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A steady-state isotopic transient analysis of NO adsorption over
Co-ZSM-5 catalyst in the absence or in the presence of oxygen is re-
ported by using doubly labeled nitric oxide. The kinetics and mecha-
nism of NOX formation as well as the number of active sites for NO
adsorption and their possible location on the catalyst surface are
determined. The formation of NOδ+

2 species, active intermediates
in deNOX chemistry in the presence of oxygen and hydrocarbons,
is shown to proceed according two sequential steps: (i) molecular
oxygen adsorption and (ii) NO reaction with oxidized surface sites.
The frequency factor of that reaction is found to be two orders of
magnitude higher than that of mononitrosyls formation via the ad-
sorption of NO on cobalt sites. The oxygen exchange within NOδ+

2 is
considerably slower than the formation of that intermediate species,
indicating that its two oxygen atoms are nonequivalent. The concen-
tration of active sites leading to NOδ+

2 formation is also estimated
and related to the interface existing between cobalt oxide clusters
and zeolite framework. c© 2001 Academic Press

Key Words: SSITKA; kinetics and mechanism of NO adsorption;
Co-ZSM-5 catalyst.
INTRODUCTION

Selective catalytic reduction (SCR) of NO with CH4 in
the presence of excess oxygen over Co-ZSM-5 has been
studied in recent years as a promising deNOX technology.
It is known that reaction rate increases substantially in the
presence of O2 (1–4), and that NO2 can be easily formed in
the excess of oxygen by the reaction of NO with O2 (5, 6).
Furthermore, the reaction of CH4 with NO2 proceeds with
a comparable rate to that observed for NO+O2 mixture
(3, 4, 7, 8). Hence, in the oxidative atmosphere the reaction
of NO reduction is thought to be initiated by the oxidation
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of NO to NO2 followed by the interaction of CH4 with either
gaseous or adsorbed NO2 (9–13).

However, despite intensive studies on reaction mecha-
nism (4, 9–17), many features of the process remain unclear
and controversial, particularly, the mechanism of formation
of surface NOX species responsible for methane activation.
According to infrared data, the adsorption of NO over Co-
ZSM-5 and Co-ferrierite leads to the formation of mono-
and dinitrosyl complexes of cobalt on the catalyst surface in
the absence of gaseous oxygen (10–12). In the presence of
O2, two additional bands appear in the spectrum; one of the
bands at 1520 cm−1 can be assigned to nitrite–nitrate com-
plexes and another band at 2130 cm−1 is usually related to
NOδ+

2 species bound with acidic hydroxyl groups of zeolite
(10–14, 18). Both nitrite (10–12) and nitrate (14) complexes
were considered by different authors as possible candidates
being responsible for the reaction with methane. Further-
more, participation of NOδ+

2 species in the SCR of NOX

over Cu-ZSM-5 (19) and H-ZSM-5 (20) was also proposed.
Our previous DRIFT in situ study (17) showed that these
species could be responsible for CH4 activation because of
their substantial decrease in concentration under reaction
conditions as compared with that in NO+O2+He mix-
ture. However, both the mechanism of formation of NOδ+

2
species and their location on the surface is still widely dis-
cussed. Since these species were observed over a number of
zeolite catalysts including H-form (11, 12, 17–22), they seem
to be bound with hydroxyl groups and can be stabilized in
metal-exchanged zeolites (12, 17, 19, 20). It was proposed
in our previous paper (17) that NOδ+

2 species are located at
the interface between cobalt clusters and zeolite lattice.

In this work, reported as Part 1, we focus on the for-
mation of NOX adsorbed species in the absence and in
the presence of oxygen, but in the absence of methane,
by using the Steady State Isotopic Transient Kinetic Anal-
ysis (SSITKA). Such a technique consists of analyzing
the isotopic responses resulting from stepwise change
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of isotopic composition of the feed gas but maintain-
ing an overall steady state of the catalysts, i.e., under
adsorption/desorption/reaction equilibrium (23, 24). From
this analysis the concentrations of different forms of ad-
sorbed species as well as their formation rates can be eval-
uated, revealing the main elementary steps on the cata-
lyst surface involving labeled molecules. Both the nitrogen
and oxygen routes are investigated. In part Part 2, we will
concentrate on the carbon routes which are related to the
methane oxidation and determine the further key steps of
NOX reduction into N2.

Under SSITK conditions, it should be noted that the dy-
namics of label transfer may include processes of isotopic
exchange between adsorbed reacting intermediates and the
bulk phases of the catalyst. Though rendering the interpre-
tation of experimental results more complicated, these side
isotopic transfers bring additional information on the state
of the reacting adlayers under steady-state conditions. For
the present case of NO activation, these two kinds of iso-
topic transfer phenomena can successfully be discriminated
by using a molecule labeled in two positions, i.e., 15N18O.
The dynamics of nitrogen label (15N) transfer should be de-
termined only by catalytic processes since that element is
only provided by the reacting feed and is not exchangeable
with the bulk phases of the catalyst; in contrast, the oxygen
label (18O) may be controlled both by catalytic processes
(with the same kinetic parameters as for the nitrogen label)
and the isotopic exchange between reacting adspecies and
the exchangeable pools of the catalyst (cobalt oxides and
zeolite framework).

