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Abstract

Steady-state isotopic transient kinetic analysis (SSITKA) was applied to study the reactivity of adsorbed NOx species with methane ove
Co-ZSM-5 during CH4-SCR of NO at different partial oxygen concentrations. Numerical analysis of the isotope responses after s
from 14N16O to 15N18O, from 16O2 to 18O2, from 12CH4 to 13CH4, and from C16O2 to C18O2 in the feed gas was performed. Th
enables determination of (i) the concentration of different forms of NOx adspecies on Co sites, (ii) their reaction rates with methane,
(iii) the concentration of surface intermediates resulting from the interaction of NOx species with methane. The NO reduction with CH4 in
the presence of oxygen was shown to proceed by two different pathways with participation of (1) NO2

δ+ species (formed on nanoclusters
cobalt oxide located inside the zeolite channels) and (2) NO2

− nitrite complexes (formed on larger cobalt oxide particles located outsid
zeolite channels), the reaction rate by the former being appreciably higher under theSCR reaction conditions studied. Mononitrosyl specie
appear not to be directly involved in the overall process. Modeling results indicate that the rate of the first route is limited by the in
of NO2

δ+ species and adsorbed methane, while in the second route the formation of nitrite species is a rate-determining step. Ba
obtained results, an overall reaction mechanism of the CH4-SCR of NO in the presence of oxygen is proposed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the still widely open research area of NO selective c
alytic reduction (SCR) by CH4 instead of NH3, Part I of
our investigation elaborated on a mechanistic underst
ing of the transformations of NO with oxygen over an io
exchanged Co-ZSM-5 catalyst[1]. From that study, the ki
netics and mechanism of reactive NO2

δ+ species, active in
termediates in the SCR of NOx , as well as the number o
active sites for NO adsorption and their possible locatio
the zeolite structure were elucidated. This information is

* Corresponding author. Fax: +33 472 445399.
E-mail address:mirodatos@catalyse.univ-lyon1.fr (C. Mirodatos).

1 On academic leave from Norsk Hydro, Agri Research Centre, P
grunn, Norway.
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.03.032
sential to further investigate the elementary steps invo
in the reaction of NOx species with methane during deNOx

CH4-SCR in the presence of oxygen, which has been in
tigated in Part II.

From the mechanistic investigations reported in the
erature, it is generally postulated that during SCR, sur
NOx species interact with methane to form surface inter
mediates, which are further converted and decomposed in
the reaction products[2–14]. However, the detailed struc
ture of these species is unclear. Many authors have s
ulated that nitrite–nitrate complexes are involved in
process[2–8]. However, Wang et al.[13,14] suggested tha
adsorbed NO species responsible for methane activation
not be ascribed unambiguously to nitrite–nitrate comple
and therefore denote these species as NOy . In a previous
in situ DRIFT (diffuse reflectance infrared Fourier tran

http://www.elsevier.com/locate/jcat
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form) spectroscopic investigation[15], we have observe
that NO2

δ+ species were formed in addition to nitrite–nitra
complexes after NO adsorption in the presence of o
gen over Co-ZSM-5. The intensity of the band ascribed
NO2

δ+ species declined much more rapidly than the on
nitrite–nitrate and mononitrosyl species after methane a
tion to a NO+ O2 mixture at reaction temperature (40
500◦C). Multiple NO species on isolated Co ions like din
trosyls were not identifiedunder the conditions applie
Based on this key feature, another reaction route of NO
duction was proposed, involving these NO2

δ+ species as
active intermediates able to react with activated forms
methane. A similar conclusion on the participation of NO2

δ+
species in the reaction with methane was proposed by
et al.[12].

In order to quantify the concentration and reactivity
the various NOx adspecies potentially participating in t
SCR with CH4 under steady-state conditions, a SSITK
(steady state isotope transient kinetic analysis) techn
has been applied. As a matter of fact, while DRIFT sp
troscopy mostly detects “spectator” adspecies under ste
state conditions, SSITKA enables a quantitative determ
tion of the concentration of adsorbed active intermed
species, as well as their rates of formation and consu
tion [16,17]. In Part I of this work[1], the dynamics o
isotopic exchange between the NO+ O2 and the catalyst un
der adsorption/desorption equilibrium were investigate
the absence of reducing agent. Three types of adsorbedx

species were distinguished on Co sites, based on their
of 15N exchange with gaseous NO decreasing substan
among the following sequence: mononitrosyls� NO2

δ+
species> nitrite complexes. From the dynamics of this e
change, rate constants of their formation and decompos
were determined. In addition, by analyzing the dynamic
18O exchange between gaseous NO and the various p
of oxygen present in the catalyst, it was proposed that
high reactivity of NO2

δ+ species originates from its uniqu
interaction with oligonuclear cobalt oxidic species and
droxyl groups in the zeolite channels. On the contrary, ei
less reactive mononitrosyls on isolated cobalt ions or ni
complexes on larger cobalt oxide particles located out
the zeolite framework or at defect interfaces would not p
a major role in the SCR process.This indicates an essenti
participation of the zeolite matrix in the overall reaction.

In this paper, the dynamics of the above species have
investigated in the presence of methane using a SSIT
technique upon analysis of the isotopic responses14N16O→
15N18O, 16O2 → 18O2, 12CH4 → 13CH4, and C16O2 →
C18O2. The rate constants of NOx reaction with methan
were estimated from the differences between concentra
of NOx adspecies determined under adsorption/desorp
equilibria (i.e., in the absence of reducing agent) and u
SCR conditions. The dynamics of13C-label transfer hav
been also investigated in order to determine the pathw
of CO2 formation as well as to estimate the concentrati
of C,N-containing intermediate complexes. A detailed
-

e

s

n

sessment of the different elementary steps involved ena
identification of rate-determining steps in the overall S
process and to evaluate the concentration of active co
species.

