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Abstract

The effect of ammonia supply on the selective catalytic reduction of Br zeolite H-ZSM-5 was investigated using step response
experiments between 200 and 5@ For inlet NO:NQ ratios > 1, the activity for NQ reduction transiently increased when pli#as
removed from the feed. For NO:NQatios< 1, the NQ. reduction however decreased. By pulsing {\id the feed, the activity for NO
reduction was enhanced up to five times compared to continuous supply of ammonia. ForNatii©exceeding one, also the selectivity
towards NO formation was lower with transient ammonia supply. Temperature programmed reaction experiments with preadsgrbed NH
showed highest initial N@ reduction activity when ammonia had been adsorbed at 300 ot@%@mpared to 200C. A minimum in
NO reduction was observed at 130 independent of the ammonia adsorption temperature. For N@nsitibs > 1, the results strongly
indicate that NO oxidation is the rate determining step in the ammonia selective catalytic reductipS QW) reaction over H—ZSM-5.
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1. Introduction and the most commonly used catalysts are vanadia—titania-
based materials, which have high activity and selectivity

Today diesel and lean-burn engines are attractive alter-between 270 and 45C [2]. At temperatures higher than
natives to Otto engines due to lower fuel consumption and 420°C these materials catalyse the oxidation of J\by
hence lower emissions of GOHowever, a great disad- 0xygen, which lead to a loss in SCR activity [3]. Vanadia-
vantage with these alternatives is that they operate at highbased catalysts are also known to catalyse the oxidation
air-to-fuel ratios that give oxygen excess in the exhaust gasof SO, to SGs, which contributes to the formation of par-
and thus makes it difficult to reduce the NONO + NO») ticulates [3]. For applications in automotive exhaust after
formed during the combustion. Ammonia can act as a re- treatment systems, there has been significant interest in de-
ducing agent for NQ in oxygen excess and techniques for veloping catalysts that can operate in a wider temperature
adding ammonia to the exhaust gas in a controlled mannerrange from below 200C up to 600°C. Several studies have
are currently being developed. The use of ammoniato reducefocused on zeolite materials, which are typically active in
NO, is referred to as ammonia selective catalytic reduc- a wider temperature range and less of a disposal problem
tion (NH3-SCR) and is one of the most promising methods compared to poisonous vanadia-based materials. Although
for meeting the future legislation demands concerning NO most reports have been devoted to different ion exchanged
emissions from diesel vehicles [1]. The technique has beenzeolites [4—9], several authors have reported that zeolites in
commercially used for many years in stationary applications their acidic form, such as H—mordernite and H-ZSM-5, are

also active as NgtSCR catalysts, particularly at high tem-
T Comesbondi o peratures [10-16], but also under ambient conditions [17].
E—or:glsgggr&gr?ﬁlijliaglré@surfchem.chalmers.se (M. Wallin). Recently, very high NQ conversions have also beetn re-
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form [14,18]. In these reports it was observed that the NO of 100 ml/min was used in all experiments, corresponding
oxidation was suppressed when gaseous; Mids present  to a space velocity of 30,000°h. The composition of the
in the zeolite suggesting that oxidation of NO is the rate- gas at the reactor outlet was monitored continuously by a
determining step in the SCR reaction over acidic zeolites for quadrupole mass spectrometer (Balzers QMS 200). The ion
feeds with high NO content [16,19]. It has also been shown currents analysed weig/e = 17 (NHz, H20), 18 (H0),
that the SCR reaction with equimolar amounts of NO and 28 (N2, N2O), 30 (NO, NO, NGy), 40 (Ar), 44 (NO), and
NO; is much faster than with only NO and more selective 46 (NO;). These were measured every 22 s and fragmen-
than with only NQ over acidic zeolites [12]. tation patterns, determined experimentally from calibration

