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A temporal analysis of products (TAP) reactor was used to study relationships between the mechanism
of direct N2O decomposition over metal-loaded zeolites and their resulting activity. Rh-ZSM-5 (prepared
by incipient wetness) and Fe-ZSM-5 (prepared by liquid-ion exchange) were chosen as prototypic cata-
lysts displaying low (<550 K) and high (>650 K) temperature activity, respectively. Transient studies at
the same contact time revealed the higher activity of Rh-ZSM-5 below 623 K and significantly stronger
N2O adsorption over Rh species than over Fe species in the zeolites. Several microkinetic models were
applied for simultaneous fitting the transient responses of N2O, N2, and O2. Classical reaction schemes
failed to describe the experimental data. The preferred models of N2O decomposition over Rh-ZSM-5 and
Fe-ZSM-5 differ in the reaction pathways of O2 formation. For both catalysts, free active metal sites (*)
and those occupied by monoatomic oxygen species (*-O) from N2O participate in the decomposition of
gas-phase N2O. Gas-phase O2 is formed directly on N2O interaction with *-O over Rh-ZSM-5, whereas
the latter reaction over Fe-ZSM-5 leads to a surface bi-atomic oxygen species (O-*-O), followed by its
transformation to *-O2. The latter species desorbs as molecular oxygen. Comparison of ion-exchanged
and steam-activated Fe-ZSM-5 [J. Phys. Chem. B 110 (2006) 22586] revealed that the reaction mecha-
nism is independent of the iron constitution induced by the preparation and activation routes, despite
important differences in catalytic activity. Our quantitative microkinetic analysis demonstrated that both
the stronger reversible N2O adsorption and, most importantly, the faster desorption of O2 are distinctive
mechanistic features of Rh-ZSM-5, likely indicating its high de-N2O activity.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Metal-loaded zeolites are efficient catalysts for direct N2O de-
composition into N2 and O2. A number of metals (i.e., Fe, Co, Ni,
Cu, Mn, Ce, Ru, Rh, Pd, Pt) deposited in various zeolite structures
(especially ZSM-5, but also ZSM-11, beta, mordenite, USY, ferrierite,
zeolites A, and X) has been reported as active components for this
reaction [1]. It is generally accepted that the catalytic activity is
determined by the combination of the metal ion, the zeolite ma-
trix, and the preparation method. For the Me-ZSM-5 system, Li and
Armor [2] determined the following activity order of metals: Rh
∼ Ru > Pd > Cu > Co > Fe > Pt > Ni > Mn. Rh-ZSM-5 is
active for N2O decomposition below 550 K. The low-temperature
activity of the rhodium system is not exclusive of the zeolite, be-
cause Rh on other supports, such as Al2O3 [3,4], TiO2 [5], ZrO2 [6,
7], ZnO [8], CeO2 [9], and calcined hydrotalcites [10–13], is active
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even at 450 K. Despite the remarkably low-temperature activity
of rhodium-catalysts, iron-containing zeolites (especially Fe-ZSM-
5) have attracted more attention from academy and industry [14].
In contrast to Rh-ZSM-5, Fe-ZSM-5 exhibits activity at higher tem-
perature (typically above 650 K). The activity of Fe-ZSM-5 can
be increased by steam activation [15] and high-temperature treat-
ment in inert atmosphere or vacuum [16,17]. To date, however, no
synthesis route or activation protocol has generated Fe-ZSM-5 cat-
alysts that approach the activity of Rh-based materials in terms
of N2O conversion using the same contact time. Nonetheless, the
remarkable de-N2O performance of Fe-ZSM-5 in the presence of
additional gases, such as O2, NO, and H2O, as well as the low cost
compared with the noble metal, represent major advantages for
industrial implementation (e.g., in the tail-gas train of nitric acid
plants) [4].

The aforementioned features of Fe-ZSM-5 have stimulated many
studies aimed at elucidating the role of the nature of active iron
species in N2O decomposition [15–26] and deriving reaction ki-
netics [16,23,25,27–38]. The decomposition of N2O to N2 and O2

has been classically described by models derived from schemes A
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Fig. 1. Summary of reported mechanistic schemes of N2O decomposition.

and B in Fig. 1. These models differ basically in terms of the mech-
anism of O2 formation. Recent microkinetic investigations have re-
vealed that the mechanism of N2O decomposition over Fe-ZSM-5
is more complex than the classical concepts. Models derived from
density functional theory (DFT) calculations [34,35,38] and from
transient studies in a temporal analysis of products (TAP) reactor
over steam-activated Fe-ZSM-5 and Fe-silicalite [36,37] excluded
the recombination of two adsorbed oxygen species as a possible
pathway leading to O2, but considered the reaction between gas-
phase N2O and surface oxygen species deposited by N2O over free
iron sites. According to the latest kinetic schemes, gas-phase O2 is
formed via a complex sequence of surface–surface or gas–surface
reactions (Fig. 1, bottom). Both DFT- and TAP-derived models were
validated by extrapolation over a broad range of reaction condi-
tions.

In contrast to those of iron-containing zeolites, mechanistic in-
vestigations of N2O decomposition over rhodium-based catalysts
are scarce. Kunimori and co-workers [39,40] studied the mech-
anism of O2 formation over Rh black and Rh-USY using isotopi-
cally labeled 18O2. Taking into account the distribution of labeled
oxygen atoms in O2 produced on N2

16O pulsing over the 18O2-
pretreated catalyst, it was concluded that gas-phase oxygen orig-
inates from recombination of two surface atomic oxygen species
(*-O + *-O → O2 + 2*).

To the best of our knowledge, the mechanism of N2O decom-
position over rhodium- and iron-containing catalysts has not been
studied using the same platforms (experimental or theoretical) and
the same zeolite matrix (ZSM-5). In particular, elucidating intrinsic
mechanistic features responsible for their different de-N2O activity
appears to be of great fundamental importance. For this purpose,
we have performed transient experiments in the TAP reactor over
ion-exchanged Fe-ZSM-5 and impregnated Rh-ZSM-5 catalysts in
the temperature range of 373–873 K. Different microkinetic models
were quantitatively evaluated and discriminated by simultaneous
fitting of the transient responses of N2O, N2, and O2. The choice
of a liquid-ion exchange method for Fe-ZSM-5 also made it possi-
ble to compare the mechanism over this sample with our previ-
ous microkinetic analyses over steam-activated Fe-ZSM-5 and Fe-
silicalite [36]. This comparison is essential to determine whether
the distinct N2O decomposition activity of differently synthesized
and activated iron zeolites obeys to a mechanistic difference asso-
ciated with the iron speciation or postsynthesis catalyst treatment.

