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Abstract

An investigation was conducted of the decomposition of N2O over Fe-ZSM-5. The zeolite used in this study was prepared with Fe
Al in the framework and is designated as Fe/Al-MFI (Si/Al = 84 and Fe/Al = 0.38). The as-prepared material was then calcined to rem
the templating agent and pretreated at temperatures up to 1123 K. EXAFS characterization of the pretreated catalyst indicate
present as isolated Fe cations at cation-exhchange sites associated with framework Al. Above 548 K, N2O decomposes stoichiometrical
to N2 and O2, but below 548 K, N2O decomposes to adsorbed oxygen and gas-phase N2. Surface oxygen loadings are in the range
O/Fetotal = 0.10–0.14. For the stoichiometric decomposition of N2O to N2 and O2, the calculated values of the apparent activation en
and the preexponential factor are 44.2 kcal/mol and 9.9 × 108 mol N2O/(s mol FetotalPa N2O), respectively. The first step in the over
decomposition sequence is the dissociative adsorption of N2O to produce N2 and an adsorbed O atom. The activation energy for this st
16.8 kcal/mol and the preexponential factor is 1.4× 101 mol N2O/(s mol FetotalPa N2O). The desorption of O2 from iron sites occurs with
an apparent activation energy of 45.7 kcal/mol and a preexponential factor of 8.9× 1012 mol O2/(s mol Fetotal).
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Fe-ZSM-5 is an active catalyst for a number of re
tions. This material has been shown to promote the
ichiometric decomposition of N2O to N2 and O2 [1–11].
Kinetic studies confirm that the decomposition of nitro
oxide is first order in N2O concentration, and zero ord
with respect to O2 concentration [2]. Work by Panov an
co-workers has also shown that above 523 K, N2O will de-
compose on Fe-ZSM-5 to N2 and an active form of oxyge
referred to asα-oxygen [1,3,12]. This latter species rea
with benzene to form a precursor to phenol [3,13–15]
with methane to form methoxy species [3,13,16,17]. W
phenol can be desorbed as a stable product at tempera
>523 K, methoxy species decompose without the forma
of methanol. Methanol can be formed, however, at lo
temperatures by reaction with water.

The state of iron in Fe-ZSM-5 is strongly dependent
the method of iron exchange and the pretreatment of

* Corresponding author.
E-mail address: bell@cchem.berkeley.edu (A.T. Bell).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.02.025
s

as-exchanged material. EXAFS studies conducted by Jo
and Stockenhuber show the presence of isolated iron cat
large clusters of Fe3O4, as well as Fe4O4 nanoclusters [18]
On the other hand, the analysis of EXAFS data by Ba
ton et al. [19,20], Marturano et al. [21,22], and Jia et al. [
of fully exchanged H-ZSM-5 (Fe/Al = 1) shows evidenc
for diferric oxo/hydoxyl-bridged clusters. Marturano et
have also shown that the distribution of iron in Fe-ZSM
is strongly dependent on the source of the parent ZSM
and have noted that with some ZSM-5 samples parti
of Fe2O3 can form after calcinations of the as-exchan
material [21]. Mössbauer spectroscopy has also been
to provide evidence for di-iron sites in studies reported
Dubkov et al. [24]. Evidence for isolated Fe sites in p
tially exchanged samples of ZSM-5 have been reporte
several recent studies. Lobree et al. have reported tha
Fe/Al ratios below∼0.6, Fe3+ cations exchange on a on
to one basis with Brønsted acid protons in H-ZSM-5 [2
EXAFS analyses conducted by our group have confirm
that for Fe/Al < 1.0 isolated Fe3+ cations associated wit
single charge-exchange sites are present in Fe-ZSM-5
pared by solid-state exchange of H-ZSM-5 with FeCl3 and
by high-temperature pretreatment of Fe/Al-MFI [26,27].

http://www.elsevier.com/locate/jcat
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The present work was undertaken to elucidate the
mentary processes involved in the decomposition of N2O
on Fe-ZSM-5. These studies were conducted on Fe-Z
5 prepared by thermal pretreatment of Fe/Al-MFI (Si/Al =
84 and Fe/Al = 0.38). Both temperature-programmed a
isothermal transient-response experiments were used fo
purpose. Based on these experiments it was possible t
termine the extent of surface oxygen loading on Fe-ZSM
and to calculate the kinetic parameters for several of the
mentary steps occurring during N2O decomposition.