In the present investigation the selective catalytic reduc- gases, were used to quantitatively analyse the data. Some
tion of NO, was studied for different inlet NO:Nfratios of the mass spectrometer (MS) signals were too complex to
over zeolite H-ZSM-5 using transient ammonia supply to convert to concentrations due to cross sensitivities for dif-
limit the presence of gaseous Nlh the zeolite. Transient  ferent gases. This concerned especially the nitrogen oxides,
supply of NH; is expected to give higher activity for the oxi- and for these the MS data were only used for qualitative
dation of NO to NQ, which in turn should improve the total  analysis. Instead the outlet concentrations of nitrogen ox-
NO, reduction activity. Temperature programmed reaction ides were quantified using a chemiluminescence instrument
studies were performed to further investigate the role of the (CLD 700 EL th, TECAN) for NO and NQ detection and
temperature during adsorption of NHn order to reduce  an IR instrument (UNOR 6N, Maihak) for detection of®.
the complexity of the system and to understand the role of The gas flow into these instruments was diluted with air by a
ammonia, a reduced model gas composition was used confactor of 9.5 to comply with the operating conditions of the
taining only NO, NQ, NHgz, and Q. NO/NO, analyser. Prior to each experiment the zeolite was

pretreated with 10% &in Ar at 500°C for 20 min.
The effect of transient ammonia supply was investigated

2. Experimental methods for temperatures between 200 and 8Q0in a series of ex-
periments varying the NO:Nfratio between 100% NO,
2.1. Material 25% NO + 75% N, 50% NO + 50% NGO, and 100%

NO,. The experiments were divided in two sections. In the

A sample of H-ZSM-5 (EZ 476) was used as obtained first section step responses were studied for six different
from Eka Chemicals AB, Sweden. The Si@l>03 molar 30-min steps in N@Q and NH; concentration. In the sec-
ratio was determined to be 33.2 and the zeolite contained im-ond section the pulse responses for six types of ammonia
purities of iron, manganese, and titanium in amounts corre- pulses, varying in duration and concentration of ammonia,
sponding to 0.06 wt% FR©s3, 0.02 wt% MnO, and 0.02 wt%  were studied. The experiments were performed at constant
TiO2 as determined by X-ray fluorescence analysis accord-temperature (200-50C) and with a constant £concen-
ing to the supplier. The specific surface area of the zeolite tration of 10%. During the step response experiments the
was 358 m/g as determined by Nadsorption in accordance  NO, and NH; concentrations were 1000 ppm whenever in-
with the BET method using a Micromeretics ASAP 2010 in- troduced. In the subsequent pulse response experiments the

strument. NO, concentration was kept constant at 1000 ppm while the
ammonia was supplied as pulses according to Table 1. The
2.2. Catalytic test procedure ammonia concentration was adjusted so that the total amount

of ammonia was in stoichiometric proportion to the amount

The catalytic measurements were performed at atmo-of NO, over each cycle.
spheric pressure using 0.10 g of the zeolite powder. The sam- The adsorbed amount of ammonia was quantified at dif-
ple was placed on a small piece of quartz wool supported by ferent temperatures and subsequently reacted with &@
a porous quartz plate in a vertically mounted fixed bed quartz O, by either temperature programmed reaction (TPR) ex-
reactor (i.d. 7 mm). The same catalyst sample was used in allperiments or reaction at constant temperature. In the TPR
experiments. The temperature was measured using a thermoexperiments the zeolite was first saturated withsNi#t200,
couple inside the catalyst bed, and measured and controlled
by a thermocouple placed 6 mm after the catalyst bed. The . 1
heating unit consisted of a heating coil (1 mm diameter Kan- concentration and duration of ammonia pulses
thal wire) in direct contact with the reactor. The reactor and

