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Abstract

Zeolite Catalysts for The Selective Reduction of NOx - N.W. Hayes

The currently available automotive NOx control technology, the three way catalytic
converter, is effective only under strictly controlled air to fuel ratios, precluding its use in
more efficient lean burn and diesel engines. The aim of this study was to investigate
alternative catalysts capable of working under the much higher air to fuel ratios present in
such engines. Since zeolite catalysts and in particular Cu-ZSM-5 have shown promise as
potential catalysts for this application, a large portion of this work was dedicated to the
preparation and characterisation of these catalysts. The mechanism of the selective
reduction reaction over Cu-ZSM-5 has also been investigated and the performance of
alternative zeolite catalysts assessed. The results demonstrated that the preparation
method and catalyst structure greatly affected the performance of Cu-ZSM-5 catalysts,
those with higher levels of Cu dispersion were found to be the most effective catalysts.
Through the characterisation of Cu-ZSM-5 catalysts by a combination of XPS/XAES and
EXAFS it has been found that the Cu Auger parameter provides an excellent means of
determining the degree of Cu dispersion in zeolite catalysts. Large negative shifts (ca 2eV)
in the Auger parameter of isolated Cu ions compared to the bulk compounds were
observed. FTIR adsorption studies have shown that NO can be used as an effective probe
molecule to determine the Cu oxidation state, allowing clear differentiation between Cu(I)
and Cu(Il) species within Cu-ZSM-5. Studies of the build up and storage of nitrogenous
material by Cu-ZSM-5, at temperatures where NO conversion does not exceed 10%, have
shown that nitrogen storage occurs most readily in the presence of NO, oxygen and
propene and that if either propene or oxygen are absent nitrogen storage is seriously
impaired. The nature of the stored nitrogenous species examined by FTIR and XPS
measurements revealed that an organic nitrile species is formed. The nitrogen containing
organic compounds nitromethane, nitrobenzene and acetonitrile have been found to
decompose readily and selectively to nitrogen in the presence of oxygen over Cu-ZSM-5
catalysts. In-situ FTIR studies of the reaction over Cu-ZSM-5 imply that NO7 and
activated hydrocarbon play an important role in the reaction mechanism, and suggest that
organic nitro compounds represent the key intermediate. Other metal exchanged zeolite
catalysts have been shown to be effective for the selective reduction including Pt-ZSM-5,
Pt-Mor, Cu-SAPO-34, Co-ZSM-5 and Rh-ZSM-5 covering a wide range of temperatures.
Pt-ZSM-5 catalysts have been shown to be modified by the presence of additional metal
ions, Cu has a totally detrimental effect on catalyst activity whereas Co has been shown to
improve the nitrogen selectivity of the catalyst without seriously impairing NO
conversion.
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1.0 INTRODUCTION

1.1 NOx and its Role in Atmospheric Pollution

NOx is the abbreviated term for the nitrogen oxides NO and NO9, both are oxidising
agents and of relatively high reactivity [1,2]. NOx is one of the major by-products of the
combustion of fossil fuels, combustion results primarily in the formation of NO which is
then converted into NO7 [3]. The reaction of NO with oxygen is rapid particularly at
higher concentrations and the reaction is accelerated in the presence of sunlight and
hydrocarbons [1-3]. The interconversion of NO and NOj is highly temperature
dependent, at lower temperatures NO7 dominates however above 423 K thermal
decomposition of NO7 to NO and oxygen begins and is complete at 873 K [1]. An
equilibrium will therefore be reached according to the exhaust gas temperature which can
be expected to vary depending upon the time the engine has been running. Both NO and
NOj exist as free radical species, however NOj is considerably more reactive forming
mixtures of nitric and nitrous acid with water and facilitating hydrogen abstraction from

hydrocarbons [1].

NOx plays a major part in atmospheric pollution at local, regional and global levels [2-5],
and the effects of NOx pollution include a direct noxious effect on people, acid rain,
photochemical smog and the production of low level ozone and a contribution to
depletion of the ozone layer [2-5]. The direct noxious effects of NOx are associated
primarily with lung function, NOx acts as an irritant for the pulmonary alveoli [2,4,6]
affecting particularly the elderly and those with breathing disorders such as asthma. The
formation of low level ozone and photochemical smog are associated with similar
problems, being formed as a consequence of NOx emissions through a reaction of NO»
and volatile organic compounds (VOC) [5]. The reaction of NOx with water to produce
nitric and nitrous acid is the major route to the formation of acid rain from nitrogen oxides
[2,3,6], acidification caused by NOx is becoming increasingly significant as emissions of
SOx decrease [6]. Acid rain deposits attack both buildings and vegetation, acidifying soil
and water and killing plant and aquatic life [2,3,6]. The presence of NO at low levels
helps suppress the formation of photochemical ozone by a reaction to form NOp, however

at higher levels NO contributes significantly to depletion of the ozone layer by the same
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reaction, resulting in the eventual production of ozone holes [5].