2. Experimental

2.1. Catalysts

The Co-ZSM-5 catalyst used in this study was prepa
from Na-ZSM-5 (molar SiO2/Al2O3 ratio = 37) by an
ionic exchange technique with a Co(NO3)2 solution fol-
lowed by drying and calcination at 500◦C [1,8]. The cobalt
content in Co-ZSM-5 was 1.8 wt% that corresponds
1.9 × 1020 at.Co/gcat, i.e., to a degree of exchange (D
of 292%, by considering the total number of excha
sites per ZSM-5 unit cell being equal to half the nu
ber of Al atoms per unit cell (one Co2+ for two H+, i.e.,
Cox/2Al xSi96−xO192,16H2O) [18]. Though no crystalline
cobalt oxide phases (CoO or Co3O4) were detected by X
ray diffraction spectroscopy, indicating that the size of co
oxide particles did not exceed 30–40 Å, it was shown fr
XPS and TEM studies[18] that different cobalt forms coex
ist in the catalyst, including: (i) Co oxides particles (CoxOy )
at the external surface of the zeolite crystals, (ii) oligo
clear or nanoclusters of cobalt oxide inside the zeolite po
formed of tetrahedral Co2+ ions agglomerated with O2−
ions, most likely located at the intersection of straight a
zig-zag channels, and (iii) isolated tetrahedral and oct
dral cobalt ions Co2+ located at ion-exchange sites. Siev
0.3- to 0.5-mm particles were used in the present study
ter checking that no external mass transfer (or extrapart
limitation occurred (no change in conversion as a func
of particle size). Occurrence of internal mass transfer li
tation (intracrystalline diffusion) will also be discarded,
discussed later (see Discussion).

2.2. SSITKA experiments

SSITKA experiments were carried out as follows: wh
the steady state was achieved under NO+ CH4 + O2 + He
flow, the gas mixture was replaced stepwise by the same
containing isotopically labeled molecules: (i) doubly labe
nitric oxide15N18O containing 94.6% of15N and 92.9% of
18O, (ii) labeled oxygen18O2 containing 99% of18O, and
(iii) labeled methane13CH4 containing 98% of13C. The cat-
alyst was loaded in a packed-bed reactor, consisting of a
thermo-conductive tube with internal diameter of 3 mm a
length of 120 mm. In order to determine whether the reacto
behavior can be described as a plug flow, 1 vol% of ar
was added into the feed gas containing the isotope m
cules.Table 1shows the experimental conditions in the v
ious isotopic switches carried out:14N16O → 15N18O, 16O2
→ 18O2, 12CH4 → 13CH4, and C16O2 → C18O2. The last
isotopic switch was performed to analyze a possible iso
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Table 1
Experimental conditions during the transient isotopic switches in SSITKA at 450◦C and 1 bar

14N16O → 15N18O 16O2 → 18O2
12CH4 → 13CH4 C16O2 → C18O2

W , g 0.23 0.1 0.1 0.1
F , ml/min 120 100 120 60
GHSV, 1/h 15,000 30,000 36,000 18,000
Feed,a vol% NO: 0.6 NO: 0.95 NO: 0.3 CO2: 2

CH4: 0.75 CH4: 1.1 CH4: 0.3–0.6
O2: 0.15–3 O2: 5 O2: 3

a He was used as the balance gas.
ol%

per-

to
-

f

n
sion

inu-
VG
lta-
us

om

aks
ely,

s

g
h
per-
e
tri-
ith

aks
tra-
e

dy-
rit-

un-
e in
nd
ong

ini-
ata
Fig. 1. N2 yield vs temperature during deNOx HC-SCR over Co-ZSM-5
at different ion-exchange degrees (DE) of cobalt. Conditions: 0.1 v
NO + 0.25 vol% CH4 + 5 vol% O2 in He; GHSV = 8000 h−1;
P = 1 bar[18].

exchange of reaction products in the catalyst. The tem
ature in these experiments was 450◦C, which was shown
previously[15] to correspond for overexchanged zeolites
the optimized concentration of reactive NO2δ+ species be
fore methane admission, therefore, to the maximum N2 yield
obtained under CH4-SCR of NO conditions. As a matter o
fact, a typical N2 yield was about 45%, as shown inFig. 1
from [18], with 50% NO conversion and 90% N2 selectivity
and a marginal selectivity to NO2 of 10%, since N2O was
never detected under our reaction conditions. Depending o
the inlet methane and oxygen concentration, the conver
of CH4 conversion into CO2 and H2O ranges from 30 to
60%.

The gas composition at the reactor outlet was cont
ously analyzed with a quadrupole mass spectrometer
Sensorlab 200D, which can monitor 16 masses simu
neously. The mass spectrometric data were quantified
ing fragmentation patterns determined experimentally fr
calibration gases. The concentrations of H2

18O, 14N15N,
15N16O, 15N18O, 16O18O, 18O2, C16O2, C16O18O, and
C18O2 were determined from the intensities of parent pe
at m/e 20, 29, 31, 33, 34, 36, 44, 46, and 48, respectiv
and the concentrations of CH4 and H2

16O from the inten-
-

sities of peaks atm/e 15 and 17, respectively. Massm/e

46 corresponds to labeled C16O18O, after correction from
the side NO2 formation. The concentration of14N2 was cal-
culated by subtraction of the known contribution of C16O2
and C16O18O from the intensity atm/e 28 (under exces
oxygen, CO formation is negligible[18]). The respective
contributions from14N16O and15N2 (m/e = 30) as well as
from 16O2 and14N18O (m/e = 32) were determined takin
into account that the total (chemical) concentration of eac
compound does not change in the course of SSITKA ex
iments. Since NO2 concentration was very low during th
experiments (less than 0.5% from that of NO), its con
bution intom/e 30 was neglected. In the experiments w
labeled13CH4, the concentrations of H2O, NO, O2, 12CO2,
and13CO2 were determined from intensities of parent pe
at m/e 18, 30, 32, 44, and 45, respectively. The concen
tions of N2 and 13CH4 were calculated by subtracting th
contributions of CO2 and H2O from intensities atm/e 28
and 17, respectively, and the concentration of12CH4 was
determined by subtracting the contribution of13CH4 from
the intensity atm/e 15.

