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Abstract

Reduction of NOx to N2 over zeolite-based catalysts is a multi-step reaction for which transition metal (TM) ions are helpful but not
indispensable. The present state of understanding the mechanism is reviewed for the catalyzed NOx reduction with ammonia or alkanes;
reduction with acetaldehyde is also sketched, but will be described in detail in a separate paper. A decisive step is the interaction of two
reaction intermediates containing N atoms in different oxidation states. A favorable reaction path uses an organic molecule to reduce part of
the NOx to ammonia, this product then reacts with NO+ NO2 to give N2. Isotopic labeling shows that each N2 molecule has one N atom
from the NH3 intermediate, the other from NOx. N2 is formed at room temperature, if an 1:1 mixture of NO and NO2 is in contact with an
Fe/MFI catalyst covered with NH3. During NOx reduction with CH4 over Pd/zeolite catalysts, H/D exchange of methane has been observed,
indicating that methane is dissociatively adsorbed on Pd0 clusters that are present in the steady-state of surface oxidation and reduction steps.

BaNaY catalysts, containing negligible impurities of TM elements, catalyze NOx reduction with acetaldehyde at 200◦C. In the prevailing
mechanism acetaldehyde is transformed via acetate ions and nitromethane to isocyanic acid, which is hydrolyzed to NH3. Again, N2 is
ultimately produced from NH3 and N2O3 via ammonium nitrite.
© 2004 Published by Elsevier B.V.
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1. Introduction

Legislation in all industrialized countries limits the per-
mitted level of toxic nitrogen oxides, NO and NO2, for which
we shall further use the collective term NOx in gaseous
emissions from cars, trucks and stationary engines. Forma-
tion of NO from N2 and O2 is thermodynamically favorable
at high temperatures as used in modern IC engines. NOx is
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therefore, present in the emissions from all engines expos-
ing gases containing nitrogen and oxygen to high tempera-
ture. For the clean-up of the tail gas of passenger cars, an
important breakthrough was achieved in the 1970s by the
invention of theThree Way Catalyst, which reduces the level
of unburned hydrocarbons, carbon monoxide and NOx by
>99% in emissions from conventional gasoline fueled cars.
This catalyst requires a stoichiometric air/fuel intake ratio,
because it is unable to reduce NOx in a gas containing sig-
nificant amounts of O2. TheThree Way Catalystis therefore,
not suited to abate NOx in the emissions from those vehi-
cles which use energy efficientlean-burngasoline ordiesel
engines, that run on an excess of air.

This presents the catalysis community with the challeng-
ing task of designing an entirely different class of highly se-
lective catalysts that are able to induce chemical reaction of
a potential reductant with NOx present at ppm levels, while
reaction of the same reductant with the more abundant O2
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should be strongly restrained. Such catalysts should be very
active, because the contact time with the gas in the tailpipe
will be very short and in some driving modes the temper-
ature of diesel emissions is rather low. The ideal catalyst
should also have a wide window of operation temperatures,
including cold start and driving modes that produce very hot
exhausts. Moreover, it should tolerate a considerable dose
of poisons and remain active during the entire life of the
vehicle.

The catalyst that meets all these demands does not exist
as yet. Research in a number of laboratories has, however,
led to results supporting the conclusion that reduction of
NOx in the emissions of diesel or lean-burn gasoline engines
can be achieved by certain catalysts. This task is easier for
stationary engines, as in power plants, where the options
for the reductant are wider than for automotive vehicles.
The most efficient reductant is ammonia. Catalysts recom-
mended for selective catalytic reduction (SCR) of NOx with
ammonia in stationary sources include supported V2O5
[1,2], V2O5-WO3-TiO2 [3], MnOx/Al2O3 [4], MnOx/NaY
[5], Cr2O3 [6], and NiSO4/Al2O3 [7]. For obvious reasons,
the use of liquid ammonia is not an option for cars and
trucks. In a variant of the SCR strategy, an aqueous solution
of urea is used and decomposed on board of the vehicle.
Some problems inherent to this strategy are the need for
a dense network of delivery stations where the driver can
purchase the urea supply, the difficulty of enforcing such
laws, and the danger that some ammonia will slip through
the converter and be oxidized to more NOx.

These considerations directed interest on non-ammonia
reductants and catalysts that catalyze the selective reduction
for NOx in the presence of a large excess of oxygen. One
class of materials of promising potential in such NOx reduc-
tion is a group of zeolite-based catalysts. The present paper
gives an overview of the state-of-the-art of this field with
emphasis on the mechanistic understanding of the chemistry.
As it turns out that alkanes and acetaldehyde first convert
part of the NOx to ammonia, this paper presents mechanistic
evidence grouped in different sections for different reduc-
tants.

*First reports by Held and coworkers[8,9] and Iwamoto
and Hamada[10,11] indicated that some zeolite-based cat-
alysts are able to selectively catalyze the reduction of NOx

with on-board hydrocarbons. A catalyst called Cu/ZSM-5,
consisting of copper ions in the cavities of a zeolite with
MFI structure, displayed a remarkable capability to catalyze
the reduction of NOx to N2 with simple hydrocarbons and
in the presence of a large excess of O2. It actually turned out
that oxygen was necessary because the pathway of NO re-
duction was found to start with its partial oxidation to NO2
[12]. The world-wide effort exploring NO reduction over
zeolite-based catalyst, such as Cu/ZSM-5 provided impor-
tant mechanistic insights. In 1995 Poignant et al. showed by
means of IR spectroscopy that (part of) the NOx is reduced
to ammonia, and that isocyanates, RNCO, are intermediates
in this reaction[13]. Cu/ZSM-5 does not catalyze reduc-

tion of NOx with methane, but materials containing Co or
Pd ions inside the cavities of certain zeolites were found
highly active for this reaction[14,15]. Cant et al. proposed
that over Co/FER catalysts HNCO is formed during reac-
tion of nitromethane[16–18]. Likewise, Ukisu et al. con-
cluded that with Al2O3-supported Cu catalysts isocyanates
are decisive intermediates in NOx reduction with hydrocar-
bons[19]. Research on Cu/ZSM-5 revealed the importance
of dinuclear oxygen-bridged oxo-ions, [Cu–O–Cu]2+ [20].
Reduction of Cu2+ to Cu+ and re-oxidation of the latter ion
was monitored by FT-IR exploiting Sárkány’s discovery that
Cu2+ and Cu+ ions exert different effects on the zeolite lat-
tice vibrations[21,22]. Beutel et al. observed that15NO3

