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ARTICLE INFO ABSTRACT

Keywords: The reaction mechanism of the oxidation of NO under conditions of high NO concentration over a 2 wt% Pt/SiO»
NO oxidation was studied using both kinetic and transient isotopic tracing experiments. The reaction mechanism was found to
SSITKA

involve both NO adsorption and oxygen adsorption, contrary to the situation under low NO concentration where
NO reacts from the gas phase. The kinetic rate data could be fitted to the Langmuir-Hinshelwood model
permitting the estimation of rate and equilibrium constants of elementary steps. These steps were investigated
using transient responses following independent reactant gas isotopic switches for tracing the nitrogen path and
the oxygen path during NO oxidation. These transients could be sufficiently described by a microkinetic model
based on two pools of NO intermediates, one pool each for the adsorbed molecular oxygen and atomically
adsorbed oxygen. Surface atomic oxygen was found to be formed by two different routes: via a direct dissociation
of molecularly adsorbed oxygen and also via an assisted pathway that leads to NO, formation. The latter surface
reaction between adsorbed NO and adsorbed molecular oxygen comprised the kinetically relevant step. Insights
from the two experimental and model approaches were in good agreement and provided a coherent reaction

Kinetic modeling

Reaction mechanism
Langmuir-Hinshelwood kinetics
High NO concentration

mechanism for NO oxidation under high NO reactant concentration.

1. Introduction

The oxidation of nitric oxide to form dioxide is a very important
reaction in several industrial processes. Such processes include the
remediation of NO,-containing effluent gases emitted from combustion
processes and the nitric acid manufacture for fertilizer production where
the oxidation of nitric oxide is an intermediary step. Furthermore, the
oxidation of NO is a critical reaction in exhaust gas cleaning, e.g., from
vehicles. NO oxidation involving high NO reactant concentration is an
especially significant reaction in nitric acid manufacture because the
effective conversion of NO to NO; enables the attainment of high nitric
acid yields, while unoxidized NO may result in the unwanted formation
of N»O [1,2].

There are notable differences in the conditions for NO oxidation
between the exhaust gas cleaning and industrial process of nitric acid
production. Specifically, the concentration of NO reactant in nitric acid
production can be up to 2 000 times higher compared to NOx remedi-
ation. In NOy remediation, the concentration of NO is typically very
dilute, ranging from ten to a few hundred parts per million (or < 0.01
%), whereas in nitric acid production, NO concentrations are much
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higher, reaching up to 10 %. Additionally, the operating pressures differ;
NO oxidation in NOy remediation typically happens at near ambient
pressures, while in nitric acid production, it ranges from medium to high
pressures (3-10 bar), especially in the typical dual-pressure plants [3].
These varying conditions greatly influence the choice of catalytic system
for each process.

In the production of nitric acid on an industrial scale, ammonia is
combusted to produce mainly nitrogen monoxide which, when oxidized
by air produces nitrogen dioxide in an uncatalyzed gas phase reaction.
This reaction obeys peculiar kinetic laws, often being described as a
third-order reaction with a negative activation energy over a wide
temperature range (from sub-ambient temperatures up to around
375 °C)[4]. At high temperatures, the homogeneous oxidation reaction,
albeit occurring spontaneously, does so at very slow rates thus necessi-
tating cooling the gas to ambient temperature and allowing enough time
for the reaction to reach completion. Effluent gases from the ammonia
burner need to be cooled down drastically and allowed sufficient resi-
dence time to achieve economically acceptable degrees of oxidation.
Alternatively, oxidation rates can be enhanced by introduction of a
heterogeneous catalytic reactor operating at high temperature and
pressure such that the long residence time and cooling requirements
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Nomenclature

Symbols and abbreviations

E, Apparent activation energy

ki Rate constant of step i

K; or K,q Equilibrium constant of step i

B, Bodenstein number

18] interstitial gas velocity (m/s)

Db Density of catalyst (kg/m>)

ep Void fraction of the catalyst

0; Surface concentration of intermediate species i (mol
kg‘l)

T Hydraulic residence time (s)

SSR Sum of squares residuals

MASI Most abundant surface intermediate

DOC Diesel oxidation catalyst

XRF X-ray fluorescence

may be excluded from future nitric acid production processes. The
improved and compact catalytic process for NO oxidation is proposed to
have a major advantage of a reduced plant size and a more efficient
energy recovery [5].

Metals such as Pt and Ru, as well as oxides like MnOy, can potentially
serve as catalysts for the high concentration NO oxidation reaction
relevant to nitric acid production. Grande et al. examined the kinetics of
NO oxidation over Pt/Al,O3 as an initial catalyst assessment for inten-
sifying the NO oxidation process [5]. A reactant feed containing 0.25-5
% NO, 1-8 % Og, and 0-20 % H>0 was used in studying NO oxidation
kinetics between 250 and 350 °C. Their research work demonstrated the
potential of Pt in oxidizing NO under humid conditions typical of nitric
acid production. Salman et al. expanded on the study of Pt, highlighting
that the rate of NO oxidation over 1 wt% Pt/Al,03 remained indepen-
dent of NO concentration but observed a fractional-order dependence on
O, concentration in a dry feed with 5-11 % NO and 3-9 % O at 300 °C
[6]. A Langmuir-Hinshelwood Hougen-Watson reaction mechanism was
proposed, considering the desorption of NOy* as the kinetically-relevant
step. However, the strong and ubiquitous inhibition of the rate of NO
oxidation by product NO; renders the desorption of NO; being
rate-determining unlikely. Recent reports have also explored the ki-
netics of NO oxidation under high NO concentrations over non-platinum
catalysts. Catalysts such as Ru/Al,O3 [7] and MnOs/Ag/ZrO, [8] have
the potential to catalyze NO oxidation under conditions resembling ni-
tric acid production even at a pressure of 4 bar.

Supported platinum metal is known to catalyze NO oxidation under
conditions of low NO reactant concentration [9-13], in levels of ppm
due to its innate catalytic oxidation capability. The remediation of low
NO concentrations to environmentally benign N5 via Selective Catalytic
Reduction (SCR) is used in industrial gas cleaning processes and in diesel
exhaust engines. The exhaust gas is contacted with a diesel oxidation
catalyst, DOC, in which the platinum component converts NO into NOy
and finally into N5 through reaction with a reducing agent such as NH3
[14]. In an effort to understand the conversion of NO to NO over Pt, the
catalytic reaction has been explained via two competing plausible
mechanisms, one more popular in literature than the other [15,16]. The
first mechanism postulates adsorption and activation of oxygen on free
Pt site followed by reaction of active oxygen species with NO from the
gas-phase in an Eley-Rideal fashion. In the alternative mechanism, both
oxygen and nitric oxide adsorb simultaneously and compete for the same
type of adsorption sites. Subsequently, adsorbed NO and activated ox-
ygen species undergo a surface reaction forming adsorbed NO, species
which desorb from the surface liberating free sites to complete the cat-
alytic cycle (i.e. a Langmuir Hinshelwood mechanism). Most studies
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addressing NO oxidation have dealt in the realm of low NO concentra-
tions for exhaust gas cleaning. The same mechanisms may or may not
hold for the oxidation of high NO concentrations that prevail under
conditions of nitric acid manufacture.

