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The effect of an NO isotope on the kinetics of lean-NOx catalysis
in (NO 4 C,H4 + Oy) reaction mixtures over Pt-ZSM-5 was theo-
retically analyzed and compared with experimental data obtained
with a fixed-bed plug-flow reactor. The large kinetic isotope effect,
as well as kinetic oscillations observed previously, was explained
by NO decomposition kinetics on Pt surfaces which undergo phase
transition between (1 x 1) and (hex) phases induced by adsorbed
reactant species. Results indicate the importance of NO decompo-
sition Kkinetics in lean-NOy catalysis, lending further support to a
lean-NOy reduction mechanism which involves NO decomposition
accompanied by hydrocarbon oxidation.  © 1998 Academic Press

INTRODUCTION

Catalytic reduction of NO by hydrocarbons under highly
oxidizing conditions has been investigated extensively in
recent years (e.g., (1-27)). Substrates of lean-NOy catalysts
reported so far in the literature are based mostly on zeolite
materials with a few exceptions (e.g., (20, 22, 24, 26)). For
active ingredients, both base metal catalysts (such as Cu,
Co, and Fe) and noble metal catalysts (such as Pt, Rh, and
Ir) have been investigated. Catalytic activity measurements
have indicated that base metal catalysts are suitable for
high temperature applications such as lean-burn gasoline
engines, whereas noble metal catalysts are for low temper-
ature applications such as diesel engines, due to differences
in their lightoff temperatures for lean-NOy reduction (26).

Despite numerous reports on reactivity measurements
in the literature, the reaction mechanism of lean-NOy cata-
lysis remains controversial. Apparently, the controversy is
due largely to the fact that the rate-determining step of the
lean-NOy catalysis is either unknown or changing, depend-
ing upon the type of catalysts and reaction conditions. For
example, the rate-determining steps proposed in the litera-
ture for Cu-ZSM-5 include the following:

—NO decomposition (10, 22)
—NO; formation via NO + O, reaction (13, 19)
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—Formation of partially oxidized hydrocarbons (13)
—Formation of organic nitrosyl compounds (12)
—Formation of carbonaceous deposits (8, 13).

Currently, the most widespread production lean-burn en-
gine is the diesel engine. Pt-based lean-NOy catalysts are
promising, especially for diesel engines, in view of their su-
perior durability and lightoff characteristics to their Cu-
based counterparts. For this reason, we have been focusing
on investigation of Pt-ZSM-5 and Pt/Al,O; for lean-NOy
reduction. The most plausible reaction mechanism for the
lean-NOy reduction over Pt-ZSM-5 has been proposed to
be the combination of NO decomposition and the hydro-
carbon oxidation (1, 21, 22, 26, 27).

In a more recent study of the lean-NOy catalysis over Pt-
ZSM-5, sustained kinetic oscillations were observed under
steady-state operating conditions, along with the unusually
large effect of an NO isotope on lean-NOy reduction kinet-
ics (1). Although the kinetic oscillations were qualitatively
explained by both the surface phase-transition model and
the surface regeneration model, the kinetic isotope effect
could not be explained by the conventional zero-point vi-
brational energy argument (1). (Itis noteworthy that similar
kinetic oscillations were also observed for NO + O, + C3Hg
reaction over alumina (28) at high temperatures around
490-530°C.) This unexplained strong kinetic effect of an
NO isotope on lean-NOy catalysis observed over Pt-ZSM-5
is not only of fundamental interest but of practical impor-
tance in understanding the kinetic mechanism of lean-N Oy
catalysis over noble metal surfaces in general, as will be
shown in this paper.

In this work, we analyze the lean-NOy reduction per-
formance of a microreactor containing Pt-ZSM-5 using a
simplified kinetic model combined with a reactor model.
Results of kinetic analysis are compared with experimen-
tal data obtained for the (NO + C,H4+ O,) reaction sys-
tem with and without using isotopically labeled NO. Our
purpose is to provide an explanation for the unusually
strong Kinetic isotope effect, which may in turn help us
ascertain a correct reaction mechanism for the lean-NOy
catalysis.
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FORMULATION OF A MODEL FOR LEAN-NOx REDUCTION

Kinetic Model Based on Dichotomy of Surface Sites

For NO reduction with hydrocarbons under lean condi-
tions over noble-metal-based catalysts, it has been proposed
that the lean-NOy catalysis proceeds with NO decompo-
sition, in combination with HC oxidation (1, 21, 22, 26).
Also, astrong inhibition effect of NO on lean-NOy catalysis
over Pt-ZSM-5 indicates that NO decomposition is the rate-
determining step around the reaction lightoff temperature,
where the kinetic isotope effects are observed (1, 26). In
view of these observations, we focus on the NO decomposi-
tion part of the lean-NOy catalysis in the (NO + C,Hy + O3)
reaction system, since our interest in this work is in the
NO isotope effect. Assuming all the Pt surface sites are
equally accessible to NO, C;H,4, and O,, we describe the
NO decomposition rate using two different kinetic models:
the conventional Langmuir-Hinshelwood (LH) model and
the surface vacancy (SV) model.

For steady-state kinetic analysis, it is convenient to divide
the total surface sites into two sets of mutually exclusive
surface sites at a given moment; they are collectively desig-
nated as sites A and B as shown in Fig. 1, where the A-sites
are defined as a collection of surface sites on which NO ad-
sorption/desorption and decomposition occur at the given
moment, while the B-sites are a collection of the rest of the
surface sites occupied by N, O, or C,H4. The characteristics
of these two sites can be described as follows:

e NO decomposition occurs on A-sites which include
both NO adsorption sites and vacant sites necessary for NO
decomposition. By the definition of the B-sites, the prod-
ucts of NO decomposition—namely, O and N atoms—are
supposed to occupy the B-sites and are either scavenged by
C,H,4 or desorb as N, (or N,O).

e Oxygen from both NO and the gas-phase O, is the
source for the adsorbed oxygen on the B-sites.

e CyH, oxidation occurs on B-sites, generating vacant
sites which may remain as B-sites by adsorbing C,H, (or
0O,), or may convert to A-sites by adsorbing NO.

