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A systematic experimental and modeling study of the NO + H, reaction system on Pt/Al,03 catalyst was
carried out using temporal analysis of products (TAP). A microkinetic model was developed that explains
the transient product distribution during various experimental TAP protocols. NO pulsing experiments
show the inhibiting effect of oxygen poisoning and the kinetic limitations posed by N-O bond scission.

The NO-H, pump-probe experiments demonstrate the effect of temperature, H,/NO ratio (>1), and
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pulse delay time between consecutive NO and H; pulses on N5, N,0, and NHj selectivity. The simulations
reveal the competition between surface N-N recombination and N and/or NO reaction with H to form N,
and NHs, respectively. The developed mechanistic-based microkinetic model accounts for all of the
experimental data including the aforementioned selectivity versus pulse delay trends.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

NO, storage and reduction (NSR) is an emerging technology for
NO, emission abatement in lean burn gasoline and diesel engines.
NSR consists of two stages of operations: storage and reduction.
The first stage involves storage of NO, on an alkaline earth oxide
(BaO, Ca0), mediated by precious metals (Pt, Rh), in the form of ni-
trate or nitrite. This is followed by injection of a rich pulse of a
shorter duration to reduce the stored NO, to a mixture of N,
N0, and NHs. This cycle is repeated continuously to achieve ex-
haust cycle-averaged NO, conversion greater than 90%.

The development of predictive lean NO, trap (LNT) models is
essential to understand and improve the NSR technology. LNT
models of varying complexity have been developed by a number
of research groups as highlighted in the surveys of Guthenke
et al. [1] and Roy and Baiker [2]. Global reaction models provide
an assessment of spatio-temporal features while keeping the
chemistry manageable. A global LNT model that was developed
by Tuttlies et al. [3] was based on a shrinking core concept at the
particle level to describe the chemistry. A similar model was used
by Olsson et al. [4] to explain NO, storage. Bhatia et al. [5] assumed
fast and slow storage sites in their global kinetic model for the LNT.
The model was able to predict the spatio-temporal concentration
profiles of both reactants and products. Koci et al. [6] incorporated
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the effect of ceria and barium in their comprehensive global model
of NSR. Recently, Bhatia et al. [7] used global kinetics and crystal-
lite-scale details to explain the effect of Pt dispersion on the rate
limiting regime and selectivity for Pt/BaO/Al,0O5 catalyst.

A comprehensive understanding of NSR mechanism and kinet-
ics ultimately requires a microkinetic description. Xu et al. [8,9]
developed a microkinetic model for steady state NO reduction by
H, in the presence of O,. Larson et al. [10] also simulated the steady
state NO, reduction by H, and CO in the presence of O, using micr-
okinetic formulation. Lindholm et al. [11] developed a detailed
microkinetic model for the NSR in the presence of HO and CO,.
These more complex models are continuing to evolve as more de-
tailed transient experiments are conducted to justify their
development.

Temporal analysis of products (TAP) was developed by Gleaves
and coworkers [12], and has been effective in understanding the
kinetics of gas-solid catalytic reaction systems. TAP operates under
the Knudsen diffusion transport regime, hence eliminating the
complexity of mass transfer limitations. Since NSR is an inherently
transient process, that makes TAP a particularly suitable tool for
mechanistic and kinetic investigations of NSR. In our group, we
have employed TAP to study NSR chemistry on Pt/Al,05; and Pt/
BaO/Al,03 catalysts using NO pulse and NO-H, pump-probe
experiments [13-15]. TAP was also coupled with isotopic labeling
to gain understanding of spillover mechanisms and distribution of
stored NO, in the barium phase [16]. Recently, TAP was used to
estimate the effective diffusivity of stored NO, in the barium phase
of Pt/BaO/Al,05 [17].
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Nomenclature

A cross-section area of reactor (m?)

A; pre-exponential factor for reaction i (mol/m?/s)

Aif pre-exponential factor for forward reaction i (mol/m>/s)

Air pre-exponential factor for reverse reaction i (mol/m3/s)

Cr dimensionless gas concentration of species k

Cy gas concentration of species k (mol/m> of void space)

G, reference gas concentration (mol/m? of void space)

Cpt concentration of exposed Pt sites (mol exposed Pt/m> of
catalyst)

d molecular diameter (m)

Dck diffusivity of species k in catalyst phase (m?/s)

Dy diffusivity of species k in inert phase (m?/s)

D, reference diffusivity (m?/s)

e sum of square error

Eis activation energy of forward reaction i (J/mol)

Ei, activation energy of reverse reaction i (J/mol)

Fy exit flux of gaseous species k (mol/s)

FExp experimental values of exit flux (mol/s)

FSim simulated values of exit flux (mol/s)

Jpk peak flux of area normalized exit flux profile of species k

kig forward rate constant for reaction i (mol/m>/s)

kir reverse rate constant for reaction i (mol/m?/s)

Ly length of zone 1 (m)

L, length of zone 2 (m)

L3 length of zone 3 (m)

L length of reactor (m)

My molecular weight of gaseous species k (g/mol or kg/mol)

Na Avogadro number

Ny inlet pulse size for gaseous species k (mol/pulse)
N, reference inlet pulse size (mol/pulse)
n coefficient of adsorption
p pulse number
P pressure (Pa)

R universal gas constant (J/mol/K)

Rif forward rate of reaction i (mol/m?>/s)

Ri; reverse rate of reaction i (mol/m?/s)

Ry k rate of formation of gaseous species k (mol/m?/s)
Rs rate of formation of surface species k (mol/m?/s)
Sox sticking coefficient of gaseous species k at zero coverage
T temperature (K)

t dimensionless time

L peak time for exit flux profile for species k (s)

t time (s)

Atyave  half of pulse valve opening time (s)

T temperature (K)

w weight for square error

X1 axial coordinate in zone 1 (m)

X2 axial coordinate in zone 2 (m)

X3 axial coordinate in zone 3 (m)

Z dimensionless axial coordinate in zone 1

Z dimensionless axial coordinate in zone 2

Z3 dimensionless axial coordinate in zone 3

Greek letters

oy active Pt site per unit volume (mol/m?)

&c porosity in catalyst phase

& porosity in inert phase

Ok inlet pulse profile of gaseous species k

O surface coverage of species k

6y vacant site coverage

y) mean free path (m)

¢ constant (m?/s (g/mol/K)°>)

Tq delay time (s)

Ts spacing time (s)

r surface site density (mol exposed Pt/m? exposed Pt
area)

TAP has been used by several researchers to estimate gas diffu-
sivity in porous materials [18-23], active site concentration
[24,25], adsorption and desorption rate constants [26], and reac-
tion rate constants using first order kinetics [27]. Zou et al.
[28,29] studied pulse gas transport in TAP system. Gleaves and
coworkers [12] were the first to use exit flux moment analysis to
estimate kinetic parameters of heterogeneous reaction systems.
Later, a thin-zone reactor model [30] was developed to simplify
the parameter estimation. In the limit, reactant conversion using
a single Pt particle was studied in the reactor filled with inert par-
ticles [31]. Schuurman and Gleaves [32] compared the steady state
and unsteady state kinetics of n-butane oxidation over VPO using
the TAP-2 reactor. Constales et al. [33] used the global transfer ma-
trix formulation for single pulse experiments. Feres et al. [34] used
probability theory to explain the high reactivity of a single Pt par-
ticle in the reactor. Kondratenko and Pérez-Ramirez [35] modeled
N,O decomposition over steam activated Fe-silicate. Hong et al.
[26] used COMSOL™ to study H, and CO adsorption on silica sup-
ported cobalt catalysts. Soick et al. [36] modeled methane oxida-
tion using 11 species and 14 rate parameters for MgO supported
Pt. Balcaen et al. [37] used transient multivariable non-linear
regression to study oxidative dehydrogenation of propane over
vanadia based catalyst.

