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ABSTRACT

This overview includes discussion of the principles, experimental and theoretical features of the isotopic
transient kinetics for the study of reaction mechanism and evaluation of kinetic parameters. The results
of the mechanistic study of ethylene epoxidation over silver, selective NO reduction with methane over
Co-ZSM-5 and fiberglass based catalysts are presented. Investigation of 80 isotope transfer dynamics
allowed to reveal the reaction pathways towards ethylene oxide and CO, formation as well as to estimate
the concentrations of active oxygen species and reaction rate coefficients of key steps. It was found that
both ethylene epoxidation and deep oxidation proceed very fast in the microsecond range. A detailed
SSITKA study of the NO reduction with methane using '°N, 2C and 80 labels showed that reaction
occurred via two parallel pathways involving in nitrite-nitrate and NO,%" species, the last ones being 20
times more reactive. For the first time a transient isotopic kinetic study was used for evaluation of mass
transfer parameters by an example of NO and water diffusion into the bulk of Pt-containing fiberglass
catalyst.

Mass transfer
Fiberglass catalyst

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Study of the dynamics of isotope transfer under steady-state
reaction conditions, the so-called Steady-State Isotopic Transient
Kinetic Analysis (SSITKA), is successfully employed in investigation
of the mechanism of catalytic reactions [1-6]. In distinction to the
conventional transient response technique [7-10] we change step-
wise not chemical composition of feed gas but the isotope one and
record the dynamics of label transfer from reactants to reaction
products. Obviously, at steady state and in the absence of kinetic iso-
tope effects, the surface composition of adsorbed layer also remains
unchanged at isotope replacement. Therefore, the observed isotope
transients reflect only the features of reaction pathways and serve
as “fingerprints” for reaction mechanism. In other words, SSITKA
allows one to study the sequence of surface chemical reactions
(steps) caused by breaking and formation of chemical bonds in
reacting molecules.

In the case of stepwise disturbing of the feed gas chemical com-
position, the pattern of approaching a new steady state is governed
not only by chemical (catalytic) steps, but also by various side pro-
cesses, mostly of physical origin (phase transition, diffusion, etc.).
These processes change the catalyst state and strongly complicate
the revealing of reaction mechanism because they generally affect
the reaction rate.
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Historically the isotope techniques came into use in catalysis in
1960s [11] for evaluation of oxygen and other molecules reactiv-
ity. As a result, a lot of phenomena were discovered at that period.
One of them is so-called “adsorption-assisted desorption”, which
implies that the desorption rate substantially depends on pressure
of the adsorbing molecules [12]. The isotope techniques developed
at that period have a disadvantage: they can be used in closed
(static) systems, i.e. for the study of reversible reactions only.

Unlike closed systems, open systems allow studying both the
reversible and irreversible catalytic reactions. This overview is
devoted to experimental and theoretical aspects of SSITKA, its
potentiality in identifying (discrimination) of reaction mechanism.
A few examples of SSITKA application in the mechanistic study of
ethylene epoxidation over silver, SCR of NO with methane over Co-
ZSM-5, and NO and water reactions accompanyed by their mass
transfer into the bulk of fiberglass based catalysts are presented.

2. SSITKA experimental

The basic idea of the isotope dynamic experiment is as follows.
When reaction under study achieves steady state, the initial feed
gas flow is stepwise replaced with another flow differing in the iso-
tope composition, but absolutely identical in a chemical one (Fig. 1).
The feed gas replacement is carried out by a fast 4-way valve with
pneumatic drive, providing stepwise switching for 0.1 s.

The composition of feed gas and reaction products is con-
tinuously measured using a quadrupole mass spectrometer with
computer acquisition, which makes it possible to analyze with
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Fig. 1. Basic scheme of a SSITKA setup.

high time resolution a multicomponent reaction mixture of com-
plex chemical and isotope composition. The experimental aspects
of transient isotopic study are described in detail elsewhere [6].
The most important thing in SSITKA studies is a selection of reac-
tor type. There are plug-flow and CSTR types of reactors, which
differ in mass transfer regime. The decisive advantage of CSTR
is that reaction takes place under gradientless conditions, which
considerably simplifies the kinetic model. However, rather high
response time of gas mixing in the reactor volume may distort the
true dynamics of label transfer from reactants to reaction prod-
ucts.