FIG. 1. Conceptual dichotomy of catalytic surfaces. (A-sites = surface
sites occupied by NO or vacant; B-sites = surface sites occupied by C,Hy,
O, orN.)
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Note that, in this reaction mechanism, interchange is pos-
sible between the A-sites and the B-sites during the course
of lean-NOy reduction. For example, the A-sites may con-
vert to the B-sites on decomposing NO, whereas the B-sites
may convert back to the A-sites depending on the rate of
NO adsorption relative to the rate of C,H, adsorption. Al-
though the sum of the surface area of A-sites (ca) and that
of B-sites (o g) remains constant (equal to the total surface
area o), the surface area ratio (oa/og) may vary with the
changing experimental conditions.

The kinetic effect of NO isotope substitution on the B-
sites (where NO decomposition products adsorb) is neg-
ligible due to the fact that the NO concentration is very
low, compared with the O, and C,H, concentrations in the
(NO + C,H4 + Oy) reaction system considered in this work
(1), incombination with the fact that the difference in the in-
trinsic decomposition rate between **NO and ®NO is very
small (1). In other words, the kinetic effect of the NO iso-
tope substitution in this (NO 4 C,H4 4 O,) reaction system
is essentially confined in the A-sites. Thus, the idea behind
the concept of dichotomized surface sites adopted here is
to separate the NO decomposition process on the A-sites
(which is directly affected by the NO isotope substitution)
from the C,H, oxidation process on the B-sites (which is
virtually unaffected by the NO isotope substitution) during
lean-NOy catalysis.

LH model. Following the conventional Langmuir—
Hinshelwood kinetic mechanism, the NO decomposition
rate (R) on catalytic surfaces under steady-state conditions
can in general be written as

R = k/eNOQVa [1]

where
9V:1—90—9HC_9NO_9N7 [2]

and 0o, Ouc, Ono, On, and Oy are the surface coverages of
oxygen, HC, NO, N, and vacancy, respectively, based on the
total surface area of the catalyst. For further kinetic analysis
of NO decomposition during lean-NOy catalysis, we intro-
duce the concept of normalized surface coverages, which is
based on the surface area of type A sites (as opposed to the
conventional concept of surface coverages based on the to-
tal surface area). In this definition, the normalized surface
coverage of NO (¢no) and vacancy (¢v) can be expressed as

¢No = Ono/ (1 — B0 — Bhe — On), [3]
¢v =06v/(1 — 6o — OHc — ON). [4]

Assuming adsorption/desorption equilibrium for NO on
the surface of the type Assites, it can be shown (Appendix B)
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that

¢no = KC/(1+ KC) [5]
¢v =1/(1+KC) [6]

and the NO decomposition rate on the surface can be re-
written in terms of the normalized surface coverages as

R = kénodv, [7]

where K is the rate constant for NO decomposition based
on the normalized surface coverages. That is, EqQ. [7] descri-
bes the NO decomposition Kinetics on the A-sites in Fig. 1
using the conventional LH mechanism.

Surface vacancy model. Under steady-state conditions
of lean-NOy catalysis around the reaction lightoff temper-
ature, it is reasonable to assume that the catalyst surface of
type Assites is covered predominantly by NO with very few
vacant surface sites available. In this case, ¢no ~ 1 and thus
the rate of NO decomposition (R) becomes directly pro-
portional to the availability of the surface vacancy. That is,

R = kov, [8]

which we call the surface vacancy (SV) model. Note that the
SV model is a special case of the LH model with ¢no — 1.

Reactor Model

A packed-bed microreactor containing small catalyst
powder under isothermal steady-state operating conditions
can be described by a plug-flow reactor model,

Q(dC/dé) = —oaR [9]
with the feed condition

C=C até=0, [10]

where C is the gas-phase NO concentration, Q is the volu-
metric feed flow rate, R is the rate expression for NO de-
composition, and £ is the dimensionless axial distance along
the reactor length.

KINETIC ANALYSIS OF ISOTOPE EFFECT

The primary isotope effect on the kinetics of lean-NOy
catalysis manifests itself in the intrinsic rate of NO decom-
position due to the zero-point energy difference between
isotopic molecules, with the secondary effect induced by
changes in surface coverages of reactant species originating
from the primary isotope effect. Thus, the primary and sec-
ondary effects are inherently related to produce the overall
kinetic isotope effect. (Although the adsorptive isotope ef-
fect (i.e., the isotope effect on adsorption equilibrium con-
stant) is assumed negligible for the moment, it will be dis-
cussed later in qualitative terms.)

397

Primary Effect on the Rate Constant of NO Decomposition

The primary effect of an isotopic NO on the rate constant
for NO decomposition can be expressed in terms of the
zero-point vibrational wave number by (29)

K sinn(97Y /sinn( 1
k 2T 2T )’

where k and k* denote the decomposition rate constants of
1NO and ®NO, respectively. The vibrational wave number
of ®NO adsorbed on Pt surfaces (v*) can be calculated from
the vibrational frequency of ¥*NO (v) by

[11]

Y [12]

where i and p* are the reduced masses of 1*NO and *NO,
respectively. It should be noted that this primary effect
is universally applicable regardless of the kinetic model
employed.

Overall Isotope Effect on Lean-NOy Reduction Kinetics

The overall isotope effect, which results from a combina-
tion of the primary and secondary effects, can be analyzed
most efficiently by employing two models discussed earlier
for NO decomposition: the LH model and SV model.

