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selective catalytic reduction of NO, with ammonia (NH3;-SCR) is still a challenge especially at temperature
below 200 °C. This study reviews two types of LTC, the metal oxide catalyst and metal exchanged zeolite
catalyst. The performances of Mn-based metal oxide with and without supports have been attempted to
correlate with preparation method, precursor, and various supports. The role of manganese oxides with
different phases as the most effective low temperature active component and the limitation of stability in
the presence of H,0 and SO, are discussed. Fe, Cu exchanged zeolites as potential real application catalysts
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MnO, in diesel engine have been investigated for NH3-SCR of NO, in the past decades, the activity, selectivity
Cu, Fe-exchanged zeolites and thermal stability related to types of metal, and zeolite, and reaction conditions are reviewed. The
Fe-beta research progress in active sites and reaction mechanisms of Mn-based catalyst and Fe-zeolite catalysts
Reaction mechanism are described and compared. Finally, future research directions in the developing LTC for removal of NOy

are proposed.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

_— ) . . Nitrogen oxides (NOy, x=1,2), as major air pollutants, are result-
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bustion, including the stationary source and mobile source. In fuel
combustion from stationary sources, NOy are primarily from power
stations, industrial heaters, and cogeneration plants [1,2]. The NOy
emission from mobile source is mainly from the exhaust gas of
gasoline and diesel engines. Due to the harmful and multi envi-
ronmental impacts on the atmosphere, NOy emission legislation is
becoming more and more stringent both for mobile and station-
ary sources. In capital of China, Beijing, NOx emission limits are
100mgm~3 for the case of power plants and 150 mgm~3 for the
case of gas, oil, and coal-fired industrial boiler (DB11/139-2007).
The cut points of NOy in Chinese National 4 standards for automo-
bile emission control are lower than 10% of that in Chinese National
0 standards.

To meet the stringent regulation, many efforts have been made
to reduce NOy emission by using advanced combustion tech-
nologies or by using post-combustion abatement technologies.
Regarding stationary sources, about 30-50% reduction in NOy emis-
sion can be achieved through advanced combustion technologies,
and NOx removal technologies for flue gas are then taken to
diminish the remaining NOx to meet the stringent environmental
regulations. For mobile sources, although NOy from gasoline is very
efficiently reduced by means of a three-way catalyst (TWC), this
technology cannot be applied in the lean burn gasoline and diesel
engines. In both flue gas of power plants and exhaust gas of vehi-
cles, the typical features are the presence of excess oxygen, water
vapor, and SO, in real operating conditions. Among various kinds
of NOyx removal technologies, NO direct thermal decomposition to
N, and O, is an ideal way, however, this reaction is kinetically very
difficult to achieve in the presence of oxygen, and up to date no
catalyst has been successfully developed to the real application in
a vehicle. NH3-SCR of NOy is considered to be the most efficient
and widely used technology for reducing NOx emissions from sta-
tionary sources [3,4]. It is now a mature technology that has been
employed in diesel vehicles as well with urea as reductant [5].

The reaction equation for ammonia is given by:

2NO + 2NH3 +(]/2)02 — 2N, +3H;0
The reaction for urea is given by:
2NO + CO(NH,); +(1/2)03 — 2N +CO5 +2H,0

Basically, the catalyst is crucial to the SCR of NOy with ammo-
nia or urea technology. Nowadays, the commercial catalysts used
for SCR in industry are based mainly on TiO,-supported V,0s, pro-
moted with W03, and a relative high conversion only at 350-400 °C
is achieved on V,05-WO3/TiO, [3]. This type of catalyst has also
been used for HD diesel vehicles in Europe. Although catalysts
of vanadium have been introduced into the market for power
plants and diesel vehicles, some problems still remain due to
the high activity for oxidation of SO, to SOs3, the rapid decrease
in activity and selectivity above 550°C, and the toxicity of the
vanadium species to the eco environment [6-8]. Moreover, the
V,05-WO3/TiO, catalyst used for industry has to be installed
upstream the particulate collector and flue gas desulfurization in
order to meet the optimum working temperature of 350-400°C.
This type commercial catalyst is not available in the diesel engine
as it cannot completely remove NOy due to the wide temperature
window of exhaust gas (150-500°C). Therefore, researchers in the
field of academia and industry continue to develop new LTC that
can work well around 250°C or even below, in which the SCR unit
could be placed behind the electric precipitation and desulfurizer
in power plant and efficiently remove NOy at wider temperature
range for NOy control in diesel engine. Up to date, many studies
have been devoted to the development of traditional SCR technol-
ogy[1,3,9,10]. Many aspects of either detailed reaction mechanisms
or material properties of different catalyst systems were reported,
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Fig. 1. NO, conversion as function of temperature over MnOy catalysts prepared
with various methods. Reaction conditions: 0.5 g samples, 500 ppm NO, 500 ppm
NH3, 3% 05, N; to balance, GHSV=47,000h~"' [15].

however, only very limited efforts have been made to summarize
the development and limitations of low temperature SCR catalysts.