2. Experimental

2.1. Catalysts

The commercial ZSM-5 zeolite used in this study was sup-
plied by Zeolyst (CBV 3024E, NH4 form, nominal molar Si/Al =
15). Before metal incorporation, the zeolite was dried at 353 K for
24 h. Rh-ZSM-5 was prepared by an incipient-wetness method, us-
ing RhCl3 as the metal precursor to achieve a nominal loading of
0.5 wt% Rh. The sample was dried at 353 K for 12 h. Instead of
the steam-activation method applied to prepare Fe-MFI samples in
our previous TAP study [36], in the present study Fe-ZSM-5 was
prepared by liquid-ion exchange with Fe(NO3)3·9H2O at a nomi-
nal loading of 1.0 wt% Fe. The exchange was carried out at room
temperature under vigorous stirring for 18 h. The resulting zeolite
was filtered, washed thoroughly, and dried at 353 K for 12 h. The
dried solids were finally calcined in static air at 873 K for 5 h at a
heating rate of 5 K min−1.

The rhodium and iron content in the zeolites was determined
by inductively coupled plasma–optical emission spectroscopy (ICP-
OES) (Perkin-Elmer Optima 3200RL [radial]). Powder X-ray diffrac-
tion (XRD) patterns were acquired using a Bruker AXS D8 Advance
diffractometer equipped with a Cu tube, a Ge(111) incident beam
monochromator (λ = 0.1541 nm), and a Vantec-1 PSD. Data were
recorded in the 2θ range of 5 to 55◦ with an angular step size
of 0.02◦ and a counting time of 5 s per step. Transmission elec-
tron microscopy (TEM) was carried out using a JEOL JEM-1011
microscope operated at 100 kV. A few droplets of the sample sus-
pended in ethanol were placed on a carbon-coated copper grid,
followed by evaporation under ambient conditions. N2 adsorption–
desorption isotherms at 77 K were measured on a Quantachrome
Autosorb 1MP analyzer. The micropore volume and the mesopore
surface area were determined using the t-plot method [41]. The
BET method [42] was used to calculate the total surface area of
the samples.

2.2. Transient experiments in vacuum

Mechanistic investigations of N2O decomposition over the cata-
lysts were performed in a TAP-2 reactor, which is a transient pulse
technique with sub-millisecond time resolution [43,44]. The cat-
alyst sample (sieve fraction 250–350 μm) was packed within the
isothermal zone of the quartz microreactor (40 mm long; 6 mm
i.d.) between two layers of quartz particles of the same sieve frac-
tion. Transient experiments for kinetic evaluation were carried out
with 25 mg of Fe-ZSM-5 and 10 mg of Rh-ZSM-5. The catalyst
was pretreated in flowing O2 (30 ml STP min−1) at 773 K and
atmospheric pressure for 1 h, followed by exposure to vacuum
(10−5 Pa) and cooling to 373 K. Thereafter, a mixture of N2O:Ne =
1:1 was pulsed in the temperature range of 373–873 K, starting
at 373 K and increasing in intervals of 25–100 K. The ramping
from one temperature to the next was done in vacuum. Approx-
imately 30 min after each setpoint was reached, the mixture of
N2O and Ne was pulsed. The degree of N2O conversion was cal-
culated at each temperature. The pulse size was in the range of
5 × 1014–1 × 1015 molecules. Under these conditions, Knudsen dif-
fusion describes the transport of the gaseous components inside
the reactor and the transient responses are a function of gas–solid
interactions; that is, they are not influenced by molecular collisions
in the gas phase.

A quadrupole mass spectrometer (HAL RC 301; Hiden Analyti-
cal) was used for the quantitative analysis of reactants and reaction
products. The transient responses at the reactor outlet were moni-
tored at the following atomic mass units (AMU): 44 for N2O, 32 for
O2, 30 for N2O and NO, 28 for N2 and N2O, and 20 for Ne. In the
experiments, 10 pulses for each AMU were averaged to improve
the signal-to-noise ratio. The concentrations of feed components
and reaction products were determined from the corresponding
AMUs using standard fragmentation patterns and sensitivity fac-
tors according to the procedure outlined in Appendix A.
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Table 1
Micro-kinetic models evaluated in this work

Model Elementary reaction step

1 N2O + * → N2 + *-O (1.1)
*-O + *-O → O2 + 2* (1.2)

2 N2O + * → N2 + *-O (2.1)
N2O + *-O → N2 + O2 + * (2.2)

3 N2O + * → N2 + *-O (3.1)
*-O + *-O → *-O2 + * (3.2)
*-O2 → O2 + * (3.3)

4 N2O + * → N2 + *-O (4.1)
N2O + *-O → N2 + *-O2 (4.2)
N2O + *-O2 → N2 + O-*-O2 (4.3)
O-*-O2 → O2 + *-O (4.4)
*-O2 → O2 + * (4.5)

5 N2O + * → *-O + N2 (5.1)
N2O + *-O → O-*-O + N2 (5.2)
O-*-O → *-O2 (5.3)
*-O2 → O2 + * (5.4)

6 N2O + * → *-N2O (6.1)
*-N2O → N2O + * (6.2)
*-N2O → N2 + *-O (6.3)
*-O + *-O → O2 + 2* (6.4)

7 N2O + * → *-N2O (7.1)
*-N2O → N2O + * (7.2)
*-N2O → N2 + *-O (7.3)
*-O + *-O → *-O2 + * (7.4)
*-O2 → O2 + * (7.5)

8 N2O + * → *-N2O (8.1)
*-N2O → N2O + * (8.2)
*-N2O → N2 + *-O (8.3)
N2O + *-O → O2 + * + N2 (8.4)

9 N2O + * → *-N2O (9.1)
*-N2O → N2O + * (9.2)
*-N2O → N2 + *-O (9.3)
N2O + *-O → *-O2 + N2 (9.4)
*-O2 → * + O2 (9.5)

10 N2O + * → *-N2O (10.1)
*-N2O → N2O + * (10.2)
*-N2O → N2 + *-O (10.3)
N2O + *-O → O2 + N2 + * (10.4)
*-O + *-O → O2 + 2* (10.5)

11 N2O + * → *-N2O (11.1)
*-N2O → N2O + * (11.2)
*-N2O → N2 + *-O (11.3)
N2O + *-O → * + O2 + N2 (11.4)
O2 + * → *-O2 (11.5)
*-O2 → O2 + * (11.6)
*-O2 + * → 2*-O (11.7)
2*-O → *-O2 + * (11.8)