2.3. Numerical analysis of SSITKA responses

The model of isotope transfer carried out under stea
state reaction proceeding in a plug-flow reactor can be w
ten by the system of hyperbolic differential equations,

∂Ciαi

∂t
+ U

V

∂Ciαi

∂ξ
= − G

V N

(
αi

Ni1∑
k=1

−→wik −
Ni2∑
l=1

←−wilαl

)
,

θj

∂αj

∂t
= αj

Nj1∑
k=1

−→wjk −
Nj2∑
l=1

←−wjlαl,

with initial conditions,

t = 0: αi = α0
i , αj = α0

j

ξ = 0: αi = α
input
i .

The significance of the various parameters is listed in
der Notation. The model takes into account the chang
isotope-label concentration in the reactants and products a
surface intermediate both in time and axial coordinate al
the catalytic bed.

The various parameters were determined by the m
mization of root-mean-square deviation of experimental d
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Fig. 2. Reaction rates of (F) NO and (") CH4 and (P) hydrocarbon effi-
ciency during deNOx HC-SCR over Co-ZSM-5 at different O2 concentra-
tions. Conditions: 0.6 vol% NO+ 0.75 vol% CH4 + 0–3 vol% O2 in He;
T = 450◦C; GHSV= 15,000 h−1; P = 1 bar.

from calculated ones,

F(ϑ̄) =
n∑

l=1

T∫
0

(
αl(t, ϑ̄) − α

exp
l (t)

)2 dt → min,

whereα
exp
l (t) andαl(t, ϑ̄) are the experimental and calc

lated dependencies of isotope fractions in the reactants
products, respectively. The Newton algorithm of functio
minimization was used, and the differential equations w
solved by the difference method, as described in[19].

3. Results

3.1. Steady-state reaction rate and hydrocarbon efficiency

The overall reactions of SCR of NO with methane in
presence of oxygen and of direct methane oxidation ca
d

written as follows:

(1)2NO+ CH4 + O2 → N2 + CO2 + 2H2O,

(2)CH4 + 2O2 → CO2 + 2H2O.

From the above equations, the efficiency of methane in
SCR process can be expressed as the ratio of N2 and CO2
outlet concentrations,E(CH4) = [N2]out/[CO2]out. E(CH4)

varies between 1, which corresponds to a pure SCR pro
without methane oxidation with O2 [Eq. (1)] and 0, which
corresponds to a pure methane oxidation process [Eq. (2)]
without NO reduction.

Fig. 2shows the steady-state reaction rates of NO re
tion and CH4 oxidation as a function of the oxygen conte
in the reaction mixture.

The rates of NO and CH4 conversion dramatically in
crease in the O2 concentration range between 0–0.6 vo
At higher oxygen concentrationsthe reaction rates exper
ence slight changes. The hydrocarbonefficiency was clo
1 at low oxygen concentration and strongly declined as
O2 content increased, reaching the value of 0.6 for 3 v
of O2. The side concentration of NO2, probably associate
with the decomposition of nitrite species on cobalt oxide p
ticles (mostly located outside the zeolite matrix[18]), will
not be considered further in this paper.

3.2. Switch from14N16O to 15N18O in
NO+ CH4 + 16O2 + He

Fig. 3ashows the changes in15N isotope fraction in NO
at the reactor outlet at different O2 concentrations in compa
ison with the response curve of argon, added to the mix
containing the15N18O isotope.

A delay of 2 s is observed for Ar appearance in the
phase after the isotopic switch, which corresponds to the
idence time of inert gas in the system composed betw
ing
Fig. 3. Experimental (symbols) and simulated (lines) isotopic fractions of (a)15N and (b)18O in NO compared to the Ar response vs time upon switch
from 14N16O to 15N18O in 0.6 vol% NO+ 0.75 vol% CH4 + O2 + He flow (solid lines) at (e) 0.15 vol%, (") 0.6 vol%, (E) 3 vol% O2, and (×) 0.6 vol%
NO + 3 vol% O2 in He. Conditions inTable 1.
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Fig. 4. Isotopic fractions of (a)15N in NO and N2 compared to the Ar response and (b)18O in NO, CO2, and H2O vs time upon switching from14N16O to
15N18O in 0.6 vol% NO+ 0.75 vol% CH + 3 vol% O in He. Conditions inTable 1.
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the switching valve and the mass spectrometer, therefor
cluding reactor and tubing. The stepwise shape of the A
response curve indicates in addition that this reactor can b
well described with a plug-flow model. The15N concentra-
tion within the nonreacted NO atthe reactor outlet is shifte
by several seconds from the Ar signal, suggesting that t
is a pool of reversibly adsorbed NO species onto the
alyst, in fast exchange with the gas phase. The obse
delay corresponds to the mean residence time of the r
tant in this reversible pool. Similar delayed response cu
(× in Fig. 3a) were obtained in the SSITKA experimen
in the absence of methane, i.e., under adsorption/desor
equilibrium [1]. It was shown for this case that a first po
of nitrogen atoms in fast exchange with the gas phase
formed of cobalt mononitrosyls, as being the most rap
formed and weakly bound NOx species. Then the nitroge
label was also exchanging in the pool of NO2

δ+ species and
then of nitrite complexes. The rates of isotope replaceme
in mononitrosyls and NO2δ+ species were found to be sim
ilar, whereas the replacement rate in nitrite complexes wa
one order of magnitude lower. This results in a very slow
turn of the15N concentration in outlet NO to a steady sta
corresponding to15N-label content in inlet NO.