Pulse NH; concentration NH pulse length  Time without  Times

heating coil were insulated by quartz wool and aluminum e (Ppm) (min) NH (min)  repeated
foil. Feed gases were mixed from Ar (99.998%, air liquid), 5/10 3000 5 10 3
(0] (99.95%, air quuid), NO (1.02% in Ar, air quuid), NO 5/5 2000 5 5 3
(4865 ppm in Ar, AGA), and NH (1.01% in Ar, AGA) and 1/4 5000 1 4 5
introduced to the reactor via individual mass flow controllers iﬁ ;(2)88 i 1 g
(Brooks). The inlet of NO was placed close to the reactor in- 105 1500 1 & 10

let to avoid oxidation of NO before the catalyst. A total flow
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250, or 300°C, and thereafter flushed with Ar for 25 min
whereby the temperature was lowered t6®60 Finally, the
sample was exposed to 1000 ppm NQ00% NO or 50%
NO + 50% NQ) and 10% Q and the temperature was
raised from 50 to 600C at 20°C/min. The NH; storage

capacity of the zeolite was determined by integrating the am-
monia MS signal. The stored amount of ammonia was com-

pared with the reacted amount of NQletermined from the
integrated NQ signal from the NQ analyser. In the second
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was added to the gas feed resulting in a slow increase in the
NH3 and HO outlet concentrations and an immediate de-
crease in the NQconcentration going through a minimum
(for 250 and 300C) before levelling out at a new steady
state, with lower NO and NQlevels for higher tempera-
tures. The continuous NCOreduction at the end of this step
was 4% at 200C, 6% at 250C, and 18% at 300C af-

ter the NQ signals have been adjusted for the influence of
NHs;, as discussed in the experimental section. Considering

type of preadsorption experiments the sample was first satu-that the steady-state NGignal between 40 and 60 min was

rated with NH at 150, 200, or 300C, and thereafter flushed

approximately 14% too low, due to the influence of fH

with Ar for 15 min whereby the temperature was adjusted there was in fact a minimum in the outlet N@oncentra-
to 200°C. Finally the sample was exposed to 1000 ppm NO tion also in the 200C case. Most of the Nkiwas adsorbed

and 10% Q at a constant temperature of 20D.

in the zeolite during the first 5 min after ammonia was added

Some comments regarding the reactor system and theto the feed and hence the N®Gignal was only marginally in-
product gas analysis are necessary for the interpretation offluenced by NH during the minimum. Analysis of the MS

the results. Most important was the interference frongNH
in the NO/NO, analyser resulting in a reduction of the
NO, signal when high amounts of both N@nd NH; were

signalm/e = 30 confirmed that also the outlet NQon-
centration at 200C increased after about 5 min, similar to
the experiments performed at 250 and 3Q0After 30 min

presentinthe gas feed. This is due to the fact that the SCR re-with only NH3 and Q in the feed, NO was added to the

action occurs in the part of the instrument wheresN€Ocon-
verted to NO for NQ analysis. Empty reactor experiments
showed that a mixture of 1000 ppm Ntdnd 1000 ppm NO
resulted in a decrease in the NG®ignal corresponding to
140 ppm NQ. Experiments with only Nglalso showed that
NH3 gave a contribution to the NGsignal of about 4—-8% of
the NH; concentration due to Ngdoxidation to NQ in the
same part of the NENO, instrument. It was further found
that the empty reactor oxidised about 13% NO toNikely

feed at 90 min in Fig. 1 and the steady-state conversion was
rapidly reached for all three temperatures. WhensN¥4s
removed from the feed 30 min later (at 120 min in Fig. 1),
there was a rapid decrease in the NO and,N©Oncentra-
tions at 300C, a somewhat slower decrease at 260and
markedly slower at 200C. At 200°C an initial increase of
the NO, level seemed to precede the minimum. However,
considering again that the NCconcentration was about
14% higher just before the NHwas turned off, it is obvi-

as a result of homogeneous and wall catalysed NO oxidationous that there was no increase in N€@oncentration. The
in the system. It is not clear exactly where in the system MS signalm /e = 30 also confirmed that the NGconcen-
the oxidation occurred but it is probable that about half the tration started to decrease at the point where the Slipply
amount was oxidised before and half after the reactor due towas switched off. The removal of NQproceeded until the
exposure to approximately equal lengths of room tempered NH3 concentration reached zero, whereupon the outlet NO

steel pipes on each side of the reactor.