The goal of this investigation is to study the reaction mechanism of
NO oxidation over Pt/SiOy under conditions of high NO reactant con-
centration and provide insights into the various aspects of the catalytic
process. To achieve this goal, we have combined both steady-state ki-
netic experimentation and modeling and transient isotopic tracing i.e.,
steady-state isotopic transient kinetic analysis (SSITKA). The method of
inquiry combines conventional kinetic studies and the SSITKA approach
to investigate the underlying reaction mechanism. For mechanistic
studies that employ SSITKA, the reaction is allowed to reach steady state
in which all the flow rates, temperature, pressure, and production rates
are constant. After attaining steady state, the isotopic composition of
one of the reactants is abruptly switched to its heavier isotope but
maintaining the overall chemical composition. In the absence of kinetic
isotope effects, important insights on the reaction mechanism can be
gleaned from the appearance of the isotopically labeled product and/or
decay of the unlabeled product molecules.

The SSITKA technique is useful and powerful in capturing the ki-
netics and providing insights into the reaction mechanism [17]. Recent
reviews of the SSITKA technique give a comprehensive overview of
catalytic reactions that have been studied [17-21] and a few notable
examples can be briefly mentioned. The Fischer-Tropsch mechanism for
methane and C-C formation has been extensively studied using SSITKA
modeling combined with DFT and kinetic isotope effect studies [22]. In
this study, the mechanism for CO activation via a H-assisted pathway for
CO dissociation was proposed being more probable than the direct CO
dissociation route. In another study, Costa et al. used 1°NO-SSITKA
combined with diffuse reflectance infra-red spectroscopy to demonstrate
the nitrogen pathway during reduction of NO under lean conditions over
Pt supported catalysts. The formation of both N, and N2O was demon-
strated to occur via two structurally different NOy adsorbed in-
termediates where the surface concentration of NOy intermediates (as
determined by SSITKA) depended on the chemical nature of the support
i.e., SiO5 versus La-Ce-Mn-O. In the same study, a separate 180, switch
in the reactant stream showed NO, being an intermediate for N2O for-
mation and this could explain the substantial N3O formation on Pt/SiO»
in comparison to Pt/La-Ce-Mn-O [23]. Indeed, the high selectivity to-
ward N, formation is related to surface concentration of certain No-
forming intermediates (probed by SSITKA) which may be enhanced by
addition of promoters such as Na and Mo to supported Pt catalyst. These
promoters enhance the retention of nitrogen forming precursors leading
to a larger delay in the N transient in comparison to the unpromoted
catalyst [24]. In another interesting example, the mechanism of toluene
acetoxylation catalyzed by supported Palladium has been studied by
SSITKA [25]. Transient kinetic analysis demonstrated that despite both
lattice oxygen and adsorbed oxygen contributing to the activation of the
reactant acetic acid, it was the latter that promotes the oxidation of
acetic acid to undesired COs. These examples highlight the importance
of SSITKA as a valuable tool for the kinetic study of gas solid reactions.

Isotopic transient responses of reactant and product concentration
signals coupled with a modeling approach contain mechanistic infor-
mation about the reaction under study, and through the modeling of
transient responses underlying mechanistic information can be ob-
tained. Analysis of the of isotopic relaxation spectra and isotope label
transfer provides information on the underlying mechanism of the re-
action under consideration. The shape of the response curve in loga-
rithmic scale provides preliminary insights into the mechanism. The
logarithmic plot of molar flow rates versus time demonstrates specific
features of the isotopic response for a given mechanism. Sadovskaya
et al. [26] posits that the plot may be linear for a one pool mechanism.
For a two-pool mechanism, the plot has an upward convexity whereas a
downward convexity signifies a mechanism involving parallel or buffer
steps. In the latter case, these two models can be discriminated
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exclusively on the basis of numerical analysis and curve fitting of the
observed isotopic transients to extract mechanistic information. There-
fore, isotopic tracing and modeling is a useful kinetic tool for studying
mechanisms of surface-catalyzed reactions.

2. Experimental details
2.1. Catalyst preparation and characterization

Silica supported Pt catalysts were prepared by dry impregnation.
Silica was selected because unlike other supports like Al,O3 and ZrOs, it
does not retain NO, [27]. This attribute of SiO, is important for SSITKA
which works on the principle of intermediate retention on the catalytic
surface, thereby eliminating artifacts that may be caused by support
retention effects. Silicon dioxide (Davisil grade, Sigma-Aldrich) was
heated at 10 °C min~! to 400 °C and kept at this temperature for 4 h.
Hexachloroplatinic acid hexahydrate (HoPtClg-6H20, Merck KGA) was
dissolved in distilled water and the solution was added to SiO5 until an
incipient wetness point was reached (0.75 cm®/gSiO,). One set of
impregnated supports were dried in air at 120 °C for 4 h and calcined in
flowing air at 600 °C. Another batch of the same dried impregnated
sample was calcined for 1 h at 150 °C in a stream of 7.5 % hydrogen
flow. The sample was sieved to retain a size range of 150-200 pm.
Elemental analysis of the two catalysts with X-Ray Fluorescence, XRF
showed ~2.2 wt% loading of Pt. Details of catalyst characterization for
N, physisorption, X-Ray diffraction, Hy chemisorption, and STEM-EDX
are included in section S1 of the supplementary information.

2.2. Catalytic testing

The catalysts were tested for NO oxidation activity under conditions
that mimic industrial conditions for nitric acid production: 5 % NO, 6 %
Oy, and inert within a relevant temperature range of 280-350 °C. High
pressure experiments were not possible in this study and thus all ex-
periments were conducted at 185 kPa pressure. The reactor setup was
used for both kinetic and SSITKA experiments. A U-shaped quartz
reactor with 4 mm inlet ID and a narrower exit ID was purposely built to
minimize the reactor dead volume. The catalyst sample was held be-
tween two quartz wool plugs. Reactant gases 40 % NO/Ar, 40 % O/Ar
(BOC), and Argon (AGA, 99.999 %) were metered using mass flow
controllers (Bronkhorst High-Tech B.V.) to achieve different ranges of
reactant pressure for steady state reaction rate experiments. The tem-
perature of the reactor was controlled using a resistively-heated furnace
and a K-type thermocouple (located inside the catalyst bed) to achieve
constant temperature measurements. The reactor inlet and outlet gas
concentrations were measured using an online quadruple mass spec-
trometer (QMG 422, Pfeiffer) fitted with a yttriated iridium filament
suitable for use in highly oxidizing atmosphere (see also section S2 of the
supplementary information).

