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Abstract

The effect of ammonia supply on the selective catalytic reduction of NOx over zeolite H–ZSM-5 was investigated using step respo
experiments between 200 and 500◦C. For inlet NO:NO2 ratios> 1, the activity for NOx reduction transiently increased when NH3 was
removed from the feed. For NO:NO2 ratios� 1, the NOx reduction however decreased. By pulsing NH3 to the feed, the activity for NO
reduction was enhanced up to five times compared to continuous supply of ammonia. For NO:NO2 ratios exceeding one, also the selectiv
towards N2O formation was lower with transient ammonia supply. Temperature programmed reaction experiments with preadsor3
showed highest initial NOx reduction activity when ammonia had been adsorbed at 300 or 250◦C compared to 200◦C. A minimum in
NO reduction was observed at 130◦C independent of the ammonia adsorption temperature. For NO:NO2 ratios> 1, the results strongly
indicate that NO oxidation is the rate determining step in the ammonia selective catalytic reduction (NH3-SCR) reaction over H–ZSM-5.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Today diesel and lean-burn engines are attractive a
natives to Otto engines due to lower fuel consumption
hence lower emissions of CO2. However, a great disad
vantage with these alternatives is that they operate at
air-to-fuel ratios that give oxygen excess in the exhaust
and thus makes it difficult to reduce the NOx (NO + NO2)
formed during the combustion. Ammonia can act as a
ducing agent for NOx in oxygen excess and techniques
adding ammonia to the exhaust gas in a controlled ma
are currently being developed. The use of ammonia to re
NOx is referred to as ammonia selective catalytic red
tion (NH3-SCR) and is one of the most promising metho
for meeting the future legislation demands concerning Nx

emissions from diesel vehicles [1]. The technique has b
commercially used for many years in stationary applicati
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and the most commonly used catalysts are vanadia–tit
based materials, which have high activity and selecti
between 270 and 450◦C [2]. At temperatures higher tha
420◦C these materials catalyse the oxidation of NH3 by
oxygen, which lead to a loss in SCR activity [3]. Vanad
based catalysts are also known to catalyse the oxida
of SO2 to SO3, which contributes to the formation of pa
ticulates [3]. For applications in automotive exhaust a
treatment systems, there has been significant interest i
veloping catalysts that can operate in a wider tempera
range from below 200◦C up to 600◦C. Several studies hav
focused on zeolite materials, which are typically active
a wider temperature range and less of a disposal pro
compared to poisonous vanadia-based materials. Alth
most reports have been devoted to different ion exchan
zeolites [4–9], several authors have reported that zeolite
their acidic form, such as H–mordernite and H–ZSM-5,
also active as NH3-SCR catalysts, particularly at high tem
peratures [10–16], but also under ambient conditions [
Recently, very high NOx conversions have also been
ported at temperatures around 200◦C over H-form zeolites
with preadsorbed NH3 and for zeolites in their ammonium

http://www.elsevier.com/locate/jcat
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form [14,18]. In these reports it was observed that the
oxidation was suppressed when gaseous NH3 was presen
in the zeolite suggesting that oxidation of NO is the ra
determining step in the SCR reaction over acidic zeolites
feeds with high NO content [16,19]. It has also been sho
that the SCR reaction with equimolar amounts of NO a
NO2 is much faster than with only NO and more select
than with only NO2 over acidic zeolites [12].

In the present investigation the selective catalytic red
tion of NOx was studied for different inlet NO:NO2 ratios
over zeolite H–ZSM-5 using transient ammonia supply
limit the presence of gaseous NH3 in the zeolite. Transien
supply of NH3 is expected to give higher activity for the ox
dation of NO to NO2, which in turn should improve the tota
NOx reduction activity. Temperature programmed react
studies were performed to further investigate the role of
temperature during adsorption of NH3. In order to reduce
the complexity of the system and to understand the rol
ammonia, a reduced model gas composition was used
taining only NO, NO2, NH3, and O2.

2. Experimental methods

2.1. Material

A sample of H–ZSM-5 (EZ 476) was used as obtain
from Eka Chemicals AB, Sweden. The SiO2:Al2O3 molar
ratio was determined to be 33.2 and the zeolite contained
purities of iron, manganese, and titanium in amounts co
sponding to 0.06 wt% Fe2O3, 0.02 wt% MnO, and 0.02 wt%
TiO2 as determined by X-ray fluorescence analysis acc
ing to the supplier. The specific surface area of the zeo
was 358 m2/g as determined by N2 adsorption in accordanc
with the BET method using a Micromeretics ASAP 2010
strument.