2. Experimental

Fe-ZSM-5 was prepared by the fluoride synthesis ro
in the following manner [28]. Ammonium fluoride, tetrapr
palammonium bromide, aluminum nitrate, iron chloride, a
water were placed in a Teflon-lined bomb reactor and sti
until all solids dissolved. Ludox LS-30 was then added
the mixture and the reactor was placed in an oven at 43
for 7 days. The resulting material was heated in air ove
8-h period to a temperature of 823 K and then maintai
at this temperature for 6 h. The Fe-ZSM-5 product was t
ion-exchanged with 1 M ammonium nitrate, washed with
ionized water, and dried overnight at 373 K. The result
material, referred to as Fe/Al-MFI, was activated by calcin
ing in air at 623 K and then heating in He at 1123 K for 6
Elemental analysis of the sample (Galbraith Laborator
used in this work is shown in Table 1. EXAFS measureme
performed on this sample indicate that before activatio
1123 K in He, iron is located in tetrahedral positions in
MFI framework, but that after activation, the iron migrat
to the charge-exchange positions associated with frame
Al and is present as isolated Fe3+ cations [27].

Nitrous oxide decomposition was carried out in a qua
microreactor containing 100 mg of catalyst. The effluen
from the reactor was monitored using an MKS Spectra Mini
Lab mass spectrometer. Prior to each experiment, the sa
(100 mg) was heated in flowing He (60 cm3/min) from 298
to 773 K over a period of 1 h. Upon reaching 773 K, the sa
ple was pretreated for 2 h in 3.0% N2O in He, purged in He
for 1 h, and then cooled to the temperature of the experim

For the transient N2O decomposition experiments, a flo
system was used which had two different possible flow c
figurations. In the first configuration, referred to as the
pass mode, 15,000 ppm N2O in He (60 cm3/min) bypassed
the reactor and flowed directlyto the mass spectromete
while He (60 cm3/min) flowed through the reactor and th
to the exhaust. In the second configuration, referred to a
flow mode, 15,000 ppm N2O in He (60 cm3/min) flowed

Table 1
Sample elemental analysis

Sample Si (wt%) Al (wt%) Fe (wt%) Si/Al Fe/Al

Fe-ZSM-5 42.79 0.49 0.38 84 0.38
-

e

through the reactor and then to the mass spectrometer, w
pure He (60 cm3/min) bypassed the reactor and flowed
rectly to the exhaust. For these experiments, 100 mg of
alyst was used.

3. Results and discussion

The decomposition of N2O was measured by temperatu
programmed reaction, following sample pretreatmen
773 K in 3.0% N2O. The sample was cooled to 298
in He and exposed to 15,000 ppm N2O in He (total flow
rate= 60 cm3/min) for 8 min at 298 K, after which the
temperature was increased at 5 K/min from 298 to 773 K.
Fig. 1a shows that decomposition of N2O to N2 and O2

begins above 623 K. No evidence of NO formation w
observed over the entire temperature range studied. A
tionally, no evidence of surface oxygen accumulation w
detected during this experiment since the ratio of N2/O2 re-
mains equal to two. Fig. 1b shows a plot of ln(k) versus 1/T ,
calculated over the temperature range of 608–708 K. For
analysis, the reactor was treated as a plug-flow reactor.
slope of this plot gives an activation energy of 44.2 kcal/mol
for the steady-state rate of N2O decomposition. The asso
ciated preexponential factor is 9.9 × 108 mol N2O/(s mol
Fe Pa N2O) based on the total amount of iron in the samp