In this paper, the research progress on NH3-SCR of NOy at
low temperatures is reviewed over the metal oxide and metal
exchanged zeolite catalysts. We focus on the SCR performances
over Mn-based metal oxide, and Fe, Cu exchanged zeolite catalysts.
The aspects of possible mechanism and restricting of the applica-
tion of low temperature SCR are discussed.

2. Low-temperature SCR catalysts

Up to now, LTC has been studied using V,0s, Fe; 03, and MnOy as
the active components. Taking into consideration that the influence
of components and environmental temperature to the formation
of (NH4),S04, NH4NO3 and N,O in flue gas, the main goal of the
research is to utilize new carrier and develop low-temperature
SCR catalysts with good activity, high selectivity, high stability and
broad range of operating temperature. Such a catalyst would be
placed downstream the electrostatic precipitator and even down-
stream desulfurizer, and the temperature at this point is lower than
160°C. However, this type of LTC has never been demonstrated on
the removal of NOy in flue gas of power plant.

2.1. Single metal oxide catalyst (MnOy)

According to literatures, many SCR catalysts containing transi-
tional metal (Fe, V, Cr, Cu, Co and Mn) have good low-temperature
SCR activity [11-14]. Among them, the nano-MnOy catalyst has
been studied extensively because of its excellent low temperature
performance.

The crystallinity is dependent on the preparation methods and
calcination temperature. Tang et al. [15] prepared manganese oxide
catalysts by rheological phase reaction (RP), low temperature solid
phase reaction (SP), co-precipitation (CP) and citric acid method
(CA). The results showed that Mn, 03 formed by citric acid method
is highly crystalline, while part of MnOy (RP) calcinated at 350°C,
and MnOy obtained by SP and CP method transformed into an
amorphous phase. Fig. 1 shows the NOx conversion as function of
temperature over unsupported MnOy catalysts prepared by various
methods [15]. It shows MnOy with lower crystallinity exhibited
higher activity at low temperature. Kang et al. [16,17] prepared
manganese oxide catalysts by a precipitation method and inves-
tigated the effects of precipitant and calcination temperature. It
was reported that the catalyst precipitated by sodium carbonate
(MnOx-SC) had the higher surface area than others, which may
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contribute to its first-rate performance. Besides, the partial decom-
position and amorphous structure of the MnOx-SC catalyst may
also be a reason for the relatively higher activity.

The crystallinity, specific surface area, and oxidation state of
MnOy, are all correlated to the performance to some extent. Amor-
phous structure, which possesses huge surface area, is favorable
for low temperature SCR. Several kinds of manganese oxides
are known, for example, MnO,, Mns0g, Mn;03, Mn30y4, and
MnO, which are all stable in ambient conditions. Kapteijn et al.
[18] reported that MnO, exhibited the highest low tempera-
ture activity per unit surface area and Mn,03 with the highest
N, selectivity. The onset temperature of reduction in TPR was:
MnO,(C) < Mns0g <Mn,03(C)<Mn304(C), which was correlated
with the activity. The selectivity of N, decreased with increas-
ing temperature over all kinds of MnOy. At the same temperature,
the decrease of N, selectivity with increasing NO conversion sug-
gested that the partial pressure of reactants affected the products
and a series of reaction mechanisms maybe involved at the cata-
lyst surface. One possible way was that NH3 could be oxidized to
nitrous oxide and nitric oxide above 425K over MnOy. Tang et al.
[19] reported the rates of both NO conversion and N,O formation
per unit surface area on 3-MnO, were much higher than the cor-
responding values on a-Mn;03 (see Fig. 2). Higher selectivity of
N,0 was caused by lower Mn-O bond energy of 3-MnO, which
facilitated the activation of NHs.

However, one problem in the studies of kinetic and mechanism
on MnOxy catalyst is the determination of the oxidation states and
the amounts of the different phases and species of Mn, owing to the
overlap of energy ranges for the various oxidation states of man-
ganese. Galakhov et al. [20] suggested to determine the average
oxidation state (AOS) of manganese based on a correlation between
the binding energies of the doublet separation of Mn3s (AEs) and
the AOS. This method helps distinguish different oxidation states
of Mn and has been widely used by researchers.

Moreover, it has been found that bimetallic and composite oxide
catalysts containing Mn are both more active and more selective
than MnOy [13,21-24]. It was reported that nearly 100% N, selec-
tivity was obtained on MnOx-CeO, at 100-150°C [22], but the
selectivity was relatively low on MnOy in this temperature range
[15,19]. Kapteijn et al. [18] suggested that the activity and N, selec-
tivity of the manganese oxide were determined by the oxidation
state and the degree of crystallinity. Higher activated capability to
NH3, and more N-H bonds in NH3 molecules broken on [3-MnO-,
may contribute to higher N, O selectivity over 3-MnO, [19].

2.2. Multi-metal oxide catalysts

2.2.1. Composite oxide catalysts

Composite oxide catalysts are of great interest because one
metal element can modify the catalytic properties of another, which
results from both electronic and structural influences. For example,
binary metal oxide solid solutions might be formed between Mn
and Cu, Ce, etc. [21-23]. In the composite oxide catalysts contain-
ing Mn, the molar ratio of Mn and doped metal is very important
to the structure and dispersion of Mn. The oxidation state of Mn,
which will affect the SCR activity of Mn-based composite oxide cat-
alyst, would alter along with the changing of molar ratio of Mn [24].
Amorphous structure is considered to favor the low temperature
SCR.