EXPERIMENTAL

The Co-ZSM-5 catalyst used in this study was prepared
from H-ZSM-5 (SiO2/Al2O3 ratio = 37) by ionic exchange
technique with Co(NO3)2 solution followed by drying and
calcining at 500◦C. The cobalt content in Co-ZSM-5 was
1.8 wt% that corresponds to 1.9× 1020 at.Co/gcat. No bulk
cobalt oxide phases (CoO or Co3O4) were detected by
X-ray diffraction spectroscopy, indicating that the size of
cobalt oxide clusters did not exceed 30–40 Å. Sieved 500–
1000 µm particles were used in the present study.

The experiments were carried out by using a plug-flow
reactor (ID = 3 mm, L = 120 mm) placed in a furnace.
The catalyst was pretreated in 6%O2+He mixture at 500◦C
for one hour, then cooled to 450◦C before admitting the
NO+O2+He reacting mixture. When adsorptive equi-
librium was achieved under 14N16O+O2+He flow, after
about 8 minutes, gas flow was replaced stepwise by that
containing 15N18O and vice versa. The isotope content was
94.6% of 15N and 92.9% of 18O for 15N18O. In addition,
this mixture also contained 0.2% of Ar as tracer to de-

termine the mass-transfer regime degree of plug-flow ap-
proximation. From the shape of the step response of argon,
YA ET AL.

FIG. 1. Time dependencies of (A) 15N and (B) 18O isotopic fractions
in NO compared to Ar response observed after 14N16O to 15N18O replace-
ment in (1) NO + He flow and in NO + O2 + He flows at (2) 0.15%, (3)
0.3%, (4) 1.5%, and (5) 3% oxygen content.

within one second, see Fig. 1, a CSTR behavior within gas
scrambling in the catalyst bed can be excluded. The catalyst
weight was equal to 0.22 g and gas flow rate –2 ml/s. The
effluent gases from the reactor were continuously moni-
tored by mass spectrometry. The concentrations of 14N16O,
15N16O, 15N18O, 16O18O, and 18O18O were determined from
the intensities of parent peaks at m/e 30, 31, 33, 34, and
36, respectively. The peaks observed at m/e 46, 47, 48, 49,
50, and 51 were assigned to 14N16O2, 15N16O2, 14N16O18O,
15N16O18O, 14N18O2, and 15N18O2, respectively. The differen-
tiation between 16O2 and 14N18O (m/e= 32) was made con-
sidering that chemical gas concentrations were unchanged
during isotopic transients.

The following isotopic experiments were performed:

1. Replacement of 14N16O by 15N18O in 0.6% NO + O2

+ He mixture. Concentration of O2 was 0, 0.15, 0.3, 0.6, 1.5,
and 3%.

2. Replacement of 14N16O by 15N18O in 1.2% NO +
O2 + He mixture. Oxygen concentration in these exper-
iments was 0 and 3%.

RESULTS

1. 14N16O+He/15N18O+He Isotopic Switch

The changes of 15N isotopic fraction in NO (α15
NO(t)) with

time on stream after isotopic switch of NO in 0.6% NO + He
flow was calculated as the sum of 15N16O and 15N18O concen-
trations divided by steady state NO concentration, i.e., the
sum of 14N16O, 15N16O, 14N18O, and 15N18O concentrations,
as shown in Fig. 1A (curve 1). A delay of around 4 s is ob-
served for 15N appearance in the gas phase and the complete
isotopic exchange of 14N with 15N in NO proceeds during

the following 15 s. The amount of replaced nitrogen atoms
calculated from the difference between the normalized Ar
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FIG. 2. Time dependencies of (A) 15N and 18O isotopic fractions in NO2 and (B) 18O isotopic fractions in O2 observed after 14N16O to 15N18O

replacement in (1) 0.6% NO + He and (2) 0.6% NO + 3% O2 + He flows. Inserts: normalized concentrations of mixed and doubly labeled oxygen

in (A) NO2 and (B) O2 observed after isotope replacement in 0.6% NO +

response and that ofα18
NO(t) is close to 0.06× 1020 molec/gcat.