The apparent activation energies and preexponential
tors for the stoichiometric decomposition of N2O found in
this study and those reported previously are summarize
Table 2 [1,8]. The activation energy and preexponential
tor determined in the present work are consistent with th
we have reported earlier for Fe-ZSM-5 made by solid-s
exchange of H-ZSM-5 [8]. It is notable, though, that o
measured activation energies are consistently higher
those reported by Panov et al. [1]. These differences coul
be due to differences in the manner of sample pretreatm
in different laboratories. Zhu et al. have reported that
apparent activation energy can increase by 41% as a
sequence of raising the calcinations temperature from
to 973 K, and that the preexponential factor for N2O decom-
position can increase by five orders of magnitude [9]. T
apparent activation energy determined in the present s
is also consistent with that determined theoretically by R
der et al., 39.4 kcal/mol [29].

Transient-response experiments were performed to in
tigate the initial stages of N2O decomposition. Following th
pretreatment at 773 K in 3.0% N2O, the sample was purge
in He and then cooled to the temperature of the experim
Once at the temperature of the experiment, the flow sys
was placed in the bypass mode. After 5 min in bypass m
the system was switched to the flow mode; i.e., 15,000 p
N2O in He flowed through the reactor and then to the m
spectrometer while He bypassed the reactor and flowe
the exhaust. After 10 min of sample exposure to the N2O/He
mixture, the system was switched back to bypass mode
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Fig. 1. (a) Temperature-programmed decomposition profile observed during the passage of 15,000 ppm N2O in He over Fe-ZSM-5. (b) Arrhenius plot fo
N2O decomposition. The weight of catalyst used was 100 mg and the gas flow rate was 60 cm3/min.

Table 2
Activation energies and preexponential factors calculated for stoichiometric decomposition of N2O to N2 and O2

Samplea Fe (wt%) Activation energy Preexponential factor Ref.
(kcal/mol) (mol N2O/s mol Fe Pa N2O)

Fe-ZSM-5(0.38) 0.38 44.2 9.9×108 This work
Fe-ZSM-5(0.17) 0.57 42.1 1.8×108 [8]
Fe-ZSM-5(0.33) 1.11 42.3 3.0×109 [8]
Fe-ZSM-5(0.033) 0.056 35± 4 3.1×107 [1]
Fe-ZSM-5(0.21) 0.35 37±1.5 1.0×108 [1]

a Samples are designated as Fe-ZSM-5(x), wherex indicates the Fe/Al ratio. The Si/Al ratio is 84 in this work, 25 in [8], and 50 in [1].
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10 min to purge the sample. The system was then pla
back in flow mode for an additional 10 min.

Fig. 2 shows the results of a transient experiment car
out at 530 K. Upon switching from the bypass mode to
flow mode, the concentration of N2O was observed to de
crease and a corresponding burst of N2 appeared in the prod
ucts from the reactor. However, no detectable amount o2
was observed. The formation of N2 without the correspond
ing formation of O2 indicates that oxygen had accumula
in the Fe-ZSM-5. It should be noted that the decrease in
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Fig. 2. Transient-response decomposition of 15,000 ppm N2O in He over Fe-ZSM-5 at 530 K. The N2 and O2 signals have been multiplied by 10 for clari
of presentation. The weight of catalyst used was 100 mg and the gas flow rate was 60 cm3/min.
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concentration of N2O is much greater than that associa
with the formation of N2. This discrepancy is attributab
to the presence of He in the reactor when the system
switched from the bypass to the flow mode. Switching
the flow mode momentarily dilutes the N2O stream entering
the reactor with He retained in the reactor, resulting in a
crease in the N2O concentration. However, the concentrat
of N2O reaches 90% of its maximum steady-state valu
the point that the N2 signal has attained its maximum valu
After 10 min in the flow mode, the system was placed b
in the bypass mode and the catalyst was purged in He w
the mass spectrometer measured the concentration of N2O in
the stream bypassing the reactor. After 10 min in the byp
mode, the system was again switched back to the flow m
Upon reexposure of the catalyst to N2O at 530 K, neither
N2 nor O2 formation was detected. Identical behavior w
observed for temperatures of up to∼540 K. These result
suggest that for temperatureup to 540 K, the accumulatio
of adsorbed oxygen on the Fe sites active for N2O decom-
position results in the progressive loss of these sites. Sim
experiments have been reported recently by Kiwi-Mins
et al. in studies conducted with H-ZSM-5 (Si/Al = 25–42)
with a low content of Fe (70–1000 ppm) [11]. For the m
terials investigated, the accumulation of oxygen on Fe s
continues up to 603 K.

