
Catalysis Letters 70 (2000) 165–173 165

Isothermal “light-off” during catalytic N2O decomposition
over Fe/ZSM-5
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The catalytic decomposition of N2O over Fe/ZSM-5 was studied at pressures up to 1 atm. As the partial pressure of N2O in the feed
to a packed bed reactor was varied, the catalytic activity was observed to abruptly increase at inlet partial pressures above some critical
value. This abrupt increase in activity was not due to the reaction exotherm, but is believed to be a kinetic phenomenon. In similar
experiments where the temperature was varied the activity did not jump to a higher level. The dual levels of activity were observed for
several Fe/ZSM-5 catalysts that spanned a range of SiO2/Al2O3 ratios from 30 to 280, irrespective of whether the iron was introduced
into the zeolite by ion exchange or by sublimation of iron chloride. When the inlet partial pressure of N2O to the packed bed reactor was
sufficiently high to cause the catalyst to operate in the high activity regime, the high activity state was sustained throughout the catalyst
bed, even though the N2O partial pressure in the latter part of the bed had dropped below the critical level. Microkinetic modeling
shows that this kind of behavior is possible in an isothermal catalytic system. The microkinetic model includes two redox cycles. In one
cycle the cation oxidation state alternates between Fe2+ and Fe3+. In the second, more active redox cycle there is alternation between
a surface nitrite and nitrate. The former redox cycle predominates at low partial pressures and the latter at high N2O partial pressures.

Keywords: nitrous oxide decomposition, Fe/ZSM-5, catalyst activation

1. Introduction

The decomposition of nitrous oxide has been examined
over a variety of catalysts. Cation-exchanged zeolites, in-
cluding many based upon the zeolite ZSM-5, are among
the systems that have been studied for this reaction [1–5].
Research in this area was previously reviewed by Kapteijn
et al. [6], who also recently reported on a detailed exam-
ination of the reaction kinetics over zeolite-based catalyst
systems [7]. The reaction has been studied independently,
but it is also important as one of the processes that oc-
curs during selective catalytic reduction (SCR) of nitrogen
oxides [8–12] and as the source of a unique form of sur-
face oxygen that can be used in the selective oxidation or
hydroxylation of organic substrates including benzene and
methane [13–16]. It appears that most previous kinetics
studies of the decomposition reaction have been conducted
with relatively low partial pressures of nitrous oxide, as
would likely be encountered in an emission treatment sit-
uation. This letter is a preliminary report of an unusual
kinetic phenomenon that was observed during the study of
the decomposition of nitrous oxide at substantially higher
partial pressures (up to 1 atm). Specifically, it reports the
observation, upon increasing the reactant partial pressure,
of a dramatic increase in catalytic activity of Fe/ZSM-5 for
nitrous oxide decomposition similar to that observed when
a catalyst “lights-off” thermally, but in this case the system
is isothermal.
∗ To whom correspondence should be addressed.

2. Experimental

The ZSM-5 from which catalysts were prepared was ob-
tained from Zeolyst International in the ammonium cation
form. The starting materials were specified by the supplier
to contain silica and alumina in the ratios of 30, 50, 80, and
280. To convert the supplied material to the H-exchanged
form, a measured amount (typically 10–50 g) was placed
in a crucible inside a muffle furnace. The furnace temper-
ature was ramped from room temperature to 120◦C at a
rate of 1◦C min−1 and then held at 120◦C for 2 h to allow
adsorbed water to desorb. The furnace temperature was
then ramped from 120◦C at 1◦C min−1 to 600◦C and held
at that temperature for 18 h. This procedure is expected
to cause the ammonium exchange cations to decompose,
giving off ammonia and leaving a proton as the exchange
cation (H-ZSM-5).