−
ions ligated to Cu2+ exchange their15NO2 moiety with ph-
ysisorbed14NO2 or 14NO [23]. It was also observed that
an interconversion of nitrogen oxides is catalyzed, including
the reaction:

NO2 + N2O = 3NO (1)

Interest in the Cu/ZSM-5 catalyst almost evaporated, how-
ever, when it became evident that water vapor was delete-
rious for the catalytic activity of this material. Water is, of
course, a major component of the emissions from all in-
ternal combustion engines using hydrocarbon fuels. In this
situation, most car manufacturers apparently lost hope for
finding a satisfactory zeolite-based catalyst within the time
frame imposed by pending legislation. Adsorbents were de-
veloped that act as “NOx traps”, and computerized systems
have been designed that periodically interrupt the lean-burn
operation by short pulses with a high fuel/air ratio in order
to reduce the trapped NOx.

Meanwhile some academic groups continued basic re-
search on zeolite-based catalysts. As the rate of the catalyzed
oxidation of NO to NO2 at low temperature was considered
too low, the use of a non-thermal plasma was considered
and explored[24–27]. Fundamental research on catalytic re-
duction of NOx and non-thermal plasma reactors continued
in some laboratories, because researchers believed that the
long-term potential of such strategies can only be assessed
if one understands theirmodus operandi. Novel techniques
were developed to prepare zeolite-based catalysts. For in-
stance, the chemical vapor deposition (CVD) technique was
used to sublime FeCl3 into the acid form of a zeolite, such
as HMFI. (The MFI lattice is often called ZSM-5 after its
first code name by Socony Mobil.) This led to catalysts with
much higher Fe loading than can be achieved by conven-
tional ion exchange from an aqueous solution[28]. After
replacing the Cl ligands by OH groups and applying certain
thermal treatments, active and selective catalysts have been
obtained. They maintain their activity in feeds containing
high concentrations of water vapor. Modern catalyst char-
acterization methods revealed that such catalysts contain a
variety of sites including metal ions, dinuclear oxo-ions, and
oxidic nano-particles. Crucial reaction steps in the reduc-
tion of NOx with isobutane over such Fe/MFI catalysts have
been identified by isotopic labeling. Co/FER and Co/MFI
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catalysts that are active in the NOx reduction with methane,
were characterized and it was found that the position of the
Co ions in the cavities is important for the catalytic perfor-
mance[29,30]. A group at Pacific Northwest National Lab-
oratory reported that acetaldehyde, which is formed from
hydrocarbons in a non-thermal plasma, reduces NOx to N2
over BaY and NaY catalysts at relatively low temperature
[31]. Studies at Northwestern University of the mechanism
of this novel catalyst system confirmed that catalytic NOx

reduction is indeed possible without transition metals. It re-
vealed a novel reaction mechanism involving at least six
steps with rather exotic intermediates (vide infra). Important
insights have been obtained by using FT-IR spectroscopy
and isotopic labeling. While this research is still in progress,
the present paper will give an overview of the mechanistic
concepts emerging from this work. The text will be struc-
tured using the catalysts with which these results have been
obtained: viz. Fe/MFI, Pd/MFI, Co/MFI and BaNaY.

2. NOx reduction with isobutane over Fe/MFI

In zeolites the number of exchangeable ions is limited
by the charge balance. The negative charge is essentially
given by the number of Al-centered tetrahedra in the frame-
work, each of these tetrahedra contributing one electron. For
three-fold positive ions such as Ga3+, Rh3+ or Fe3+, this
limits the number of ions which can be positioned inside the
zeolite cavities by conventional ion exchange to one-third of
the number of Al-centered tetrahedra. It has, however, been
shown that this limitation can be circumvented by provid-
ing metal ions carrying charge-compensating ligands. This
is achieved by decomposing the vapor of a volatile chloride
onto the H-form of the zeolite[28,32,33]or by grinding a
mixture of the solids FeCl3 and HMFI[34]. The reaction of
FeCl3 with an the acidic proton is given by:

FeCl3 + H+
zeol ⇒ HCl + [FeCl2]+zeol (2)

Only one of the three positive charges of Fe3+ has to be com-
pensated by the zeolite framework, the other two are com-
pensated by Cl− ligands. The maximum ratio of Fe atoms to
Al-centered zeolite tetrahedra Fe/Al becomes= 1 with this
technique, instead of 1/3 with conventional ion exchange
from aqueous solutions. The Cl− ligands can be replaced
by OH− groups and upon calcination water is released. A
variety of oxo-ions and/or oxide particles can be formed in
this way. Conditions have been found where dinuclear Fe
ions with one oxygen bridge, [HO–Fe–O–Fe–OH]2+, pre-
vail. The identification of this structure has been described
in a number of papers[35–39],this will not be repeated here.
In typical tests, 0.2 g catalyst is exposed to a flow of 0.2%
NO, 3% O2, 0.2% i-C4H10 at a flow rate of 280 ml/min.
As shown inFig. 1, the N2-yield increases with tempera-
ture reaching a maximum of roughly 80% at 350◦C, fol-
lowed by a decrease. Basically, two parallel reactions are
catalyzed, one in which the hydrocarbon reacts with NOx

