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Abstract

A model incorporating the geometry features, transport, and reactions at the crystallite scale is
developed to predict the oxygen storage capacity (OSC) of a Pd-containing three-way catalyst
(TWC) during cyclic lean and rich conditions. The reactions on the metal crystallites, metal-
ceria interface, and the ceria surface are considered and the coupling between these reactions
and the spillover processes is incorporated. The crystallite-scale model is integrated with a
monolith reactor model to predict the experimental data of OSC at various temperatures. The
dependence of oxygen surface diffusivity on the temperature is used to predict the reported
variation of OSC with temperature. It is quantitatively shown that in addition to the active
surface area, the interfacial perimeter plays a key role in the spillover and reverse spillover
processes. In agreement with the reported trends, the model predicts that the incomplete
regeneration of the TWC at low temperatures is responsible for the low values of OSC. The
model predicts the effect of Pd crystallite size, Pd-ceria interfacial contact, and Pd dispersion
on the spillover and reverse-spillover of oxygen between Pd and ceria, with CO, H», and CH4
as reductants. Consistent with the experimental findings, the model predicts that H» results in
a higher OSC than CO and CHas. The effective surface diffusivity with H> is estimated to be
higher than that with CO and CH4, which is attributed to the possible spillover of hydrogen in

addition to the reverse-spillover of oxygen.

The extent of hydrogen spillover on two different Pd-based catalysts supported on mesoporous
SBA-15 and MCM-41 is quantitatively predicted using a crystallite-scale model, which
considers the effect of size and location of crystallites, metal-support interfacial contact, and
diffusivity of the adsorbed species on the support surface. The developed model, in
combination with a fixed-bed reactor model predicts that in the absence of any reductant in the
feed, the NO conversion is higher (=37%) on the SBA-15 supported catalyst as compared to

25% on MCM-41, which is consistent with the reported data in the literature. The difference in



the catalytic activity is ascribed to the different spillover rates of hydrogen on SBA-15 and
MCM-41, which is further correlated to the fraction of Pd crystallites present in the support
channels. The model is also used to study the effect of cycle time, H> concentration, Pd
dispersion, and Pd loading on NO reduction under cyclic conditions. Consistent with the
literature findings, the model predicts that the Pd surface area and the metal-support interfacial
contact increase with an increase in the Pd loading and dispersion, which result in higher
spillover and hence increase the NO conversion.

The fundamental insights obtained in the present work are expected to be applicable to other
catalytic systems which involve the spillover effects. One such catalyst is a lean NOx trap which
involves spillover of NOx and/or hydrogen whereas other applications include TWCs for

gasoline as the fuel.

vi
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Nomenclature
channel width (m)
cross-sectional area of the catalyst bed (m?)
area of catalyst particle (m?)
atomic packing factor
surface concentration of ceria sites (mol/m?)
surface concentration of support sites (mol/m?)
surface concentration of active Pd sites (mol/m?)
total gas concentration (mol/m3)
dispersion (%)
catalyst diameter (m)
diameter of a Pd atom (m)
surface diffusivity of oxygen on ceria surface (m?/s)
pre-exponential factor for calculating surface diffusivity of oxygen on ceria
(m?/s)
surface diffusivity of hydrogen on support surface (m?/s)
diffusivity of species ‘j’ in gas phase (m?/s)
diameter of catalyst particle (m)
activation energy for surface diffusion of oxygen on ceria (kJ/mol)
fraction of Pd crystallites present inside the support channels
fraction of Pd crystallites present outside the support channels
gas hour space velocity (h™!)
hydrogen adsorbed on site k (k = Pd, Pd-support interface)

total interfacial perimeter per channel (m)
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km,Ce
km,Pd

km,Int

external mass-transfer coefficient for gaseous species ‘j” (m/s)

kinetic rate constant for reaction ‘m’ occurring on ceria surface (mol/m?2.s)
kinetic rate constant for reaction ‘m’ occurring on Pd surface (mol/m?2.s)
kinetic rate constant for reaction ‘m’ occurring at Pd-support interface
(mol/m.s)

monolith length (m)

length of fixed bed reactor (m)

palladium loading (wt %)

mass of catalyst (g)

molar mass of Pd (g/mol)

maximum moles of oxygen stored during experiments (mol)

Avogadro number

number of channels in monolith reactor

total number of crystallites per monolith channel

moles of Ce,0, (mol)

moles of Ce, 05 (mol)

total number of Pd atoms in a crystallite

number of gas-solid reactions on the ceria surface

number of reactions occurring on the support at the Pd-support interface
number of reactions occurring on the Pd surface

total number of moles of Pd in the washcoat per channel (mol)

maximum moles of hydrogen stored on the support surface

number of moles of hydrogen on the support surface

number of moles of oxygen adsorbed on Pd surface
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Noce number of moles of oxygen adsorbed on ceria surface

Np vol number of catalyst particles per unit volume of fixed bed reactor (m™)
0OSC oxygen storage capacity (umol/g)

