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Abstract

The effect of pretreatment conditions on theQddecomposition activity of Fe-ZSM-5 prepared by chemical vapor deposition (CVD)
was studied by steady-state kinetics and step-response experiments. Pretreatment at 830K Hte bignificantly increased theol-
decomposition activity of Fe-ZSM-5 CVD. In addition to the increased steady-state activity, the catalyst exhibited a very high initial activity
in the step-response experiments, which slowly decayed to steady state. This “transient” activity was particularly high after pretreatment of
the samples in He, whereas it vanished completely after pretreatmentan €posure to water vapor. This led to the conclusion that the
transient activity is related to strongly dehydroxylatedFsites created by autoreduction at high temperatures. On the basis of isotope-
labeling data a mechanism forR decomposition is proposed. The first step is the reaction®f méth N,O to give a FET—O~ species,
which quickly transforms into a F&—peroxo complex. Desorption ofsbccurs upon reaction of the £8-0,2— complex with another
N>O molecule (mainly during the transient) or via the recombination of two peroxo species after their migration over the iron oxide cluster
(mainly during steady state).

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction at high temperatures. It is formed by reaction of the catalyst
with N2O at temperatures around 523 K

In the 1990s Panov and co-workers discovered that the* + N2O — Nz 4 % =O,.

interaction of NO with iron zeolites generates highly active The structure of the active oxygen species on the catalyst
surface oxygen species, calleebxygen[1]. «-Oxygenhas g tace is still subject to debate. A Méssbauer study sug-

a high reactivity for the oxidation of CO and GHs well as gested thai-oxygen is an O radical bound to a binuclear
for oxygen isotope exchange already at moderate temperasj g, cluster4]

tures[2,3]. It is thought to be the active species in®lde-
composition and in the selective oxidation of benzene to phe- Fe?*—u-(OH)-F&* + N,0
nol over Fe-ZSM-5. The high selectivity (close to 100%) in — O™ -F&*—u-(OH)-F&*- 0.
the oxidation of benzene, which is achieved wittoxygen, Since a structural identification is difficul-oxygen is
stimulated much research on iron zeolitesOxygen was usually characterized by reactivity tests. The existence of
first detected on samples prepared by hydrothermal synthe-active surface oxygen species on iron zeolites, which react
sis of [Fe]-ZSM-5, followed by calcination and/or steaming With CO or!80; at low temperatures, was confirmed in sev-
eral publication$5,6].
A popular preparation method of iron zeolites is the
* Corresponding author. Fax: +41-1-632-1162. chemical vapor deposition (CVD) of anhydrous Fedihis
E-mail address: pirngruber@chem.ethz.qi®.D. Pirngruber). method leads to an overexchanged iron zeolite with a high

0021-9517/$ — see front mattét 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.07.004


http://www.elsevier.com/locate/jcat
mailto:pirngruber@chem.ethz.ch

P.K. Roy, G.D. Pirngruber / Journal of Catalysis 227 (2004) 164-174 165

iron loading (F¢Al ~ 1) [7,8]. Fe-ZSM-5 CVD has at- 2.2. Catalytic tests

tracted attention as a very effective catalyst for the decom-

position of NO [9—-11]. It is also active in the oxidation of N2O decomposition was carried out in the temperature
benzene to phenol, but its selectivity is moderate comparedrange 573 to 798 K, using a standard flow reactor. The flow
to the Panov-type catalysis2,13] CVD catalysts are quite  over the reactor was always kept at 50yae/min, corre-
different from those described by Panov and co-workers, duesponding to a GHS\= 40,000 it1; 2500 ppm NO in He

to the much higher iron loading and the different method was used as feed gas. An amount of 50 mg pelletized cata-
of iron incorporation. The question arises whetlarxygen lyst (mesh size 250-300 um) was used for all catalytic tests.
species can also be formed on the CVD catalysts. We inves-The catalyst bed was locatéuthe middle part of a quartz
tigated the mechanism ofJ®-decomposition on Fe-ZSM-5  tube reactor with 4 mm inner diameter and was held in place
CVD catalysts in detail14,15] but evidence for highly re-  with quartz wool. The catalyst was pretreated with 10% O
active surface oxygen species could not be found. It mustin He for 1 h at 773 K in order to remove adsorbed hydro-
be stressed that the Fe-ZSM-5 CVD catalysts used in thesecarbons. Gas chromatography was used to detecNpO,
studies were never pretreatatl temperatures higher than and Q.