Temperature-programmed surface reaction experiments were per-
formed to ascertain the optimum level of NO conversion well above the
gas phase NO oxidation level. The profile of NO conversion was followed
with a linearly increasing temperature and thus showed the tempera-
tures at which SSITKA experiments would be performed to discern the
catalytic contribution to the reaction above that of the gas phase. During
the experiments, the reactor temperature was increased at 3 °C min~?
from 100 to 450 °C. For the kinetic experiments, a sample of Pt/SiO, (Pt
loading: 2.2 wt%, 0.145 g, particle size: 150-250 pm, catalyst bed
height: 3 cm) was heated to 450 °C in a stream of 7.5 % Hj for 1 h and
cooled to 330 °C in an argon flow. The reactor was held at 330 °C and
then exposed to the standard reactant feed (5 % NO, 6 % O, and Ar
balance or 9.3 kPa NO, 11.1 kPa Oy, and 164.6 kPa Ar). After attaining
steady state, the reactant composition was changed in a random fashion
to give a range of NO oxidation rates as a function of reactant pressures.
The same kinetic experiment was repeated at 303 and 280 °C using a
fresh catalyst sample for each of these experiments. Figs. 2 and 3 include
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repeated experiments indicating the absence of detectable deactivation
during the experimental run.

Initially, an empty reactor had been used to quantify gas phase
conversion but sustenance of stable MS signals with back pressure
regulation proved difficult with a mere void. Therefore the testing
protocol to quantify the gas phase conversion in the absence of a catalyst
was performed using catalytically inert silicon carbide (non-porous,
particle size 150-250 pm).

2.3. Transient kinetic catalytic testing

2.3.1. Steady-State isotopic transient kinetic analysis

Each set of SSITKA experiments were performed with a fresh sample
of catalyst. Typically, 0.145 g of catalyst (particle size: 150-250 pm,
catalyst bed height: 3 cm) without catalyst dilution were reduced by
treatment in a stream of Hj as described in steady state experiments and
cooled down to 330 °C in a stream of Ar. The unlabeled gas lines were
connected to 40 % NO/Ar, 40 % Oy/Ar (BOC) and Ar (99.999 % AGA).
The isotopic gas line was connected to I5NO (99 %, BOC), 1802 (97.15
atom %, Euroisotope) and Krypton (99.999 % AGA). For switching be-
tween gas streams, a 4-way valve was used whose response was much
faster than the response of the catalytic system being measured. The
influence of the dead volume of the valves could be neglected. The
schematic of the reactor setup is presented in section S2 of the supple-
mentary information. Analysis of isotopic transient responses for the NO
oxidation reaction was achieved by first running the reaction under an
unlabeled reactant stream until a steady state was established. The
reactant stream was then switched to labeled gas in two following ways.
In the first case, the switch 1*NO/O,/Ar // ®NO/O,/Kr = 5/6/89 mol%
was performed to investigate the nitrogen path in the mechanism of NO,
formation. In a separate experiment using a fresh reduced catalyst,
another switch NO/1602/Ar // NO/1802/Kr = 5/6/89 mol% was made
for tracing of the oxygen path permitting the investigation of the role of
oxygen activation on the reaction mechanism.

2.3.2. Numerical modelling and kinetic parameter estimation

The SSITKA experiments were performed under non-differential
reactor conditions, and thus the concentration profiles along the cata-
lyst bed were considered. A plug flow reactor model was appropriate to
describe the trend of the isotopic transients to extract kinetic parameters
of NO oxidation over the surface. Consequently, a reactor model
described by Berger et al. [28] was applied to evaluate the observed
transient data for the separate switch experiments. Unlike the CSTR
which is modeled on the basis of a differential equation in time, the PFR
model introduces spatial derivative resulting in a set of partial differ-
ential equations in time and space that can be presented by Eq. 2.1-Eq.
2.4.

aCis 19Cs 1 &@Cs p,

=-= — BN v, 2.1
ot T 0z +1'B‘, 022 * EbZJVJrJ 2.1
00
at' = Zjv,-jrj (2.2)

The initial and boundary conditions in an open reactor where there is
continuity of flux at the boundaries at z = L are at:

t=0,C=0,0<z<L (2.3)
aCﬁ'
Cilug =0,y =0 2.4

where 7 is the hydrodynamic residence time (s), B, is the Bodenstein
number, UL/D,x (—), Dy is the axial dispersion coefficient (m%s™h, pp is
the catalyst bulk density (kg-m~>), €, is the void fraction of catalyst bed
(-), vy is the stoichiometric coefficient, r; is the reaction rate (molyo
(g-s)’l), and 65 is the surface concentration of reaction intermediate
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(mol g.cat™!) while C;» is the molar concentration of an isotopically
labeled product (mol-m~3). U and L are the average interstitial velocity
and the length of the catalyst bed in mgas(mfeactor~s)'l and m, respec-
tively. The determination of 7 and B, are described in section S4 of the
supplementary information.

The system of partial differential equations was solved simulta-
neously by discretization in space along the reactor’s length. Dis-
cretization was done using finite difference approximation of a variable
order based on the conventional method of lines [29]. Time integration
of the discretized set of equations was performed using the odel5s
function within a Matlab package. Afterwards, a Levenberg — Marquardt
algorithm was applied to fit the model to the experimental data using the
sum of squares of residuals as the objective function until a local mini-
mum was found.

Ne

SSR =Y (5 =)’ 25)

n=1

Where SSR is the sum of square residual between the calculated and
experimental values, representing the objective function, n is the num-
ber of partial differential equations or the number of data points,
whereas y*P and y**° respectively are the experimental and the itera-
tively calculated values.

3. Results and discussion
3.1. Temperature-programmed reaction

Fig. 1 shows the variation of conversion of NO to NO3 with tem-
perature over SiC and also over Pt/SiO, catalysts calcined under
different conditions. The feed comprised of 9.3 kPa NO, 11.1 kPa O, and
164.6 kPa Ar corresponding to 5 mol% NO, 6 mol% O, and 89 mol% Ar.
The NO conversion over SiC represents contribution from the gas phase
oxidation whereas the conversion obtained with the catalyst corre-
sponds to the total conversion of both catalytic and gas phase contri-
butions. Some physical characteristics of the catalyst and NO oxidation
performance of the Pt/SiO; pretreated under different conditions are
shown in Table 1.

The turnover frequency was calculated based on the number of
chemisorption sites Pt from the equation.

50 -
— — Thermodynamic equilibrium \
—— 2.2 wt % PY/SiO, calc. 175 °C \
——2.2 wt % Pt/SiO, calc. 600 °C \
—— Silicon carbide \
40 \

NO conversion (%)
=

[\
S

10
100 150 200 250 300 350 400

Temperature (°C)

Fig. 1. Temperature-programmed reaction for NO oxidation for Pt/SiO, cata-
lysts pretreated under different conditions. Reaction conditions: Feed: 5 mol%
NO, 6 mol% O, and 89 mol% Ar, 185 kPa, 20 690 Nem® g~ th™1.
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GB.1)

With r being the reaction rate, mol(gcat-s)'l, Mp, Xp;, and D are the
atomic weight, weight fraction of Pt in the catalyst and the metal
dispersion respectively.