Unlike CSTR, the SSITKA studies in a plug-flow reactor allow one
to reveal more clearly a transient behavior of the catalyst surface.
Most authors recommend that such studies are performed at low
conversions in order to avoid gradients of concentration and tem-
perature along catalyst bed. On the other hand, the lower is the
conversion, the higher is the error in measuring of reaction products
concentrations, and especially the fractions of different isotopes in
these products. In this connection, we tried to estimate how vig-
orous are the constraints on conversion in plug-flow reactor for
revealing the reaction mechanism by SSITKA.

As shown below, under the differential conditions, a time depen-
dence of isotope fraction in the reaction product is the sum of
exponents where their arguments are determined by a ratio of
reaction rate to the concentration of intermediate species. In a
plug-flow reactor the feed gas concentration decreases along the
catalyst bed and, as a sequence the reaction rate (r) and the con-
centration of intermediates (6) decrease also. However, their ratio
changes in a relatively narrow range, and depends on order of reac-
tion steps by intermediate species. In the case of the first-order
kinetics (r=k0) this ratio is obviously constant. Accordingly the
dynamics of isotope response does not depend on the reagents con-
centration profile along catalyst bed at all. In case of second-order
kinetics this ratio changes slightly along catalyst bed, but signifi-
cantly less than reagent concentration. The numerical analysis of
different second-order kinetics showed clearly that at conversions
up to 50% the r = k&2 ratio changes within 15% from mean ratio (aver-
aged along the reactor length). In this case the distinction of isotope
responses calculated with regard to true r(&) and 6(£) dependencies
does not exceed a few percents only in comparison with averaged
ones. Regarding higher order reactions they are not typical for gas
phase reactions on solid catalysts.
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Thus, taking into account the approximate model of plug-flow
reactor (r=const, 8 = const) we are able to determine quite reliably
the most probable ways of isotope label transfer and estimate the
integral values of concentrations for intermediate species in a wide
range of conversions.

As for possible temperature gradients along the catalyst bed,
they can be minimized using a ‘single-row’ Temkin reactor. In such
reactors, catalyst beds alternate with the beds of inert heat carrier,
so that each of the catalyst beds is actually a differential reactor. The
inert beds serve for removing of heat in case of exothermic reaction.
It is obviously, the higher is adiabatic heat, the more is number of
alternating beds.

3. Discrimination of reaction mechanisms

As under steady state the rates of all reaction steps are constant,
isotope label transfer from one compound to another occurs also at
a constant rate and can be considered as first-order reaction with
respect toisotope fraction. To reveal the features of isotope response
caused by the reaction mechanism itself, assume that the reaction
proceeds under differential conditions. Then a change in the isotope
fraction in intermediate species on the catalyst surface is described
by the linear Eq. (1):

NO

dzg k

Gztd—t" = Zy,»rl.stzj Initial conditions: att =0 Z; = Z9, (1)
i=1

and time dependence of isotopic fraction in the reaction product at

Za =1 can be expressed as:

1
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N
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Here Oit and Zf are respectively the steady-state concentrations
of surface species and the relative label concentrations (isotope
fractions) in them; rl.St is the rate of a chemical reaction step; y;
is the number of label atoms transferring from one substance to
another in elementary reaction step (an analogue of stoichiometric
coefficient), and Ty = Hft / rft is the surface-residence time of i-th
intermediate species.

For simplest basic reaction pathways A — B (6,—intermediates),
Eq. (1) is solved analytically. In the case of scheme I, the solution
Zg(t) represents a simple exponential dependence, for consecutive
steps (scheme II) - a difference of exponents, for schemes Ill and IV
- the sum of exponents (Fig. 2a), and consecutive steps with a buffer
one (V) are a superposition of schemes Il and IV. Features of isotope
responses for these mechanisms are more distinguishable on a log-
arithmic scale (Fig. 2b). In the first case the dependence is strictly

(b time, s

Fig. 2. Time dependencies of the linear (a) and logarithmic (b) isotope fractions in the reaction product for different types of reaction mechanisms.
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linear, in the case of scheme Il corresponding curves are always con-
vex up; the convex down curves are intrinsic in schemes IIl and IV,
while S-like shaped isotope response is observed for scheme V [13].
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The evaluation of Eq. (1) for various multistep reaction mecha-
nisms shows that their identification is not limited basically by the
number of steps. However, in some cases, a reaction mechanism
cannot be specified. For example, schemes Va and Vb (differing in
the position of buffer step in the consecutive mechanism) cannot
be distinguished by only B isotope response:

Va) A—> [6y] — [6:]—B

Vb) A—» [ —> [6:—B

621 621

Nevertheless, if any reaction product (containing the same iso-
tope label) desorbs at intermediate step (from 64 or 0,), joint
evaluation of isotope responses for both products simplifies dis-
crimination of the reaction mechanisms. In particular, as it will be
shown for ethylene epoxidation onsilver, the analysis of 180 transfer
to both CO, and C;H40 allows one to distinguish the reaction path-
way Va from Vb and make certain conclusions about reversibility
of the steps.