2.2. Catalytic test procedure

The catalytic measurements were performed at at
spheric pressure using 0.10 g of the zeolite powder. The s
ple was placed on a small piece of quartz wool supporte
a porous quartz plate in a vertically mounted fixed bed qu
reactor (i.d. 7 mm). The same catalyst sample was used
experiments. The temperature was measured using a the
couple inside the catalyst bed, and measured and contr
by a thermocouple placed 6 mm after the catalyst bed.
heating unit consisted of a heating coil (1 mm diameter K
thal wire) in direct contact with the reactor. The reactor a
heating coil were insulated by quartz wool and alumin
foil. Feed gases were mixed from Ar (99.998%, air liqui
O2 (99.95%, air liquid), NO (1.02% in Ar, air liquid), NO2
(4865 ppm in Ar, AGA), and NH3 (1.01% in Ar, AGA) and
introduced to the reactor via individual mass flow controll
(Brooks). The inlet of NO was placed close to the reactor
let to avoid oxidation of NO before the catalyst. A total flo
-

-

l
-

of 100 ml/min was used in all experiments, correspond
to a space velocity of 30,000 h−1. The composition of the
gas at the reactor outlet was monitored continuously b
quadrupole mass spectrometer (Balzers QMS 200). The
currents analysed werem/e = 17 (NH3, H2O), 18 (H2O),
28 (N2, N2O), 30 (NO, N2O, NO2), 40 (Ar), 44 (N2O), and
46 (NO2). These were measured every 22 s and fragm
tation patterns, determined experimentally from calibrat
gases, were used to quantitatively analyse the data. S
of the mass spectrometer (MS) signals were too comple
convert to concentrations due to cross sensitivities for
ferent gases. This concerned especially the nitrogen ox
and for these the MS data were only used for qualita
analysis. Instead the outlet concentrations of nitrogen
ides were quantified using a chemiluminescence instrum
(CLD 700 EL th, TECAN) for NO and NOx detection and
an IR instrument (UNOR 6N, Maihak) for detection of N2O.
The gas flow into these instruments was diluted with air b
factor of 9.5 to comply with the operating conditions of t
NO/NOx analyser. Prior to each experiment the zeolite w
pretreated with 10% O2 in Ar at 500◦C for 20 min.

The effect of transient ammonia supply was investiga
for temperatures between 200 and 500◦C in a series of ex
periments varying the NO:NO2 ratio between 100% NO
25% NO + 75% NO2, 50% NO+ 50% NO2, and 100%
NO2. The experiments were divided in two sections. In
first section step responses were studied for six diffe
30-min steps in NOx and NH3 concentration. In the sec
ond section the pulse responses for six types of amm
pulses, varying in duration and concentration of ammo
were studied. The experiments were performed at con
temperature (200–500◦C) and with a constant O2 concen-
tration of 10%. During the step response experiments
NOx and NH3 concentrations were 1000 ppm whenever
troduced. In the subsequent pulse response experimen
NOx concentration was kept constant at 1000 ppm while
ammonia was supplied as pulses according to Table 1.
ammonia concentration was adjusted so that the total am
of ammonia was in stoichiometric proportion to the amo
of NOx over each cycle.

The adsorbed amount of ammonia was quantified at
ferent temperatures and subsequently reacted with NOx and
O2 by either temperature programmed reaction (TPR)
periments or reaction at constant temperature. In the
experiments the zeolite was first saturated with NH3 at 200,

Table 1
Concentration and duration of ammonia pulses

Pulse NH3 concentration NH3 pulse length Time without Times
type (ppm) (min) NH3 (min) repeated

5/10 3000 5 10 3
5/5 2000 5 5 3
1/4 5000 1 4 5
5/1 1200 5 1 5
1/1 2000 1 1 5

1/0.5 1500 1 0.5 10
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250, or 300◦C, and thereafter flushed with Ar for 25 m
whereby the temperature was lowered to 50◦C. Finally, the
sample was exposed to 1000 ppm NOx (100% NO or 50%
NO + 50% NO2) and 10% O2 and the temperature wa
raised from 50 to 600◦C at 20◦C/min. The NH3 storage
capacity of the zeolite was determined by integrating the
monia MS signal. The stored amount of ammonia was c
pared with the reacted amount of NOx , determined from the
integrated NOx signal from the NOx analyser. In the secon
type of preadsorption experiments the sample was first s
rated with NH3 at 150, 200, or 300◦C, and thereafter flushe
with Ar for 15 min whereby the temperature was adjus
to 200◦C. Finally the sample was exposed to 1000 ppm
and 10% O2 at a constant temperature of 200◦C.