In spite of the progress made to model gas—solid reactions in
the TAP system, there is still a lack of studies focused on quantita-
tive estimation of kinetic parameters for a non-linear reaction
system on a multifunctional catalyst. The simplification of a non-
linear system to linear system has a limited validity. The current
study is the step to elucidate the effect of various operating param-

eters for a non-linear reaction system consisting of several surface
and gas phase species. Here, we use multiple pulse experiments for
NO pulsing and NO-H, pump-probe to estimate the key kinetic
parameters for NO-H, system on Pt/Al,O3 catalyst. Further, effect
of various parameters like NO-H, delay time, H,/NO ratio, and
temperature on the product selectivity is discussed. The implica-
tions of the findings on the NSR reaction system are discussed.

2. Experimental
2.1. Experimental description

A Generation-1 TAP reactor system was used following the
methodologies described in more detail elsewhere [13]. Experi-
ments were carried out on 1.52 wt.% Pt/Al,03 powder catalyst hav-
ing 30.4% Pt dispersion, 1.14 m? exposed Pt surface area per gram
of catalyst, and 3.7 nm average Pt particle diameter. The catalyst
sample was provided by BASF Catalyst LLC (Iselin, NJ). About
16.2 mg of catalyst, with a particle size of 50-100 um and having
about 2.3 x 107 exposed Pt sites, was sandwiched between two
sections of inert quartz particle zones in a cylindrical reactor of
42 mm long and 5.3 mm in diameter. The quartz particles were
125-150 pum in diameter. The approximate thickness of the cata-
lyst zone is 1 mm, which is sufficiently thin to ensure isothermal
operation.

In a typical experiment, catalyst was first oxidized by flowing
oxygen over the reactor bed at 350 °C for 10 min. The oxidation
was followed by reduction by multiple pulses of H, (typically,



14 A. Kumar et al./Journal of Catalysis 279 (2011) 12-26

50-100 pulses of H, of pulse size 5 x 10'° molecules/pulse) en-
ough to reduce only the exposed Pt and not the alumina as well.
The temperature of the catalyst zone was then decreased to the
reaction temperature (150-350 °C). The components Ar or NO
and/or H, were injected into the reactor using fast pulsing valves.
Effluent species of Ar (m/e = 40), N, (m/e = 28), NO (m/e = 30), N,O
(m/e = 44), NH3 (m/e = 16), H,O (m/e =18), and H, (m/e = 2) were
monitored with a calibrated UTI 100C quadrupole mass spectrom-
eter. The NHs signal was measured at m/e =16 to avoid overlap
with H,0 at m/e = 17. The gaseous species signals were calibrated
with several hundred pulses on the quartz bed reactor. The inlet
pulse sizes were calculated by measuring the pressure drop in an
isochoric bulb for each gaseous species. The pulse size was corre-
lated with the mass spectrometer signal using a calibration num-
ber. The calibration numbers for NH; and H,0 were estimated by
N and O balances, respectively, for selected experiment on Pt/
Al,053 catalyst and used throughout the study. Typically, the mass
balances with this approach closed within 10%. Two principal
experimental types were carried out, and are described below.

2.2. NO Pulsing experimental results

NO pulsing experiments involve exposure of multiple pulses of
NO on pre-reduced catalyst with fixed spacing time (t;). The typi-
cal size of NO pulse was 1.0 x 10'® molecules/pulse. The spacing
time between consecutive NO pulses was kept at 4.0 s.

These experiments reveal the progressive uptake of NO, O, and
N species on Pt and their effect on the evolution of N, and N,O. NO
uptake over Pt/Al,0s; in the temperature range 150-350 °C has
been discussed by Kumar et al. [15] and Medhekar et al. [14] in de-
tail. N, is produced during initial NO pulses at high temperature
(350 °C) and its formation declines with prolonged NO exposure
due to oxygen accumulation on the Pt surface. As the surface be-
gins to be covered by oxygen, unreacted NO starts to appear in
the effluent and breakthrough of NO is evident. The N,O produc-
tion goes through maxima at the point of NO breakthrough. At a
lower temperature, NO uptake decreases, the formation of N, de-
creases and the NO breakthrough occurs at lower pulse number.
At 150 °C, the formation of N, and N,0 is negligible due to the ki-
netic limited N-O bond scission. During the NO uptake experi-
ments for the temperature range considered there is no
production of O, and NO,. Below ca. 400 °C the O, desorption is
kinetically limited while gaseous NO, formation is thermodynam-
ically limited under TAP conditions. This is in contrast to atmo-
spheric bench scale NO oxidation studies on Pt/Al,O3 in which
NO, is the major product. If NO, is introduced in the TAP reactor
system, it readily decomposes to form NO, N,, and O, [13,15,16].

2.3. NO-H; pump-probe experimental results

In NO-H, pump-probe experiments, pulses of NO and H, were
sequentially fed to the catalyst. The duration between successive
NO and H, pulses is the delay time (74) while the time duration be-
tween consecutive H, and NO pulses is the spacing time (7). In this
study, 75 was fixed at 4.0 s while 74 was varied between 0.0 s and
40s.

The NO-H, pump-probe experiment reveals the transient reac-
tion between NO and H, which result in the product distribution
that depends on the temperature, Ho/NO ratio, and the delay time
between NO and H, pulses. Higher temperatures favor NO decom-
position to produce surface N and O, while at lower temperatures,
N-O bond scission is kinetically limited. At higher temperatures
(350 °C), surface N combines to from N,. H, present in the feed is
effective in scavenging surface oxygen producing H,O. In contrast,
at lower temperatures (150 °C), H, reacts with surface NO forming
NHs as a major product. Hence, N, has maximum selectivity at

higher temperatures while NHs; has higher selectivity at lower
temperatures. Moreover, the N-O bond scission is enhanced by
presence of the H adatoms [15], leading to N, and NHs. The Hy/
NO ratio is a critical parameter affecting the NH; and N, selectivity.
A higher H,/NO feed ratio (>2) leads to higher H surface concentra-
tion in proximity to NO or N molecules, resulting in NH; formation.
For a smaller ratio of H,/NO (<1.5), H, scavenges only the O depos-
ited by NO decomposition forming H,O. In addition to the temper-
ature and H,/NO feed ratio, the delay time between NO and H; has
a crucial effect on the N, and NHs selectivity. A longer delay be-
tween NO and H, facilitates NO decomposition to occur on Pt to
form N, and surface O that can be scavenged by H; pulse. A shorter
delay enables an overlap of NO and H, on surface that leads to sur-
face interaction of N or NO with H species to form NHs. Hence,
ammonia selectivity increases with increase in H/NO ratio and de-
crease in delay times and temperature.

3. Model development
3.1. Reactor model

The TAP reactor is a three-zone fixed-bed reactor (Fig. 1) oper-
ated under high vacuum conditions. The predominant gas trans-
port process is Knudsen diffusion. This section summarizes the
generalized model of the reactor. The assumptions for the model
are

i. Convection effects are negligible in the reactor and Knudsen
diffusion is the predominant transport process.
ii. Gas phase reactions do not take place.
iii. Constant physical properties.
iv. No radial temperature and concentration gradients in the
reactor.
v. No heat or mass transfer limitations.
vi. Negligible diffusional gradients (or pore diffusional limita-
tions)in the catalyst powder. In other words, all of the exposed
Pt sites are equally accessible. For the catalyst particle size
used this is considered a reasonable approximation.
vii. Uniform catalyst temperatures.