LH model for NO decomposition. Combining the reac-
tor model (Egs. [9]) with the kinetic model (Egs. [5], [6],
and [7]) gives
d£ N O’/_\k KC
d¢ ~  (1+KC)?
which can be integrated using the feed condition (Eq. [10])
and the reactor-average value of o4 (i.e., (oa)) to yield

Q [13]

1 Ci

Z[24+ KC)? - 24+ KCEP]+In[ —— | =&, [14

2[( +KGC)* — {24+ KC(®) )]+ (C(5)> af, [14]
where « is the dimensionless rate constant for NO decom-
position defined by

a={oa)kK/Q. [15]

Use of (oa) for the integration of Eq. [13] is a reasonable
approximation, considering that the surface area of A-sites
is only weakly dependent on the gas-phase reactant concen-
trations due to the overwhelming excess amount of oxygen
whose concentration is virtually constant along the reac-
tor length. This approximation is thus believed to be quite
adequate for the purpose of investigating the NO isotope
effect.
In particular, at the reactor outlet, Eq. [14] reduces to

%[<2+ KC)? — 2+ KCi(L—x)}?] —In(l —x) = a. [16]
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Equation[16] represents the relation between « and the NO
conversion at the reactor outlet for the NO decomposition
reaction following the LH kinetic model in a plug-flow re-
actor. When ordinary NO (**NO) is replaced by isotopic
*NO (**NO, for example), the decomposition rate constant
undergoes a small change according to Eq. [11], which in
turn brings a change in « due to Eq. [15], leading eventu-
ally to a change in the NO conversion according to Eq. [16].
(For convenience hereinafter, the superscript « denotes the
isotopic 1*NO.) The kinetic effect of this small change in the
decomposition rate constant due to the NO isotope can be
analyzed using a perturbation technique, noting that

[17]
[18]

o = o+ da,
X* = X + 8X,

where §a and §x are small perturbation in the dimensionless
rate constant («) and the NO conversion (x), respectively,
resulting from the °NO isotope. Inserting Egs. [17] and [18]
into Eq. [16], it can be shown (Appendix C) that

Cr(1—x% o *

- = 1——1. [19

Cl-—x +[1+Kci(l—X)]2( k) [19]
When the feed NO concentration was kept constant for

both regular and isotopic NO (i.e.,, C; = C{"), Eq. [19]
reduces to

1—x* o k*
— =1+[1+KCi(1—x)]2(1_k) [20]

which shows the relation between the conversion of regu-
lar NO and that of isotope NO as a function of the primary
isotope effect under otherwise identical experimental con-
ditions. Note that Eq. [20] is applicable only when both S«
and 5x are much smaller than « and x, respectively, due to
the nature of the first-order perturbation employed.

Surface vacancy model for NO decomposition. The re-
actor model (Eq. [9]), combined with the kinetic model
(Eqgs. [6] and [8]) yields
d£ B O’Ak
de = 1+KC

which can be integrated in the same way as was done before
for Eq. [13] to obtain

Q

[21]

%[(1 + KCi)? = {1+ KC(#)Y] = at. [22]
Solving Eq. [22] for KC (&), we obtain
KC() = -1+ V(1 + KCi)? - 20¢. [23]

Similarly, when *NO was used in place of regular NO, we
get from Eq. [22]

KC'(®) = —1+/A+KC)2 — 208, [24]
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Dividing Eqg. [24] by Eq. [23] and assuming that the feed
concentrations of NO and *NO are kept constant, it can be
shown at the reactor outlet that

1—x  —1+/F@ [25]
1-x  —1+J/F@’
where
f(a) = 1+ KCj)? — 2. [26]
If KC; is much greater than unity, Eq. [25] reduces to
1—x* g(a*)
T—x ~\ 9@ [27]
with
g(@) = (KCi)* — 2. [28]

Equation [25] or [27] quantifies the primary isotope effect
on NO conversion in lean-NOy catalysis when the rate of
NO decomposition is controlled by the availability of sur-
face vacancy.

COMPARISON WITH EXPERIMENT

Experiments

The microreactor was made of a 0.32-cm OD stainless
steel tube packed with Pt-ZSM-5 powder which was pre-
pared from ion exchange of Pt on ZSM-5 using Pt(NH3)4Cl,
saltasthe Ption precursor. The Ptloading of the catalyst was
5.9 wt%o, and the total amount of sample in the reactor was
1.6 mg. Steady-state activity of the reactor for NO reduction
in (NO + C,H,4 + O2) mixtures was measured under isother-
mal steady-state conditions over the temperature range of
180-213°C, using both regular 1*NO and isotopic *°NO. The
feedstream contained 230 ppm NO, 1200 ppm C,H4, and 7%
O, with balance He. All experimental conditions were kept
constant, including the gas space velocity (859,000 h—1), ex-
cept the change between *NO and ®NQ in the feed gas mix-
ture. Conversions of both **NO and ®NO were monitored
by a mass spectrometer calibrated using argon as the ref-
erence gas. A detailed description on the catalyst, reactor,
and experimental conditions can be found elsewhere (26).