Mn-based bimetallic oxide catalysts show unusual performance
inlow temperature SCR. Long et al. [13] considered the superior SCR
activity on Fe-Mn catalysts due to their high activity for NO oxida-
tion to NO, at low temperatures. Qi et al. [22,23] investigated the
low temperature SCR behavior of MnOx-CeO, and found that the
Mn/(Mn + Ce) molar ratio, calcination temperature and O, concen-
tration would affect the performance significantly. The reaction on

this catalyst was suggested to be zero order with respect to NH;
and first order with respect to NO. Many other transition metals
were doped to improve the performance of MnOx-CeO,. It was
found that Fe and Zr modification increased the low temperature
activity and N selectivity, Pr could enhance the N, selectivity and
resistance to H,0 and SO, [22].

The calcination temperature affects the crystallinity and catalyst
structure obviously. It was reported [25] with an increase in calci-
nation temperature of iron titanate catalyst, particle size increased
quickly along with the BET surface area decreasing rapidly. Liu
et al. [26,27] investigated the manganese substituted iron titanate
catalysts, which were prepared by co-precipitation method. The
addition of Mn led to increasing of surface area and porosity, distor-
tion and appropriate disorder of structure, enhancement of lattice
oxygen mobility and NOy adsorption capacity.

At present, the effects of doped metals on electronic dispersion
and crystal structure of Mn are not very clear yet. It needs to be
further investigated. Besides, the improvement of N, selectivity and
sulfur resistance of composite oxide catalysts will become one of
the most important research targets in the future.

2.2.2. Supported metal oxide catalysts

For supported metal oxide catalysts, the active components
mainly exist on the surface of the catalysts. The major roles of the
supporters are: (a) providing huge surface to separate the active
phase and prevent from the formation of big crystalline particles;
(b) supplying the space where the catalytic reactions take place.
Most supported metal oxide catalysts are prepared by impregna-
tion method [28-33].

Many support materials, such as A1,03 and TiO,, have been
investigated for low temperature SCR reaction. Chen et al.
[32] studied alumina-supported transition metal sulfates as the
low temperature DeNOy catalysts. The results showed that a
10%NiSO4/A1,03 catalyst exhibited NOy conversion of over 50%
at 50-120°C and nearly 80% NOy conversion at 200-250°C under
commercial SCR throughput and gas composition conditions. The
author attributed the activity to the surface Bronsted acidity.
Moreno-Tost et al. [31] investigated cobalt-iridium supported on
zirconium-doped mesoporous silica as catalysts for NH3-SCR and
found that Co-Ir supported catalysts showed higher NO conversion
and lower yield of N,O than Co supported catalyst. The enhance-
ment of activity was due to increasing of the dispersion of cobalt
and restricting of the formation of the cobalt spinel during the cal-
cination process with Ir. The formation of N,O is still a problem
in V,05 containing catalysts. It was proposed the N,O generation
over V,05/TiO, catalysts at low temperature was due to the forma-
tion of surface V-ON species that came from the partial oxidation
of adsorbed ammonia species with NO + 0, (eventually NO,). N,O
molecule formed when these active sites were close enough. So the
highly active site density caused by increasing in vanadium loading
would enhance the formation of N,O [34].

MnOy/TiO catalyst has been investigated by some researchers.
Li et al. [33] investigated the effect of precursors on the surface Mn
species and the activities over MnOy/TiO, catalysts. Catalysts pre-
pared from manganese nitrate (MN) and manganese acetate (MA)
showed different oxidation states and surface Mn atom concentra-
tions. Crystal MnO, and some amount of Mn-nitrate were found
in MN-MnOy/TiO, sample, and highly dispersed surface Mn,O3
which was probably amorphous was found in MA-MnOy/TiO,. The
SCR activity of the latter was much higher than the former at tem-
perature below 200°C. When cerium was doped in MnOy/TiO5,
the chemisorbed oxygen concentration increased, which improved
NO oxidation on catalyst surface. Meanwhile, the oxygen storage
capacity of the catalyst and surface acidity were enhanced after
modification. All of these factors promoted the activity in NH3-SCR
at low temperatures [35].
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Fig. 2. TEM and transition reactions of NH3 + NO on the catalysts in the presence of O,. Reaction conditions: 0.2 g catalyst, 680 ppm NO, 680 ppm NH3, 3.0% O, and N; balance,

gas flow rate =300 mLmin~', temperature=150°C [19].

Casapu et al. [36] investigated the NH3-SCR performance of
MnOy-CeO,/cordierite catalysts and found that the activity of NH3
oxidation on MnOx-CeO,-Nb,0s/cordierite was slightly higher
than that of MnOx-CeO,/cordierite. The SCR performance below
200°C was promoted on Nb,Os doping sample compared with
MnOy-CeO,/cordierite. The NOy conversion on Nb, 05 doping sam-
ple would be further improved by adding NO, to inlet gas, but
NH4NO;3 formation below 200 °C and N, O formation at higher tem-
peratures restrained the application of this catalyst. Fig. 3 shows
the NOy conversion on MnOx—CeO,-Nb,O5/cordierite catalyst with
10 ppm NHj3 slip [36].