We used three-zone model for the analysis. A simpler and
numerically inexpensive thin-zone model can also be used. There
was evidence for concentration gradients along the axis of the
reactor for NO adsorption in the catalyst zone. Therefore, we used
a more general three-zone model.

The temperature of the reactor is measured in the catalyst zone.
The reactor heater is wrapped around central section of the reactor,
so the heating is not uniform along the reactor length. Moreover,
there are heat losses from the inlet and exit end of the reactor.
These factors lead to non-uniformity in the temperature along
the reactor. The non-uniformity in temperature for the similar sys-
tem was reported by Schuurman et al. [38]. In this study, we as-
sumed the temperature along the reactor is same as the catalyst
zone temperature; we will justify the uniform temperature

1
L Ly Ll Ls !
/— i
—> i —
! Zone 1 Zgne 2 Zone 3 !
1 1 1

Fig. 1. Schematic of three-zone powder reactor. Catalyst is sandwiched between
two sections of inert zones.
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assumption in Section 3.2. The fluid phase species balances in two
inert zones, zone 1 and zone 3, respectively, are given by

aCy P Cy

W_Dl,ka—x%7 0<x <Ly, (1)
and

aCk *Cy

W: I'kTX%; 0<X3 <L3. (2)

The fluid phase species balance of the sandwiched catalyst zone is
given by
aCy 9*Cy

Tk _pe Lk g
o' Ck X3 + g"‘(

1-—¢c
&c

>; 0<x <Ly, (3)

and the surface species balance in the catalyst zone is given by

89k A%s k
— =5 4
= )

with the constraint

Zek+0v:1a (5)
k

where the subscript v denotes the vacant sites and the summation
is over all surface species. Cy is the concentration (mol/m?) of gas
species k in the void space of inert beads or catalyst particles and
0y is the fractional surface coverage of adsorbed species k. xq, Xo,
and x3 are length scales (m) in zones 1, 2, and 3, respectively and
t' is the time scale (s). Ly, L, and L3 are lengths (m) of zones 1, 2,
and 3 respectively. D;; and D¢ are the diffusivities (m?/s) of gas-
eous species k in inert and catalyst zones, and are assumed to be
identical. The catalyst zone is very thin (~1 mm) compared to the
reactor length (L). & and &c are the bed porosity in the inert zones
and catalyst zone, respectively. The measured values of porosity
are similar. The rate of formation of gas phase species k, %, and
the rate of formation of surface species k, %;, are expressed in
mol/m?3 catalyst/s. Cp; is the exposed Pt surface concentration in
mol Pt/m? catalyst. The reactor parameters used in this study is
listed in Table 1.

Reactant or inert gases are pulsed into the reactor at x; = 0. The
pulse width is 200-500 pis; this width is very small in comparison
to diffusion time scale (~0.1 s), and hence the shape of inlet pulse
(e.g. modified Gaussian or positive sinusoidal) does not affect the
transient effluent shape. Even the pulse width interval does not
change the effluent profiles as long as it is much smaller than the
diffusion time scale. For the purpose of this study, we assume a po-
sitive sinusoidal pulse shape that is continuous and differentiable
in the time interval of pulse width. A non-differential pulse shape
like triangular or square pulse shape would cause steep flux gradi-
ents at the reactor inlet and would require smaller time steps for
the numerical integration. In order to decrease computation time,

Table 1
Properties and reactor parameters used in this study.

Parameter Notation Value
Length of zone 1 Ly 25 mm
Length of zone 2 L, 1 mm
Length of zone 3 L3 16 mm
Inert zone porosity & 0.4
Catalyst zone porosity & 0.4
Pt surface concentration  Cp 27.7 mol exposed Pt/m* catalyst
Cross section area of A 221 x 107> m?
reactor
Surface site density r 2.72 x 10~ mol exposed Pt/m?

exposed Pt

those pulse shapes are avoided. The boundary condition at the inlet
of reactor is defined as

aC ,
*ASIDI.kW]k = Nior(t), (6)

x1=0

where 6 is the positive sinusoidal pulse. A is the cross sectional area
of the reactor and Ny is the pulse size (mol/pulse) for species k. The
outlet of the reactor is exposed to high vacuum of 10~ torr. So, the
concentration of gaseous species at the reactor exit is essentially
zero, i.e.,

Cely,1, =O. (7)

In addition to the above inlet and outlet boundary conditions,
the concentration and flux continuity are defined at the zones 1-
2 interfacial boundary

Cle]:Ll’ = Ck|x2:0+1 (8)
and
8/Ck _ 8Ek
&Dy | scDe %, 9
x1=L; X;=0"

Similarly, the gaseous concentration and flux continuity at the
zones 2-3 interface are defined as

Ckle:Lz’ = Ck‘x3:o+v (10)
and
aC aC
SCDC’ka_xk & Dy 8}(’{ (11)
Xp=L; x3=0"

The concentration of gas and surface species in the reactor bed
at the start of the pulse is equal to gas or surface concentration at
the end of the previous cycle. The cycle time is ts for a pulsing
experiment and t4 + 7, for pump-probe experiment. As before, 7
is the spacing time and 74 is the delay time. The initial conditions
for the gas concentration and surface concentration are

CI<| t'=0 = Ck|[’:‘[d+‘553 (12)
pulse=p+1 pulse=p

and

0k| t=0 = H’(‘[/:Td+fg' (13)
pulse=p+1 pulse=p

In addition to the calculation of gaseous and surface concentra-
tion profiles, the exit flux (mol/s) at the reactor outlet is calculated
as

(14)

z3=L3

The above equations are non-dimensionalized using the follow-
ing quantities

N,
Co*Mv (15)
_x
zZ=7, (16)
_L1 + X2
Zy = I s (17)
Z3 :M7 (18)
L
(=t (19)

T I2/D,’
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and

_ G
=<
Here, L is the length (m) of the reactor, C, is the reference concen-
tration (mol/m?3), N, is reference pulse size (mol/pulse) and D, is
the reference diffusivity (m?/s). z;, z,, and z; are dimensionless
length scales for zones 1, 2, and 3, respectively, and ¢ is the dimen-
sionless time scale. Using the above expressions, the non-dimen-
sionalized equations for zones 1, 2, and 3 are given by

Ck (20)

Zone 1:
9Cy  Dyy 0°Cy

ot — D, (f); ’

O<z1<LT1, (21)

Zone 2:

D 2 LZ 1 — G L L L
X2

C,D, L
90 _ L* %
ot~ DoCp’

with the constraint

> 0+0,=1. (24)
k

&c

(23)

Zone 3:

9C Dy 0°Cy Li+Ly
ot D, L <z <l (25)

Boundary conditions are as follows

Reactor inlet:

9Cy Dy, Ni .

— =—— —(b). 26
azl Dl.k No k() ( )

z1=0

Here, §,(t) is defined for an inlet pulse as

. 1 . T AtVaIZ/e
o(t) = = 1+51n< (t— ))), o<t
k( ) ZAtValve ( AtValve 2

< 2AtValmh (27)
or the finite Gaussian pulse

1.3027
- AtValue

74“ AtVulve]2
(24T, =)
e Valve™) |

()

0 <t< 2AtValU€7 (28)

where Atyque is the half of dimensionless opening time of pulse
valve. For this simulation, we used a positive sinusoidal response.