Some comments regarding the reactor system and
product gas analysis are necessary for the interpretatio
the results. Most important was the interference from N3
in the NO/NOx analyser resulting in a reduction of th
NOx signal when high amounts of both NOx and NH3 were
present in the gas feed. This is due to the fact that the SC
action occurs in the part of the instrument where NO2 is con-
verted to NO for NOx analysis. Empty reactor experimen
showed that a mixture of 1000 ppm NH3 and 1000 ppm NO
resulted in a decrease in the NOx signal corresponding t
140 ppm NOx . Experiments with only NH3 also showed tha
NH3 gave a contribution to the NOx signal of about 4–8% o
the NH3 concentration due to NH3 oxidation to NOx in the
same part of the NO/NOx instrument. It was further foun
that the empty reactor oxidised about 13% NO to NO2 likely
as a result of homogeneous and wall catalysed NO oxida
in the system. It is not clear exactly where in the sys
the oxidation occurred but it is probable that about half
amount was oxidised before and half after the reactor du
exposure to approximately equal lengths of room temp
steel pipes on each side of the reactor.

3. Results

3.1. Step response experiments

Fig. 1 shows the outlet concentrations of NO, NOx , N2O,
NH3, and H2O during step changes in the inlet concen
tions of NH3 and NOx (introduced as NO) for three differe
temperatures. The experiments started with a 30-min pe
where the inlet gas mixture contained NO, O2, and Ar. In
all three experiments the outlet NO concentration was lo
than the total NOx concentration, which is consistent wi
NO oxidation over the zeolite. It was also observed that
NO oxidation was higher for higher temperatures and in
cases the oxidation decreased slightly with time. After s
tracting the amount of NO that was oxidised in the unhea
steel pipes before and after the reactor (i.e., 13%), the
oxidation at the end of the 30-min NO step was estima
to be 16% at 200◦C, 23% at 250◦C, and 27% at 300◦C
of the total NOx concentration. After the first 30 min, NH3
-

f

-

was added to the gas feed resulting in a slow increase i
NH3 and H2O outlet concentrations and an immediate
crease in the NOx concentration going through a minimu
(for 250 and 300◦C) before levelling out at a new stea
state, with lower NO and NOx levels for higher tempera
tures. The continuous NOx reduction at the end of this ste
was 4% at 200◦C, 6% at 250◦C, and 18% at 300◦C af-
ter the NOx signals have been adjusted for the influence
NH3, as discussed in the experimental section. Conside
that the steady-state NOx signal between 40 and 60 min w
approximately 14% too low, due to the influence of NH3,
there was in fact a minimum in the outlet NOx concentra-
tion also in the 200◦C case. Most of the NH3 was adsorbed
in the zeolite during the first 5 min after ammonia was ad
to the feed and hence the NOx signal was only marginally in
fluenced by NH3 during the minimum. Analysis of the M
signal m/e = 30 confirmed that also the outlet NOx con-
centration at 200◦C increased after about 5 min, similar
the experiments performed at 250 and 300◦C. After 30 min
with only NH3 and O2 in the feed, NO was added to th
feed at 90 min in Fig. 1 and the steady-state conversion
rapidly reached for all three temperatures. When NH3 was
removed from the feed 30 min later (at 120 min in Fig.
there was a rapid decrease in the NO and NOx concentra-
tions at 300◦C, a somewhat slower decrease at 250◦C, and
markedly slower at 200◦C. At 200◦C an initial increase o
the NOx level seemed to precede the minimum. Howe
considering again that the NOx concentration was abou
14% higher just before the NH3 was turned off, it is obvi-
ous that there was no increase in NOx concentration. The
MS signalm/e = 30 also confirmed that the NOx concen-
tration started to decrease at the point where the NH3 supply
was switched off. The removal of NOx proceeded until the
NH3 concentration reached zero, whereupon the outlet Nx

concentration started to increase and finally reached the
NOx concentration. The NOx level at the minimum was 290
330, and 640 ppm for 300, 250, and 200◦C, respectively, and
the minimum was reached 2, 5, and 16 min, respectively
ter the NH3 was switched off. For all three experiments t
water concentration closely resembled the NOx removal pro-
file during this step. The NO concentration levels at the
of this step (at 150 min) were similar to the correspond
outlet NO concentrations at 30 min. In the sixth and fi
step, NH3 was added to the feed after 30 min with on
NO, which is equivalent to the second step. The outlet
and NOx concentration profiles during this step were alm
identical to the corresponding outlet concentration profi
during the second step.