2.3. Kinetic evaluation of transient experiments

The parameter estimation procedure used here has been de-
scribed in detail previously [45,46]. In brief, it is based on a nu-
merical solution of partial differential equations (PDEs) describing
processes of diffusion, adsorption, desorption, and reaction in the
TAP microreactor. PDEs are transformed into coupled ordinary dif-
ferential equations (ODEs) by spatial approximation and then in-
tegrated numerically using the PDEONE routine [47]. Parameters
(i.e., rate and diffusion coefficients) were determined using first
a genetic algorithm to find good starting values [48] and then the
Nelder-Mead simplex algorithm [49]. The TAP microreactor was de-
scribed as a one-dimensional pseudohomogeneous system divided
into three zones, represented by the catalyst and the two layers of
inert material, in which the zeolite is sandwiched. The goodness of
fit was determined by an objective function defined as the sum of
squares of the shortest deviations between the respective pairs of
points of the experimental and simulated transients [46].
Table 2
Characterization data of the samples investigated in this study

Sample Metal content
in solid (wt%)

V pore

(cm3 g−1)
V micro
(cm3 g−1)

SBET

(m2 g−1)

H-ZSM-5 – 0.32 0.17 410
Fe-ZSM-5 0.8 (1.0)a 0.34 0.16 417
Rh-ZSM-5 0.4 (0.5) 0.28 0.13 320

a Nominal metal loadings between brackets.

Fig. 2. X-ray diffraction patterns of the zeolites.

The microkinetic models of direct N2O decomposition evaluated
in this work are listed in Table 1. Intracrystalline diffusion was ne-
glected in the models, because Keipert and Baerns [50] have shown
that this process had a minor influence on the shape of transient
responses of inert gases on pulsing in the TAP microreactor. The
transport of gaseous compounds was described by Knudsen dif-
fusion along the reactor axis. Additional details on the procedure
for kinetic evaluation of transient experiments are provided in Ap-
pendix B. Based on the results of the model discrimination at the
reference temperature (T ref), the best model was selected for fit-
ting the transient responses at other temperatures. To avoid the
correlation between activation energies and pre-exponential fac-
tors [51,52], activation energies for all elementary reaction steps
were derived according to the equation

kTi = kTref · exp

(
− Ea

R
·
(

1

Ti
− 1

Tref

))
,

where T ref and kTref are the reference temperature and rate coeffi-
cient at this temperature, respectively. Following [51], the reference
temperature was centered within the temperature range applied in
the experiments.

3. Results and discussion

3.1. Catalysts

Table 2 shows the results of the catalyst characterization. The
iron and rhodium contents in the samples were close to the nom-
inal metal loading. The XRD pattern of the parent H-ZSM-5 zeolite
was not altered on incorporation of the metal, and no additional
reflections belonging to new crystalline phases were identified
(Fig. 2). TEM indicated the presence of metal oxide nanoparticles
in the samples with a rather uniform size distribution (Fig. 3). The
oxide particles ranged in size from 4 to 6 nm in Fe-ZSM-5, com-
pared with 2–5 nm in Rh-ZSM-5. As could be expected due to
the different synthesis methods applied, the iron speciation in the
ion-exchanged Fe-ZSM-5 differed from that in the steam-activated
Fe-ZSM-5 and Fe-silicalite used in our previous kinetic study of
N2O decomposition [36]. The degree of iron clustering in the for-
mer sample was significantly more pronounced, as is typical in
iron zeolites prepared by liquid-ion exchange [22]. This results in
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Fig. 3. TEM micrographs of (a) Fe-ZSM-5 and (b) Rh-ZSM-5.

Fig. 4. N2O conversion versus temperature over the zeolites under transient condi-
tions (N2O:Ne = 1:1, pulse size ca. 1015, catalyst amount = 50 mg).

lower N2O decomposition activity [53]. The porous properties of
the H-ZSM-5 and Fe-ZSM-5 samples were very similar, whereas
Rh-ZSM-5 showed a slightly decreased micropore volume and spe-
cific surface area, likely related to the blockage of micropores by
rhodium oxide particles.

3.2. Transient activity in N2O decomposition

To investigate whether the activity order of H-ZSM-5, Fe-ZSM-5,
and Rh-ZSM-5 in N2O decomposition under ambient pressure
steady-state conditions (Rh > Fe > H) [1,2] also is valid for the
transient vacuum conditions in the TAP reactor, single N2O pulse
experiments were performed in the temperature range of 473–
873 K. The sample amount was fixed to 50 mg, to allow a good
comparison of the activity of the various catalysts. Fig. 4 shows
Fig. 5. Normalized transient responses of N2O and Ne (dashed line) upon N2O puls-
ing over H-ZSM-5, Rh-ZSM-5, and Fe-ZSM-5 at 373 K (N2O:Ne = 1:1, pulse size
ca. 1015, catalyst amount = 50 mg).

the conversion of N2O versus temperature. Rh-ZSM-5 exhibited the
highest activity, particularly below 600 K; for example, the N2O
conversion over Rh-ZSM-5 at 500 K was ca. 65%, whereas Fe-ZSM-
5 was inactive at this temperature. As expected, the lowest activity
was observed over H-ZSM-5, which required temperatures above
650 K to exhibit some N2O conversion. This indicates that the or-
der of catalyst activity in N2O decomposition is not influenced by
the operation mode (i.e., vacuum and transient vs high pressure
and steady-state). Based on this finding, we focus on the analysis
and kinetic evaluation of transient experiments performed in the
TAP reactor.

3.3. Mechanistic studies

Based on the simulation-free mechanistic analysis of the TAP
data [43], here we use the results of N2O transient experiments in
the temperature range 373–823 K to elucidate the N2O-adsorptive
properties of the catalysts and the possible role of NO in N2O de-
composition. In turn, in Section 3.4 we use this information to
build microkinetic models of N2O decomposition, which we ap-
ply for kinetic evaluation of N2O pulse experiments over Rh-ZSM-5
and Fe-ZSM-5.

To evaluate whether N2O is reversibly adsorbed over H-ZSM-5,
Fe-ZSM-5, and Rh-ZSM-5, we analyzed the shape of the transient
responses of N2O, and Ne at low temperatures, which facilitates
investigation of the adsorption process. Following [43], we trans-
formed the time scale of the transient responses of N2O and Ne
on pulsing an N2O:Ne = 1:1 mixture into dimensionless form. The
dimensionless time is defined as t · Di/L2, where t is the pulse
time, Di is the effective diffusion coefficient of each component,
and L is the reactor length. This normalization makes it possible
to exclude the effect of the diffusion transport on the shape of the
transient responses of different components. Moreover, important
mechanistic insights into reversible/irreversible adsorption of N2O
can be directly extracted from the normalized experimental data
with no further mathematical treatment.

