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Abstract

In developing higher efficiency catalysts for NOx abatement from stationary emission sources utilizing selective catalytic
reduction (SCR), comparison test conditions, including gas composition and gas flow rates, are needed that approximate
industrial operating conditions. Standard tests will be fuel-dependent, i.e. typical flue gas from a coal-fired electrical utility
plant might consist of 150–1000 ppm NO, 5% O2, 13% CO2, 8% H2O, and 200–2000 ppm SO2, while that from a plant
utilizing natural gas would contain appreciably more O2, less NO, and very low SO2. For low temperature catalysts developed
for placement after the electrostatic precipitator (ESP) and desulfurization units, flue gas would essentially be dust- and
sulfur-free. Protocols are given for comparison testing of NOx abatement catalysts using ammonia as the reductant. These
test conditions are used in the comparison of Cu-, Fe-, and V- containing ZSM-5 and mordenite catalysts. It was found
that initial NO conversion levels were lower than those achieved after a thermal pretreatment of the catalysts. Under the
reaction conditions employed, moisture was an inhibitor for the Fe- and V-containing catalysts but was a promoter for the
Cu-mordenite catalyst. The V-ZSM-5 catalyst exhibited a stable activity for NO reduction in the presence of H2O and SO2

but rapid deactivation was observed in the presence of 10 ppm SO3. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrogen oxide (NOx) emissions in the US have
been regulated by the US federal government since
1970 under the Clean Air Act (CAA). Title I of the
amendments (CAAA) to the act (1990) required states
to initiate reasonably available control technology
(RACT) standards, based on Environmental Protec-
tion Agency (EPA) guidelines, toward achieving re-
quired air quality standards. In 1990, EPA estimated
that electric utilities accounted for 60% of stationary

∗ Corresponding author. Fax:+1-610-758-6555.
E-mail address:rgh1@lehigh.edu (R.G. Herman).

source NOx emissions [1]. Title IV of the CAAA,
referred to as the Acid Rain Program, set a two-phase
schedule, dependent on type of burner, for reducing
NOx emissions by up to 2 million tonnes/yr from
designated coal-fired electric utility boilers. Phase I
compliance was required by 1 January 1996, with
Phase II compliance to be achieved by 2000.

1.1. Approaches to NOx abatement

Among the technologies being developed, low NOx

burners that minimize thermal formation of NOx by
reducing combustion temperatures and controlling
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flame stoichiometry make an important contribution,
and under well-tuned optimized conditions, NOx re-
ductions of 40% or more can be achieved. However,
adverse side effects of this procedure include in-
creased quantities of carbon in the fly ash, larger CO
emissions, and corrosion and slagging problems due
to localized reducing environments [1]. In general,
exhaust gas treatment methods are preferred for NOx

control because they provide for wider range of utility
system loads than possible with combustion controls.

Among the methods being investigated toclean ex-
haust gas streams ofNO are:
1. Injection of methanol into flue gases to convert

NO to NO2 [2] (potential by-products are CO and
CH2O), which is removed in a ‘liquid-modified’
wet limestone SO2 scrubber [3]. Various config-
urations of the latter step include using a spray
dryer with aqueous slurried lime with NaOH as
an additive [4–7], where the NOx removal rate is
35–50% [5–7].

2. Enhanced NOx removal in wet scrubbers using
redox Fe2+ chelates has been demonstrated at the
Miami Fort Pilot Plant (Ohio), achieving 75%
NOx removal (≈50% in the first stage burner and
an additional 50% in the chelate stage) [8].

3. Use of adsorbents, e.g. utilizingγ -alumina im-
pregnated with sodium carbonate in a fluidized
bed, where it was found that SO2 must be present
for efficient NOx removal; when SO2/NOx > 4 in
the flue gas, the NOx removal efficiency attained
was 70–75% [9].

4. Selective non-catalytic reduction (SNCR), using
aqueous urea or ammonia injection into the fur-
nace at≈875–1150◦C, can be used to reduce NOx

level by 30–75%. However, >90% NOx reduction
was reported for the NOx OUT® process under
particular conditions [10,11], e.g. at 980◦C at re-
fineries and petrochemical plants [12].

