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A spatially resolved technique was used to investigate the impact of deactivation on the spatial distribution
of the effective diffusion in an aged washcoated monolith catalyst. The technique was applied to the
investigation of the reactants and products of CO oxidation inside a commercial Pd/Al,Os monolith
catalyst. The spatially distributed effective diffusivities of O,, CO and CO, were resolved and calculated by
a modified Bosanquet approach, which confirmed that the dominant diffusion regimes in the substrate and
the washcoat were molecular and Knudsen respectively in the zone affected by deactivation. The
technique illustrated the extent to which the deactivation, and its impact on diffusion, varied throughout
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Introduction

The structure of porous catalysts strongly influences the
diffusion processes of gaseous species. Generally, the
reactants diffuse into the porous structure to reach an active
catalytic site and the products of reaction must diffuse back
to the external surface of the catalyst before being transported
to the bulk flow." This mass transfer process, which is
referred to as intra-phase diffusion, is one of the key steps in
heterogeneous catalytic reactions.> When the rate of diffusion
is lower than the intrinsic rate of reaction at the active sites,
diffusion is considered to be the rate-controlling step and
therefore significantly impacts the catalyst's performance.
Further, deactivation of porous catalysts is a common
challenge which can lead to the decline of the catalytic
performance with time via reduction of the intra-phase
diffusion rate. It is therefore important to understand and
quantify the impact of deactivation on the diffusion of the
reactants and products, since these are essential to the
development and optimisation of catalyst design.’
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when incorporated into catalyst models, will result in more accurate predictions of vehicle emissions.

Deactivation can be categorised into chemical processes,
thermal processes and mechanical processes. Chemical
processes, including poison deposition on the catalyst's
surface, can lead to deactivation by blocking access of the
reactants to the active sites, and also preventing or reducing
their surface diffusion. Thermal processes are physical
processes which lead to phase changes at high temperatures
and induce loss of catalytic surface and support.> Mechanical
processes include physical deposition of species from the
fluid phase onto the catalytic surface and in the pores, and
also include loss of catalytic material due to abrasion and
crushing of the catalyst.*

Deactivation is a common issue with catalytic converters
that are used to abate emissions from petrol and diesel
engines.*® Phosphorus, zinc (Zn), calcium (Ca) and
magnesium (Mg) are typical impurities present in the
lubrication oils used in these engines. Small amounts of these
compounds are known to present a strong deactivation effect
on the performance of catalytic converters,””® mainly through
deposition that is concentrated towards the front of the
monolith."®"" It has been reported that up to 70% of the
phosphorus in the exhaust gas is deposited on the catalyst™
as an overlayer of Zn, Ca and Mg phosphates (M3(PO,),;, M =
Zn, Ca or Mg), as aluminium phosphate, and even in the form
of cerium phosphates within the washcoat.”*'* Phosphates
block the pores of the washcoat by forming a film on the
catalyst surface that prevents the gas molecules from reaching
the catalytic active sites, and also by inducing changes in the

This journal is © The Royal Society of Chemistry 2023
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electronic and geometric structure of the surface, thus
reducing the diffusion inside of the washcoated monolith.*

In porous media such as monolith catalysts, the major
reason for a decrease of activity is morphological change
caused by fouling and sintering. Carbon particles are known
to accumulate on the active metal and the support, with
strong carbon deposition leading to the disintegration of
catalyst pellets and plugging of pores and voids opening.*"
Coke is produced by decomposition or condensation of
hydrocarbon (HC) over the catalyst surface, and consists
primarily of carbon and polymerised HC with high molecule
weight.* The accumulation of carbon and formation coke is
greatly impacted by catalyst structure and reaction
conditions. Sintering may take place when the washcoated
monolith catalyst is exposed to high temperatures, which can
lead to phase crystallite growth or collapse of the support
and porous structure. Temperature, atmosphere, metal type,
metal dispersion, promoters/impurities, support surface area
and porosity are the principal factors affecting rates of
sintering. Most of the study on sintering has focused on
supported metals.* Alumina (Al,05), which is commonly used
as a metal support, has been studied extensively in this
regard due to the phase transformations (boehmite
transforms to 7y-Al,03, 8-Al,0;, 0-Al,O; and o-Al,O3) it
undergoes as its temperature is raised.'®