This pool of exchangeable N species value could arise
both from adsorbed N-containing species and/or from the
presence of gaseous NO accumulated in the zeolite pores.
However, NO concentration in the pores cannot be larger
than in the gas phase. Since catalyst pore volume was esti-
mated to 0.5 cm3/gcat, the quantity of NO within the pores
should not exceed the value of 0.0008× 1020 molec/gcat,
which is negligible as compared to the above calculated
pool. Therefore, the estimated amount of replaced nitro-
gen atoms should be mainly related to the N-containing
adsorbed species. From the previously reported in situ IR
study (17), these species must be ascribed to adsorbed NO
species.

The delay for 18O appearance is larger than that for 15N
(Fig. 1B, curve 1) indicating that there is a fast exchange
between adsorbed NO species and the oxygen pools of the
catalyst. However, unlike labeled nitrogen, the isotopic
fraction of 18O in NO (α18

NO(t)), calculated as the sum of
14N18O and 15N18O divided by steady-state NO concentra-
tion, does not reach rapidly a steady-state value but tails
for a long time before stabilizing. This can be associated
with a slow decrease of the rate of 18O label transfer to the
catalyst, as the maximum extent of catalyst oxygen isotopic
exchange is raised.

2. 14N16O+ 16O2+He/ 15N18O+ 16O2+He
Isotopic Switch
In the presence of oxygen, i.e., after replacing 14N16O by
15N18O in the 0.6% NO + O2 + He flow, the shape of
3% O2 + He flow.

the α15
NO(t) response is quite different than in the previously

reported 0.6% NO + He flow (Fig. 1A, curves 2–5): (i) it
is much more delayed and (ii) the complete nitrogen iso-
topic exchange is much more slowly achieved. 15N label is
also observed in NO2 (Fig. 2A); however, the influence of
this transfer on NO isotopic responses cannot be considered
due to the very low NO2 concentration (less than 0.5% from
that of NO). One can therefore conclude that the response
curve of 15N obviously results from the superposition of
two processes with distinct time constant. The first process
corresponds to the fast isotopic exchange of the pool of
reversibly adsorbed NO species, in a way similar as in the
absence of oxygen. The second slower process indicates that
there exists another pool of N-containing adspecies which
exchanges more slowly with the gas phase. Changing oxy-
gen concentration from 0.15 to 1.5% increases both the
value of the delay and the input of the second species, so
that the value of replaced nitrogen atoms is raised. How-
ever, increasing the O2 content in the feed gas up to 3% does
not change the shape of the response curve. The amount of
exchangeable nitrogen atoms, estimated in the latter case,
is found around 0.4× 1020 atoms/gcat.

The 18O isotopic fraction in the same experiment is found
to be lower than that observed in the absence of oxygen over
the whole transient period (Fig. 1B, curves 2–5). This lower
exchange can be due to a label transfer into new adsorbed
O-containing ad- or gas species such as NO2 and O2 as well
as to an increased rate of label transfer to the catalyst.

15
The N isotopic fraction in NO2 is increased in step with
that in NO (Fig. 2A). Responses of 18O isotopic fraction
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are also similar to that in NO except for lower values of
18O fraction in NO2. In spite of high isotopic fraction of la-
beled oxygen in NO2 reaching the value of α= 0.35 after
200 s, N18O2 concentration remains close to zero within the
whole studied transient period (Fig. 2A, insert). Note that if
the oxygen label was statistically distributed in the labelled
molecules, the fraction of N18O2 should have reached the
value of α2= 0.12. The absence of doubly oxygen labeled
nitric dioxide means that one of the reaction intermediates
directly participating in NO2 formation do not contain la-
beled oxygen (or a negligible fraction). Hence, NO2 forma-
tion would rather proceed via a mechanism which involves
both the participation of labeled NO and unlabeled O2.

The 18O label appears in the gaseous oxygen earlier than
in NO and NO2 (Fig. 2B). The steady-state isotopic frac-
tion in O2 is reached rather rapidly after about 150 s after
the isotopic switch. The fraction of labeled oxygen does
not exceed 0.5% in all the experiments. The 18O label can
transfer into molecular oxygen after the decomposition of
both gaseous NO2 and NOX adsorbed species. Such a low
isotopic label concentration indicates that the rate of these
two processes is low compared to that of the feed gas. One
can see (Fig. 2B, insert) that the concentrations of mixed
and doubly labeled oxygen increase simultaneously.