Iron was introduced into the H-ZSM-5 in two ways.
One was a conventional ion-exchange method, similar to
that used to prepare other Fe/ZSM-5 catalysts for N2O de-
composition [7]. Typically, 1 g of H-ZSM-5, 0.6 g of
ferrous sulfate (Fisher) and 1 l of doubly deionized wa-
ter were mixed and vigorously stirred at 75◦C overnight.
The product slurry was filtered using GF/A glass microfiber
filter paper (Whatman Laboratory) and a Buchner vacuum
filtration apparatus. The filtrate was next washed with a
copious amount of doubly deionized water. Finally, the
filter cake was dried under vacuum at 100◦C for at least
2 h and calcined overnight in air at 600◦C. Two samples
were prepared in this manner, one using ZSM-5 with a
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silica/alumina ratio of 30 and the other with a ratio of
280. These will be designated Fe/ZSM-5(30i) and Fe/ZSM-
5(280i), where the values in parentheses indicate the sil-
ica/alumina ratio and the ion-exchange preparation method.

The second method by which iron was introduced into
the zeolite involved sublimation of FeCl3 and was very sim-
ilar to the procedure described by Chen and Sachtler [17].
First, the ammonium form of the zeolite was converted to
H-ZSM-5 as already described. If the H-ZSM-5 was not
freshly prepared (i.e., it had been prepared and stored for
some time) a measured amount (typically 10–50 g) was
again heated to 120 ◦C and held at 120 ◦C for 2 h to des-
orb water that may have been present. The sublimation
apparatus was fabricated from two pieces of ca. 19 mm
(0.75 inch) OD stainless-steel tubing, one 15 cm and the
other 10 cm long, connected using a Swagelok� union.
Typically, about 10 g of HZSM-5 were loaded into the
15 cm length of tubing and 5 g of iron(III) chloride (Acros
Organics) were loaded into the 10 cm length of tubing.
Both ends of each tube were packed with glass wool and
the two tubes were connected. The so-assembled tubing
was then placed in a vertical tube furnace, and a helium
source (high purity grade, Cryogenic Supply) was con-
nected to the end containing the iron chloride. The other
end was connected to tubing that directed the exhaust gas
through dilute sodium hydroxide solution (to scrub out hy-
drogen chloride) before venting to a hood. The helium
gas flow rate was set at about 100 sccm, and then the
furnace temperature was ramped from room temperature
to 280 ◦C at a rate of 2 ◦C min−1. The temperature was
maintained constant at 280 ◦C for 1 h before being further
ramped to 305 ◦C. At this temperature, the iron chloride
sublimed as evidenced by its eventual condensation in the
exhaust tubing. The inlet helium was turned off when the
exhaust tubing became completely blocked by condensed
iron chloride, and the furnace was allowed to cool down.
The tubing assembly was disconnected and the product,
showing a uniform yellow color, was taken out. The re-
covered zeolite was washed with an excessive amount of
double-deionized water and then filtered, as described be-
fore. The filter cake was dried under vacuum, crushed
and calcined again at 800 ◦C overnight. Samples were pre-
pared in this manner for each of the silica/alumina ratios;
the samples will be designated Fe/ZSM-5(30s), Fe/ZSM-
5(50s), Fe/ZSM-5(80s), and Fe/ZSM-5(280s), where the
values in parentheses indicate the silica/alumina ratio and
the sublimation preparation method.

N2O (Matheson, UHP grade) was used as reactant with-
out further purification. Helium (Cryogenic Supply, high
purity grade), used both as the GC carrier gas and as a
diluent mixed with the feed gas, was additionally purified
by passage through a Supelco carrier gas drying tube, a Su-
pelco carrier gas purifier and a Supelco OMI-2 indicating
purifier.