Zones 1-2 interface:

C"‘Z]J%’ = Cklzzz? (29)
and

oCy _ &cDcr 9Ck (30)
0Z1 21:% 81D11k 02y 22:%.

Zones 2-3 interface:

s =, e Y
9Ck - &Dyye 9Cx . (32)
622 Zziﬁ Sch,k (923 23:¥

Reactor exit:
Cyl,._y =0. (33)

2=

Initial conditions:

Gl o = Celspoe. (34)
pulse=p+1 12 /Do
pulse=p

and
Ol =0 = Okf,_zqtms. (35)
pulse=p+1 12 /Do

pulse=p

Finally, the exit flux of species k, Fi, can be calculated using

C, OCy

Fi = —AgDyy T873 (36)

z3=1

3.2. Transport regime

The predominant transport process in the reactor is Knudsen
diffusion. This implies that the mean free path of the gas molecules
is greater than the characteristic catalyst particle diameter in the
reactor. This type of transport regime rules out the possibility of
gas—gas interactions inside the reactor, so the primary interactions
taking place in the reactor are of the solid-gas variety. The pulses
of Ar with inlet pulses of size 2 x 10'°-2 x 10'® molecules/pulse
were fed to the three-zone reactor at 350 °C and the exit flux
was recorded. The area normalized flux responses were identical
for each pulse size. The similar identical area normalized profiles
were also obtained for N, at 350 °C and Ar at 250 °C and 150 °C.
This means that the pulse size (up to 2 x 10'® molecules/pulse)
does not affect the area normalized pulse shape, which is a charac-
teristic of Knudsen diffusion transport. Further, the peak time (¢, ;)
and area normalized peak flux (Jpx) for each case results in
Jpse % t,, =0.31. Hence, assumption of Knudsen diffusion for the
above TAP model development is justified.

The temperature and molecular weight is related to Knudsen
diffusivity as

T

Dy=¢ Moo
w.K

37)

where ¢ is an empirical parameter that depends on bed porosity,
tortuosity, particle size, etc. Gleaves et al. [39] derived an expres-
sion for the peak time (t,,) dependence on the reactor length (L)

p.k
and diffusivity (Dy) as
, r?
tp.k = 6_Dk . (38)

From the above two equations, peak time correlates to /™ as
follows

;L My,
b =55\ T - (39)

0.120

. Ar 150°C

0.115+

0.110 +

y=0.3832x
R? = 0.9864

0.105 +
0.100 +

t' (s)

0.095 |
0.090 |-
0.085 |-
N, 350°C

0.080 + f f
0.20 0.25 0.30 0.35

(MW/T)O.S (g0.5 mol-O.S K-O.S)

Fig. 2. Dependence of peak time on molecular weight and temperature for
diffusivity estimation.
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4
4 Ar150°c

3t o 1
_ * Ar250 °C
2 Ar 350 °C
52 ° N,350°C| 1
(18
:‘i
w

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 3. Exit flux profiles for inert gases (Ar and N,). The symbols are the
experimental data and lines are simulation results throughout this paper.

The value of ¢ from Fig. 2 is estimated as 7.77 x 10~* m?/s (g/mol/
K)%>. This value is used to fit the transient diffusion curves for Ar at
150-350 °C and N, at 350 °C. The experimental transient curves fit
very well with the simulated curves with the value of ¢ (Fig. 3). This
value is used throughout this study for diffusivity estimation.

Although the temperature in the reactor is not uniform, the esti-
mated diffusivity using a single temperature (measured in catalyst
zone) is able to capture the exit flux profiles of inert species like N,
and Ar (Fig. 3). For the case of reacting species in the Knudsen re-
gime, the non-uniform temperature does not change the transport
behavior. The non-uniform temperature can result in non-uniform
gas-solid as well as gas—gas phase reaction rates. However, the
quartz is an inert at the temperatures used, therefore, the gas-solid
reactions are absent in the quartz zones. The gas—gas phase reac-
tions are absent due to Knudsen transport conditions. The only
reactions that occur are gas-solid reactions in the catalyst zone.
Moreover, the temperature is measured in catalyst zone; therefore,
the reaction rates are not affected by non-uniform temperature
effects.

In addition to the uniform temperature assumption, we as-
sumed constant diffusivity in the catalyst zone and inert zone.
The nominal diameter of inert quartz particle is 125-150 pm while
the catalyst particle size was less than 100 pum. The difference in
the particle diameter results in difference in diffusivity in the inert
zone and catalyst zone. The thickness of catalyst zone (~1 mm) is
very small in comparison to reactor length (42 mm). A single uni-
form diffusivity in the reactor can explain the exit flux behavior for
N, and Ar pulses in temperature range 150-350 °C (Fig. 3). There-
fore, two different diffusivities, each for inert and catalyst zones,
are not needed.

4. Modeling results and discussion
4.1. NO decomposition

NO decomposition experiments reveal the progressive uptake
of NO, O, and N species on Pt and their effect on the evolution of
N, and N,0. NO decomposition at 250 and 350 °C involves stoichi-
ometric formation of N, during the initial pulses followed by
breakthrough of NO. The production of N,O starts at zero, achieves
a maximum during NO breakthrough, and then slowly decreases
with pulse number (Fig. 4).

As described earlier, NO, and O, are not feasible products under
TAP pressure and temperature conditions. The simplest microki-

-
o

=]

Exit Flux (mlcls/pulse)

Pulse Number

Fig. 4. Effluent integral profiles for NO pulsing at 350 °C, symbols are experimental
data while lines are calculated using kinetic parameters from Xu et al. [9].

netic mechanism for N, and N,O formation involves reversible
NO adsorption, NO decomposition, N, formation, and N,O forma-
tion. A four step mechanism with associated reaction rate param-
eters from Xu et al. [9] was used as a starting point. This was a
subset of the larger microkinetic model for anaerobic NO reduction
by H, on alumina-supported Pt. The model captured most experi-
mental trends under steady state anaerobic conditions, particularly
under rich conditions (H,/NO > 1). In the NO decomposition sub-
model the formation of N, is considered as an irreversible reaction,
while the reversible adsorption of NO is non-activated. The micr-
okinetic mechanism for NO decomposition and the corresponding
rate parameters used by Xu et al. [9] are provided in Table 2.

The integral profiles of N,, NO, and N,O predicted using the ori-
ginal kinetic parameters from Xu et al. [9] at 350 °C are shown in
Fig. 4. During the first 15 pulses, the N, production is constant
and unreacted NO in the effluent is negligible. The intersection of
the NO and N, profiles occurs at the 20th pulse and the N,O pro-
duction is negligible over all the pulses. On the other hand, the
experimental data have somewhat different trends. The data show
a finite production of N,0, gradual decrease in N, starting with the
first pulse, and a gradual increase in effluent NO flux. Obviously,
some tuning of the kinetic parameters and potential upgrade in
the mechanism is needed to improve the simulation of the integral
pulse data. A comparison of individual species flux response also
showed the need for parameter tuning.

The next step involved a more rigorous fit of the model predic-
tions to the transient species fluxes. A multi-response non-linear
least squares algorithm was devised based on minimizing the least
square sum of the objective function (e) between experimentally
measured and simulated values of individual fluxes (mol/s). The
objective function e

Table 2
Four step mechanism and rate constants for NO decomposition adopted from Xu et al.