In the presence of methane (SCR), one can see tha
15N label appears much earlier in the unconverted NO
phase and its concentration increases more rapidly in c
parison with what is observed in the absence of meth
under adsorption/desorption equilibrium (compareE and×
in Fig. 3a). This means that the amount of weakly bound
NOx species participating in the fast isotope exchange w
NO (i.e., mononitrosyls and NO2δ+ species) strongly de
creases under reaction conditions. In addition, the very s
relaxation at the end of the transient curves in the abs
of methane, which was attributed to nitrite complexes[1], is
not observed under SCR conditions, indicating that the con
centration of the latter species is very low in the presenc
methane. As expected, the labeled atoms from15N18O were
-

also transferred to the reaction products after the SSIT
switch.

In Fig. 4athe15N label appears in N2 at the reactor outle
earlier than in the unconverted NO, the isotopic fraction
15N in N2 remaining higher than the one in NO for at lea
10 s (α15

N2
> α15

NO). Such an effect may be easily explain
taking into account the plug–flow behavior in our reactor
As seen below, the unconverted NO reactant is in fast
reversible adsorption equilibrium with the catalyst formi
a large pool of reversible adspecies, as cobalt monon
syls and NO2δ+ species, delaying the label appearance
the reactor outlet. If in the mean time, part of adsorbed
is transformed into a product, N2, which immediately des
orbs into the gas phase, the labeled molecules of the pro
(15N in N2) will appear almost from the beginning of th
transient switch, i.e., as soon as the isotopic label of the
actant penetrates the reversible pool of adsorbed reacta
the inlet part of the catalytic bed (15N in NOads).

Comparison of the dynamics of labeled nitrogen and o
gen transfer inFigs. 4a and b, respectively, indicates tha
the 18O label appears in the unconverted NO significan
later than15N (approximately 5 vs 50 s, respectively) a
at a very low rate, even more slowly than in the absenc
methane (by comparingE and× in Fig. 3). This slow trans-
fer of 18O from NO reactant is also observed in CO2 at a rate
close to that observed for NO but at a still lower rate for H2O
(Fig. 4b). This can be ascribed to the secondary oxygen
change between the relatively small pool of NOx species and
the large pool of exchangeable oxygen atoms belongin
the zeolite lattice[1]. The instantaneous rate of labeled ox
gen transfer into the zeolite lattice can be calculated by
tracting the amount of18O atoms at the reactor outlet (sum
ming label concentrations in NO, CO2, and H2O) from that
at the reactor inlet. This rate was slightly higher under the
action conditions than under adsorption/desorption equilib
rium at the same NO and O2 concentrations (8.4× 1017 and
7.7 × 1017 molec/(gs), respectively, at 200 s). Despite t
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Fig. 5. Isotopic fraction of18O in NO and CO2 vs time upon switching
from 14N16O to 15N18O in 1.2 vol% NO in He and from C16O2 to C18O2
in 2 vol% CO2 in He, respectively. Conditions inTable 1.

large amount of labeled oxygen transferred into the cata
no 18O is transferred into gas-phase oxygen (either as18O2

or 16O18O), which means that all the steps involving acti
tion and interaction of O2 with NOx proceed irreversibly.

The slow transfer of labeled oxygen within the oxyge
containing products CO2 and H2O as noted above obvious
reflects the reversible interaction between these polar m
cules and the zeolite pool of oxygen (Fig. 4b). As a result of
this oxygen exchange the label concentration in the reactio
products declines along the catalyst bed, but not so sha
as that in NO.

3.3. Switch from C16O2 to C18O2 in CO2 + He

In order to gain more insight into the interaction betwe
the reaction products and the catalyst surface, a SSIT
switch from C16O2 to C18O2 was carried out in a 2 vol%
CO2 + He flow (seeTable 1), and compared to the alread
described NO switch response, as depicted inFig. 5.

The 18O label in the CO2 gas phase appears and s
bilizes much faster than in the case of NO (Fig. 5). This
means that the rate of18O exchange between the CO2 and
the catalyst is not negligible, though considerably lower t
that for NO. As a consequence, the oxygen exchange w
occurs between the reaction products and the catalyst s
imposes with the initial (as formed) content of oxygen labe
in the products. Therefore no straightforward conclusion
the mechanism of18O label transfer into the reaction prod
ucts can be derived from the shape of isotope response
this end, the rate of isotope exchange between the rea
products and the catalyst should be computed, and the
mechanism of oxygen transfer could be assessed usin
merical analysis of the isotope responses.
-

r-

o

e
-

Fig. 6. Experimental (points) and simulated (lines) isotopic fractions of18O
in (!) NO and (") CO2 vs time upon switching from16O2 to 18O2 in
0.95 vol% NO+ 1.1 vol% CH4 + 5 vol% O2 in He. Conditions inTable 1.

3.4. Switch from16O2 to 18O2 in
14N16O+ CH4 + O2 + He mixture

When16O2 is switched to18O2 in the overall steady-stat
NO+CH4+O2+He mixture, the transient concentration
18O label within the unconverted oxygen follows strictly t
inert Ar response (as shown inFig. 3), confirming that no
reversible oxygen dissociates on the catalyst.Fig. 6 shows
the18O transfer from gaseous oxygen to CO2 together with
the transfer to unconverted NO. In this experiment, the18O
transfer from gaseous oxygen to H2O was not recorded.

It can be seen that18O label appears in NO with a de
lay of about 15 s after CO2 (Fig. 6), which can result only
from isotope exchange of NO with the large pool of cata
oxygen atoms. In fact, a substantial part of labeled oxy
is transferred into the catalyst as concluded from the c
parison between the amount of18O2 consumed with that o
18O atoms at the reactor outlet. Since participation of mole
cular oxygen in isotopic exchange with the catalyst oxy
is negligible (as shown above and in[1]), it is unclear at
this stage how18O-label transfer into the catalyst procee
during the catalytic reaction or as a result of CO2 and H2O
re-adsorption and why18O label does not appear into N
immediately, but with a substantial delay. Numerical analy
sis of18O isotope responses was carried out to further el
date these aspects (Section 3.6).