673 K, except for the original calcination inoGt 773 K.

Jia et al. reported that active surface oxygen species were2.3. Sep-response experiments

only formed on Fe-ZSM-5 CVD if the catalyst was treated

in Hy or vacuum at temperatures above 87R.K]. Zhu et al. For the step-response experiment 50 mg of pelletized cat-
detected a very small concentrationeskites on Fe-ZSM-  alyst (mesh size 250-300 um)a®/ placed in between two

5 CVD, which increased significantly after calcinations or pieces of quartz wool in a quanteactor with 4 mm inner di-
steaming at 973 K12]. These results indicate that treat- ameter. The catalyst was pretreated with 10%iOHe for
ments at high temperatures are required to create active oxy-1 h at 773 K in order to remove adsorbed hydrocarbons and
gen species on Fe-ZSM-5 CVD. We therefore decided to then with 20% H in He, pure He, or water vapor at the de-
study the effect of such high-temperature pretreatments onsired temperature. Before changing toQ\ the reactor was
the reactivity of Fe-ZSM-5 CVD toward $D in more de- flushed with pure He for about 5 min. Then the inlet stream
tail. Step-response experiments and isotope labeling werewas changed to 5000 ppmp® in He by switching a 4-port
employed to study the dynamic behavior of the surface oxy- electronic valve. NO decomposition was followed for about

gen species in the system. 45-60 min and finally the inlet stream was switched back to
pure He. All the step-response measurements were done at
673 K.

2. Experimental For exposure to water vapor, the catalyst was pretreated
at 873 K with pure He or with 20% iin He for 1 h and then

2.1. Preparation of catalyst cooled down to 573 K in same flow. Then the catalyst was

treated with 13 mbar water vapor, which was administered

A Na-ZSM-5 sample was kindly provided by Zeo- through a saturator, at 573 K ferl h. Finally the catalyst
chem AG (Na-ZSM-5 Zeocat PZ-2/40, /3l = 25). The was heated to 673 K in pure He.
H-ZSM-5 was obtained after thefold ion exchange with a The gas flow rate over the reactor was always kept at
1 M aqueous solution of NfJNO3 at room temperature, fol- 25 miytp/min, corresponding to GHS¥ 20,000 ht. The
lowed by calcination in @at 773 K. The iron exchange was outlet gas mixture was analyzed by using a quadrupole mass
carried out by CVD of anhydrous Fefcbn H-ZSM-5 in a spectrometer with mass fragmentige = 4 (He), 28 (N and
flow of N2 at 593 K, as described by Chen and Sachiigr N20), 32 (), and 44 (NO). He (/e = 4) was used for
A U-shaped tubular quartz reactcontaining the H-ZSM-5  normalization of the signals. Time resolution was 4 s.
and anhydrous Fegjlseparated by a frit, was used. First the
H-ZSM-5 was loaded in theeactor and calcined in a flow  2.4. Isotope exchange and N2O treatment
of O, at 773 K to remove the residual water adsorbed on the
surface. The reactor was then closed and transferred to the Fifty milligrams of pelletized catalyst (mesh size 250—
glove box to load anhydrous FeGind subsequently heated 300 um) was placed in a quartz reactor of 4 mm inner di-
in a furnace at 593 K (2 Kmin) under ¢ flow for 3 h. The ameter. The catalyst was first pretreated in a mixture of 10%
reactor was allowed to cool to ambient temperature under theO, in He for 30 min at 673 K in order to remove adsorbed
same gas flow. Finally the sample was washed with deion- hydrocarbons. In order to incorporaf0, the catalyst was
ized water until no Ct ions were detected using a Ag¥O  reduced with 20% kLl in He for 1 h and subsequently re-
solution. Then the sample was dried in air and finally cal- oxidized by a step from He to 1980, in He (93%180,
cined in a flow of Q at 773 K (1 K/min) for 2 h. Elemental Eurisotop) at 673 K. After 30 min at 673 K, the catalyst
analysis by AAS revealed that the /d ratio of the catalyst ~ was heated to 873 K in 1980, in He and kept in*20,
was 1.1 (4.5 wt% Fe), corresponding to the exchange of onefor 5 min and then for one more hour in He at that tem-
iron per Brgnsted acid si{]. perature. After cooling to 673 K a pulse of 1% CO in He
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was given (0.2 umol CO, C@e= 0.005). The pulse of CO  Table 1
served to determine the concentration of labeled oxygen onActivation energy £a) and rate constank(,0) for NO decomposition at

the catalyst surfacil7]. Then a step to 5000 ppmzi® in 698 K after various pretreatments

He was performed. pO decomposition was followed for  Catalyst Pretreatment method kn,0® Eq (k/mol)®
about 1.5 h and finally the inlet stream was switched back He-773 773 K in pure He 14 139

to pure He. The gas flow rate over the reactor was kept atHe-873 873 K in pure He 30 129

25 miytp/min, corresponding to GHS¥ 20,000 irt. The Hp-773 773 Kin 20% H in He 19 127
reaction products were analyzed using a quadrupole masg'22"3 873Kin20%H in He 47 132
spectrometer with mass fragmentge = 4 (He), 28 (N and 2 In 10-5 mols 1 gt bar L.