5. Concentration of NO followed by SNCR, such as
adsorption of NO on supported MgO that is sub-
sequently heated in a regeneration cycle in a re-
ducing atmosphere to reduce NO to N2, which has
attained≈30% NOx removal under steady-state
operation [13].

6. Selective catalytic reduction (SCR) of NO using
ammonia (or other compounds such as hydrocar-
bons) as the reductant to form nitrogen and water.
The principal types of catalysts that have been

investigated for SCR are: (a) base metal oxide cat-
alysts, e.g. those containing vanadia, (b) metal ion
exchanged zeolites, e.g. Cu-ZSM-5, and (c) sup-
ported noble metal catalysts, e.g. Pd/Al2O3.

While NO reduction with NH3 can occur as shown
in Eq. (1), both the SCR and SNCR processes are car-
ried out in the presence of air (O2), as represented by
Eq. (2), with the reaction represented by Eq. (3) occur-
ring as a side reaction that is favored by excess oxygen.
While N2O is a non-regulated greenhouse gas, it is
more desirable to form only N2 as the reduction prod-
uct. In the presence of oxygen, NO can be oxidized
to NO2 (favored by lower reaction temperatures), but
NO2 is also reduced by NH3, as represented by Eq.
(4).

6NO+ 4NH3 ⇒ 5N2 + 6H2O (1)

4NO+ 4NH3 + O2 ⇒ 4N2 + 6H2O (2)

4NO+ 4NH3 + 3O2 ⇒ 4N2O + 6H2O (3)

2NO2 + 4NH3 + O2 ⇒ 3N2 + 6H2O (4)

Since these reactions do not typically go to comple-
tion, the composition of the gas stream (flue gas) must
be monitored and the quantity of NH3 reductant added
must be tightly controlled to minimize slip into the
exhaust stream. Research in both SCR and SNCR had
been reviewed up to 1987 by Bosch and Janssen [14].
More recently, catalytic removal of NOx has been re-
viewed by Pârvulescu et al. [15].

In general, SCR is the only large scale process avail-
able that can remove >90% NOx contained in combus-
tion system exhaust gas [1]. The catalyst that is used in
most large scale applications is a combination of V2O5
and TiO2 (sometimes promoted with WO3 or MoO3)
supported on or in a monolith or wire screen plate),
where NH3 is used as the reductant. However, this
catalyst has a rather narrow temperature range of util-
ity (typically 300–400◦C [16,17]), with WO3 added to
stabilize the catalyst up to 450◦C [16] or broaden the
temperature window to lower reaction temperatures
[18]. It has also been reported that WO3 and MoO3
make the catalyst more poison-resistant [18,19].

New catalysts that operate at higher and lower tem-
peratures are desired to provide flexibility for place-
ment of the reactor in the unit train. It is noted that
a zeolite in the form of extruded monoliths has been
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utilized for SCR in the configuration of a five cata-
lyst layer train in a TVA high sulfur coal pilot plant
with a reactor temperature of 425◦C [20]. In addition,
a replacement for ammonia is desired because there
are severe federal and state restrictions on the storage
and transportation of liquid ammonia, particularly in
NJ and CA, and NH3 slippage to the exhaust gas ex-
iting the stack occurs and has to be tightly monitored.
Replacement of ammonia by hydrocarbon reductants
is being investigated, but these reductants generally
require a higher reaction temperature than ammonia.
With all catalysts at lower temperatures, NH3 slippage
leads to formation of ammonium bisulfate that can
plug the reactor.

1.2. Mechanistic features to be considered for NO
abatement

Development of new catalysts or improvements
of existing catalysts require a firm knowledge of the
chemistry of NO and the functioning of the catalyst
components in activating and reducing NO to N2 and
O2. Nitric oxide, NO, is thermodynamically unstable
with respect to its decomposition to elements,

2NO(g) ⇒ N2(g) + O2(g) 1G298 K = −173 kJ/mol

(5)

and yet it is kinetically stable without a suitable cat-
alyst. Among the few catalysts for the above reaction
are Rh, Pd, and Pt that are often employed in auto-
motive exhaust three-way catalysts. Decomposition of
NO over these noble metals begins with dissociative
chemisorption [21–23], e.g.