The normalized transients of N2O and Ne recorded at 373 K
are presented in Fig. 5. No visible differences in the normalized
Ne responses over H-ZSM-5, Fe-ZSM-5, and Rh-ZSM-5 were iden-
tified, indicating that the transport processes were very similar
for all catalysts. Therefore, the different shapes of the normalized
N2O responses shown in Fig. 5. for the various catalysts are due
to the differences in the catalyst’s N2O-adsorptive properties. It
is important to stress that we used the same zeolite matrix for
the preparation of all catalysts. This allows us to discriminate be-
tween the N2O-adsorptive properties of zeolite itself and those
of the active metals (Rh and Fe). Among the catalysts, the N2O
response over Rh-ZSM-5 was the broadest and had the longest
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Fig. 6. Normalized transient responses of N2O and Ne upon N2O pulsing over Rh-ZSM-5 (10 mg) and Fe-ZSM-5 (25 mg) at 523 and 573 K (N2O:Ne = 1:1, pulse size ca. 1015).
tailing, whereas that over Fe-ZSM-5 was the sharpest and had the
shortest tailing. According to the TAP theory [43], this indicates
that N2O adsorbed strongly over all of the catalysts. With respect
to N2O desorption, the catalysts can be ordered as follows: Fe-
ZSM-5 > H-ZSM-5 > Rh-ZSM-5. The slightly higher desorption
of N2O from Fe-ZSM-5 compared with H-ZSM-5 may be due to
the blockage of strong adsorption sites in the bare zeolite by FeOx

species. Based on their transient experiments, Kiwi-Minsker et al.
[16,24] concluded that ZSM-5 with low iron content (up to 1000
ppm) reversibly adsorbs N2O; however, they provided no exper-
imental evidence demonstrating whether N2O adsorbs over iron
species and/or over the zeolite support. As our results in Fig. 5.
demonstrate, we cannot unambiguously conclude that the addi-
tional iron in the ion-exchanged Fe-ZSM-5 enhances the adsorption
properties of H-ZSM-5; however, the differences in the normalized
N2O responses over H-ZSM-5 (Fe-ZSM-5) and Rh-ZSM-5 do suggest
that N2O adsorption over Rh-ZSM-5 occurs over active metal sites.

Because the adsorption/desorption properties of the materials
are influenced by temperature, we analyzed the normalized N2O
and Ne responses over Fe-ZSM-5 and Rh-ZSM-5 at 523 and 573 K.
Generally, N2O desorption should increase more strongly with tem-
perature than N2O adsorption. The normalized N2O and Ne tran-
sients are presented in Fig. 6. The degree of N2O conversion at
523 K was ca. 30% over Rh-ZSM-5 and <5% over Fe-ZSM-5. De-
spite the high N2O conversion over Rh-ZSM-5, the normalized N2O
transient response was not simply situated inside the normalized
transient of Ne, as the TAP theory predicts for the case of irre-
versible reaction (i.e., N2O decomposition) [43]; instead, it crossed
the normalized Ne transient response (diffusion only). Such an
intersection is the “fingerprint” for reversible N2O adsorption. Tak-
ing into account the long tailing of the N2O transients, we can
conclude that N2O strongly adsorbed and slowly desorbed over
Rh-ZSM-5. In contrast, no long tailing of the N2O response was
observed over Fe-ZSM-5 (Fig. 6), indicating no significant N2O ad-
sorption. Alternatively, the rates of adsorption and desorption over
Fe-ZSM-5 were comparable (i.e., weak N2O adsorption).

The degree of N2O conversion was 15% over Fe-ZSM-5 and 50%
over Rh-ZSM-5 at 573 K. Fig. 6 clearly shows that the normal-
ized transient response of N2O over Fe-ZSM-5 was considerably
sharper and located inside the normalized transient response of Ne
compared with that obtained at 523 K. Based on [43], we can con-
clude that N2O was irreversibly decomposed over this catalyst. It
is important to note that the normalized transient of N2O over Rh-
ZSM-5 also was located inside the Ne transient response but was
significantly broader than that over Fe-ZSM-5, despite a consider-
ably higher degree of N2O conversion. This result further supports
the stronger reversible N2O adsorption over Rh-ZSM-5 than over
Fe-ZSM-5. Thus, the rhodium- and iron-containing catalysts have
different properties for adsorption and desorption of N2O in the
same temperature range.

Further mechanistic insights into N2O decomposition also were
derived from the height-normalized transient responses of N2O
and the decomposition products at different temperatures. Fig. 7
compares the transients of N2, O2, and signals detected at AMUs
of 44 and 30. The signal at AMU of 44 belongs to N2O (CO2 can be
excluded, because the catalysts were pretreated in an O2 flow for
1 h at 773 K), whereas the signal at AMU of 30 can be associated
with N2O and/or NO. Nitric oxide was previously considered to be
an intermediate in N2O decomposition over Fe-ZSM-5 catalysts [32,
54]. If NO was formed in these experiments, then the shape of the
signal at AMU of 30 should differ from that at AMU of 44; how-
ever, as shown in Fig. 7 the height-normalized transients at AMUs
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Fig. 7. Height-normalized transient responses of N2O, N2, and O2 upon N2O pulsing over Rh-ZSM-5 (10 mg), and Fe-ZSM-5 (25 mg) at different temperatures (N2O:Ne = 1:1,
pulse size ca. 1015).
of 44 and 30 had very similar shapes, indicating that both AMUs
belong to the same compound (i.e., N2O). This finding applies to
all of the catalysts studied in the temperature range of 373–873 K.
Thus, no nitric oxide (NO) as an intermediate gas-phase product
was observed on N2O decomposition over Fe-ZSM-5 and Rh-ZSM-
5 under transient conditions of the TAP reactor; the only products
detected were O2 and N2.