N,0), 32 £50,), 34 (60'80), 36 (80,), 44 (N,160), and b The accuracy is-10 kJ/mol.
46 (No180); m/e = 4 (He) was used as a reference. Time

resolution was 2 s. The fraction H0 in the G product dur- 100
ing N>O decomposition was calculated@s = ([16080] +
2x[180,]) /(2%[02,10]). The value of equilibrium constant __
of the isotope exchange reactitfD, + 180, <« 2160180, S
Ke = [180180]2/([1%0,] « [*805,]), was also computed. If ~ §
Ke = 4, the distribution of isotopes in Qs statistical; i.e., @ 601
there is a complete equiliation of the oxygen atoms. qg’

3 404
2.5. Al K-edge XANES

20
Al K-edge XANES measurements were performed at the

SRS Daresbury (UK), Station 3.4. The synchrotron was op- 0

erating at 2.0 GeV with an average current of 120 mA. " 675 700 725 750 775 800
A double-crystal scanning monochromator mounted with
YBgg crystals was used. Self-supporting pellets of the sam-
ples were placed into a cell, which was designed for low- Fig. 1. N;O decomposition over Fe-ZSM-5 catalyst after various pretreat-
energy in situ X-ray absorption experimerjis8—20] No ments. The catalyst was pretreated at 773 K with A, @t 873 K with
windows were used and the spectra were recorded under vacte (&), at 773 K with 20% H in He (), and at 873 K with 20% Hiin
uum (p < 10-5 mbar), using fluorescence detection via a He (W). Feed composition: 2500 ppmpR in He and GHS\& 40,000 hr+.
gas proportional counter. The samples were first measured
at room temperature, heated to 873 K in vacuum, exposed toin pure He. The step response is showFiig. 2. After step-
air, and then measured again at room temperature. ping to 5000 ppm KO in He, immediately a large amount of
N2 was produced during reoxidation of4¥g i.e., by the re-
action 2Fét +N>O — 2Fet—0% + N, [14]. The amount

Temperature (K)

3. Results of N2 formed during reoxidation was quantified by subtract-
ing two times the @ curve from the N curve. The resulting
3.1. Effect of pretreatment for NoO decomposition curve of excess Nexhibited a peak between 0 and 400 s and

was zero (within the error of sasurement) afterward. The

Fig. 1 shows how the pretreatment in He op Ht 773 peak area corresponded tgFe= 0.51, as expected for the
or 873 K changed the activity of the catalyst towargON full reoxidation of F&* to Fét. Reoxidation was followed
decomposition. The activation energy and the rate constantby a period of high MO decomposition activity (the broad
at 698 K for the various pretreatment of Fe-ZSM-5 catalyst “plateau” of Nb and G between 500 and 2500 s kig. 2),
are listed inTable 1 The values were determined assuming which slowly decayed to steady state. This phenomenon was
first-order kinetics with respect toJ. As can be seen from  observed befor§l2,21]and is referred to as transienp®
Fig. 1, the high-temperature pretreatment with He orlétl decomposition in the following.
to an increase of activity towardJ® decomposition. This is Fig. 3 shows the response of the catalyst which was re-
in agreement with the findings of Jia et 6] and Zhu et duced with 20% H in He at 873 K for 1 h, cooled down
al.[12]. The activation energies were not very much affected to 673 K in the same flow, and finally flushed with pure He

by the pretreatment conditions. for about 10 min before stepping to,N. Again a certain
amount of N (N2/Fe= 0.48) was produced during reoxi-
3.2. Effect of pretreatment on the step response dation, followed by the formation of Nand Q. In this case

only a small amount of Nwas produced during the tran-

In the first step-response experiment, the catalyst was firstsient NbO decomposition as compared to the catalyst, which
reduced at 873 K with 20% Hn He for 1 h and then another  was pretreated with 20%-Hn He and then with pure He at
hour in pure He at 873 K and finally cooled down to 673 K 873 K (Fig. 2). For comparisoiji22], the catalyst was also
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but lasted for a shorter period. A peak of Bnd @ could be
distinguished after 65 s, followed by a broad shoulder (see
the enlargement of the step response between 0 and 500 s

in Fig. 4b). The catalyst, which was pretreated with 10% O The effect of exposure to water vapor on the step response
in He at 873 K Fig. 5), gave even less N(N2/Fe= 0.005) of the catalyst is shown ifrigs. 6 and 7after pretreatment
during reoxidation and showed no transient activity. In both with pure He and with 20% hin He at 873 K, respec-
cases NO and G evolved at the same time. tively. After the step to 5000 ppmAD in He, Nb was formed

Fig. 5. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 pp® N
after treatment with 10% ©in He at 873 K.



