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Abstract

NO reduces HNO3 to HONO and surface nitrates to nitrites on a BaNa–Y zeolite, and it reacts with NO2 to form N2O3. Data are also
presented which show that adsorbed NO+ reacts with water to form HONO. In the presence of NH3 and H2O these processes lead to t
formation of ammonium nitrite, which efficiently decomposes near 100◦C to N2 + H2O, effecting the catalytic reduction of NOx to N2.
A criterion for this path is that the optimum yield of N2 is obtained with an equimolar mixture of NO+ NO2. Since ammonium nitrate
which can also form on this catalyst, does not significantly decompose at 200◦C, a typical temperature for diesel exhaust, the reductio
nitrate to nitrite serves to regenerate active sites on the BaNa–Y zeolite.
 2005 Elsevier Inc. All rights reserved.
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es
ic

f the
c-
the
ith
O
r

ver,
d

-

an
on-

d
te

re.
N

t
e et
by

ide
r

x

1. Introduction

Selective catalytic reduction (SCR) of nitrogen oxid
(NOx) with NH3 is an efficient way to convert these tox
gases into environmentally benign N2 [1–3]. Despite its im-
portance, there is no clear consensus on the details o
mechanism of NOx reduction with ammonia or other redu
tants, nor is there certainty about the commonality of
reaction paths over different catalysts. A possible clue w
regard to the SCR mechanism is the effect of the NO/N2

ratio on the N2 yield. There is generally negligible SCR fo
pure NO in the absence of O2 and moderate SCR for NO2,
both in the presence and in the absence of O2 at 200◦C, the
typical temperature of diesel exhaust. Remarkably, howe
much higher conversions of NOx to N2 have been reporte
for mixtures of NO and NO2; the highest N2 yield has been
found for a 1:1 mixture of NO/NO2. In 1981, Kato et al. re
* Corresponding author.
E-mail address: weitz@northwestern.edu(E. Weitz).
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ported that the SCR rate with ammonia was higher for
iron-titanium oxide catalyst when the reaction mixture c
tained an equimolar mixture of NO and NO2 than for either
only NO or only NO2 [2]. Likewise, Tünter et al. reporte
that over a V2O5–WO3–TiO2 catalyst the highest SCR ra
is achieved with a 1:1 NO/NO2 mixture [3]. Koebel et al.
found that the SCR performance over V2O5–WO3/TiO2 is
highest with an equimolar mixture of NO and NO2 [1]. More
recently, Sun et al.[4] reported that NOx is completely re-
duced by NH3 over an Fe/MFI catalyst at low temperatu
Isotopic labeling demonstrated that one N atom in each2

molecule is from NH3 and the other is from NO.
Ramis et al.[5] suggest that nitrosamide, NONH2, is an

intermediate in NOx reduction on NOx catalysts working a
high temperature. This model was also used by Topsø
al. [6]. They assume that ammonia is oxidatively activated
V5 to an N2− species that reacts with NO. The nitrosam
is assumed to decompose to N2 and H2O. Koebel et al. late

4+ 5+
proposed that V is reoxidized by NO2 to V in a process
that yields nitrous acid as a co-product. Nitrous acid then
reacts with adsorbed NH3 to finally give N2 + H2O.

http://www.elsevier.com/locate/jcat
mailto:weitz@northwestern.edu


f Cata

rite

oth

-

lite-

O
ns.

ates
mo-

po
ure
d to
on;
e re

for
-
on

ar-

pre

-
This
e re
cur

ex-
um

led
m-

-

ode
ter
, we
solu-
is
n
two
g-
ed to
ther-

g

as
re of
ac-
h to
d for

-
at
ally
re-
as
f

-

e-

sts
in-

an

ich

ies.
hat

The
182 Y.H. Yeom et al. / Journal o

In the mechanism proposed by Sun et al.[4], HNO2 is
crucial; they propose that in the presence of NH3 and H2O
the dynamic equilibrium

NO + NO2 ↔ N2O3 (1)

leads to the formation of ammonium nitrite, NH4NO2, by
the reaction

N2O3 + 2NH3 + H2O → 2NH4NO2. (2)

Since 1847 it has been known that ammonium nit
swiftly decomposes to N2 and H2O near 100◦C [7,8], lead-
ing to the overall reaction

NO + NO2 + 2NH3 → 2N2 + 3H2O. (3)

The reaction has a stoichiometry that is consistent with b
the consumption ratio for NH3, NO, and NO2 and the fact
that an optimum N2 yield is obtained for an equimolar mix
ture of NO/NO2.

IR spectroscopy has revealed that exposure of zeo
based catalysts, such as Fe/MFI[9], Co/MFI [10], or
Cu/MFI [10], to an atmosphere containing NO and2
results in the formation of nitro groups and nitrate io
For BaNa–Y we recently reported that N2O4, the dimer of
NO2, is dissociatively chemisorbed to give NO+ and NO3

−
ions[11]

(4)N2O4 � (NO+)ads+ (NO3
−)ads.

There is still a question as to whether these adsorb
react further or block sites of the catalyst. Whereas am
nium nitrite is known to easily decompose near 100◦C, the
nitrate requires a much higher temperature, and its decom
sition produces N2O, a greenhouse gas. For low temperat
applications, thermal decomposition would be expecte
be insufficient to “protect” the catalyst against deactivati
chemical regeneration of the reactive surface site may b
quired.

The present study focuses on the reaction mechanism
NOx reduction in the presence of NH3 over a BaNa–Y ze
olite. It is essential to clarify the role of NO in the reacti
mechanism. NO will always coexist with NO2 in the pres-
ence of oxygen as a result of the equilibrium 2NO+ O2 =
2NO2. A mechanism is proposed that rationalizes the p
ticular efficiency of an equimolar NO/NO2 mixture in NOx

reduction in the presence of excess ammonia. The data
sented also indicate thatNO acts as a reductant for nitric
acid, surface nitrates, and ammonium nitrate. These criti-
cal and multiple roles for NO in a NOx reduction mecha
nism do not seem to have been appreciated previously.
study also addresses the question of which steps in th
action network are catalyzed, versus which can still oc
efficiently in the absence of a catalyst.

2. Experimental
The zeolite samples were obtained by a threefold wet
ion exchange of Na–Y (Si/Al = 2.5; Aldrich) with a 0.1 M
lysis 231 (2005) 181–193
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Ba(NO3)2 solution at ambient temperature. For every
change, the slurry was stirred for 48 h before it was vacu
filtered, washed thoroughly with doubly deionized H2O,
and dried in air. Elemental analysis via inductively coup
plasma spectroscopy (ICP) gave the following unit cell co
position: Ba9.6Na33.8Al53Si139O384·xH2O. Even though this
zeolite acts functionally as a BaY zeolite[12], since there is
a higher Na+ than Ba2+ concentration, we refer to the sam
ple as a BaNa–Y zeolite.