The N2O decomposition reaction was carried out in a
conventional tubular reactor made of Quartz with a 6.4 mm
(0.25 in) OD. Typically, 50 mg of catalyst were loaded in

the center of the reactor with quartz wool placed above
and below and with a type K thermocouple, shielded with
quartz glass, placed just below the catalyst bed. This reactor
assembly was heated using a tube furnace with automatic
temperature control to within ±1 ◦C of the desired temper-
ature. The flow rates of the feed gases were controlled with
VICI model SA202 flow controllers, and the exhaust gas
flow rate was measured using a bubble flow meter. The out-
let volumetric flow rate changes with conversion due to the
change in moles associated with the N2O decomposition re-
action. This effect was properly accounted for in all reactor
modeling and analysis. The pressure in the reactor was not
regulated and was assumed to be essentially atmospheric.
The product composition was determined using an online
Varian 1400 gas chromatograph with a thermal conductiv-
ity detector. A ten-port Valco switching valve was used to
inject samples automatically. The sampled gas was sepa-
rated on a Hayesep D column and a 5A molecular sieve
column using a switching valve to reverse the column se-
quence during the analysis. Detector response data were
collected and analyzed using PeakSimpleII software (SRI)
running on a personal computer.

3. Results

Approximately 50 mg of catalyst were loaded into the
reactor as described and exposed to a flowing mixture of
He and N2O. The temperature was held constant and the
system was allowed to attain a steady state. The inlet flow
rates were then adjusted, changing the feed ratio of He
and N2O, but at the same time keeping the total outlet
flow rate and the temperature constant. This was repeated
many times, thereby spanning the composition range from
low nitrous oxide partial pressure to pure N2O. Each of the
catalysts previously described was tested in this manner; the
results for Fe/ZSM-5(280s) are shown in figure 1. In this
case three constant temperatures were examined (773, 798,
and 823 K), and at each temperature two constant outlet
volumetric flow rates were maintained (30 and 60 sccm).

Figure 1. Variation in outlet N2O partial pressure as a function of inlet
partial pressure: (♦,�) at 773, (�,�) at 798, and (◦, •) at 823 K; filled
symbols are at an outlet flow rate of 60 sccm and unfilled symbols are at

an outlet flow rate of 30 sccm.
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Figure 1 shows the measured outlet N2O partial pressure
as a function of the inlet N2O partial pressure. At an inlet
partial pressure of approximately 0.3 atm, the activity of
the catalysts increased significantly. This is seen in the
figure as a sudden decrease in outlet N2O partial pressure
at inlet partial pressures of ca. 0.3 atm and above. The
sequence in which the inlet partial pressure of N2O was
varied in the runs shown in figure 1 was not the same
for all runs. In some cases it was increased from low to
high, in some cases it was decreased from high to low, and
in some cases it was first decreased from near the peak
value to low inlet partial pressure, and then returned to the
peak value and increased to 1 atm. The behavior was fully
reproducible irrespective of the sequence in which the inlet
partial pressure was varied.

Most importantly, the data reported for each series in fig-
ure 1 are at a constant temperature. The nitrous oxide de-
composition reaction is significantly exothermal, and great
care was taken in looking for hot spots and other signs of
thermal light-off. None was found. When the partial pres-
sure was increased in the range of high catalytic activity,
a transient exotherm was indeed indicated by a transient
increase in the thermocouple reading taken from within the
catalyst bed. However, the temperature always returned to
the set point value for the run within a few minutes, and
the data reported in the figure were all collected after any
brief exotherm had subsided. Replicate experiments using
an unshielded thermocouple and varying its position did not
reveal any hot spots in the catalyst bed.

To further probe the possibility of thermal light-off,
a series of experiments was performed where the feed com-
position and flow rate were held constant, and the temper-
ature was increased in steps. The results, again for sample
Fe/ZSM-5(280s), are shown in figure 2. The filled squares
in that figure show the conversion as the temperature was
changed in steps from 623 to 848 K, then back in steps
to 673 K, and finally up to 873 K in a single step, all us-

Figure 2. N2O conversion as the temperature was changed in steps over a
range that spanned all possible conversions. Filled symbols are experimen-
tal data ((�) 0.05 and (•) 1 atm N2O). Unfilled symbols are predictions
made using the first-order kinetic model that describes the low activity
state of the catalyst ((�) 0.05 and (◦) 1 atm N2O). The fit of a separate
first-order kinetic model to the 1 atm experiments is also shown as (×).