168
0.5-
................. :
= 044 NO |
2 :
= !
5 034 |
E !
E Reoxidation |
o 024 .
g ;
C 1
8 |
0.1- |
ENLL
117 3 [ 5
° 1000 2000 3000 4000
Time (s)

Fig. 6. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 pp® N
after treatment in pure He at 873 K and then with water vapor at 573 K.

0.5

0.4

0.3

0.2

Concentration (%v/v)

0.1

0.0

T 1
2000 4000

Time (s)

T
1000

Fig. 7. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 pp® N
after treatment with 20% #lin He at 873 K and then with water vapor at
573 K.

during reoxidation, but only very little transient® decom-
position was observed in either case.

The integration results for all the step-response experi-
ments are summarized Fable 2 It shows that the amount
of N2 formed during reoxidation decreased from pretreat-
ment in H to He to @, as observed befoif@4]. Exposure
to water vapor had no influence on the reoxidation. For the
stoichiometric oxidation of P& to Fet, the Ny/Fe ratio
should be 0.5. The experimental amount of Re ratio dur-
ing reoxidation was found to be 0.5 after reduction with
20% H in He at 873 K. Thus, the catalyst was completely
reduced to F&" after reduction at 873 K and subsequently
reoxidized with NO. When the catalyst was pretreated with
pure He at 873 K a small amount 0N, /Fe= 0.025) was
formed during reoxidation, due to the autoreduction of some
Fe*t to Fét at 873 K[14,21,23] The amount of N and

P.K. Roy, G.D. Pirngruber / Journal of Catalysis 227 (2004) 164-174

Table 2

Amount of N, formed during reoxidation and transiens® decomposition
after a step to 5000 ppmJO at 673 K, following various pretreatments of
the catalyst

Catalyst N/Fe during Transient N/Fe  Yield Ny (%)
reoxidation (mofmol) (mol/mol) steady state

Hy-He-87#% 0.51 125 13

H»>-873 Q048 019 19

C0-873 043 152 14

He-873 0025 082 10

0,-873 Q005 <0.01 8

He-873-|—130b 0.026 <0.01 10

H»-873-H,0¢ 0.49 001 18

@ The catalyst was first reduced with 20% k He at 873 K, then treated
with pure He at 873 K and finally cooled down to 673 K in He.

P The catalyst was heated at 873 K in pure He for 1 h and cooled down
to 573 K in He. Then the catalyst was treated with water vapor through a
saturator at 573 K and finally heated to 673 K in He.

€ The catalyst was reduced at 873 K with 20%iH He for 1 h and cooled
down to 573 K in the same flow. Then the catalyst was treated with water
vapor through a saturator at 573 K and finally heated to 673 K in He.

O, formed during the transien¢action (steady-state activity
was subtracted) decreased from the treatmest$id-873 K

to He-873 K to h-873 K and was negligible for the sam-
ples, which were pretreated in,®@r exposed to water. It
must be noted that the amount of Bnd & produced dur-

ing the transient reaction was not highly reproducible. The
general trend described above was, however, safely estab-
lished. Moreover, we note that the reaction temperature and
the partial pressure of 2D did not, in a qualitative sense,
change the shape of the step-response curves.

3.3. Isotope exchange with 10, and N>O decomposition

Labeled oxygen was introduced into Fe-ZSM-5 by ox-
idation of the reduced catalyst witfO,, followed by a
treatment in He at 873 K (see Secti@h The fraction of
labeled oxygen in the catalyst at the end of the pretreatment
was determined by a pulse of CO at 673K]. Thirty-six
percent of the CO was oxidized to GQvhich contained all
three isotopomers¥€0,, C1%0'80, and G80,. The distri-
bution of isotopes in C@was statistical K = [C160180]2/
([C180,]«[C180,]) = 3.85), which means that a full equi-
libration of CQy with the surface had taken place. Under
these conditions the fraction of labeled oxygen in,Gust
be equal to the fraction of labeled oxygen on the surface.
In our case a value dffco, = Bfsurtace= 0.23 was found.
Only 0.002 CO/Fe had been converted in the pulse. We can
therefore safely assume that the pulse of CO did not severely
change the state of the catalyst surface. The response of the
catalyst to the step of He to 5000 ppma®| after the pulse of
CO, was similar to that ifrig. 4and is therefore not shown:
Initially a peak for N was formed due to the reoxidation of
Fet sites, followed by transient 20 decomposition. The
extent of transient pfO decomposition was higher than in
Fig. 4. Fig. 8 shows the evolution of the threex@sotopes
during the step respons€0!80 and'®0, are amplified for