Fig. 1. N2 yield over Fe/MFI withiso-C4H10. Feed: 0.2% NO, 3% O2,
0.2% iso-C4H10, flow rate: 280 ml/min. (Curve with inverted triangles in
Fig. 2, J. Catal. 180, 171 (1998) 363). (Reproduced from J. Catal. 180,
171 (1998) with permission.)

and one in which it reacts with O2. As the former reaction
has a lower activation energy, it prevails at lower tempera-
ture, but at higher temperature the hydrocarbon is depleted
by its reaction with the oxygen that is initially present in
15-fold excess over the NO. Adding water to the feed has
little effect on the maximum N2 yield, but it changes the
composition of the co-products CO and CO2. The fact that
the CO/CO2 ratio is increased by H2O excludes significant
contribution of the “water gas shift” catalysis and suggests
that a carbonaceous deposit on the catalyst is volatilized by
interaction with water vapor.

As with Cu/MFI, only negligible NOx reduction takes
place in the absence of O2. Again, NO has to be oxidized, at
least in part, to NO2. This is considered a general aspect of
NOx reduction over catalysts of this type. Tünter et al.[40]
showed in 1986 for a non-zeolite catalyst that maximum re-
duction is achieved with a ratio of NO/NO2 = 1/1. This
suggests that the gas phase equilibrium between NO, NO2
and N2O3 is established and nitrite ions are formed on the
catalyst[41]. The presence of nitro groups, nitrate[42]and
nitrite [43] ions on Fe/MFI has been confirmed by IR spec-
troscopy.

Temperature programmed oxidation of used catalysts con-
firms the hypothesis that a deposit is formed on the catalyst,
as we mentioned above in the context of the CO/CO2 ra-
tio and its response to the water content of the feed. Chen
et al. showed that this deposit plays a very positive role as a
reaction intermediate[44]. Upon exposing the catalyst cov-
ered with this deposit to a flow of NO+ O2 but no reducing
molecule, it appeared that N2 was released. This surprising
observation could still be rationalized in two ways: either the
deposit worked as a reductant for NOx or it exposed groups
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Fig. 2. 14N15N formation upon exposure to15N2 + O2 of a Fe/MFI,
catalyst, covered with a14N deposit that had been formed during previous
14NOx reduction with C4H10. (Reproduced from J. Catal. 186, 91 (1999)
with permission.)

that contained a reactive form of nitrogen. To discriminate
between these possibilities an experiment was carried out
with labeled nitrogen isotopes. For this purpose, a catalyst
was first contacted with a feed of14NO, O2 and C4H10 at
the reaction temperature of 350◦C. After sufficient deposit
was formed on the catalyst, the gas was replaced by a mix-
ture of 15NO, O2 and He; this mixture was circulated over
the catalyst. Again N2 was formed and its mass spectromet-
ric analysis showed that it consisted almost exclusively of
the heteronuclear isotopomer14N15N. (seeFig. 2). This re-
sult clearly shows that the two N atoms in each N2 molecule
have a different history: one came from NOx, the other atom
had spent part of its life in the reduced deposit at the catalyst
surface.

Quantitative analysis of the reaction kinetics with de-
posits formed from a variety of sources revealed[45] that
the formation of the reactive N atom groups in the de-
posit depends on the nature of the original reductant. As
Langmuir–Hinshelwood kinetics was found to be applicable,
the rate constants were determined for a number of model
compounds, which were deposited on the same catalyst, in-
cluding amines, ammonia, nitriles, and ethyl isocyanate. All
of these reacted with NO+ O2 to form N2 These model
compounds were compared with deposits from NOx reduc-
tion tests with propane, butane or isobutane. The rate con-
stants are compiled inTable 1. In the same table the ratio of
homonuclear15N2 to heteronuclear14N15N has also been in-
cluded upon using15NO in the feed and deposits containing
14N only. As seen inTable 1, the highest rate constants were
found for ammonia, ethylamine and ethyl isocyanate. For the
other model compounds the measured rate constants were

Table 1
k values and15N2/

15N14N ratios for different deposits and model com-
pounds

Deposit formed by k (min−1) 15N2/
15N14N

NOy + C3H8 0.085 0.05
NOy + n-C4H10 0.083 0.15
NOy + i-C4H10 0.073 0.15
NH3 0.163 0
C2H5NH2 0.175 0
CH3CN 0.066 0
CH2=C(CH3)–CN 0.035 0.27
C2H5NCO 0.099 0.33
(CH3)2CHNO2 0.045 0.15

lower than those obtained with the deposits from the catalytic
test runs. As the isocyanate is easily hydrated to amine+CO2
these kinetic data support the conclusion that the reactive
groups in the deposit are amine groups or adsorbed ammonia
molecules. The isotope distribution shows that with ammo-
nia and ethylamine 100% of the N2 is heteronuclear, one N
atom stemming from the surface compound, the other from
NOx. The data thus support the conclusion that a crucial task
of the catalyst is to convert part of the NOx to ammonia or
an amine. The reaction of these molecules with impinging
NOx results in the formation of N2.

In these tests the interaction between deposit and imping-
ing molecule took place on a Fe/MFI catalysts. However, in
a blank test of ethyl amine interacting with NO+O2, it was
found that formation of N2 is quite fast, even at rather low
temperature. The catalyst thus is mainly required to produce
the amine groups or ammonia molecules, but their subse-
quent interaction with NOx is facile and non-catalytic. In-
deed, it is well-known that N2O3 + H2O easily reacts with
ammonia to ammonium nitrite, that decomposes to N2+H2O
at or below 100◦C without a catalyst. Likewise, primary
amines are known to interact with NO2 forming diazo- (or
diazonium-) compounds that easily decompose by releasing
N2 [46,47].