ing a feed with 5% N2O in He at a flow rate of 60 sccm.
Following each step the temperature was held constant for
1–2 h during which several analyses were made of the re-
actor outlet. The figure shows every datum collected at
every step. Significantly, the figure does not indicate any
hysteresis upon stepping the temperature in opposite direc-
tions. Figure 2 also shows (as (•)) the results of another
experiment done the same way and using the same cata-
lyst, but with a feed of pure N2O at ca. 1 atm. Again,
no hysteresis is observed in the results. If the origins of
the jump in activity were thermal, one might expect either
to observe a light-off during the temperature cycling or to
observe hysteresis. Instead, both figures 1 and 2 suggest
that the high activity regime is only attained by increasing
the partial pressure of the reactant.

In previous studies of the decomposition of nitrous ox-
ide over Fe/ZSM-5 and other iron-containing zeolites, it has
been observed that the kinetics can be accurately described
using a simple two-step Langmuir–Hinshelwood mecha-
nism that simplifies to a first-order rate expression [1,2,7],
at least at temperatures below 733 K. Figure 3(a) shows
the results of fitting a first-order rate expression to the N2O
decomposition data in the low activity regime. In the fitting
process, all data points from figure 1 below (but not includ-
ing) the point of maximum outlet nitrous oxide partial pres-
sure were included along with all the data for the low pres-
sure run shown in figure 2. The fit is good (R2 = 0.98), giv-
ing a pre-exponential factor of 3.4×105 mol s−1 atm−1 g−1

and an activation energy of 139 kJ mol−1. The latter value
is consistent with other reported studies [6]. The predic-
tions from this fit are also shown in figures 1 and 2 as
unfilled symbols. If a diffusion process were rate limiting
in the low activity regime, a much lower apparent activation
energy would be expected. This suggests that the change in
catalyst activity is not caused by a transition from a diffu-
sion limited regime to one where chemical reaction kinetics
are controlling. Instead, it appears that chemical reaction
kinetics are controlling in both the high and the low activity
states.

The first-order rate expression just described could not
be used to model the data in the high activity regime. This
can be seen in figure 3(b), which shows all the data (not
just the low pressure data used for fitting the expression).
It is also evident in figure 2 when the predictions for the
experiment at 1 atm (◦) are compared to the experimental
data (•). A separate first-order rate expression therefore
was fitted to the data for experiment at 1 atm N2O pres-
sure (i.e., in the high activity regime). Figure 2 shows the
predictions from this fit as well (as ×); it is not particu-
larly good, and an alternative description of the kinetics is
offered later in this section. Nonetheless, on the basis of
this fit the high activity regime can be characterized using
a first-order rate expression with a pre-exponential factor
of 8.6×102 mol s−1 atm−1 g−1 and an activation energy of
88.5 kJ mol−1.

The conversion observed with Fe/ZSM-5(280s) in the
high activity state (pure N2O feed) is shown as a function
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(a)

(b)

Figure 3. Fit of a first-order rate expression to the low pressure data for N2O decomposition, (a) showing only the data used in the fit and (b) the
full data set. (◦) represent the fit, all other symbols represent the experimental data ((�) 773 K, 60 sccm; (�) 773 K, 30 sccm; (�) 798 K, 60 sccm;

(•) 798 K, 30 sccm; (+) 823 K, 60 sccm; and (×) 823 K, 30 sccm).

Figure 4. Conversion at 798 K as a function of weight hourly space
velocity in the high activity state for Fe/ZSM-5(280s). The datum plotted
as (�) is from an experiment using a 50 mg catalyst bed; (�) are from a

run using 3.8 mg of catalyst.

of weight hourly space velocity (WHSV) in figure 4. The
results appear unreasonable at first, in that the conversion is
less than 100%, yet it does not change with space velocity.