As seen in Fig. 1 the two catalysts exhibit different NO conversion
profiles. Pt/Si0,-175 lights-off at ~ 175 °C and the NO conversion in-
creases with temperature to a maximum (29.5 %) at 330 °C. Pt/Si05-600
is clearly less active, has a higher light-off temperature and reaches
maximum conversion at a higher temperature. In contrast to the cata-
lytic results, the gas phase conversion using SiC decreases steadily
within the test temperature range. The point of maximum conversion
observed at 330 °C with Pt/SiO»-175 coincides with 17.5 % conversion
for the gas phase contribution. The homogeneous contribution can be
accounted for to estimate the conversion attributable only to the catalyst
in all experiments. Moving forward, Pt/SiO2-175 was chosen for further
experiments because it gave a better resolution and a higher difference
between the catalytic and the homogeneous conversions at the relevant
temperature.

3.2. Effect of reactant pressure on NO oxidation reaction rate

Reaction rates for NO oxidation were measured over SiC and 2.2 wt%
Pt/SiO; using feed comprising 3.7-18.5 kPa NO (2-10 mol%), 7.4-17.6
kPa Oy (4-9.5 mol%), and Ar. Temperature and total pressure were
constantly maintained at either 330, 303, or 280 °C and 185 kPa,
respectively. At these reaction conditions, for all data points, the
approach to equilibrium factor i.e., p was negligible to the observed NO
conversion levels. This factor ranging between 0.002-0.007 meant that
the observed rate was far away from equilibrium. The gas phase
contribution was accounted for by subtracting gas phase conversion
from total conversion. Fig. 2 shows the variation of the catalytic NO
oxidation reaction rate as a function of NO pressure and that the NO
oxidation rate increases exponentially with NO pressure. Fig. 3 shows
the variation of the catalytic NO oxidation reaction rate as a function of
O, pressure in which the catalytic oxidation rate increases rather loga-
rithmically with Oy pressure.

3.2.1. Kinetic models for Pt-catalyzed NO oxidation

Kinetic expressions derived from sequences of elementary reactions
can reliably be used to quantitatively describe observed kinetic trends
due to reactant pressure effects. There are two prevailing reaction
mechanisms suggested for NO oxidation over Pt catalysts, namely the
Eley-Rideal and the Langmuir-Hinshelwood mechanisms. For the
investigation of the reaction mechanism under these conditions, both
reaction mechanisms are considered for kinetic modeling using several
subcases involving different rate-determining steps, different quasi-
equilibrated steps, and MASI assumptions. The scheme based on Eley-
Rideal mechanism (shown in Scheme 1) is a popular reaction mecha-
nism, frequently regarded in literature to describe and predict NO
oxidation kinetics for low NO reactant pressure [9,11,12,15,30,31]. In
this scheme, oxygen gas molecularly and reversibly adsorbs onto a free
Pt site (%, step 1a) and dissociates on another neighboring site to form
chemisorbed oxygen (O*, step 1b). As far as oxygen adsorption is con-
cerned, theoretical studies have shown that O, activation dissociation on
Pt always proceeds via a molecularly adsorbed precursor state [32]
before forming atomic (chemisorbed) oxygen. Chemisorbed oxygen is
also formed by reaction of molecularly adsorbed oxygen with NO from
the gas phase (step 1c). The formed atomically adsorbed oxygen may
react with NO to form NO; in a subsequent step (step 1d). The desorp-
tion of NO, (step le) is assumed to be fast and quasi-equilibrated,
completing the catalytic cycle. Rate expression for the overall reaction
in which different assumptions for the RDSs are presented in Table 2.
Thus, the variation of reaction rate with reactant pressure can be used to
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Table 1
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Surface area, metal dispersion, NO oxidation conversion, and TOF for two Pt catalysts pre-treated under different conditions.

Support/ Specific surface area  Pore volume (cm®g™1)  Pt- H, uptake NO conversion at 330 °C T for max. NO Conversion (°C)  TOF at 330 °C
Catalyst (m? g’l) dispersion (pmol Ha/gcar) shH
=)

Dried Si0, 499 0.92 - - - - -
Pt/Si0,- 444 0.79 0.132 7.5 0.295 330 0.43

175
Pt/SiO- 486 0.88 0.083 4.6 0.214 375 0.49

600

build reaction models that accurately predict reaction rates under rele-
T vant conditions.

The Langmuir-Hinshelwood Hougen-Watson reaction scheme is a
= 15 11.1 kPa O, 2 plausible alternative mechanism that can elucidate the NO oxidation
_n over Pt catalysts. In this scheme (Scheme 2), both reactant molecules of

' ‘§ \ NO and O3 adsorb on Pt sites (*, steps 2a and 2b respectively). Adsorbed

Cg - molecular oxygen undergoes dissociation both via a direct route (step

Z 2c) and an assisted route (step 2d). The latter step prevails by formation

©] A of adsorbed NO, species. Adsorbed NO, species may further be formed

g 104 16.6 kPa O, via reaction between adsorbed NO and atomically adsorbed oxygen

3. " A . . . s

~ (step 2e), before desorbing in the final fast equilibrated step to form

% . \ L] product dioxide (step 2f). Rate expression for the overall reaction in
—~ - A © which different assumptions for the RDSs are presented in Table 3.

g o. A0 The different rate expressions from the two rival mechanisms are

g 5113.8kPa O, .2 presented in Table 2 for the Eley-Rideal type and in Table 3 for the

S \ 5<‘><‘><>\ Langmuir-Hinshelwood Hougen Watson type mechanisms. For consis-

[ 4 85 tency throughout the derivation of these expressions, the following de-

"o 83kPaO notations have been adopted: ko2 or Koz refers to the rate constant or

0% € 2 equilibrium constant for molecular adsorption of O, ko or Ko refers to

0 T T T T T T the rate constant or equilibrium constant for direct surface dissociation

5 10 15 20 of adsorption to form O, kyo or Kyo refers to the rate constant or equi-

NO pressure (kPa) librium constant for NO adsorption (strictly applicable in the LH type

Fig. 2. Effect of NO pressure on the NO oxidation reaction rate on Pt/SiO, at
330 °C. The dotted lines represent the prediction of kinetic model with a rate
expression presented by Eq. 3.1.

7
u
]
~~ 7 n .
Do . 2 ]
T§6- 11.1 kPa NO
Sy .
% T u
3 . 9.3 kPa NO
N \
N’ ! o
2 7 o0 7
s o ©
o 44 0
e
Q -
S o = * \\
~ A
34 AA‘ 8.3 kPa NO
A
10 15 20
O, pressure (kPa)

Fig. 3. Effect of O, pressure on the NO oxidation reaction rate on Pt/SiO, at
185 kPa and 330 °C. The dotted lines represent the prediction of kinetic model
with a rate expression presented by Eq. 3.1.

mechanism), k; or Kj refers to the rate constant or the equilibrium
constant for the “first” surface reaction involving NO (either in gas or
adsorbed phase) and molecularly adsorbed oxygen, k; or K, denotes the
rate constant or the equilibrium constant the “second” surface reaction
involving NO (either in gas or adsorbed phase) and adsorbed atomic
oxygen, and Kyo2 represents the equilibrium constant for NOy desorp-
tion. L is the total number of sites. We separately fitted each of these rate
expressions to the experimental rate data presented in Fig. 2 and Fig. 3.
The reaction order plots provided in Figure S9 of the supporting infor-
mation show that under the prevailing reaction conditions, the order for
NO ranges from 1.83 to 2.05 whereas O order ranges from 0.38 to 0.42.