1.1.2 Automobile Exhaust Emissions

Automobile exhaust emissions introduce a number of pollutant gases into the atmosphere,
including NOx, COx, SOx and hydrocarbons. Of these emissions NOx is among the more
harmful and difficult to control, this work is dedicated to the study of NOx emission
abatement and therefore the other pollutants will be largely ignored. Within Europe the
largest contribution to atmospheric pollution by NOx can be attributed to transportation
[2,5,6], automobile exhaust emissions account for the majority of this contribution. The
levels of both passenger and goods traffic and in particular the number of privately owned
cars are predicted to rise steadily well into the next century [6], making automotive

pollution a particularly important issue.

1.2 NOx Emission Control

As has been previously discussed automotive NOx emissions represent a serious problem,
it is therefore important that control measures are adopted to reduce the impact of such
emissions. The most likely solutions to the problem of NOx emissions are the
development of cleaner power sources and the cleansing of exhaust gases prior to release
into the atmosphere. The former solution offers perhaps the best long term strategy as it
would be better to not produce harmful emissions rather than use "end of pipe"
technology to reduce the levels escaping into the atmosphere. Such technology is however
still in its infancy and the problem of automobile emissions requires urgent attention, the
use of "end of pipe" technology such as catalytic converters provides a convenient
temporary solution. Commercial catalytic converters are currently available and known as
three way systems, the main drawback of such systems is the requirement of a carefully
balanced fuel to air ratio, rendering such catalysts impractical for modern diesel and lean
burn engines. Recently an alternative class of catalysts, selective reduction catalysts, have
shown promise as alternative systems capable of operating under higher air to fuel ratios
[2]. Both types of catalyst are introduced in the following sections, however greater
emphasis is placed upon the selective reduction catalysts which form the basis of this

work.
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1.2.1 Three Way Catalytic Converter

The conventional three way catalytic converter is based on a complex formulation of
metals (Pt, Pd and Rh), additives (ceria) and a stabilised support (y-AlpO3 doped with La)
[7]. The three way catalytic converter is so called because of its ability to simultaneously
convert NOx, CO and hydrocarbon pollutants over a single catalyst. The hydrocarbon and
CO are oxidised and the NOx is reduced, for effective operation of the catalytic
converter an air to fuel ratio close to the stoichiometric balance of 14.6 is required [8-
10].Under more oxidising conditions such as those found in modern lean burn engines the
efficiency of the catalyst for the oxidation of hydrocarbon and CO is high but the
reduction of NOx declines rapidly [8-10]. The Pt and Pd components of the catalyst are
effective oxidation catalysts and promote the reduction of NOx but are less effective in
this role than Rh, which is the essential ingredient for NOx reduction. The additives such
as cerium and La are included to improve the catalyst performance by extending the
conversion during air to fuel perturbations and stabilising the alumina support against
thermal degradation [8,11]. The required air to fuel ratio is maintained by the use of an
engine management system which imposes the strict control necessary for effective

catalysis.

1.2.2 Selective Catalytic Reduction

Selective catalytic reduction is considered a suitable alternative to three way catalysis, and
a number of catalysts have been found to be active for this reaction employing a variety of
different reductants. A reductant is considered to be selective if NOx is preferentially
reduced in the presence of oxygen. Selective reductants include ammonia and
hydrocarbons, potential reductants which are inefficient in the presence of oxygen include
hydrogen and carbon monoxide [3]. Ammonia is used as the reductant in the commercial
SCR process for stack gases [3]. The use of ammonia as a selective reductant poses
potential problems itself, excess ammonia escaping into the atmosphere is as harmful a
pollutant as NOx and would therefore require similar careful stoichiometric balance as
needed in three way catalysis. The use of hydrocarbons as selective reductants presents a
much more attractive proposal, hydrocarbon fragments from incomplete combustion are
found in typical exhaust streams making the addition of a reductant unnecessary. This

work is concerned solely with the selective reduction of NOx by hydrocarbons and
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therefore the remainder of this chapter will concentrate purely on this subject. The
following sections will attempt to discuss the different catalysts which have been reported
to show activity for the selective reduction of NO by hydrocarbons in an oxidising
atmosphere. These catalysts can be divided broadly into 2 groups, zeolitic and non-zeolitic

of which the former group represents the larger.

1.3 Selective Reduction - Non-Zeolitic Catalysts

A wide range of non-zeolitic catalysts has been studied as potential catalysts for the
selective reduction of NO by hydrocarbons. The majority of these catalysts show only low
levels of catalytic activity for this reaction, a review of those tested up to 1992 has been
made by Iwamoto and Misono [12], only those showing appreciable activity will be

mentioned here.