Ammonia formation by reducing NOx with organic
molecules over a Cu/MFI catalyst has been reported by
Poignant et al.[48,49]. Liu et al.[50] detected HCN as a ma-
jor product of NOx reduction with isobutane over Fe/MFI.
In the presence of water vapor HCN is converted to NH3
and CO2. All these results link NOx reduction with organic
molecules to the chemistry of NOx reduction with ammonia
which will, therefore, be inspected in the next section.

3. NOx reduction with ammonia over Fe/MFI

The formation of ammonia or amines from a hydrocar-
bon reacting with NO or NO2 may be expected to have a
considerable activation energy. It is therefore, instructive to
compare NOx reduction with hydrocarbons or ammonia over
the same catalyst. In the absence of a transition metal, the
oxidation of part of the NO to NO2 will become rate lim-
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iting [51]. Over Fe/MFI, that does expose oxidation sites,
formation of N2 is much faster with ammonia than with a
hydrocarbon so that a much higher space velocity has to be
chosen (3.6× 105 s−1) to compare both feeds[40,52]. With
a dry feed NOx reduction upto 90% has been achieved be-
low 300◦C. The unconverted NOx consists exclusively of
NO, because the NO2 is quantitatively consumed. In the
presence of O2, the consumption ratio of the three reactants
NO, O2 and NH3 is equal to 4:1:4, in accordance with the
stoichiometry of an ammonium nitrite intermediate:

4NO+ O2 + 4NH3 + 2H2O = 4NH4NO2 (3)

The gas phase equilibria NO+ NO2 → N2O3 and N2O3 +
H2O → 2HONO will remain established. It has been known
for more than a century that ammonium nitrite readily de-
composes at low temperature[53]. The formation of am-
monium nitrite thus opens a favorable reaction path for the
formation of N2:

NH4NO2 = N2 + 2H2O (4)

When isotopically-labeled molecules are used in the NOx

reduction with ammonia, it is found that all N2 molecules
consist of one N atom stemming from NH3 and one from
NO, as expected for processes such as (4). To test the kinetics
over a Fe/MFI catalyst an NOx mixture was prepared with a
ratio of NO/NO2 = 1/1, so that the gas phase equilibrium

NO + NO2 = N2O3 (5)

will yield the highest possible concentration of N2O3, the
obvious precursor of ammonium nitrite and no NO or NO2
would be left after a reaction consuming these molecules in a
1:1 ratio. This was verified by circulating an equimolar mix-
ture of15NO+15NO2 over an Fe/MFI catalyst covered with
pre-adsorbed15NH3. The result of this test is shown inFig. 3.
Clearly, N2O3 is rapidly reduced even at room temperature
and resulted in N2 consisting for 100% of the heteronuclear
molecule14N15N. This result confirms ammonium nitrite as
the crucial reaction intermediate. It follows that reduction
of each NO2 molecule entails simultaneous consumption of
one NO molecule, the NO2/NO = 1/1 mixture is ideal for
NOx reduction with ammonia at low temperature.

Unlike NO and NO2, the N2O3 molecule has no unpaired
electrons. It has been detected at room temperature at the sur-
face of Fe/MFI by its IR bands at 1876 and 1297 cm−1 which
are shifted by co-adsorbed ammonia to 1865 and 1300 cm−1,
respectively[54,55]. The nitrite ion has been identified by
the band at 1320 cm−1 [43]. The reaction path via ammo-
nium nitrite is not limited to Fe/MFI or zeolite-based cata-
lysts. The finding of Tünter et al.[40] that the highest rate
of NOx reduction with ammonia is achieved for a NOx feed
with a 1:1 ratio of NO:NO2 was confirmed by Madia et al.
for V2O5-TiO2 catalysts[56]. Likewise, Blakeman et al.
[57] showed that over a non-zeolite catalyst the reduction
of NO+ NO2 mixtures with NH3 is clearly superior to pure
NO or NO2. It is interesting that Stevenson and Vartuli re-
ported that SCR of NO2 with NH3 can be achieved over an

Fig. 3. Time dependence of the partial pressure of14N15N upon circulating
a gas mixture of 20 Torr15NO, 20 Torr Ar, 5 Torr O2, 100 Torr He at room
temperature over Fe/MFI covered with adsorbed14NH3. (Reproduced
from J. Catal. 201, 89 (2001) with permission.)

HMFI catalyst, this result suggests that NO2 is reduced to
NO by NH3 without a transition metal[58].

Summarizing, the main conclusions from the experiments
described in this and the previous chapter, is that for the
catalytic NOx reduction with organic molecules, part of the
NO must be oxidized to the 3+ state as in N2O3 or HONO,
and part must be reduced to the oxidation state 3− in NH3
or an amine. One can imagine that ammonium nitrite will be
formed, its decomposition is known to take place at 100◦C
in the absence of a catalyst. If one writes the release of water
in two steps nitrosoamine, ONNH2, becomes a hypothetical
intermediate[59,60]. Using the formal oxidation states of
nitrogen, the formation of N2 molecules can be summarized
by

N3+ + N3− = No
2. (6)

With NH3 as the reductant, the ideal and most economic
stoichiometry for the selective catalytic reduction (SCR) is

2NH3 + 2NO+ 1
2O2 = 2N2 + 3H2O. (7)

Higher NO2/NO ratios result in formation of ammonium
nitrate, besides nitrite, the nitrate is, of course, known to
decompose to N2O+H2O. Indeed, Koebel et al. reports N2O
formation over some catalysts for feeds containing an excess
of NO2 over NO[61]. When hydrocarbons are used to reduce
a feed of NO and O2, the ideal and most economic scenario
is for the catalyst to achieve two tasks: (1) reduction of 50%
of the NO to NH3 and (2) oxidation of 25% of the NO to
NO2. Note, however, that additional NO2 may be reduced
to NO in the process of converting NO2 with an organic
reductant to NH3, as has been found with acetaldehyde.
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4. NOx reduction with methane over Pd/MFI or Co/MFI

Among the zeolite-based catalysts that are active with hy-
drocarbons, one sub-group also works with methane as the
sole reductant. Some of these have cobalt and/or palladium
in their cavities[62], others consist of zeolite-supported gal-
lium [63–66], indium [67,68] or silver [69]. In the context
of the present paper, Co/FER and Co/MFI catalysts are of
interest because they are amenable to certain physical meth-
ods to identify adsorption complexes for which other ma-
terials, including Cu/ZSM-5 and Fe/MFI are less suitable.
This chapter will, therefore, focus on Co/MFI and Pd/MFI.