3. Results
3.1. Sep response experiments
Fig. 1 shows the outlet concentrations of NO, N®,0,

NH3z, and HO during step changes in the inlet concentra-
tions of NHs and NG, (introduced as NO) for three different

concentration started to increase and finally reached the inlet
NO, concentration. The NQlevel at the minimum was 290,
330, and 640 ppm for 300, 250, and 2@ respectively, and

the minimum was reached 2, 5, and 16 min, respectively, af-
ter the NH was switched off. For all three experiments the
water concentration closely resembled the,N@moval pro-

file during this step. The NO concentration levels at the end
of this step (at 150 min) were similar to the corresponding
outlet NO concentrations at 30 min. In the sixth and final
step, NH was added to the feed after 30 min with only

temperatures. The experiments started with a 30-min periodNO, which is equivalent to the second step. The outlet NO

where the inlet gas mixture contained NOz,@nd Ar. In

and NQ concentration profiles during this step were almost

all three experiments the outlet NO concentration was lower identical to the corresponding outlet concentration profiles

than the total NQ concentration, which is consistent with

NO oxidation over the zeolite. It was also observed that the

during the second step.
The influence of the NO:N®ratio on the SCR reaction

NO oxidation was higher for higher temperatures and in all is shown in Fig. 2, where the same experiments as shown in

cases the oxidation decreased slightly with time. After sub-

Fig. 1 were performed at 25 for three differentinlet NQ

tracting the amount of NO that was oxidised in the unheated compositions (i.e., 75% N@- 25% NG, 50% NO+ 50%
steel pipes before and after the reactor (i.e., 13%), the NONO,, and 100% N@). The highest steady-state SCR activity
oxidation at the end of the 30-min NO step was estimated was observed for equimolar amounts of NO andbNiothe

to be 16% at 200C, 23% at 250C, and 27% at 300C
of the total NQ concentration. After the first 30 min, NH

feed, where the N conversion exceeded 90% (Fig. 2B).
An interesting observation from this experiment was that the
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Fig. 1. Step responses for outlet concentrations of NO (light grey curve),(Nlack curve), NO (dark grey curve), Nhl(black curve), and KO (grey) after
six different steps in inlet NKl (dashed line) and NQ(dashed line) concentrations. The experiments were performed at 200, 250, & Bp@xposing
H—ZSM-5 for 0—1000 ppm Nk 0—-1000 ppm NO and 10%JQwith Ar as balance.

maximum conversion was not obtained until approximately as high as 36%, compared to less than 5% for the experiment
10 min after NH was added to the feed. During this period with equimolar amounts of NO and NOAn increased ac-

the unreacted Niiwas accumulated in the zeolite, which tivity upon removal of NH from the feed, similar to the case
was confirmed by MS analysis of the/e signal 17 and 18 ~ With 100% NO shown in Fig. 1, was only seen in the experi-
showing no slip of NH at all. The SCR reaction continued Mentwhere the inlet NOconsisted of 75% NGQ- 25% NO

for a few minutes after Nkl was removed from the feed (Fig. 2A).

(at 120 min in Fig. 2B), which also proves that jlias
accumulated in the zeolite during the SCR reaction. The ex-

periment with only NQ as the inlet NQ source (Fig. 2C) The effect of transient supply of N&for NO, reduction
showed relatively high conversion of NCbut accompanied  was investigated in the second section of the experiments
by a high outlet concentration of J®. The selectivity to discussed above, by following the outlet NONO, N,O,
N2O, calculated as the formed amount ofin percent- NH3z, and HO concentrations during pulsing of the HH
age of the reduced amount of NQOwas in this experiment  feed. The experiments were performed with constant inlet