Fig. 3 shows the results of a transient-response ex
iment performed at 588 K in a manner identical to t
shown in Fig. 2. Upon initial switching from the bypass
the flow mode, a burst of N2 was observed, as in the e
periment at 530 K. However, this peak was then follow
by the formation of stoichiometric amounts of N2 and O2.
After the system was placed back in the bypass mode
then switched back to the flow mode a second burst of2

was observed followed by the stoichiometric formation
.

Table 3
Surface oxygen loading on active iron sites

Temperature (K) O/Fetotal
a Feactive/Fetotal

b

509 0.10 0.10
520 0.11 0.10
530 0.13 0.10
540 0.14 0.10

a Values were calculated by measuring the total amount of N2 produced.
b Values were calculated from they-intercept of a plot of ln(rN2) ver-

sust .

N2 and O2. Steady-state levels of N2 and O2 were observed
if the reaction was allowed to continue.

Fig. 4 shows the rate of N2 formation for transient-
response experiments conducted at 509, 520, 530, and 5
As noted earlier, no O2 formation was detected below 548 K
Therefore, the total amount of surface oxygen loaded at e
temperature equals the total amount of N2 formed at each
temperature (see Table 3). The surface loading by oxy
increases with increasing temperature, from O/Fe= 0.10
to 0.14. These results indicate that at temperatures
low 548 K, less than 15% of the total Fe in the catal
is involved in N2O decomposition, assuming that the st
chiometry of adsorbed oxygen and iron is 1:1.

The rate coefficient for the N2O decomposition to form
N2 and adsorbed O atoms can be determined from an a
sis of the data in Fig. 4. The rate of N2 formation can be
related to the rate of disappearance of unoccupied active
sites as shown in

(1)rN2 = −d[∗]/dt = k1[∗]PN2O,

whererN2 is the rate of N2 formation,[∗] is the concentration
of unoccupied active iron sites,t is time, andk1 is the rate
coefficient for the dissociative adsorption of N2O. Solution
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w rate
Fig. 3. Transient-response decomposition of 15,000 ppm N2O in He over Fe-ZSM-5 at 588 K. The N2 and O2 signals have been multiplied by 10 for clari
of presentation. The weight of catalyst used was 100 mg and the gas flow rate was 60 cm3/min.

Fig. 4. N2 formation during transient decomposition of 15,000 ppm N2O in He over Fe-ZSM-5. The weight of catalyst used was 100 mg and the gas flo
was 60 cm3/min.
the

t-
ows

-
mp-
to
tted

of
is

n

Fe
d an
of Eq. (1) gives

(2)[∗] = [∗]0 exp(−k1PN2Ot),

where[∗]0 is the initial concentration of unoccupied active
iron sites. Substituting Eq. (2) into Eq. (1), and taking
natural logarithm ofrN2, one obtains

(3)ln(rN2) = ln
(
k1[∗]0PN2O

) − k1PN2Ot .

At each temperature, a plot of ln(rN2) versust gives a
straight line, the slope of which corresponds tok1PN2O.
To determinek1, the value ofk1PN2O is divided by the
steady-state value ofPN2O measured during the transien
response experiments shown in Figs. 2 and 3. Fig. 5 sh
a plot of ln(k1) versus 1/T . A Wiesz–Prater analysis in
dicates that the slight curvature in the data is not sy
tomatic of a transition from a kinetically limited regime
a mass-transfer-limited regime. The slope of the line fi
through the data gives an activation energy for N2O decom-
position to form N2 and adsorbed O [see Reaction (1)]
16.8 kcal/mol. The preexponential factor for the process
1.4× 101 mol N2O/(s mol Fe Pa N2O), calculated based o
the total amount of iron in the sample and 1.3 × 102 mol
N2O/(s mol Fe Pa N2O) based on the amount of active
(see below). For comparison, Panov et al. have reporte
apparent activation energy of 10 kcal/mol [1]. The value of