Let us consider how the isotope response characteristics of each
mechanism depend on type of the reactor. Isotope label transfer in
CSTR is described by the following differential equations:
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Here, C,ﬁt is the steady-state concentration of gases, g =V/U is the
gas phase residence time, 8 is dimensionless coefficient equal to
L-W|V-Na, where V is the r volume [cm?3], U is the volume flow rate
[cm3/s], L is the number of active sites per gram of catalyst [mol/g],
W is the catalyst weight [g], and N is the number of gas molecules
per unit volume [mol/cm?3].

Additional dynamic terms related to gas stirring in the reac-
tor appear in the solution of Eq. (3). This leads to erasing of
characteristic features of isotope responses peculiar to a definite
reaction mechanism (Fig. 3), especially with an increase in the gas
phase residence time. When tg is more or comparable with the
surface-residence time, the reaction mechanisms become practi-
cally undistinguishable.

The process of isotope transfer in a plug-flow reactor is described
by the differential equations in partial derivatives considering the
change of isotope fraction both with time and along the catalyst bed
(reactor length):
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Initial and boundary conditions: at t=0 Zj=Z°, at §=0 7=
Z}nlet

! In this case, the isotope responses virtually coincide with those
calculated by idealized model (1), only a shift in time is observed
(Fig. 4). This allows discriminating various reaction mechanisms in
a wide range of tg values.

Numerical analysis includes the solution of inverse problem
within a specified reaction mechanism to estimate the concen-
tration of intermediate species and the rates of reaction steps
in order to fit the experimental isotope responses. Note that
SSITKA allows one to estimate without any modeling (simply
from material balance) the total surface coverage or concentra-
tion of the active intermediates associated to a given isotope
[4,14].

A set of values of the reaction step rates (rl.St) at various
steady-state concentrations of gases (Cl?t) and surface species
(Gist), obtained at variation of reactants concentration and tem-
perature, allows one to define kinetic expressions for the rates
of steps r;=k;f;(CH) as well as to estimate the rate coeffi-
cients and activation energies. The principal difference of SSITKA
from the conventional transient response technique implies that
direct estimation of the concentration of active reaction inter-
mediates is possible, which practically excludes a correlation
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Fig. 3. Time dependencies of the logarithmic isotope fraction in the reaction product for different types of reaction mechanisms in CSTR at Ty < Tsyr (@) and Tg ~ Tgyr (b).
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Fig. 4. Time dependencies of the logarithmic isotope fraction in the reaction product for different types of reaction mechanisms in a plug-flow reactor at 7y <« Tqyf (a) and

Tg~ Tsurf (b)

between the values of kinetic parameters (coverages and rate
coefficients).

4. SSITKA application for identification of reaction
mechanism

4.1. Ethylene epoxidation on silver powder

The SSITKA studies of ethylene epoxidation on silver powder
were performed in a flow setup with gradientless reactor [5,13].
Time dependencies of labeled reaction products (C,H40 and CO,)
were registered after stepwise replacement of 60, with 80, and
vice versa in the feed gas (Fig. 5).

The logarithmic time dependence of 80 fraction in carbon diox-
ide In(1 —Zco,) (see inset on Fig. 5) is convex down, which is
characteristic for the mechanism with a buffer step or with par-
allel ones. Since total amount of the substituted oxygen in CO, and
H,0 exceeds considerably a monolayer coverage, we consider sub-
surface oxygen as one of intermediate species, which likely plays a
role of buffer during isotope label transfer.