Despite the suitability of the Eley-Rideal mechanism for predicting
oxidation for low NO reactant pressure/ concentration, the observed
reaction rates at high NO reactant pressures used in this work could not
be described accurately by previously proposed schemes of the Eley-
Rideal type. This implied that Pt catalyzed NO oxidation mechanism
under these conditions strongly depends on the reactant pressures, i.e.,
the mechanism changes with increasing reactant pressure. The reaction
mechanism search was performed by fitting each of these rate expres-
sions to the reaction rate data in Fig. 2 and Fig. 3 to each of these derived
rate expressions and the results are presented in section S7 of the sup-
plementary information. The eventual choice of elementary steps pre-
sented in case 2.4a was the most possible reaction sequence with R? =
0.996 (the derivation shown in section S10 of the supplementary in-
formation). In the case 2.4a, the molecular adsorption of Oz and
adsorption of NO are fast quasi-equilibrated steps. The LH type surface
reaction between adsorbed NO and molecularly adsorbed oxygen com-
prises the slowest kinetically relevant step in the sequence and its rate
constant appears in the rate equation. The second surface reaction
involving adsorbed NO and adsorbed atomic oxygen occurs at a rate
higher than the first surface reaction step. The last step in the reaction,
desorption of NO3 occurs reversibly. Pt catalyzed NO oxidation is known
to be strongly inhibited by ubiquitous NOy presence [10] because
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(1a) 0, + * 2 O Case 1.1
(1b) O* + * 2 20%* Case 1.2
(I¢) NO + O* + * 2 NO* +0* Case 1.3
(1d) NO + O* 2 NO* Case 1.4
(le) NO* &2 NO, + *

Scheme 1. Proposed elementary steps for NO oxidation over Pt involving Eley-Rideal mechanism.

Table 2
Rate expressions for the overall reaction for different Eley-Rideal reaction
mechanisms involving different RDSs.

Rate-determining step Scheme 1 rate expressions

1

Case 1.1 r = ko, Po, 2
0y + *—0y* Pyno, | 1 ( Po, )
Kno,K2Pnvo - K1K2 \Kno,Pno
2
r = ko-Ko, P 1
0,10, 1+ Ko, Po, + KOEKN(;;KIPNOPOZ
Case 1.2 NO,
0% + * = 20* 2
1
r = ko-Ko,Po, ( Pro
1+ Ko, P 2
+Ko.Po, +KNoszl"I\lo
2
k1 -PnoKo, P ( !
r = ki-PnoKo, Po.
Case 1.3 *" " \1 +Ko,Po, + \/KoKo,Po,

NO + 0p* + *— 2

NOy*+0* 1
2 r = ki -PnoKo, Po, (—PNO
1+ Ko, P —_—
+Ko.Fo, JrKz\/c)2Kszm
1
r = ka-Pno+/Ko,KoP,
2INOVEOR0T0 11 Ko, Po, + y/KoKo, Po,
Case 1.4 r =ky
NO + O* - NO,*
PNozKlKNOzKOzPC)z 1
Py, P,
Pno, 1+ Ko, Po, +K1KN02K02 0, PNo

Pno,

product readsorption is followed by surface dissociation of NOy*. The
most abundant surface intermediates are taken to be O5*, O*, and *. As
seen in section S7 of the supplementary information, schemes that
incorporated NO* as one of the most abundant surface intermediates did
not yield suitable fits to the experimentally observed data. The term in
the denominator depicts the adsorption term with a power (2 in this
case) corresponding to two adsorbed species involved in the rate-
limiting step. The denominator also depicts the surface coverages of
intermediate species, O2* and O* relative to free sites. For these con-
ditions, the predicted and observed rates were compared in a parity plot
shown in Fig. 4 with the corresponding fitting constants shown in
Table 4. The calculated values for the rate and equilibrium constants

following experimental rate data regression with rate expression in Eq.
3.1 at three different temperature are presented in Table 4.

2

1

r = ky-Ko,KnoPnoPo,

Py
1+ Ko,Po, + Kno, KN:))ZKZPN{) 3.1
[*] [0:4] [04]

Fig. 5 shows the Arrhenius and Van’t Hoff plots for the kinetic and
equilibrium constants presented in Table 4 showing linear dependencies
with slopes corresponding to enthalpies of adsorption and activation
energies. The adsorption enthalpy for O, adsorption and NO adsorption
steps are negative as expected from the invariably exothermic nature of
adsorption processes. Comparing the equilibrium constants for O, and
NO adsorption, it is clear that K4 for Oy is an order of magnitude higher
than that of NO. Despres et al. [12] argues that the surface-adsorbate
bond energy for Pt-O is greater than that of Pt-NO. The initial adsorp-
tion heats for NO and O over Pt are 160 and 335 kJ mol ! respectively
[33] demonstrating the difference in the adsorption requirements on Pt
of the two reactant molecules.

The activation energy for the LH reaction step (step 2d) is 24 kJ
mol L. Similar values of E, for the elementary NO oxidation surface
reaction step have been reported in literature. Mean field kinetic models
applied to an Eley-Rideal type reaction and gave estimated values of Ep
of 35 [34] and 40 kJ mol ! [35]. These values are relatively low for a
surface reaction step and serve to signify the decreasing trend of E5 with
increasing surface coverage of adsorbed reacting species. The overall
activation energy of NO oxidation over Pt catalysts can vary between 80
~120kJ mol ™! depending on reaction conditions [11,31]. Values of the
overall activation energy are also sensitive to differential concentration
gradients across the catalyst bed. Mulla et al. demonstrated that signif-
icant concentration gradients of NO2 within the catalyst bed result in
differences in activation energy (Ea) ranging between 40-80 kJ/mol
[10]. The overall E5 are much higher than the those of individual
elementary surface reaction step. This big difference is because the
overall Ep is a complex function of activation energies and reaction
enthalpies of individual elementary steps constituting the overall reac-
tion [36]. The treatment of such a relationship is beyond the scope of
this work.

(2a) NO + * = NO*

(2b) 0, + * 2 O

(2¢) 0% + * 2 20*

2d) NO* + Oy 2 NO* +O0*
(2e) NO* + O* 2 NO,*

(2f) NO* 2 NO, + *

Case 2.1
Case 2.2
Case 2.3
Case 2.4
Case 2.5

Scheme 2. Proposed elementary steps for NO oxidation over Pt involving the Langmuir Hinshelwood Hougen Watson mechanism.



M. Mawanga et al.

Table 3
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Rate expressions for the overall reaction for different LHHW reaction mechanisms involving different RDSs.