1.3.1 Supports

Alumina represents possibly the most widely chosen support considered within this group,
there has been considerable interest in alumina supported transition metal catalysts for the
selective reduction reaction. Untreated alumina was found to have some catalytic activity
for the selective reduction of NO by ethene, propane and propene [13-16] with
conversions of almost 80% to nitrogen reported using propene. For all reductants the
peak active temperature occurs around 773 K [15-16], however at temperatures below
673 K the activity is relatively low. A mixed SiO2-AlpO3 support was reported to show
considerably less activity for the selective reduction of NO by ethene than alumina alone
[17]. A maximum conversion of < 10% at ca 900 K was recorded by Hosose et al [17]
less than half the maximum conversion reported for alumina [13]. Untreated silica
however was found by Hamada et al [16] to be virtually inactive for the selective
reduction of NO with propane, similar results were reported using ethene as reductant by

other workers [18].

1.3.2 Supported Noble Metals
Supported platinum catalysts constitute the majority of the catalysts within this group,
with a wide range of supports employed by different researchers. Pt/alumina catalysts have

been reported to show activity for the selective reduction of NO using propane [16,19],
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propene [20,21], and methane [22]. The reduction of NO by propane was demonstrated
by Hamada et al [16], who found that a catalyst containing 0.5 wt. % Pt gave peak
activity at a temperature of 673 K. Similar results were observed by Sasaki et al [19], for
both the reduction of NO and NO3. Hamada et al also reported that a similarly prepared
Pt silica catalyst was inactive for the selective reduction reaction using propane as
reductant. A comprehensive study of Pt/alumina catalysts by Burch et al [20], revealed
high activity for the selective reduction reaction using propene. They reported that the
catalyst activity could be related not only to metal content, higher Pt contents shifted the
active temperature region to lower temperatures, but also to the precursor used. The
degree of Pt dispersion was not found to correlate to catalyst activity as their highly
dispersed catalyst prepared from chloroplatanic acid revealed considerably lower activity
than their less well dispersed catalyst prepared from dinitro diammine platinum (II). Quite
dramatic differences were observed in catalysts prepared from the same precursor but wi51_1
different metal loadings, a shift of ca 150 K was observed between the peak activity
temperatures of a 2% and 0.1% Pt catalyst. The peak NOx conversion was also found to
undergo a similar dramatic increase, from ca 10% for the 0.1% catalyst to ca 65% for the
2% catalyst. The conversions achieved were found to include some contribution from

reduction to NoO which may account for up to 40 % of the total conversion.

Alternative supports to alumina have been studied by Zhang et al [23] and Tanaka et al
[21], the later using Pt/silica for the reduction by propene. They found that the catalyst
was active for the selective reduction reaction at temperatures as low as 423 K, but
observed that formation of N2O could account for up to 75% of the total NO conversion.
The selectivity for NoO was therefore much higher than that reported by Burch et al [20]
for the reduction over alumina catalysts, where nitrogen was the major reduction product.
The observed activity of the silica supported catalyst was in marked contrast to the
inactivity of a similar catalyst observed by Hamada for the reduction with propane [16].
Zhang et al [23] studied a range of supports including B03-Si05-AlpO3 (BSA), AIPOy4
and sulphated AIPO4 using propene as reductant. All of the Pt catalysts were found to
show high activity in the temperature range 423-573 K, this was also found to be the case
if NOg was used instead of NO over a Pt BSA catalyst. All of the Pt catalysts showed

significant enhancement of activity when compared to the supports. Zhang et al observed
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that the sulphated Pt AIPO4 catalyst showed the lowest selectivity for NoO and that Pt
AIPO4 showed the greatest selectivity. The Pt BSA catalyst was the most efficient for the
removal of NOx but had a high selectivity for NoO, this improved slightly at higher

temperatures when NO7 was used as reactant.

Other platinum group metals which have been studied on non zeolitic supports include,
Pd, Rh, Ru and Ir [16,23-25]. Rh/alumina catalysts have been reported to show some
activity for the selective reduction of NO by propane [16] and propene [25], although
generally the conversions are much lower than those reported over Pt catalysts [16-23].
Silica supported Rh was found to be inactive for the selective reduction of NO by propane
[16], as previously mentioned for Pt. Similar observations were reported for Pd/alumina
and silica catalysts [16] for the reduction by propane, however Pd was found to be less
active than Rh on alumina but was also inactive on silica. Both Pd and Rh catalysts were
found to have peak activity at 573 K, lower than the peak activity temperature for Pt
under the same conditions [16]. Zhang et al also studied Pd, Ir and Ru/BSA catalysts [23]
using propene as reductant. They found that the order of activity was Ir > Ru > Pd and
that Pd had the highest selectivity for NoO and Ru the lowest. The catalysts were all
found to be active over the same temperature range and had a peak activity for NOx

conversion at 473 K.