3.5. Switch from12CH4 to 13CH4 in NO+ CH4 + O2 + He
mixture

Fig. 7shows the dynamics of13C label transfer into CH4
and CO2 as compared with the response curve of argon.

A delay of ca. 1 s of isotope response in methane r
tive to that of argon was observed. Labeled13C appeared in
CO2 simultaneously with that in CH4, but its concentration
increased considerably slower. The slight shift of meth
response relative to argon indicates a minor accumulation
reversible methane, most likely loosely bounded within
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Fig. 7. Experimental (points) and simulated (lines) isotopic fractions of13C
in CH4 (e) and CO2 (a) compared to the Ar response (!) vs time after
switching from12CH4 to 13CH4 in 0.3 vol% NO+0.4 vol% CH4 +3 vol%
O2 in He. Conditions inTable 1.

zeolite matrix. In turn, the chemical interaction of metha
with the catalyst to form reacting intermediates seems t
irreversible. The concentration of these carbon-contain
intermediates will be determined from numerical simulati
Another important observation can be made from the
namics of CO2 isotope response. InFig. 7, it can be seen tha
relatively fast increase of CO2 isotope fraction proceeds fo
the initial period of time followed by pronounced deceler
tion relative to exponential dependence. This result stron
suggests that CO2 does not originate from a single pathw
but several routes leading to CO2 proceed with different re
action rates.

3.6. Simulation results

3.6.1. Nitrogen labeling
According to our previous results[1], 15N label can trans

fer from NO into three types of adsorbed NOx species:
mononitrosyls adsorbed on cobalt ions, NO2

δ+ species ad
sorbed on oligonuclear oxide cobalt species in the chan
with participation of hydroxyl groups in the zeolite, and n
trite complexes adsorbed on larger cobalt oxide partic
Taking into account possible participation of all these co
plexes in N2 formation, a general scheme of15N-label trans-
fer under reaction conditions can be considered (Scheme 1),
where[z-∗N]1, [z-∗N]2 and [z-∗N]3 are the concentration
of all intermediate complexes resulting from the convers
of mononitrosyls NO, adsorbed NO2

δ+ species, and nitrite
complexes (NO2−), respectively, into N2.

This scheme accounts for an eventual isotope exch
between mononitrosyl and nitrite complexes but exclu
the exchange of both complexes with NO2

δ+ species, be
cause they are located on different active sites. As a matte
of fact, mononitrosyls and nitrites can be formed on isola
ions and/or cobalt oxide particles, respectively, while f
mation of adsorbed NO2δ+ requires the interface betwee
the nanoclusters and zeolite lattice[1,18]. The rates of ad
,

Scheme 1. Pathways for15N-label transfer under SCR reaction conditio
where[z-∗N ]1, [z-∗N ]2 and[z-∗N ]3 are the concentrations of all interm
diate complexes allowing the conversion of∗NO, ∗NO2

δ+, and ∗NO2
−

adspecies into N2.

sorption/desorption steps in the absence of reducing a
can be expressed by means of the corresponding rate
stants determined in[1] (wi = kiCNO, w−i = k−iθi). Since
the dynamics of15N label switch in NO is determined b
the formation and desorption rates of NOx species (step
1–3 in Scheme 1), this process can be described with t
concentrations of NOx species (θi) as the only unknown pa
rameters. These parameters were fitted to the experim
data according to the procedure described elsewhere[19].
The calculated concentrations of the various adsorbed NOx

species obtained both under adsorption/desorption equilib
rium in the absence of methane (from[1]) and under SCR
reaction conditions (at the same NO and O2 inlet concentra-
tions) are reported inTable 2.

As can be seen, the concentration of cobalt mononitro
was ca. 15% lower under the reaction conditions than u
adsorption/desorption equilibrium. This corresponds to th
decrease of NO concentration in the gas phase during
(length-averaged drop of this value is also close to 15
Therefore, adsorption–desorption equilibrium between NO
in the gas phase and mononitrosyl adspecies is kept e
lished under SCR conditions, and the rate of mononitro
conversion due to the SCR reaction is negligible compa
to the rates of their formation and desorption. For this rea
the mononitrosyl contribution to the total NO conversi
into N2 remains marginal and its accurate estimation is
possible.

In contrast to mononitrosyls, the sharp decrease
NO2

δ+ and nitrite concentrations in the presence of meth
(SCR conditions) as compared to adsorption/desorp
equilibrium conditions exceeds considerably what could b
assigned to the∼ 15% decrease in NO concentration in t
gas phase (Table 2). This clearly indicates the participatio
of these adspecies in the reaction. Since NO2

δ+ species and
nitrite complexes are located on different active sites,
SCR reaction with a participation of NO2δ+ and nitrites ad-
species is most likely to proceed via parallel routes, b
including a reaction step with methane.

Quite reliable estimations of the rates of NO2
δ+ and ni-

trite conversion were obtained from the differences betw
their adsorption and desorption rates (Table 2). The sum of
these rates was found to be close to the total rate of N2 for-
mation. Then, one can conclude based on the balance
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Table 2
Estimated values of NOx adsorbed species concentrations and the rates of their conversion in the SCR reaction

Oxygen inlet
concentration,
vol%

Concentration of adsorbed NOx species,[molec/g] × 10−19 SCR reaction rate,

[molec/(g s)]×10−19
Adsorption–desorption
(in the absence of CH4)

SCR reaction
(in the presence of CH4) [z-∗NO] [z-∗NO2

δ+] [z-∗NO2
−]

[z-∗NO] [z-∗NO2
δ+] [z-∗NO2

−] [z-∗NO] [z-∗NO2
δ+] [z-∗NO2

−]

0.3 0.64 0.85 0.11 0.61 0.3 � 0.1 0 0.006 0.002
0.6 0.64 1.05 0.15 0.56 0.8 � 0.1 0 0.016 0.006
3 0.64 1.90 0.53 0.55 1.2 � 0.1 0 0.020 0.008
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that the rate of N2 formation via direct interaction of coba
mononitrosyls with methane is negligible with respect to
other two pathways.