However, the obstacle of the application of Mn-based catalysts
is the poor performance of resisting H,O and SO,. If composition
can be changed to improve H,0 and SO, resistance, catalysts with
Mn could be widely used in the future. Catalyst with other active
component, such as CuO [37], has also been studied.
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Fig. 3. DeNOy at a 10ppm NHs; slip vs. temperature of
MnO,-CeO,-Nb,Os/cordierite catalyst. The “DeNOy, fast” which is due to the
fast SCR reaction is also shown. The amount of the ammonia dosed to the NO-NO,
or to the NO feed is additionally displayed [36].

In the early 1970s, noble metal catalysts had been developed as
emission control catalysts, on which Pt, Rh and Pd were employed
as their active components and aluminum oxide or monolithic
ceramics were as their supports [38]. As the earliest used catalysts,
their characters were lower operating temperature and higher
activity, but they also had disadvantages like oxidation of NHs,
sensitivity to SO, and high cost [39].

2.3. Metal oxides supported on carbon materials

In order to gain high surface area and pore structure, activated
carbon becomes a good solid sorbent, and it is widely used in clari-
fication of air or industry waste gas. To remove NOy, it can be used
not only as sorbent, but also as support of catalyst. Activated car-
bon is valuable for NO, removal in stationary source because it is
of abundant resource, low price, and easy regeneration. However,
the catalytic activity is low when activated carbon used as catalyst,
especially in high space velocity conditions. It usually needs to be
treated by pre-activation or loading of some active components to
improve catalytic performance.

The methods of introducing the metals, concentration of the
precursor solutions, the final drying methods (conventional or
microwaves assisted), and contact time with the supports, would
affect the structure and performance of the catalysts [40-42].
Galvez et al. [43] investigated activated carbons doped with some
vanadium compounds including the ashes of a petroleum coke and
applied them in NH3-SCR. The surface acidity sites on activated
carbon increased by doping with vanadium compounds, which
was evidenced by CO,-TPD. The amounts of NH3; chemisorption of
V,05-loading samples were greater than the unloaded carbon sam-
ple. It was reported that NO conversion was above 40% at 125 °Cand
higher than 80% at 200 °C on the catalysts prepared with vanadium
compounds, while unloaded sample only reached 43% at 200°C.

Activated Carbon Fiber (ACF) has been widely applied as a cat-
alyst support for removing the air pollutants due to its special
characteristics. Metal oxide supported on ACF is an excellent candi-
date for low temperature DeNOy technology. Lu et al. [44] reported
that CeO, supported on ACF provided 70% NO conversion at 150°C,
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which is comparable to the vanadium loaded carbon-based catalyst
[45].

Monolithic catalysts supported by carbon were also studied
by some researchers. Assisted methods, such as microwaves [46],
were used to scatter active components. Valdés-Solis et al. [47,48]
produced AC/C (activated carbon/ceramic) monolithic catalyst sup-
port, and then vanadium and manganese active components were
loaded by impregnation method. The results showed that catalytic
performance was better than other similar catalysts above 125°C,
and kinetic constants of kinetic test were also better than those
reported in literature before. Tang et al. [49] applied ultrasonic
to enhance the loading and dispersion of active components in
producing AC/C monolithic catalyst. The results showed that the
amount of MnOy loading on AC/C support was greatly enhanced
with ultrasonic.

Activated carbon has also been used as support for noble metal
catalyst, aiming at improving low temperature performance in sul-
fur containing flue gas. An et al. [50] prepared a series of Pt/FC
(fluorinated activated carbon) ceramic disc catalysts. Over 90% NO
conversion was reached within 170-210°C, and at the same time
reductant can be completely transformed over Pt/FC/C catalyst.
Moreover, such a catalyst has excellent water-resistant perfor-
mance; the conversion of NO has no obvious change when 4% H,0
existed in the reaction gas.

In general, Mn-based catalyst can be classified into three cat-
egories. The first type is non-supported MnOy catalysts, which
means that from some precursors it can easily gain oxide cata-
lyst containing Mn. The second type is Mn-based composite oxide
catalysts. With the synergistic effect of two kinds of metal, it
can get better low-temperature activity. The third type is Mn
supported on various materials, such as MnOy/Al,03, MnOx/TiO-,
and MnOy/activated carbon. Table 1 summarizes the temperature
ranges and activities of the three types of catalysts with Mn.

2.4. Zeolite catalysts

Among the new emerging SCR catalytic systems for mobile
applications, many efforts are focused on metal promoted zeolites,
which had been already proposed in the past for NOy abatement in
stationary installations as well. Many ion exchanged zeolites were
reported to be active in NH3-SCR reaction, such as Fe [8,52], Cu
[53,54], Mn [55], and Ce [56,57]. Among such a wide family of cat-
alysts, iron and copper zeolites seem to be particularly interesting
and have been extensively studied.