In situ FT-IR spectra were recorded in transmission m
with a Bio-Rad Excalibur FTS-3000 infrared spectrome
equipped with a MCT detector. Unless otherwise stated
obtained each spectrum by averaging 70 scans at a re
tion of 2 cm−1. The “homemade” infrared cell, which
described in more detail in Ref.[11], is based on the desig
in Ref. [13] and consists of a stainless-steel cube with
CaF2 windows that can be differentially pumped. The tun
sten grid that supports the sample can be resistively heat
a temperature that is measured with a chromel–alumel
mocouple that is spot-welded to the center of the grid.

Typically, a small brush was used to “paint” 10–15 m
of zeolite, in a water slurry, onto a 1.5 × 1.5 cm tungsten
grid while the grid was held at 353 K. The IR cell w
then evacuated by a turbomolecular pump to a pressu
5 × 10−7 Torr. The zeolite samples were heated under v
uum to 703 K and were kept at that temperature for 3–5
remove adsorbed water. A fresh zeolite sample was use
each set of new experiments. Samples of NO2 were prepared
by allowing a mixture of NO (typically 2 Torr) in a large ex
cess of O2 (typically 100 Torr) to reach equilibrium, so th
the nitrogen-containing species in the mixture was virtu
exclusively NO2. These samples will be referred to as p
mixed samples or simply a “pre-mix.” This procedure w
used to produce NO2 since it allowed for the production o
isotopically labeled NO2 from isotopically labeled NO with
out a change in the experimental protocol.

Catalytic tests were performed with a microflow r
actor, which is described in more detail in Ref.[14].
NH4NO3/BaNa–Y (or quartz) samples used in these te
were prepared by the incipient wetness method, which
volves impregnation of BaNa–Y (or quartz) (0.12 g) with
aqueous solution of 3.5 M NH4NO3 (0.12 g), followed by
drying overnight at room temperature.

For experiments involving NH4NO3 and BaNa–Y or
quartz, the feed gas was 20,000 ppm NO in helium wh
flowed through the reactor, held at 200◦C, at a flow rate of
10 standard cc/min. The reaction of HNO3 with NO and
NH3 over BaNa–Y zeolite was studied at 200◦C in a sys-
tem consisting of two microflow reactors arranged in ser
Experiments were carried out for four different mixtures t
flowed through the reactors at 100 ml/min. Helium was used
to achieve the same overall flow rate in all reactor runs.
feed gases were as follows: (i) 1000 ppm HNO3, which were

introduced into the first reactor by bubbling He through a sat-
urator containing a 55% HNO3/water mixture; (ii) 1000 ppm
HNO3 and 1500 ppm NO, which resulted from a mixture of
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NO in He being bubbled through a saturator containing
HNO3/water mixture; (iii) 1000 ppm HNO3 mixture was in-
troduced into the first reactor and a mixture of 2000 p
NH3 in He was added to the flow in the second reac
(iv) 1000 ppm HNO3, 1500 ppm NO, and 2000 ppm NH3,
which resulted from the NO in He mixture being bubbl
through the saturator containing the HNO3/water mixture
and NH3 being added to the flow into the second reac
Thus, in all cases the feed gas contained approximately
H2O. In a typical experiment, the samples of BaNa–Y w
loaded into the U-shaped quartz reactors, calcined in fl
ing O2 at 500◦C for 2 h, and then cooled to 200◦C before
being exposed to the reaction mixture. The mixtures le
ing the saturator were directed through a reactor contai
200 mg of BaNa–Y at 200◦C. In experiments (iii and iv) in
which both NH3 and HNO3 were present, ammonia was i
troduced into the system in the second reactor in the form
a mixture with He. This was done to minimize the interact
of HNO3 and NH3, since these compounds will rapidly r
act to form ammonium nitrate. Control experiments show
that this method of adding NH3 minimizes NH4NO3 forma-
tion. As indicated in Section3.4, under these conditions (i
and iv), a major portion of the original HNO3 has already
been reduced to HNO2.

Dinitrogen formation was monitored on-line with a g
chromatograph with a thermal conductivity detector (TC
with the use of an Alltech 5A molecular sieve column.
prevent condensation, heating tape was used to keep all
at 80◦C. A NaOH solution (9 M) held at−10◦C was po-
sitioned before the GC to prevent acid vapors from ente
the packed column. The N2 yield was calculated from th

amount of N2 in the effluent and the amount of NO in the

Fig. 1. FT-IR spectra observed upon exposing BaNa–Y to 61.2 Torr of the
temperature was gradually increased to 200◦C.
alysis 231 (2005) 181–193 183
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(Matheson Tri-Gas, 98%),15NO (Cambridge Isotope, 98%
NO2 (Matheson Tri-Gas, 99.5%), and NH3 (BOC Gases
99%) were used as received. Gaseous nitric acid was
tained from the vapor above a 1:2 (by volume) mixture
concentrated HNO3 (69.6 wt% HNO3; Fisher Chemical) and
H2SO4 (95.7 wt%; Fisher Chemical).

3. Results

3.1. Adsorption of pre-mixes of NO + O2

There are a number of IR studies of NOx adsorbed by
Na–Y [15] and Ba–Y[16] zeolites. In a previous investiga
tion [11], we reported data on NO2 adsorption on BaNa–Y
at 200◦C. Details of the NO2 adsorption mechanism are di
cussed in Ref.[11] and are not described here. Howev
some of the spectral changes that occur as a function o
BaNa–Y sample temperature are described, as they pro
insights into the nature of the species present in these e
iments.

Fig. 1 displays a series of IR spectra in the 1200–23
and 3300–4000 cm−1 regions, recorded at different tempe
atures. When dehydrated BaNa–Y is exposed to 1.2 To
NO2 at 33◦C, strong and broad absorption bands are
mediately observed at 1352 and 1403 cm−1. These are due
to the symmetric and asymmetric vibrations of NO3

− in-
teracting with Ba2+ ions [11,15]. With increasing temper
ature the broad bands sharpen and separate into two
distinct bands at 1320 and 1438 cm−1 [15]. The feature
centered at 1616 cm−1 is due to gas-phase NO2. The inten-

sity of this band increases slightly as the temperature is in-

ed
tra-
feed, except when only HNO3 and NH3 were used, in which
case the amount of NH3 in the feed was used. Nitric oxide

creased from 33 to 50◦C because of desorption of adsorb
NO3

− + NO+, which leads to an increase in the concen
pre-mixture of 2 Torr of NO and 100 Torr of O2 at 33◦C. After the exposure the
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tion of gas-phase NO2. However, increasing the temperatu
from 50 to 200◦C does not lead to a significant chan
in the intensity of the gas-phase NO2 peak. This constan
intensity is the result of two offsetting factors. One is si
ply desorption of adsorbed NO3− + NO+, which increases
with increasing temperature, and the other is the tempera
dependence of the equilibrium, 2NO2 → 2NO+O2. Consis-
tent with this explanation, the intensity of the gas-phase
band (not visible on the absorbance scale shown) incre
with increasing temperature. The center of the strongest
in the gas-phase NO band is∼ 0.00066 absorbance uni
(a.u.) at 33◦C and∼ 0.0021 a.u. at 200◦C.