1.3.3 Other Supported Catalysts

The addition of various transition metals has been found to result in an expansion of the
active temperature range towards the lower end. Cu has been found to shift the peak
activity temperature of alumina to ca 650 K using propane, propene and ethene as
reductants [13,14,16], however in the case of propene the effect was also to reduce the
peak conversion achieved. The effect of Cu addition to a silica-alumina support was even
more dramatic for the reduction by ethene [17], SiO2-Al03 was found to show only very
low activity for the selective reduction reaction however the addition of 3.3 wt % Cu
resulted in a 2 fold increase in the conversion of NO. In comparison the addition of Cu to
silica was reported to show no appreciable conversion of NO to nitrogen for the reduction
with propane [16]. The presence of Cs with Cu on an alumina support has been found to

extend further the active temperature range of the catalyst to lower temperatures, but
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results in a slight reduction in the peak conversion achieved [26] when using propene as

reductant.

Alumina supported Co catalysts have also been reported to offer considerable
enhancement of activity with similar shifts to lower temperatures of the peak activity
temperature [13,14,16]. The enhancement of NO conversion at the lower temperature
region is similar to that reported for Cu. However in the case of propene as reductant the
reduction in peak activity is almost negligible [14] and for both propane and ethene the
peak activity is in fact reported to be enhanced [13,16]. The choice of precursor for Co
catalysts was found to be important by Hamada et al [16], who demonstrated that a
catalyst prepared from the nitrate was virtually inactive whereas that prepared from the
acetate was highly active. Silica supported Co catalysts were found to have only very low
activity for the conversion of NO to nitrogen with peak activity of < 10% recorded for

the best catalyst [ 16] using propane as reductant.

Alumina supported Ag, has been reported to show both high activity for the selective
reduction of NO by propene and oxygen containing organic compounds [14,27], but
considerably lower activity for the selective reduction using ethene [13]. Toriaki et al [13]
find that Ag-Al»O3 only shows reasonable activity for the selective reduction with ethene
at temperatures above 800 K, and shows poorer performance than untreated alumina over
the entire temperature range. In contrast, the findings of Miyadera [14], suggest that when
using propene as reductant the addition of Ag lowers the temperature of peak activity to
673 K and exceeds the peak conversion achieved by the untreated catalyst. Miyadera also
reports that, by using oxygen containing organic compounds, 1-propanol, 2-propanol and
ethanol, conversions approaching 100% can be achieved at temperatures as low as 523 K.
The presence of water was also found to have least effect on Ag and Co alumina catalysts,
with the activity for NO conversion impaired to a much lesser extent than untreated
alumina [14]. The effect of SO7 on Ag alumina catalysts was found to be minimal in
concentrations up to 200 ppm [27], only a slight decay in activity was reported over 12

hours use for the reduction by propene.

Other alumina supported catalysts considered by Miyadera and Yoshida in their study of
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the selective reduction of NO by propene were In, Ga, Sn and Zn [27]. All of these
catalysts were found to show appreciable activity with peak conversions of NO of at least
70%. Of these catalysts, Ga and In were found to have activities in excess of Ag/alumina
over roughly the same temperature range. Sn was found to have a slightly lower activity
but peaked at lower temperatures than recorded for Ag, whereas Zn was found to be
active only in the higher temperature region above 673 K and of similar peak conversion
to Ag. A similar performance for Zn alumina catalysts was also demonstrated by Torikai
et al [13] for the reduction of NO by ethene, with similar conversions to untreated alumina
reported. The effect of 200 ppm SO7 on the alumina catalysts studied by Miyadera and
Yoshida was generally to reduce the activity of the catalyst, which worsened with time on
line. All of the other catalysts were affected to a much greater extent than Ag, with Ga

suffering the largest reduction in activity.

The addition of Fe to alumina has been found to broaden the active temperature range of
the catalyst, increasing the activity of the catalyst at lower temperatures but resulting in a
slight decrease in the peak conversion achieved when ethene is the reductant [13]. Fe is in
fact found to be the most effective alumina supported catalyst for the selective reduction
of NO by ethene at temperatures below 600 K [13]. This was also found to be the case if
propane was used as reductant [16]. In contrast the addition of Fe to a silica support
resulted in little activity for the reduction of NO by propane, with peak conversions of <
2% [16].