NO(g) + 2Rh(s) ⇒ (6)

followed by recombination of the chemisorbed atoms
to form N2 and O2. The latter process occurs only
at very high temperatures [21–23], and in real cat-
alytic conditions the surface oxygen still has to be re-
moved by reduction. The effective catalytic action of
Rh• is due to its ability to attack both ends of the NO
molecule, to the weak bonding of the surface nitride,
and to the reducibility of surface O. Rh catalysts by
themselves do not work in excess O2 because bulk
oxides are formed irreversibly with loss of catalytic
activity.

Ever since Iwamoto et al. [24,25] found that
Cu-ZSM-5 zeolites exhibited higher catalytic activ-
ity for NO decomposition than any zeolite catalysts

studied previously, NO decomposition studies have
mainly been centered on this zeolite. Early insight
into the NO decomposition reaction over this cat-
alyst was provided by Li and Hall [26,27] and by
Iwamoto and Hamada [28]. For example, in flow-
ing 2.1% NO/He (GHSV≈ 2000 h−1), 60–70% of
the NO was converted mainly to N2 and O2 in the
425–575◦C range (maximum at≈500◦C) over fully
exchanged Cu-ZSM-5 zeolite [25]. By comparison,
87% exchanged Cu-mordenite exhibited maximum
NO decomposition at 550◦C, while the maximum
activity of 64% exchanged Cu-ferrierite occurred at
≈600◦C. It was proposed that the temperature needed
to achieve NO decomposition was determined by the
desorption temperature of the oxygen formed via NO
decomposition [25]. After room temperature NO ad-
sorption, temperature programmed desorption (TPD)
(in flowing He) indicated that NO began to desorb at
≈60◦C and exhibited a maximum desorption rate at
≈120◦C. However, O2 did not begin to desorb from
Cu-ZSM-5 until 300◦C, with a desorption maximum
at 380◦C, while Cu-ferrierite exhibited a maximum
O2 desorption at≈410◦C [25]. It was shown that at
500◦C, O2 and H2O inhibit the NO decomposition
reaction to different degrees, but the inhibition was
reversible [26].

Similar TPD experiments were carried out with a
Co-A zeolite after NO adsorption at ambient temper-
ature [29,30]. While maintaining adynamicvacuum
during TPD, NO began to desorb at≈50◦C and exhib-
ited a broad maximum in the TPD curve at 110–160◦C.
While small quantities of N2 and N2O were observed,
no O2 desorption was observed up to the maximum
temperature of 350◦C that was utilized in these stud-
ies [30]. Therefore, for efficient NO conversion at low
reaction temperatures, a means to achieve removal of
oxygen from the surface of the active zeolite catalysts
must be implemented, e.g. by reduction. Reduction of
oxygen results in the formation of water as a product.
However, it is generally accepted that catalysts under
study for low temperature NO reduction, as well as
decomposition, exhibit only low activity when water
vapor is present in the reactant stream because of com-
petitive adsorption.
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Table 1
Typical concentrations and ranges of emissions in flue gases from
efficient electric power generation plants as a function of the fuel
utilized

Natural gas Fuel oila Coal

NOx (ppm) 25–160 100–600 150–1000
SOx (ppm) Neg. (<0.5–20) (1000) 200–2000 (400) 200–2000
CO2 (%) 9 (5–12) 12 (12–14) 13 (10–15)
O2 (%) 3–18 2–5 5 (3–5)
H2O (%) 15 (8–19) 10 (9–12) 8 (7–10)
N2 Balance Balance Balance

a Dependent on fuel oil, e.g. No. 6 fuel oil.