Rahkamaa-Tolonen et al. [7] reported that the zeolite-based
catalysts were very promising for the ammonia SCR reaction. Espe-
cially, the activities at low and high temperatures were higher
than the activities of commercial vanadia-based catalysts. From the
studied catalysts, Fe-beta was active over a wide temperature range
and had the lowest ammonia slip (the concentration of NH3 after
the catalyst) among the fresh catalysts, which were also supported
by Liu et al. [58]. Choi et al. [59] reported that the low temper-
ature activity of mordenite catalysts was obviously promoted by
copper. Copper ions on the mordenite catalyst offered additional
adsorption sites for NO and NH3 which benefited NO reduction.
They found that both the SCR activity and the adsorption capac-
ities for NO and NHj3, including Brénsted acidity would increase
with increasing proton and copper content of the catalysts. For a
comprehensive understanding of Fe and Cu-based zeolite catalysts,
Ford Company [60] studied the long term hydrothermal stability
of base metal zeolite SCR catalysts for automotive applications as
compared to a catalyst containing vanadia supported on titania that
is typically used for NO, control on stationary sources world-wide
and on heavy truck in Europe. After aging for 64 h at 670 °C to rep-
resent ~120k mi on a diesel vehicle with a regenerating soot filter,
it was obvious that vanadia-based SCR was not an option for U.S.
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applications, and Fe and Cu-zeolite catalysts were optimal choice
(Fig. 4). It could be seen that both of Fe/zeolite and Cu/zeolite have
good thermal stability, but Fe/zeolite showed lower reactivity at
low temperature than that of Cu/zeolite.

Several methods, including impregnation method (IM), con-
ventional aqueous ion-exchange (CA), improved aqueous ion-
exchange (IA), solid state ion-exchange (SS), and chemical vapor
ion-exchange (CV) [61-64], were reported to prepare zeolite cat-
alysts for NH3-SCR reaction, and tried to find a zeolite catalyst
that has higher catalytic activities for NH3-SCR compared to other
known catalysts. Iron zeolite catalysts had demonstrated high
DeNOy efficiency, and this was particularly true when iron was
introduced by FeCl3 sublimation [52]. According to several studies
this preparation method resulted in the stability of catalyst for NH3-
SCR of NO in the presence of H,0 and SO, [8,52]. Some researchers
[62] supposed that Fe-ZSM-5 prepared by improved aqueous
ion-exchange (IA) and conventional aqueous ion-exchange (CA)
showed the highest activities for SCR of NO with ammonia, but
some researchers proposed chemical vapor ion-exchange (CV) was
the most effective technique. The main difference might be ascribed
to the different contents of active species of Fe/zeolite catalysts
under different experimental conditions.

3. Effect of reaction conditions
3.1. Effect of H;0 and SO,

Water vapor contributes to partially “destroy” acid sites acting
to decrease the number of available active sites. Even in dry condi-
tions, water should cover some active sites of the catalyst since it
is produced by the SCR reaction. Co-adsorption with water is thus
an important factor to consider in the description of the catalytic
process [65,66]. Water always causes a certain extent of decrease
in activity, no matter non-support metal oxide catalysts [22,31]
or carbon based catalysts [43]. The effect of HO can be divided
into two results, reversible and unreversible. Reversible deactiva-
tion is brought on by H,0 adsorption competed with NH3 and NO.
This effect will disappear when H,0 is removed. Hydroxyl cre-
ated by H,0 chemisorption and decomposition on the surface of
the catalysts will result in unreversible deactivation of the cata-
lysts. Hydroxyl will only be pulled off under the temperature of
525-775K, so this kind of deactivation cannot be removed by cut-
ting of H,O in the gas. It was reported that the SCR activity on



152

J. Liet al. / Catalysis Today 175 (2011) 147-156

Table 1

Research results on three kinds of Mn-based catalysts in literatures.
Catalysts Preparation methods Reaction conditions Highest NOy conversion/N; Sources

(calcination temperature) selectivity (temperature range)
Non-supported MnO,
MnOy Co-precipitation (100°C) 0.05%NH3, 0.05%NO, 3%0, 100% (100-150°C) [15]
MnOy Precipitation (350 °C) 0.05%NH3, 0.05%NO, 5%0,, 50,000 h~! 100%/>82% (100-150°C) [16,17]
MnO, Calcination (400°C) 0.055%NHj3, 0.055%NO0, 2%0; 97%[55% (177 °C) [18]
Manganese ore - 0.045%NH3, 0.04%NO, 3%0,, 20,000 h~! 100% (150-250°C) [14]
Mn-based composite oxides
MnOx-CuO Co-precipitation (350°C) 0.05%NH3, 0.05%NO, 5%0-, 30 000 h~! 100%(50-200°C) [21-23]
MnOy-FeOy Co-precipitation (500°C) 0.1%NH3, 0.1%NO, 2%0,, 15 000 h~! 100% (120-180°C) [13]
MnOy-FeOx-TiO; Co-precipitation (400°C) 0.05%NH3, 0.05%NO, 5%0,, 50,000 h~! 100%/>90% (200-300°C) [26,27]
MnOy-CeO, Co-precipitation (650 °C) 0.1%NH3, 0.1%NO, 2%05, 42,000 h~! 100% (120-150°C) [22,23]
MnOy-Sn0; Redox co-precipitation (500°C) 0.05%NH3, 0.05%NO, 3%0, 100% (120-200°C) [24]
Mn supported catalysts
MnOy/Al,03 Pore volume impregnation 0.055%NH3, 0.055%NO, 2%0,, 58,000 h~! 95%/>65%(150-250°C) [11]
(500°)