3. Simulation Results

As was noted above, the amount of labeled nitrogen
atoms transferred into NO2 does not exceed 0.5% from
their total concentration in the feed gas. Obviously this
transfer has a negligible influence on the 15N label concen-
tration in NO. Therefore, the dynamics of labeled nitrogen
isotopic exchange are determined by the processes of NO
adsorption and may be written according to usual mass bal-
ance equations,

∂α15
NO

∂t
+ U

V

∂α15
NO

∂ξ
= G

V CNO N

n∑
i=1

Wi
(
α15

i − α15
NO

)
[1]

∂α15
i

∂t
= Wi

θi

(
α15

NO − α15
i

)
Initial conditions t = 0: α15

NO = 0, α15
i = 0;

Boundary conditions ξ = 0: α15
NO = 0.95, α15

i = 0;
where α15

NO, α15
i - are the relative concentrations of 15N iso-

topic label (isotopic fractions) in the gaseous NO and NOX

adsorbed species, respectively; CNO is the concentration of
NO in the gas phase (volume percent); θ i is the concen-
trations of the ith adsorbed species on the catalyst surface
[molec/gcat]; Wi is the formation (decomposition) rate of ad-
sorbed species [molec/g∗cats]; V is the reactor volume [cm3];
U is the flow space velocity [cm3/s]; G is the catalyst weight

[g]; N is the Avogadro number; t is time [s]; ξ is the dimen-
sionless bed length.
YA ET AL.

TABLE 1

Feed Gas Chemical Composition for Different Experiments

Experiment number

Concentration, %vol. 1a 1b 2a 2b 2c 2d 2e 2f

NO 0.6 1.2 0.6 0.6 0.6 0.6 0.6 1.2
O2 — — 0.15 0.3 0.6 1.5 3 3

The above system [1] is integrated over the whole bed
length and transient period and the parameters fitted to
the experimental data according to the elsewhere described
procedure (25). The numerical analysis of isotopic re-
sponses α15

NO(t) obtained in the absence of oxygen (Table 1,
Exp. 1a and 1b) shows that adsorbed NO species are re-
placed with the same rate, i.e., that only one type of the
surface complexes can be distinguished kinetically. In ac-
cordance with our previous DRIFT data in Ref. (17), these
species are assigned to cobalt mononitrosyls, further de-
noted as [NO]. The values of mononitrosyl concentrations
and their formation rates at different NO content are pre-
sented in Table 2.

The isotopic responses α15
NO(t) obtained in the presence

of O2 can be considered as the superposition of the pro-
cesses of NO adsorption–desorption on different adsorp-
tion sites. The fastest part of the relaxation curve, close to
that observed in the absence of oxygen, can also be due
to the isotopic exchange of cobalt mononitrosyls. In ad-
dition to the mononitrosyl adspecies, two [NOX] species,
formed in the presence of gaseous oxygen and differing
by their isotopic exchange rate can be distinguished. Ac-
cording to the DRIFT data previously reported in (17), the
[NOX] species which are rapidly exchanged can be assigned
to NOδ+

2 species, while the species much more slowly ex-
changed are assigned to stable nitrite complexes, denoted
as [NO2]. In contrast, much closer rates of exchange char-
acterize the mononitrosyls and NOδ+

2 species. The nitrites
concentration can therefore be determined independently,
whereas there is a strong correlation between the concen-
trations of NOδ+

2 and mononitrosyls. Hence, in a first ap-
proximation the [NO] concentration was assumed not to
change after oxygen addition, which allowed us to calcu-
late the NOδ+

2 concentration. One can see (Table 2), that
by increasing the gaseous oxygen concentration up to 1.5%,
the surface coverage of NOδ+

2 species increased up to a limit
value (corresponding to the total exchange capacity) sub-
stantially exceeding that of mononitrosyls species (e.g., for
NO : O2 = 0.6 : 3.0, [NO] = 0.64 and [NOδ+

2 ] = 1.90).
The rate of formation of [NOX] adspecies was esti-

mated within the framework of a simple parallel scheme:
NO↔ [NOX]i. As shown in Table 2, the rate of [NOδ+

2 ] for-
mation is always lower than that of [NO] but more than two

orders of magnitude higher than that of [NO2]. The com-
parison of calculated and experimental αδ+2 (t) responses for
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TABLE 2

Estimated Values of [NOX] Adsorbed Species Concentrations and Their Formation Rates

Gas phase concentration Surface concentration Rate of label transfer

NO O2 [NO] [NOδ+
2 ] [NO2] [NO] [NOδ+

2 ] [NO2]

CNO CO2 θ1 θ2 θ3 W1 W2 W3

[%vol] [molec/g] × 10−19 [molec/g∗s] × 10−19

0.6 0 0.64 — — 3.86 — —
0.6 0.3 0.64 0.85 0.11 3.86 0.51 0.0016
0.6 0.6 0.64 1.05 0.15 3.86 0.73 0.0022
0.6 1.5 0.64 1.82 0.32 3.86 1.80 0.0048
0.6 3.0 0.64 1.90 0.53 3.86 1.85 0.0082
1.2 0 1.21 — — 6.92 — —

1.2 3.0 1.21 1.82

isotope experiments performed in 0.6% NO + He and
0.6% NO + 3% O2 + He flows are presented in Fig. 3A.