In previous literature reports, a wide variety of test-
ing conditions have been used in the large number
of investigations of NO abatement catalysts, and di-
rect comparisons of results are usually impossible to
make. Therefore, in the present work a protocol for
testing catalysts is described that was based on typical
flue gas compositions found at electric power plants.
These compositions, tabulated in Table 1, can be used
for comparison testing of catalysts for NO reduction.

2. Experimental

Reactor systems have been constructed for both
powdered and pelleted laboratory-scale catalysts
and for bench-scale and commercial monolith and
plate-type catalysts. A schematic of the former quartz
reactor system used in this work is shown in Fig. 1.
It was found that the Drierite water removal column
was not needed for accurate analyses, so this trap was
not usually utilized.

Laboratory catalysts that were investigated included
ZSM-5 zeolite catalysts prepared by ion exchange of
1/16 in. diameter (≈1/4 in. long) H-ZSM-5 pellets ob-
tained from UOP and H-mordenite pellets of the same
size obtained from Zeolyst. These pelleted catalysts
contained an alumina binder. The mordenite itself had
a Si/Al ratio of 6.4, while the pelleted catalyst has
a Si/Al ratio of 5.1. The ion exchange of the cata-
lysts was carried out from dilute aqueous solutions
of Cu(NO3)2, VOCl3, or Fe(NH3)4(NO3)2 at ambient
temperature with continuous stirring, usually for 4–6
days. The filtered pellets were washed with distilled
water, air-dried for 15 h, dried at 70◦C for 4 h, and
subsequently calcined at 500◦C for 15 h. The metal
loading of the catalysts was nominally 1.5–2.0 wt.%

metal. The surface area of the calcined Cu-mordenite
catalyst was 375 m2/g.

Testing of the zeolite catalysts was carried out at
approximately ambient pressure in a vertical downflow
quartz tube reactor. The catalyst, generally 10 ml, was
supported in the reactor on a porous glass fritted disc.
The reaction conditions utilized in this study were the
following:
NO= 400 ppm (dry basis)
NH3 = 400 ppm (dry basis)
O2 = 5 vol% (dry basis)
CO2 = 13 vol% (dry basis)
H2O= 8 vol% (wet basis)
N2 = balance.
Conversion vs reaction temperature testing of all

catalysts was carried out once or twice in a dry gas
mixture before injection of water was begun to deter-
mine the conversion/temperature relationship for the
catalysts in a wet atmosphere. The usual procedure
involved heating the catalyst to the highest reaction
temperature, e.g. 500◦C, and then sequentially lower
the temperature and obtained steady-state conversions
at each temperature.

Each of the first four gases were fed into the reactor
gas manifold and controlled by a separate calibrated
flowmeter. The NO, NH3, and O2 were utilized as
mixtures in N2, while CO2 was added as the pure gas.
When water was injected into the gas mixture, it was
fed by means of an ISCO pump into the preheater
zone prior to entering the reactor. The final gas hourly
space velocity (GHSV) was 10,000 h−1 unless stated
otherwise. Temperature of the catalyst was monitored
by an axial thermocouple in the reactor. Total gas flow
was monitored by a bubble meter. In the exit stream,
NO was determined by a chemiluminescence detector
and NH3 was periodically monitored by an ion
selective electrode.

3. Results

3.1. Activities of Cu-ZSM-5 and Cu-mordenite
catalysts

The Cu-ZSM-5 catalyst is probably the most stud-
ied zeolite for NO reduction using a wide variety of re-
ductants under a wide range of reaction conditions. In
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Fig. 1. Schematic of the continuous downflow selective catalytic reduction testing system for NO abatement catalysts.

contrast to most reported studies, the reactant mixture
employed here contained oxygen and carbon dioxide,
and in some cases moisture, in addition to nitric ox-
ide and ammonia. Upon increasing the reaction tem-
perature from 150 to 325◦C, the conversion of NO
from the standard reaction mixture containing mois-
ture increased over the Cu-ZSM-5 until 100% conver-
sion was achieved at 325◦C, as shown in Fig. 2. It is
noted that about 70% NO reduction was achieved at
190◦C. Although only two data points are shown for
the Cu-mordenite catalyst, very high NO conversion
was also achieved in the presence of moisture with
this catalyst at 250◦C, as shown in Fig. 2.