[9].

Reaction Ais Eis Air Ei,
(mol/m3/s)  (kJ/mol)  (mol/m3/s)  (kj/mol)
7.50 x 10° 5.70 x 10'7 1145
544 x 10" 107.8 4.00 x 10" 128.1

D1 NO + Pt < NO-Pt

D2  NO-Pt+ Pt N-Pt
+0-Pt

D3 2 N-Pt - N, +2Pt

D4 NO-Pt+N-Pt
—N,0+2 Pt

4,00 x 10'®  130.0

4.02 x 10" 857 2.00 x 108 24.0
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Z W(FExp _ FSim)Z.

Pulse number Temperature Gas species Time

e= (40)

The summation was over selected pulses of NO, N5, and N,O for ini-
tial 30 pulses; two temperatures 250 °C and 350 °C; three gas phase
species and 390 data points per pulse transient. Though we col-
lected experimental data with 1 ms interval, but for the simulation
we use data points with 10 ms interval since it adequately capture
the transient response of all species. In the above equation, w is the
weight, FE*P is the experimentally observed exit flux (mol/s), and
F5™ js the exit flux (mol/s) estimated by simulation. Specifically,
the NO decomposition rate parameters were estimated for the indi-
vidual transient pulses of NO, N,, and N,O at 250 and 350 °C using
initial guess values from Xu et al. [9]. Another choice of the objec-
tive function may be defined between experimentally measured
and simulated values of integral fluxes (mol/pulse). That would
not be a good choice because the simulated transient fluxes (mol/
s) may not necessary match to the experimentally measured tran-
sient fluxes though the integral fluxes (mol/pulse) are in good
match. It is noted that pore diffusion limitations may have been
present for some conditions, but the extent is likely not to be signif-
icant given the 50-100 pum particle size.
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We used DLSODE to solve the system of PDE and ODRPACK 2.01
to optimize the rate parameters. The weights were selected based
on an inspection of the typical responses. The rationale was as fol-
lows. A typical effluent flux profile during the 0-4 s period showed
NO and N, as the major effluent species while N,O fluxes were
much lower (Fig. 5). The fluxes of NO and N, were highest in 0-
1 s range and decreased to the baseline level afterwards (Fig. 6).
For this reason, a base weight 1 was assigned for the NO and N,
fluxes in the 0-1 s interval and assigned a lower value of 0.2 after-
wards. The N,O flux was generally an order of magnitude smaller
than the NO and N,. Hence, a larger weight of 8 was assigned for
N,O in the 0-1 s interval, 2 in 1-2 s interval, and 1 in 2-4 s interval.
Similar logic was used for weight assignment for NO pulsing exper-
iment at 250 °C also. The weights are tabulated in Table 3. There
are more formal ways for optimization for these transient multi-
response curves like Bayesian multi-response minimization that
would potentially better fit the data and does not require weight
assignment.

The initial kinetic parameters optimization for NO decomposi-
tion experiment was tried using steps D1-D4. The optimized
parameters were not able to simultaneously explain all the fea-
tures of NO decomposition experiment listed above. Hence, a need
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Fig. 5. NO decomposition on Pt/Al,03 at 350 °C (a) and 250 °C (b). Symbols are experimental data while solid lines are simulation results throughout the paper.
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Table 3
Weights of individual flux responses for various temperatures, species, and transient
time.

250°C 350°C
Time (s) N> NO N,O N> NO N,O
0.0-1.0 4 4 8 1 1 8
1.0-2.0 2 2 5 0.2 0.2 2
2.0-3.9 1 1 2 0.2 0.2 1

to change the reaction mechanism was realized. We added an
additional reaction for N,O formation; i.e. disproportionation of
NO to form N,O (Reaction D5). The resulting five-step reaction
mechanism (D1-D5) is summarized in Table 4. The corresponding
rate expressions are provided in Table 5. Here, Ri; and R;, are the
forward and reverse rates for reaction i, in mol/m?/s.

In the parameter estimation the forward activation energies of
steps D2 (adsorbed NO decomposition) and D3 (N, formation)
were kept the same as those provided by Xu et al. [9]. We fixed
the values of these activation energies in order to avoid conver-
gence problems in the parameter estimation scheme. The NO
desorption activation energy was fixed at 100.0 kJ/mol. This value
is slightly lower than reported value of 114.5 kJ/mol [9]. A higher
value of NO decomposition activation energy results in a sharper
NO breakthrough and a sharper N, decrease. In addition, we used
one enthalpy balance equation (NO + NH;3 < N,O + 1% H;), that
uses rate constants from the NO-H, reaction Kkinetics, to estimate
the N,O adsorption activation energy. This leads to three fixed
parameters and 11 optimization parameters for the NO decompo-
sition system.

The rate constant for adsorption of a species k, involved in reac-
tion step i, is given by

| RT
ki = Soxoty m: (41)

where Sy is the sticking coefficient of species k at zero coverage, R
is the universal gas constant, T is temperature in K, M, is the
molecular weight of species k in kg/mol and «, is the active Pt sur-
face area per unit volume of catalyst; o, is calculated using

e
O‘v*Tv

where Cp, is the moles of Pt exposed per unit volume of catalyst and
I is the surface site density in moles Pt per unit area of exposed Pt.
The surface site density is an intrinsic parameter for a catalyst. We
used a nominal value for I" available in literature [40,41]. The rate of
adsorption is given by

(42)

R; = kC,0", (43)

where Cy is the concentration (mol/m?) of a gaseous species k in gas
phase and 0, is the fractional coverage of vacant Pt. The order of
adsorption, n, is equal to 2 for second order adsorption and unity
for first order adsorption. Here, we defined all the rate of reactions

Table 5
Rate expressions for NO decomposition on Pt.

i Reaction Ris (mol/m?/s) Ri; (mol/m?/s)
D1 NO + Pt <> NO-Pt kon s Croly ko1 rOno

D2 NO-Pt + Pt <> N-Pt + O-Pt kp2 000y kp2 rOn0o

D3 2 N-Pt — N, + 2Pt ks 0%

D4 NO-Pt + N-Pt <> N,O +2 Pt Kpa,fOnoOy kpar Crso00
D5 2 NO-Pt - N,0 + O-Pt + Pt kns ;020

in terms of surface concentration and gaseous concentration. The
Arrhenius rate expression was used for surface reactions, desorp-
tion and other adsorption reaction systems in which Eq. (41) was
not used;

ki = A, (44)

A; is the pre-exponential factor and E; is the activation energy
(J/mol) for reaction step i.

The parameter estimation algorithm and upgraded microkinetic
model for NO decomposition gave a much improved prediction of
the experimental data. Fig. 5 shows the integral exit fluxes of Ny,
NO, and N,O with pulse number for NO decomposition at 350 °C
and 250 °C. The five-step microkinetic mechanism with estimated
rate constants is able to better capture and help us to elucidate the
stoichiometric production of N, during initial pulse, NO break-
through, and N,O maxima. The additional route for N,O formation
(D5) by NO disproportionation reaction improves the N,O predic-
tion. Our simulation shows that NO disproportionation is the dom-
inating route for N,O formation.