Estimation of Model Parameters

Important system parameters affecting the kinetic iso-
tope effect can be identified from Egs. [11], [19], and [24].
They are the thermodynamic parameters K and v, the di-
mensionless kinetic parameter «, and the reactor operating
parameters Ci, Q, and T. The dimensionless rate constant
for decomposition of regular NO, «, can be determined
from Eqs. [16] and [24], using the experimental NO conver-
sion data at the reactor outlet. Once « is known, «* can be
estimated from Eq. [11]. The NO adsorption equilibrium
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constant, K, was calculated from the k,/Kkqy ratio, where kq
was estimated from the Kinetic theory of adsorption for a
perfect gas using a sticking coefficient of 0.6 (30), while kg
was obtained from literature data (31). In view of the pos-
sible phase transition of the Pt surface between (1 x 1) and
(hex) phases, different values of the adsorption equilibrium
constants (i.e., K13 and Ky for the (1 x 1) and (hex) phases,
respectively) and decomposition rate constants [a1; and o]
were assigned to each of these phases. The value of K on
the (hex) phase, Ky, was approximated by that on Pt(111),
since the (hex) phase is believed to have a distorted hexag-
onal overlayer that is similar to the Pt(111) surface (31),
while the value of K1; was obtained from the literature data
(30, 31). An exact value of the NO decomposition rate con-
stant on the (hex) phase is not available at this time, al-
though literature data (32) suggest that the observed NO
decomposition rate on the (hex) phase is approximately
one-third that on the (1 x 1) phase (i.e., Ri1/Ry~3) at
500 K. Thus, the value of «;; was determined from the ex-
perimental data of Ry; obtained previously (1), while ay
was obtained from the estimated value of Ry which was
assumed to be one-third that of Ry;. The zero-point vibra-
tional frequency of NO was taken to be 1780 cm™?, based
on measurements at 325 K (33). Parameter values and their
sources are listed in Table 1.

Model Predictions and Comparison with Experiments

Itiswell documented that Pt(100) is the most stable plane
on polycrystalline and supported Pt particles (34, 35) and
that it undergoes phase transition from the (hex) to the
(1 x 1) phase, induced by the adsorption of NO (30, 36, 37).
The (1 x 1) phase is known to be much more active than
the (hex) phase for NO decomposition (31, 38). Recently, it
has been reported thatthe NO + C,H,4 + O, system exhibits
a higher activity without yielding kinetic oscillations, com-
pared with the *NO + C,H4 + O, system which yielded ki-
netic oscillations between higher and lower rates under ex-
actly the same experimental conditions (1). To explain this
qualitatively, it has been suggested that Pt surfaces in the

TABLE 1

Model Parameters for Kinetic Analysis of Isotope Effects

Parameter Used in this work References
Ci 5.9239 x 10~° mol/cm?® at 200°C This work
k*/k Eq. [11] (29)

K 1.8546 x 1075 /T exp(36,000/*RyT) (31)

a1 Estimated from NO conversion data 1)

o a1 k*/k This work
Kh 1.8546 x 1075 /T exp(25,000/*RyT) (31)

an Estimated from «y; and Ref. (32) (32)

o apk*/k This work
Q 0.8333 cm®/s at 25°C This work
v 1780 cm™! (33)
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FIG. 2. Model predictions of kinetic isotope effect: A = experimental
data with (NO + C,H4 + O,) reaction assumed to be occurring on (1 x 1)
phase; A* = model prediction with (*NO + C,H4 + O,) reaction on (1 x 1)
phase; B = estimated NO conversion for (NO + C,H4+ O,) reaction on
(hex) phase; B* = model prediction with (*NO + C,H4+ O,) reaction on
(hex) phase.

Pt-ZSM-5 catalyst consist primarily of the (1 x 1) phase for
the NO + C,H, + O, system, while it may fluctuate between
the (1 x 1) and the (hex) phases for the *NO + C,Hs + O»
system (1). In the sections below, the validity of this hypoth-
esis is examined quantitatively through model simulations
and comparison with experiments.

Kinetic isotope effectonthe (1 x 1) phase. Due tostrong
adsorption of NO on the (1 x 1) phase, the value of the di-
mensionless quantity K;;C is much greater than unity, re-
sulting in ¢no close to unity. Under this condition, the NO
decomposition kinetics can be described adequately by the
surface vacancy model (Eq. [8]) which is a simplified ver-
sion of the LH model (Eq. [7]). Model predictions obtained
from Eq. [25] are shown in Fig. 2, where the conversions of
NO and *NO under the same experimental conditions are
compared as a function of temperature. The experimental
datain Fig. 2 (curve A) were found to be consistent with the
model prediction based on the NO decomposition rate on
(1 x 1) phase estimated from the literature (32), and thus
were assigned to the (1 x 1) phase. The *NO conversion
above 200°C (curve A*) was calculated based on the esti-
mated value of «, obtained by extrapolating the NO con-
version data (curve A) beyond 200°C. Clearly, the activity
of the catalyst decreases much more than the decrease in k
predicted (1) by the zero-point vibrational energy through
Eq. [11].

Kinetic isotope effect on the (hex) phase. The adsorption
of NO on the (hex) phase is much weaker than that on the
(1 x 1) phase. The magnitude of KyC for the (hex) phase
is comparable to unity, and the NO decomposition kinetics
can be described by the LH model, Eq. [7]. In the absence of
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experimental data for the (NO + C,H,4 + O5) system over
the (hex) phase, the NO conversion over the (hex) phase
was estimated to be a third that over the (1 x 1) phase (i.e.,
R11/Ru~3) as shown in curve B in Fig. 2, assuming the
overall rate is controlled by the rate of NO decomposi-
tion (32). Shown also in Fig. 2 are the model predictions
for the *NO conversion over the (hex) phase (curve B*),
in comparison with the measured NO and calculated *NO
conversion over the (1 x 1) phase (curve A and A*). As
expected, the *NO conversion over the (hex) phase (curve
B*) is much lower than the NO conversion over the (1 x 1)
phase (curve A). Obviously, this large difference can be at-
tributed to the combination of two factors: the NO isotope
effect and the surface phase transition. Itis noted, however,
that the (1 x 1) phase exhibits much stronger isotope effect
than the (hex) phase.