A fresh portion of the Cu-mordenite catalyst was
loaded into the reactor and tested for NO reduction in
the absence of moisture. As shown in Fig. 2, without
the presence of moisture in the reaction mixture, a
very broad maximum in NO conversion as a function
of reaction temperature was observed, and the activity
of this catalyst never exceeded 60% NO conversion
at any temperature. After this test, the catalyst was
cooled to ambient temperature and stored overnight in
the reactor under dry air.

The effect of water vapor on the activity of this
Cu-mordenite catalyst was probed further by starting
and stopping the injection of water into the inlet
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Fig. 2. Catalytic activities of the Cu-ZSM-5 (d) and Cu-mordenite
(N) catalysts for NO removal from a gas mixture (dry basis)
of NO= 400 ppm, NH3 = 400 ppm, O2 = 5 vol%, CO2 = 13 vol%,
with balance of N2, with moisture added to give H2O= 8 vol%
and a final GHSV= 10,000 h−1. Also shown is the activity curve
of the Cu-mordenite (j) catalyst in the absence of moisture in
the reactants.

reaction mixture. The testing was initiated by estab-
lishing the flow of reactants in the absence of moisture
and heating the catalyst to 275◦C. The NO conversion
was 96%, which was much higher than that observed
in the first dry test, as shown in Fig. 2. Moisture was
added to 8 vol%, and the activity gradually increased
to nearly 100% NO conversion, as shown in Fig. 3.
Maintaining the presence of moisture, the temperature
was lowered to 250◦C, and the NO conversion level

Fig. 3. Catalytic activity of the Cu-mordenite (j) catalyst for
NO removal from a gas mixture (dry basis) of NO= 400 ppm,
NH3 = 400 ppm, O2 = 5 vol%, CO2 = 13 vol%, with balance of
N2. Moisture was added to give H2O= 8 vol% and a final
GHSV= 10,000 h−1. Testing was begun at 275◦C and then the
temperature was decreased to 250◦C. The addition of moisture was
briefly stopped after 410 and 790 min on steam and then restarted.

Fig. 4. Activity of the Cu-mordenite (j) catalyst for NO removal
at 250◦C as a function of the moisture content of a gas mix-
ture (dry basis) of NO= 400 ppm, NH3 = 400 ppm, O2 = 5 vol%,
CO2 = 13 vol%, with balance of N2 (GHSV= 10,000 h−1).

decreased from 100 to 96%. Upon briefly stopping
the injection of water, the activity decreased, but it in-
creased upon again adding moisture to the reactants.
This behavior was repeatable, as shown in Fig. 3.
After about 1050 min of testing of the Cu-mordenite
catalyst, the final removal level of NO was over 96%
in the gas stream containing 8 vol% moisture.

The Cu-mordenite catalyst showed a pronounced
positive effect of having moisture in the gas mixture. It
was observed that the quantity of water vapor present
did not significantly alter the NO conversion level ob-
served at 250◦C, as long as it was present (Fig. 4).
However, the effect was systematic as shown by the
figure insert.

3.2. Activities of H-mordenite and Fe-mordenite
catalysts

For comparison, the H-mordenite as received and
an Fe-mordenite were tested for NO reduction activ-
ity under the same reaction conditions as used for
the Cu-zeolite catalysts. In the absence of moisture,
the Fe-mordenite catalyst exhibited activity (Fig.
5) that was very similar to that observed with the
Cu-mordenite catalyst (Fig. 2). Again a broad max-
imum in NO conversion occurred as the reaction
temperature was increased, but the high activity ex-
tended to higher temperatures than observed with
the Cu-mordenite catalyst. The H-mordenite catalyst
exhibited similar activity at low temperature, but the
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Fig. 5. Catalytic activities of the Fe-mordenite (d) and
H-mordenite (N) catalysts for NO removal from a gas mix-
ture (dry basis) of NO= 400 ppm, NH3 = 400 ppm, O2 = 5 vol%,
CO2 = 13 vol%, with balance of N2 (GHSV= 10,000 h−1) as func-
tions of the reaction temperature.