Heck et al.'” have presented an illustration of the impact
of various deactivation mechanisms on a typical light-off
curve. As shown in Fig. 1, a reduction of the number of active
sites due to metal poisoning leads to a shift of the conversion
curve to higher temperatures compared to the fresh catalyst.
The two curves in this case have the same shape since the
remaining available sites retain the same properties, thus the
reaction remains under kinetic and mass transfer control for
the same range of conversion as that of the fresh catalyst.
Operando variations to the structure of the washcoat can

100
Fresh catalyst
80
Pore diffusion
T
=
- 60}
K]
4
S
5 e Masking
o
20
0 " 2 2 a
0 100 200 300 400 500 600
Temperature (°C)
Loss of active sites = sintering of sites and carrier
Pore diffusion = smaller effective pores
Masking = some surface sites covered and pores blocked
Fig. 1 Idealised conversion versus temperature for various aging

phenomena; reprinted with permission from ref. 17.
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occur when sintering processes take place or fouling/masking
leads to pore blockage, thereby leading to an increase in the
diffusional resistance. The slope change is the consequence
of the diffusional rate control influence on the apparent
activation energy.

In the investigation of the spatial distribution of deactivation
throughout a catalyst, the spatially resolved capillary inlet mass
spectrometry (SpaciMS) technique purposed by Stere'® has
tremendous potential, firstly as a way of obtaining spatial
information of the activity of washcoated monolith catalysts in
general and, secondly, about the distributed nature of the
deactivation in aged catalysts. Stere used CO oxidation as a
probe reaction to investigate spatially resolved characterisation
of concentration and temperature gradients along monolith
catalysts. The data was obtained from a Pd/Al,O; washcoated
monolith during light-off and steady-state experiments.
Recently, Wang et al.*® applied the SpaciMS technique to the
investigation of methane oxidation inside a commercial
monolith catalyst. The effective diffusivities of O, and CH, were
calculated to confirm the dominant diffusion regime within the
porous medium. Spatially resolved techniques have also been
explored by Hofmann et al.° to investigate the deactivation in a
washcoated monolith using a combination of transmission
electron microscopy and X-ray absorption/diffraction
spectroscopy at various spatial scales. The inhomogeneity of the
catalytic coating was demonstrated to play a critical role in the
development of local deactivation. Alzahrani et al>" used the
combination of three-dimensional computational fluid
dynamics (CFD) modelling and spatially resolved near-infrared
tomography to investigate the local deactivation within a gas-
solid packed bed reactor. The local deactivation occurred in thin
layers at the exterior of the catalytic particle in contact with the
flow. The intra-particle mass transfer was found to be greatly
impacted by deactivation.

The present work reports on the measurement of the
spatial distribution of the diffusion regimes of the reactants
and products of CO oxidation in a deactivated monolith
catalyst. The diffusion information within the washcoated
monolith catalysts, such as the axial distribution of overall
mass transfer coefficients and effective diffusivity, are
depicted. The SpaciMS was used in conjunction with CO
oxidation to probe the impact of deactivation on a vehicle-
aged catalytic monolith to gather information regarding the
location of the deactivated zone.

Experimental

The SpaciMS apparatus used in this work is schematically
depicted in Fig. 2 and has been adapted from a previous
work carried out by Coney et al>*”** The major components
of the SpaciMS instrument include a mass spectrometer
(MS), fused silica capillaries to collect small samples of gas at
strategic locations within the monolith, a temperature
interface, a z-motion drive unit to move the capillaries, a
tubular split furnace and a stainless-steel reactor. A more
detailed description is available in literature.*
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Fig. 2 Schematic representation of the SpaciMS setup.

The cordierite ceramic honeycomb monolith catalyst was
supplied by General Motors, and was removed from a pick-
up truck after 128000 km of real-world operation. The
catalyst consisted of 55.2 g ft™ (1.949 kg m™) Pd supported
on Al,O;, washcoated on a cordierite substrate with a
channel density of 600 cells per square inch. As shown in
Fig. 3, the core sample used in the present study was
extracted from the central area of the full monolith brick.
The extracted core sample was subsequently cut in two half
parts with sample F (front core) corresponding to the inlet
half, and sample B (back core) corresponding to the outlet
half of the brick. The core length was ca. 30 mm, with an
outer diameter of ca. 17 mm.