B.R. Wood et al. / Journal of Catalysis 224 (2004) 148–155 153
Fig. 5. Plot of ln(k1) vs 1/T .
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[∗]0 can be determined from intercept of the plot of ln(rN2)

versust . By this means, the ratio of Fe sites active for N2O
decomposition to the total number of active sites is de
mined to be 0.1. This figure taken together with the meas
values of O/Fe of 0.10–0.14 supports the assumption (
above) that the ratio of O atoms to active Fe sites is es
tially 1:1. The values of O/Fe reported here are a factor
two lower than those reported by Panov and co-workers
0.20–0.25, and by Jia et al., 0.25 [23]. The difference
the values of O/Fe reported here and those reported e
lier are likely to be a consequence of the manner of c
lyst preparation and pretreatment. Dubkov et al. have sh
that Fe-ZSM-5 made by cation exchange of H-ZSM-5 w
FeCl3 and by hydrothermal synthesis, in a manner sim
to that used in the current study, exhibit different valu
of O/Fe [24]. They measured values of O/Fe= 0.06 for
Fe-ZSM-5 prepared by impregnation of H-ZSM-5 with
solution of FeCl3 and then activated in air at 973 K, an
O/Fe= 0.12 for Fe-MFI synthesized hydrothermally a
then activated in air at 973 K. Following activation at 1173
in vacuum, the value of O/Fe for Fe-ZSM-5 prepared b
cation exchange increased to 0.43. More recently, K
Minsker et al. have reported that the O/Fe ratio for samples
of H-ZSM-5 containing 70–1000 ppm of Fe is∼0.06 if pre-
treatment in He is carried out at temperatures between
and 1023 K for 1 h but increases to∼1.0 if He pretreatmen
is conducted at 1323 K for 8 h [11].

The strong effect of pretreatment temperature and t
observed experimentally is not fully understood. One in
pretation is that Z[Fe(OH)2] species in the as-prepared ze
lite must be dehydrated to produce Z[FeO] structures. Ry
et al. have shown through DFT calculations that the la
species could serve as the active center for N2O decompo-
sition [29]. The requirement of high pretreatment tempe
tures would be consistent with recent DFT calculations
the process Z[Fe(OH)2] ↔ Z[FeO]+ H2O, which show that
this reaction is endothermic by 56.2 kcal/mol [30]. There-
fore, the partial pressure of water vapor in the gas ph
would need to be less than 10−4 Pa at 1323 K for the reac
tion to proceed fully to the right. This study shows, as w
that the heat of adsorption of molecular H2O by Z[FeO]
is 40.8 kcal/mol, and that the activation barrier to for
Z[Fe(OH)2] is 22.1 kcal/mol. Thus, one would expect th
in the presence of water vapor, Z[FeO] should readily c
vert back to Z[Fe(OH)2]. In agreement with this projection
Kiwi-Minsker et al. have demonstrated that the exposur
low-Fe content H-ZSM-5 to water vapor at 523 K followin
the pretreatment for 8 h at 1323 K reduces the value of O/Fe
from ∼1.0 to∼0.5.

An experiment was performed in which surface oxyg
was loaded on the sample at 528 K by N2O decomposi-
tion, after which the sample was purged in He and hea
from 528 to 773 K in He at 30 K/min while monitoring
the effluent from the reactor using mass spectrometry
shown in Fig. 6, O2 is observed to desorb from the samp
with a peak in the O2 signal centered at 610 K. The tot
amount of O2 desorbed corresponds to 0.013 O2/Fe or 0.13
O2/Feactive. In a similar experiment Kiwi-Minsker et al. ob
served an O2 desorption at a temperature of 666 K [11].