Increasing the temperature to 50◦C leads to a substantia
diminishment in intensity of the band at 1748 cm−1, whereas
the absorption at 1767 cm−1 (shoulder) inFig. 1 is still ev-
ident. Both of these bands gradually decrease in inten
with increasing temperature (from 50 to 150◦C) and are no
visible in the trace taken at 200◦C (top trace). This region i
where the asymmetric stretching modes of N2O4, along with
theν1 + ν2 combination vibration of NO3− ions, should ab-
sorb. Sedlmair[16] observed a band at 1763 cm−1, at 50◦C,
which they assigned to N2O4. In the present study, the a
sorption band at 1748 cm−1 is expected, at 33◦C, to contain
a contribution from a N2O4 absorption. However, the rela
tive importance of the contributions from these two spec
remains a point of controversy. The different tempera
dependencies of these two bands (1748 and 1767 cm−1) sug-
gest that both N2O4 and NO3

− contribute to these absorp
tions. Since higher temperature does not favor the forma
of N2O4, the observed behavior is consistent with N2O4 con-
tributing more significantly to the band at 1748 cm−1 at
33◦C.

Absorption bands at 2042, 2176, and 2218 cm−1 (shoul-
der) appear immediately after the exposure of BaNa–Y
NO2 (see the spectrum inFig. 1 taken at 33◦C). When
the temperature is increased from 35 to 100◦C, the band a
2218 cm−1 completely disappears. The band at 2176 cm−1

gradually becomes weaker and is no longer visible at 200◦C,
whereas the band at 2042 cm−1 increases in intensity as th
temperature is increased from 33 to 50◦C, and thereafte
there is no significant change in intensity up to 150◦C. How-
ever, there is a significantdecrease in the intensity of this
band when the temperature is increased from 150 to 200◦C.
The band at 2218 cm−1 completely disappears with the eva
uation of the cell (at 33◦C), as does the 2042 cm−1 band
when the cell is evacuated at 200◦C. In previous work[11]
we showed that the band at 2042 cm−1 is due to NO+ that is
formed by the reaction

(5)N2O4 → NO3
− + NO+.

Szanyi et al. used15NO and 18O2 in a study of this
process and assigned a band in the 2000–2200 cm−1 region

+ +
to NO [15]. The NO interacts with the anionic zeolite
framework oxygens. NO+ can also interact with NO2 to
form [NO+ · NO2] and [NO+ · N2O4] adducts, as suggested
lysis 231 (2005) 181–193
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by Szanyi et al.[15] and Hadjiivanov et al.[17]. The IR ab-
sorptions of these adducts are in the 2100–2200 cm−1 region
on Na–Y, and NO+ is at 2020 cm−1 [17].

The stretching frequency of NO+ depends on the degre
of electron transfer of the corresponding anion to theπ∗ or-
bital of NO+ [11]. Therefore, the stretching frequency
NO+ varies with the nature and extent of exchange with
cation. The adducts alluded to above are relatively unsta
as indicated by the fact that they completely disappea
200◦C. Combining our observations and literature resu
we assign the two bands at 2176 and 2218 cm−1 to the
[NO+ ·NO2] and [NO+ ·N2O4] species adsorbed by anion
sites of framework oxygens.

As the temperature was increased from 33 to 200◦C,
there was an∼ 90% decrease in the integrated absorbanc
the NO+ species (at 200◦C ), and the intensity of the NO3−
absorption decreased by∼ 75% at 200◦C. If these decrease
were merely the result of desorption due to the back-reac
in Eq. (5), the percentage by which the intensity of the
two bands decreased should be the same. As this is no
case, there must be another pathway for loss of NO+, which
is described below. The cause of the temperature-depen
change in intensity of the 3630 cm−1 band is also discusse
below.

3.2. Reaction of NO+ + H2O

As discussed previously, when dehydrated BaNa–Y is
posed to NO2 at 33◦C, absorption bands due to NO+ and its
adducts are seen at 2042, 2176, and 2218 cm−1. As seen in
Fig. 2, in which NO2 interacts with BaNa–Y at 50◦C, bands
at 2042 and 2176 cm−1 are visible, which are due to NO+
and its adducts. As indicated above, the band at 2218 c−1

decreases in intensity with temperature and is no longer
ible at 50◦C. Surface nitrate at 1357 and 1413 cm−1, gas-

Fig. 2. (a) FT-IR spectra observed upon exposing BaNa–Y to 61.2 To
the pre-mixture of 2 Torr of NO and 100 Torr of O2 at 50◦C. (b) After

the same treatment as (a), the BaNa–Y is exposed to 104 Torr of pre-mix
(100 Torr of He+ 4 Torr of H2O) at 50◦C. He in the pre-mix serves as a
“carrier” for H2O.
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phase NO2 at 1616 cm−1, and gas-phase NO at 1876 cm−1

are also seen. Trace (b) inFig. 2 is a difference spectrum
obtained by subtraction of the spectrum taken after Ba
Y has been exposed to NO2 (trace a) from the spectrum
taken after introduction of water to BaNa–Y zeolite that h
been pre-exposed to NO2. Effectively, we used trace (a) a
the background spectrum in obtaining trace (b). After int
duction of water, new bands are observed at 1287 (br
and 1616 cm−1. The increase in intensity of the band
1616 cm−1, which is due to gas-phase NO2, is simply a
result of compression of gas-phase NO2 in the IR cell as
a result of the introduction of water. On an extended ti
scale the NO2 absorption gradually decreased as diffus
re-established a homogeneous distribution of the NO2 and
water in the cell. The assignment of the band at 1287 cm−1

will be discussed later.
The small negative bands at 1357 and 1413 cm−1 in trace

(b) are due to displacement of NO3
− by water on the zeolite

surface. The two absorptions at 2047 and 2176 cm−1, due
to NO+ and its adducts, disappeared with the introduct
of water. The virtually instantaneous disappearance of th
absorptions is clearly due to a reaction between water
NO+ to give nitrous acid,

NO+ + H2O → HNO2 + H+ (6)

rather than simply the displacement of NO+ from its adsorp-
tion site.