For the mapping of spatially resolved concentration
profiles, CO, O, and CO, were fed separately to the central
channel of the monolith using an ‘inlet capillary’, and the
diffusion through the washcoat and the wall were measured

1 Exhaust
Flow

V2 -}

Fig. 3 F and B core used for the experiments; the radial distribution of
the thermocouples is indicated with the numbers (1 to 6) and the
sampling capillary positioned in the central area of each core (red).
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via the resolving of the axial concentration profiles in the
inlet and adjacent channels (Fig. 4(a)). To ensure that no
gaseous species fed via the inlet capillary leaked to
neighbouring channels from the upstream face of the
monolith core, the inlet capillary was positioned at a distance
of 3 mm into the inlet channel (Fig. 4(b)). To minimise the
impact of unsteady flow at the exit of the inlet capillary,
which may lead to fluctuation in the MS detection, a gap of 2
mm between the sampling capillary and the inlet capillary
was set up at the starting position. The sampling capillaries
were moved axially with a total movement distance of 20
mm. The gas composition was analysed at seven axial
positions using the MS. At each sampling position, the multi-
position switch valve determined which sampling capillary
was connected to the MS, and the concentrations of the
gaseous species inside the inlet or adjacent channel were
sequentially measured. At each of these locations the gas
concentration was sampled at a rate of two measurements
per second for a duration of five minutes, giving a total of
600 readings. The average and standard deviation of these
600 measurements were then recorded at each location. Axial
spatial resolution scans of the monolith channel were made
with a resolution of 0.5 mm. A settling time of ca. 1 min was
used after moving the probes from one position to the next,
to ensure that steady-state conditions were re-established and
the recording was automatically paused during that time to
avoid misleading fluctuations of the signal. Further details of
the experimental configuration are available in the ESLf}

The flow rate of CO (10 v/v% mixture in gas cylinder), O,
(pure gas) and CO, (pure gas) were ca. 13.1, 8.8 and 8.8 mL
min™ respectively. Argon was used as a balance gas. At the
inlet, the total carrier gas Ar flow rate was ca. 2626.5 mL min ™"
for the CO, O, and CO, diffusion tests. Since the monolith core
used contained ca. 200 channels, the flow rate of the carrier
gas (Ar) in each channel was ca. 13.1 mL min" for the
diffusion test. In the central channel, the concentrations of the
CO, O, and CO, supplied at the inlet were ca. 5, 40 and 40 v/v%
respectively. The furnace temperatures employed for these tests
were 25, 100 and 200 °C.

Considering the invasiveness of sampling capillary within
the channel, the channel cross-sectional area was ca. 1.284 x

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Schematic representation of capillaries setting: (a) enlarged schematic of the inlet and sampling capillaries: the symbol “@” refers to the
inlet capillary axially inserted into the inlet channel in the same direction as the gas flow, while the symbol “®” refers to the sampling capillaries
inserted into the monolith channel from the exit side. “Cc.n” and “C,q” are the sampling capillaries inside the central and adjacent channels
respectively; (b) enlarged schematic of the sampling locations for the F and B core. Note that the location of the black labels refers to diffusion
sampling points, while the location in the red labels refers to light-off measurement points.

107® m?, while the capillary cross-sectional area was ca. 3.8 x
10"® m?® Consequently, the fraction of the channel cross-
sectional area occupied by the capillary was 2.96%. The
sampling flowrate was ca. 10 pL, min™", while the gas flowrate
within the sampling channel was 26.2 mL min™" for CO
diffusion, 21.9 mL min™* for O, and CO, diffusion. The
fraction of sampling flowrate in the total gas flowrate was
therefore 0.038% (for CO) and 0.046% (for O, and CO,). The
invasiveness evaluation study of the sampling capillary used
in this equipment was elucidated in previous work published
from our group.>* Three-dimensional CFD modelling was
used and showed that the insertion of the small capillaries
had an extremely small impact on the flow. The results
reported so far indicate that if the experimental technique is
carefully designed, the invasiveness of physical probes can be
minimised in order to not affect the environment of the
catalyst being investigated.