The logarithmic time dependence of 180 fraction in ethylene
oxide, In(1 - Zc,H,0), is S-shaped, which is typical of consecutive
mechanisms with a buffer step or with parallel ones. Note that iso-
tope responses Zco, (t) and Zc,n,0(t) are close in the character of
approaching a new steady state. This means that slow relaxations
for both reaction products are likely determined by the presence of
a common buffer step. The observed isotope responses allowed us
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Fig. 5. The 180 fraction in ethylene oxide and CO, after the 0, replacement with
180, in the feed gas (2.2% C;Ha +1.2% Oy +He) at T=180°C and GHSV (Gas Hourly
Space Velocity)=3000h-" (solid lines—experiment; dotted lines—calculation).
Inset: the logarithmic isotope responses for the same experiment.

to present the most probable mechanism as follows:
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As was already noted, one of intermediate species identified is
the subsurface oxygen [Ogs] not participating directly in the forma-
tion of reaction products. It is known that different surface oxygen
species are involved in epoxidation and deep oxidation of ethylene.
The [O] oxygen active in deep oxidation results from dissocia-
tive O, adsorption. Dissociative oxygen adsorption follows from
the binominal distribution of CO, molecules in isotope composi-
tion [5]. Epoxidizing oxygen [Oe| forms from [O], directly (step
(4)) or through subsurface oxygen (steps (2)and (3)). Modeling each
pathway of [Oe] formation separately does not provide a satisfac-
tory description of experimental responses. If [O] forms directly
from [Oy], the calculated isotope responses Zco,(t) and Zc,n,0(t)
virtually coincide. If the [Oc ] formation proceeds only through sub-
surface oxygen, a shift of Zc,,0(t) curve relative to Zco, (t) exceeds
considerably the experimentally observed shift.

Thus, numerical analysis showed that the formation of epoxi-
dizing oxygen [Oe] occurs simultaneously via two pathways with
the rate ratio about 2:1. Subsurface oxygen easily exchanges with
[On] adsorbed on the surface, and exchange rate is comparable to
that of oxygen adsorption. One can also conclude from numeri-
cal modeling that the steps of [Oe] formation (steps 3 and 4) are
almostirreversible, since the calculated curves Zco, (t) and Zc,p,0(t)
reversibility of these steps.

Within the proposed reaction mechanism we estimated the con-
centrations of various adsorbed oxygen species (% monolayer):
1<[04] <5,

0.5 < [0e] <3, 120 < [Oss] < 140,

as well as the rates of steps normalized per one oxygen atom (s~ 1):

r1 ~0.067, 1~0.044, r 5~0.042, r3~0.001,

r4 ~0.002, r15~0.064, 15~ 0.003.

Thus, it was proved that the concentrations of active oxy-
gen species are very low and do not exceed several percents of a
monolayer, i.e. practically all exchangeable oxygen is the subsurface

one.
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A molecule of ethylene is activated due to formation of its -
complex with Ag* cations [15,16]. The rates of epoxidation and deep
oxidation can be written as follows:

6 = keOx[Oel, 15 = ks0z[On] (5)

The concentration 6, was estimated from equilibrium constant
of the m-complexes formation [15] and re-calculated for the given
reaction conditions (T=180°C, Pethylene =0.022 atm). Substituting
the found values of [O;], [Oe] and 6 in (5), one can see that rate
coefficients ks and kg have an order of 105-107 s~1. It means that
ethylene epoxidation and deep oxidation proceed very fast in the
microsecond range. It is remarkable that despite of rather large
response time of SSITKA setup measured by inert gas switching
(ca. 15s) it allows studying very fast reactions.

4.2. NO reduction with methane on Co-ZSM-5

The SSITKA study of selective NO reduction with methane
included a study of labeled carbon transfer after the replacement
of 12CH,4 with 13CH,4 in NO + O, + CHy4 + He flow as well as of labeled
nitrogen and oxygen transfer after the replacement of "4N160 with
I5N180 in NO +He, NO +0, +He and NO+ 0, + CH,4 +He flows in a
plug-flow reactor. The Co-ZSM-5 catalyst containing 1.8% of cobalt
as small oxide clusters was used [17].

The time dependencies of isotope fractions in NO and N,
obtained after the stepwise replacement of ¥NO with °NO in the
feed gas are shown on Fig. 6. One can see that N, response in log-
arithmic scale is convex down, which is typical of the mechanism
with two parallel steps or the consecutive mechanism with a buffer
step.