The order of appearance and the shapes of N2O, N2, and O2
transient responses in Fig. 7 were analyzed in more detail (Fig. 8).
For Rh-ZSM-5, the times of maximum (tmax) of the N2 transient re-
sponse (0.119 s at 623 K and 0.057 s at 723 K) and the O2 transient
response (0.120 s at 623 K and 0.058 s at 723 K) were very similar,
and both were significantly longer than that of the N2O transient
response (0.047 s at 623 K and 0.031 s at 723 K). In contrast to
Rh-ZSM-5, the tmax of N2O and N2 over Fe-ZSM-5 were very simi-
lar but significantly shorter than that of the O2 transient response.
The tmax values of O2, N2, and N2O transients over the catalysts
at different temperatures are compared in Fig. 8. The tmax of N2
and O2 transients over Rh-ZSM-5 similarly decreased with increas-
ing reaction temperature; however, for Fe-ZSM-5, the tmax of the
O2 transient response decreased with temperature more strongly
than that of N2. Moreover, the reaction temperature influenced the
shape of the O2 response in a different manner (Fig. 7). The most
significant changes were observed for Fe-ZSM-5, in which the tem-
perature increase from 723 to 823 K led to a six-fold narrowing
of the oxygen transient response. For Rh-ZSM-5, the O2 transients
also narrowed with increasing temperature, but demonstrated a
characteristic tailing (i.e., a slow decrease in concentration with
time). The foregoing analysis of the tmax values provides qualitative
information on the mechanistic differences of direct N2O decom-
position over Fe-ZSM-5 and Rh-ZSM-5. In contrast to Rh-ZSM-5,
Fig. 8. Characteristic times of the transient responses of N2O, N2, and O2 upon N2O
pulsing over Rh-ZSM-5 (10 mg), and Fe-ZSM-5 (25 mg) at different temperatures
(N2O:Ne = 1:1, pulse size ca. 1015).
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reaction pathways leading to O2 formation over Fe-ZSM-5 were
slower than those leading to N2. Moreover, O2 formation gener-
ally was much easier over Rh-ZSM-5 than over Fe-ZSM-5.

3.4. Microkinetic analysis

The transient responses of N2O, N2, and O2 derived from the
N2O pulse experiments in the TAP reactor were simultaneously fit-
ted to the microkinetic models listed in Table 1. Considering the
structure of the active metal sites in the zeolite or the charge of
oxygen species adsorbed on these sites is beyond the scope of our
modeling approach. In all of the models evaluated, N2O decompo-
sition is initiated by deposition of active oxygen species over free
active sites (*) either directly from gas-phase N2O (models 1–5)
or via decomposition of adsorbed N2O (models 6–11). The mod-
els differ basically in terms of the reaction pathways leading to O2.
Models 1, 6, and 10 consider O2 formation via direct recombina-
tion of two mono-atomic *-O species, as suggested in [23,25]. O2
formation via decomposition of a surface bi-atomic oxygen precur-
sor is incorporated in models 3, 7, and 9 [30,55,56]. Models 2 and
8 assume a direct reaction of gas-phase N2O with *-O, leading to
gas-phase O2 [27]. This reaction pathway is modified in models 4,
5, and 9 assuming that bi-atomic or tri-atomic oxygen species are
formed on interaction of gas-phase N2O with mono-atomic *-O
species of bi-atomic O-*-O species, respectively, as previously sug-
gested in [35,36]. In model 11, desorption of surface *-O2 species
is a reversible process.

3.4.1. Fe-ZSM-5
Because the N2O adsorption/desorption properties of Fe-ZSM-5

could not be unambiguously determined even at 373 K, adsorp-
tion of N2O was not considered for this catalyst in our kinetic
approach in the temperature range 723–773 K. Transient responses
of N2O, N2, and O2 obtained during N2O decomposition over
Fe-ZSM-5 were fitted to models 1–5. The reaction scheme in
model 5 provided the best description of all transient responses
in the temperature range investigated (Fig. 9). As reported previ-
ously [36], model 5 described well the N2O decomposition over
steam-activated Fe-silicalite and Fe-ZSM-5 having mostly isolated
and oligonuclear iron species, respectively; therefore, the mecha-
nistic scheme of N2O decomposition derived over steam-activated
Fe-silicalite and Fe-ZSM-5 [36] was extended for the ion-exchanged
Fe-ZSM-5, which has larger iron oxide particles (see the TEM im-
ages in Fig. 3). Another important conclusion is that the reaction
mechanism of N2O decomposition is the same over Fe-ZSM-5 pre-
treated in a He flow at 873 K [36] and in an O2 flow at 873 K
(in the present work). Moreover, steam activation of Fe-ZSM-5
did not appear to influence the mechanism of N2O decomposi-
tion. The only difference between the steam-activated and the
ion-exchanged Fe-ZSM-5 is in the kinetic parameters of N2O de-
composition in Table 3. It should be mentioned that these kinetic
parameters were extrapolated to 573 K using the Arrhenius equa-
tion, to properly compare the differences between Rh-ZSM-5 and
Fe-ZSM-5 materials in their low-temperature de-N2O activity. In
Fig. 9. Experimental (open symbols) and calculated (lines) transient responses of
N2O, N2, and O2 using different models for N2O decomposition over Fe-ZSM-5 at
different temperatures.

agreement with the order of steady-state activity in N2O decom-
position [15], the steam-activated Fe-ZSM-5 had higher reaction
constants of N2O decomposition compared with the ion-exchanged
Fe-ZSM-5.

Summarizing, our microkinetic evaluation predicts that inde-
pendent of the nature of iron species and activation procedure
of Fe-ZSM-5, iron sites as well as those with deposited mono-
atomic oxygen species, are active for N2O decomposition. Oxygen
formation occurs via two steps. First, a bi-atomic oxygen precur-
Table 3
Best kinetic model and parameters of N2O decomposition over ion-exchanged Fe-ZSM-5 and steam-activated Fe-ZSM-5 [36] derived from transient experiments in the TAP
reactor

No. Elementary reaction steps Ion-exchanged Fe-ZSM-5 Steam-activated Fe-ZSM-5

k573 K (s−1) Ea (kJ mol−1) k573 K (s−1) Ea (kJ mol−1)

1 N2O + * → *-O + N2 4.9 × 10−6a 130 3.4 × 10−4a 69
2 N2O + *-O → O-*-O + N2 1.5 × 10−5a 112 2.7 × 10−5a 98
3 O-*-O → *-O2 7 × 10−2 61 4.5 × 10−2 142
4 *-O2 → O2 + * 4.1 × 103 58 5.7 × 10−1 50

a Reaction constant in Pa−1 s−1.
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Fig. 10. Experimental (open symbols) and calculated (lines) transient responses of
N2O, N2, and O2 using different models for N2O decomposition over Rh-ZSM-5 (at
573 K).

sor (O-*-O) is formed on N2O decomposition over iron site with
mono-atomic adsorbed oxygen species (Eq. 2 in model 5). Then
this bi-atomic precursor is transformed into another bi-atomic oxy-
gen species (*-O2, Eq. 3 in model 5), which decomposes yielding
gas-phase O2 and a free site (Eq. 4 in model 5).