If the disappearance of NO+ were caused by simple dis
placement by water, the intensity of the NO3

− absorptions
would decrease concomitantly, since NO3

− is the counter-
ion. Since there is almost no change in intensity of the NO3

−
absorptions during this process, it follows that the decre
in absorbance of the NO+ must be due to a reaction wit
water, generating another counter-ion. If reaction(6) is oper-
ative, a positive band(s) in the O–H stretching region wo
be expected. However, under the conditions of the pre
experiment, such a band(s) could not be identified, pres
ably because of interference from the strong OH stretch
vibration of water (not shown here) and/or interaction of w
ter with the zeolite Brønsted acid sites. But, as seen inFig. 1,
an OH stretch band at 3630 cm−1 was observed when a low
concentration of water was present in the cell. The most c
venient way to achieve a suitably low concentration of wa
was to allow it to desorb from the cell walls. Furthermo
this band was not seen when dehydrated BaNa–Y was
posed to water. Thus, this band is due to a Brønsted acid
that is produced from the reaction between NO+ and wa-
ter (Eq.(6)). We attribute the slow increase in the intens
of this band at a fixed or increasing temperature to the r
tion of NO+ with water that is slowly desorbed from the I
cell walls. Consistent with this explanation, the 3630 cm−1

band due to the Brønsted acid sites gradually increased
exposure time at 200◦C. Further supporting this conclusio

is the observation that the formation rate of this band is
much slower when the cell has been pumped overnight with
a turbopump while the sample was held at 703 K before be-
alysis 231 (2005) 181–193 185

ing exposed to the pre-mix. Furthermore, it is known t
NO+ in the salts NO+HSO4

−, NO+ClO4
−, and NO+BF4

−
readily reacts with water to give HNO2 + H+ in a reaction
analogous to that shown in Eq.(6) [18].

3.3. Assignment of the 1287 cm−1 band

Fig. 3 contains data relevant to the assignment of
1287 cm−1 absorption. Trace (b) was obtained with the u
of a mixture of Ba(NO2)2 and BaNa–Y. Trace (c) was ob
tained from a sample in which Ba(NO3)2 was mixed with
BaNa–Y, and we obtained trace (d) by exposing BaNa–Y
NO2. Two broad absorption bands, at 1264 and 1336 cm−1,
are observed in trace (b). Two very broad bands are also
served in traces (c) (at 1330 and 1435 cm−1) and (d) (at 1353
and 1420 cm−1). The absorption features in traces (c) and
would be expected to be similar, since both sets of band
expected to be due to barium nitrate absorptions. Thoug
lower frequency band in trace (c) is at lower energy than
corresponding band in trace (d), both sets of bands (tr
(c) and (d)) are shifted to higher energy compared with
bands in trace (b) (1264 and 1336 cm−1) when Ba(NO2)2
is a component of the sample. The weak negative fea
within the range 1310–1500 cm−1 in trace (a) is due to a
loss of weakly bound surface nitrate. As mentioned in S
tion 3.2, this takes place with the introduction of water.
shown in reaction(6), water can react with NO+ to form
HONO+ H+. The H+ then effectively acts as the counte
ion for the surface nitrate species, resulting in an equilibr
with HNO3.

It is important to note that coordination of a nitrite ani
to a metal cation can be accompanied by significant cha
Fig. 3. (a) The same spectra asFig. 2b, (b) spectra of Ba(NO2)2 that is
diluted with BaNa–Y, (c) spectra of Ba(NO3)2 that is diluted with BaNa–Y,
(d) spectra is obtained by exposing BaNa–Y to pre-mixture of NO+ O2.
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in its IR spectrum. Therefore, there are considerable di
ences in the frequencies of IR bands that have been attrib
to surface NO2−. For example, Szanyi et al.[15] reported
that NO3

− reacted with NO to give NO2 and NO2
−; they

assign an absorption at 1275 cm−1 to NO2
− species inter-

acting with Na–Y. Sedlmair et al.[16] assigned absorption
at 1320 cm−1 for Na–Y and 1330 cm−1 for Ba–Y to the
symmetric stretching vibration of surface nitrites, which
produced when the zeolite is exposed to NO2. Prinetto et
al. [19] observed an absorption at 1220 cm−1 upon exposing
a Ba/Al2O3 surface to NO, which they assigned to a bid
tate nitrite ion, the formation of which is ascribed to N
interacting with surface peroxide ions. The absorption
quencies of the chelating and the bridging bidentate ni
species have been reported as 1266–1314 cm−1 (νas(NO2))
and 1176–1203 cm−1 (νs (NO2)), and the N=O stretch of
monodentate nitrito and chelating nitro–nitrito species
been reported to be observed in the 1375–1470 and 1
1435 cm−1 regions, respectively[20]. N–O stretching fre-
quencies have been reported to be below 1210 cm−1 [20].
Nitro groups have been reported to have absorption
quencies in the 1375–1650 cm−1 region (νas(NO2)) and the
1250–1350 cm−1 region (νs(NO2)) [20].

It is unlikely that the absorption at 1287 cm−1 is due to a
chelating nitro–nitrito group, since the frequencies for th
species are typically at significantly higher energy[16]. It
is also unlikely that this absorption is due to a nitro gro
since it would require the less negatively charged N atom
interact with the cation. This frequency region is where
absorption of a chelating bidentate NO2

− interacting with
a barium cation would be expected, and we feel this is
most likely assignment. However, we cannot rule out
possibility that the 1287 cm−1 absorption corresponds to
species that is the same as or similar to the species obs
by Szanyi et al.[12], which is shifted by∼ 12 cm−1 as a re-
sult of the difference in environment between the NaY a
the BaNa–Y zeolites. This would imply that the only a
sorption in this region is due to a nitrite ion interacting w
sodium cations. This would be surprising, since it would
expected that the interaction between a bidentate nitrite
and Ba++ would be favored over the interaction of nitri
ions and Na+ cations. However, we note that the spec
nature of this species does not affect the discussion in
remainder of this paper.

3.4. Reduction of HNO3 by NO

The spectra inFig. 4a were obtained as a function of th
indicated exposure time after introduction of gaseous HN3
into the reaction cell containing BaNa–Y held at 40◦C. This
BaNa–Y sample had previously been dehydrated at 430◦C.
Absorption bands at 1304 (strong and broad; not sh
here), 1412 (strong and broad; not shown here), 1616, 1

−1
1711, and 1767 cm are observed in the top trace (20 s).
As discussed, the bands at 1304 and 1412 cm−1 are due to
surface nitrate[15,16]. The gas-phase absorption, centered
lysis 231 (2005) 181–193

d

d

,

Fig. 4. (a) FT-IR spectra observed upon exposing BaNa–Y to 1.2 To
HNO3 at 40◦C. The exposure time is indicated on each spectra, (b) F
spectra observed upon exposing BaNa–Y, which is pre-exposed to 1.2
of HNO3, to 2.8 Torr NO.

at 1616 cm−1, is due to NO2 that results from the partial de
composition of HNO3

2HNO3 → 2NO2 + H2O + 1
2O2. (7)

The absorption centered at 1711 cm−1 is due to gas-phas
HNO3 [21], and, as discussed in Section3.1, the absorption
at 1767 cm−1 is due to a combination band of surface
trate species[16]. This latter band is also seen when NO2 is
introduced into BaNa–Y.

The band at 1711 cm−1 gradually decreases in intensi
as a function of exposure time. The broad and intense ba
1668 cm−1 becomes narrower and gradually decreases in
tensity. Both of these changes are due to the slow adsor
of gas-phase HNO3 on the BaNa–Y surface and the slo
decomposition of HNO3 via reaction(7). On porous glass
and silica particles the corresponding band is observed
somewhat higher in energy, at 1677 cm−1 [22].