Numerical analysis of the dynamics of N2 isotope re-
placement also enables the estimation of the total concen
tration of surface CNOxHy complexes, formed after NO2δ+
and nitrites adspecies interaction with activated methane
species (noted[z-∗N]1 and[z-∗N]2 in Scheme 1). This con-
centration is about 20% of that of NO2

δ+ species in all the
experiments (not reported inTable 2for sake of clarity). As
shown inFig. 4a, a good agreement was found between
experimental and the calculated dynamic responses.

3.6.2. Carbon labeling
Numerical analysis of13C-label transfer confirms the in

volvement of two pathways involving activated CH4 species
during the SCR of NOx . As a matter of fact, the calculate
isotope responses were found not fitting with the experim
tal ones in the case of one-step or consecutive schem
label transfer. The only satisfying agreement between
experimental and the calculated responses was obtain
the case of a parallel scheme of13C-label transfer with two
pathways (Scheme 2), where [z-∗C]1 and [z-∗C]2 are the
concentrations of all intermediate complexes resulted f
CH4 conversion into CO2, with reaction ratesr1 andr2, re-
spectively.

Scheme 2. Parallel pathways for13C-label transfer under SCR reaction co
ditions, where [*CH4] is reversibly adsorbed methane,[z-∗C]1 and[z-∗C]2
are the concentrations of all intermediate complexes resulted from CH4 ir-
reversible conversion into CO2, with reaction ratesr1 andr2, respectively
(most likely involving methoxy species OCH3).
-

f

n

Table 3shows the rates of CO2 formation by the both
routes. One can see that the reaction rates increase a
CH4 concentration in the feed gas increases, but the
r1/r2 = 2.3 does not change. This ratio is close to that
tween the reaction rates for NO2

δ+ species and nitrite com
plexes (0.020/0.008= 2.5). The concentrations of adsorb
species formed during methane conversion to CO2 ([z-∗C]1
and[z-∗C]2) were also determined (Table 3). The proper na
ture of these adsorbed species or reacting intermediate
be discussed later on.

3.6.3. Oxygen labeling
From the simulation of the experiments with labeled o

gen (N18O and18O2), it was concluded that the observed r
of 18O isotope replacement in CO2 can be described wit
a two-step scheme of isotope exchange CO2 ↔ [Osur] ↔
[Obulk], [Osur] being the oxygen pool formed by the a
sorption/desorption active sites (cobalt oxide particles
nanoclusters) and [Obulk] being the oxygen pool formed b
the zeolite oxygen framework. This isotope exchange is
ited by the rate of label transfer from the adsorption s
(Osur) into the zeolite bulk (Obulk). Taking into account tha
18O distribution in CO2 and H2O is close to equilibrium
it can be proposed that isotope exchange between the
lyst oxygen and the H2O proceeds on the same sites as
exchange with CO2 (most probably on hydroxyl groups o
the zeolite), and is also limited by the label transfer fr
OH groups into the oxygen pool of the zeolite framewo
Then, one can roughly estimate highest possible total
of 18O label transfer from CO2 and H2O into the catalys
under the reaction conditions. Numerical analysis of18O la-
bel transfer under the reaction conditions was performed
the experiments with both labeled15N18O and labeled18O2.
Numerical analysis of the experiments with labeled oxy
showed that isotope exchange with the reaction prod
cannot account for the observed acceleration of the l
transfer; i.e., there are other pathways of18O-label trans-
Table 3
Estimated concentrations of carbon containing reacting intermediates[z-∗C]1 and[z-∗C]2 and rates of reaction into CO2

Expt. Feed composition, vol% Surface concentration, [molec/g]×10−19 Reaction rate, [molec/(g s)]×10−19 r1/r2

NO O2 CH4 [z-∗C]1 [z-∗C]2 r1 r2

1 0.3 3.0 0.3 0.016 0.084 0.019 0.008 2.4
2 0.3 3.0 0.4 0.022 0.010 0.025 0.011 2.3
3 0.3 3.0 0.6 0.026 0.015 0.031 0.014 2.2
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port from gas-phase O2 into the catalyst surface. The sam
conclusion can be drawn from the simulation results of
experiments with labeled NO: a new pathway of the la
transfer from NO into the catalyst appeared in addition
the exchange with the reaction products and with adso
NOx complexes. Considering different schemes of18O-label
transfer, we had in mind two facts: the absence of rev
label transfer from the catalyst into O2 as well as the ab
sence of isotope exchange between O2 and the catalyst unde
adsorption-desorption equilibrium (i.e., in NO+ O2 + He
mixture in the absence of methane). The most probable
to explain these facts is to permit the label transfer on
step of active sites reoxidation. As concluded in[1], the
pathway leading to NO2δ+ formation is preceded by the ox
idation of the active sites. Then, supposing that both oxy
atoms from these complexes participate in the reaction prod
ucts formation and that the active sites can be reoxidize
both O2 and NO (with the reoxidation rate being equal
the rate of these complexes conversion) we described
the dynamics of18O transfer in the experiments with bo
labeled NO and labeled oxygen (seeFigs. 3b and 6).