MnOy/TiO; Impregnation (400 °C) 0.04%NH3, 0.04%NO, 2%0,, 50,000 h~! 95%/72% (170°C) [51]
MnOy/TiO; Impregnation (400°C) 0.05%NH3, 0.05%NO, 3%0, 100% (150-200°C) [33]
MnO,/TiO, Sol-gel (500°C) 0.1%NH3, 0.1%NO, 3%0,, 40,000 h~! 100% (120-200°C) [35]
MnOy-Ce0,-Nb,Os/cordierite Co-precipitation (650°C) 0.2%NH3, 0.1%NO, 10%0,, 52,000 h~! 80%/96% (200°C) [36]
MnOy/AC/C Impregnation (400 °C) 0.055%NH3, 0.05%NO, 3%0,, 10,610 h~! 95% (250°C) [49]

catalysts under wet reaction conditions was strongly dependent
on the type of reductant used [67].

For the actual diesel engine exhaust system, the H,O content
generated from the combustion of diesel fuel with a high car-
bon number is distinctive in the gas stream, and the development
of a hot spot in the catalytic converter from the sudden burn-
ing of locally collected particulate can be expected. Consequently,
achieving hydrothermal stability of the catalyst is a critical issue in
the commercial application of urea-SCR technology to the exhaust
stream from diesel engines. In a “dry gas” stream, Cu-zeolite has
sufficient activity for the SCR of NOx. The performance will be
affected significantly when water exists. It has been commonly
observed that the deactivation of SCR activity over Cu-ZSM-5 cat-
alyst is mainly due to the degradation of zeolite support and/or
the formation of Cu-aluminate by dealumination, the decrease in
active reaction sites by the transformation of Cu%* to CuO, the redis-
tribution of the reaction sites through the migration of Cu?*, or a
combination of these mechanisms [68-70].

One thing we should pay attention in the reaction of low tem-
perature SCR is that, SO, in the gas may result in deactivation of Mn
catalysts to a different extent. Coverage of the active sites by metal
sulfates and ammonium sulfates is considered as the main reason
for the decrease in the SCR activity. Kijlstra et al. [29,71] considered
the formation of MnSO4 as the main reason for the deactivation
of MnOy/Al,03 catalysts, as MnSO4 decomposes only at 1293 °C,
resulting in difficulty of catalyst regeneration. Non supported Mn
oxides perform badly on resisting to SO, and H,0. Tang et al. [72]
found that after 0.1% SO, and 10% H,0 were injected, NOy conver-
sion dropped to about 70%. When the injections of SO, and H,O
were off, NOy conversion rate restored to about 90%. The authors
believed that competitive adsorption was the reason for the reduc-
tion of the activity. Qi et al. [22] prepared MnOx—CeO, catalysts
which showed excellent SCR performance with 100 ppm SO, and
2.5% H,0 at 150 °C. The activity of NO conversion decreased by 15%
on MnOx-CeO, in the presence of SO, and H,0 in 3 h, and this
effect was reversible. After doping with Pr or Fe, there was nearly
no restraint to NO conversion in the presence of SO, and H,0. But
after being coated on small cordierite monoliths, Casapu et al. [36]
indicated that after exposing to 50 ppm SO, the sulfated species
formed on MnOy-CeO, was very stable and an irreversible dam-
age of the surface catalytic centers for the oxidation of NO to NO,
appeared. However, the resistance of SO, was increased by adding
Fe, V to Mn-based monolithic catalysts, but the catalytic activity at
low temperature would decrease [49].

For V,05 loaded AC catalysts, the existence of SO, showed pro-
moting effect at low temperatures [73]. When the V5,05 loading was
lower than 5 wt%, the addition of 400 ppm SO, promoted the SCR
activity at 250°C over V,05/AC. In the presence of SO,, the deac-
tivation of the 1wt%V,05/AC catalyst started in the beginning of
the experiment at temperature below 180°C, but above 180 °C the
promoting effect of SO, could be maintained.

Huang et al. [74] and others studied the effect of SO, and H,0
on catalytic performance over V,05/AC, using industrial semi-coke
treatment gaining AC support (Fig. 5). The results showed that the
effect of water vapor on the activity was very small, and the sup-
pression of H,O was due to competitive adsorption. However, the
effect of SO, was positive; the NO conversion would increase from
60% to 92% with the addition of SO, and kept stable. It indicated
that SO, transferred to SO42~ on the surface of catalyst, which
improved the acidity of catalyst surface and then enhanced adsorp-
tion capacity of NH3. The co-existence of H,0 and SO, resulted in
the decrease of activity obviously. The inhibition effect was pos-
sibly caused by sulfate particle formed from SO, and H,O. Sulfate
particles accumulated continuously on the surface of catalyst in the
reaction process, which led to blocking of the pores and covering
the surface of catalysts.