The influence of the NO:NO2 ratio on the SCR reactio
is shown in Fig. 2, where the same experiments as show
Fig. 1 were performed at 250◦C for three different inlet NOx
compositions (i.e., 75% NO+ 25% NO2, 50% NO+ 50%
NO2, and 100% NO2). The highest steady-state SCR activ
was observed for equimolar amounts of NO and NO2 in the
feed, where the NOx conversion exceeded 90% (Fig. 2B
An interesting observation from this experiment was that
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Fig. 1. Step responses for outlet concentrations of NO (light grey curve), NOx (black curve), N2O (dark grey curve), NH3 (black curve), and H2O (grey) after
six different steps in inlet NH3 (dashed line) and NOx (dashed line) concentrations. The experiments were performed at 200, 250, and 300◦C by exposing
H–ZSM-5 for 0–1000 ppm NH3, 0–1000 ppm NO and 10% O2 with Ar as balance.
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maximum conversion was not obtained until approxima
10 min after NH3 was added to the feed. During this peri
the unreacted NH3 was accumulated in the zeolite, whic
was confirmed by MS analysis of them/e signal 17 and 18
showing no slip of NH3 at all. The SCR reaction continue
for a few minutes after NH3 was removed from the fee
(at 120 min in Fig. 2B), which also proves that NH3 was
accumulated in the zeolite during the SCR reaction. The
periment with only NO2 as the inlet NOx source (Fig. 2C)
showed relatively high conversion of NOx , but accompanied
by a high outlet concentration of N2O. The selectivity to
N2O, calculated as the formed amount of N2O in percent-
age of the reduced amount of NOx , was in this experimen
as high as 36%, compared to less than 5% for the experi
with equimolar amounts of NO and NO2. An increased ac
tivity upon removal of NH3 from the feed, similar to the cas
with 100% NO shown in Fig. 1, was only seen in the exp
ment where the inlet NOx consisted of 75% NO+ 25% NO2
(Fig. 2A).

3.2. Pulse response experiments

The effect of transient supply of NH3 for NOx reduction
was investigated in the second section of the experim
discussed above, by following the outlet NOx , NO, N2O,
NH3, and H2O concentrations during pulsing of the NH3
feed. The experiments were performed with constant i
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Fig. 2. Step responses for outlet concentrations of NO (light grey), NOx (black), N2O (dark grey curve), NH3 (black curve), and H2O (grey) after six different
steps in inlet NH3 (dashed line) and NOx (dashed line) concentrations. The experiments were performed at 250◦C by exposing H–ZSM-5 for 0–1000 ppm
NH3, 0–1000 ppm NOx and 10% O2 with Ar as balance. The inlet NOx consisted of (A) 75% NO+ 25% NO2, (B) 50% NO+ 50% NO2, and (C) 100%
NO2.
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NOx concentration for different NO:NO2 ratios and temper
atures. The pulse responses were investigated for diffe
pulse lengths and frequencies in the six sets of amm
pulse-cycles described in the experimental section. The
with 100% NO as the inlet NOx source is presented for 20
250, and 300◦C in Fig. 3. As observed in the step respon
experiments, it was clear that the SCR activity increa
faster with higher temperature. The average NOx reduction
and selectivity to N2O formation over the different sets
pulse cycles are summarised in Table 2, where the con
sions have been adjusted for the influence of NH3 on the
t

e

-

outlet NOx signal. It was shown in these experiments t
a transient supply of NH3 yields higher total NOx conver-
sion and less formation of N2O, compared to continuou
supply of NH3, for all temperatures and pulse types st
ied. The type of pulse that yielded the highest NOx reduction
depended on the temperature. The most pronounced d
ences between transient and continuous NH3 supply was ob-
served at 250◦C where transient supply of ammonia yield
a NOx reduction more than five times higher than a conti
ous NH3 supply for the pulse type 5 min with NH3 followed
by 10 min without NH3. During the longer pulse-cycles
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Fig. 3. Pulse responses for outlet concentrations of NO (light grey curve), NOx (black curve), N2O (dark grey curve), NH3 (black curve), and H2O (grey) for six sets of ammonia pulses (dashed grey line). The
experiments were performed at 200, 250, and 300◦C by exposing H–ZSM-5 for 0–5000 ppm NH3, 1000 ppm NO, and 10% O2 with Ar as balance. For pulse characteristics, see Table 1.
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Table 2
Average NOx reduction and N2O selectivity (formed N2O in percentage
of the reduced NOx ) for different temperatures and type of NH3 pulses.
The inlet NOx feed consisted of 100% NO and the outlet NOx signal were
adjusted for NH3 influence