The corresponding experimental and model predicted individ-
ual pulse responses of NO, N5, and N,O at 350 °C are shown in
Fig. 6. The model predicts a N, flux profile that decreases with
pulse number due to oxygen accumulation, and as a result the
unreacted NO in the effluent increases with the pulse number.
The model predicts reasonably well the peak flux, peak time, and
their variation with the pulse number. Similar results of NO
decomposition at 250 °C are shown in Fig. 7. The least square fit
at 350 °C is somewhat better than that at 250 °C. At 250 °C, the
spacing time between consecutive NO pulses was kept at 4.0s
and was insufficient for the gaseous NO concentration (or flux) to
reach a baseline level. The experimental NO desorption profile
has a protracted tail as does the N, and N,O effluent profiles. The
possible reasons may be that desorption of NO from Pt is slow
and/or Al,05 is also participating in the adsorption/desorption of
NO. In the simulations, we accounted for the pulse not returning
to the baseline level by using the instantaneous spatial profile as
the initial condition for the next pulse.

In order to improve our understanding of the interaction of NO
on Pt, we plot the exit fluxes of NO, N,, and N,O at 350 °C (Fig. 8).
The surface coverages of adsorbed NO, N, and O as well as gaseous
concentrations of NO, Ny, and N,O are also plotted at the front of
catalyst zone for pulses 1, 2, 5, 10, and 20. It is seen that the exit
flux of N, is highest during the first pulse and decreases monoton-
ically with pulse number. During this span of pulses, the fluxes of

Table 4

Rate parameters for NO decomposition on Pt. Underlined parameters were fixed, italicized parameter was calculated from enthalpy balance and others were optimized.
i Reactions Aig (mol/m?®[s or s1 *)) E;s (k]/mol) A, (mol/m3/s or s1 ) E;, (kJ/mol)
D1 NO + Pt «> NO-Pt (2.38 £0.19) x 108 ) (245+0.9) x 10'® 100.0
D2 NO-Pt + Pt <> N-Pt + O-Pt (8.76 £ 12.56) x 10"3 107.8 (6.42£10.54) x 10™ 104.5+5.0
D3 2 N-Pt — N, + 2Pt (2.71+1.17) x 10'° 130.0
D4 NO-Pt + N-Pt < N,0 +2 Pt (3.69+0.2) x 10° 81.5+4.5 (1.18 £65.90) x 10% ) 36.2
D5 2 NO-Pt - N,0 + O-Pt + Pt (6.45+0.6) x 10'"° 152.1+14

(x) denotes the pre-exponential factors (A;r and A;;) with unit s L
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Fig. 7. Experimental and simulation results for individual transient pulse profiles for NO, N5, and N,O at 250 °C.
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Fig. 8. Exit flux, surface coverage (6), and concentration at front of catalyst zone for NO pulsing at 350 °C with pulse size 1.0 x 106,

NO and N0 increase. By the 10th pulse, the NO flux surpasses that
of N, and continues to grow. The surface coverages of adsorbed N
and NO are negligible in comparison to adsorbed O at 350 °C. This
shows that oxygen is the predominant species present on the Pt
surface. The concentration profiles of gaseous species in the cata-
lyst zone are similar to the exit flux profile.

The maximum gaseous concentration of any species for an inlet
NO pulse of magnitude 1 x 10'® molecules/pulse is ~10%2 mole-
cules/m>. The total pressure of gases in the catalyst zone can be
estimated by

P = CRT. (45)

The above equation gives the maximum pressure in the catalyst
zone to be about 86 Pa. The mean free path of the gaseous mole-
cules (2) in the packed bed reactor can be calculated as

RT

y) VIndNp’ (46)
where d is the diameter of a gaseous molecule and N, is Avogadro’s
number. The mean free path (1) for a typical gas molecule of molec-
ular diameter 0.3 nm at 350 °C is 250 um. The value of the mean
free path is greater than a typical catalyst powder size (~50 pm)
and inert quartz particle (~125-150 um). Hence, the assumption
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of Knudsen diffusion for pulse size 10'® molecules/pulse is still va-
lid. It has been already shown that the area normalized fluxes of N,
and Ar coincide for the pulse size (<2 x 10'® molecules/pulse) and
the temperatures below 350 °C. Moreover, the product (Jpx x t,;)
is equal to 0.31 and the calculated diffusivity explains well the exit
flux profiles of inert gases confirms the Knudsen flow regime.

Finally, the current microkinetic mechanism of NO decomposi-
tion contains five steps. The mechanism involves three gas phase
species (NO, N5, and N,0) and two elemental species (N and O).
Further, the microkinetic formation of N, is assumed to be irrevers-
ible due to the very high adsorption activation energy of N,. The
thermodynamic constraint involves two gas phase species (NO
and N,0) with two elements (N and O). Hence, the NO decomposi-
tion reaction system does not require any thermodynamic con-
straint to be satisfied.

4.2. NO-H, pump-probe

The NO-H, pump probe experiments have a rich complexity of
surface chemistry with multiple products formed. The experiments
resulted in the formation of H,O and NHj3 in addition to N, and
N,O. In this section, we discuss the effect of temperature, delay
time and NO/H, ratio on product selectivity. The earlier study of
Kumar et al. [15] provided related results to those reported here.
However, the current data were used for the model simulations.

The three primary overall reactions between NO and H, are

1 1 1
NO +§H2 — §N20+§H20.

NO + H, — %Nz + H207 and

NO+2%H2 — NH3 + H,0.

The stoichiometric ratio of H, to NO is an important factor deter-
mining the formation of N,0, N,, or NH3. We define the feed ratio
H,/NO =1 for the production of N,. Thus, for H,/NO < 1, H, is the
limiting reactant and NO is in excess; and for H,/NO > 1, NO is the
limiting reactant and H is in excess.

The NO-H, pump-probe chemistry (P1-P9) involves H,0 and
NHs formation in addition to N, and N,O (Table 6). The corre-
sponding rate expressions are described in Table 7. The kinetic
parameters are as it is adopted from Xu et al. [9] with the following
changes. The reaction (NH3-Pt+3 OH-Pt - N-Pt+3 H,0 + 2 Pt)
was eliminated because it overpredicts the formation of N, and
the rate parameters for step P8 were modified to fit the N, and
NH; integral profile. Here, for the case of NO-H, pump-probe

Table 7
Rate expressions for NO-H, system on Pt.

i Reaction Rig (mol/m>[s) R, (mol/m?[s)
P1 Hy+Pte>2 H-Pt ket £ Cri O kpy 10

P2 H-Pt+O-Pt - OH-Pt+Pt kp2 £0H00 kp2 0010y

P3  OH-Pt+H-Pt — H,0 + 2Pt kes £00r 0

P4 NO-Pt + H-Pt «» N-Pt + OH-Pt keasOnoOorr  kpasOnOon

P5 N-Pt+3 H-Pt« NHy-Pt +3 Pt Kps r0n O kps.Oni, O

P6 NO-Pt+3 H-Pt <> NH3-Pt + O-Pt +2 Pt  kpg;0n00 ke Ont, 0o

P7 NH3-Pt <> NH; + Pt kp7 £On, P

P8 NH3-Pt+3 O-Pt » N-Pt+3 OH-Pt Kps Ot 0o

P9 NH3-Pt+3 NO-Pt+3 Pt > 4N-Pt+3  KposOnm,Ono
OH-Pt
Table 8
Rate parameters for H,O and NHj3 interactions on Al,05,
i Reaction Sio Eig (kJ/mol) A, (mol/m3/s)  E;, (kJ/mol)
Al H,0+ALO;— 0.1 3.56 x 10" 33.0
H,0-ALO;
A2 NHs + Al,03 < 1.0 4.00 x 10" 40.0
NH3-Al,05

steps [9], but are steps that lump the sequential addition of H to
the adsorbed NO or N and abstraction of H from surface ammonia.