P.K. Roy, G.D. Pirngruber / Journal of Catalysis 227 (2004) 164-174

5
\

\ o0 (* 4)

18 ‘*kh_‘
- 02( 10)

©c o ©o o o

o o =2 N

S & o o o
1 1 1 1 1 1 1 1 1

Concentration (% v/v)

T T T T T T T T T 1
0 1000 2000 3000 4000 5000
Time (s)

@)
0.15+

0.101

18f

0.05-

0.00

T T T T T T T T T 1

0 1000 2000 3000 4000 5000
Time (s)

(b)

Fig. 8. Response of Fe-ZSM-5 at 673 K to a step from 0 to 5000 pp@. N
The catalyst was reduced with 20% kh He at 673 K, reoxidized with 1%

169

1.6 4

1.2 NH,-ZSM-5

0.8

Absorbance

Fe-ZSM-5 CVD
0.4

0.0+

T 1
1580 1600

Energy (eV)

T
1560

Fig. 9. XANES of the AIK -edge of NH-ZSM-5 (bold), Fe-ZSM-5 (solid),
and Fe-ZSM-5 after treatment in vacuum at 873 K (dashed), all recorded at
room temperature.

uum, which was supposed to simulate the treatment at 873 K
in our reactor.

4. Discussion

4.1. Theorigin of the high initial N2O decomposition

180,, and subsequently treated in pure He at 873 K. (a) Concentration of activity—The transient reaction

160,, 160180, and'80,, (b) fraction of180 in O,.

clarity. In the first peak of @after~ 65 s all three isotopes
were formed. In the broad shoulder, which followed, the
concentration o600 and'®0, decreased very quickly.
160, was the dominating specieiring the transient reac-
tion. This is also reflected in the evolution Bf with time,
shown inFig. 8b. 1%f started at a value of 0.12 and decreased
to a minimum of 0.035 after 1000 s. With the decay of
transient activity, an increasing fraction of labeled oxygen
was again incorporated intoOshown by the rise of®f be-
tween 1000 and 3500 s. Once steady state was reatdfied,
decreased gradually, due to the slow removalis from
the surface by @desorption, as observed befdi&]. The

K¢ value during steady state was3, i.e., close to a statisti-

Depending on the pretreatment, some of the Fe-ZSM-5
CVD catalysts exhibited a high transienp® decompo-
sition activity, which slowly decayed to steady state. This
phenomenon was observed before for several iron zeolites,
in particular steamed samples, after pretreatment at 773 K
in He [21]. Zhu et al.[12] detected transient activity after
pretreatment of a steamed-E&M-5 CVD catalyst in He
at 648 K. The extent of the transient reaction strongly de-
creased when the pretreatment was carried oubimis is
in line with the results presented here. It led to the conclu-
sion that the occurrence of tharsient reaction is related to
Fe*t sites, which are slowly reoxidized by,® [12].

Our results show, however, that the presence dofFe
sites is not sufficient to initiate the transient reaction. Af-

cal distribution of the isotopes. It indicates that an extensive ter treatment in 873 K and in H-873 K—-H,0-573 K, the

equilibration of the surface oxygen atoms by mutual ex-
change reactions took place before their desorption as O

Fe-ZSM-5 catalyst contained initially only Fe sites, but
showed little or no transient activity. Furthermore, reoxida-

[15]. That only holds for the steady-state reaction, but not tion of the Fé* sites always preceded the transient reaction

for the transient. During the transient the isotope distribu-
tion was far from equilibrium.

3.4. Al K-edge XANES

The Al K-edge XANES spectrum of the parent hH
ZSM-5 sample Fig. 9) is typical for tetrahedrally coordi-
nated aluminum atoms in framework positid@®,24] The
spectrum of Fe-ZSM-5 CVD was almost identical to that of

the parent. It did not change upon treatment at 873 K in vac-

(seeFigs. 2—3. The conclusion that the transient reaction
is due to a slow reoxidation of Fé sites, as suggested in
Ref.[12], does therefore not hold. Still, the observation that
pretreatmentin @annihilated the transient activity indicates
that there is some relation betweerfEsites and the occur-
rence of the transient reaction. But not every Fsite leads