Comparison: model vs experiments. Figure 3 compares
the model predictions of the activity of both the (1 x 1)
and the (hex) phases for the (*NO + C;H4+ O,) reaction
system with experimental data showing kinetic oscillations.
Clearly, the NO conversion data on the upper branch agree
reasonably well with those predicted by the (1 x 1) phase
model, while the lower branch data can be described by the
(hex) phase model. Thus, the kinetic oscillation observed
for the (*NO + C,H4+ O,) system over Pt-ZSM-5 can be
explained quantitatively by the phase transition between
the (1 x 1) and the (hex) phase as suggested previously (1).

Determination of Dimensionless Rate Constant
for NO Decomposition

Presented in Fig. 4 are the dimensionless rate constants
for NO decomposition over the (1 x 1) and (hex) phases,
a11 and oy respectively, determined from Eq. [16] using the
experimental data on NO conversion. It is noted that a1y
is greater than oy by nearly 10 orders of magnitude. The

1.0 ,0 = experimental data
««» = model prediction
c -- (Ix1
k<) =
5
>
5 0.5
)
o
4
*
0 ] ! ! ]
175 200 225
Temperature (°C)
FIG.3. Comparison of model predictions with experimental data for

the (*NO + C,H,4 + O,) reaction system.
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FIG. 4. Dimensionless rate constant for NO decomposition.

activation energies for «1; and o obtained from the slopes
of the straight lines in Fig. 4 are

11 = —70.4 kcal/mol for 11,

en = —11.5 kcal/mol  for an.

The negative activation energy is indicative of a decreasing
rate of overall NO decomposition with increasing temp-
erature. This can be explained by the fact that the di-
mensionless rate constant contains two other temperature-
dependent parameters in addition to k; namely, K and (o)
(see Eq. [15]). The adsorption equilibrium constant, K, de-
creases with temperature, and so does (o), due to the rate
of C,H,4 oxidation increasing with temperature faster than
the rate of NO decomposition. The important role of K and
(oa) in determining the observed rate of NO decomposi-
tion is evident from the negative activation energy of the
overall dimensionless rate constant.

Figure 5 shows the overall rate constants (both{oa)ki1
and (oa)kn) calculated from Fig. 4 using the values of Kj;
and Ky in Table 1. The overall rate constant for NO de-
composition over the (1 x 1) phase, which is in line with the
literature values (32), is greater than that over the (hex)
phase by 4-5 orders of magnitude. Interestingly, the for-
mer exhibits a negative activation energy, while the latter a
positive one:

E;1 = —33.9 kcal/mol,
En = 14.5 kcal/mol.

We propose that the negative activation energy (E11) may
be attributed to the temperature-dependent nature of (o),
as follows: It is reasonable to assume that the surface area
of type-A sites on Pt is inversely proportional to the rate
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FIG.5. Overall rate constant for NO decomposition.

of C,H, oxidation by oxygen. Since the activation energy
of C,H, oxidation is 58.6 kcal/mol (40), the true activation
energy of NO decomposition on the (1 x 1) phase can be
estimated to be 24.7 kcal/mol (i.e., 58.6 — 33.9 = 24.7, where
58.6 is due to (o) assumed to be inversely proportional to

a
1.01
o
<
0.5 ———oc__ ®re
-
210°C
O | |
0 0.5 1.0

Dimensionless Axial distance, &
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the rate of C,H, oxidation) which is in line with the litera-
ture value of 28.5 kcal/mol (39). The activation energy for
NO decomposition over the (hex) phase, Ey is in line with
other literature data where very slow rates of NO decom-
position were observed over polycrystalline or supported
Pt surfaces (32).

Axial Profiles of Surface Coverage and NO Conversion

Shown in Figs. 6a and 6b are the axial profiles of surface
coverage of NO and vacancy, respectively, obtained from
Egs. [5], [6], and [14] at temperatures of 197 and 210°C for
the (hex) phase. The NO surface coverage decreases grad-
ually with the axial distance in the reactor at a given tem-
perature, and it increases with a decrease in temperature
(Fig. 6a). In the temperature range between 197 and 210°C,
the reactor-average 6no* is approximately 0.4 which closely
matches the critical 6yo at which a phase transition occurs
between the (1 x 1) and (hex) phases (39). The surface va-
cancy increases with temperature and the axial distance in
the reactor (Fig. 6b). Note that 6yo and 6y on the (hex)
phase are comparable in magnitude.

On the (1 x 1) phase, the NO surface coverage is close
to unity with a decreasing profile along the reactor length,
leaving the surface vacancy extremely small on the order of
10~° (Fig. 7) which was obtained from Egs. [5], [6], and [23].
It is interesting to note that the surface vacancy increases
exponentially along the axial distance in the reactor. Since
the (1 x 1)-to-(hex) phase transition is known to occur at a
lower NO surface coverage than the (hex)-to-(1 x 1) phase
transition (32), the monotonically decreasing 6o along the

1.0

0.5F---——="""""7"

1.0

0 I
0 0.5

Dimensionless Axial distance, &

FIG. 6. Axial profile of normalized surface vacancy and NO coverage for (hex) phase.
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FIG. 7. Axial profile of normalized surface vacancy for (1 x 1) phase.
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reactor length suggests that the transition from the (1 x 1)
to (hex) phase should be favored in the downstream sec-
tion of the reactor. As a result, the upstream section of the
reactor can be in the (1 x 1) phase while the downstream
section is predominantly populated by the (hex) phase. This
complex distribution of surface phases may be, at least, par-
tially responsible for the oscillation pattern observed pre-
viously (2).

Calculated using Egs. [20] and [25] for the (hex) and
(1 x 1) phase, respectively, Figs. 8a and 8b show the *NO
conversion profiles along the axial distance in the reactor
at 197 and 210°C. Note that the difference in NO conver-
sion activity between the (1 x 1) and (hex) phases increases
with the axial distance in the reactor, due to the cumulative
effect along the reactor length of the intrinsic activity dif-
ference between the two phases.