The Co2+ ion has sevend electrons, distributed over five
orbitals. Two configurations are:

(1) The “high spin” state with four paired electrons, occu-
pying two orbitals, and three unpaired electrons each in
a different orbital.

(2) The “low spin” state with six paired electrons occupying
three orbitals and one unpaired electron in a different
orbital.

Which of these states is preferred energetically depends
on the ligands to the Co2+ ion. With ammonia the Co2+
tetra-ammine ion is stable in thelow spinconfiguration. If a
zeolite with Co2+ ions in its cavities is exposed to ammonia,
the Co2+ ions are present in that configuration, as evidenced
by a sharp ESR signal. When such material is exposed to O2
at 77 K, the signal disappears completely, showing that all
Co2+ ions have lost their unpaired electron and become dia-
magnetic Co3+ ions[70]. The electron donated by the Co2+
ion is captured by the adsorbed O2 molecules, which thus
become superoxide ions, O2

−. Inspection of the ESR signal
of this species shows that there are eight wobbles superim-
posed to the signal. Thissuper hyper fine structurereflects
the interaction of the unpaired electron at the superoxide
ion with the nuclear spin of 7/2 on the cobalt nucleus. This
shows that the O2− ion is directly ligated to the Co3+ ions.
ESR data indicating formation of O2− ions from O2 have
also been reported for Fe/MFI[71] and V/MFI-22[72].

Superoxide ions have been implicated by Lobree et al. in
the formation of nitrate ions on transition metal/zeolites[73].
Gao et al.[54] report for Fe/MFI that formation of nitrate
ions from NO+O2 depends on the order how these gases are
contacted with the catalyst. The IR band of the nitrate ion
was easily observed upon first exposing the catalyst to O2,
followed by exposure to NO, but hardly when the inverse
sequence was used. Clearly, admitting O2 first will favor the
formation of superoxide ions that react subsequently with
an impinging NO molecule:

O2
− + NO ⇒ NO3

− (8)

If the NO is adsorbed first, it will occupy the ligand positions
at the metal ion so that subsequent admission to O2 will
not result in ready formation of superoxide or nitrate ions
along this route. The superoxide route is accessible also to
other catalysts exposing transition metal ions. In addition

to this chemistry, the formation of peroxide ions has been
observed by UV Raman spectroscopy on Fe/MFI[74]and
Co/MFI [75].

The efficiency of Co ions to act as active sites also de-
pends on their positions in the zeolite cavities, as shown by
Wichterlová and coworkers[76]. Catalysts can therefore, be
improved by shifting Co ions from their original positions
to places of highest efficiency. In some cases, this can be
achieved by simple hydrothermal treatments[77].

As mentioned, Co/MFI and Pd/MFI catalyze the reduc-
tion of NOx with CH4, whereas Fe/MFI is inactive for NOx
reduction with methane. As this might qualify the former
materials as catalysts for the cleaning of the emission from
power plants, it is of interest to find the cause of this re-
markable difference between otherwise rather similar cata-
lysts. A possible clue came from TPR data of these catalysts.
This method showed that in Fe/MFI catalysts the redox cou-
ple is Fe3+/Fe2+ [78]. With Cu/MFI the couple Cu2+/Cu+
is responsible for the oxidation of NO to NO2 [79]. How-
ever, analysis of the TPR data of Co/MFI shows that Co2+
is reduced to Co0; no Co3+ or Co+ appears to be opera-
tive [80,81]. In this respect, Co is similar to Pd, where the
relevant redox couple is obviously Pd2+/Pd0. This finding
led to the question, whether the metallic state of Co0 or Pd0

is responsible for the propensity of these elements to acti-
vate methane. It is well-known that methane is dissociatively
chemisorbed at the surface of a transition metal such as Pd0

or Co0 [82].
When considering this hypothesis, keep in mind that the

oxidation state of surface atoms in the steady-state of a cat-
alytic reaction inside a flow reactor is given by thedynamic
equilibrium of reaction steps in which surface atoms are re-
duced and re-oxidized by interaction with gas molecules.
This dynamic equilibrium can differ from thethermody-
namicequilibrium to which Gibbs’ phase law applies. Re-
duced and oxidized states can coexist as solid (nano-) par-
ticles, although some of them would not be stable in the
equilibrium defined by the phase law.