However, a very small amount of catalyst was utilized in
this run, and it is believed that as a consequence, there was
some bypassing of the catalyst by the flowing gas. If this
is true, then the conversion of the fraction of the gas that
contacted the catalyst was apparently constant and therefore
must equal 100%. More importantly, a significant rate of
homogeneous, gas phase reaction must not have occurred.
If gas phase reactions were causing the conversion in the
high activity state, then the conversion should either have
been equal to 100% at all WHSVs or there should have
been a variation in conversion with WHSV.

Table 1 compares three experiments performed at 673 K;
all used a pure N2O feed at 1 atm. In the first the re-
actor was loaded with glass wool as described in sec-
tion 2, but without any catalyst. In the second the cata-
lyst was H/ZSM-5(30) and in the third the catalyst was Fe/
ZSM-5(30s). Significant catalytic activity was only ob-
served in the experiment where the iron-containing zeolite
was used.

The effect shown in figure 1 for Fe/ZSM-5(280s) was
also observed with each of the other Fe/ZSM-5 catalysts.
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Table 1
Control experiments on the decomposition

of pure N2O at 673 K.

Catalyst N2O conversion (%)

None 0.24
H/ZSM-5(30) 1.9
Fe/ZSM-5(30s) 100

Figure 5 (a), (b), and (c) shows an abrupt increase in
catalytic activity at some critical inlet N2O partial pres-
sure when using Fe/ZSM-5(80s), Fe/ZSM-5(50s) and Fe/
ZSM-5(30s). This series of catalysts have different
SiO2/Al2O3 ratios in the zeolites, and consequently dif-
ferent capacities for iron cation exchange. Thus, as the
number of iron cations increased, the effect could be ob-
served at higher flow rates, but two levels of activity were
clearly evident for all the samples. Similarly, figure 6 (a)

(a)

(b)

(c)

Figure 5. Variation in outlet N2O partial pressure as a function of inlet partial pressure for catalysts prepared by sublimation using zeolite samples
with different silica–alumina ratios ((�) 673, (�) 698, and (•) 723 K). (a) Fe/ZSM-5(30s) with outlet flow rate of 60 sccm; (b) Fe/ZSM-5(50s) with

outlet flow rate of 15 sccm; and (c) Fe/ZSM-5(80s) with outlet flow rate of 12.5 sccm.
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(a)

(b)

Figure 6. Variation in outlet N2O partial pressure as a function of inlet partial pressure for catalysts prepared by ion exchange using zeolite samples
with different silica–alumina ratios. (a) Fe/ZSM-5(30i) with outlet flow rate of 12.5 sccm ((�) 673, (�) 698, and (•) 723 K); (b) Fe/ZSM-5(280i) with

outlet flow rate of 30 sccm ((�) 773, (�) 798, and (•) 823 K).

and (b) shows that the same kind of behavior was observed
when the iron was introduced by conventional ion exchange
methods instead of sublimation. This is true for the zeolite
with the lowest SiO2/Al2O3 ratio, Fe/ZSM-5(30i), and for
that with the highest SiO2/Al2O3 ratio, Fe/ZSM-5(280i).
Ion exchange generally leads to lower cation loading than
sublimation [17–19], and consequently the flow rates are
lower and temperatures higher with these samples. Still,
the two levels of activity are observed in all cases. Gen-
erally, for all the samples the critical inlet partial pressure
was between ca. 0.1 and 0.4 atm and for a given catalyst it
decreased as the temperature increased.

4. Discussion

Increasing the feed partial pressure of the reactant is
expected to increase the rate of reaction. However, for a
first-order reaction this still would lead to an increasing out-
let partial pressure of N2O, as is evident in the fits shown

in figure 3(b). The maximum in outlet partial pressure that
was actually observed is a consequence of increased intrin-
sic catalytic activity. By comparing the first-order kinetic
fits for the low activity and high activity regimes, it can
be estimated that the intrinsic catalytic activity increases
five-fold upon making the transition from the low activity
regime to the high activity regime. That is, after account-
ing for the effect of the different reactant partial pressures
in the two regimes, the higher activity is five times larger
than the lower activity per gram.