4. Discussion

4.1. Internal diffusion limitation analysis

Before discussing the possible mechanistic pathw
from the SSITKA results and modeling, the possibility
intracrystalline mass-transfer effects has to be consid
since it might alter the ratio between the reaction rates
different pathways (with participation of NO2δ+ and NO2

−
species). From the kinetics of NOx adspecies formation pre
viously reported in[1], the measured rate constant of N
adsorption allows us to estimate (by smallest extreme)
values of NO diffusion coefficient for the studied cataly
DNO/L2 � 50 s−1 (whereL is molecule radius). Since k
netic radiuses of NO and CH4 molecules are close, the
diffusion coefficients are also comparable. From the m
sured rate of methane consumption and concentratio
NOx complexes, the effective rate constant of CH4 inter-
action with NOx can be estimated. These values are ab
10 s−1, which is considerably lower thanDCH4/L

2. Hence,
any internal mass-transfer effects can be considered as
ligible in the present study.

4.2. Main mechanistic pathways

Two types of SSITKA experiments, investigating t
transfer of15N from NO to N2 and the transfer of13C from
CH4 to CO2, have independently shown that the formation
N2 and CO2 during CH4-SCR of NO over Co-ZSM-5 pro
ceeds via by two parallel routes. The rates of these ro
are similar, as estimated from the15N and 13C data. N2
formation proceeds essentially via adsorbed NO2

δ+ species
and nitrite complexes (NO2−). These adspecies are locat
on different active sites[1]: NO2

δ+ species are specificall
-

Scheme 3. Two main parallel pathways allowing the CH4-SCR of
NO into N2 over Co-ZSM-5. Note that CH4 and NO+ O2 addition
along the proposed pathways are most likely to proceed via adso
species: for CH4 = [∗CH4], [z-∗C]1 and [z-∗C]2 (Scheme 2) and for
NO + O2 = mononitrosyl and activated oxygen over Co nanoclusters
spectively

located at the interface between oligonuclear cobalt ox
species (or nanoclusters) and hydroxyl groups of the ze
lattice, while nitrite species are preferably formed on la
CoxOy particles (CoO and/or Co3O4), located on the sur
face or outside the zeolite crystals[18]. Based on all thes
statements, the reaction proceeds according to the two mec
anistic pathways 1 and 2 presented inScheme 3.

The activity of mononitrosyl NO on Co sites with respe
to methane is negligible as follows from the equality of su
marized rates of NO2δ+ and nitrite conversion and the tot
rate of NO reduction into N2. This has also been conclude
by other authors[4,20] where NOx (x = 2 or 3) surface
species are considered as the only reaction intermed
However, the fact that mononitrosyls are not able to a
vate methane does not enable one to exclude the possi
that part of these species can participate in the reaction
to their conversion into nitrite complexes, likely after m
gration from isolated sites to the cobalt oxide particles (
Scheme 1).

It can be discussed at this stage how the mechanism
posed from this SSITKA investigation (Scheme 3) compares
with the mechanisms most often discussed in the litera
for deNOx reaction. Most of deNOx SCR mechanisms ca
be classified into two groups: “decomposition” and “reduc
tion” mechanisms. In the first case N2 formation results
from NO decomposition on reduced sites containing oxy
vacancies, which, in turn, after being oxidized by the NO
decomposition, are rereduced by the hydrocarbon[21–23].
This “decomposition” scheme is totally unlikely in our ca
since DRIFT and TAP transient kinetic experiments[15]
have excluded the possibility of NOx decomposition to form
N2 in the absence of methane. It can therefore be conclu
that namely NO2δ+ and NO2

− species directly react with
CH4. This scheme corresponds to the reduction mechan
which includes N2 formation originated from a series o
consecutive transformations with participation of two
acting agents. There are four variants of such elemen
steps: (i) NO reaction with adsorbed carbon species form
from hydrocarbon[24]; (ii) NO reaction with partially ox-
idized hydrocarbon[21,23,25]; (iii) hydrocarbon reaction
with NOx complexes formed due to NO oxidation[2,3,6,8,
21,23]; (iv) reaction of NOx complexes with carbonaceou
species (“bifunctional mechanism”)[26]. Mechanisms (i)
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and (ii) can most likely be discarded, because NO inste
of CH4 forms strong adsorbed complexes in our case.
reaction scheme is thought to becloser to mechanism (iii
(with gaseous CH4), or even better from mechanism (i
since it involves the participation of both weakly bou
methane (noted [*CH4] in Scheme 2, as reversibly adsorbe
methane), and activated complexes resulted from CH4 irre-
versible conversion into CO2 (noted[z-∗C]1 and[z-∗C]2 in
Scheme 2).

According to our modeling results, the reaction pathwa
via NO2

δ+ adspecies (pathway 1 inScheme 3) is ∼ 2.5
faster than that occurring via nitrite complexes (pathwa
in Scheme 3). Since the number of the active sites in pa
way 1 (oxidic Co nanoclusters in tight interaction with O
species) is only 10% of the total amount of cobalt in the
alyst, it can be inferred that the intrinsic rate per active sit
about 25 times higher in pathway 1 than in pathway 2. H
ever, if one compares the ratio between the rate of NO2

δ+
interaction with methane and their concentration with
same ratio for nitrite complexes, it seems that the rate
stant of nitrite interaction expressed by this mode is at l
not lower than that for NO2δ+ species. In other words, nitrit
complexes are not less reactive with respect to methane
NO2

δ+. Comparatively the low overall rate of the reacti
proceeding via nitrite complexes (pathway 2), consideri
their relatively high activity with respect to methane, can
caused by two factors: (i) a low rate of formation and/or
a low conversion rate of C,N-containing intermediates
sulted from nitrite reaction with methane. It is obvious t
the first factor predominates in our experiments: the con
tration of nitrite complexes drops to zero under SCR c
ditions, indicating that theirreaction with methane procee
very fast. Accordingly, the rate-limiting step of pathway 2
the nitrite formation.