DISCUSSION

Kinetic Model and Reaction Mechanism

By normalizing the dichotomized surface coverages, re-
duction of NO in the (NO 4 C;H4+ O3) system over Pt-
ZSM-5 was described by the NO decomposition model al-
lowing for transitions between the (1 x 1) and (hex) phases
of Ptsurfaces to analyze the kinetic isotope effect. Results of
the model simulations are in good quantitative agreement
with the experimental data; the upper limit of the kinetic
oscillation can be described by the surface vacancy (SV)
model on the (1 x 1) phase, while the lower limit by the
Langmuir-Hinshelwood (LH) model on the (hex) phase.
Success of the NO decomposition model in predicting the
NO isotope effect in lean-NOy catalysis supports the pre-
viously proposed reaction mechanism which involves NO
decomposition followed by HC oxidation. This does not

b T=210°C
1.0
(1x1)
0.5
(hex)__
0 —”’// I |
0 0.5 1.0

Dimensionless Axial distance, &

FIG. 8. Axial profile of NO conversion for the (*NO + C,H, + O) system.
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FIG.9. Comparison of phase transition behavior between (*NO + C,H4 + O,) and (NO + CO) systems.

exclude, however, the possibility of the 2NO 4+ O, — 2NO,
pathway as the rate-determining step of the lean-NOy cata-
lysis (13, 19). It is noteworthy, however, that on Pt sur-
faces all NO, formed decomposes only to NO (41, 42).
Thus, even with NO, formation, the rate-limiting step of
the lean-NOy catalysis could still be NO decomposition, if
the thermodynamic equilibrium between NO and NO;, (i.e.,
2NO + O; « 2NOy,) is fast compared with the NO decom-
position rate. This hypothesis is in accordance with litera-
ture reports that the NO, formation via (NO + O,) reaction
is not important in lean-NOy catalysis over Cu-ZSM-5 and
Pt/Al,O3 (43, 44).

For further elucidation of the reaction mechanism, the
rates of (NO + CyH,4) and (NO; + C,H,4) reactions were
compared over 0.9 wt% Pt-ZSM-5 catalyst. The amount of
this catalyst used in the reactor experiment was determined
in such a way that the total amount of Pt in the reactor re-
mains the same as that in the previous oscillation experi-
ments (1). Except for the absence of O, in the feed reactant
mixture, the reactor and its operating conditions were es-
sentially the same as those reported previously (1). Results
shown in Fig. 10 indicate that the NO conversion lights off
at around 400°C in both reaction systems, which is substan-
tially higher than that (/200°C) observed in the presence of
excess O (1, 26). Below the reaction lightoff temperature
the rates of both reactions are essentially identical, while
above the lightoff temperature the (NO + C,H,) reaction
becomes faster than the (NO, + C,H,) reaction. Thisclearly
demonstrates that the NO; formation via (NO + O,) reac-
tion during lean-NOy catalysis is not the rate-determining
step. It further suggests that the critical role of O, in lean-
NOy catalysis is not NO, formation from NO but must be
the oxidation (or partial oxidation) of hydrocarbons. Then,
the next question is whether the C,H, oxidation by O, can
be the rate-determining step. In view of the kinetic isotope

effect of NO demonstrated in this work, the C,H, oxidation
cannot be the rate-determining step. (If the C,H, oxidation
is the rate-determining step, the substitution of *NO for
NO should not make any difference in the observed kinet-
ics.) Thus, we conclude that the rate determining step of
the lean-NOy catalysis is the NO decomposition under the
conditions of our experiments.

Model Predictions vs Experimental Data

Some discrepancy between model predictions and ex-
perimental data shown in Fig. 3 can be attributed in part
to the nonuniformity of Pt surface phases along the axial
distance of the reactor bed. It is most likely that the Pt sur-
face phase in the reactor bed is not uniformly the (1 x 1)

100 -
80+

60 -

Conversion (%)

40+

20

oL | | J
200 300 400 500

Temperature (°C)

100

FIG. 10. Comparison of NOy conversion efficiency in (NO + C,Hy)
and (NO;+ C;H,) reactions (catalyst = 0.9wt% Pt-ZSM-5, sample
amount=10.5 mg, total gas flow rate =50 cc/m, feed concentrations =
230 ppm NO or NO,, 1200 ppm C,Hy,).
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or (hex) phases, even though the model implicitly assumed
either a uniform (1 x 1) or (hex) phase for the entire reac-
tor. In reality, the upstream section of the reactor may have
the (1 x 1) phase while the downstream section may have
the (hex) phase, due to the nonuniform distribution of the
surface coverage of NO. This may partially explain why the
upper limit of the NO conversion predicted by the model is
higher (and its lower limit is lower) than the experimental
data in Fig. 3.

Another source of the discrepancy may be the adsorp-
tive isotope effect which was assumed negligible in the ki-
netic analysis. To the best of our knowledge, a quantitative
description of adsorptive isotope effect applicable to our
reaction system is not available in the literature. However,
it is qualitatively established in general that the heavier
an isotope molecule, the greater its adsorption equilibrium
constant under the otherwise identical conditions (45). For
the SV model which is applicable to the (1 x 1) phase, this
means the adsorptive isotope effect enhances the kinetic
isotope effect due to the greater value of *K (for *“NO) com-
pared with that of K (See Eq. [21]). This may also be part
of the reason behind the discrepancy between the model
predictions and the experimental data of the upper bound
of the oscillation shown in Fig. 3. For the LH model which
is applicable to the (hex) phase, the increase in the K value
(due to *NO) can enhance or diminish the kinetic isotope
effect depending on the value of KC (See Eq. [13]). Thus, it
is not simple to predict the adsorptive isotope effect on the
(hex) phase, because the KC value varies along the length
of the reactor.