Kapteijn et al. [7] did not report the kind of phenomenon
shown here, for example in figure 1. Their experiments
were apparently all performed at low partial pressures of
N2O, and consequently their catalyst was always in the
lower activity state. They also performed experiments with
added oxygen (up to 100 mbar) and did not see any increase
in activity. They did observe a substantial increase in cat-
alytic activity when CO or NO was added to the reactor
feed. The increase in activity that they observed is not the
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same as in the present work, however. When Kapteijn et al.
added CO to the feed, the reaction stoichiometry changed
so that they were no longer studying N2O decomposition to
N2 and O2, but instead they were observing the oxidation
of CO by N2O to produce CO2 and N2 in stoichiometric
proportions. Similarly, when they added NO, they detected
high levels of NO2, but in this case it appears that two over-
all reactions were operative: oxidation of NO by N2O to
NO2 and N2 along with N2O decomposition to N2 and O2.
In sharp contrast, in the work reported here, there were no
additives to the reactor feed, and the products were always
N2 and O2 in a stoichiometric 2 : 1 ratio.

The data for all the catalysts, as typified in figure 1,
indicate that there must be some form of communication
between the front part of the catalyst bed and the end part
of the catalyst bed. This can be understood by first consid-
ering a reactor which is being fed N2O at a partial pressure
of 1 atm. Figure 1 shows that the outlet pressure from this
reactor is less than 0.02 atm. Thus, if one measured the par-
tial pressure of N2O at different positions along the length
of the catalyst bed starting from the inlet, it would steadily
decrease. There then would be a location somewhere within
the catalyst bed where the N2O partial pressure had fallen
to a value of 0.3 atm. The data clearly show that in the re-
maining part of the bed, the catalyst activity remains in the
high state because the partial pressure falls to a final value
of 0.02 atm. In contrast, when a reactor being fed N2O at
a partial pressure of 0.3 atm is next considered, figure 1
shows that the partial pressure falls to only ca. 0.18 atm
by the end of the bed. Thus, in the former case the front
end of the bed is apparently able to “communicate” with
the back end of the bed and cause it to operate in the high
activity regime.

The most likely means of “communication” between the
front and back ends of the bed in the high activity state
is via a gas phase species. In all the experimental work,
the two products were always detected in a stoichiometric
2 N2 : 1 O2 ratio, and no other products were observed. As
already mentioned, it does not appear likely that the reaction
shifts from the surface to the gas phase when the activity
changes from the low regime to the high regime. These
observations suggest that one or more gas phase species
are generated at trace concentrations in the high activity
regime, and that the presence of these species causes the
catalyst to continue to operate in the high activity state
even after the partial pressure of N2O has fallen below the
critical inlet value necessary to generate the high activity
state.

In previous studies, the partial pressure in the feed ap-
parently was not sufficiently high to cause the catalyst to
operate in the high activity regime. In that work, the ki-
netic behavior has been described accurately using models
derived from the two-step mechanism given in the equa-
tions

N2O + ∗� N2 + O– ∗ (1)

N2O + O–∗� N2 + O2 + ∗ (2)

This two-step mechanism would then be expected to be
operative in the present study as well when the inlet partial
pressure is below the critical value.