3.2. Pulse response experiments
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Fig. 2. Step responses for outlet concentrations of NO (light grey), (iack), NbO (dark grey curve), Nkl (black curve), and KO (grey) after six different
steps in inlet NH (dashed line) and NQ(dashed line) concentrations. The experiments were performed &C2b§ exposing H-ZSM-5 for 0—1000 ppm
NHs3, 0—-1000 ppm NQ@ and 10% @ with Ar as balance. The inlet NOconsisted of (A) 75% NG 25% NGO, (B) 50% NO+ 50% NGOy, and (C) 100%
NO».

NO, concentration for different NO:N£&ratios and temper-  outlet NO; signal. It was shown in these experiments that
atures. The pulse responses were investigated for differenta transient supply of Nglyields higher total N@ conver-
pulse lengths and frequencies in the six sets of ammoniasion and less formation of XD, compared to continuous
pulse-cycles described in the experimental section. The casesupply of NH;, for all temperatures and pulse types stud-
with 100% NO as the inlet NQsource is presented for 200, ied. The type of pulse that yielded the highest,N@duction
250, and 300C in Fig. 3. As observed in the step response depended on the temperature. The most pronounced differ-
experiments, it was clear that the SCR activity increased ences between transient and continuous Nithply was ob-
faster with higher temperature. The average,N€duction served at 250C where transient supply of ammonia yielded
and selectivity to MO formation over the different sets of a NO, reduction more than five times higher than a continu-
pulse cycles are summarised in Table 2, where the conver-ous NH; supply for the pulse type 5 min with Nf-followed
sions have been adjusted for the influence ofsNii the by 10 min without NH. During the longer pulse-cycles at
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Table 2 Table 3

Average NQ reduction and MO selectivity (formed MO in percentage Average NQ reduction and MO selectivity (formed MO in percentage of

of the reduced NQ) for different temperatures and type of Nhbulses. the reduced NQ) for different temperatures and type of Nigulses. The

The inlet NQ; feed consisted of 100% NO and the outlet N€ignal were inlet NO, feed consisted of 50% NO and 50% NO

adjusted for Ni influence Type of pulsé TemperatureC) Temperature®C)

Type of pulsé TemperatureC) Temperature®C) 200 250 300 400 500 200 250 300 400 500

200 250 300 200 250 300 NO, reduction (%) Selectivity to PO (%)
NOy reduction (%) Selectivity to BO (%) 5/10 63 58 51 37 33 24 29 41 50 06

5/10 16 33 28 0.9 0.7 2.9 5/5 79 8 76 56 51 25 3.0 40 34 03
5/5 11 27 41 0.6 1.1 3.4 1/4 85 86 77 43 26 21 20 25 32 05
1/4 17 30 56 0.5 1.2 1.9 5/1 81 92 96 91 86 27 35 40 25 02
5/1 7.1 11 27 0.6 31 8.8 1/1 78 93 97 82 63 38 35 34 23 0.2
1/1 10 16 30 0.4 2.2 8.6 1/0.5 78 92 98 88 81 38 39 36 24 02
1/0.5 10 13 25 0.4 2.0 10 Continuous 81 92 98 99 99 34 47 44 32 10

Continuous 3.6 6.3 18 1.6 9.2 17
@ 5/10 means 5 min with Ngifollowed by 10 min without NH.

@ 5/10 means 5 min with Nkifollowed by 10 min without NH.