NO conversion steadily decreased as the temperature
was increased above 250◦C, as shown in Fig. 5.

These same catalysts were retested using the iden-
tical reaction conditions. At 300◦C in the dry reac-
tant mixture, the Fe-mordenite catalyst exhibited a NO
conversion level of 84% (Fig. 6), which was apprecia-
bly higher than the 60% conversion initially observed

Fig. 6. Catalytic activities of the Fe-mordenite catalyst at 300◦C
(s) and 325◦C (d) for NO reduction, where the initial and
final data points are in the absence of moisture. The reactant gas
mixture (dry basis) consisted of NO= 400 ppm, NH3 = 400 ppm,
O2 = 5 vol%, CO2 = 13 vol% prior to the addition of 8 vol% H2O,
with balance of N2 (GHSV= 10,000 h−1). Also shown is the
activity of the H-mordenite (N) catalyst for NO removal for the
same reaction conditions at 250◦C, where the first and last data
points were obtained with no moisture present in the reactant gas
mixture.

(Fig. 5). Similarly, the H-mordenite catalyst exhibited
an enhanced activity upon retesting at 250◦C, increas-
ing from 47 to 69% NO reduction. Upon addition of
moisture to the inlet gas stream to 8 vol% after the first
data points at time on stream= 0, the activities of both
catalysts decreased, at shown in Fig. 6. Upon increas-
ing the temperature of the Fe-mordenite catalyst from
300 to 325◦C about 25 min after the water addition
had been initiated, the activity increased to approxi-
mately the level observed before moisture was added
to the gas mixture, i.e.≈85%. Terminating the wa-
ter addition over this catalyst after about 325 min on
stream led to an increase in the NO conversion to 99%.
The effects of moisture on the conversion of NO over
the H-mordenite catalyst followed the same trends but
with slower response times, as shown in Fig. 6 (N).

3.3. Activity of V-ZSM-5 and V-mordenite catalysts

Vanadium-containing zeolite catalysts were pre-
pared and tested for NO reduction activity using the
standard testing conditions with and without 8 vol%
moisture present. Under dry conditions, a V-ZSM-5
catalyst exhibited 65% NO conversion at 175◦C and
79% conversion at 200◦C. Upon addition of mois-
ture to the reactant stream, the NO conversion levels
decreased to 49.5 and 64% at 175 and 200◦C, respec-
tively. Using a fresh batch of the V-ZSM-5 catalyst
with a moisture-containing gas mixture, it was ob-
served that upon sequentially increasing the reaction
temperature, a maximum of NO conversion was ob-
tained at 225◦C, as shown in Fig. 7. Upon retesting,
the activity of the catalyst increased more rapidly as
the temperature was sequentially increased, reach-
ing 98% NO conversion at 200◦C. The V-mordenite
catalyst exhibited an activity curve that was signifi-
cantly shifted to higher temperatures, and no further
investigation of this catalyst was carried out.

The deactivation behavior of the V-ZSM-5 catalyst
was studied in the presence of 400 ppm SO2. With a
reactant mixture containing 400 ppm NO and 400 ppm
NH3, plus O2, CO2, and N2, but no moisture, the ini-
tial activity at 200◦C was 80.5% NO reduction, as
shown in Fig. 8. Upon addition of 8 vol% moisture to
the gas stream, the NO conversion level immediately
decreased to about 50% but gradually increased to ap-
proximately 60%. Periodic removal of SO2 from the



288 B. Ramachandran et al. / Catalysis Today 55 (2000) 281–290

Fig. 7. Catalytic activities of the V-ZSM-5 catalyst during a first
temperature sweep (d) and during a second test (j) as a func-
tion of the reaction temperature for NO removal from a gas mix-
ture (dry basis) of NO= 400 ppm, NH3 = 400 ppm, O2 = 5 vol%,
CO2 = 13 vol%, with balance of N2 and moisture added to give
H2O= 8 vol% and a final GHSV= 10,000 h−1. Also shown is the
activity curve of the V-Mor catalyst (N) under the same wet re-
action conditions.

reactants hardly affected the NO removal level (open
circles in Fig. 8), with usually only a slight increase
in the NO conversion.