Obviously, the model predictions of the upper and lower
bounds of the oscillations shown in Fig. 3 are based on com-
plete microscopic synchronization of all parts of surfaces,
including temperature and surface coverages. In reality,
however, itis reasonable to expect only partial synchroniza-
tion, somewhere between complete synchronization and
and complete asynchronization. This may help explain why
the observed oscillations are more complex than a single
wave pattern, exhibiting some peaks with varying ampli-
tudes smaller than the possible maximum (1).

Why Can "NO Initiate the Kinetic Oscillation
While NO Cannot?

Figure 9aisaschematic diagram of Fig. 3, which illustrates
ahysteresis loop involving the (1 x 1) and (hex) phases of Pt
surfaces in the plane of NO conversion versus temperature.
Noteworthy is that the (hex) phase is favored in the low tem-
perature regime below the lower bifurcation temperature,
while the (1 x 1) phase is favored in the high temperature
regime above the upper bifurcation temperature. This is in
sharp contrast to the bifurcation phenomenon reported for
the (NO + CO) reaction system on Pt (100) surfaces (32).
As illustrated in Fig. 9b which is a schematic diagram of the
experimental data reported in Ref. (32), for the (NO + CO)
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reaction the (1 x 1) phase is favored in the low temperature
regime while the (hex) phase is favored in the high temper-
ature regime. This interesting difference in NO reduction
kinetics between the (NO + CO) reaction over Pt (100) and
the (*NO + C,H4 + Oy) reaction over Pt-ZSM-5 may pro-
vide a clue to our question why *NO can initiate the kinetic
oscillation while NO cannot under the otherwise identical
conditions, as will be discussed in the following.

For the high temperature regime above the upper bi-
furcation temperature, the Pt surface has low adsorbate
coverage for the (NO + CO) system due to the fast surface
reaction and desorption of NO and CO. This low surface
coverage of NO and CO leads to the phase transition from
(1 x 1) to (hex). On the other hand, for the (*NO + C,H, +
0O,) system, the reaction is not as fast as the (NO + CO)
reaction, resulting in a fairly high surface coverage of reac-
tants, especially oxygen which is in large excess and known
as a promoter for the phase transition like NO and CO
(32). This sustained surface coverage of reactants stabilizes
the (1 x 1) phase, and the transition from the (1 x 1) to the
(hex) phase cannot initiate even at this high temperature.

For the low temperature regime below the lower bifur-
cation temperature, adsorption of NO and CO in the
(NO + CO) system immediately induces phase transition
fromthe clean (hex) phase to the (1 x 1) phase. On the other
hand, for the (*NO + C;H,4 + Oy) system, the strong inhibi-
tion effect of *NO on the rate of the (*NO + C,H,; + O»)
reaction results in the high surface coverage of reactants,
especially C,Hy4, due to a high concentration of C,H, in the
zeolite micropores. (Note that ZSM-5 has a large storage
capacity for CoHy in its micropore space (23).) Since hydro-
carbons are known to retard the phase transition from the
(hex) to (1 x 1) phase, the Pt surfaces remain (hex) until
the surfaces are cleared of HC at around the lower bifur-
cation temperature which is close to the reaction lightoff
temperature. In fact, the competition between the promot-
ing effect of NO adsorption on the phase transition and
the retarding effect of C,H, adsorption may be the main
cause of the observed kinetic oscillation. This is consistent
with the observation that the kinetic oscillation stops when
complete oxidation of C,H4 is achieved. (It may be worth
noting that only steady-state multiplicities (without kinetic
oscillation) could be observed for the (NO + CO) reaction
under the conditions where the bifurcation phenomenon
occurred as shown in Fig. 9b (32).) This explanation is also
consistent with our earlier observations which revealed a
strong correlation between the kinetic isotope effect and
the NO/C,Hy, ratio in the feed (26).

In the case of the (NO + C,;H4 + O3) system, the inhibi-
tion effect of NO is rather weak, compared with that of *NO.
This leads to a faster reaction rate and thus a lower surface
coverage of C,H,4, compared with the (*NO, + CoHs + O2)
system. The lower surface coverage of CoH4 may, in turn,
eliminate the retardation effect of C,H; on the phase



ELUCIDATION OF LEAN-NOx REDUCTION

transition process from the (hex) to the (1 x 1), immedi-
ately inducing the phase transition from the (hex) to (1 x 1)
due to adsorbed NO. This may explain why *NO can yield
the kinetic oscillations while NO cannot under the same
experimental conditions, as we have shown previously (1).

SUMMARY AND CONCLUSIONS

The effects of an NO isotope on the kinetics of lean-
NOy reduction over Pt-ZSM-5 were theoretically analyzed
using a mechanistic model in which NO decomposition is
assumed to be the rate-limiting step. Use of either NO or
*NO in this comparative kinetic study enabled us to semi-
isolate the NO decomposition process from the rest (such
as C,H, oxidation) during lean-NOy catalysis. It has been
demonstrated that the kinetic model, assuming the NO de-
composition as the rate-determining step can adequately
describe the experimental observations in terms of Kinetic
isotope effect, is indicative of the importance of the NO de-
composition kinetics in the overall lean-NOy catalysis. This
finding is in support of the lean-NOy reduction mechanism
we recently proposed, which involves a combination of HC
oxidation and NO decomposition (26). Results have also
shown that the strong 1°NO isotope effects on lean-NOj re-
duction kinetics can be explained by a combination of the
primary and secondary isotope effects on NO decompo-
sition kinetics over Pt surfaces which undergo adsorbate-
induced phase transition between (1 x 1) and (hex) phases.
The large kinetic isotope effect combined with Kinetic os-
cillation appears to be the unique kinetic characteristic of
lean-NOy catalysis over Pt-ZSM-5, which exhibits a strong
inhibition effect of NO. This finding bears an important im-
plication in the reaction mechanism of the lean-NOy cata-
lysis over noble metal catalysts. More specific findings are

1. There are two sources of the kinetic isotope effects on
lean-NOy catalysis in a packed-bed reactor: primary and
secondary effects. The primary effect is the quantum me-
chanical effect of the isotope on the zero-point vibrational
energy level of NO molecules. The secondary effect is due
to the change of surface coverages resulting from the pri-
mary effect along the reactor length. Due to this secondary
effect, the overall kinetic isotope effect is much more com-
plex and pronounced than the primary effect alone.