Rate-determining step

Scheme 2 Rate expressions

1
r = ko, P
Case 2.1 0,"Po, Pno, N 1 ( Pno, )2
0Oz + *=0 Kno,K2KnoPno  K1K2 \KnoKno,Pno
2
Case 2.2 1
o % . r = koK1 Po, -
0o+ 720" 1+ Ky, Py,  K0Ko:Po, + k1Ko, KnoPnoPo, + k-2Kno, ' Pro,
0,Po. -
T kaKnoPno + k-1Kno, ' Pno,
Case 2.3 1
r = kno-P;
NO + * - NO* NN Ko, Po, + /Ko, KoPo,
2
1
r = ki-Ko,KnoPnoPo, Pro
1+Ko,Po, + —i—2——
Case 2.4 0270 Kno, KnoK2Pno

NO* 4+ Og*— NO2*+0*

r = k1 Ko,KoPnoPo, (

2
1
1+ Ko, Po, + v/Ko,KoPo,

r = kz-KnoPno+/Ko,KoPo, (

2
1
1 +Ko,Po, + v/Ko,KoPo,

Case 2.5
NO* + O* 2 NO,*

(KnoPno)*KoK1Po,

— ko

-1
Kno, " Pno,

2
1
Kno,Ko,KnoK1PnoPo,

(1 + Ko, Po, +
Pno,

17 e 330°C
o 303°C B
154| 2 280°C -

Predicted NO oxidation rate
(MrnOlNOgcat-l s ! )

15

0 5 10
Experimental NO oxidation rate

(Hmolyoge,'s™)

Fig. 4. Parity plot of experimental and predicted NO oxidation rate on Pt/SiO,
at different test temperatures 330, 303, and 280 °C.

Conventional kinetic modeling provides a swift approach of shuffling
through a large number of possibilities such that the implausible reac-
tion models can be disregarded. The possibilities that remain after this

elimination process can then be meticulously investigated using more
powerful techniques. However, conventional kinetic modeling has two
fundamental shortcomings. The rate expressions derived in this manner
may not be sufficiently sensitive to the reaction rate data because
different rate expressions (or models) based on varying assumption
could suitably fit the measured rate data rather equally. This situation is
encountered in this work with rate expressions in cases 1.3b and 2.4b
since both share the assisted oxygen dissociation step as the rate
determining step and provide good fits to the experimental data.
Considering case 1.3b, it may be argued that the assisted oxygen
dissociation step (NO + O2* + * — NO2* + O*) is not a strictly Eley-
Rideal type reaction because NO gas may occupy the available site
before combining with Os* in which situation, the step will correspond
to a typical LH type surface reaction. Conversely, the strictly Eley-Rideal
step NO + O* - NOy* taken as the rate determining step did not provide
a good fit to the data. Another drawback encountered using conven-
tional kinetics approach is that the concentrations of surface in-
termediates involved in the reaction cannot be discerned from model
calculations. Steady-state isotopic tracing using SSITKA, contrasting
conventional kinetic modeling, provides a direct route for estimating not
only the rate constants for each separate elementary reaction but also
surface concentrations of intermediate species (i.e., surface abundan-
cies). The next section presents the SSITKA in the investigation of the NO
oxidation mechanism over Pt/SiOs.

3.3. Steady-state isotopic transient kinetic analysis

3.3.1. Nitrogen path tracing during NO oxidation with °NO switch
To further investigate the oxidation reaction and obtain insights into
the mechanism on Pt/SiO, we probed the nitrogen path during the

Table 4

Equilibrium and rate constants for NO oxidation over Pt/SiO, found by regressing experimental rate data with the rate expression Eq. 3.1.
T [K] Ko, [-] Kno [-] ki [g(pmol-s)™] K> [-] Kno, [-]
553 4.525 1.725.10°! 2.107 1.933.10° 4.482.10™
576 3.959 1.387-10°! 2.854 5.346.10° 6.834.107!
603 3.248 9.776:1072 3.265 1.464-102 9.592.107!
AH, or AE,; —18.40 —31.57 24.19 11.22 4213

(kJ mol ™)
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Fig. 5. Arrhenius and Van 't Hoff plots for Koz, Kno, ki, and K based on a probable rate expression in Eq. 3.1.

reaction by switching the reactant stream from 14NO + 0, 4 Ar // 1°NO
+ O3 + Kr using the same standard reaction conditions as used in the
temperature programmed reaction experiment; 5 mol% NO, 6 mol% O,
89 mol% Ar feed, 330 °C, 185 kPa, and 20 690 Nem® g'h L. Fig. 6 shows
the time responses of 1*NO, and °NO, signals following a switch from
1NO + O, + Ar // NO + Oy + Kr. If the slight drift in the NO, signal
were ignored, the steady state condition of the reaction regarding tem-
perature, pressure, and thus effluent concentration of NO; was main-
tained. The signals were normalized with respect to the steady state NO,
concentration to obtain the plot shown in Fig. 7.

Fig. 7 shows the normalized transient response for 1>NO, and Kr
following a switch from 14NO + Oy + Ar // 1°NO + 0, + Kr. For clarity,
the *NO, decay response is not shown here but presented in section S5
of the supplementary information. It is evident from Fig. 7 that the
emergence of 1°NO, transient response is delayed relative to the Kr
response by some 6 s after the switch and assumes a characteristic curve
shape reaching a new steady state within 54 s. The logarithmic plot of
the 1“NO, decay responses versus time at different temperatures are
shown in Fig. 8. The trends of the logarithmic plots demonstrate a
specific downward convexity of the isotopic response curves at different
temperatures (with the logarithmic curves shifted in time for clarity).
The downward convexity is indicative of a mechanism involving a buffer
or parallel step [26,37].

The model fitting exercise reveals that many pathways fail to match
with experimental data. These include a single NO* intermediate
desorbing as NOj either reversibly (scheme A, fig. S24, SI) or irreversibly
((scheme B, fig. S25, SI), two adsorbed intermediates in series, one for

2.5x10" g
‘éf I A
H
__2.0x10M ‘w’ ‘@g
N E
= 15x10M | R
5 B —a—NO,
7 % —o—15NO
o Lox10M + 2
p=
5.0x10"2 | : I
0.0 : M By .
0 200 400 600 800 1000
time (s)

Fig. 6. Transient responses for the decay and emergence of *NO, and °NO,
after switching from 14NO/0,/Ar to 1°NO/0,/Kr (5/6/89 mol%) at 185 kPa, 20
690 Nem® gth™! and 330 °C.

: O OO@OO‘O'O"O'O'O'OOOD'OOOOOOOOOOOOOOG<
— @
2038
g
3
= 0.6
2 —a—Kr
S, 0.4 o 'SNO,observed
1~ ®NO, calculated
(]
€
50.2
z
00 » 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (s)

Fig. 7. Normalized responses for Kr and °NO, concentrations following a
switch from '*NO/O,/Ar to >NO/O,/Kr (5/6/89 mol%) at 185 kPa and 330 °C.
Model calculation is presented and described in section below.

adsorbed NO* and another for adsorbed NO2* which irreversibly de-
sorbs as NO; (scheme D, fig. S27, SI), the *NOy buffer species which
exchanges with adsorbed *NO, alone without a *NO buffer pool (scheme
G, fig. S30, SI), and the simultaneous formation of NO5 from reversible
oxidation of adsorbed *NO and irreversible oxidation of *NO buffer
species to NO; (scheme I, fig. S32, SI), which also does not correspond to
the observed transient kinetic responses.