to transient activity. When Fe-ZSM-5 was pretreated at 673
K'in Hy or He, no transient reaction was obser{/g]. Also
after treatment in 873 K-H,0-573 K the sample did not
show any transient activity. Pretreatment at high tempera-
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tures in inert gas was most efficient in initiating the transient Fe>*—O~ specieg4,26]. The formation of O species upon
reaction whereas exposure to water removed all transientreaction with MO was proved for CoO/MgO catalysts, but
activity. These results suggest that the transient reaction istheir stability is not very high28]. It is therefore assumed
related to dehydroxylated Fe sites, which are created by that they are quickly transformed into a peroxo species. The
(auto)reduction at high temperatures. A similar observation F€*—0,%~ complex still has free coordination sites, due to
has been made before. Jia et[d6] found that the reac- the strong dehydroxylation, and can easily react with an-
tion of NoO with Fe-ZSM-5 CVD catalysts formed highly  other NNO molecule to form O—F&+-0,2~. The peroxo
active oxygen species, if the catalysts were pretreatedin H group desorbs from this intermediate as &nd is replaced
or vacuum at high temperatures. Exposure to water poisoneddy O~, which receives one electron from Fe and becomes
these highly active sites. This result links the creation of ac- O?~. With this the catalytic cycle is closed. The feasibility
tive oxygen species to the presence of dehydroxylatéti Fe of such a reaction path was proven by DFT calculat[@8%.
sites, similar to the transient reaction. According to this mechanism, the first desorbing 1®ole-
Having identified dehydroxylated Fe sites as the active  cules should contain one oxygen atom from the iron cluster
sites for the transient reaction we now have to discuss theand one oxygen atom froma®. This agrees with the exper-
mechanism of the reactiofrig. 4o shows that the major-  imental observation that the initial isotope concentration of
ity of Fe? sites created by autoreduction were first reox- Oz was~ 0.5 8 ¢sace As the reaction proceeds, the iron
idized to F&", with the release of Nand the deposition  cluster is depleted 0ffO and replaced with unlabeled oxy-
of a surface oxygen atom. Then transienrtONdecomposi- gen atoms from BO. Hence%fo, goes down, as observed
tion set in. The @ formed at the beginning of the transient experimentally® decreased very quickly during the initial
contained about half the isotope fraction of the catalyst sur- period of the transient reaction.
face 8o, = 0.12 vs'®fsyrace= 0.23). In contrast to steady After a certain time the very fast J0 decomposition
state, little mixing of the isotopes took place before desorp- pathway shown irScheme 1lis blocked and the transient
tion as Q. The initial value of!8f suggests that an oxygen reaction decays. Probably the reaction of gONmolecule
atom from NO reacts with a surface oxygen atom to form with the Fé+-0,%~ complex becomes inhibited (we will
0> [25]. As the transient reaction proceeded, however, the discuss possible reasons in the next paragraph). The per-
fraction of labeled oxygen in ©decreased and LOwas 0xo species has now time to exchange with the neighboring
mainly formed from oxygen atoms originating from®. oxygen atoms, as shown Bcheme 2before the slow re-
In order to explain these observations a mechanism, whichaction with a second O molecule provokes the desorption
was originally proposed for GO3/Al 03 catalyst426], was of the peroxo group as O The mechanism is the same as
adopted in slightly modified formScheme L The active during the transient, but due to the randomization of the
site is pictured as a dehydroxylated’éon, whichisbound ~ oxygen atoms§cheme 2a high Ke value is expected for
via bridging oxygen atoms to Al or Fe neighbors (M). The the desorbed §) as observed experimentalli(¢ = 3). The
two (M-O)~ ligands are the minimum number of ligands model can, however, not explain whSf increases when the
required for charge balancing the’don. In a more realis-  transient activity decays, i.e., between 1000 and 3500 s in
tic picture, additional oxygen atoms from the zeolite lattice Fig. 80. The increase of’f indicates that not only the oxy-
should be added, which also coordinate to th&'FHen. We ~ gen atoms, which are directly attached to the activé&"Fe
want to stress, however, that a high coordinative unsatura-Site, contribute to @formation, but that other oxygen atoms
tion of FEé* is a prerequisite for the mechanism proposed begin to mix in as the transient reaction loses importance.
below. Recent in situ EXAFS studies showed that the Fe—O It was reported before that an extensive exchange of the
coordination number of samples, which were treated at high surface oxygen atoms takes place during steady-sts@ N
temperatures, is indeed low, i.e., between 2.0 and 2D decomposition at 673 K, which involves all the iron atoms of

Reaction of NO with the dehydroxylated F¢ site createsa  the catalysf15]. The exchange of the surface oxygen atoms
can take place via the migration of the peroxo species over

. the iron oxide cluster, as depicted $theme 3combined
Fe.' N0 T with a randomization of the peroxo bond at each iron cen-
M—o~ oM Fe©'  _M b )

N, M—o~ o~ ter (Scheme 2 O, desorbs when two peroxo species meet
each other. In this model all oxygen atoms of the iron oxide
cluster are involved in @desorption. It explains whiff in-