The effect of moisture on the activity of the cat-
alyst was more pronounced. Periodic termination of

Fig. 8. Catalytic activities for NO removal over a second V-ZSM-5
catalyst at 200◦C in the presence of 400 ppm SO2 and 8 vol%
H2O vapor (d) in a gas mixture (dry basis) of NO= 400 ppm,
NH3 = 400 ppm, O2 = 5 vol%, CO2 = 13 vol%, with balance of N2
as a function of time on stream (GHSV= 10,000 h−1). There was
little effect on the NO conversion level when SO2 was removed
from the reactant stream (s). About 80% NO conversion was
observed when the addition of both SO2 and H2O vapor was
terminated (N). After 1975 min on stream, 10 ppm SO3 was added
to the reaction mixture containing both H2O and SO2 (h).

water injection into the SO2-containing gas mixture
showed that over 80% NO reduction was immediately
achieved in the absence of moisture (solid triangles in
Fig. 8), indicating no loss of activity under dry reac-
tion conditions and that the inhibition of NO conver-
sion by water vapor was reversible.

After 1400 min on steam, a reactor malfunction re-
sults in a decrease of about 5% in NO conversion, but
the intrinsic activity appeared to be steady both before
and after the malfunction. Fig. 8 demonstrates that the
activity was stable until 10 ppm SO3 was continuously
added to the reactant gas mixture. The SO3 addition
was achieved by replacing the injection of water via an
ISCO pump with injection of an appropriate concen-
tration of dilute sulfuric acid solution (to give 10 ppm
SO3) using a different ISCO pump. Upon exposure
to SO3, gradual deactivation of the V-ZSM-5 catalyst
occurred for about 8 h; thereafter a rapid deactivation
was observed, as is evident in Fig. 8.

4. Discussion

In the absence of moisture, the initial activities for
NO reduction were Cu-mordenite≈ Fe-mordenite >
H-mordenite, see Figs. 2 and 5. The dependence of
NO conversion on the reaction temperature exhibited a
broad maximum in activity as expected. Above 400◦C,
the activity declined significantly as the temperature
was increased. This is consistent with NH3 oxidation
to NO at the higher reaction temperatures.

Using NO conversion data below 300◦C, Arrhe-
nius plots were used to determine the apparent ac-
tivation energies of the NO reduction reaction with
NH3. The values obtained were in the range of
9.5–12 kcal/mol. This is consistent with the values
of 12.9 and 10.2 kcal/mol previously obtained with
Cu-mordenite [31] and Cu-ZSM-5 [32], respectively.

4.1. Higher activity of catalysts tested a second time

The catalysts tested in this study were calcined at
500◦C for 15 h after being prepared. However, they
were stored in sample bottles for short periods of time
and loaded into the reactor under ambient conditions
prior to being tested. Thus, some degree of hydration
could occur before the testing. In all cases, the initial
temperature sweeps for catalyst screening under dry
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reaction conditions produced lower catalytic activities
than second and third sweeps of the same catalyst.
This was also observed with the V-ZSM-5 catalyst
where testing was initiated with a moisture-containing
reactant gas mixture (Fig. 7).

Similar behavior was observed with a Cu-Y zeo-
lite, where it was observed that in situ dehydration
at 250◦C for 3 h in flowing argon, pretreatment in
flowing 5% NH3/Ar at 400◦C for 3 h followed by
ambient temperature oxidation in dry air, or treat-
ment in flowing NO/NH3/Ar at 200◦C for 3 h fol-
lowed by ambient temperature oxidation in dry air
produced a significant increase in NO conversion us-
ing [NO] = [NH3] = 1500 ppm [33]. Thus, our subse-
quent studies with zeolite catalysts, to be described
elsewhere, have utilized a moisture-free test pretreat-
ment procedure.