0 — Sy oxygen adsorbed on site k (k = Pd, ceria, and Pd-ceria interface)

Pitm atmospheric pressure (Pa)

r radial coordinate on support surface (m)

r dimensionless radial coordinate

R ideal gas constant (J/mol.K)

Re; Reynolds number for gaseous species ‘j’

R, radius of a Pd crystallite (m)

Resr radius of the region where oxygen/hydrogen can be stored (m)

R, ce rate of the m™ reaction on the ceria surface (mol/m? ceria. s)

R int rate of the m™ reaction at the Pd-support interface (mol/m. s)

R pd rate of m™ reaction on the Pd surface (mol/m? Pd.s)

R?II% o average rate of m™ reaction on the ceria surface (mol/m? ceria. s)
Rg1 hydraulic radius (m)

R pdin rate of m™ reaction occurring on the Pd crystallites present inside the channel

(mol/m?.5s)
Rm pdout rate of m™ reaction occurring on the Pd crystallites present outside the channel

(mol/m?.5s)

S Schmidt number for gaseous species j’
Sce vacant site on ceria surface

Sh Sherwood number for gaseous species ‘)’

Sint support site for hydrogen/oxygen adsorption at the Pd-support interface
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Spa vacant site on Pd surface

Sp total active Pd area per channel (m?)

t time (s)

T4 diffusion time (s)

T residence time (s)

T, reaction time (s)

Tr,0Int characteristic reaction time for consumption of oxygen at interface (s)
Tr,0Pd characteristic reaction time for consumption of oxygen on Pd surface (s)
Tr,0Ce characteristic reaction time for consumption of oxygen on ceria surface (s)
T solid temperature (K)

Tstd standard temperature (K)

u average fluid velocity (m/s)

Ug superficial velocity (m/s)

X fm cup-mixing mole fraction of species ‘j’ in the fluid phase

X we mole fraction of species ‘j’ in the washcoat

Xt fluid-phase mole fraction of gaseous species j’

Xip mole fraction of species ‘j’ in the pores of the catalyst particle

Xo0,,in inlet mole fraction of O2

X0,,0ut outlet mole fraction of O>

zZ axial coordinate (m)

Greek letters

Oc washcoat thickness (m)

AG Gibbs free energy (J/mol)

AH standard heat of reaction (J/mol)
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AS

€p

eH,PdOut

On,s
eInt

0 pa
eO,Ce
80,ce
9O,Int
B0,pd
eV,Pd
eV,PdIn

eV,PdOut

j,m
1()Ce

entropy change (J/mol. K)

void fraction of the catalyst bed

porosity of the catalyst particle

washcoat porosity

fraction of vacant sites on ceria surface

fractional coverage of hydrogen on the support at the Pd-support interface

coverage of hydrogen adsorbed on Pd crystallites present inside the support
channels
coverage of hydrogen adsorbed on Pd crystallites present outside the support
channels

fractional coverage of hydrogen on the support surface
fraction of vacant support sites at the Pd-support interface
fractional coverage of surface species ‘j’ on Pd surface
fractional coverage of oxygen on ceria surface

average fractional coverage of oxygen on ceria surface

fractional coverage of oxygen on ceria at the Pd-ceria interface

fractional coverage of oxygen on Pd surface

fraction of vacant sites on Pd surface

fraction of vacant Pd sites present inside the support channels

fraction of vacant Pd sites present outside the support channels

stoichiometric coefficient of species ‘j° in the m™ reaction on the ceria surface
stoichiometric coefficient of adsorbed oxygen in the m'" reaction on the ceria

surface

stoichiometric coefficient of species ‘j’ in the m™ reaction at the interface
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9Hm stoichiometric coefficient of adsorbed hydrogen in the m™ reaction at the Pd-

support interface

19&{(“ stoichiometric coefficient of adsorbed oxygen in the m' reaction at the Pd-ceria
interface

191'151(;1 stoichiometric coefficient of species ‘j’ in the m™ reaction on the Pd surface

ﬁgam stoichiometric coefficient of adsorbed hydrogen in the m™ reaction on the Pd
surface

Vo volumetric flow rate (m3/s)

Superscripts

° initial conditions

in inlet conditions
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Abbreviations

FOS Fractional oxidation state

GC Gas chromatography

HCs Hydrocarbons

MS Mass spectrometer

MAS Magic angle spinning

NMHC Non-methane hydrocarbon

NMR Nuclear magnetic resonance

OSC Oxygen storage capacity

OER Oxygen exchange rate

SCR Selective catalytic reduction

TAP Temporal analysis of products

TEM Transmission electron microscopy
TGA Thermogravimetric analysis

TPD Temperature programmed desorption
TPO Temperature programmed oxidation
TPR Temperature programmed reduction
TPSR Temperature programmed surface reaction
TWC Three-way catalyst

TOSC Total oxygen storage capacity

XPS X-ray photoelectron spectroscopy
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