-0, J creases when steady state is @@@hed, but it also predicts a
o complete randomization of the oxygen atoms during steady
o< / \\/M N,O /O\\ M state; i.e.Ke = 4. Smcg a significantly lowekKe _value was
/FeLO - /Fez*\o/ measuredKe = 3) we infer that part of the ©still desorbs
M—O N, | M—O via the mechanism shown Bcheme li.e., without migra-

tion of surface oxygen atoms over the whole cluster. The
Scheme 1. Mechanism ofJ® decomposition on a dehydroxylated?fe existence of two @desorption mechanisms was also derived
site during the transient reaction. from pulse response experiments where a rather fast and di-
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Scheme 3. Model for the desorption 0f ®n larger clusters: The peroxo group formed on site migrates over the iron cluster to a secon@tFed,2~
complex where it provokes desorption 0§ ('he representation of the iron cluster is only schém Additional coordinating oxygen atoms are missing.

rect & formation and a more gradualkQ@lesorption were  activity steeply decayed to steastate within a few minutes.

distinguished21]. They can be associated with the mecha- The rate of decay increased with the partial pressure6f.H

nisms inSchemes 1 and, 3espectively. A quantification of  Also a pulse of CH abruptly stopped the transient reac-

their contributions is not possible with the data at hand. tion. In the reaction of Chll with N2O, H,O is produced
The mechanisms proposed above are based on the exisdirectly on the iron sites, which explains why its impact is

tence of Fé" sites, which keep the catalytic cycle running. even stronger than during adsorption of water from the gas

The important role of & has been invoked by other au- phase:

thors[4,5,31]apd is alsq supported by the observation th'at CHa + 4N,O — COy + 4Ny + 2H,0,

the autoreduction of the iron catalyst correlates strongly with

its catalytic activity[14,21]} We had observed, however, CHas + 3N20 — CO + 3Nz + 2H20.

that the first step of the rea(?tion of20 _With Fe-ZSM-5 Conversely, a pulse of CO did not affect the transient re-
CVD was always the reoxidation of Fesites by NO (see  action because the oxidation of CO does not produce any
Figs. 2—7. That is only a seeming contradiction. It was \yater:

shown that the concentration of4esites on a working cat-

alyst must be extremely small, i.eq 5% [21,31] To be CO+ N20 — COz + Na.

precise one should say that a large majority of thé'Fe  The relatively low transienactivity of the catalyst, which

sites are initially reoxidized during the reaction with@® was pretreated in Hat 873 K (se€Table 2, is attributed to

whereas a small minority maintains the catalytic activity. small amounts of B0, which remained adsorbed on the iron
The reaction pathways shown8themes 1 and@ve a  clusters during the cooling in H This is supported by the

model for G desorption during transient and steady state, observation that reduction in CO, which does not produce

which is consistent with the experimental results. Yet, we H,0, did lead to a large transient activity, even without a

did not answer the question what caused the transition fromsubsequent treatment in He at 873 K.

the fast transient reaction to the slow @esorption in steady

state. The most obvious explanation for the decay of the tran-4.2. Effect of pretreatment on steady-state activity

sient is that the dehydroxylated¥esites are slowly rehy-

droxylated by traces of O in the feed. Once the Fe ions The pretreatment at high temperatures had an effect not

are hydroxylated they lose open coordination sites and theonly on the transient reaction but also on the steady-state ac-

reaction of a NO molecule with the F&—0,%~ complex tivity. The two effects were not directly related to each other

becomes more difficult. In order to prove that hypothesis, [21]. Table 1andFig. 1 show that the steady-state® de-

pulses of 10-20 mbar #0 vapor were given during tran-  composition activity increased in parallel with the transient

sient NO decomposition. After the water pulses transient activity when the samples were pretreated at 873 K instead
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of 773 K. However, pretreatment inoHed to a higher ac-  bridging oxygen atoms (se€&cheme % In this way isolated
tivity than pretreatment in He whereas the opposite was the F&* sites can be created. Due to the strong dehydroxylation
case for the transient. Hydroxylation of a reduced catalyst of the catalyst at high temperatures, théFsites stabilize

did not affect its steady-state activity, but removed the tran- themselves by forming strong bonds to the oxygen atoms of
sient (Table 2. We can conclude that the presence offFe  the zeolite matrix. As a result, the broken clusters do not heal
after pretreatment leads to aghi steady-state activity irre-  during reoxidation by MO [27]. The isolated F&" sites are
spective of the degree of dehydroxylation. The positive ef- stabilized. Investigations of theJ®-decomposition activity
fect of a reductive pretreatment was already observed beforeof transition metal cations in matrices like MgO,28l3 and