The dynamics of 16O replacement with 18O in NO was
considered to be determined by the following processes:
(i) NO adsorption, (ii) oxygen exchange between different
[NOX] species and the catalyst oxygen pool, and (iii) par-
tial oxygen transfer into NO2 and O2 due to the gaseous
reaction: 2 NO + O2↔ 2 NO2.

On the basis of our previous statements reported in (17),
it is assumed that the oxygen atom of cobalt mononitrosyl
can exchange directly only with the oxygen ions from the
cobalt oxide clusters, whereas the oxygen atoms of NOδ+

2
species may exchange both with the cobalt oxide clusters
and with the zeolite lattice. Since the [NO2] formation rate
was found to be extremely low, then it may be deduced
that the NO↔ [ NO2]↔ [catalyst] transfer has a negligible
influence on the observed rate of oxygen isotopic exchange
in NO and can therefore be ignored. The reverse isotopic
transfer from gaseous O2 to NO, NO2 and to the adsorbed
layer can also be ignored because the 18O isotopic fraction
in O2 never exceeded 0.005. Thus, the overall oxygen label
transfer may be schematized as

and the corresponding model for the 18O label transfer can
be written as

∂α18
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where α18
NO, α18

O2
, α18

NO2
are the 18O isotopic fractions in NO,

O2, and NO2, respectively; α18
i and α18

j are the 18O isotopic
fractions in [NOX] surface species and in the catalyst (j in-
dexes are related to different states of catalyst oxygen), re-
spectively; mij and mjk are the ratios between the amounts of
exchangeable oxygen in ith surface species and jth oxygen
states as well as between the different pools of catalyst oxy-
gen, respectively; β ij is the coefficient of isotopic exchange
(s−1); R1 and R2 are the rates of label transfer into O2 and
NO2, respectively. The rates of NO↔ [NOX] transfer Wi

and the concentrations θ i were taken from the previous 15N
label transfer simulation.

Numerical analysis of isotopic responses obtained in the
absence of oxygen showed that the exchange between the
oxygen of the cobalt mononitrosyls and part of cobalt ox-
ide oxygen proceeds more rapidly than NO adsorption,
whereas the rate of label transfer into zeolite was consid-
erably lower. Exchange coefficients and the amounts of ex-
changeable oxygen estimated within the above-proposed
scheme are equal to

β[NO]−[CoO] = 25 s−1, β[CoO]−[ZEOL] = 0.009 s−1,

[OCoO] = 1.4× 1020 at /gcat, [OZEOL] = 3× 1020 at /gcat.
Figure 3B, shows that the difference between calculated
and experimental responses obtained in 0.6% NO+He
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FIG. 3. Simulated (lines) and experimental (dotted) time dependencies of (A) 15N and (B) 18O isotopic fractions in NO observed after 14N16O to

15N18O replacement in (1) 0.6% NO + He and (2) 0.6% NO + 3% O2 +
obtained by different simulation models (see text).

flow (curve 1) lies within the experimental error at these
exchange coefficients values. Since the degree of 18O
exchange was limited to 60% in our experiments, only
the fastest part of the exchange process could be ana-
lyzed. Hence, the calculated amount [OZEOL] should be
attributed to the oxygen species adjacent to or surrounding
the oxide-like cobalt clusters rather than to the total
amount of exchangeable zeolite oxygen. Hence the oxygen
label transfer throughout the zeolite bulk is obviously
controlled by slow diffusion processes.

In the presence of oxygen (CO2> 1.5%) the rate of 18O
label transfer into the adsorbed layer is increased by about
1.5 times mainly due to the fast [NOδ+

2 ] formation. This
increase should result in a more prolonged delay for the
18O appearance in the gaseous NO, as observed experi-
mentally delay (Fig. 3B, curve 2). In addition, the time
delay is also determined by the rate of homoexchange
within NOδ+

2 species. Supposing a fast exchange, the cal-
culated time delay is higher than the experimental delay
(Fig. 3B, curve 2sim1). Provided a low rate of homoex-
change compared with that of [NOδ+

2 ] formation and de-
composition (Fig. 3B, curve 2sim2), the initial parts of sim-
ulated and experimental responses coincide. However, it
can be seen that the difference between the simulated
and experimental α18

NO(t) values increase with the degree
of isotopic exchange. This discrepancy could be explain
by the fact that α18

NO(t) responses (Fig. 3B, curves 2sim1

and 2sim2) are calculated without considering (i) the ex-
change between NOδ+

2 species and the catalyst oxygen pool

or (ii) the partial 18O label transfer into O2 and NO2. Taking
into account the last process only, the calculated rate of the
He flows. Captions sim1, sim2, and sim3 correspond to simulated curves

18O label transfer from NO to the catalyst bulk could be in-
creased by the value of 5–7%. By considering also the direct
exchange between [NOδ+

2 ] and [OZEOL] the calculated rate
of label transfer into the catalyst bulk was also increased
without shift of the initial part of the response (Fig. 3B,
curve 2sim3). The estimated values of oxygen exchange co-
efficients between [NOδ+

2 ] and the catalyst are equal to

β[NOδ+
2 ]−[CoO] ≤ 0.05 s−1, β[NOδ+

2 ]−[ZEOL] = 0.031 s−1.

