nitric oxide. In addition, a sig-
nificant amount of water was produced from
the reaction of NO with NH,, as detected
by the 1640-cm™! band. Therefore, the dis-
appearance in the IR spectrum of adsorbed
ammonia is caused by reaction with nitric
oxide, in contrast to displacement of ammo-
nia by nitric oxide on the surface. When
these experiments were repeated with an
Fe-Y sample having a 4.4 Si/Al ratio, very
similar results were obtained. These results
are consistent with both NH; and NH; be-
ing involved in the NO reduction mecha-
nism and the lack of any significant kinetic
dependence on the Si/Al ratio.

When the above experiment was repeated
using a NaH-Y sample having a 2.4 Si/Al
ratio the intensity of the band due to NH;
species did not decrease significantly in ei-
ther flowing He or the O, in He mixture
at 523 K. Furthermore, the intensity of the
band due to NH; species on NaH-Y de-
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F1G. 9. In situ infrared spectra of an initially oxidized
Fe-Y zeolite with a Si/Al ratio equal to 2.4 collected
at 523 K (a) following 30 min in 1000 ppm NH; in He,
(b) 10 min after the NH, in He has been replaced by
5% O, in He, and (c) 30 min after the replacement.
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F1G. 10. In situ infrared spectra of an initially oxi-
dized Fe-Y zeolite with a Si/Al ratio equal to 2.4 col-
lected at 523 K (a) following 30 min in 1000 ppm NH;
in He, (b) 10 min after the NH; in He has been replaced
by 1000 ppm NO in He, and (c) 30 min after the re-
placement.

creased in the flowing NO in He mixture at
approximately the same rate as observed in
Fig. 10 for the Fe-Y zeolite sample at
523 K. This surprising result establishes
that the rate of NO reaction with adsorbed
ammonia over a fresh sample is comparable
for the NaH-Y and Fe-Y zeolite samples.

DISCUSSION

The in situ infrared spectra presented here
are consistent with only minimal amounts
of NO being present on the Fe-Y zeolites
under typical reaction conditions used for
the selective reduction of nitric oxide by
ammonia. In particular, adsorbed NH, and
NH; species on Lewis and Brgnsted acid
sites, respectively, react with flowing NO
without the appearance of IR bands corre-
sponding to adsorbed nitrosyl species.
Hence, we believe that the NO-NH; reac-
tion over Fe-Y zeolites proceeds formally
via reaction between adsorbed ammonia
(both the NH; and NH; species) and either
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gas phase NO or weakly adsorbed NO. This
reaction step may take place via formation
of a short-lived iron nitrosyl species, with
the steady-state concentration of this spe-
cies being below the detectability limits of
our IR experiments. Finally, the dominant
coverage of NH; on the surface is also con-
sistent with the lack of dependence of the
rate expression on the ammonia concen-
tration.

Following the reaction between NO and
the NH, and NH; species, surface hydrox-
yls are formed. The removal of these species
is required to complete the catalytic cycle.
The ability of the iron cations to undergo
oxidation-reduction is intimately linked
with the catalytic cycle, especially within a
zeolite framework. The formation of hy-
droxyl groups may also be associated with
the charge balancing of the lattice brought
about by the reduction of the Fe*~ cations.

In the absence of gas phase O,, the NO
must serve as the oxidizing agent for the
Fe2* cations. An additional possibility for
the oxidizing agent is N,O formed in the
reaction between NO and NH; (43, 44). At
steady state in the absence of O,, the work-
ing catalyst has been shown to be nearly
fully reduced (I9). Furthermore, under
these conditions the catalyst is nearly two
orders of magnitude less active than when
O, is present in the gas phase. These results
are consistent both with NO being a poor
oxidizing agent and the reaction being lim-
ited by the rate of reoxidation in the absence
of oxygen. The fact that N,O does not sig-
nificantly improve the rate of reoxidation
is consistent with it being a minor reaction
product, since it is generally regarded as a
better oxidizing agent than O,.

Earlier Mossbauer spectroscopy studies
at 523 K under comparable NO and NH;
partial pressures and in the presence of O,
(19) showed that the rate of Fe** reduction
to Fe?” was an order of magnitude slower
than the steady-state SCR rate. This com-
parison of rates would seem to suggest that
the oxidation—-reduction properties of iron
and the SCR reaction rates are unrelated.
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However, we have previously shown that
the rate of reduction of iron cations is highly
dependent on the fraction of iron already
reduced and on the Si/Al ratio of the zeolite
(43). Both of these parameters are related
to the lattice site that is occupied the highest
fraction of time by the iron cations (since
earlier studies have revealed that the cations
move within the lattice at reaction tempera-
tures). Thus, iron cations which are more
accessible are more easily reduced than
those in the hexagonal prisms, presumably
because it is difficult for cations at these
latter sites to move to more accessible loca-
tions. The difference in reduction rate for
the various Fe'" cations exceeds the order
of magnitude difference between the overall
reduction rate and the steady state SCR rate
reported here. Therefore, these data suggest
that only a fraction of the Fe cations are
likely to be responsible for the SCR activity
of the Fe-Y zeolite catalysts.