Type of pulsea Temperature (◦C) Temperature (◦C)

200 250 300 200 250 30

NOx reduction (%) Selectivity to N2O (%)
5/10 16 33 28 0.9 0.7 2.9
5/5 11 27 41 0.6 1.1 3.4
1/4 17 30 56 0.5 1.2 1.9
5/1 7.1 11 27 0.6 3.1 8.8
1/1 10 16 30 0.4 2.2 8.6

1/0.5 10 13 25 0.4 2.0 10
Continuous 3.6 6.3 18 1.6 9.2 1

a 5/10 means 5 min with NH3 followed by 10 min without NH3.

250 and 300◦C, the same maximum conversion was reac
as when NH3 was removed from the feed in the step respo
experiments (at 120 min, Fig. 1). At 200◦C, however, the
time without NH3 supply was too short for maximum NOx
conversion to be reached for all pulse cycles. Another in
esting observation from the pulse experiments was tha
selectivity to N2O formation was lower for all pulse cycle
compared to continuous NH3 supply.

The effect of increasing the NO2 fraction of the supplied
NOx was investigated in the pulse response experiments
sented in Fig. 4. Increased total NOx reduction was observe
as a result of pulsing the NH3 supply in the case where th
inlet NOx consisted of 75% NO and 25% NO2 (Fig. 4A).
The improvement was, however, not as high as that
served with 100% NO. For equimolar amounts of NO a
NO2 in the feed (Fig. 4B), transient NH3 supply resulted in
a lower total NOx reduction, compared to continuous NH3
supply. The results from experiments performed at five t
peratures, 200, 250, 300, 400, and 500◦C, with equimolar
amounts of NO and NO2 as the NOx source are summarise
in Table 3, where the average NOx conversion and selectiv
ity to N2O formation are presented. It is clear that continu
NH3 supply resulted in the highest NOx conversion at al
temperatures and that increased temperature resulted
creased activity. The corresponding data for the case
100% NO2 as the NOx source are presented in Fig. 4C a
summarised for 200 and 250◦C in Table 4. Here a con
siderably higher selectivity to N2O formation was observe
compared to the corresponding experiment with equim
amounts of NO and NO2. For the case with only NO2 as the
NOx source the continuous NH3 supply showed the highe
NOx reduction activity in combination with the lowest N2O
selectivity compared to all pulse cycles.

3.3. Ammonia adsorption studies

The experiments where NH3 preadsorbed at 200, 25
and 300◦C reacted with NO and O2 during a subsequen
temperature ramp are presented in Fig. 5. The experim
showed that H–ZSM-5 preadsorbed with NH3 showed SCR
-

-

s

Table 3
Average NOx reduction and N2O selectivity (formed N2O in percentage o
the reduced NOx ) for different temperatures and type of NH3 pulses. The
inlet NOx feed consisted of 50% NO and 50% NO2

Type of pulsea Temperature (◦C) Temperature (◦C)

200 250 300 400 500 200 250 300 400 5

NOx reduction (%) Selectivity to N2O (%)
5/10 63 58 51 37 33 2.4 2.9 4.1 5.0 0
5/5 79 82 76 56 51 2.5 3.0 4.0 3.4 0
1/4 85 86 77 43 26 2.1 2.0 2.5 3.2 0
5/1 81 92 96 91 86 2.7 3.5 4.0 2.5 0
1/1 78 93 97 82 63 3.8 3.5 3.4 2.3 0

1/0.5 78 92 98 88 81 3.8 3.9 3.6 2.4 0
Continuous 81 92 98 99 99 3.4 4.7 4.4 3.2 1

a 5/10 means 5 min with NH3 followed by 10 min without NH3.

Table 4
Average NOx reduction and N2O selectivity (formed N2O in percentage o
the reduced NOx ) for different temperatures and type of NH3 pulses. The
inlet NOx feed consisted of 100% NO2

Type of pulsea Temperature (◦C) Temperature (◦C)

200 250 200 250

NOx reduction (%) Selectivity to N2O (%)
5/10 63 60 35 38
5/5 70 75 32 40
1/4 68 74 34 42
5/1 76 83 25 38
1/1 73 82 29 41

1/0.5 75 84 26 39
Continuous 77 86 20 37

a 5/10 means 5 min with NH3 followed by 10 min without NH3.