NO-H, pump-probe involves formation of NH; and H,0. The de-
layed appearance of these species suggests that NHs; and H,0
adsorption/desorption is important. The adsorption of H,O and
NHs on Pt is not sufficient to explain the breakthrough of NH3 and
H,0, so adsorption on Al,O3 (steps A1 and A2) had to be taken into
account (Table 8). For NH3 this is not surprising since it is basic while
the y-Al,05 has acidic sites, so NH3 readily adsorbs on Al,03. Water
as well has an affinity for the y-Al,05. Table 9 provides the rate
expressions for HO and NH5 adsorption on Al,0s. The surface area
of Pt is 1.14 m?/g of catalyst. For this catalyst sample, Pt is dispersed
over high surface area y-Al,03 and the BET surface area of the cata-
lyst is 100-120 m?/g of catalyst. This means that the surface area of
v-Al,05 is approximately 100 times that of the Pt surface area, hence
we used surface concentration of Al,Os3 sites as 100 times the con-
centration of Pt sites. The rate constant for adsorption of H,O (step
A1) and NH3 (step A2) on y-Al,05 are given by

[ RT
ki = So(1000t,) MLy
Wy

Table 9
Rate expressions for H,O and NH3 interactions on Al;Os3.

(47)

chemistry on Pt, no further effort was made to optimize the kinetic i Reaction Ris (mol/m?/s) R; (mol/m3[s)
parameter estimation. ) ) ) . Al H,0 + Al,05 < H,0-Al,05 kAleHZOHv.AIZm ka1 10,0 41,05
Further, some of the reaction steps like ammonia formation (P5 _ ~
! ; A2 NHj + Al,03 <> NH3-Al,03 Kz £ty 01,0, K 1 Ont, A1,0

and P6) and ammonia consumption (P8 and P9) are not elementary
Table 6
Rate parameters for NO-H, system on Pt.

i Reaction Ay (mol/m?[s) or So Eis (kJ/mol) A, (mol/m3[s) or Sy E;, (kJ/mol)

P1 H, + Pt < 2 H-Pt 0.046 4.02 x 10" 73.0

P2 H-Pt + O-Pt <> OH-Pt + Pt 4.02 x 10" 115 6.28 x 10'° 74.9

P3 OH-Pt + H-Pt — H,0 + 2Pt 402 x 10 17.4

P4 NO-Pt + H-Pt <> N-Pt + OH-Pt 4,02 x 10" 60.0 4.60 x 10 143.7

P5 N-Pt + 3 H-Pt < NH3-Pt + 3 Pt 8.00 x 10 117.0 2.00 x 10'7 146.5

P6 NO-Pt + 3 H-Pt <> NH3-Pt + O-Pt + 2 Pt 8.00 x 10 60.0 4,00 x 10" 109.8

P7 NH3-Pt <> NH3 + Pt 8.50 x 10"° 48.4 1.00

P8 NH3-Pt + 3 O-Pt - N-Pt + 3 OH-Pt 1.00 x 10" 80.0

P9 NH3-Pt + 3 NO-Pt + 3 Pt — 4 N-Pt + 3 OH-Pt 4.00 x 10" 80.0
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The adsorption of H,O and NH3 on Al,Os is inactivated. The sticking
coefficient of 0.1 is used for water adsorption [42] and 1.0 is as-
sumed for NHs adsorption. The desorption rate constants were esti-
mated by fitting the H,O and NH3 profile for selected NO-H, pump-
probe experiment that produce both H,O and NHs. These values of
desorption constants are used throughout the study.

The experimental results show a delayed appearance of H,O
and NHj in the effluent. The integral response of H,O and NHj3
shows a monotonic increase in their production, eventually
approaching a saturation level. In order to match the integral
trends of H,O and NHs, the saturated level values of H,O and
NHs during the NO-H, experiment were used as the inlet pulse
sizes of H,O and NH3, respectively. The Pt chemistry was neglected
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for estimation of adsorption/desorption response on the Al,0Os. The
desorption rate constants for H,O and NH; were estimated by inte-
gral responses of H,O and NHj3 at 250 °C and 350 °C. The desorption
rate constants were plotted against 7 to estimate activation energy
of desorption and the pre-exponential factor (Table 8).

The NO-H, reaction system involves six gas phase species (NO,
N,, N0, NHs, H,0, and H;) and three atomic species (N, O, and H).
The formation of H,O and N, are assumed to be irreversible. As a
result, a thermodynamic analysis involves four gaseous species
(NO, N0, NH3, and H;) and three elemental species (N, O, and
H). This leaves one thermodynamic constraint for reaction
(NO +NH3 < N,O0+ 1% H,), which has a heat of reaction of
35.91 kJ/mol. This reaction can be obtained by combining the steps
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Fig. 9. Effect of H,/NO ratio on product selectivity at 250 °C and 0.1 s delay time. (a and b) H,/NO = 2.26, NO;, = 1.09 x 10'5; (c and d) H,/NO = 1.04, NO,, = 1.06 x 10'®; (e and

f) Hy/NO = 0.46, NOy, = 0.90 x 10'6.
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according to (D1 — P7 — P5 + D4 — 1% P1). The activation energies
listed in Table 4 and Table 6. Rate parameters for NO-H, system
satisfies the enthalpy balance.

In addition to the enthalpic constraint, there is also an entropic
constraint. The former affects the activation energies while the lat-
ter affects the pre-exponential factors for simple Arrhenius type
rate expressions. Application of an entropic balance requires that
each of the constituent reaction step is reversible and follows the
mass action kinetics. Thus, for lumped reaction steps that are irre-
versible or do not follow mass action kinetics, entropic constraints
cannot be applied.

Fig. 9 shows the experimentally measured effect of the H,/NO
ratio on the product selectivity of N,O, N,, and NH3 at 250 °C and
0.1 s delay time. The H,/NO ratio of 2.26 results in the predominant
formation of NH3 while N, being a byproduct. A lower ratio of 1.04
results in the predominant N, production and a small amount of
NHs is also seen in the effluent. A further lower ratio of 0.46 results
in formation of N, and N,0. The H; is the limiting reactant so NO is
also detected in the effluent.

The model comprising steps D1-D5 (Table 4), P1-P9 (Table 6)
and A1-A2 (Table 8) predicts the predominant formation of NH;
at Hy/NO ratio of 2.26 (Fig. 9a and b). The delayed appearance of
H,0 and NHj5 is well captured. The N, remains at a sustained level.
Since NO is a limiting reactant, it is not seen in the effluent. The H,/
NO stoichiometry does not favor the formation of N0, and it is
well explained by the simulations. The model predicts the delayed
appearance of H, in the effluent for excess of H, case, but the
experimental data show a sustained unreacted H, in the exit. We
do not have an explanation for this difference between model pre-
diction and experiment.
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The H,/NO ratio of 1.04 results in the predominant formation of
N, as well as a very small amount of NH3 also produced (Fig. 9c and
d). A smaller feed ratio of 0.46 leads to the formation of N, and N,O
as well as unreacted NO (Fig. 9e and f). The simulation predicts
these trends. For example, the model predicts the stoichiometric
formation of N, for the initial pulses and a declining N, production
to a sustained value due to inhibition by surface oxygen. The model
also predicts the breakthrough of NO and N,O. The quantitative
match for H,/NO < 1 is not as good because the NO/H, rate param-
eters used in this study were taken from Xu et al. [9] and were
quantitatively good for Hy/NO > 1.