The above-proposed models (1) and (2) describe the time
dependency of the isotopic fractions 15N and 18O, respec-
tively, in the gas phase and in the adsorbed species, ei-
ther in the absence or in the presence of oxygen. In the
mean time, one can obtain additional information about
the mechanism of label transfer into O2 based on the iso-
topic distribution in O2 (i.e., the ratio between the concen-
trations of doubly and singly labeled oxygen). It can be
postulated a priori that the label transfer into O2 results
essentially from the decomposition of both gaseous NO2

and adsorbed [NOX] species ( NOδ+
2 and nitrite complexes)

since it was checked that the direct O2 exchange does not
occur under the prevailing reaction conditions. The reac-
tion of NO2 decomposition is known to proceed via a bi-
molecular mechanism 2NO2→ 2NO + O2. Then, the ratio
between doubly and singly labeled oxygen formed after
NO2 decomposition should obey a binomial distribution
law

p = 18O18O/18O16O = α2/2α(1− α),

where α is the 18O isotopic fraction in NO2.
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FIG. 4. (A) 18O isotopic fractions in NO2 (curve 1), in [OCoO] (curve 2) and in [OZEOL] (curve 3) averaged along the catalyst bed; (B) ratio between

18O2 and 16O18O (p(t)) calculated for 18O label transfer from NO2 (curve 1), from nitrite complexes (curve 2), and from NOδ+ species (curve 3) compared

with the experimental (curve 4).

Figure 4 shows the time dependency of length-average
α(t) values (Fig. 4A, curves 1–3) as well as calculated p(t)
dependency (Fig. 4B, curves 1–3) corresponding to these
values. α(t) values were assumed to be equal to the half-
sum of the isotopic fractions in NO2 at the reactor in-
let (α = 0.5) and outlet. One can see that the calculated
p(t) dependency (Fig. 4B, curve 1) correlates well with
the experimental dependency (Fig. 4B, curve 4), though,
it lies some lower. As to the different variants of the label
transfer from [NOX] species, the decomposition of NOδ+

2
species and nitrite complexes is thought to be accompa-
nied by the formation of atomic oxygen [O] on the catalyst
surface. In this case, p(t) after oxygen desorption should
also obey a binomial distribution law. It was supposed that
the isotopic fraction in [O] is close to that in (a) the cobalt
oxide after nitrites decomposition (Fig. 4A, curve 2) and
(b) [OZEOL] after NOδ+

2 decomposition (Fig. 4A, curve 3).
The corresponding calculated p(t) are presented in Fig. 4B,
curves 2 and 3. As can be seen, the values and the char-
acters of both calculated p(t) dependencies are substan-
tially different from the experimental dependencies. Hence,
one can conclude that gaseous oxygen accepts 18O label
rather from NO2 than from the catalyst surface. Taking
into account all the processes of label transfer into O2,
the ratio between doubly and mixed labeled oxygen can be
determined as

18O18O/18O16O = 6wIαiαi /6wi 2αi (1− αi ),
and the total amount of isotopic label in O2 is equal to
NO=6wI αi.
2

Here, w1 is the rate of NO2 decomposition, w2 and w3 are
the rates of oxygen desorption from the surface of oxide-
like species and zeolite, αi are the values of the isotopic
fractions in NO2, [OCoO] and [OZEOL]. The best simulation
of the p(t) curve was obtained with w1/w2/w3 = 6/2/1
Absolute values of these rates can be determined on the
basis of the total amount of labeled atoms in O2. The
rate of NO2 decomposition was calculated to be 3.1×
1016 molec O2/s or 6.2× 1016 molec NO2/s per gram of
the catalyst. The rates of oxygen desorption were esti-
mated to be w2= 1.2× 1016, w3= 0.6× 1016 molec O2/s per
gram.

DISCUSSION

Within a zeolite catalyst, the dynamics of 15N isotopic ex-
change during NO activation can be determined by a cata-
lytic process (i.e., the rate of NO adsorption/desorption)
as well as by a mass transfer process (i.e., the rate of NO
diffusion in zeolite channels). If the rate of isotopic transfer
was limited by NO diffusion, then the exchange rate of
adsorbed NO species would depend on their location
within the channels and the distance from the external
catalyst surface. Accordingly, the 15N isotopic responses
should be determined by a distribution of isotopic transfer
rates for each exchangeable components. However, the
numerical analysis of isotopic responses obtained after
switching from 14N16O to 15N18O in 0.6% NO+He
and 1.2% NO+He flows revealed that the adsorbed

mononitrosyl complexes can be characterized by a single
exchange rate. Hence, the rate of diffusion is thought to be
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larger than the rate of cobalt mononitrosyls formation and
decomposition, which rules out any mass transfer diffusion
control.