The study of the dynamics of >N isotope transfer under
adsorption-desorption equilibrium (NO+ 0O, +He) allowed us to
reveal two types of NOx complexes and to estimate their concentra-
tions and formation rates depending on NO and O, concentrations
[18]. According to in situ DRIFTS data, these complexes are assigned
to nitrite—nitrate (1520 cm~!) and NO,%* species (2130cm~1) [17].
Note that nitrite-nitrates and NO,%* differ clearly in the rates of
their formation. Under the reaction conditions, the concentrations
of both active species drop considerably. Therefore, it was pro-
posed that the reaction occurs via two parallel pathways involving
both active complexes. The rates of NOx complexes interaction with
methane were also calculated [19], and the reaction with partic-
ipation of NO,®* species was shown to proceed about 2.5 times
faster than that of nitrite-nitrate ones. It was also found from the
dynamics of 180 label transfer that NO,%* species form at the inter-
face between CoO clusters and acid OH groups in zeolite (or at the
paired Co%*-OH sites). This agrees well with in situ DRIFTS data
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Fig. 6. The >N fraction in NO and N, after the ¥NO replacement with >NO in
the feed gas (0.6% NO+0.75% CHy +3% O, +He) at T=450°C and GHSV =15,000h~"
(points—experiment; lines—calculation). Inset: the logarithmic isotope responses
for the same experiment. The Ar response is presented as a reference.

C isotope fraction

13

time, s

Fig. 7. The '3C fraction in CHy and CO, after the '2CH, replacement with
BCH; in the feed gas (0.3% NO+0.4% CH;+3% 0O,+He) at T=450°C and
GHSV=36,000h~! (points—experiment; lines—calculation). Inset: the CO, logarith-
mic isotope response for the same experiment.

indicating that the NO,%* formation correlates with a drop in the
acid OH group band intensity [17].

Fig. 7 shows the methane and CO, isotope responses obtained
after the 12CH, replacement with 13CHy in the feed gas. Again, as
in the case of labeled nitrogen, the Z(%Z(t) dependence in loga-
rithmic scale is convex down. The reaction mechanism including
two parallel pathways of CH4 conversion to CO, seems more favor-
able, since the formation of a large buffer of C-containing species
(e.g. adsorbed methane) is hardly probable [20]. Moreover, numer-
ical modeling of the 13C transfer dynamics showed that the rate of
fast (slow) CO, formation coincided well with the fast (slow) rates
of NO,%* (nitrite-nitrates) reaction with methane, respectively. In
addition, the ratio between fast and slow rates of CO, formation (ca.
2.5) was very close to that estimated for adsorbed NOx species. This
ratio does not depend on the NO and methane concentration, but
decreases with dropping of O, concentration in the feed gas [20].

Summarizing all the obtained data, we conclude that the
selective NO reduction with CH,4 proceeds via parallel pathways
involving different active sites:

+CH
o [NO3 | Z=H+ [CNOyHyil o
% *O)
NO \Q N2+ CO; + H,O
/C°°r/ [ONO] s [CNOy,Hy,] o

This mechanism includes the N, formation via two parallel path-
ways with participation of NO,®* species located at the paired
Co2*-OH sites and nitrite-nitrate complexes formed on cobalt oxide
clusters. It was shown that reaction turnover number (TON) over
Co2*-OH sites was ca. 20 times higher as compared to that over
CoOy. The isotope studies were carried out in a wide range of feed
gas compositions and temperatures. This allowed us to find kinetic
equations for the key reaction steps and to determine their rate
coefficients and activation energies [18-20].

4.3. deNOx with propane accompanied by diffusion into the bulk
of fiberglass catalyst

The transient isotopic technique (both experimental and mod-
eling approaches) described above can be applied to investigate
the kinetics of catalytic (chemical) reactions complicated by mass
transfer processes. This was clearly demonstrated during the study
of NO and water diffusion into the bulk of Pt-containing fiberglass
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Fig. 8. The '80 fraction in H,O after the H,'°0 replacement with H,'80 in the 1.6%
H,0 +He flow at T=400°C and GHSV =18,000 h~"! (solid lines—experiment, dotted
lines—calculation). The sample is a fiberglass material with (a) and without (b)
platinum.

catalyst, which catalyzes NO reduction with propane. It was shown
earlier that platinum is introduced into fiberglass as Pt small clus-
ters (<10 A) to a depth of ca. 10 nm [21]. Since these highly dispersed
species are located in the fiberglass bulk, mass transfer of reacting
molecules to active sites can have effect on reaction rate. Thus, both

1,0 o] Ar
0] o
r-’ N0
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k31
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£ 02 021 .
H,°0
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Fig. 9. The 80 fraction in H>O and NO after the N'60 replacement with N80
in the 0.9% NO+1.6% H,O+He flow at T=400°C and GHSV=18,000h~" (solid
lines—experiment, dotted lines—calculation). The sample is a fiberglass material
with (a) and without (b) platinum.

case, the isotope responses obtained on catalyst with and without
Pt differ substantially, indicating that NO interacts with a platinum
species, which effectively participates in isotope exchange between
NO and H,O.