The final catalyst of this series reported to show appreciable activity for the selective
reduction of NO was alumina supported Ni [13,16]. Using ethene as reductant Ni/alumina
gave a peak conversion of NO slightly higher than that of untreated alumina over a
broadly similar active temperature range [13]. If propane was used as reductant the effect
of Ni was to broaden the active temperature window to give higher activity at lower
temperatures than reported for alumina [16]. In terms of peak conversion achieved, the Ni
catalyst was found to be second only to Co for the reduction of NO by propane. As was
found to be the case for the other silica supported catalysts, the addition of Ni resulted in
little enhancement of the selective reduction by propane, the peak conversion achieved
being < 4% [16].
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1.4 Zeolite Catalysts

The discovery that Cu-ZSM-5 was a highly efficient catalyst for the selective reduction of
NOx by hydrocarbons in a stoichiometric excess of oxygen, first observed by Iwamoto et
al [28] and Held et al [29], precipitated intense interest in zeolite catalysts for such
applications. A wide range of zeolites including ZSM-5, Mordenite, Ferrierite and Y
[18,28-37] have been found to be active for the selective reduction when exchanged with
a wide range of metal cations and also in the protonated form [18,24,28-34,38-46]. The
effective temperature regime for each of the zeolite catalysts was found to depend largely
upon the particular cation used [18,24,30,34,40-42]. In the following sections the

catalysts are discussed according to the nature of the exchanged cation.

1.4.1 H Form (Protonated) Zeolites

Zeolites in the H or protonated form are themselves active catalysts, such catalysts are
known to have acidic properties containing both Lewis and Bronsted acid sites. Hamada
et al [31] first demonstrated the activity of H form zeolites for the selective catalytic
reduction of NOx using propane and propene reductants in 1990. They found that
Mordenite and ZSM-5 were considerably more active than zeolite Y for the reaction with
propane at a peak activity temperature of 673 K. In a later work Hamada et al reported
that the reduction of NO» proceeded to a much greater extent than for NO under the
same conditions [33]. It was also reported that the H form zeolites were active for the
selective reduction using methanol and ethanol as reductants [47] in the presence of water
vapour in the temperature range 573-673 K. Recent work by Yogo et al has revealed that
the H form zeolites ZSM-35, Ferrierite and Mordenite were highly active for the selective
reduction of NO by methane in an oxygen rich atmosphere [32]. They also found that the
reduction of NOj was greater than NO under identical conditions over the H form

zeolites.

1.4.2 Zeolites Containing Platinum Group Metals

Three of the six platinum group metals, Pt, Rh and Pd have established an important role
in three way exhaust catalysis as already discussed. It is therefore not unexpected that they
should also receive attention as potential catalysts for the selective reduction reaction.

These metals have been incorporated into ZSM-5 zeolite with Pt receiving the most
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attention [23,24,35,41,48]. Pt-ZSM-5 has been shown by Hirabayashi et al [41] to be
active for the selective reduction of NO by ethene in an oxidising atmosphere at
temperatures as low as 450 K. However they found that under their conditions the
selectivity for the reduction of NO to N2O was considerably higher than the reduction to
nitrogen. Zhang et al reported similar findings during the reduction of NO with propene
[23], Nishizaka and Misono reported that Pt-ZSM-5 showed some activity for the
selective reduction of NO by methane but with a peak activity at the somewhat higher
temperature of 773 K [24]. Pt zeolite catalysts promoted by other transition metal cations
have been reported to show activity for the selective reduction reaction. Sakamoto et al
have reported that the presence of Ce and Eu in Pt-ZSM-5 has little effect on the
reduction of NO by propane [35], however the additional presence of Co or Ni was found
promote the activity reducing the temperature at which maximum conversion was

achieved.

Nishizaka and Misono [24], have considered the activity of Pd, Pt, and Ru containing
ZSM-5 as well as Pd-Y zeolite for the selective reduction of NO by methane. Pd-ZSM-5
is found to give high conversions to nitrogen with the peak activity and temperature span
depending upon both metal loading and preparation method. As might be expected, the
activity of the catalyst increases with metal loading and the active temperature range shifts
to lower temperatures simultaneously. The source of the Pd is reported to be important,
as catalysts prepared from either the tetrammine dichloride or nitrate salts show greater
activity than the dichloride. Ru-ZSM-5 was found to have a reasonable level of activity at
higher temperatures but was considerably less active than the Pd catalysts. Pt-ZSM-5 was
found to produce the worst performance of the platinum group metal ZSM-5 catalysts
with a substantially lower activity than Ru-ZSM-5, and Pd-Y zeolite was found to be

virtually inactive for the reaction.