In the presence of oxygen, a significant delay is observed
in the isotopic transient curves, which could also be related
to NO mass transfer limitation, oxygen possibly hindering
the internal diffusion of NO molecules. In that case, the rate
of mononitrosyls isotopic exchange should decrease signif-
icantly, which was not revealed by the numerical analysis of
the transient curves. Therefore the rate of NO internal dif-
fusion is thought to remain high in the presence of oxygen
and still not interfering with the isotopic transfer dynam-
ics. Accordingly, the existence of both quickly and slowly
exchangeable components revealed by the analysis of the
isotopic responses do result from the convoluted forma-
tion and decomposition rates of distinct adsorbed [NOX]
species. Based on the obtained estimations of [NOX] species
concentrations and their decomposition rates (Table 2),
their average lifetime may straightforwardly be estimated
(23, 24). Cobalt mononitrosyls, NOδ+

2 species, and nitrite
complexes have an average lifetime of about 0.16, 1, and
100 s, respectively. This ranks unambiguously their relative
stability, in perfect agreement with the direct DRIFT ob-
servations (17).

The concentration of mononitrosyls is proportional to the
NO content in the feed gas indicating that the steady-state
surface coverage of these species is far from saturation, and
thus most of the cobalt active sites remain unoccupied in the
range of NO and O2 concentrations used in this study (see
Experimental). In contrast, the coverage of NOδ+

2 species
approaches the maximum value within the same concen-
tration range. This means that only part of the cobalt active
sites participate in NOδ+

2 formation.
As above mentioned, the responses of 18O isotopic frac-

tion in NO arise from the superposition of both fast and
slow processes. The fast processes correspond to the iso-
topic exchange of oxygen atoms belonging to NOX ad-
species and to the exchange with surface oxygen directly
bound to the adsorption sites, as revealed as the increased
delay of the 18O label appearance compared to that of
15N. The slow process most likely corresponds to the ex-
change of oxygen from the zeolite lattice. From the nu-
merical analysis, the amount of quickly replaced oxygen
was found to be about 1.4× 1020 at/gcat, that corresponds
to 70% of the total amount of oxygen atoms contained in
the CoO cobalt clusters (2.0× 1020). Since, as mentioned
by Li and Armor (26), each isolated cobalt ion (Co2+) is
able to adsorb NO, the above value corresponds to the ac-
tual dispersion of the cobalt atoms within the zeolite and
confirms the existence of micro clusters in our catalytic
system.

The number of active sites can also be estimated by com-

paring the transient isotopic experiments with the DRIFT
data (17). According to the DRIFT data, the concen-
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tration of cobalt mononitrosyls was decreased by about
25% after oxygen addition into NO+He flow. This de-
crease was assumed to arise from the occupancy of part
of the cobalt active sites by NOδ+

2 species, preferentially,
and by nitrite complexes. Considering a first-order adsorp-
tion mode, the concentration of cobalt mononitrosyls θ1

should be proportional to the number of unoccupied ac-
tive sites θ1 = KRCNO(L − 6θi ), where KR is the equi-
librium constant, L is the total number of active sites,
and the concentration of unoccupied active sites can be
written as

L − θ1 = (θ2 + θ3)/0.25.

In experiments performed with the same NO and O2

content, the total concentration of NOδ+
2 species and

nitrite complexes (θ2+ θ3) was found to be about 3×
1019 molec/gcat. Since the mononitrosyl concentration is
proportional to that of NO, then LÀ θ1. The quantity of
these sites L is estimated to be 3 × 1019/0.25 = 1.2 ×
1020 sites/gcat. This value is in excellent agreement with the
value of accessible Co atoms previously determined from
NO adsorption in the absence of oxygen (1.4×1020 at/gcat),
within the accuracy of our estimations (about 10%).

The formation of NOδ+
2 species was proposed in Ref. (17)

to involve both zeolite hydroxyl groups and cobalt oxide
clusters. The observation in the present paper that (i) the
rate of the 18O exchange between NOδ+

2 and cobalt oxide
is considerably lower than that for mononitrosyls, and (ii)
there exists a slow but significant oxygen exchange between
NOδ+

2 and the zeolite strongly confirms the interfacial loca-
tion of the NOδ+

2 species. Thus, the maximum value of NOδ+
2

concentration is determined by the number of boundary ac-
tive sites, which is equal to 2 × 1019 sites/gcat, i.e., 10% of
the total number of cobalt atoms.