3.4.2. Rh-ZSM-5
It should be stressed that kinetic evaluation of N2O decom-

position over Rh-ZSM-5 was performed in the temperature range
of 573–723 K. Because the kinetic evaluation over Fe-ZSM-5 was
done at 723 K as well, we can conclude that the derived mecha-
nistic differences in both catalytic systems are comparable. Fig. 10
shows the experimental transient responses of N2O, N2, and O2
on pulsing N2O over Rh-ZSM-5 at 573 K and the responses cal-
culated applying models 6–11 with optimized kinetic parameters.
According to the results discussed in Section 3.3, all of these re-
action schemes start with reversible N2O adsorption over free (*)
active cites, followed by decomposition of adsorbed N2O to gas-
phase N2 and surface oxygen species (*-O). Models 6 and 9 did
not provide a good description of the experimental transient re-
sponses. The fitting of the N2O and N2 responses with models 7, 8,
10, and 11 was reasonable; however, the experimental O2 response
was poorly predicted by model 7. Models 8, 10, and 11 provided
Table 4
Best kinetic model and parameters of N2O decomposition over Rh-ZSM-5 derived
from transient experiments in the TAP reactor

No. Elementary reaction steps k573 K (s−1) Ea (kJ mol−1)

1 N2O + * → *-N2O 1.1 × 10−2a 10
2 *-N2O → N2O + * 93 81
3 *-N2O → *-O + N2 26 120
4 N2O + *-O → * + O2 + N2 2.8 × 10−2a 83
5 O2 + * → *-O2 2.4 × 10−12a 10
6 *-O2 → O2 + * 0.17 29
7 *-O2 + * → 2*-O 3.7 250
8 2*-O → *-O2 + * 454 168

a Reaction constant in Pa−1 s−1.

the best overall description of the N2O, N2, and O2 responses. The
first three reaction steps in the latter three models are the same:
N2O adsorption and desorption, decomposition of adsorbed N2O to
gas-phase N2 and *-O, and finally reaction of gas-phase N2O with
*-O to gas-phase O2 and N2. Model 10 includes one additional re-
action step: recombination of two *-O to gas-phase O2. According
to model 11, O2 formed via reaction of gas-phase N2O with *-O
readsorbed reversibly and dissociatively via a bi-atomic precursor.

Because the correct description of data obtained over a broad
temperature range is an important criterion for model discrimina-
tion, simultaneous fitting of N2O, N2, and O2 transient responses
was performed in the temperature range of 573–723 K using mod-
els 8, 10, and 11. Model 11 properly predicted the experimental
results, whereas models 8 and 10 did not. This indicates that N2O
decomposition over Rh-ZSM-5 is initiated by reversible N2O ad-
sorption over free Rh sites, followed by its decomposition into
N2 and active oxygen species (*-O). In agreement with the find-
ings of Kunimori et al. [39,40], oxygen formation over Rh black
and Rh/USY occurs through recombination of two active oxygen
species (*-O). In addition to this reaction step, however, our mi-
crokinetic model predicts that gas-phase O2 also can be formed
via reaction of gas-phase N2O with surface oxygen species (*-O)
originating from N2O. The disagreement between our findings and
those of Kunimori’s group can be explained as follows. Kunimori
et al. [39,40] studied N2O decomposition over 18O2-pretreated Rh
black and Rh/USY and analyzed the distribution of labeled oxygen
(18O) in the formed gas-phase oxygen. For such an experimen-
tal approach, the possibility that surface oxygen species formed
during 18O2 pretreatment and those formed from N2O have differ-
ent reactivity toward N2O decomposition cannot be excluded. This
statement is indirectly supported by the conclusion of Kunimori et
al. [39,40] that desorption of oxygen from the O2-pretreated cata-
lysts occurred at much higher temperatures than oxygen formation
in N2O decomposition.

3.4.3. Validation of TAP-derived microkinetic schemes
As discussed above, the derived mechanisms of N2O decom-

position correctly predict the transient behavior of N2O decom-
position over zeolites loaded with different active metals (model
11 for Rh-ZSM-5 and model 5 for Fe-ZSM-5). The next criterion
that a model should fulfill is the dependence of the rate of N2O
decomposition on the inlet partial pressures of N2O and O2. For
this purpose, we calculated the rates of N2O decomposition under
steady-state conditions using kinetic parameters derived from the
fitting of TAP responses. The optimized kinetic parameters of direct
N2O decomposition over Fe-ZSM-5 and Rh-ZSM-5 are compared in
Tables 3 and 4, respectively.

The rates were calculated at temperatures of 573–873 K and
N2O partial pressures of 1–103 Pa. The calculated rates are pre-
sented in Fig. 11. The rate of N2O decomposition over Fe-ZSM-5
and Rh-ZSM-5 increased linearly with an increase in N2O partial
pressure. A slight deviation from a linear dependence above ca.
500 Pa can be predicted for Fe-ZSM-5 above 773 K. Similar be-
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Fig. 11. Predicted reaction rates of N2 formation upon N2O decomposition over
(a) Fe-ZSM-5 and (b) Rh-ZSM-5 at N2O partial pressures and temperatures in the
range of 10–103 Pa and 573–823 K, respectively. Calculations were performed with
kinetic parameters from Tables 3 and 4. The lines show first-order dependence of
the rate of N2 formation on the inlet partial N2O pressure.

havior was reported by Kapteijn et al. [25] for steady-state N2O
decomposition over ion-exchanged Fe-ZSM-5. They reported that
even at low N2O partial pressures (60–150 Pa), the reaction order
of N2O decomposition with respect to the N2O partial pressure was
<1 above 733 K.

According to the best microkinetic model of N2O decomposi-
tion over Fe-ZSM-5 (Table 3), the formation of gas-phase O2 via
the desorption of molecular adsorbed oxygen (reaction step 4) is
irreversible; therefore, gas-phase oxygen should not affect the rate
of N2O decomposition. This conclusion agrees with oft-reported
steady-state performance of various Fe-ZSM-5 catalysts in N2O
decomposition [16,23,25,27–38]. However, our microkinetic eval-
uation made it possible to mechanistically explain the fact that
O2 formation limits N2O decomposition even though oxygen does
not inhibit N2O decomposition. Our mechanistic scheme of N2O
decomposition predicts that the formation of gas-phase O2 (reac-
tion step 4) will be much faster than the surface rearrangement
of one bi-atomic oxygen species to the molecular adsorbed oxy-
gen (reaction step 3), which desorbs as O2. Therefore, it is not the
O2 desorption, but rather the surface rearrangement, that limits
the overall rate of O2 formation and N2O decomposition. This as-
sumption is supported by the following discussion. Using kinetic
parameters from Table 3, we calculated steady-state surface cover-
ages for different temperatures and N2O partial pressures. Fig. 12
shows the calculated coverages in the temperature range from 523
to 823 K for inlet N2O partial pressures of 150 and 1000 Pa. The
coverages by *, *-O, and O-*-O species were in the range 0.01–
0.8, whereas the coverage by *-O2 was very low, increasing from
ca. 10−7 to 10−5 with an increase in temperature from 523 to
773 K. According to our microkinetic model, the rate of O2 for-
mation over Fe-ZSM-5 is proportional to this coverage. Such a low
coverage can be easily understood by comparing the kinetic con-
stants of *-O2 formation and decomposition. The former is several
Fig. 12. Calculated steady-state coverage by surface species upon N2O decomposition
over Fe-ZSM-5 in the temperature range from 523 to 823 K for inlet N2O partial
pressures of 150 and 1000 Pa. Kinetic parameters from Table 3 were taken for the
calculations.