1.4.3 Transition Metal and Rare Earth Exchanged Zeolite Catalysts

Other transition metal zeolite catalysts will be dealt with in this section with the exception
of Cu-ZSM-5 which will be treated separately in a later section. The majority of the
transition metals used for zeolite catalysts for the selective reduction reaction come from

the first row of the transition metal series. Of these Co, Mn and Ni give similar patterns
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and can be considered together. Sato et al first reported that Co-ZSM-5 demonstrated
similarly high activity to Cu-ZSM-5 but at higher temperatures [49], virtually identical
results for Ni and slightly lower activity for Mn using ethene as reductant. They reported
that the catalysts were active for the selective reduction of NO in the temperature window
500-800 K, with peak conversions to nitrogen of 40, 38 and 27 % respectively. Similar
findings have been reported by other workers for the reduction of NO by olefins in an
oxidising atmosphere. The majority of the studies of Co, Ni and Mn-ZSM-5 catalysts have
centred around the work of Li and Armor who first demonstrated the use of methane as a
selective reductant for NO in 1992 [39]. They reported conversions of NO approaching
100 % at 673 K in an 8 fold excess of oxygen using 2000 ppm CHy4 over Co-ZSM-5. As
for the selective reduction using olefins the reaction was found to be 100 % selective for
nitrogen, and the active temperature window virtually identical. Subsequent studies have
shown consistently high activity and selectivity of the catalysts for the reduction by
methane [34,44,50,51], and have also reported that the presence of water vapour
suppresses the conversion of NO to nitrogen particularly at the lower temperature end
[50]. The presence of nitrous oxide was found to enhance NO conversion in the absence
of oxygen over Co-ZSM-5 [51]. As previously reported for ethene, Co-ZSM-5 was found
to be the most active, but unlike the reduction by ethene, Mn was found to be more active

than Ni, being only slightly less active than Co [34,44].

Other zeolites have also been studied, including Mordenite, Ferrierite and zeolite Y. Of
these Co-Y was found to be virtually inactive for the selective reduction reaction with
methane in the presence of oxygen [44], but Mordenite and Ferrierite were both found to
demonstrate comparable activity to Co-ZSM-5. Co/Fer was in fact found to have
considerably higher activity than Co-ZSM-5 at temperatures above 723 K [34], it was also
reported that Co/Fer was more susceptible to the effects of water vapour but still
remained more active in the upper temperature region. Ni and Mn/Fer catalysts were also
studied, Mn/Fer was found to have an activity approaching that of Co/Fer and exceeding
that of Co-ZSM-5 at higher temperatures [34], Ni/Fer was however reported as

considerably less active with a similar shift to a higher temperature.

Iron containing zeolites have been reported by Sato et al [18] as active for the selective
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reduction of NO with ethene; Mordenite, Ferrierite, ZSM-5, Y and L zeolite were studied.
Zeolite L was found to have little activity with conversions of NO to nitrogen of less than
5%, ZSM-5 and Zeolite Y were found to have roughly similar activities with ZSM-5
showing greater activity at lower temperature. Fe/Fer and Fe/Mor were the most active
catalysts, with Mordenite showing slightly higher activity and a slightly lower active
temperature region. The effect of the iron ion exchange level in Mordenite catalysts was
also studied, revealing that the activity for the reduction of NO to nitrogen increased with
exchange level up to 50 % but was unaffected by further increases. No selectivity data
was presented but it can be assumed that Fe would show high selectivity for nitrogen with
olefin reductants as observed for other cations from the first row of the transition metal
series. Li and Armor [39], studied the activity of Fe-ZSM-5 for the selective reduction of
NO by methane and found it to show relatively low activity in the temperature range 673-
773 K. The total conversions to nitrogen achieved were similar to those reported by Sato

et al for the reduction with ethene but at temperatures 200-300 K higher.

Ga-ZSM-5 catalysts were first reported as active for the selective reduction of NO using
propane by Yogo et al [32]. They studied a series of Ga doped zeolites including ZSM-5,
Mordenite, Ferrierite and USY, and with the exception of USY, which was found to be
virtually inactive, the catalysts demonstrated high activity in the temperature range 573-
873 K. The different zeolites showing high activity produced different shaped
activity/temperature curves, but gave generally similar performances, with no reported
N7O formation. The performance of the ZSM-5 and Ferrierite catalysts was found to
exceed that of a Cu-ZSM-5 catalyst under identical conditions, although the Mordenite
catalyst was reported to show less activity in the low temperature region. It has also been
shown recently [46], that Ga-ZSM-5 catalysts are active for the selective reduction of NO
by methane or ethane in the presence of excess oxygen. The peak activity for the
reduction of NO by methane was found to fall in a similar range to that reported for the
reduction by propane. Conversions to nitrogen again approached 100 % and no NoO

production was observed.