While for some catalysts the product O2 has been found
to inhibit the reaction [6], it is reported to have no effect
in the case of Fe/ZSM-5 [7], at least at lower temperatures.
Hence, it is not likely that the presence of O2 alone is
responsible for triggering the high activity state. It is more
likely that at higher N2O partial pressures another gas phase
species might be produced in small concentration. This is
illustrated in equations (3) and (4) which suggests NO as
the additional gas phase species,

N2O + O–∗� NO + NO– ∗ (3)

NO + ∗� NO–∗ (4)

The generation of NO during the catalytic decomposition
of N2O has precedence. When Cu/ZSM-5 is used as a cata-
lyst, the reaction can be made to undergo isothermal kinetic
oscillations [20–23]. Specifically, that catalyst system ex-
hibits steady isothermal oscillations between a state of high
catalytic activity and one of lower catalytic activity. Dur-
ing the high activity state NO is experimentally observed in
the gas phase. Also, addition of NO to the feed quenches
the oscillations and fixes the catalytic system in the high
activity state. A model has been suggested to explain the
oscillations [24]. In the model, once NO forms, it leads
to an accumulation of NO3 on the catalyst surface. The
latter can then decompose producing O2 and releasing NO.
This model cannot explain the present results. The portion
of the mechanism involving NO generates O2, but not N2.
Consequently, it can operate cyclically in a transient mode,
but not at steady state.

As already discussed, the gas phase NO must be able to
generate high activity sites, even after the N2O partial pres-
sure has fallen below the critical inlet value. A number of
different microkinetic models were developed wherein NO
adsorbed to form a more active surface species. Each of
these models was able to predict a maximum in the outlet
N2O partial pressure, but none produced a very close agree-
ment with experimental observation. In particular, when
compared to the experimental data, these models always
predicted a less steep decrease in outlet partial pressure
above the maximum and a higher final outlet partial pres-
sure.

Chen et al. [25] observed that the simultaneous exposure
of this kind of catalyst to NO and O2 led to markedly dif-
ferent surface species than exposure to NO alone. Specifi-
cally, NO alone simply adsorbed and then desorbed directly
during subsequent temperature programming. In contrast,
when both NO and O2 were exposed to the catalyst NO2

was detected in the gas phase, and upon subsequent thermal
desorption, two desorption peaks were observed. Further-
more, NO, NO2 and O2 were all detected during the desorp-
tion. FTIR suggested the formation of nitro and/or nitrate
groups on the surface. These observations indicate that the
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combined presence of NO and O2 in the gas phase might
lead to high activity sites as suggested in the equations

O2 + NO–∗� NO3– ∗ (5)

N2O + NO3–∗� N2 + O2 + NO2– ∗ (6)

N2O + NO2–∗� N2 + NO3–∗ (7)

Additionally, since the O2 partial pressure increases along
the length of the reactor, this scheme might be expected
to lead to a steeper decrease in outlet N2O partial pressure
than the schemes that were considered using only NO to
generate high activity sites. Surface nitrogen oxides have
also been reported to form during N2O decomposition over
copper-zeolite catalysts [26].

Panov and co-workers [13,14,16] have examined N2O
decomposition over Fe/ZSM-5 catalysts in a batch reac-
tor system. Their data provide additional evidence for the
possibility of two different kinds of redox sites. Specifi-
cally, they describe a form of surface oxygen that can only
be formed by decomposition of nitrous oxide and that ex-
hibits a very high activity in the subsequent oxidation of
methane and phenol. Related calculations have been pre-
sented [27–29], however, which are claimed to explain the
high activity. The sites studied in those calculations did not
involve nitro or nitrate species.

The overall mechanism described in equations (1)–(7)
provides two catalytic cycles for the decomposition of N2O.
The first cycle is represented by equations (1) and (2) and
is predominant at lower inlet N2O partial pressures. These
two steps are consistent with the observed and reported first-
order dependence on N2O partial pressure and absence of
inhibition by O2. The second catalytic cycle is represented
by equations (6) and (7). It involves cycling between a
surface nitrate and a surface nitrite, and if this mechanism
is to explain the experimental observations, then it must
predominate at higher N2O partial pressures. The latter cy-
cle must operate at a higher rate and with a lower apparent
activation energy than the other cycle.