activity already at 50◦C, since the outlet NOx concentra-
tion (top graph) was lower than the inlet NOx concentration
(1000 ppm). Formation of N2 was observed in analysis
the MS signalm/e = 28, which also verified that the SC
reaction occurred. The figure also clearly shows that
NOx reduction activity of the zeolite was initially highe
with higher preadsorption temperature. As the tempera
increased, the NO reduction declined and reached a
imum in activity around 130◦C, in all three experiments
Thereafter, the activity increased again and passed thr
a maximum. The maximum appeared at the lowest t
perature for the experiments with NH3 preadsorbed at 25
and 300◦C. The highest maximum in activity was observ
in the experiment with NH3 preadsorbed at 200◦C, however,
the SCR activity remained very low after the minimum un
the temperature exceeded 200◦C. Above 200◦C ammonia
was found to desorb. The amount of desorbed NH3 was high-
est after preadsorption at 200◦C. When comparing the NO
and NOx signals in the three experiments in Fig. 5, it was
served that the NO signal was almost equal to the NOx signal
until no further NOx reduction was observed, indicating th
almost all NO2 formed reacted with adsorbed ammonia
til all ammonia was consumed. Thereafter, the NO respo
followed the same trend in all three experiments.

The same type of experiments was performed also
equimolar amounts of NO and NO2 as the NOx source
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Fig. 4. Pulse responses for outlet concentrations of NO (light grey), NOx (black), N2O (dark grey curve), NH3 (black curve), and H2O (grey) for six sets of ammonia pulses (dashed line). The experiments were
performed at constant temperature 250◦C exposing H–ZSM-5 for 0–5000 ppm NH3, 1000 ppm NO, and 10% O2 with Ar as balance. The inlet consisted of (A) 75% NO+ 25% NO2, (B) 50% NO+ 50% NO2,
and (C) 100% NO2. For pulse characteristics, see Table 1.
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Fig. 5. TPR profiles of NOx , NO, and NH3 after preadsorption of NH3 at
200, 250, and 300◦C for 1000 ppm NOx (= 1000 ppm NO) and 10% O2,
at a heating rate of 20◦C/min.

Fig. 6. TPR profiles of NOx and NO after preadsorption of NH3 at 200,
250, and 300◦C for 1000 ppm NOx (= 500 ppm NO+ 500 ppm NO2) and
10% O2, at a heating rate of 20◦C/min.

(Fig. 6). In these experiments a high NOx reduction activity
was observed already at the lowest temperature of the r
50◦C, which then decreased while the adsorbed amm
was consumed. In this case the initial NOx reduction activity
seemed to be less dependent on the NH3 preadsorption tem
perature. It was observed that the outlet NO concentra
was slightly lower than 50% of the total outlet NOx con-
centration, meaning that oxidation of NO occurred in
system. When the temperature exceeded 400◦C, the outlet
NO:NO2 ratio followed the thermodynamic equilibrium. A
150◦C, the NOx concentration levelled out temporarily
,

Fig. 7. Amount of adsorbed NH3 (black), amount of reduced NOx (grey)
and desorbed NH3 (white) during the temperature ramp in the experim
in Figs. 5 (left) and 6 (right).

Fig. 8. Reaction of 1000 ppm NO and 10% O2 at 200◦C over H–ZSM-5
preadsorbed with NH3 at 150, 200, and 300◦C.

the experiment with NH3 preadsorbed at 200◦C. This was
not observed when NH3 was preadsorbed at 300 or 250◦C.

In Fig. 7, the amounts of preadsorbed NH3 have been
calculated from the experiments in Figs. 5 and 6 and
compared with the amount of reduced NOx calculated from
the same experiments. The figure shows that when NH3 was
adsorbed at 250 and 300◦C, roughly 91% of the amount o
ammonia adsorbed reacted with the NOx . However, when
the NH3 was adsorbed at 200◦C the reacted amount of NOx
was approximately 20% less than the amount of adso
NH3. Ammonia desorption peaks starting at 200◦C were ob-
served by MS analysis ofm/e signals 17 and 18 (Fig. 5), an
the calculated amount of desorbed NH3 was in good agree
ment with the observed amount of unreacted NH3 (Fig. 7).