Several authors have proposed that N2O decomposition
proceeds via Reactions (1)–(3) [29,31,32]. In Reaction
N2O adsorbs dissociatively on a vacant iron site,∗, releasing
a N2 molecule and leaving an O atom on the site. In Re
tion (2), a second N2O molecule decomposes on the sa
site, so that now two O atoms are attached to the same
These atoms recombine in Reaction (3) to form an O2 mole-
cule, which then desorbs from the iron site.

1. N2O + ∗ → N2 + O∗
2. N2O+ O∗ → N2 + O∗O
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Fig. 6. TPD of O2 in He following decomposition of 15,000 ppm N2O in He over Fe-ZSM-5 at 528 K. The weight of catalyst used was 100 mg and th
flow rate was 60 cm3/min. The dots correspond to the experimental dataand the solid line corresponds to a simulation of O2 desorption based upon the ra
parameters obtained from an analysis of the experimental data. The simulation was performed over the same temperature range used for the integratioto
determine the total amount of O2 desorbed.
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3. O∗O→ ∗ + O2

In light of the above mechanism, we conclude that wh
most of the active Fe was loaded with only one O at
through Step 1, a small fraction (∼13%) of the Fe in the
sample is loaded with two Oatoms, proceeding throug
Steps 1 and 2. This is consistent with theoretical calc
tions which show that the rate of Step 2 is much lower t
that of Step 1 [32]. From Step 3 the rate of O2 formation can
be expressed as

(4)rO2 = k3[O∗O],
wherek3 represents the rate constant for Step 3 and[O∗O]
represents the concentration of sites loaded with tw
atoms. The value ofk3 can then be calculated from th
data shown in Fig. 6 using Eq. (4). Fig. 7 shows a plo
ln(k3) versus 1/T . The slope of this line corresponds to t
activation energy for O2 desorption, 45.7 kcal/mol. The pre-
exponential factor based on the total Fe in the samp
8.9× 1012 mol N2O/(s mol Fe). The solid curve in Fig. 6
based on a simulation of the data using the rate param
obtained from an analysis of the data. The close agree
between experiment and theory demonstrates that the
posed model for O2 desorption is reasonable.

It is noted that the activation energy for the recombina
desorption of O2 is almost identical to the apparent ac
vation energy for N2O decomposition, 44.2 kcal/mol. This
means that O2 desorption is the most energetically dema
ing step in the mechanism N2O decomposition and sugges
that the fractional coverage of active Fe sites by O∗O should
be substantial. Eq. (4) and the experimentally determ
s
t
-

value of k3 were used to calculate the fractional covera
of active Fe sites by two oxygen atoms at different temp
tures during the temperature-programmed N2O decomposi-
tion experiment shown in Fig. 1a. These calculations s
that at 675 K, for example,[O∗O]/Feactive= 0.24.

4. Conclusions

The decomposition of N2O on Fe-ZSM-5 was invest
gated with the aim of identifying the fraction of Fe sites
volved in the decomposition process and the rate param
for some of the elementary steps. From transient-resp
experiments it was established that∼0.1 of all Fe sites in
Fe-ZSM-5 are involved in N2O decomposition. N2 is formed
by the dissociative adsorption of N2O on either a vacant F
site or one containing a single atom of oxygen. The rate c
ficient for the first of these processes (N2O + ∗ → N2 +O∗)
has an activation energy of 16.8 kcal/mol and a preexponen
tial factor of 1.4× 101 mol N2O/(s mol Fetotal Pa N2O). O2

desorption does not occur until two O atoms are assoc
with the same adsorption site. The activation energy for
associative desorption of O2 is 45.7 kcal/mol and the pre
exponential factor is 8.9× 1012 mol O2/(s mol Fetotal). The
apparent activation energy for steady-state decompositio
N2O is 44.2 kcal/mol and the associated preexponential f
tor is 9.9 × 108 mol N2O/(s mol Fetotal Pa N2O) assuming
that all Fe sites are active, and is a factor of 10 higher if
based on the fraction of active Fe sites, 0.1.
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Fig. 7. Plot of ln(k3) vs 1/T .
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