Although, many physical methods exist which permit the
identification of metallic particles, it is not easy to apply
them to the steady-state of a dynamic reaction inside a mi-
croflow reactor. The relatively high concentration of O2 and
the high oxidizing power of NO2 will keep the steady-state
concentration of Pd0 nano-particles low. Fortunately, chem-
ical and catalytic methods exist that are capable of detecting
the presence of Pdn

0 clusters. One of them is based on the
propensity of transition metals to catalyze the H/D exchange
in hydrocarbons including methane. An attempt was there-
fore made to detect the presence of Pd0 clusters by adding
some D2 to the feed of NO, O2 and CH4. It was expected
that most of this D2 would be oxidized to D2O, but if part of
it would show up as deuteromethanes CH3D, CH2D2 and/or
CHD3, this would be evidence, that indeed some Pdn

0 clus-
ters were present in the steady-state. The work is described
in more detail in[83], the relevant result is depicted inFig. 4.
In the same paper it was also demonstrated that no H/D ex-
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Fig. 4. Effect of introducing 1000 ppm of D2 (at time B) into NO-CH4-O2 feed after steady-state was obtained at 400◦C and GHSV= 90,000 h−1 over
a Pd/MFI catalyst. NO: 1000 ppm, CH4: 2000 ppm, O2: 2%, P = 1 atm. (Reproduced from J. Catal. 204, 314 (2001) with permission.)

change can be observed those zeolite-based catalysts that do
not catalyze NOx reduction with methane[84]. These results
indicate that Pdn0 particles are a likely cause of the ability
of Pd/zeolite catalysts to activate methane.

5. NOx reduction with acetaldehyde over BaNaY

Most catalytic oxidation and reduction processes in the
chemical industry make use of the propensity of transition
metal elements to change their oxidation state rather easily.
The so calledMars-van Krevelen mechanismdescribes the
underlying chemistry[85]. It is quite remarkable that the
reduction of NOx with acetaldehyde over Ba,NaY catalysts
does not follow this route. Though, traces of Fe are present
in all commercial Y zeolites, the inactivity of these catalysts
for the oxidation of CO to CO2 at a temperature which
suffices to reduce NOx to N2, suggests that any Fe traces
inside the zeolite framework do not play an active part in
the conversion of NOx over BaNaY, unless the material has
been subjected to the severe conditions which destroys part
of the zeolite lattice. If part of the Na+ ions in NaY are
exchanged against Ba2+ ions the activity of the catalysts is
markedly increased, which justifies the assumption that the
Ba2+ ions play an important role.

Reactions which is efficiently catalyzed by Ba,NaY are
the aldol condensation:

2CH3CHO ⇒ CH3CH(OH)CH2CHO (9)

and the dehydration of aldol to crotonaldehyde:

CH3CH(OH)CH2CHO ⇒ CH3CH = CHCHO+ H2O

(10)

However, this reaction is not responsible for the reduction of
NOx over these catalysts. On the contrary, crotonaldehyde
easily polymerizes in the pores of the zeolite and blocks
the active sites for the desired reaction. In the presence of
water vapor the equilibrium (10) is shifted to the left. This
is a likely explanation, why for these catalysts water has a
positive effect on NOx reduction, even though it competes
with ammonia for the same sites. Wen et al. showed that at
200◦C the conversion of NOx is quite weak in the absence,
but strong in the presence of water vapor[86]. Another rele-
vant finding is that also with BaNaY catalysts N2 is formed
with low activation energy from ammonium nitrite, whereas
a much higher temperature is required to decompose am-
monium nitrate. In one favorable reaction path over BaNaY,
part of the NOx has to be reduced to ammonia, which reacts
subsequently with NO+ NO2 to N2 + H2O in basically the
same way as shown above for other zeolite-based catalysts.

The mechanism of NOx reduction to NH3 over a Y zeolite
having Na+ and Ba2+ ions in its cages, has been the subject
of recent research at Northwestern University; the results
have been published[87]. The high electric field inside cav-
ities of the Y zeolite strongly favors formation of charged
moieties. This is evident from the heterolytic dissociation
of N2O4, the dimer of NO2, on BaNaY. FT-IR reveals pre-
dominant chemisorption as NO+ + NO3

−. The nitrate ions
are ligated to Ba2+ ions, their positive 2+ charge is thus
dissipated into two 1+ charges:

Ba2+ + N2O4 (gas) ⇒ [Ba–NO3]+ + NO+ (11)

This process will lower the Coulomb energy of the system
by enabling each of the two carriers of a positive charge to
find a location near the locus of the negative charge which,
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in a zeolite, is the fixed position of an immobile Al-centered
tetrahedron.

Upon exposing BaNaY inside an FT-IR cell at 200◦C to
a gas mixture of acetaldehyde, nitric oxide and oxygen, ini-
tial chemisorption is followed by a chemical reaction. The
acetaldehyde bands gradually disappear, while new bands
emerge. Acetaldehyde is oxidized to acetic acid, evidenced
by bands at 1392, 1551, 1628 and 1689 cm−1. Simultane-
ously bands of gaseous formaldehyde become visible. If the
NO that is formed by

CH3(C=O)H + NO2 → CH3(C=O)OH + NO (12)

is re-oxidized to NO2 in an excess of O2, this cycle will
be repeated until all acetaldehyde is oxidized to acetic acid
which is chemisorbed dissociatively as an acetate ion and
a proton. A following step is the replacement of the car-
boxylate group by NO2, i.e. the aci form of nitromethane,
CH3NO2, is formed.

Earlier Cant[88] proposed that nitromethane could be
an important intermediate in NOx reduction with methane
over Co/MFI catalysts, because nitromethane can be dehy-
drated to isocyanic acid, HNCO, which can be converted
further to ammonia. Zazaniuk et al.[89] and Hu et al.[90],
have shown that nitromethane isomerizes in the gas phase,
first to its aci-form, then to formohydroxamic acid which
easily loses water and forms HNCO. This is an essential
chemistry in the cascade of NO2 reduction to NH3. In addi-
tion, the FT-IR work with BaNaY shows that on this zeolite
the reaction path is more complicated, as it was found that
the rate of HNCO formation is strongly enhanced by NO2.
Analysis of this observation by FT-IR shows that NO2 re-
acts with the aci-anion of nitromethane, forming the anion
O2NCH2NO2