To further investigate the influence of adsorption te
perature, experiments were performed where NO and2
reacted at a constant temperature of 200◦C, with NH3 pread-
sorbed in the zeolite at three different temperatures:
200, and 300◦C (Fig. 8). A higher NOx reduction activity
was observed for the zeolite preadsorbed with NH3 at 300◦C



M. Wallin et al. / Journal of Catalysis 218 (2003) 354–364 363

im-
ly
e in

ent

ilar

he
t on
n
ds

rds
ill
-
ion

for
NH
ion.
y

re-

-
ss

in th

x-
me
tedt
t
nce,

kly
st
.
of

t

sites
of

the
an
s

t
d thus
kly

it
rsion
as
the
O

tion

h a
e.
rbed
or

o as
ore
gher
et al.

rma-
,

hen
uld

ity
d-
f

the

ce
ing
-
ble

-

n ex-

bly
H

mo-

-

compared to the other two experiments, which showed s
ilar activities. In the first few minutes the activity slight
increased in all three experiments and this slow increas
activity was comparable to the slow increase in NOx reduc-
tion after NH3 was removed in the step response experim
performed at 200◦C (at 30 min in Fig. 1). Additionally the
amount of reacted NO in these experiments was very sim
to the amount of preadsorbed NH3.

4. Discussion

The efficiency of zeolite H–ZSM-5 to catalyse t
NH3-SCR reaction was found to be strongly dependen
the relative ratio of NO and NO2 in the feed. The reactio
proceeded with high activity and low selectivity towar
N2O when equimolar amounts of NO and NO2 were used.
When NO was present in excess of NO2 the reaction pro-
ceeded much slower, although with a low selectivity towa
N2O, whereas when NO2 was in excess the activity was st
high, but the selectivity towards N2O formation was unde
sirably large. This is in agreement with the high format
of N2O previously reported for high amounts of NO2 over
zeolite-based catalysts [12,20]. It was further found that,
the cases when NO was in excess, a transient supply of3
increased the activity and selectivity of the SCR react
For these cases where NO2 was in excess of NO the activit
was however not improved and the selectivity towards N2O
was increased, with transient supply of ammonia. These
sults point towards the importance of the NO:NO2 balance
and confirm that the oxidation of NO to NO2 is the rate deter
mining step of the NH3-SCR reaction when NO is in exce
of NO2. The improvement by transient supply of NH3 in
these cases suggests that the presence of ammonia
zeolite hinders the oxidation of NO to NO2. Blocking the
sites for NO oxidation by ammonia is most likely the e
planation for this behaviour and it is plausible to assu
that the NO oxidation in the zeolite occurs at the Brøns
acid sites where NH3 adsorbs as NH4+ ions [21,22] and tha
NH3 adsorbs more strongly to these sites than NO. He
the NO oxidation declines when NH3 also is present in the
zeolite. Another explanation is that physisorbed or wea
bound NH3 blocks the oxidation sites. It is however mo
likely that adsorbed NH4+ ions hinder the NO oxidation
An indication of this is given by the step response study
NOx reduction at 300◦C (Fig. 1) where maximal NOx re-
duction was not obtained until 5 min after NH3 was removed
from the feed. Physisorbed NH3 is not likely to be presen
in the zeolite after this period and still the NOx reduction
increased. When no gas phase NH3 is present there will be
sites available for NO oxidation as soon as NH4

+ species are
consumed in the SCR reaction. An increased number of
available for NO oxidation will give an increased amount
NO2 and thus a higher activity for the SCR reaction until
amount of NH4

+ ions becomes limited. There was also
initial increase in NOx reduction during the first few minute
e

in the preadsorption experiments with subsequent NO+ O2
exposure at 200◦C, when no gaseous NH3 was present in
the feed. However, the increase in NOx reduction was no
as pronounced as in the step response experiments an
hindrance of the NO oxidation by physisorbed or wea
adsorbed NH3 is also likely to be of importance.

In the case with equimolar amounts of NO and NO2, how-
ever, physisorbed NH3 present in the zeolite did not inhib
the SCR reaction, since a very high steady-state conve
was observed already at 200◦C and the activity decreased
soon as NH3 was removed from the feed. This supports
oxidation of NO being the rate-determining step when N2
is deficient in the gas mixture.

Even though experiments showed a very high reduc
of equimolar amounts of NO and NO2 there was a time
delay for reaching maximal NOx reduction (Fig. 2B). One
explanation for this is that the SCR activity increases wit
higher amount of active NH4+ species present in the zeolit
Another explanation is that rearrangement of the adso
NH4

+ species into a more active form is rate limiting f
the SCR reaction. The adsorbed NH4

+ ions form either two
or three hydrogen bonds with the zeolite sites (referred t
2H and 3H, respectively) [23] where the 2H structure is m
stable at lower temperatures and the 3H structure at hi
temperatures. The 3H structure was suggested by Eng
to be the more active structure for NOx reduction [14]. It has
also been argued that the time delay may be due to the fo
tion of an intermediate NOx–NH4