The top trace inFig. 4b was taken 4 min after the intro
duction of gaseous HNO3 into BaNa–Y held at 40◦C. The
feature is basically the same as in the top trace inFig. 4a.

The traces in the time-resolved spectra inFig. 4b were taken
after the introduction of NO into a sample of BaNa–Y that
had been pre-exposed to HNO3.
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One second after the introduction of NO,∼ 44% of the
initially adsorbed HNO3, as monitored at 1668 cm−1, has
disappeared (see second trace inFig. 4b). In the absence o
NO, even after 21 min of exposure, there is only an∼ 26%
decrease in the intensity of this band (see bottom trac
Fig. 4a). With added NO, after the rapid initial decrea
in intensity, adsorbed HNO3 undergoes a more gradual d
crease as a function of exposure time. However,∼ 28% of
the adsorbed HNO3 still remains after 27 s. These observ
tions are consistent with the establishment of the follow
equilibrium

NO + HNO3 � NO2 + HONO. (8)

In the presence of water there will also be an equilibri
involving both nitrogen oxides and HONO

NO + NO2 + H2O � 2HONO. (9)

As expected from the thermodynamics of Eq.(9), which
has a positive standard free energy for the formation
HONO [23], the concentration of HONO is small, and w
did not directly detect adsorbed HNO2 on the BaNa–Y sur
face from the above reaction. However, we did obse
trace amounts of gaseous HNO2 at 1264 cm−1. In addition,
HONO reacts with HNO3 (10), and it can decompose on su
faces in a process that is the reverse of reaction(9)

HONO+ HNO3 → 2NO2 + H2O. (10)

By summing reactions(8) and(10), we can write a net reac
tion as follows

NO + 2HNO3 → 3NO2 + H2O. (11)

This reaction has a small negative�G in the gas phase
Since NO does not strongly interact with Ba–NaY, it is p
sible that the�G is more negative on the surface beca
of the differential heat of adsorption of the species on
right side of the equation relative to those on the left s
The decrease in molecularly adsorbed HNO3 is clearly due
to a reaction with NO, since if the decrease were due sim
to displacement by NO, there would be an increase in
intensity of gas-phase HNO3, which absorbs at 1711 cm−1.
There is no such increase in gas-phase HNO3, and, in fact,
after the introduction of NO, gas-phase HNO3 quickly dis-
appears. As expected, the reaction of NO+ HNO3 has been
observed to be even more rapid at a higher temperature
70◦C; not shown).

To determine whether reaction(8) is catalyzed, the rate
of consumption of HNO3 in the presence and absence
BaNa–Y were compared. Dehydrated BaNa–Y was expo
to an equilibrium pressure of 1.7 Torr of HNO3 at 40◦C, and
subsequently 3.7 Torr of NO was introduced into the c
(see (b) inFig. 5). With the introduction of NO, the ban
at 1711 cm−1, due to gas-phase HNO3, immediately disap-
peared, and absorptions due to NO2 and HONO appeare
at 1616 and 1264 cm−1. The small amount of NO2 that is

present before the introduction of NO is a result of the slow
decomposition of HNO3 as shown in reaction(7) (see the
second trace inFig. 5b).
alysis 231 (2005) 181–193 187

,

Fig. 5. (a) Time evolution of FT-IR spectra after 1.7 Torr of HNO3 is in-
troduced to an empty IR cell (tungsten mesh is present, but no zeolite
3.7 Torr of NO is subsequently introduced into the cell at 44◦C (grid tem-
perature). Part (b) is the same as (a) but a BaNa–Y sample is present.

Fig. 6. The yield of N2 on reaction of (i) HNO3, (ii) HNO3 + NO, (iii)
HNO3 + NH3 and (iv) HNO3 + NO + NH3 over BaNa–Y at 200◦C in a
flow reactor. Approximately 1% water was present in all the mixtures.

The reaction of HNO3 + NO was also run in the absen
of BaNa–Y (Fig. 5a). These data clearly show that the
action rate is significantly larger in the presence of BaNa
than in its absence. Thus, the BaNa–Y surface accele
the reaction of HNO3 + NO.

Fig. 6 contains data on the yield of N2 from the reaction
of flows of (i) HNO3, (ii) HNO3 + NO, (iii) HNO3 + NH3,

and (iv) HNO3 + NO + NH3 over a BaNa–Y zeolite. As
expected, HNO3 alone does not yield significant N2, and,
based on GC data, there was no N2 formation in experi-
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ment (i). The mixture of NO and HNO3 results in some
nitrogen formation, although the∼ 5% N2 yield is still quite
small. When NO is added to a flow of HNO3, the color of
the resulting mixture rapidly changes to brown. This is c
sistent with formation of NO2, which is a co-product of the
reduction of nitric acid to nitrous acid, as shown in Eq.(8).
This observation implies that NO rapidly reduces nitric ac
With only NH3 and HNO3 in the feed gas (in the presence
∼ 1% water) the main product is expected to be NH4NO3,
and, consistent with this expectation, formation of a wh
powder is observed at the inlet of the second reactor. S
this powder is stable at 200◦C, its behavior is inconsisten
with its being ammonium nitrite but consistent with the fo
mation of ammonium nitrate. A priori, one could assu
that in these experiments (iii) NH3 might react with nitric
acid via two pathways. It could act as a reductant, yield
nitrous acid, which would then react with ammonia to fo
ammonium nitrite, which is known to efficiently decompo
at 200◦C, yielding N2. An alternative reaction channel is th
reaction of NH3 with nitric acid to form ammonium nitrate
which is stable at the temperature of these experiments.
present results, showing a low nitrogen yield in experim
(iii), suggest that ammonia reacts preferentially with nit
acid to form ammonium nitrate. Quantification of these pa
ways and the relative efficiency of NO and NH3 in reducing
HNO3 is currently the object of a study in our laborato
Control experiments (not shown) indicate that, at the te
perature of these experiments, once NH4NO3 begins to be
deposited on the surface of BaNa–Y, nitrogen production
creases. However, when the feed contains HNO3, NH3, and
NO (as in experiment (iv)), nitrogen production increa
markedly.

In experiment (ii) the yield of N2 is small and the path
leading to its formation is not clear. Thus, we simply
port the yield of nitrogen as the percentage of HNO3 present,
which is the reagent in lower concentration.