Among the other metals to attract interest as catalysts for the selective reduction reaction

were the rare earth elements of the lanthanide series. This group of metals was first
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studied by Misono and Kondo in 1991 [38], they examined the catalytic performance of
zeolites exchanged with La, Ce, Pr, Sm and Tb. For Y zeolite it was reported that Ce and
Pr gave comparable conversions to Cu-ZSM-5 but at higher temperatures, but that the
other metals gave only very low conversions. A Ce-ZSM-5 catalysts was found to show
even greater activity than the Y zeolites and offered a considerable improvement over the
performance of Cu-ZSM-5 under the same conditions. These results are supported by
other studies, which also report the high activity of Ce-ZSM-5 for the selective reduction
of NO by propene. In a subsequent study [40], it was found that the presence of Mg, Ca,
Sr or Ba resulted in the enhancement of activity of the Ce-ZSM-5 system over the

temperature range 473-773 K with Sr showing the greatest effect.

The remaining transition metal doped zeolites to attract attention as potential catalysts for
the selective reduction reaction include Ag, Al, Ca, Cr, In, Pb, Sn and Zn. [24,34,38-
40,44-46,49,50]. These catalysts have been examined using a wide range of reductants
including methane, propane, ethene and propene. Of these catalysts only Cr has been
found to show very low activity (>10%) for all reductants tried [39]. Ag-ZSM-5 has been
reported to show relatively high activity for the selective reduction by ethene in the
temperature range 600-1000 K [49]. Such an active temperature range is considerably
higher than for Cu and Co-ZSM-5 under the same conditions. Al-ZSM-5 was shown by
Yogo et al to show high activity for the selective reduction by propane in the temperature
range 573-873 K [42], and was claimed to give superior performance to a Cu-ZSM-5
catalyst tested under identical conditions. In the same study Zn-ZSM-5, In-ZSM-5 and
Sn-ZSM-5 were also reported to show high activity with a propane reductant. Sn was
found to be active at the lower temperature end, with a peak activity at 573 K and was of
generally lower activity than Cu-ZSM-5 under the same conditions. Zn-ZSM-5 was
however reported to show high activity at the upper temperature range, with a peak
activity for the reduction with propane occurring at 773 K and giving a superior
performance to Cu-ZSM-5 at such temperatures. Similar findings had previously been
reported for a Zn-ZSM-5 catalysts using ethene as reductant [49]. The performance of an
In-ZSM-5 catalyst for the selective reduction using propane as reductant was reported to
show high conversion to nitrogen in the temperature range 573-873 K [42]. This

performance was considerably better than a Cu-ZSM-5 catalyst used under identical
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conditions. Slightly different results were observed for the reduction using propene as
reductant [40], a comparable activity to Cu-ZSM-5 was reported but In-ZSM-5 was
found to be less active at the lower temperature end. In-ZSM-5 was also reported to show
high activity for the reduction of NO by methane in the presence of oxygen, high
conversions of NO to nitrogen were recorded over the temperature range 573-873 K [46].
The performance of In-ZSM-5 catalysts is very similar to Ga-ZSM-5 in terms of the high
activity for NO reduction by both propane and methane. However In-ZSM-5 suffers from
a greater tail off in activity at high temperatures (ca 773 K) than Ga, for both reductants.
Pb-ZSM-5 was reported to show high activity for the reduction of NO by propene, in the
temperature range 623-823 K [40]. The activity of Pb-ZSM-5 was reported to exceed that
of a Cu-ZSM-5 catalyst tested under the same conditions but to fall below that achieved
by Ce-ZSM-5, the active temperature region was shifted to higher temperatures than for
Ce and Cu-ZSM-5 and the activity was found to exceed that of Ce-ZSM-5 at

temperatures above 723 K.

1.4.4 Cu Doped Zeolites

The activity of Cu/Zeolite catalysts for the selective reduction of NO by hydrocarbons in
an oxidising atmosphere was first shown by Iwamoto [28] and Held et al [29], they
independently reported that Cu-ZSM-5 catalysts were highly active for this reaction.
Following these initial reports there has been considerable effort devoted to the study of
Cu zeolite catalysts. Cu-ZSM-5 has been at the centre of the majority of studies, a wide
range of reductants including paraffins, olefins and oxygen containing organic compounds
have been found to be effective [19,28-30,45,52-59]. The active temperature region for
Cu-ZSM-5 varies only slightly with reductant and generally has been found to fall in the
range 473-873 K. Depending upon the conditions used Cu-ZSM-5 catalysts have been
reported to show almost complete conversion of NO to nitrogen [30,52,55,57,59],
although generally as the space velocity is raised the conversion of NO starts to fall away
[49,52,57]. Under laboratory conditions Cu-ZSM-5 is a highly effective catalyst, however
studies have shown that the presence of water and to a lesser extent SO reduce the
catalyst's effectiveness [52,55,60,61]. The performance of various reductants has also
been the subject of considerable enquiry. Montreuil and Shelef [56] report that although