In addition to the diffusion experiments, light-off
experiments were also performed with the aim of measuring
the variation of conversion efficiency with temperature. These
tests were performed within the central channel of the F and B
cores. The reaction mixture consisted of 1.0 v/v% CO, 0.525 v/
v% O, (5% stoichiometric excess of O,), 1 v/v% Kr (tracer), and
balance Ar. The total flow rate was 200 mL min ",
corresponding to a volume hourly space velocity of ca. 1760
h™. Before each test, the catalyst was pre-heated for two hours
in Ar at a temperature of 150 °C (total flow rate 200 mL min™")
to achieve an isothermal temperature and to remove any
residual water adsorbed on the catalyst. After the pre-treatment

This journal is © The Royal Society of Chemistry 2023

and cooling by the flow of Ar, the catalyst was heated at a rate
of 1 °C min™ from room temperature to 400 °C. All gases were
>99.9% purity and used without further purification. Gas flow
rates were regulated by Brooks Instrument mass flow
controllers. As shown in Fig. 4(b), the experiments were
performed with the sampling capillaries positioned at three
fixed axial positions: 1, 9 and 19 mm from the front inlet of the
monolith cores. As shown in Fig. 3, the MS signals were
recorded using one capillary inserted in a central channel of
the catalyst and the associated temperature profiles were
recorded with a series of thermocouples (marked by 1 to 6 in
Fig. 3), with thermocouple 1 located in the channel adjacent to
the one containing the sampling capillary.

In terms of pre-treatment, all cores were exposed to 100
vol% Ar at 25, 100 and 200 °C respectively for diffusion
experiments, and room temperature to 400 °C for light-off
experiments for a minimum period of 40 minutes. The m/z
signals of 28, 44, 32 and 36 were continuously monitored by
the mass spectrometer. All masses of interest were
normalized by the signal of the internal tracer (Ar) to correct
for temporal variations in the detector response, and
pressure/transport properties in the sampling capillary. Thus
for each experiment the signals of the species of interest were
corrected by the internal standard. The baseline reading was
then subtracted and an average of each reading is
represented as a function of axial position. Sufficiently steady
mass spectrum baseline signals were deemed to occur when
all recorded m/z signals exhibited change of less than 5%
over a period of 15 minutes.

Catal. Sci. Technol,, 2023, 13,1802-1817 | 1805
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Results and discussion

Fig. 5 reports the concentration profiles of CO in the inlet and
adjacent channels of the monolith at 25, 100 and 200 °C in the
F and B core respectively (see the ESIf for O, and CO,).
Although the experimental tests for the F and B cores were
carried out separately, it is worth recalling that they
corresponded to one connected monolith core which had been
divided into a front and a back section. The concentrations
obtained in the inlet channel presented declining profiles
which were the consequence of the gas diffusion from the inlet
to adjacent channels through the porous channel walls. This
was a consequence of the combined effect of the diffusion of
gas species from the inlet channel into the adjacent channel,
and further diffusion from the adjacent channel to the second
adjacent channels. In the region in which the gas
concentration is rising, the diffusion from the inlet channel
dominated until a maximum concentration was obtained. At
longer axial distances, the subsequent diffusion from the
adjacent channel to the second adjacent channels took over
which resulted in a progressive reduction of the concentration
with axial position. The concentration profiles were
temperature dependent; therefore, at identical axial positions
in the inlet channel, higher concentrations were observed at

View Article Online
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lower temperatures. For the adjacent channel, the peak
concentration was obtained closer to the channel inlet at the
higher temperatures. For the rear part of the monolith, lower
gas concentrations were observed at higher temperatures.
These changing concentration profiles were consistent with gas
diffusion presenting a positive temperature dependence i.e.
diffusion is faster as the temperature increases.

For each gaseous species, a significant change in
concentration profile existed between the two monolith cores,
with steeper curves inside the B core compared to the F core. A
difference in the gradient of the concentration profile is
indicative of a change in mass transfer e.g. pore diffusion. As
previously reported, variations in the porous structure of the
washcoat have a direct effect on gas diffusion.**® The
reduction in the gradient of the curve in the F core is indicative
of an alteration to the structure of the support, which can occur
when sintering or fouling occurs thereby increasing diffusional
resistance. The results presented here strongly support an axial
gradient in the reduction in pore diffusion, which may
significantly contribute to a reduction in catalyst performance.
Such a variation in diffusion is consistent with other spatially
resolved studies which conclude that deactivation by poisoning
occurs from the front end of the catalytic converter, and evolves
in a plug-like manner.>”*®
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Sharma et al.®® used a transport equation under the
assumption of plug flow in the channels (zero radial
gradients and zero axial diffusion), where the axial change of
the flow rate of gas species is equal to the rate of mass
transfer to the channel's surface:
oCy i 0Cy i
% = —ua%;l - kr—': (cqi—csi) (1)
where:

cg; is the concentration of the species i in the bulk fluid
(mol m™)

cs,; is the concentration of the species i in the wall (mol m™)

u is the linear velocity (m s™)