magnitudes order lower than the latter. The complex mechanism
of O2 formation is a possible reason why O2 formation limits N2O
decomposition without the inhibiting effect of O2.

In contrast to Fe-ZSM-5, oxygen should inhibit N2O decomposi-
tion over Rh-ZSM-5 (Table 4). To quantify the effect of oxygen over
Rh-ZSM-5, we calculated the rates of N2O decomposition at differ-
ent N2O (1–1000 Pa) and O2 (1–10,000 Pa) partial pressures. No
inhibiting effect of N2O could be predicted. This can be explained
by the fact that the rate constant of the interaction of O2 with free
Rh sites is ca. 1010 times lower than that for the N2O reaction;
therefore, oxygen should inhibit N2O decomposition only at very
low N2O/O2 ratios.

Summarizing the foregoing results, we can conclude that the
transient performance of Fe-ZSM-5 and Rh-ZSM-5 in direct N2O
decomposition can be quantitatively described by two microkinetic
models differing in terms of N2O adsorption properties and the
pathways for N2 and O2 formation. Both models predict first-order
dependence of N2O decomposition on the partial pressure of N2O
and no inhibiting effect of O2 on N2O decomposition under steady-
state conditions. In the next section we discuss possible origins
of the significant low-temperature activity of Rh-ZSM-5 compared
with Fe-ZSM-5 on the basis of our microkinetic analysis.

3.5. Mechanistic origins of catalytic activity in N2O decomposition

According to the TAP-derived microkinetic schemes, both free
metal sites (*) and surface mono-atomic oxygen species (*-O) par-
ticipate in N2O decomposition over Fe-ZSM-5 and Rh-ZSM-5. For
Fe-ZSM-5, gas-phase N2O decomposes directly over a free iron site
(reaction step 1 in Table 3), whereas for Rh-ZSM-5, adsorbed N2O
yields gas-phase N2 (reaction step 3 in Table 4). The calculated ac-
tivation energies of these steps over ion-exchanged Fe-ZSM-5 and
Rh-ZSM-5 were 130 and 120 kJ mol−1, respectively. These simi-
lar values indicate that the strength of nitrogen–oxygen bond in
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the N2O molecule mainly determines the energy costs required for
N2 formation. But the steam activation of Fe-ZSM-5 apparently re-
sults in a decrease in the activation energy of N2O decomposition
(69 kJ mol−1 in Table 3). This may be a reason for the beneficial
effect of high-temperature steaming on the activity of Fe-ZSM-5,
particularly below 673 K [15]. The overall rate constant of N2O de-
composition over free metal sites depends significantly not only
on the metal in the zeolite, but also on the activation proce-
dure of Fe-ZSM-5. As shown in Table 3, and Table 4, these rate
constants were 4.9 × 10−6 Pa−1 s−1 over ion-exchanged Fe-ZSM-5,
3.4 × 10−4 Pa−1 s−1 over steam-activated Fe-ZSM-5, and 26 s−1

over Rh-ZSM-5 at 573 K. Because the respective activation ener-
gies do not differ significantly, such a great difference in the rate
coefficients is determined by the pre-exponential factor (k0), that
is, collision frequencies of N2O over Rh and Fe species. Based on
the rate constants and activation energies given in Tables 3 and 4,
we calculated the pre-exponential factors of N2 formation using
the Arrhenius equation. For N2O decomposition over free metal
sites, these factors were 3.4 × 106 Pa−1 s−1 for ion-exchanged
Fe-ZSM-5, 6.7 × 102 Pa−1 s−1 for steam-activated Fe-ZSM-5, and
2.3 × 1012 s−1 for Rh-ZSM-5, indicating much higher collision fre-
quencies of N2O over Rh species than over Fe species. In contrast
to N2O decomposition over free active sites, k0 of N2 formation
via interaction of gas-phase N2O with surface oxygen species is
not significantly influenced by the metal in the zeolite matrix.
The calculated k0 values for this reaction pathway were ca. 3 ×
105 Pa−1 s−1 for ion-exchanged Fe-ZSM-5, 2.3 × 104 Pa−1 s−1 for
steam-activated Fe-ZSM-5, and 1.5 × 106 Pa−1 s−1 for Rh-ZSM-5,
with corresponding activation energies of 112, 89, and 83 kJ mol−1.
Thus, from a kinetic standpoint, we posit that the metal’s N2O-
adsorptive property is an essential feature affecting the rate of N2O
decomposition. Kiwi-Minsker et al. [16,24] and Ates and Reitzmann
[33] have noted that N2O adsorption should be taken into consid-
eration in describing N2O decomposition over Fe-ZSM-5 catalysts;
however, they did not attempt to correlate the catalysts’ de-N2O
activity and N2O-adsorptive properties.

Another key mechanistic dissimilarity between Rh-ZSM-5 and
Fe-ZSM-5 relates to the pathway for O2 formation, which is often
discussed as the rate-limiting step of N2O decomposition [16,23,
28–31]. There are two parallel reaction pathways of O2 formation
over Rh-ZSM-5: (i) Oxygen originates via recombination of two
active oxygen species (*-O) and (ii) N2O interacts with a surface
mono-atomic oxygen species (*-O), yielding gas-phase O2 and N2.
Our calculations predict that the former reaction pathway domi-
nates above 623 K. At lower temperatures, at which Kunimori et
al. [39,40] analyzed N2O decomposition over Rh-USY, both reac-
tion pathways of O2 formation contribute equally to the overall
O2 formation. In contrast to Rh-ZSM-5, oxygen formation over Fe-
ZSM-5 occurs via a complex sequence of three elementary reaction
pathways: (i) N2O reacts with an active oxygen species (*-O), yield-
ing an adsorbed bi-atomic oxygen species (O-*-O); (ii) the formed
bi-atomic oxygen species intermediate reorganizes into another bi-
atomic one (*-O2); and (iii) *-O2 desorbs as O2, generating free-
iron sites. The overall oxygen production over Fe-ZSM-5 is limited
by the rearrangement of one adsorbed bi-atomic oxygen species to
another.