water soluble oxygen containing organic compounds are good reductants, they are less
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efficient than propene. Unlike some of the other transition metal exchanged zeolites Cu-
ZSM-5 was found to be ineffective for the selective reduction by methane in the presence
of oxygen [24,39,44], but gave good conversion levels in its absence. Differences have
been reported in the effectiveness of alkenes as reductants, for instance Cho finds that
ethene is a more effective reductant than propene [54] and that the presence of both
ethene and propene results in a complete suppression of the activity of propene for the
reduction of NO. In a similar manner to that reported for other zeolite catalysts as
mentioned in the previous section, Cu-ZSM-5 was found to benefit from the presence of
other transition metal ions. Teraoka et al [43], reported that the presence of Ca, Sr, Fe,
Co, and Ni served to enhance the activity of Cu-ZSM-5 for the selective reduction of NO
by ethene. All of these cocations resulted in conversions of NO to nitrogen significantly
greater than for a purely Cu exchanged catalyst. The presence of the additional metal ions
also served to extend the catalyst activity in the high temperature region (above 773 K) Ca

and Co being particularly effective.

Other zeolites than ZSM-5 have been studied and found to be active for the selective
reduction reaction. Zeolite A was studied by Inui et al and found to be effective for the
selective reduction of NO using the saturated hydrocarbons CgHig, CioHpp and
C16H34 in the temperature range 473-773 K [30]. Gopalakrishnan et al [52] have studied
the effect of incorporating Cu into a wide range of zeolites including ZSM-5, Mordenite,
X and Y type zeolites. They report that the activity of X and Y type zeolites for the
selective reduction reaction with propane were negligible over the entire temperature
range. The activity of a Cu/Mor catalyst was found to be reasonably high,—giving peak
conversion of ca 90% at 623 K, and to be active over an identical temperature range to
Cu-ZSM-5. The Cu-ZSM-5 catalyst was found to be the most active however under the
conditions used with a peak conversion exceeding 95% for NO. Another Cu doped
zeolitic material attracting attention recently has been SAPO-34, the work of Ishihara et al
[36,37] first raised interest in this catalyst. They reported that for the selective reduction
of NO by propene, Cu-SAPO-34 gave higher activity than a Cu-ZSM-5 catalyst and
maintained this high activity to much greater temperatures. Cu-SAPO-34 was found to be
active over the temperature range 473-973 K, other types of SAPO studied including
SAPO-11 and SAPO-5 were found to be less effective. Cu-SAPO-11 was found to have
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similar activity to Cu-ZSM-5 with slightly better performance at higher temperatures and
Cu-SAPO-5 was found to be less active than Cu-ZSM-5 over the entire temperature
range. The most significant of Ishihara's findings was that Cu-SAPO-34 was more
resistant to poisoning by water and SOy than Cu-ZSM-5. The effectiveness of the Cu-
SAPO-34 catalyst was found to be reduced by the presence of both water and SO7 but

the loss of activity was smaller than that observed for Cu-ZSM-5.

1.4.5 Metallosilicates

Unlike the metal doped zeolites in which metal ions are introduced through exchangeable
sites, metallosilicates contain metal ions which have been introduced to the framework
during synthesis. Those of interest for the selective reduction reaction have been
synthesised to have an MFI structure similar to that of ZSM-5. The metal ions
incorporated into the framework include Cu, Fe, Co, Ga, Al, Cr and B [18,31,62-65], of
these Fe and Co have attracted the most attention to date. Fe/silicalites in the protonated
(H) form were first reported as active for the selective reduction of NO using
hydrocarbons in 1990 by Hamada et al [31]. Kikuchi et al [63] then demonstrated that, of
the metallosilicates tested, only Fe/silicate was capable of maintaining a high level of NO
conversion using propene as reductant over a appreciable time period. B silicate was
found to show only low activity for NO conversion and Ga silicate rapidly lost activity
with time on stream. The Fe silicate catalyst was found to be active in the temperature
range 473-773 K with a peak activity at 573 K which rapidly tails off above this
temperature. Kikuchi et al also reported that the catalyst activity was hardly affected by
the presence of SOy whereas Cu-ZSM-5 was found to suffer noticeable deterioration. Inui
et al [62], reported a similar reaction pattern for Fe silicate using cetane as reductant and
also found it to be the most effective silicate of those tested. However in contrast in a later
study they reported that Fe silicate gave lower activity than Co and Ga silicate for a

variety of reductants [65].

Co silicate has been found to be a highly effective catalyst for the selective reduction of
NO by hydrocarbons in the presence of oxygen [64,65]. Conversions in excess of 80 %
have been reported using cetane as reductant [65], and Co silicate has been reported to

show greater activity than Fe or Ga silicate under certain conditions. Inui et al [65] have
















































































































































































































































































































































































































































































































