Experiment (iii) was conducted in the absence of ad
NO. In this case NH3 must reduce HNO3 to yield significant
N2. Such chemistry can be visualized as proceeding via
following reaction scheme:

3HNO3 + 2NH3 → 3HONO+ 3H2O + N2,
3HONO+ 3NH3 → 3NH4NO2,
3NH4NO2 → 3N2 + 6H2O which gives a net reaction o

3HNO3 + 5NH3 → 4N2 + 9H2O. (12)

As in experiment (iii), the limiting reagent is ammon
and the yield of N2 is calculated as

%N2 = (ppm N2 formed)× 1.25
× 100/(ppm NH3 in the feed),
where the factor 1.25 comes from the relative stoichiometery
for ammonia and N2. Since ammonia is the limiting reagent,
this yield represents a lower limit.
lysis 231 (2005) 181–193

Fig. 7. The reaction of NO with NH4NO3 over BaNaY and quartz
NH4NO3 (0.12 g)/BaNaY (0.12 g), NH4NO3 (0.12 g)/quartz (0.12 g), NO
20,000 ppm. The flow rate was 10 ml/min.

For experiment (iv), which is conducted in the prese
of both NO and NH3, the operative anticipated chemistry

HNO3 + NO → HONO+ NO2,
NO + NO2 + H2O → 2HONO,
3HONO+ 3NH3 → 3NH4NO2,
3NH4NO2 → 3N2 + 6H2O which gives a net reaction o

HNO3 + 2NO+ 3NH3 → 3N2 + 5H2O. (13)

Here ammonia is the limiting reagent. Once it is deple
the formation of N2 can still proceed, but now via the chem
istry for reaction (ii), which has a much lower yield. Thu
the percentage yield of N2 in experiment (iv) is calculate
from the expression

(ppm N2 formed)× 100/(ppm NH3 in feed),

where this yield is again a lower limit since ammonia is
pleted before depletion of the other reactants.

Fig. 7shows that when NO flows over quartz or BaNa
impregnated with NH4NO3, significant N2 is produced. In
fact, at the time of peak conversion (∼ 1.5 h after the flow
is started) almost all of the NO is converted to N2; there is a
yield of ∼ 18,000 ppm of N2 from 20,000 ppm of NO. The
reaction sequence that is expected to lead to N2 production
is

NH4NO3 + NO → NH4NO2 + NO2, (14)

NH4NO2 → N2 + 2H2O. (15)

3.5. The reaction between nitric oxide and surface nitrate

Dehydrated BaNa–Y held at 200◦C was exposed to
2 Torr of HNO3 for 2 min. The cell containing the BaNa
Y sample was subsequently evacuated for 140 min, w
was sufficient time to remove gas-phase HNO3 and most

of the HNO3 that had adsorbed to the walls of the IR cell.
However, as discussed below, even after 140 min of evacua-
tion time some HNO3 still remained adsorbed. The resulting
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Fig. 8. (a) FT-IR spectra recorded after 140 min of evacuation of the c
Traces (b)–(f) after introduction of NO, with the exposure time shown f

spectrum is shown inFig. 8a. After evacuation of the IR cel
1.4 Torr of15NO was subsequently introduced into the c
The series of spectra, (b)–(f) shown inFig. 8, were taken
as a function of the indicated exposure time following
introduction of15NO. We obtained the dashed trace on
right side of the figure by exposing dehydrated BaNa–Y
1.2 Torr of 15NO2 at 200◦C. The dashed trace shows on
15N-surface nitrate species in the given region.

Strong and broad absorption bands at 1315 and 1443−1

that are due to surface nitrate are seen in trace (a). The
face nitrate that is initially formed after the introduction
2 Torr HNO3 is ∼ 60% removed by evacuation for 210 m
at 200◦C. Additional evacuation for 30 min results in only
small change in the intensity of these bands. The absorp
at 1579 cm−1 is probably due to NO3− that interacts with ex
traframework alumina. Interestingly, this band is seen w
the zeolite is exposed to HNO3, but the band is weak o
not observable after the introduction of NO2. Sedlmair et
al. [16] attributed a feature at 1580 cm−1, which was formed
on Ba–Y after the introduction of NO2, to chelating nitrate
which interacts with extraframework alumina. The band
1764 and 1738 cm−1 are due to the combination bands
surface nitrate described in Section3.1. The intensities of
these bandsdecrease with NO exposure time.

After the introduction of15NO, the intensity of the
surface nitrate bands decreases and gas-phase featu
15NO2, NO2, 15NO, and NO are observed at 1581, 161
1842, and 1875 cm−1, respectively (see trace (b)). The i

tensity of the surface nitrate absorptions rapidly decrease for
the first minute after15NO exposure; however, after 208 s
there is only a slow change in intensity. Beyond 258 s, at
ntaining a BaNa–Y sample that had been exposed to 2 Torr of HNO3 at 200◦C.
ch spectrum.

-

of

which point the intensity of the surface nitrate has decrea
by ∼ 66%, there is no significant further change in intens

Subsequent to exposure to15NO, the position of the sur
face nitrate absorption shifts to lower wavenumbers.
spectrum after 208 s of exposure to15NO is shown in
trace (e), and the nitrate absorption shifts even furthe
lower frequency∼ 258 s subsequent to the addition of15NO.
After 258 s of exposure the peaks at 1315 and 1443 c−1

have shifted to 1291 and 1409 cm−1, respectively (compar
traces (a) and (f)). Beyond 258 s of exposure, there is
tle change in either the shape or the position of the sur
nitrate absorptions.

The positions of absorptions of the surface nitrate spe
in trace (f) match well with the surface15NO3

− species in
the dashed trace inFig. 8. Hence, it is clear that15N replaces
14N on the surface

(16)15NO+ NO3
− → NO+ 15NO3

−.

The decrease in intensity of the surface nitrate absorptio
probably due to the following surface reactions

(17)15NO+ (H+)ad+ (NO3
−)ad→ 15NO2 + HNO2,

(HNO3)ad + HNO2 → 2NO2 + H2O. (18)

The intensity of the gas-phase NO2 absorption is always
smaller than the intensity of the15NO2 absorption, since
there is an equilibrium between the NO2 produced in the
above reaction and excess15NO

NO2 + 15NO → NO + 15NO2. (19)
Despres et al.[24] have studied the influence of NO on
the adsorption and desorption of NO2 on BaO/TiO2. They
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showed that chemisorption of NO2 in this system is disso
ciative, with concomitant release of NO into the gas pha

3NO2 + BaO→ NO + Ba(NO3)2. (20)

If NO is added to the feed, the previously formed nitr
begins to react to form NO2 at ∼ 200◦C. Based on this ob
servation, they proposed that NO reacts with the previo
formed NO3

−, yielding NO2 as an intermediate

NO + Ba(NO3)2 → 3NO2 + BaO. (21)

Immediately after the introduction of15NO (see trace (C
in Fig. 8) we observe both15NO2 and a decrease in the inte
sity of surface14N-nitrate. This indicates that reaction(17)
is rapid. As a control, the same experiment was condu
without a zeolite sample.15NO2 also appeared rapidly in th
gas phase with the introduction of15NO into a cell that had
been exposed to nitric acid. This15NO2 is the result of sim-
ilar reactions described in Section3.4

15NO + HNO3 → 15NO2 + HNO2. (22)

Since HNO3 was strongly adsorbed to the walls of t
cell, its removal was incomplete even after 140 min of ev
uation time. The fact that the temperature of the IR cellwall
was not 200◦C, but was closer to room temperature, co
tributes to the ability of HNO3 to remain adsorbed. Sinc
there could be multiple sources of15NO2 (reaction on the ze
olite and reaction in the gas phase and/or on the walls o
IR cell), the concentrations of15NO2 and NO2 were quan-
tified for these situations. Only∼ 20% of the total amoun
of 15NO2 + NO2 in traces (b)–(f) is due to reactions of n
tric acid from or on the IR cell wall, and the remaining 80
is due to reactions on the zeolite sample. Based on lit
ture data[23], reaction(22) is slightly endothermic in the
gas phase at 473 K (∼ 9 kJ/mol) but could easily be thermo
dynamically favored on BaNa–Y because of the free ene
of adsorption of the species on the right side of Eq.(22) is
greater than that on the left side. Since NO only weakly
teracts with the surface, this appears to be plausible.