Table 4
250 and 300C, the same maximum conversion was reached Average NQ reduction and MO selectivity (formed MO in percentage of
as when NH was removed from the feed in the step response the reduced N@) for different temperatures and type of Nigulses. The
. . . i i 0,
experiments (at 120 min, Fig. 1). At 20G, however, the M€t NOx feed consisted of 100% NO

time without NH; supply was too short for maximum NO  Type of pulsé Temperature?C) Temperature°C)
conversion to be reached for all pulse cycles. Another inter- 200 250 200 250
esting observation from the pulse experiments was that the NO reduction (%) Selectivity to DO (%)
selectivity to NO formation was lower for all pulse cycles 5/10 63 60 35 38
compared to continuous NHsupply. 5/5 70 s 82 40
. . . . 1/4 68 74 34 42

The effect of increasing the NQraction of the supplied 5/1 76 83 o5 38
NO, was investigated in the pulse response experiments pre- 1,3 73 82 29 41
sented in Fig. 4. Increased total N@duction was observed 1/0.5 75 84 26 39
as a result of pulsing the Nf-supply in the case where the  Continuous 77 86 20 37
inlet NO, consisted of 75% NO and 25% NQFig. 4A). a 5/10 means 5 min with Ngifollowed by 10 min without NH.

The improvement was, however, not as high as that ob-

served with 100% NO. For eqUimOlar amounts of NO and activity a|ready at 50C, since the outlet NQ concentra-
NO; in the feed (Fig. 4B), transient Ng-supply resulted in  tjon (top graph) was lower than the inlet N@oncentration

a lower total NQ reduction, compared to continuous BH (1000 ppm). Formation of Nwas observed in analysis of
supply. The results from experiments performed at five tem- the MS signaln /e = 28, which also verified that the SCR
peratures, 200, 250, 300, 400, and 8GQ with equimolar  reaction occurred. The figure also clearly shows that the
amounts of NO and N@as the NQ source are summarised NO, reduction activity of the zeolite was initially higher

in Table 3, where the average N@onversion and selectiv-  with higher preadsorption temperature. As the temperature
ity to NoO formation are presented. Itis clear that continuous increased, the NO reduction declined and reached a min-
NH3z supply resulted in the highest NGronversion at all  jmum in activity around 130C, in all three experiments.
temperatures and that increased temperature resulted in inThereafter, the activity increased again and passed through
creased activity. The corresponding data for the case witha maximum. The maximum appeared at the lowest tem-
100% NG as the NQ source are presented in Fig. 4C and perature for the experiments with Nhpreadsorbed at 250
summarised for 200 and 28Q in Table 4. Here a con-  and 300°C. The highest maximum in activity was observed
siderably higher selectivity to XD formation was observed in the experimentwith Nklpreadsorbed at 20@, however,
compared to the corresponding experiment with equimolar the SCR activity remained very low after the minimum until
amounts of NO and N@ For the case with only Npas the  the temperature exceeded 2@ Above 200C ammonia
NO, source the continuous Nfsupply showed the highest  was found to desorb. The amount of desorbedMs high-

NO, reduction activity in combination with the lowest® est after preadsorption at 200. When comparing the NO

selectivity compared to all pulse cycles. and NQ: signals in the three experimentsin Fig. 5, it was ob-
served that the NO signal was almost equal to the Ki@nal

3.3. Ammonia adsorption studies until no further NQ: reduction was observed, indicating that

almost all NQ formed reacted with adsorbed ammonia un-
The experiments where NHpreadsorbed at 200, 250, til all ammonia was consumed. Thereafter, the NO response
and 300C reacted with NO and ©during a subsequent followed the same trend in all three experiments.
temperature ramp are presented in Fig. 5. The experiments The same type of experiments was performed also for
showed that H-ZSM-5 preadsorbed with Nshowed SCR equimolar amounts of NO and NCas the NQ source
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the experiment with Nkl preadsorbed at 20@. This was
not observed when Nilwas preadsorbed at 300 or 250D.