+ complex [14]. However
after the period without NOx in the feed (Fig. 2) the NOx re-
duction maximum was achieved almost immediately w
NOx was added to the feed. The rate-limiting step sho
thus be related to the formation of the active NH4

+ species
and not to the formation of the NOx–NH4

+ complex.
According to the discussion about different SCR activ

between NH4+ coordinated in 2H and 3H structures, the a
sorption temperature for NH3 should influence the activity o
acidic zeolites. A higher initial NOx reduction activity was
indeed observed in the experiments where NH3 was pread-
sorbed at higher temperatures and NOx was added as NO
(see Figs. 5 and 8). However, this effect was not found in
experiment of equimolar addition of NO and NO2 (Fig. 6),
indicating that the type of coordination is of less importan
or that a restructuring of 3H to 2H occurs upon lower
the temperature to 50◦C. It points to the higher activity ob
served in Fig. 5 being due to a higher number of availa
oxidation sites after preadsorption of NH3 at higher temper
atures. However, a more favourable NH4

+ coordination with
higher adsorption temperature cannot be ruled out as a
planation for the higher SCR reaction at 200◦C (Fig. 8).

It was found in the TPR experiments that a considera
higher amount of NH3 was adsorbed than reacted when N3
was preadsorbed at 200◦C, compared to 250 and 300◦C. It
was also observed in the TPR experiment that with am
nia preadsorbed at 200◦C, the activity after the oxidation
minimum remained low below 200◦C (Fig. 5). These obser
vations support that the weakly bound NH3 does not react in
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the SCR reaction but hinders the NO oxidation. They
also in agreement with TPD results by Lónyi et al. [2
who showed that NH3 was bound to NH4+ species form-
ing NH4

+ (NH3)n after NH3 adsorption in H–ZSM-5 a
150◦C but not at 250◦C. In the present study it was fu
ther found that the amounts of reduced NOx and preadsorbe
NH3 were almost equal when NO and O2 reacted at 200◦C;
see Fig. 8. This observation suggests that it is possible
for the weakly bound NH3 to react at 200◦C, probably via
rearrangement into more active species.

Low temperature NH3-SCR activity of NOx over
H–ZSM-5 has previously been reported to show an o
mum around 30–40◦C in the temperature range of 0–100◦C
[17]. This is consistent with the minimum in NOx reduction
activity observed at 130◦C in the TPR experiments. Th
minimum is most likely related to the NO oxidation capa
ity of the zeolite since this minimum was not observed
the case with equimolar amounts of NO and NO2. The oxi-
dation of NO over H–ZSM-5 has previously been reporte
proceed via a minimum in the same temperature range
When the oxidation of NO increases after the minimum
increasing amount of NH4+ ions is consumed in the SC
reaction resulting in more available active sites for NO
idation, which further increases the SCR activity until
number of NH4

+ ions becomes limited and the SCR activ
decreases.

5. Concluding remarks

The effects of transient NH3 supply on the selective ca
alytic reduction of NOx over H–ZSM-5 were investigate
using flow reactor experiments between 200 and 500◦C.
With continuous NH3 supply the highest NH3-SCR activ-
ity was observed with equimolar amounts of NO and N2
in the feed. For inlet NO:NO2 molar ratios> 1, the activ-
ity for NOx reduction transiently increased when NH3 was
removed from the feed, and by pulsing NH3 to the feed the
activity for NOx reduction was enhanced up to five tim
compared to continuous supply of NH3. Also the selectivity
towards N2O formation was lower with transient supply
NH3. For NO:NO2 ratios� 1, however, the same experime
showed a decreased NOx reduction activity. The selectivit
towards N2O formation was also low for equimolar amoun
of NO and NO2 and high when the NOx was supplied a
NO2, independent of the pulse type. These results stro
indicate that the oxidation of NO is the rate-determining s
in the NH3-SCR reaction over H–ZSM-5 for NO:NO2 ra-
tios higher than one. The presence of NH3 in the zeolite was
concluded to suppress the activity for NO oxidation and c
sequently the SCR activity.

Temperature programmed reaction experiments
preadsorbed NH3 showed the highest initial NOx reduc-
tion activity after ammonia adsorption at high temperatu
From these results it was however not possible to conc
whether the high activity was a result of a higher num
of NO oxidation sites available or more favourably bou
NH3 present in the zeolite after preadsorption at high t
peratures. A minimum in the activity for NOx reduction was
observed at 130◦C independent of the ammonia preadso
tion temperature. The minimum is most likely connec
with the previously observed minimum in NO oxidation a
tivity over H–ZSM-5 around this temperature.
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