−. At 200◦C this anion decomposes possibly
to the fulminate anion, CNO−

O2NCH2NO2
− ⇒ NO2 + H2O + CNO− (13)

which isomerizes to the cyanate ion, NCO− and reacts with a
proton to form isocyanic acid, HNCO. As mentioned above,
Poignant et al. had suggested in 1995 that isocyanates are
likely intermediates in NO2 reduction. Over the BaNaY cat-
alyst HNCO formation is followed by its hydrolysis:

HNCO+ H2O = NH3 + CO2 (14)

This multi-step process is completed by the uncatalyzed re-
action of the ammonia with N2O3 + H2O to ammonium ni-
trite and its decomposition to N2 + H2O. The reaction cas-
cade from acetaldehyde to ammonia is summarized by:

CH3CHO⇒ CH3COO− ⇒ CH2NO2
− ⇒ O2NCH2NO2

−

⇒ NCO− ⇒ HNCO ⇒ NH3 (15)

Although, each of these steps is well documented by spec-
troscopic data, there still is a problem: summation of the
steps, as written, leads to an overall process in which both
carbon atoms of acetaldehyde end up as CO2, but gas analy-
sis shows formation of considerable amounts of CO. This is

tentatively attributed to a second parallel path starting with
H abstraction from acetaldehyde, aldol or croton aldehyde.
If indeed acetyl radicals are formed, they can decompose
to CO and a methyl radical. This hypothesis is now under
investigation.

6. Conclusion

Transition metal ions inside zeolite cavities are instru-
mental, but not indispensable for the catalytic reduction of
NOx to N2. The reaction mechanism depends on the cata-
lyst and the reductant. An element of commonality for NOx

reduction over a variety of catalysts is that N2 is produced
by chemical interaction of one group containing nitrogen
in an oxidation state N3+ with another group with nitro-
gen in a N3− state. The prototype for this chemistry is the
formation and decomposition of ammonium nitrite. To ob-
tain such groups, part of NO must be oxidized to NO2 and
the catalyst has to provide a path for the reduction of 50%
of the NOx to ammonia or an amine. Over catalysts such
as Fe/MFI, Co/MFI or Pd/MFI the transition metals in the
catalyst play a crucial role in this reduction to NH3. In the
case of Co/MFI and Pd/MFI there are indications that small
amounts of Pd0 or Co0 exist in the dynamic equilibrium and
promote dissociative chemisorption of methane.

With catalysts such as BaNaY which do not contain a tran-
sition metal, a reaction path exists which converts acetalde-
hyde and NO2 to nitromethane. This intermediate is trans-
formed to isocyanic acid via a reaction using the aci-form of
nitromethane and an anion with two nitro groups attached
to the same carbon atom. Hydrolysis of isocyanic acid leads
to ammonia and CO2. The ammonia reduces NOx, for in-
stance by forming ammonium nitrite which decomposes to
N2. The total process of NOx conversion to N2 has a high
rate at temperatures as low as 200◦C.
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[29] A. Sobaĺık, Z. Tvar ková, B. Wichterlová, J. Phys. Chem. B 102

(1998) 1077.
[30] Z. Sobalák, J.D. de ek, D. Kaucký, B. Wichterlová, L. Drozdová,

R. Prins, J. Catal. 194 (2000) 342.
[31] A.G. Panov, R.G. Tonkyn, M.L. Balmer, C.H.F. Peden, A. Malkin,

J.W. Hoard, Society Automotive Engineers (SAE), SP 1639, 2001,
pp. 43–48.

[32] B.S. Kwak, W.M.H. Sachtler, J. Catal. 141 (1993) 729.
[33] W.M.H. Sachtler, H.-Y. Chen, US Patent 6,143,681, Issued 7 (Novem-

ber 2000).
[34] F. Heinrich, C. Schmidt, E. Löffler, W. Grünert, Catal. Commun. 2

(2001) 317.
[35] H.-Y. Chen, W.M.H. Sachtler, Appl. Catal. B: Environ. 19 (1998)

279.
[36] P. Marturano, L. Drozdová, A. Kogelbauer, R. Prins, J. Catal. 192

(2000) 236.
[37] A.A. Battiston, J.H. Bitter, D.C. Koningsberger, Catal. Lett. 66 (2000)

75.
[38] A.A. Battiston, J.H. Bitter, F.M.F. de Groot, A.R. Overweg, O.

Stepha, J.A. van Bokhoven, P.J. Kooyman, C. van der Spek, G.
Vanko, D.C. Koningsberger, J. Catal. 213 (2003) 251.

[39] F. Heinrich, C. Schmidt, E. Löffler, M. Menzel, W. Grünert, J. Catal.
211 (2002) 157.

[40] G. Tünter, W.F. van Leeuwen, L.J.M. Snepvanger, Ind. Eng. Chem.
Prod. RD 25 (1986) 633.

[41] Q. Sun, Z.-X. Gao, H.-Y. Chen, W.M.H. Sachtler, J. Catal. 201
(2001) 89.

[42] H.-Y. Chen, X. Wang, W.M.H. Sachtler, Phys. Chem. Chem. Phys.
2 (2000) 3083.

[43] Q. Sun, Z.-Xi. Gao, B. Wen, W.M.H. Sachtler, Catal. Lett. 78 (2002)
1.

[44] H.-Y. Chen, T. Voskoboinikov, W.M.H. Sachtler, J. Catal. 180 (1998)
171.

[45] H.Y. Chen, T. Voskoboinikov, W.M.H. Sachtler, J. Catal. 186 (1999)
91.

[46] F. Haber, Z. Elektrochemie (1898) 506.
[47] J. March, Advanced Organic Chemistry Reactions, Mechanisms and

Structure, 2nd ed., McGraw-Hill, New York, 1977.
[48] F. Poignant, J. Saussey, J.C. Lavalley, G. Mabilon, J. Chem. Soc.,

Chem. Commun. (1995) 89.
[49] F. Poignant, J. Saussey, J.C. Lavalley, G. Mabilon, Catal. Today 29

(1996) 93.
[50] I.O.Y. Liu, N.W. Cant, M. Kögel, Th. Turek, Catal. Lett. 63 (1999)

241.
[51] M. Wallin, C.-J. Karlsson, M. Skoglundh, A. Palmquist, J. Catal.