In Fig. 7, the amounts of preadsorbed NHave been
calculated from the experiments in Figs. 5 and 6 and are
compared with the amount of reduced N€alculated from
the same experiments. The figure shows that whep Wb
adsorbed at 250 and 30Q, roughly 91% of the amount of
ammonia adsorbed reacted with the N®lowever, when
the NHz was adsorbed at 20C the reacted amount of NO
was approximately 20% less than the amount of adsorbed

was observed already at the lowest temperature of the rampNH3z. Ammonia desorption peaks starting at 2@were ob-
50°C, which then decreased while the adsorbed ammoniaserved by MS analysis af /e signals 17 and 18 (Fig. 5), and

was consumed. In this case the initial Nf@duction activity

seemed to be less dependent on the; lHeadsorption tem-
perature. It was observed that the outlet NO concentration

was slightly lower than 50% of the total outlet N@on-

the calculated amount of desorbed fWas in good agree-
ment with the observed amount of unreactedsNHg. 7).

To further investigate the influence of adsorption tem-
perature, experiments were performed where NO apd O

centration, meaning that oxidation of NO occurred in the reacted at a constant temperature of 200with NHz pread-

system. When the temperature exceeded°@)@he outlet

NO:NO; ratio followed the thermodynamic equilibrium. At
150°C, the NQ. concentration levelled out temporarily in