As for pathway 1 proceeding via NO2δ+ intermedi-
ates,Table 2has shown that the concentration of NO2

δ+
species decreases appreciably in comparison with that u
adsorption–desorption equilibrium, but does not fall to ze
This concentration is raised with oxygen content in the
action mixture, i.e., these species are not able to compl
react with methane. It is not straightforward to unambi
ously identify the rate-limiting step in this case, which c
be tentatively assigned to the interaction of NO2

δ+ with
methane. According to the literature[2–14], the interaction
of adsorbed NOx complexes with CH4 is generally assume
to be the rate-limiting step in this reaction. According to o
results, this holds only for one route (pathway 1); never
less, since this route is dominant, total reaction rate sh
be limited by the rate of methane activation. In this resp
our data do not contradict the other results in the literatu

4.3. Intrinsic activity of active sites and reacting
intermediates

Concerning to the nature of the most active sites in
SCR of NO with CH4 over Co-ZSM-5, our results indica
n

r

that not only do cobalt sites play a major role per se,
they also act in combination with acid sites. The nuclea
and specific location of the cobalt entities in close vic
ity of the acidic sites remains a very challenging aspec
this deNOx catalysis. An advanced molecular description
these most active sites located at channel intersection is
posed in[18]. Indeed, turnover number of the reaction on
nanocluster sites interacting with zeolite OH groups is ab
25 times higher than that on larger cobalt oxide particles
cated outside the zeolite channels. Kinetically, an influe
of the acid sites is not revealed on the step of interac
with methane (as was shown above, the rates of this ste
NO2

δ+ and nitrites are comparable), but it becomes appa
mainly on the step of NOx complex formation. In this cas
the intrinsic formation rate (or turnover frequency refer
to one active site) of NO2δ+ species stabilized in the zeoli
channel with participation of OH groups is several order
magnitude higher than that of nitrite complexes[1]. A con-
finement effect which would gather on the same nanoclu
NO2

δ+ species stabilized by OH groups, and methane
species to form the intermediate complexes CNOxHy able
to react in turn with another NO adspecies to form gase
N2 and CO2 is likely to explain this unique intrinsic rate.

The proper nature of the activated methane intermediat
noted[z-∗C]1 and[z-∗C]2 in Scheme 2(or CH4 in Scheme 3)
and which concentrations are reported inTable 3remains
unclear. From IR studies reported in[18], the formation of
methoxy radicals (CH3–O) both on CoO nanoclusters a
cobalt oxide particles is most likely under SCR conditio
These methoxy species would react with the close NOx ad-
species (NO2δ+ or nitrite) following the above-describe
SCR pathways. Eventually, they could also be oxidized
rectly into CO2, especially at higher temperatures when
concentration of NOx adspecies is decreasing. This wou
explain the decrease in N2 yield at high temperature as o
served inFig. 1 [18].

Numerical analysis of the dynamics of18O label transfer
provides valuable information to further unravel the reac
mechanism. It was shown in our previous works that NO2

δ+
formation is preceded by reversible and dissociative o
gen adsorption, the rate of this step being very low (ab
1016 molec/(g s)) [1,27]. In principle, the rate of oxyge
adsorption should limit the rate of NO2δ+ formation under
the reaction conditions. However, according to our estima
tions, the rate of the reaction proceeding with participation
of NO2

δ+ species exceeds the value of 1017 molec/(gs).
Thus, it seems that the formation rate of the oxidized s
participating in NO2

δ+ production increases under the
action conditions. On the other hand, the experiments
labeled oxygen show that the rate of18O-label transfer into
the catalyst is also raised. According to numerical analys
results, this increase is not only due to the isotope exch
with the reaction products, but also caused by the app
ance of an additional pathway of the label transfer conce
with the steps of the catalytic cycle. It can be proposed
this acceleration of18O-label transfer into the catalyst acti
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phases is directly associated with the increase of the fo
tion rate of the oxidized sites. But this situation can o
occur if oxygen from the oxidized sites participates in
catalytic cycle and is transferred into the reaction produ
then, the label transport into the catalyst accompanies the r
oxidation step. Reoxidation of the active sites by molec
oxygen is likely to proceed simultaneously with formation
the products, and the active sites can be reoxidized (i.e
generated) by both O2 and NO. This scheme of the reactio
mechanism allowed us to simulate all the data obtaine
SSITKA experiments with both labeled NO and labeled O2.

5. Conclusions

A steady-state isotopic transient kinetic analysis (SSIT
technique has been applied to investigate the reactivit
adsorbed NOx complexes on different cobalt species
Co-ZSM-5 with methane in the presence of oxygen. N
merical analysis of the responses during isotopic switc
of 14N16O → 15N18O, 16O2 →18O2, and12CH4 →13CH4
was performed. The concentrations of various adsorbedx
species on the catalyst surface,including mononitrosyls, ni-
trites, and NO2δ+ species and their relative reaction ra
with methane were determined. In addition, the concentra
tions of surface intermediates resulting from NOx interac-
tion with methane were also estimated. The SCR of NO w
CH4 into N2 and CO2 proceeds via two differentiated pat
ways: (1) with participation of NO2δ+ species formed at th
interface between oligonuclear cobalt oxidic species and
droxyl groups of the zeolite lattice and (2) with participation
of nitrite complexes on larger cobalt oxide particles loca
outside the zeolite channels. Mononitrosyl species adso
on isolated Co ions were found not to be directly active
activation of methane, although they can participate in
overall reaction by interconversion to nitrite species. NO2δ+
species and nitrite complexes have similar reactivity with re-
spect to methane. The higher reaction rate of pathway
caused by a substantially higher rate of NO2

δ+ formation
in comparison with that for nitrites in pathway 2 under t
reaction conditions studied.
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Appendix A. Notation

Ci Concentration of gas-phasei species, vol%
E(CH4) CH4 efficiency in SCR process
F Volumetric flow rate, ml/s
N Avogadro number (6.023× 1023), molec/mol
t Time, s
V Reactor volume, cm3
−→wjk Rate of formation of adsorbatej in reactionk,

molec/(gcats)
←−wjl Rate of decomposition of adsorbatej in reactionl,

molec/(gcats)
W Catalyst weight, g
αi Isotopic fraction of gas-phasei species
αj Isotopic fraction of adsorbedj species
ξ Dimensionless bed length
θj Concentration of adsorbatej , molec/gcat
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