Though a surface nitrite is predicted by reaction(17),
we have not been able to directly observe this surface
trite under these conditions. This is probably due to its sm
steady-state concentration as a result of its expected effi
thermal decomposition at 200◦C. Moreover, as previousl
discussed, the expected nitrite absorption band overlaps
a strong surface nitrate band. Stark et al.[25] studied iso-
topic labeling of soil nitrate with the use of15N-nitric oxide
gas under dry conditions at room temperature. They fo
that NO3

− was 90% labeled by15N after 2 h of contac
time. They also found that almost all of the initially observ
14NO2

− was converted to15NO3
− by 20 h after exposure t

15NO.
Beutel et al. studied nitrogen isotope exchange betw

gaseous NOy and chemisorbed NOy groups on Cu-ZSM-

5, where NOy denotes all adsorption complexes that are
obtained with exposure of catalysts to a mixture of NO+
O2 [10a]. They proposed that the monodentate nitrate is
lysis 231 (2005) 181–193

t

more active than the bidentate species and that the15NO2

moiety of the monodentate nitrate, Cu–O–15NO2, under-
goes exchange with physisorbed14NO at room temperature
The exchange results in the formation of Cu with ligat
14N-nitrite and physisorbed15NO2 [10a]. Jordan et al.[26]
studied the exchange of nitrogen between nitric oxide
aqueous solutions of nitric acid with the use of15NO. They
showed that nitrogen exchange was limited by NO3

−–HNO2

exchange, where the HNO2 was formed by oxidation of NO
by HNO3. Though we are not in a position to discuss
mechanistic details of reaction(16), this reaction probably
takes place via an15NO2 intermediate

(23)15NO2 + NO3
− → 15NO3

− + NO2.

This hypothesis is supported by the fact that reactions(17)
and (18)appear to be faster than reaction(23), as judged
by the following observations.14N-surface nitrate first de
creased and the band position gradually shifted to the lo
wavenumbers of15N-surface nitrate. Second, if15NO2 is
introduced instead of15NO under the same conditions, nitr
gen exchange between15NO2 and NO3

− is relatively faster
than that observed when NO is added.

4. Discussion

4.1. Nitrous acid formation

As seen inFig. 1, when BaNa–Y is exposed to NO2, for-
mation of NO+ and NO3

− is effectively immediate. N2O4,
which is in equilibrium with gas-phase NO2 (Eq. (5)), dis-
sociatively adsorbs by the BaNa–Y zeolite to give NO+ and
NO3

−. Once formed on BaNa–Y, NO+ is quite stablein the
absence of water; it is readily observable even at 200◦C.
However, it reacts very rapidly with water to form nitro
acid. As discussed in Section3.3, the band at 1287 cm−1 is
a spectroscopic marker for surface nitrite species. As se
Fig. 2, subsequent to the formation of NO+ and the addition
of water to the reaction cell, surface nitrite is observed fo
BaNa–Y sample held at 50◦C. In this environment the for
mation of H+ is expected, since the loss of NO+ relative to
NO3

− requires the formation of a new counter-ion, and
absorption at 3630 cm−1, seen inFig. 1, is characteristic o
H+. In fact, H+, surface NO2−, and HONO are expected t
be in equilibrium as a result of reaction(24)

(24)HONO↔ H+ + NO2
−.

However, as alluded to above, a high steady-state conce
tion of HONO is not expected, since it is very reactive a

dissociates easily, and, as discussed in Section3.4, depend-
ing on conditions, it can be a participant in other competitive
equilibria.
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4.2. The role of NO3
−

As indicated above, when NO+ is produced by dissocia
tive adsorption of N2O4, NO3

− is the co-product. We now
consider the fate of this species.

We observed that both gas-phase HNO3 and surface
nitrate are formed by exposure of hydrated BaNa–Y
NO2. Spectroscopic markers due to H+ are also presen
Nitric acid can react with NH3 to form ammonium ni-
trate[27]. This is a more thermally stable species than a
monium nitrite. Data in Ref.[28] show that ammonium ni
trate does not appreciably dissociate until its tempera
reaches∼ 312◦C and that the primary dissociation pro
uct is N2O. Thus, for efficient low-temperature reducti
of NOx to N2, formation of ammonium nitrate is undesir-
able, whereas formation of ammonium nitrite is desirable.
As discussed below, NO is an important species in the Nx

reduction process, since it acts as a reductant for both n
acid and surface nitrate.

4.3. The role of NO in NOx reduction

The data inFig. 4 relate to another important reaction
nitric acid that can take place in a NOx environment. Ad-
sorbed HNO3 reacts with NO to form HONO. This is clearl
seen inFig. 5b, in which the gas phase over a BaNa–Y sa
ple is probed. After the BaNa–Y sample is exposed to n
acid, NO is introduced into the IR cell. The HNO3 rapidly
disappears, NO2 is formed, and, along with the NO2, gas-
phase HONO is seen at 1264 cm−1. As demonstrated b
the data inFig. 5a, reaction(8) can take place in the ga
phase in the absence of BaNa–Y. However, a compar
of the data inFigs. 5a and b shows clearly that reaction(8)
is accelerated in the presence of BaNa–Y. In the presen
of BaNa–Y, approximately half of the HNO3 has reacted in
2.8 s, whereas in the absence of BaNa–Y half of the HN3
is still present after 8 s. To demonstrate that adsorbed H3
reacts with NO on BaNa–Y, a BaNa–Y sample that had b
pre-exposed to HNO3 was subsequently exposed to NO (s
Fig. 4b). On exposure to NO the intensity of a peak due
adsorbed HNO3, at 1668 cm−1, rapidly decreases and NO2
is produced. In the absence of NO, the adsorbed HNO3 is
stable. The production of NO2 strongly suggests that HON
is a co-product of this reaction, which is catalyzed by BaN
Y, and thus that HNO3 is reduced to HNO2 by NO.