2. Results of the model predictions are in good quantita-
tive agreement with the experimental data; the upper limit
of the Kinetic oscillation can be described by the rate of NO
decomposition on the (1 x 1) phase, while the lower limit
by that on the (hex) phase of the Pt surface.

3. Theability of the model to explain the isotope-induced
kinetic oscillations suggests that NO decomposition may
indeed be the rate-determining step in lean-NOy catalysis
over Pt-ZSM-5, in support of our previously proposed reac-
tion mechanism that involves NO decomposition and HC
oxidation.
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This study provides an explanation for the large effect
of an NO isotope on the kinetic behavior of Pt-ZSM-5 ob-
served previously during lean-NOxy catalysis. It is hoped that
results of this study will establish a sound basis on which to
develop a complete kinetic model for lean-NOy reduction
over noble metal surfaces.

APPENDIX A: NOMENCLATURE

¢ = speed of light, 2.9979 x 10" cm/s

C = gas-phase concentration of NO in the
reactor, mol/cm?
E = activation energy of the overall rate constant

for NO decomposition (o »k), cal/mol
h = Planck constant, 6.6256 x 107" erg - s

k = decomposition rate constant of NO based on
normalized surface coverages, mol/(cm?-s)
k' = decomposition rate constant of NO based on

regular surface coverages, mol/(cm?-s)
k. = adsorption rate constant of NO, cm®/(mol - s)
ks = desorption rate constant of NO, s™*
K = adsorption equilibrium constant of NO, cm*/mol
L = total reactor length, cm
Q = volumetric gas flow rate, cm?/s
= rate of NO decomposition, mol/(cm?-s)
= ideal gas constant
absolute temperature, K
= fractional conversion of NO
= axial distance along the reactor, cm

=1

R
R
T
X
z

Greek letters

« = dimensionless rate constant for NO
decomposition defined by Eq. [15]

¢ = activation energy of «, cal/mol

® = surface coverage based on the total surface area

¥ = Boltzmann constant, 1.3805 x 10" erg/K

u = reduced mass of NO defined by mymg/(my + mo),
where my and mg, are the mass of nitrogen and
oxygen atoms, respectively, g

v = vibrational wave number of NO, cm™*
& = dimensionless axial distance along the reactor, z/L
o = total catalytic surface area, cm?

o, = catalytic surface area of the A-sites, cm?

(o A) = reactor-average value of o 5, cm?

og = catalytic surface area of the B-sites, cm?

¢ = normalized surface coverage based on the
surface area of type A

Subscripts

H = (hex) phase of Pt surface
HC = ethylene

e = exitcondition

i inlet condition



406

N = nitrogen atom on the surface
NO = nitric oxide

O = oxygen

V = vacancy

11 = (1 x 1) phase of Pt surface

Superscript

* = associated with the *NO isotope

APPENDIX B: DERIVATION OF EXPRESSION FOR
NORMALIZED SURFACE COVERAGE

Equilibrium of adsorption/desorption process for NO on
type A-sites can be described by

kaCov — Kgfno = 0, [B.1]
which, with the help of Eq. [2], can be written as
KC( — 0o — Onc — On) = Ono(1+ KC).  [B.2]
Rearrangement of Eq. [B.2] yields
KC QNO
11KC ~ 1—0p—One—oy _ PNO (B3]
Noting that
1—6o — e — On = Ono + b, [B.4]
we obtain from Eq. [B.3]
6 1
l-gno=1—-—"2 Al [B.5]

fno+6v  fnot+fy  L+KC
Then, by the definition of the normalized surface coverage,

Ov 1

N ot ITKC

[B.6]

APPENDIX C: DERIVATION OF EQ. [19] BY FIRST
ORDER PERTURBATION

For simplicity and generalization, Eq. [16] can be rewrit-
ten as

1 Ci
[+ KC)2— 2+ KC)?]+In[ = ) =a, [C1]
2 Ce
where C, is the gas-phase concentration of NO at the reac-
tor exit. Perturbation of « and C, by a small amount of s«

and 8Ce, respectively, yields

%[(2 + KCi)? — {2 4+ K(Ce + 8Ce)}?]

Ci
Inf ——— | = Sa. C.2
+ n(Ce+8Ce> o+ ox [C.2]

BYONG K. CHO

Using Eq. [C.1] while neglecting the second order terms in
3C,, we can reduce Eqg. [C.2] to

5C
K (2 + KCg)3Ce + |n<1 + C—e> = —sa, [C.3]
e
which can be further reduced to
§C
—(1+ KCe)? = —ba, [C.4]
Ce

since In(1 4 8C,/C,) can be approximated by §C./C. for a
small perturbation. Noting that

8C. Ci
— == -1, C.5
c. —C. [C.5]
s o
—=—-1, [C.6]
o o
we can rearrange Eq. [C.4] to yield
C: o a*
— - 1l=—(1——|. C.7

Furthermore, since C.=C;(1—-x) and «o*/a=k*/Kk,
Eq. [C.7] can be written as

CI*(]' - X*) _ o B E
m_ +[1+KCi(1—X)]2 (1 k)' [C.8]
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