A model of NO and H, O transfer into the fiberglass bulk and their
oxygen exchange was also proposed:

Gas flow
| e
NO* NO H,0 H,0*
°< ” o i Bppvof Z Z
% P{INO¥] OH] [H,0] at __FZ( PANOT [HZO])
M =r(Z —Ze )= D iﬁﬂ
at 2\= PHNO] [H,0] [Hzo]d ax

the polar reactant (NO) and the product (H,O) diffusion into the
bulk of fiberglass should be taken into account.

The isotope responses obtained after H,'60 replacement with
labeled H, 80 are presented on Fig. 8.1t is seen that fiberglass mate-
rials with and without platinum demonstrate almost the same 80
responses. The simplest model of H,0 transfer into the fiberglass
bulk plus isotope exchange with hydroxyls (1) was proposed [22]:

x=0

where d—diameter of elementary fiber glass.

Basing on estimated above total amount of exchangeable
hydroxyls and water (100 wmol/g) and rate of water diffusion in
the fiberglass bulk, we estimated the concentrations of Pt[NO]
species in the subsurface layers of fiberglass (8pynoj =3 wmol/g)

Gas flow
H,0* H,0
2
ry aB[HZOJ*_D ag{hﬁ@]*_r(z -
mol O ot - FH0] 8x2 N~ [H,0] [OH]
2
A Fiber Glass

w

H,0

It is seen that this model describes well the experimental
isotope responses. Within this model the total amount (concen-
tration) of water plus hydroxyls and the H,O diffusion coefficient
were estimated as 100 pumol/g and 2 x 10~8 cm?/s, respectively. The
modeling of above process showed clearly that isotope substitution
of OH groups in the bulk of glass matrix is limited by water diffusion.

Similar experiments on the N'60 replacement with N'80 in the
feed gas containing both H,O and NO were carried out (Fig. 9). In this

and the rate of NO exchange with hydroxyls (r; =10 wmol/gs).
If the exchange rate is equal to rate of NO transfer from the
gas phase to the fiberglass bulk (and back), one can estimate
its mass transfer coefficient via gas-glass interface: k =, /CnoS
=2.5 x 103 cm/s (where S=10% cm?/g is the specific surface area
of fiberglass catalyst). Assuming that NO mass transfer in the bulk
of fiberglass proceeds with the same rate as H,0, we can estimate
the characteristic time of diffusion 7p = H2/DHZO~10‘4 s, where
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H=10nm is a depth of Pt location. Indeed, the NO diffusion in the
bulk of glass matrix proceeds much faster than chemical reaction
(Tisotope =ONo/Tno = 0.3 5), e.g. mass transfer cannot limit the reac-
tion rate.

5. Conclusions

It was demonstrated that SSITKA is a really powerful technique
to identify the reaction mechanism and to estimate the surface
concentrations of intermediates and reaction rate coefficients.

The 180 isotope transfer dynamics in ethylene epoxidation on
Ag showed that different oxygen species are involved in C;H40 and
CO, formation. Epoxidizing oxygen is generated directly from non-
selective nucleophilic one and through subsurface oxygen. The step
of ethylene epoxidation itself was found to proceed extremely fast
(in the microsecond range).

Three (13C, >N and 180) labels were used to study the mech-
anism of NO reduction with CH4 over Co-ZSM-5. It was shown
that deNOy proceeded via two parallel reaction pathways involving
NO,%* and nitrite—nitrate species formed at different active sites.
The turnover frequency of the first pathway is 20 times higher than
that of the second one.

The joint study of chemical reactions and mass transfer process
into the bulk of Pt-containing fiberglass catalyst showed that diffu-
sion of H,0 and, probably, NO molecules proceeds fast and cannot
limit the reaction rate. The mass transfer parameters of NO and H,O
molecules were estimated.
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