218 (2003) 354.
[52] A.-Z. Ma, W. Grünert, Chem. Commun. (1999) 71.
[53] E. Millon, Annales de Chimie et de Physique, 3ième série 19 (1847)

255.
[54] Z.-X. Gao, Q. Sun, W.M.H. Sachtler, Appl. Catal. B 33 (2001) 9.
[55] J. Szanyi, J.H. Kwak, R.A. Moline, Ch.H.F. Peden, Phys. Chem.

Chem. Phys., in press.
[56] G. Madia, M. Koebel, M. Elsener, A. Wokaun, Ind. Eng. Chem. Res.

41 (2002) 3512.
[57] P.G. Blakeman, G.R. Chandler, G.A. John, A.J.J. Wilkins, SAE Paper

2001-01-3624.
[58] S.A. Stevenson, J.C. Vartuli, J. Catal. 208 (2002) 3542.
[59] N.Y. Topsøe, H. Topsøe, J.A. Dumesic, J. Catal. 151 (1995) 241.
[60] J.A. Dumesic, N.Y. Topsøe, H. Topsøe, Y. Chen, T. Slabiak, J. Catal.

163 (1995) 409.
[61] M. Koebel, M. Elsener, G. Madia, Ind. Eng. Chem. Res. 40 (2001)

52.
[62] M. Ogura, Y. Sugiura, M. Hayashi, E. Kikuchi, Catal. Lett. 42 (1996)

185.
[63] K. Yogo, M. Ihara, I. Terasaki, E. Kikuchi, Catal. Lett. 17 (1993)

303.
[64] Y. Li, J.N. Armor, J. Catal. 145 (1994) 1.
[65] J.N. Armor, Catal. Today 31 (1996) 191.
[66] K.-I. Shimizu, A. Satsuma, T. Hattori, Appl. Catal. B 16 (1998) 319.
[67] T. Tabata, M. Kokitsu, O. Okada, Appl. Catal. B 6 (1995) 225.
[68] E. Kikuchi, M. Ogura, N. Aratani, Y. Sugiura, S. Hiromoto, K. Yogo,

Catal. Today 27 (1996) 35.
[69] Zh. Li, M. Flytzani-Stephanopoulos, J. Catal. 182 (1999) 313.
[70] E.-M. El-Malki, D. Werst, P.E. Doan, W.M.H. Sachtler, J. Phys.

Chem. B 104 (2000) 5924.
[71] H.-Y. Chen, E.-M. El-Malki, Z. Wang, R.A. van Santen, W.M.H.

Sachtler, J. Mol. Catal. 162 (2000) 159.
[72] M. Chatterjee, D. Bhattacharya, N. Venkatathri, S. Sivvasanker, Catal.

Lett. 35 (1995) 313.
[73] L.J. Lobree, L.-C. Hwang, J.A. Reimer, A.T. Bell, Catal. Lett. 63

(1999) 233.
[74] Z.-X. Gao, H.-S. Kim, Q. Sun, P.C. Stair, W.M.H. Sachtler, J. Phys.

Chem. B 105 (2001) 6186.
[75] H.-S. Kim, private communication.
[76] J. D de ek, D. Kaucký, B. Wichterlová, Micropor. Mesopor. Mater.

35 (2000) 463.
[77] B. Wen, W.M.H. Sachtler, Catal. Lett. 86 (2003) 39.
[78] H.-Y. Chen, W.M.H. Sachtler, Catal. Lett. 50 (1998) 125.
[79] T. Beutel, J. Sárkány, J.Y. Yan, W.M.H. Sachtler, J. Phys. Chem.

100 (1996) 845.
[80] X. Wang, H.-Y. Chen, W.M.H. Sachtler, Appl. Catal. B: Environ. 19

(2001) 47.
[81] V. Schwartz, R. Prins, X. Wang, W.M.H. Sachtler, J. Phys. Chem.

B 106 (2002) 7210.
[82] Ch. Kemball, Adv. Catal. 11 (1959) 223.
[83] B. Wen, Q. Sun, W.M.H. Sachtler, J. Catal. 204 (2001) 314.



10 H.-Y. Chen et al. / Catalysis Today 96 (2004) 1–10

[84] B. Wen, Q. Sun, W.M.H. Sachtler, Appl. Catal. A 229 (1) (2002) 11.
[85] P. Mars, D.W. van Krevelen, Chem. Eng. Sci. Suppl. 3 (1954) 41.
[86] B. Wen, Y.H. Yeom, E. Weitz, W.M.H. Sachtler, Appl. Catal. B 48

(2004) 125.
[87] Y.-H. Yeom, B. Wen, W.M.H. Sachtler, E. Weitz, J. Phys. Chem. B

298 (2004) 5386.

[88] N.W. Cant, D.C. Chambers, A.D. Cowan, I.O.Y. Liu, A. Satsuma,
Topics Catal. 10 (2000) 13.

[89] V. Zazaniuk, F. Meunier, J.R.H. Ross, J. Catal. 202 (2001)
340.

[90] W.F. Hu, T.J. He, D.M. Chen, F.C. Liu, J. Phys. Chem. A 106 (2002)
7294.


	Reduction over zeolite-based catalysts of nitrogen oxides in emissions containing excess oxygenUnraveling the reaction mechanism
	Introduction
	NOx reduction with isobutane over Fe/MFI
	NOx reduction with ammonia over Fe/MFI
	NOx reduction with methane over Pd/MFI or Co/MFI
	NOx reduction with acetaldehyde over BaNaY
	Conclusion
	Acknowledgements
	References