It was reported the calcination temperature would influence
the SO, oxidation activity of vanadium containing catalyst in high
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Fig.5. The effect from SO, and H,O to V,05/AC catalytic performance. Reaction con-
ditions: 500 ppm NO, 600 ppm NH3, 500 ppm SO3, 3.4% O, 2.5% H,0, Ar as balance
gas, 90,000 h~1, 250°C [74].
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temperature SCR reaction [75]. There is a possible way to improve
SO, resistance by decreasing calcination temperature in preparing
procedure, which would keep the low oxidation state of vanadium
species. Ke et al. [76] prepared nano-Co304 by solid-state reaction
at room temperature and investigated its NH3-SCR performance in
the presence of SO,. After being sulfated in the presence of 500 ppm
SO, and 3 vol.% O, at 300 °C for 48 h, bulk cobalt sulfate formed on
the fresh Co304 sample. It was interesting that the activity under
250°C of sulfated Co304 was improved compared with the fresh
catalyst.

3.2. Effect of hydrocarbon

During operation of diesel engines, the SCR catalyst is gradually
deactivated by hydrothermal aging and catalyst poisoned by hydro-
carbon coking. The deactivation of catalysts by aging and coking
under evaluation conditions is also a disadvantage for their practi-
cal application. We studied that the catalytic activities for NH3-SCR
of NOy at 400°C before and after 1000 ppm C3Hg/He coking for
30 min over various catalysts, including iron exchanged H-ZSM-5,
beta, mordenite, Y, ferrierite, and 4A zeolites. The results showed
that Fe-MOR could keep high activity even after C3Hg coking, while
the activities clearly decreased over other catalysts. This might be
relevant to the zeolite structure. One dimensional large pore of MOR
might be not favorable for hydrocarbon storage and coke forma-
tion compared to other zeolite catalysts [77]. In addition, we [78]
have carefully investigated the effect of propene on the activity of
Fe-ZSM-5 for NH3-SCR, and proposed a deactivation mechanism
of Fe3* active site blockage by propene residue. The NO conver-
sion decreased in the presence of propene at various temperatures,
while the effect was not significant when NO was replaced by NO,
in the feed, especially at low temperatures (<300 °C). The blockage
was mainly on Fe3* sites on which NO was to be oxidized to NO,.
Because of a little effect of HC on SCR activity of MOR, compositing
catalyst of MOR and ZSM-5 may be one effective way to solve the
HC poisoning.

4. The reaction mechanisms of NH3-SCR at low temperature
4.1. Reaction pathway over metal oxide catalysts

On the study of the mechanism, most researchers believe that
NH3 is adsorbed to Lewis acid center and intermediates like NH;
[79-81] or adsorbed NH3 [82-84] formed, then they react with
aerial NO and NO, through E-R mechanism getting N, and H,O.
Kijlstra et al. [79,80] suggested that Mn3* location on the surface of
MnOy/Al, 03 was the Lewis acid center, and NH; on these sites can
both react with aerial NO through E-R mechanism and react with
activated nitrite intermediate adsorbed on the surface of the cata-
lysts through L-H mechanism. O, was necessary in the formation of
NH; and activated nitrite intermediate. NH;* formed on Bronsted
acid center did not participate in low temperature SCR reaction.
The reaction scheme can be described as follows [79,80]:
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Fig. 6. Mechanism of the steady-state SCR reaction: (I) in the absence of oxygen;
(II) in the presence of oxygen [82].

NH;— % + NO-O—% — N +H30 + O— % + x L-Hmechanism

20H—* = Hy0 + O— % +x

On the MnOx-CeO,, catalysts, mechanisms similar with that on
the MnOx/Al,03 were pointed out by researchers. Qi et al. [22,81]
proposed all the intermediates could transform into NH,NO, which
could further react to produce N, and H;O. Similarly, Marban et al.
[82] proposed an E-R mechanism over carbon-supported Mn3;0g4
catalyst, in which surface-active NH3 species reacted with NO;, and
to alesser extent NO, from the gas phase (see Fig. 6). It was reported
that the selectivity of nitrous oxide increased with manganese load-
ing and temperature, resulting in lower nitrogen selectivity. Doping
with tungsten to the catalyst could increase the N, selectivity [11].
However, the N selectivity still needs to be improved on Mn-based
catalyst.

4.2. Mechanisms of Cu, Fe on zeolite catalysts

The mechanisms of low temperature SCR on zeolite catalysts
have been also investigated by researchers. Richter et al. [55] sup-
posed symmetric O=N-O-N=0 species formed on the MnOy/NaY
catalyst after contacting with NO. The results suggested a “diazota-
tion” mechanism, in which NH3 protonation to NH4*, NO interact
with the catalyst and nitrite and nitrate surface species formed in
the presence of O,, followed by NH4* reacting with NO,~ to pro-
duce N, and H,0. However, a parallel “amide/nitrosamide” SCR
reaction route was possible since prevailing Lewis acid sites on
these catalysts should enable NH3 activation via amide species.
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Numerous studies have been conducted regarding the nature of
Cu on the surface of zeolite, which is generally recognized as an
active site for the present reaction system. It has been commonly
accepted that isolated Cu?* and Cu-O-Cu dimer species on the cat-
alyst surface play key roles in the NH3-SCR reaction [85,86]. Paired
Cu?* species, supposed by Komatsu et al. [87], were the active cop-
per species in view of the relation between the specific activity and
the copper concentration.