The intention of this paper is to report the unusual cat-
alytic behavior that has already been described, but not to
establish the mechanism underlying the catalytic phenom-
ena. To do the latter will require much more extensive
kinetic studies combined with a battery of other character-
ization techniques. It does seem appropriate, however, to
at least show that a mechanism of the form just described
(i.e., equations (1)–(7)) is capable of predicting the isother-
mal “ light-off” of the catalysts. Figure 7 shows the results
of fitting a microkinetic model consisting of reactions (1)–
(7) to the 60 sccm data from figure 1. The most important
point to be made is that the mechanism can provide a very
good description of the catalytic activity, capturing both the
high activity and the low activity states. It also shows that
this kind of behavior is indeed possible in an isothermal
reactor.

The mechanistic predictions are consistent with other
observations, as well. The seven-step mechanism predicts
that greater than 95% of all sites are covered by O at all

Figure 7. Comparison of seven-reaction microkinetic model (unfilled sym-
bols) to experimental observation (filled symbols) for Fe/ZSM-5(280s)

experiments at 60 sccm ((�,�) 773, (♦,�) 798, and (�,�) 823 K).

Figure 8. Comparison of seven-reaction microkinetic model (unfilled sym-
bols) to experimental observation (filled symbols) for Fe/ZSM-5(280s)

experiments at 30 sccm ((�,�) 773, (♦,�) 798, and (�,�) 823 K).

conditions. It also predicts gas phase NO levels that would
be undetectable with the experimental methods used here.
While the fit shown in figure 7 is very good, when the data
at a 30 sccm flow rate are included, the fit is not nearly as
good, as can be seen in figure 8. In particular, at the lower
flow rate the onset of the high activity state is predicted at
lower inlet partial pressures than experimentally observed.
This makes it clear that while the seven-step mechanism of
equations (1)–(7) is a promising starting point for further
mechanistic investigation, it certainly must be subjected to
much more detailed experimental investigation.

There have been many studies directed at the character-
ization of the sites that are active for N2O decomposition
and related reactions [1,8,10,18,30–32]. The relative impor-
tance of single “naked” cations versus oxo-bridged cation
pairs has been considered [17,33]. As the silica/alumina
ratio of ZSM-5 increases the probability of forming oxo-
bridged cation pairs will decrease as long as the silica and
alumina are uniformly distributed within the zeolite frame-
work [34]. The present observation that there are high
and low activity sites on catalysts with a broad range of
SiO2/Al2O3 ratio and with two different methods of cation
addition may eventually provide some additional insight
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into the nature of the sites. However, before attempting to
relate the observations to models for the active sites there
must be considerable additional characterization performed
on these materials. For this reason, no speculation on the
nature of the sites will be offered here.

5. Conclusions

The activity of Fe/ZSM-5 for the decomposition of N2O
increases abruptly when the inlet partial pressure of the re-
actant is increased above a certain level. Once initiated,
this state of greater catalytic activity is sustained even af-
ter the partial pressure has fallen below that critical level,
suggesting that a minority gas phase species is responsi-
ble for generating the higher activity. This effect is seen
with ZSM-5 samples with a wide range of SiO2/Al2O3 ra-
tios. The iron exchange cation appears to be required in
order to observe the phenomenon, but it is not sensitive
to the method used to introduce the iron into the zeo-
lite.

The observations can be explained using a model where
trace amounts of NO are produced at higher partial pres-
sures of N2O. In the model, N2O decomposes in the low
activity state via a redox cycle involving oxidation and re-
duction of the exchange cation. The model then suggests
that once NO has been formed, it can generate nitrite-
like and nitrate-like species on the surface. The formation
of these species leads to the high activity state wherein
N2O decomposition again occurs through a redox cycle,
but in this case one where the nitrite/nitrate species un-
dergo the oxidation and reduction instead of the cation.
The latter cycle is more rapid and has a lower activation
energy. A microkinetic model was developed using this
mechanism and was found to provide a reasonable quan-
titative fit to some of the data, but additional testing will
be required before any firm mechanistic conclusions can be
drawn.
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