Temperature is an important parameter affecting the product
selectivity of N, and NHs. Fig. 10 shows the experimentally ob-
served effect of temperature for a fixed delay time of 0.1s and
H,/NO ratio of 2.26-2.55. Higher temperature facilitates N-O bond
scission on reduced Pt surface, forming gaseous N, and leaving O
on the surface. A subsequent H, pulse, after a delay time of 0.1 s,
scavenges the surface O to form H,O. In comparison, at lower tem-
perature, the rate of N-O bond scission is lower than at 350 °C. The
higher interaction between NO or N with H leads to the increased
formation of NH3 at 250 °C.

Fig. 11 shows the experimentally measured effect of delay time
on the selectivity of N, and NHs for a fixed temperature of 350 °C
and H,/NO ratio of 2.55. A shorter delay of ca. 0.0 s emulates a
mixed feed in which NO and H, simultaneously enter the catalyst
zone. With such a feed protocol the interaction between surface
NO, N, and H are more prominent, leading to formation of NHs. A
longer delay between NO and H,, e.g. 0.1 s, separates the NO and
H, and the only way for these pulses to interact is through
adsorbed O. As before, NO readily decomposes on Pt to form No,
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Fig. 10. Effect of temperature on product selectivity at 0.1 s delay time. (a and b) T =250 °C, NOy, = 1.09 x 10'®, H/NO =2.26; (c and d) T=350 °C, NO, = 0.94 x 10',

Ha/NO = 2.55.
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Fig. 11. Effect of delay time on product selectivity at 350 °C. (a and b) 74=0.0's, NO;, = 0.94 x 10'6, Hy/NO = 2.55; (c and d) 74=0.1s, NOj, = 0.94 x 10'®, Hy/NO = 2.55.

leaving surface O on the Pt. The subsequent H, pulse shows its
presence on the Pt surface after a delay of 0.1 s. It scavenges the
O from the surface, forming H,O. As the delay time increases, the
interaction between N and/or NO with H decreases. As a result,
NH; formation decreases. The predominant route for N, formation
for a longer delay time is solely due to NO decomposition. The for-

Exit Flux (mlcls/s) Exit Flux (micls/s) Exit Flux (mlcls/s)

mation of N, and NHj is a case of competition between N-N com-
bination and combination of NO and/or N with H. The former
produces N, while the latter facilitates the formation of NHs.

A closer look at the effect of delay time is demonstrated by plot-
ting the exit fluxes and surface and gas concentration at the front
of the catalyst zone for delay times 0.0s, 0.1 s, and 1.0 s (Fig. 12).
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Fig. 13. Expanded view of Fig. 12. Exit fluxes, surface coverages and gaseous concentrations at front of catalyst zone for NO-H, pump-probe at 50th pulse, 350 °C, H,/

NO = 2.5 and various delay times 0.0-1.0 s.

An expanded view is provided in Fig. 13. The experimental condi-
tions are 350 °C, Hy/NO = 2.5, and NOy, = 1.0 x 10'6. The exit flux,
surface concentration, and gaseous concentration profiles are plot-
ted for the 50th NO-H, pump-probe cycle. With a longer delay
time, 74 = 1.0 s, the exit flux response shows formation of N, during
the 0.0-1.0 s time interval. As seen in Fig. 12, the corresponding Pt
surface shows a sharp increase in the O coverage due to oxygen
produced by NO decomposition. There is very small coverage of
NO and N at the point of NO pulsing but their coverages decrease
with time due to NO decomposition and N, formation, respec-
tively. The O coverage is sustained for 1.0 s because of absence of
surface oxygen removal in the form of O,, NO,, etc. during that per-
iod. N, is the predominant gaseous species in the catalyst zone
with traces of NO as depicted in the concentration profile plot.
The catalyst zone shows a sustained level of H,O which slowly des-
orbs from the Al,Os3.

A successive pulse of H; at 1.0 s readily scavenges surface O as
shown by the sudden decrease in oxygen coverage. The dominant
species on the Pt is surface H. The concentration and flux profile
also shows H; as the dominant species after 1.0 s. One point to note
is that the delay between incoming NO and H, pulse is sufficiently
long that NO and/or N species does not overlap with H, in catalyst
zone.

The exit flux and gas concentration profiles show that a smaller
delay time of 0.1 s results in a larger overlap between N and H spe-
cies. The N, flux and concentration profiles for 0.1 s delay are shar-
per and narrower than those for the 1.0 s delay. This is due to an
enhancement of N, production due to surface reaction of surface
NO and H (reaction step P4) in addition to NO decomposition.
However, the integral amount of N, formation for a single NO-H,
pump probe cycle is almost the same for 0.1 s and 1.0 s delay.

A further reduction in delay time to 0.0 s shows an overlap of
the H, pulse by the NO pulse. Since, the Knudsen diffusivity of
H, is 3.9 times that of NO, it transports faster through the catalyst
bed than NO. Although NO and H, are fed simultaneously (more
precisely, H, is delayed by 1.2 ms), H, overtakes NO in the inert
zone and reaches the catalyst zone earlier than NO. The exit flux
of N, at 0.0 s delay is smaller than that of 0.1s or 1.0 s delay. In
addition to the presence of H,O, there is a sustained presence of
NH; is seen in the catalyst zone. The surface coverage profile shows

an interesting phenomenon: At the 0 s point, the H coverage shows
a sharp peak due to H; dissociation, followed by increase in the N
and O coverages due to NO decomposition. After this, there is sus-
tained H coverage due to NH; decomposition.

The surface coverage shows a longer residence time for H than
N during the 74 to 74 + s interval. The product of N recombination
is N, which is an inert species. Once N, is formed, it does not read-
sorb on the Pt. On the other hand, H, formed by H-H combination
can dissociatively readsorb on the Pt. Hence, the coverages of H are
higher than N during 74 to 74+ 75 period.

A comprehensive plot (Fig. 14) shows that NHs selectivity is a
sensitive function of temperature and delay time between NO
and H; pulses. A mixed feed with delay time 0.0 s shows the high-
est selectivity of NH3; formation. As the delay time increases, while
keeping the temperature constant, the formation of NH; decreases.
A longer delay time translates to a less pronounced overlap be-
tween NO and H, pulses on the catalyst, which leads to N, forma-
tion via N-N combination. For a shorter delay, N and/or NO
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Fig. 14. NH3 selectivity as function of temperature and delay times for H,/NO = 2.0-
2.5.
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combines with surface H to form NHs. Higher temperature also
facilitates N, formation since, NO decomposition rates are higher
and so does the N-N combination.

5. Conclusions

We have presented a comprehensive multi-pulse microkinetic
model for NO decomposition and NO-H, pump-probe over Pt/
Al,0O5 catalyst that explains the essential experimental observa-
tions. NO pulsing experiments show the inhibition effect of oxygen
poisoning in the studied temperature range. The NO-H, pump-
probe experiments demonstrate the effect of temperature, H/NO
ratio (=1), and delay time between NO and H, pulses on Ny,
N,O, and NHjs selectivity. The higher temperature favors NO
decomposition to form N,. The higher ratio of H/NO favors NH3
production. A longer delay time between NO and H, would form
N, as the dominant product while shorter delay time facilitates
interaction between N and/or NO with H to form NHs. The model
also accounts for the physical adsorption/desorption on Al,Os.
The model captures the competition between surface N-N recom-
bination and N and/or NO reaction with H to form N, and NHjs,
respectively.
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