In summary, we have identified two possible mechanistic ori-
gins of the superior low-temperature activity of Rh-ZSM-5 over Fe-
ZSM-5: (i) Rh presents stronger reversible N2O adsorption, which
significantly influences the rate constant of N2O decomposition
over free metal sites, yielding N2 and active oxygen species (*-O);
and (ii) oxygen formation occurs directly via reaction of gas-phase
N2O with *-O over Rh-ZSM-5. These are of fundamental impor-
tance because they provide insight into the reaction mechanism,
and they can be applied to the design of novel catalytic materi-
als (e.g., nonnoble metal-containing or alloys) for applications in
which N2O should be eliminated at low temperatures. In principle,
the mechanistic “fingerprints” identified in this study demonstrate
the category of the catalyst with respect to its operation tempera-
ture and can provide an alternative to traditional steady-state tests
as a screening tool. We expect our findings to stimulate theoreti-
cians to confirm our conclusions on a molecular level.

4. Conclusion

Transient studies of N2O decomposition over Rh-ZSM-5 and
Fe-ZSM-5 in the TAP reactor have established that the activity
order of the catalysts is not influenced by the mode of reac-
tor operation (steady-state ambient pressure vs transient vacuum);
Rh-ZSM-5 showed remarkably higher activity for N2O decomposi-
tion below 573 K than Fe-ZSM-5. Possible mechanistic origins of
Rh-ZSM-5’s greater catalytic activity were derived from a quan-
titative microkinetic analysis of N2O decomposition, according to
which transient responses of N2O, N2, and O2 were fitted simulta-
neously to different microkinetic models. Through model discrimi-
nation, we concluded that classical reaction schemes are too sim-
ple to describe N2O decomposition over both catalytic systems. In-
dependent of the nature of active metal, both free metal sites and
surface mono-atomic oxygen species formed from N2O are active
sites for N2O decomposition. However, the microkinetic schemes
of N2O decomposition over Rh-ZSM-5 and Fe-ZSM-5 differ in the
elementary reaction steps leading to N2 and, more importantly, to
O2. N2O reversibly adsorbs over Rh-ZSM-5 with subsequent de-
composition of adsorbed N2O species to gas-phase N2 and surface
mono-atomic oxygen species. Over Fe-ZSM-5 the later products are
formed directly on the interaction of gas-phase N2O with free iron
sites. Oxygen formation over Fe-ZSM-5 occurs via a sequence of
three elementary reactions. Surface transformation of a bi-atomic
oxygen species to molecular adsorbed oxygen, which desorbs as
O2, limits overall O2 formation and N2O decomposition. The reac-
tion mechanism over Fe-ZSM-5 is independent of the iron constitu-
tion induced by the preparation and activation routes (e.g., liquid-
ion exchange vs steam activation), despite important differences
in catalytic activity can be attained. In contrast to Fe-ZSM-5, O2
is formed directly over Rh-ZSM-5 through the interaction of gas-
phase N2O with adsorbed mono-atomic oxygen species originating
from the decomposition of adsorbed N2O. Based on our findings,
we can conclude that reversible N2O adsorption and rapid oxygen
formation appear to be essential features for low-temperature cat-
alytic N2O decomposition.
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Appendix A. Quantification of transient responses

The relative sensitivities (Ar
i ) of feed components and reaction

products in mass spectrometric analysis were determined as the
ratio of the areas under the response signals of each compound
related to the area under the response signal of the inert gas (Ne).
The respective areas were corrected according to the contribution
of fragmentation pattern of the different compounds to the mea-
sured AMU signal. Mole fractions of gas-phase components were
calculated according to Eq. (A.1). Calculation of conversion and
yield was performed using Eqs. (A.2) and (A.3), respectively. In
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these expressions, Ar
exp,i is the relative sensitivity observed over

each catalyst, Ar
cal,i is the relative sensitivity determined separately

for the same reactant mixture in the reactor filled with inert mate-
rial, κinert is the mole fraction of inert gas in the reactant mixture,
κ0

educt is the molar fraction of reactant at the reactor inlet, and
κout

educt is the mole fraction of reactant at the reactor outlet,

κi = κ0
inert · Ar

exp,i

Ar
cal,i

, (A.1)

Xi = Ar
cal,i − Ar

exp,i

Ar
cal,i

, (A.2)

Yi = νeduct · κproduct,i

νproduct,i · (κ0
N2O)

. (A.3)

Appendix B. Kinetic evaluation of transient experiments

Mass balances for gas-phase and surface species were deter-
mined for each kinetic model in Table 1. As an example, Eqs. (B.1)–
(B.5) represent these balances for model 1. In these equations, Deff
is the effective Knudsen diffusion coefficient, ki is the rate coeffi-
cient, C total is the total number of active sites, Θ∗ is the fraction
of free active sites, and Θ *-O is the coverage by adsorbed mono-
atomic oxygen species. Similar expressions can be derived for mod-
els 2–11 in Table 1,

∂CN2O

∂t
= Deff · ∂2CN2O

∂x2
− Ctotal · k1 · CN2O · (1 − Θ*-O)

− Ctotal · k2 · CN2O · Θ*-O, (B.1)

∂CN2

∂t
= Deff · ∂2CN2

∂x2
+ Ctotal · k1 · CN2O · (1 − Θ*-O)

+ Ctotal · k2 · CN2O · Θ*-O, (B.2)

∂CO2

∂t
= Deff · ∂2CO2

∂x2
+ Ctotal · k2 · CN2O · Θ*-O, (B.3)

∂Θ*-O

∂t
= k1 · CN2O · (1 − Θ*-O) − k2 · CN2O · Θ*-O, (B.4)

∑
Θi = Θ*-O + Θ* = 1. (B.5)

The apparent diffusion coefficients of Ne (Deff
Ne) were estimated

at each temperature by fitting of the Ne transient responses as-
suming Knudsen diffusion model. The obtained coefficients were
fixed and used for calculations of the respective values (Deff

i ) for
N2O, N2, and O2 according to Eq. (B.6), where MNe and Mi are the
molecular weight of Ne and the i-component, respectively,

Deff
i = Deff

Ne

√
MNe/Mi . (B.6)
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