, is the channel hydraulic radius (m)

kwm is the mass transfer coefficient (m s)

Based on the mass flux balance, the transport to the
channel surface is equal to the transport between channels,
and so eqn (2) can be derived:

km(cg,i - Cs,i) = koverall(cg,i,l - Cg,i,z) (2)

where:

Koveranl i the overall mass transfer coefficient (m s™)

Cg,i,1 is the gas phase cup mixing concentration in channel
1 (inlet channel) (mol m™)

Cg,i,2 is the gas phase cup mixing concentration in channel
2 (adjacent channel) (mol m™)

Thus eqn (1) can be rewritten as:

acg,i acgj koverall
—r = —y—= - (

Coi1—Coj 3
at ax rh g,l,l g,l,Z) ( )

At steady-state, the evolution of the gas concentrations is
constant at each axial position regardless of time, thus the
left term of eqn (3) is 0.
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To derive the overall mass transfer coefficient, kgyeran, in the
washcoated monolith, data from Fig. 6 were used. Since the
axial concentration data ¢y ;;(x) and c,;,(x) were measured
experimentally, koyeran can be calculated using eqn (6) (at
steady-state) as a function of ¢ ;.

X,
koverall "
hu

Cg‘i(xn) - Cg,i(o) = [Cg‘l',l(x) - Cg,i,z(x)} ox (6)

0
where:

Cq,i(xy) is the concentration at axial position of x,, (mm) in
the inlet channel (mol m™)

¢.,i(0) is the inlet concentration (mol m™?)

When x =0, ¢g;,(0) =0

Fig. 6 summarises the calculated overall mass transfer
parameters for CO, O,, and CO, at the three temperatures
explored. In order to show the evolution of the overall mass
transfer coefficients as would have existed before the catalyst
was separated into front and back sections, the data in Fig. 6 is
plotted as though both sections were re-connected into one
continuous catalyst. The x-axis therefore shows the distance
from the entrance to the original monolith core, which is also
the entrance to the F core. Considering eqn (6), it can be seen
that the koyeran value can only be calculated from the second
sampling location (7 mm) onwards, since it requires knowledge
of the gas concentration at the preceding sampling location.
Remarkably, the combined results for all species and at all
temperatures displayed an apparent continuous profile. The
koveran Vvalues rose with temperature and decreased with
molecular weight. The front of the F core gave further
confirmation of the fact that the deactivation mainly affected
the front part of the catalytic converter. If deactivation had
affected the entire monolith uniformly, similar koyeran values
should be found in both the F and B cores. However the overall
mass transfer coefficients of all gaseous species in the B core

Thus: . . .
were higher than those in the F core. Moreover, with the F core,
—u OCgi _ Koveran (Cain —Cgiz) (4) the overall mass transfer coefficients at the outlet (25 mm) were
ox h " " much larger than that at the front part (7 mm). Much smaller
differences between the front (37 mm) and outlet (55 mm) of
ACgi = _ Koveran (Cgit = Cgiz)0x (5) the B core compared to the F core also suggested that no
'nt significant change in pore diffusion had occurred in the rear
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Fig. 6 Overall mass transfer coefficients at increasing temperatures for O,, CO and CO,.

This journal is © The Royal Society of Chemistry 2023

Catal. Sci. Technol,, 2023, 13,1802-1817 | 1807


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cy01961b

Open Access Article. Published on 09 February 2023. Downloaded on 8/3/2025 7:03:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

section of the catalyst (Table 1 summarises the koyeran values at
these positions). Therefore, the average value of koyeran in each
position of the B core was used to determine the effective
diffusivities of this core.

From the koweran values at each position, the effective
diffusivity of the different gaseous species can be calculated.
Assuming that the thickness of the substrate and washcoat
were uniform, eqn (7) can be used to calculate the diffusion
through the wall:

W W 2We
Diett  Diseft  Diw.eft

)

where:

W is the overall wall thickness including the substrate and
washcoat (m)

W is the thickness of substrate (m)

W, is the thickness of washcoat (m)

D, ¢ is the effective diffusivity through the combined
substrate and washcoat layers (m”* s™")

Djseir is the effective diffusivity through the substrate
thickness W, (m?> s™)

Dj et is the effective diffusivity through the washcoat
layer thickness W,, (m* s™)

Table 2 reports the average thicknesses of the washcoat
and the substrate measured by scanning electron microscopy.
This data is provided in the ESLf