For Fe/zeolite catalysts, it is supposed that Fe3* ions with oxo-
Fe3* sites [88], binuclear ions [HO-Fe-O-Fe-OH]%* [89] and some
others were the active sites for the SCR reaction.

The results above contrasted with Schwidder [90,91], who pre-
pared Fe-ZSM-5 catalysts by exchanging of Na-ZSM-5 with Fe2*
ions formed by the dissolution of iron in acidic medium, and
established that mononuclear Fe ions are active sites for both
SCR reactions, but oligomers contribute as well. At the same time,
oligomers (and aggregate surfaces) are more active in unselective
oxidation of the reductant, which limits the temperature window
of selective reduction of NO. Due to their higher oxidation potential,
they cause undesired total oxidation of the reductant, particularly
in the case of isobutane. Brandenberger et al. [92,93] supported and
further developed these views, and determined Fe-O-Fe bridged
and higher nuclear Fe-species are formed in a Fe-ZSM-5 sample,
which may be calculated based on a simple Poisson distribution.
They suggested that the SCR of NO by NH3 is primarily caused by
monomeric iron sites at temperatures below 300°C.

A reaction mechanism which describes NO or NO, reduction by
NH3 over H-form zeolites was most developed and accepted (see
Fig.7)[94,95].1t suggested that adsorbed NH3 is most reactive when
it is bonded to the Bronsted acid sites in zeolites through three
hydrogen bonds. An NO,-type intermediate is formed on the zeolite
surface during SCR reaction. Formation of this NO,-type species
appears to be a necessary step in the SCR reaction mechanism as
the concentration of adsorbed NH3 does not decrease (i.e., react)
until a band corresponding to this NO,-type species appears.

In addition to the well-known “standard” SCR reaction, the so-
called “fast” SCR reaction,

2NH; + NO + NO, — 2N, + 3H,0

plays a critical role at 180-300 °C in boosting the DeNOy, activity of
new generation urea-SCR converters for diesel vehicles integrated
with an upstream preoxidation catalyst that partially oxidizes NO to
NO, [96]. Grossale [97,98] present a systematic study of the chem-
ical steps in the NO/NO,-NHj5 fast SCR reaction over a commercial
Fe-ZSM-5 catalyst (Fig. 8). Results show that the fast SCR reac-
tion proceeds at low temperatures via a global sequence involving
NH4NO3 or related surface species as intermediates, which is the
same as that proposed previously for the fast SCR chemistry over
V-based catalysts and other zeolite catalysts and thus is considered
a general mechanism. It further showed that the redox reaction
between NO and nitrates is the rate-controlling step and is inhib-
ited by ammonia. Remarkably, the same strongly enhanced DeNOy
activity observed in the fast SCR reaction also was observed in the
absence of gaseous NO, but in the presence of surface nitrates. They
accordingly propose a general summary of the fast SCR chemistry
over V-based and zeolite catalysts that emphasize the key role of
surface nitrates.

[NHsNO;]
+ 02. / l
NO; + NO;— NO;y + NO; NH.

NO NO,
[ *  N;+2H0

NH‘M‘ NO NO2

-

+ 2 H,0
N0 4 NH; + HNO;

Fig. 8. Proposed reaction scheme for NO/NO,-NH3 SCR at low temperature [97,98].
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5. Conclusions and perspective

The LTC is crucial in the removal of NOy from flue gas of
power plant and exhaust gas of diesel engine at low tempera-
tures. Much process on LTC has been made in the past decade,
including the metal oxides, and metal exchanged zeolite catalysts.
Manganese oxides are the most active components for NH3-SCR
of NO at low temperatures, and the activity of NOy reduction is
correlated with the valence of manganese and phase structure of
MnOy. MnO, exhibited best catalytic activity in the temperature
range of 100-300°C, but its low N, selectivity required further
improvement.

The resistance of H,O and SO, on Mn based metal oxide is also
a big challenge for its application at low temperatures. Efforts need
to be made on detailed mechanisms of SO, poisoning and H,0O
suppression effect at low temperatures. Synergistic effect of com-
posite oxides is a hot topic in recent years. With the progress of
analytical methods and analog computation, the synergistic effect
among composite oxides, such as MnOy and other metal oxides
is necessary, and a better understanding of the electronic interac-
tion between SO,, NO, NH3 and catalysts is required, and a more
comprehensive mechanism and kinetic model integrating the novel
pieces of information provided by the experiments are undergoing.

Fe, Cu exchange zeolites, one kind of commercial catalysts for
removal of NOy in diesel engine, have been extensively investi-
gated recently, including activity, selectivity and thermal stability.
Compared to the Fe/zeolite, Cu-zeolite has better activity at
low temperature. Fe/beta shows great activity among all the Fe
exchanged zeolite catalysts, however, the hydrocarbon coking is
a problem for the application in diesel engine due to the incom-
plete combustion of fuel. It is also necessary to extend the window
of temperature for Fe/zeolite catalysts at low temperature, while
improve the activity for Cu/zeolite at high temperatures.
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