As revealed by the low label concentration in gaseous
O2, the rate of 18O label transfer from NO to molecular
oxygen was found to be extremely low. Our calculations
confirm that the rate of NOδ+

2 decomposition is more than
two orders of magnitude higher than that of the label trans-
fer from the adsorbed layer to the gaseous oxygen (see
Simulation results). One can conclude that there is a slow
step in NOδ+

2 formation, which is most likely related to
the modification of active sites under the action of oxy-
gen. This step should be reversible and determined by the
low rate of dissociative oxygen adsorption, which also pro-
ceeds at the interface between cobalt oxide clusters and
zeolite.

On the basis of the above estimations of coverages
and numbers of active sites, the rate constants of forma-
tion/decomposition processes for both mononitrosyls and
NOδ+

2 species can be determined. Considering that the for-

mation of mononitrosyls Co(NO) results from the direct
interaction of NO with free active sites of cobalt oxide [*],
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the corresponding first-order kinetic equations can be writ-
ten as

NO+ [∗]↔ [NO] W1 = k1CNOθ[∗], W−1 = k−1θ1, [3]

where Wi and W−i are the rates of forward and back-
ward steps [molec./gcat s], k1 and k−1 are the correspond-
ing rate constants [s−1], CNO is the concentration of NO in
the gas phase [% vol.], θ [∗] and θ1 are the concentrations of
free active sites and cobalt mononitrosyls [molec/g], respec-
tively. In the absence of O2, NO is adsorbed only as cobalt
mononitrosyls, and θ[∗]= L − θ1 with L = 1.4× 1020 total
number of active sites, as above determined. Then, the rate
constants

k1 = W

C∗NO(L − θ1)
, k−1 = W−1

θ1
,

can be straightforwardly be deduced from the data of
Table 2 as

k1 = 48(±5) s−1, k−1 = 6(±1) s−1.

As shown above, the formation of NOδ+
2 species proceeds

sequentially by the step of oxygen adsorption at the bound-
ary of cobalt oxide and zeolite (kinetics of this step cannot
be determined from the obtained results), followed by NO
adsorption on oxidized active sites

[O]+NO↔ [NOδ+
2 ] W2 = k2CNOθ[O], W−2 = k−2θ2, [4]

where θ2 and θ[O] are the concentrations of NOδ+
2 species

and oxidized sites, respectively. Since an increase of NO
content from 0.6 to 1.2% does not change NOδ+

2 concen-
tration, this means that the equilibrium of step 2 is strongly
shifted to the right under these conditions; it may then be
assumed reasonably that the concentration of oxidized sites
[O] does not exceed 5% from that of θ2. Therefore,

k2 ≥ W2

CNO0.05∗θ2
= 3300 s−1,

k−2 = W−2

θ2
= 0.8(±0.2) s−1,

The ratio k1/k2 between the adsorption rate constants
for reactions [3] and [4] gives straightforwardly the ratio
between the frequency factors for these two reactions. It
comes that NO is activated into NOδ+

2 with a probability
about two orders of magnitude higher than for NO activa-
tion into cobalt mononitrosyls.

As to nitrite complexes, the rate of their decomposition
(formation) is somewhat lower than that of the label trans-
fer into the gaseous oxygen. However, the rate of label

transfer into O2 is determined by the decomposition rate
of both NOX adsorbed species and gaseous NO2. Though
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no definite mechanism of nitrite formation/decomposition
can be derived from this study, these species presumably
originate from the interaction of both mononitrosyls with
molecular oxygen and adsorbed oxygen with NO. In ad-
dition, the rate of their formation is comparable to that
of gaseous NO2 formation (see Simulation results). Thus,
NO2 adsorption can also contribute significantly to the rate
of nitrite formation.

CONCLUSION

The present SSITKA study of NO adsorption by using
doubly labeled nitric oxide allowed us to draw advanced
conclusions on the kinetics and mechanism of NOX forma-
tion as well as to estimate the number of active sites for
NO adsorption and their possible location on the catalyst
surface. The rate of gaseous NO2 formation was found to be
comparable with that of nitrite formation and substantially
lower than that of NOδ+

2 formation. Therefore NOδ+
2 species

cannot originate from NO2 adsorption but are formed in
two sequential steps: (i) molecular oxygen adsorption and
(ii) NO reaction with the oxidized surface sites. Step (ii)
is highly favored even at small NO content, which results
in a very low concentration of free oxidized sites. Thus the
frequency factor of that reaction is found to be two orders
of magnitude higher than that of mononitrosyls formation
via the adsorption of NO on cobalt sites. The rate of oxy-
gen exchange within NOδ+

2 is considerably lower than that
of their formation indicating that the two oxygen atoms of
that intermediate species are nonequivalent. The concen-
tration of active sites leading to NOδ+

2 formation was also
estimated and related to the interface existing between the
cobalt oxide clusters and zeolite phases.
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