Considering the combined effect of the washcoat and
substrate, the overall mass transfer coefficient, or effective
diffusivity, can be written as eqn (8)."?

ro_1 w1 ®)
koverall B kml Di,eff kmz

where:

ko1 is the external mass transfer coefficient from gas bulk
to channel surface (m s™*)

kmo is the external mass transfer coefficient from channel
surface to gas bulk (m s™)

km can be calculated from:

km _ Sh(xzi.DABA'M (9)
h
where:
Sh(x) is the local Sherwood number at the position of x
Dag . is the binary gas phase diffusivity of A and B (m*s™)
dy is the hydraulic diameter (m)

Table 1 Overall mass transfer coefficients (koyeraw) Values at the inlet and
outlet of the F and B core at 200 °C

F core B core
Gas 7 mm 25 mm 37 mm 55 mm
O, 0.024 0.036 0.039 0.043
CO 0.030 0.039 0.042 0.043
CO, 0.025 0.031 0.033 0.035

Note that the unit of kgyera is m s .
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Table 2 Measured washcoat and substrate thickness

Washcoat
Substrate

35 um
109 pm

Dapm Was calculated through the Hirschfelder's equation
(Chapman-Enskog theory)*°

0.5
-371.5 1 1
1.858x10°T (ATA+I\TB)

DAB,M — (10)

Doas*2p
where:

Dagm is the binary gas phase diffusivity of A and B (cm® s™")

T is the temperature (K)

M is the molar mass of species A or B (g mol™)

p is the total pressure (atm)

s is the Lennard-Jones collision diameter (A)

Qp, is the collision integral for molecular diffusion

Once the value of the local Sherwood number, Sh(x), was
known, the local mass transfer coefficient, k., can be
calculated using eqn (9). Additionally, % can be calculated
using eqn (8). Details regarding the method used for the
calculation of local Sh(x) is available in the in previous work
by Wang et al.'® Fig. 7 reports the spatially resolved values of
Diett

Kkm1, kmo and for O,/Ar, CO/Ar and CO,/Ar at the various

temperatures explored for the B and F cores respectively. The
profile of the mass transfer parameters rose with decreasing
molecular weight as expected. At the end of monolith core,
Dieft

especially for the B core, gave the largest value, ie.

where the impact of the deactivation is minimal.

The monolith used in this study had a channel wall which
consisted of one substrate and two washcoat layers, thus eqn
(7) and (8) can be further rewritten as:

1 1 W 2We 1

- + +— 1
kmi  Disett Diwett kmo (1)

koverall

Moreover, the effective diffusivity depends on the porosity
and tortuosity of each medium, and can be written as:
&
Diett = _Dio (12)

where:

¢ is the porosity of the material

7 is the tortuosity

D, is the total diffusivity of species i (m* s™")

The total diffusion through the substrate or washcoat can
also be expressed using the Bosanquet approach:

v~ (o *x)
0 =

" Dim  Dixk
where:

D, is the molecular diffusion coefficient (m> s™")
D x is the Knudsen diffusion coefficient (m* s™

(13)

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Spatial profile of the mass transfer coefficients of O,, CO and CO, within the F and B cores at various temperatures: (a) 25 °C at the F core;

(b) 100 °C at the F core; (c) 200 °C at the F core; (d) 25 °C at the B core; (e) 100 °C at the B core; (f) 200 °C at the B core.

Thus:

D=5+ 1Y (14)
befl = 7 Dim  Dix

D,y can be calculated using eqn (10). Knudsen diffusion

coefficient, D;, can be calculated as:*'

dy, [8RT
Dix =—
3 ™M
where:

d,, is the average pore diameter (m)

R is the universal gas constant = 8314 J kmol ™" K™

M; is the molecular mass (g mol ™)

Due to the porosity and tortuosity being different for the

(15)

w
substrate and the washcoat, D in eqn (8) can be fully

; eff

expressed as:
Ws

w
D; - o
), (o)

Wy

-1
(f)w (ﬁ + D(iv.l()

(16)

where:

e\ . .
(—) is the ratio for substrate
T/ s

This journal is © The Royal Society of Chemistry 2023

e\ . .
(—) is the ratio for washcoat
T/ w

The effective diffusions of O,, CO and CO, within both the
substrate and the washcoat can be derived using a modified
Bosanquet approach: either molecular or Knudsen diffusion
acts as the dominant diffusion regime inside the substrate or
washcoat depending on the mean free path of the molecule and
the pore diameter.>***> Therefore, to estimate the unknown
diffusion parameters and the nature of the dominant diffusion
regimes inside the substrate and washcoat, a set of functions
were developed and solved under four separate assumptions:

1) MM: both the diffusion within the substrate and the
washcoat are in the molecular regime (eqn (17));

2) MK: the diffusion within the substrate is in
molecular regime and in the Knudsen regime within
washcoat (eqn (18));

3) KM: the diffusion within the substrate is in
Knudsen regime and in the molecular regime within
washcoat (eqn (19));

4) KK: both the diffusion within the substrate and
washcoat are in the Knudsen regime (eqn (20)).

the
the

the
the

the

w Ws 2VVW
=4 17
Diett (8 Dim  (5),,Dim (47)
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w Wy 2Wy
— + 18
Diett (£ Dim  (5),Diwx (8)
w W 2Wy
= + - 19
Diett (9 Disx  (£),Dim ()
w W 2Wy
_ + 20
Diett (£ Disk (9, Diwx (20)

Then using eqn (15), the Knudsen diffusion coefficient, D,
can be corrected as:

D, B (e)D‘ B (e) dp, [8RT
1 Keff = z K — ) 3 TEM,'

Although the porosity, tortuosity and mean pore diameter for
the substrate and washcoat are unknown in eqn (17)-(20), ¢
has a value between 0 and 1, while 7 typically has a value in
the range from 1 to 10. Meanwhile, 7 is essentially a
structural factor, thus it is independent of both temperature
and the nature of the diffusing species. d in the cordierite
substrate is in the mesoporous to macroporous range from 2
nm to 10 pm,* while dp,, in the y-Al,0; washcoat is in the

(1)

1,2 . € €
mesoporous range from 2 to 50 nm.’~ Herein, - and <—> dp
T T

are lumped as one number respectively and further
optimised. This means that for each of the four assumptions
there are two unknown numbers to determine.

D; et

Using the data from Fig. 7, ie at various

temperatures, the best assumptions and associated
parameters could be identified through the assessment of

the smallest residual sum of squared errors between the

. D;
experimental and calculated values of l—‘;ff Table 3 reports

the best fitted (E) <f>w, (f)sdps and (g)wdpw for 0,, CO

T T
and CO, employed in the four assumptions for the B core,
. . D;

and Fig. 8 reports the experimental and calculated l—“e/ff for
the three gaseous species for each assumption. Table 4
reports the residual sum of squared errors of the calculated
and experimental values for Fig. 8. Considering that the same
diffusion assumption is applied to O,, CO and CO,, the MM
assumption (molecular diffusion in the substrate and
washcoat) gives the smallest deviation between the
experimental data compared to the other three assumptions.

Table 3 Optimised parameters for the four assumptions for the B core

MM MK KM KK
<§> 0.25 0.4 — —
T/s
<§> 035 — 0.15 —
T/ w
(f) d — — 1.00x10’m  1.00x 10’ m
T/ s ps
(f) d — 3.00x10°%m  — 2,50 x 10 8 m
T/w pw

1810 | Catal Sci. Technol,, 2023, 13, 1802-1817

View Article Online

Catalysis Science & Technology

Fig. S31 reports the parity plots which were used to

illustrate the correlation between the experimental and
Diett

calculated values of

. For the case assuming diffusion

within the substrate and washcoat are in the molecular
regimes (Fig. S3(a)f), the results obtained displayed little
deviation of the data points from the parity line, with most
points well within the +10% window. This suggested that
diffusion within the substrate and washcoat were both in the
molecular regime (MM assumption).

Considering that the molecular diffusion coefficients are
dependent on temperature, with temperature dependence of
T"® for both the substrate and washcoat, the following
equations can be written. For the substrate:

&
DisMeft = <;> Djism = DismoT"? (22)
S
And:
0.5
-3 1 1
& 1.858x10 (M_A + M_B)
Diswo = (%) : (23)
/s PoaR*Sp
For the washcoat:
&
DjwM.eft = (—) Djwm = DiwmoT"® (24)
T/ w
And:
0.5
-3 1 1
5 B <6> 1.858 %10 (m+m> (25)
LWM0 — ) w pUABZQD

It should also be noted that the collision integral for the
molecular diffusion 2y, is a function of temperature. However,
the variation of €y is not significant when the variation of
temperature is not too large (£100 °C). In this study, the
temperature range used was 25 to 200 °C, consequently the €y,
value at 100 °C was used as an approximate value which was
assumed independent of temperature.