4.2. Roles of oxygen and moisture

It has been previously reported that the presence
of oxygen inhibits NO decomposition, e.g. over
Cu/ZSM-5 [26,27,34], because of competitive adsorp-
tion of oxygen on the catalytically active sites [35].
In contrast, thereductionof NO is negligible in the
absence of oxygen in the reactant mixture over zeolite
catalysts [36–38]. Thus, oxygen plays an important
role [14] in promoting the reduction of NO by NH3,
as represented by Eq. (2). In the absence of ammonia,
it has also been reported that zeolites, e.g. H-ZSM-5
and H-mordenite catalysts [36,37,39,40], are capable
of oxidizing NO to NO2 in the presence of oxygen.
This has also been shown with Cu-ZSM-5 catalysts
[41]. However, the degree of NO conversion decreased
as the NO concentration in the reactant decreased
and a minimum in conversion was usually observed
at 200◦C [39]. Exchange of the H-mordenite with Cu
poisoned the NO oxidation reaction but promoted the
NO reduction with NH3 reaction in the presence of
O2 [36]. Therefore, the strongly acid catalysts con-
tain oxidation sites, but reduction of NO is greatly
enhanced by oxygen, as well as by replacement of
the acid sites by transition metal cations such as Cu.

In the presence of moisture at about 250◦C, the
activity order was Cu-mordenite > Cu-ZSM-5 > Fe-
mordenite≈ V-mordenite > H-mordenite. The effect
of the presence of moisture was different over the

different catalysts, as will be noted below. It is gen-
erally observed that water vapor inhibits NO de-
composition [42] and NO reduction with NH3 [15]
over Cu-zeolites to some extent. However, Figs. 3
and 4 show that the level of NO conversion over
Cu-mordenite was higher in the presence of H2O than
in the dry reactant gas mixture. Similar behavior was
observed with a Cu-ZSM-5 catalyst when moisture
was added to a reactant mixture containing 0.6% NO,
0.6% NH3, and 3.3% O2 [43]. With additions of H2O
corresponding to 3 and 9%, enhancements in NO con-
version to N2 on the order of 10–20% were achieved
in the reaction temperature range of 200–300◦C
[43]. For NO reduction with propane (1000 ppm NO,
500 ppm propane, 2% O2) over a Sn-ZSM-5 catalyst,
addition of 5.7% H2O increased the NO conversion
by about 25% at 400◦C [44], where the water effect
was reversible. No speculation of the cause of this
behavior with these catalysts has been provided, and
this is an area where systematic study needs to be
carried out.

4.3. Vanadium zeolite catalysts for NO reduction

It was shown that the V-ZSM-5 catalyst achieved
appreciable NO conversion levels at low reaction tem-
peratures in the presence of moisture. Water inhib-
ited the NO reduction reaction, but this effect was
reversible (Fig. 8). In the presence of 8% moisture,
400 ppm SO2 caused little additional inhibition of the
activity, and the activity of the catalyst was maintained.
In contrast, addition of 10 ppm SO3 to the reactant
gas mixture caused a large, but delayed, decrease in
the NO conversion. This is consistent with formation
of ammonium (bi)sulfate on the catalyst surface and
eventually plugging of the zeolite pores.

5. Conclusions

Protocol reaction conditions have been proposed
for comparing catalysts for stationary power plant NO
abatement applications. To achieve high, steady-state,
reproducible activity for NO reduction with NH3, tran-
sition metal zeolite catalysts should be thermally pre-
treated. Under the reaction conditions utilized, it was
shown that moisture was a promoter for NO reduction
over Cu-mordenite, while it was an inhibitor over H-,
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Fe-, and V-zeolite catalysts. The V-ZSM-5 catalyst is
a promising catalyst for NO reduction in the presence
of SO2, but it is poisoned by SO3. The later proba-
ble deactivation mechanism of ammonium (bi)sulfate
formation would affect all low temperature catalysts
when both NH3 and SO3 are present.
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