sorbed in the zeolite at three different temperatures: 150,
200, and 300C (Fig. 8). A higher NQ reduction activity
was observed for the zeolite preadsorbed withgdH300°C
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compared to the other two experiments, which showed sim- in the preadsorption experiments with subsequentNO»
ilar activities. In the first few minutes the activity slightly exposure at 200C, when no gaseous NHvas present in
increased in all three experiments and this slow increase inthe feed. However, the increase in N@duction was not
activity was comparable to the slow increase in,N@duc- as pronounced as in the step response experiments and thus
tion after NH was removed in the step response experiment hindrance of the NO oxidation by physisorbed or weakly
performed at 200C (at 30 min in Fig. 1). Additionally the  adsorbed NHlis also likely to be of importance.
amount of reacted NO in these experiments was very similar  In the case with equimolar amounts of NO and NGow-
to the amount of preadsorbed NH ever, physisorbed Nfipresent in the zeolite did not inhibit
the SCR reaction, since a very high steady-state conversion
was observed already at 200 and the activity decreased as
4. Discussion soon as NH was removed from the feed. This supports the
oxidation of NO being the rate-determining step whern,NO
The efficiency of zeolite H-ZSM-5 to catalyse the is deficientin the gas mixture.
NH3-SCR reaction was found to be strongly dependent on  Even though experiments showed a very high reduction
the relative ratio of NO and N&in the feed. The reaction  of equimolar amounts of NO and NGhere was a time
proceeded with high activity and low selectivity towards delay for reaching maximal NOreduction (Fig. 2B). One
N2O when equimolar amounts of NO and h@ere used.  explanation for this is that the SCR activity increases with a
When NO was present in excess of N@e reaction pro-  higher amount of active Nk species present in the zeolite.
ceeded much slower, although with a low selectivity towards Another explanation is that rearrangement of the adsorbed
N>O, whereas when NOwas in excess the activity was still  NH4* species into a more active form is rate limiting for
high, but the selectivity towardsJ 0 formation was unde-  the SCR reaction. The adsorbed NHons form either two
sirably large. This is in agreement with the high formation or three hydrogen bonds with the zeolite sites (referred to as
of N2O previously reported for high amounts of N@ver 2H and 3H, respectively) [23] where the 2H structure is more
zeolite-based catalysts [12,20]. It was further found that, for stable at lower temperatures and the 3H structure at higher
the cases when NO was in excess, a transient supply gf NH temperatures. The 3H structure was suggested by Eng et al.
increased the activity and selectivity of the SCR reaction. to be the more active structure for N@duction [14]. It has
For these cases where N@as in excess of NO the activity  also been argued that the time delay may be due to the forma-
was however not improved and the selectivity toward®©N  tion of an intermediate NG-NH,+ complex [14]. However,
was increased, with transient supply of ammonia. These re-after the period without NQin the feed (Fig. 2) the NOre-
sults point towards the importance of the NO:NRalance duction maximum was achieved almost immediately when
and confirm that the oxidation of NO to N@s the rate deter-  NO, was added to the feed. The rate-limiting step should
mining step of the NI3-SCR reaction when NO is in excess thus be related to the formation of the active NHspecies
of NOy. The improvement by transient supply of Kkh and not to the formation of the N&NH;* complex.
these cases suggests that the presence of ammonia in the According to the discussion about different SCR activity
zeolite hinders the oxidation of NO to NOBlocking the between NH* coordinated in 2H and 3H structures, the ad-
sites for NO oxidation by ammonia is most likely the ex- sorptiontemperature for Ndshould influence the activity of
planation for this behaviour and it is plausible to assume acidic zeolites. A higher initial NQreduction activity was
that the NO oxidation in the zeolite occurs at the Brgnstedt indeed observed in the experiments wheresN¥4s pread-
acid sites where Ngladsorbs as Nii" ions [21,22] and that ~ sorbed at higher temperatures and ,N@as added as NO
NH3 adsorbs more strongly to these sites than NO. Hence,(see Figs. 5 and 8). However, this effect was not found in the
the NO oxidation declines when NHilso is present in the  experiment of equimolar addition of NO and N{Fig. 6),
zeolite. Another explanation is that physisorbed or weakly indicating that the type of coordination is of less importance
bound NH blocks the oxidation sites. It is however most or that a restructuring of 3H to 2H occurs upon lowering
likely that adsorbed Nk ions hinder the NO oxidation. the temperature to 5. It points to the higher activity ob-
An indication of this is given by the step response study of served in Fig. 5 being due to a higher number of available
NO, reduction at 300C (Fig. 1) where maximal NQre- oxidation sites after preadsorption of NIt higher temper-
duction was not obtained until 5 min after NMas removed atures. However, a more favourable NHcoordination with
from the feed. Physisorbed NHs not likely to be present  higher adsorption temperature cannot be ruled out as an ex-
in the zeolite after this period and still the N@eduction planation for the higher SCR reaction at 2@(Fig. 8).
increased. When no gas phase Bl present there will be It was found in the TPR experiments that a considerably
sites available for NO oxidation as soon as{Ntspeciesare  higher amount of Ngwas adsorbed than reacted whenf\NH
consumed in the SCR reaction. An increased number of siteswas preadsorbed at 20Q, compared to 250 and 300. It
available for NO oxidation will give an increased amount of was also observed in the TPR experiment that with ammo-
NO> and thus a higher activity for the SCR reaction until the nia preadsorbed at 20C, the activity after the oxidation
amount of NH* ions becomes limited. There was also an minimum remained low below 20 (Fig. 5). These obser-
initial increase in NQ reduction during the first few minutes  vations support that the weakly bound Bl&ibes not react in
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the SCR reaction but hinders the NO oxidation. They are whether the high activity was a result of a higher number
also in agreement with TPD results by Lonyi et al. [24], of NO oxidation sites available or more favourably bound
who showed that Nglwas bound to Ni™ species form- NH3 present in the zeolite after preadsorption at high tem-
ing NHs*™ (NH3), after NH; adsorption in H-ZSM-5 at  peratures. A minimum in the activity for NOreduction was
150°C but not at 250C. In the present study it was fur- observed at 13%C independent of the ammonia preadsorp-
ther found that the amounts of reduced Néhd preadsorbed  tion temperature. The minimum is most likely connected
NH3 were almost equal when NO ang @acted at 200C; with the previously observed minimum in NO oxidation ac-
see Fig. 8. This observation suggests that it is possible alsativity over H—-ZSM-5 around this temperature.

for the weakly bound Nglto react at 200C, probably via

rearrangement into more active species.

Low temperature NBSCR activity of NQ over

H-ZSM-5 has previously been reported to show an opti-

mum around 30—4%C in the temperature range of 011D
[17]. This is consistent with the minimum in NGeduction
activity observed at 130C in the TPR experiments. The
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