3.3.2. Oxygen path tracing during NO oxidation with 180, switch

The oxygen path during NO oxidation over Pt/SiO, was also inves-
tigated by switching the reactant stream from NO+°0, + Ar //
NO-+'80, + Kr using the same standard reaction conditions. After the
switch, all possible product isotopologues were observed: N!0,
N'®0'80, and N'80,. Fig. 9 and the accompanying normalized responses
in Fig. 10 show the signal for the three species following the switch.
N!0, decays to a new steady state value higher than the new steady
states for N'®0'80 and N80, (i.e., the signal for N0, does not decay to
zero but only reaches a new normalized steady state value of 0.6, shown
in section S5 of the supplementary information). Transients of N'0, fell
slightly within 10 min after the switch and did not decay to zero. Similar
isotopic decay trends to non-zero steady states involving '60,-'%0,
isotopic switch have been observed elsewhere. Costa et al. observed the
transient for 1*N,0 only reached 0.8 during an isotopic switch from NO/
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Fig. 8. Logarithmic plot of '*NO, normalized molar flow rate during a NO
oxidation following a switch in NO with 2.2 wt% Pt/SiO, at different temper-
atures. The curves for 330, 303, and 280 °C are shifted slightly in time for
separation of the curves and clarity.
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Fig. 9. Transient responses for the decay of N1602 (black squares) and the
emergence of N'60'0 (red circles), and N1802 (blue triangles) after switching
from NO/*®0,/Ar to NO/*80,/Kr. (5/6/89 mol%) at 185 kPa and 330 °C.

H,/'%0,/Ar/He // NO/H,/'804/He on investigating the SCR activity of
over Pt/SiO5 [23]. Similar non-zero decays have also been observed for
the case of oxygen-exchange during CO oxidation over Au/TiO, [38]
and other catalytic reactions [25]. The responses for N®0'80 and N 1802
increased slightly to new steady states. N'°0'®0 and N'80, also do not
grow to a normalized steady state of unity but only reach new steady
states of 0.4 and 0.1, respectively. During a separate oxygen-only switch
without NO, i.e., 1602 + Ar // 1802 + Kr, the unlabeled oxygen tran-
sients decayed to zero as expected. Taken together, these results indicate
severe scrambling and exchange of oxygen from NO with that of labeled
oxygen containing species. In Fig. 10 the curves for N*°0'80 and N80,
have a sigmoid shape with a considerable delay relative to the Kr curve.
The S-shape is typical of a consecutive mechanism [26,37] for the sur-
face catalyzed reaction.

The normalized transient data was kinetically analyzed and evalu-
ated to obtain the mean surface residence time, kinetic rate constants,
and the concentration of surface intermediates leading to formation of
NO,. We commenced the evaluation with simple models i.e., single pool,
two pools in series, and two pools in parallel and one pool in series to
prior parallel pools. None of these simplified model evaluations for a
differential reactor would fit the data satisfactorily thus prompting the
use of an integral reactor using the plug flow reactor (PFR) formalism
that is mathematically described in Eq. 2.1-Eq. 2.4.
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Fig. 10. Normalized transient responses for the decay of the emergence of
N'°0'80 and N'80, after switching from NO/2°0,/Ar to NO/*80,/Kr = 5/6/89
at 185 kPa and 330 °C.

3.3.3. Reaction schemes for tracing transient responses

The conversion of NO and O, after subtracting gas phase contribu-
tion from the total conversion were 19.5 % and 12.2 % respectively.
Since these values were >10 %, a simplified kinetic evaluation of
SSITKA data for differential flow reactors was not reliable. Therefore, an
integral reactor model was applied to kinetically evaluate the NO
oxidation under these degrees of conversion. The transient responses of
isotopically labelled NO5 were used to estimate the number of inde-
pendent surface intermediates (pools), from which respective gas phase
products are formed. The simplest model (one pool) was initially used to
describe the experimental data. When this fitting was not satisfactory,
the model complexity was increased by adding one or several additional
pools.

Several alternative reaction sequences that represent the propaga-
tion of isotopic elements (i.e., 15N and '®0) into the product NO; are
presented in sections S8 and S9 of the supplementary information. These
sequences were expressed mathematically with the goal of describing
the transient response shown in Fig. 7 and Fig. 10. For each of these
schemes, two partial differential equations together with initial and
boundary conditions (Eq. 2.1-Eq. 2.4) are used to capture the mass
transfer rates by convection and dispersion along the reactor length as
well as the reaction rate term. Upon integration, the solution of these
equations was fitted to the experimentally observed transient data using
statistical regression. A good model adequately fitting the experimental
data for the nitrogen path was obtained with Scheme 3 and Scheme 4.
These schemes were thus taken as the most probable sequences for
tracing the path of nitrogen during NO oxidation over Pt/SiO,. The
depicted rate constants in these Scheme 3 and Scheme 4 include lumped
kinetic parameters in which the rate constants k; are multiplied by un-
known concentration of adsorbed species or concentration of free sites.
The use of lumped constants enables the determination of unknown

* k4[O* K,
15No(g)ﬁ, 15N O*» (__M, 15NO,* __>(_6 15N02(g)

ks[+] kql+]
i
15N O*,b

Scheme 3. Proposed reaction path for nitrogen during NO oxidation over Pt/
Si0, with two pools of intermediates in series traced using °NO reactant.
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Scheme 4. Proposed reaction path for nitrogen during NO oxidation over Pt/
SiO, with pools of intermediates in series with an additional buffer step for
adsorbed NO, traced using >NO reactant.

15NO( )

parameters such as concentration of free sites and the surface concen-
tration of adsorbed species during the reaction.

Scheme 3 shows a possible pathway for nitrogen having two pools of
surface intermediates during NO oxidation; nitric oxide adsorbs on an
adsorption site via an intermediate of NO. The latter undergoes reaction
with adsorbed oxygen to form higher oxide NO5 that subsequently de-
sorbs to form NO,. The desorption step is accompanied with a product
readsorption step. Another plausible nitrogen path is shown in Scheme 4
involves three pools of surface intermediates. NO reversibly adsorbs
onto the surface to form adsorbed NO denoted as NO2. This interme-
diate is in exchange with a second pool of NO* denoted as NO™P.
Although NO ™ may not directly participate in the reaction, it acts as a
buffer, replenishing NO™?, an adsorbed intermediate directly involved
in the surface reaction with activated oxygen species. In the final step,
NOy* reversibly desorbs from the surface forming gas phase NO,.
Notably, the latter scheme demonstrates a slightly better coefficient of
correlation (R? = 0.992) compared to the calculated value for Scheme 3
(R = 0.986). Generally, the coefficient of correlation obtained by fitting
provides the first estimate of the validity of a model and thus the choice
of the most plausible reaction route could not be made solely based on
these values. A further test was required to determine which of these
models described the transient data better.

To discriminate between Scheme 3 and Scheme 4 we employed an
approach previously used by Gayubo et al. [39], that determines the
statistical significance of each model. A comparison was made between
the ratio of the variance due to the coefficient of correlation, S? to the
variance due to the experimental error S2. For a good fit, this ratio ought
to be low and the acceptance criteria can be defined so that the ratio
must be less than the F-value (i.e., F-test criteria). The F-value can be
determined as the inverse cumulative distribution function [40,41]. The
results from the fitting and the model discrimination criteria for nitrogen
path between these two schemes are shown in Table 5.