The reaction kinetics in the presence of
oxygen show that the order in NO is unity
and that the order in ammonia is zero. At
higher temperatures the ammonia order may
deviate slightly from zero and at the higher
temperatures the deviation may also be a
weak function of the zeolite Si/Al ratio.
These results indicate that NO is involved in
the rate-determining state. Unfortunately,
these data do not provide information about
the role of ammonia, because the surface is
largely saturated with ammonia and the NO
does not effectively compete with the am-
monia for adsorption sites. While in the ab-
sence of oxygen the rate-determining step
appears to be reoxidation of the iron, no
dependence on oxygen was found in the
presence of approximately tenfold excess of
oxygen. This behavior is consistent with in
situ Mossbauer spectroscopic results (/9)
which showed no detectable change in the
oxidation states as a function of oxygen
pressure.

With low Si/Al ratio zeolites, the order in
ammonia becomes slightly positive at higher
temperatures, indicating the reaction is
moving towards second order and that reac-
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tion between NO and ammonia derived spe-
cies is involved in the rate-determining step.
With higher Si/Al ratio zeolites, the order
becomes slightly negative at higher temper-
ature. In conjunction with this inverse de-
pendence on ammonia, the reduction of NO
to N,O becomes an important side reaction.
This side reaction is expected to have an
inverse dependence on ammonia if the
mechanism for its formation from two NO
molecules involves a dinitrosyl species.

There have been suggestions that NO, is
an important species in these reactions
(45—48). In our case, we do observe NO,
formation upon exposure of NO to a freshly
oxidized Fe-Y zeolite. Itis likely, however,
that the gaseous NO, formed in our experi-
ments involved some residual O, species
weakly adsorbed on the catalyst, since gas-
phase reactions of NO with oxygen species
are well known and facile.

Ammonia Oxidation

The kinetic studies provide evidence that
oxidation of ammonia by oxygen com-
mences near 523 K and becomes increas-
ingly dominant as the temperature in-
creases. The in situ infrared spectra
suggest that either adsorbed NH, or NH,
which are formed only when iron is in the
zeolite, are important intermediates in the
reaction pathway. Furthermore, in situ
Maossbauer studies indicate that the oxida-
tion state of the Fe-Y catalysts in
NO:NH;: O, gas mixtures is more highly
reduced for higher Si/Al ratios at high
NO : NH; ratios (/9). With increasing Si/Al
ratio of the catalyst, the fraction of iron in
the fully oxidized state decreases and as a
result the amount of extraframework oxy-
gen species decreases. If this extraframe-
work oxygen is necessary for the dehydro-
genation of the NH, species, then it would
be expected that the rate of ammonia oxida-
tion would decrease as the overall oxidation
state of the iron decreases.

While the kinetic results indicate iron cat-
ions are necessary for zeolites to exhibit
steady-state catalytic activity for the
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NO-NH,; reaction in the presence of O,,
infrared results from the reaction of NO with
preadsorbed ammonia demonstrate that
NH; species adsorbed on a NaH-Y zeolite
react with NO, even though iron cations are
not present in the catalyst in appreciable
concentration. This observation suggests
that the presence of iron cations is not nec-
essary, at least for the initial reaction of
NH; with NO. The iron cations in the zeo-
lites function catalytically by undergoing
oxidation-reduction cycles. The mecha-
nism operating in the NaH-Y catalyst does
not contain cations able to undergo oxida-
tion—-reduction, and this catalyst must carry
out the NO reduction by a different mecha-
nism. In this respect, it has been suggested
that the catalytic cycle for the SCR reaction
in zeolites may involve reaction between
NO and H atoms (/4, 15). In this case, the
rate-determining step in the catalytic cycle
may be the formation of HNO species and
the subsequent production of N,O. Our
steady-state kinetic experiments suggest
that this reaction is a significantly slower
process under the conditions studied.

CONCLUSIONS

Fe-Y zeolites are active for the selective
reduction of nitric oxide by ammonia both
in the presence and absence of O, . Although
they are not as active as V,0; catalysts, their
activity is comparable to Fe,0, catalysts.
Deactivation of initially oxidized catalysts
was observed when O, was absent from the
gas phase. In the presence of gas phase O,,
the steady-state rate is enhanced by about
two orders of magnitude. The presence of
Fe cations in the zeolites is necessary to
sustain steady state catalytic activity,

The SCR reaction was found to be first
order in NO. The kinetic order with respect
to ammonia was essentially zero at tempera-
tures up to 545 K, whereupon it deviated
either higher or lower depending on the
Si/Al ratio of the Fe-Y zeolite. The negative
deviation may be related to the onset of NO
reduction to N,0, where ammonia would
act as a site blocking agent. The positive
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deviation may be related to the onset of am-
monia oxidation or more simply to a de-
crease in the ammonia surface coverage
with increasing temperature. One of the in-
teresting questions identified in this study is
why the selectivity of these side reactions
depends so strongly on the Si/Al ratio of the
Fe-Y zeolite.

The rate-limiting step in the catalytic re-
duction of nitric oxide in the presence of O,
appears to be the reaction between adsorbed
ammonia and either gaseous NO or a NO
surface species which is in such low concen-
tration that it is not visible in the IR spectra.
The catalytic cycle involves the extraframe-
work oxygen anions associated with the fer-
ric cations. The NH; species adsorbed on
a NaH-Y were found to react rapidly with
NO in the absence of excess ammonia. In
this case, the rate-determining step in the
catalytic cycle may be the formation of
HNO species and the subsequent produc-
tion of N,O. In the absence of O,, the rate-
determining step is the catalyst reoxidation
by NO.
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