and ascribed to the high concentration of oxygen atoms from MgAl,04 showed that isolated metal ions have the highest
N20O, which are incorporated intbe reduced catalyst during  activity [26,33—-36] The high NO-decomposition activity
reoxidation{14]. On the basis of the mechanisms sketched in of the samples, which were pretreated at 873 K, is therefore
Schemes 1-@e can explain why the oxygen atoms, which tentatively attributed to the creation of such isolated*Fe
N2O incorporates into the iron oxide clusters, are more re- cations, which do not agglomerate during reoxidation, due
active than “normal” oxygen aton{80]. Reaction of a re-  to their strong bonds to the zeoliteatrix. Further experi-
duced Fe-ZSM-5 with BO leads first to a stoichiometric  mental proof for that hypothesis is, however, required.
oxidation of Fé*, according to 2R + N,O — Fett— Note that the isolated P& sites, which lead to a high

02 —Fét + N,. The oxygen atom is incorporated in the steady-state activity, are also active sites for the transient re-
iron cluster as &, which does not have any particular cat- action. The mechanism shown$theme Joperates during
alytic activity. This agrees with the observation that a large the transient as well as during steady state, the difference
fraction of the oxygen atoms, which were deposited during being that during the transient the%esite is dehydroxy-
reoxidation, was inactivelable 2shows, for example, that lated and the addition of the second oxygen atom frai® N
after the H-873 K treatment 100 times more oxygen atoms is very fast. In steady state the coordination sphere of the
from N2O were incorporated than aftep@73 K treatment, Fe* site is less open (due to its rehydroxylation) and the
but the steady-state activity of thet873 K sample was only  reaction with a second XD molecule is slow. We can state

a factor of 2 higher. Incorporation of the oxygen atom as that the creation of isolated Feions always increases the
an inactive &~ species requires that two £e cations be steady-state activity, but transient reaction on these sites is
in close vicinity to each other, so that the oxygen atom can only observed if they were dehydroxylated at high tempera-
serve as a bridge between them. On singke Fites this re- tures.

action is not possible. A Pé—O~ species will be formed

instead, which has to migrate over the surface to get rid of 4.3. Relation to other work

the excess electron, and thereby forms an active sitefor N

decomposition. Reductive pretreatment maximizes the con-  The mechanism of dD decomposition on hydroxylated
centration of these sites since it assures that all potentiallyor dehydroxylated iron sites was discussed on a theoretical

active F&™ sites are created. basis by Yakovlev et a[37]. Unfortunately they did not cal-
Fig. 1 shows that the pretreatment temperature had anculate the transition states of the proposed catalytic cycles so
even larger effect on the steady-state activity than&dos- that predictions about the rate op® decomposition on hy-

itive effect of pretreatment at high temperatures was also droxylated and dehydroxylated iron sites were not possible.
observed by others. Hensen et al. ascribed the increased ac- Kiwi-Minsker and co-workers recently described tran-
tivity to the formation of an extraframework iron—aluminum sient response experiments, which are (approach wise) sim-
mixed oxide upon dealumination of the zeolite framework at ilar to those presented hefig 38]. Fe-ZSM-5 samples with
high temperaturef31,32] In our case AlK-edge XANES very low iron content were studied, which were steamed and
did not provide evidence for a dealumination of the samples treated at high temperatures in He. Although samples and
at 873 K. The XANES spectrum of Fe-ZSM-5 CVD, which experimental conditions are different (lower reaction tem-
was treated in vacuum at 873 K, was almost identical to that peratures of 523-653 K) many analogies to our results can
of the parent material (sd€g. 9 and did not show any of  be found. Like here, the formation of a peak of Mme-

the typical features attributed to octahedrally coordinated ex- diately after the step to #0 was observed. Oxygen was
traframework aluminunj20,24] That means that the treat- deposited on the catalyst surface and onpis released,
ments at high temperatures do not lead to dealumination ofi.e., NoO + % — N2 4+ O—«. The reactivity of the deposited
the samples and the formation of extraframework Fe—O—Al oxygen atoms was probed by CO. Not all the deposited oxy-
clusters (higher temperatures than 873 K are probably re-gen atoms reacted with C[B]. Following the arguments of
quired for that), but change the structure of the iron sites in the preceding section, the nonreactive oxygen atoms can be
some other way. We propose the following explanation: Dur- ascribed to oxygen atoms, which were used for stoichiomet-
ing the treatment at 873 K in He or,Hhe iron species un-  ric reoxidation whereas the reactive oxygen atoms were de-
dergo spontaneous autoreduction and/or are actively reducegbosited on isolated Fé sites. The fraction of these isolated
by Ho. A parallel in situ XAS study27] showed that the  sites must, however, be much higher than in our samples,
reduction breaks the iron oxide clusters apart by removing due to the lower iron content and/or the higher pretreatment
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Scheme 4. Reduction of a binuclear iron cluster.
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