Of the possible alternative oxygen path schemes (presented in sec-
tion S9 of the supplementary information), one path shown in Scheme 5
provided a good fit to the experimental data for the oxygen tracing for
NO oxidation over Pt/SiO; under the prevailing conditions. Scheme 5
provides for the following steps: 120, reversibly adsorbs on the surface
of the Pt/SiO, to form molecularly adsorbed oxygen (*30,5*). Adsorbed
molecular oxygen dissociates directly in a subsequent step forming
atomically adsorbed oxygen. This model assumes the participation of

Table 5
Kinetic parameters of the nitrogen reaction path from Scheme 3 and Scheme 4
obtained by fitting experimental transient data.

Kinetic parameters for modeled nitrogen pathway

7 (s) 11.73
Noz (#|mol/gead) 3.65-10"
Scheme 3 rate constants Scheme 4 rate constants
ki [-] /pmol(g.s.kPa)! 21.8 ki [+] /pmol(g.s.kPa)! 2.4
k2[0*] /m*(g.s)! 3.7.101 ko / — 4.8.102
ks/m>(g.s)! 1.5-10"! ks / — 2.4.10*
k4[-1/m3(g.5)"! 6.9-10* kq[0*] / m3(g.5)?! 2.8.10°
ks[+] / m3(g.s)? 5.8:10°2
ke /m>(g.s)? 8.3.10
ky[] / pmol(g.s.kPa)! 7.5.10™
S¢/s2 0.1136 S#/S2 0.0084
Fo.05(Ve, V) 0.1047 Fo.05(Ve, V) 0.0540
Criteria Reject Criteria Accept
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Scheme 5. Proposed reaction path for nitrogen during NO oxidation over Pt/
SiO, with two pools of intermediates in series traced using °NO.

both these oxygen species (O2* and O*) towards NOy formation and
these oxygen species react at varying rates as suggested in the kinetic
inquiry (section 3.2.1). Throughout the sequence, the slowest of steps
(lowest k;) is the direct dissociation of 1802* to form O*. The fastest step
(highest k;) in the sequence involves the adsorption of oxygen; shown
with an adsorption rate constant; k;[*]. From Fig. 10, the ratio of the
normalized steady-state responses for N*60'%0 to N80, is 4:1. Forma-
tion of NO5 from atomic oxygen occurs at a rate slower than NO, for-
mation from 20,. Respective values of kinetic parameters determined
by data fitting to the oxygen isotopic transient are presented in Table 6.
From this table, it is evident that the rate constants for the steps
involving NO, formation from molecularly adsorbed oxygen i.e.,
Kg[NmO"]2 and K19[N*] are at least an order of magnitude higher than
those similar steps involving dissociated oxygen, i.e., k5[N160""], ke[*1,
ky[N*], and kg[*]. It is important to remember that these kinetic pa-
rameters are lumped constants and contain unknown values of in-
termediates and free sites concentration. Nevertheless, these results
serve to show that formation NOy from Os* and O* occur at very
different rates. This aspect of the surface reaction supports earlier con-
clusions reached in section 3.2.1.

As seen from Fig. 9 the signal N'®0'®0 molar flow rate is more than
twice as much as N'®0, molar flow rate. The level of formation of
N'°0'80 and N'®0, product species is an indicator of the rates of
participation of adsorbed oxygen species. This result signifies limited
formation of N'80, potentially from molecularly adsorbed isotopic ox-
ygen (1802*) and a concomitant (considerable) formation of N6080
possibly from atomically adsorbed labeled '0*. This supports the
conclusion drawn from the scheme from the kinetic inquiry: the limited
formation of N'80, comports with a slow step (NO*+05*—-NOy*+0%)
while formation of N'°0!80 (from step NO*+0*—NOy*) occurs at a
relatively faster rate than the previous step. It is difficult to directly
compare rates of these two reaction steps above due to the challenges of
estimating surface concentration (abundancy) of adsorbed NO. How-
ever, the kinetic parameter from the oxygen switch presented and

Table 6
Kinetic parameters of the oxygen reaction path for reaction scheme 5 obtained
by fitting transient data.

Scheme 5 rate constants

k1[*]/|,u'1'10](g.s.kPa)'1 6.8

ko /m>(g.s)? 5510
ks[-] /m%(g.s)™ 1.0-10*
k4 /m®(umol.g.s)! 1.0-10°
ks[N'0*] /m>(g.s)! 1.810™
ke[-]? /pmol(g.s.kPa)! 5.810*
k7[N*] /m>(g.s)" 9.5.10*
kg[+]? /umol(g.s.kPa)! 3.9-10*
ko[N®0*] /m3(g.5)! 1.6-10!
k1o[N*] /m(g.s)™ 1.8.102

10
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calculated as shown in Scheme 5 and Table 6 clearly indicates that
possibility of de-lumping these rate constants for a direct comparison
between the relative rates. We acknowledge the fact that more future
experimentations can provide more information for directly comparing
rates of these elementary steps.

4. Conclusion

This study provides a plausible reaction mechanism for NO oxidation
prevailing under conditions of high concentration and high temperature
using both conventional kinetic inquiry and intrinsic isotope tracing.
Using the two modeling approaches, the Langmuir-Hinshelwood type
reaction is identified as more probable to an alternative Eley-Rideal
mechanism. A Langmuir - Hinshelwood surface reaction between
adsorbed NO and molecularly adsorbed Oz with an activation barrier of
24 kJ mol ! is identified under the prevailing reaction conditions of NO
oxidation over 2.2 wt% Pt/SiO». These insights can be a starting point in
the understanding Pt catalyzed NO oxidation under these conditions of
high NO reactant concentration, spawning further studies.

The adsorption of NO occurs simultaneously with O, adsorption onto
the same type of sites. Adsorbed NO occupies two pools of intermediate
species, one pool acting as a buffer to the main pool whereas molecularly
adsorbed Oy and chemisorbed O each occupy one pool leading to the
formation of NO,. However, the equilibrium constant for Oy adsorption
was found to be an order of magnitude higher than that of NO. This
signifies that the Pt surface is far more dominated by molecularly
adsorbed O, than NO*. However, the reaction between these two surface
adsorbed species was found to be the slowest in the reaction sequence.
Direct (unassisted) dissociation pathway for oxygen plays almost no part
in NO oxidation and this insight is supported by two sets of evidence. 1)
the kinetic model considering direct dissociation being a fast quasi-
equilibrated or RDS did not provide satisfactory fit to the data, and 2)
180, pathway model showed that the forward and reverse lumped rate
constant (k3[*] and ky4 respectively from Scheme 5) are indeed small.
Surface reaction leading to formation of adsorbed NO, occurs via two
disparate but consecutive paths, one directly leading to another. The
first kinetically-significant reaction involves surface combination of
NO* and ubiquitous O2* to form NO,. This reaction also serves as a
source of O* as an assisted dissociation pathway. Adsorbed NO reacts
with O* in a relatively fast step and the desorption of NO; is a fast
equilibrated process in agreement with product inhibition for NO
oxidation.
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