In either case, once HONO is formed, NOx reduction can
take place via the route discussed in Section3.4. The rele-
vant steps in this mechanism are summarized inScheme 1.
One conclusion from the mechanism shown inScheme 1
is that in the absence of added NO, ammonium nitrate
form. Since ammonium nitrate is relatively stable compa
with ammonium nitrite, and its main decomposition pro
uct is N2O, its formation can reduce the yield of N2 in a

deNOx process.The presence of NO leads to competitive
reaction pathways that reduce the formation of ammonium
nitrate and enhance the yield of nitrous acid. As shown
alysis 231 (2005) 181–193 191

in Scheme 1, nitrous acid will then react with ammonia
form ammonium nitrite. NO can also chemically reduce a
monium nitrate to ammonium nitrite. Consistent with th
picture, data inFig. 6show that the addition of NOincreases
the yield of N2 from a HNO3 stream in the presence of e
cess NH3.

Consistent with this observation, in a prior work[28] we
observed that the N2 yield increased when NO was add
to a stream of NO2 + NH3 + O2 flowing over a BaNa–Y
zeolite. Effectively, each molecule of NO reacts with a mo
cule of HNO3 to form a molecule of nitrous acidinstead of a
molecule of ammonium nitrate. As stated above, and as se
in Scheme 1, the formation of nitrous acid allows the sy
tem to continue on the pathway for NOx reduction, wherea
formation of ammonium nitrate effectively “traps” a NOx

molecule in the form of a less reactive species. If the reac
pathway for the formation of NH4NO3 in Scheme 1is com-
pletely suppressed, the net reaction can be then expre
as

NO2 + NO + 2NH3 → 2N2 + 3H2O. (25)

Reaction(25) then requires an equimolar mixture of NO a
NO2 for optimum N2 production.

We also note that, as seen inFig. 6, NO by itself is
relatively inefficient at reducing ammonia at 200◦C over
BaNa–Y. The mechanism inScheme 1is consistent with
this observation, since there is no direct pathway for Nx

reduction involving only NO. NO2 is required to initiate the
process, which in this system occurs via dimerization
dissociative adsorption of N2O4 to give NO+ and NO3

−.
As discussed in Section3.5, NO acts as a reductant o

surface nitrate ions. The data inFig. 7 directly demonstrate
that NO can also act as a reductant for NH4NO3. The in-
troduction of NO to either quartz or BaNa–Y that is im
pregnated with NH4NO3 leads to a significant yield of N2,
which does not occur in the absence of added NO. This
sult is consistent with a reduction process similar to t
illustrated in Eqs.(14) and (15), taking place with ammo
nium nitrate, yielding ammonium nitrite, which can be rea
ily decomposed at the temperature of these experimen
yield N2.

This is a very significant result. Formation of ammoniu
nitrate can decrease the activity of the BaNa–Y catalys
ward NOx reduction in the presence of ammonia. NO c
also be viewed as effectively “cleaning” the zeolite surfa
Since surface nitrates are stable at 200◦C, a chemical mean
is needed to remove these species and activate the site
cupied by the nitrates for further chemistry—presuma
chemistry involving nitrites. As discussed in Section3.5,
NO can perform this function by reducing surface nitra
to nitrites. Thus, there are multiple processes that invo
NO that either inhibit ammonium nitrate formation or f

cilitate its conversion and/or the conversion of precursors
to this species to readily decomposable ammonium nitrite.
This multifaceted role for NO in the SCR of NOx with
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ammonia does not seem to have been recognized p
ously.

4.4. The role of ammonium nitrite in NOx reduction
processes over other catalysts

The pathways for the formation of ammonium nitr
and its decomposition to N2 + 2H2O, which are shown in
Scheme 1, have low activation energies, even in the abse
of a catalyst. Thus, the reaction pathway for the prod
tion of N2 and H2O, via NH4NO2, is likely to be operative
for other catalysts that are active for the SCR process
ammonia. Indeed, Long et al.[29] report that over an Fe
Mn-based oxide catalyst, the reduction of NO with NH3 to
N2 is likely to proceed via ammonium nitrite. For SCR ov
a vanadia–titania catalyst Madia et al.[1] report that the re
action is much faster with a feed with a 1:1 NO/NO2 ratio
than with pure NO2. In comparison with a feed gas conta
ing NO+ O2 in a 4:1 ratio, the reduction with ammonia
the NO/NO2 = 1:1 feed, below 250◦C, was 10 times faste
This indicates that even over this transition metal cata
the oxidation of 50% of the NO to NO2 is slower than the
formation of N2 from NH3 and the NO/NO2 = 1:1 mix-

ture.

Scheme
lysis 231 (2005) 181–193

- 1. Convert the inlet NOx to a mixture with a NO/NO2 ratio
equal to or approaching 1:1;

2. If the primary reductant is not ammonia but a hydroc
bon or another organic molecule, then the catalyst m
convert part of the NOx feed to NH3.

Thus, the ideal catalyst should convert a feed contain
NOx , O2, and any reductant to a mixture of NH3, NO, and
NO2 in a ratio of 2:1:1.

5. Conclusions

NO plays a critical role in the NOx reduction proces
in the presence of ammonia. NO reacts with a numbe
species that are present during NOx reduction with ammo-
nia to open up competitive reaction pathways that lea
ammonium nitrite, which then decomposes to N2 and wa-
ter at temperatures greater than or approximately equ
100◦C. The present studies demonstrate that NO can re
nitric acid, surface nitrates, and ammonium nitrate.

As seen inScheme 1, in the absence of added NO, n
tric acid reacts with ammonia to form ammonium nitra
which is thermally stable at the∼ 200◦C temperature o

these experiments (and of diesel exhaust). The formation

–Y
w-
If this is the basic chemistry for catalytic reduction of
NOx , it follows that the catalyst has two main tasks:

of ammonium nitrate reduces the activity of the BaNa
zeolite for NOx reduction in the presence of ammonia. Ho
1.
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ever, NO reduces nitric acid to nitrous acid. Nitrous a
can then react with NH3 to form ammonium nitrite, which
readily decomposes at∼ 100◦C. In addition, reduction o
surface nitrates to nitrites by NO provides another path
for the production of nitrous acid that can subsequently
act to form ammonium nitrite. We also present data wh
show that NO can act as a reductant for ammonium
trate. NO can also react with NO2 to form N2O3, which can
then react with ammonia and water to form ammonium
trite.

Thus, NO participates in a number of reactions in
NOx reduction network. These reactions serve as pathw
to nitrous acid and eventually, either directly or indirectly,
ammonium nitrite, which thermally decomposes, at a te
perature greater than or approximately equal to 100◦C, to
water and N2, the desired products for SCR of NOx . Reac-
tion (25) rationalizes the observation that the optimum yi
of N2 is obtained with an equimolar mixture of NO/NO2 in
the presence of excess ammonia. In fact, as we have de
strated in a prior work[28], when there is an excess of NO2
relative to NO, the introduction of an incremental additio
amount of NO increases the yield of N2 on a molecule-for-
molecule basis.

The mechanistic conclusions of this work are summ
rized inScheme 1.
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