Table 5 summarises the calculated diffusion coefficients
in the substrate (D;4wm0) and washcoat (D;w o) for O,, CO
and CO,. It should be noted that the values of (g) and (g)

S w
were taken from Table 3 (MM assumption).

Most monolith catalysts used for automotive applications
use similar cordierite-based material, therefore the effective
diffusivities in such substrates would be expected to be
within a similar range.?® The calculated diffusivity for O, in
the substrate at 100 and 200 °C (373.15 and 473.15 K) using
eqn (22) were 7.19 x 107° and 1.03 x 10> m* s™" respectively.
These results are comparable to the referenced values of 9.28
x 107 and 1.29 x 107> m?> s™* (Sharma et al.*°), and 1.11 x
10 and 1.58 x 10> m? s ' (Wang et al'®) at the same
temperatures which were also measured by a spatially
resolved technique. It is expected that the cordierite substrate
used in both cases in essentially the same, and the
agreement between these three investigations is excellent.*
Zhang et al.® measured the effective diffusivity of CO in N,
through the washcoated monolith catalyst using a modified

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Validation of assumptions of O,, CO and CO; in the B core: (a) substrate: molecular diffusion, washcoat: molecular diffusion; (b) substrate:
molecular diffusion, washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: molecular diffusion; (d) substrate: Knudsen diffusion,

washcoat: Knudsen diffusion.

form of a Wicke-Kallenbach type of diffusion cell. The
experiments were performed at 17 °C (290 K) and pressures
between 106 and 150 kPa. The calculated diffusivity for CO in
the substrate at 17 °C using eqn (22) was 4.87 x 10°° m* s™".
This result is in the same order of magnitude to the value of
1.00 x 10™® m® s at the same temperatures reported by
Zhang et al For the washcoat, the calculated effective
diffusivity for CO, at 100 °C using eqn (24) was 7.50 x 107°
m? s™'. This result is comparable to the values of 2.26 x 107°
m?> s at the same temperature again reported by Wang
et al., which was also measured using a spatially resolved
technique. The calculated effective diffusivity for CO at 17 °C
using eqn (24) was 6.82 x 10°® m” s, This result is in the
same order of magnitude to the value of 1.5 x 10° m?* s™" at
the same temperatures again reported by Zhang et al.

Table 4 Residual sum of squared errors for the species at four
assumptions in the B core

0, CO, CcO Sum
MM 5.45x 107" 3.01x107° 1.76 x 107° 1.02 x 107*
MK 3.47 x107* 430 x107° 1.07 x 107° 4.01x107*
KM 1.51x 107" 1.89 x 107° 5.56 x 10" 2.26 x 107"
KK 5.50 x 10°* 1.06 x 10°* 8.70 x 10°° 7.43 x10°*

This journal is © The Royal Society of Chemistry 2023

Spatial distribution of diffusion
regimes

As can be observed from Fig. 6, unlike the B core which
showed a uniform nature, there is an obvious distribution of
koveran in the F core. Therefore it was necessary to locally
analyse the distribution of diffusion regime for each
measurement position from 7 to 25 mm for the F core.

The analysis procedures used for the B core were repeated

at all axial point measure in the F core. To illustrate the
. .. fa f
results obtained, Table 6 reports the optimised <—) , (—) ,
T/ s T/ w
<§> dps and (E) dpw for O,, CO and CO, employed in four
S w

assumptions at the 9 mm position and Fig. 9 correspondingly

Table 5 Calculated diffusion coefficients derived from the modified
Bosanquet approach in the B core

Molecular diffusion
coefficients (substrate)

Molecular diffusion
coefficients (washcoat)

Gas Dj gm0 (M* s " K7) Diwmo (m* s K?)
0, 9.98 x 10°*° 1.40 x 107°
Cco 9.87 x 10 *° 1.38x10°°
CO, 7.46 x 10710 1.04 x 107°

Catal. Sci. Technol., 2023, 13,1802-1817 | 181
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Table 6 Optimised parameters for diffusion assumptions at 9 mm from
the entrance of the F core

View Article Online
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Table 7 Residual sum of squared errors for the gas in diffusion
assumptions at 9 mm from the entrance of the F core

MM MK KM KK 0, CO, CcO Sum
(f) 0.15 0.15 — — MM 2.02%x107° 2.83x107° 1.66 x 10° 6.51x107°
/s MK 1.35x10°° 7.26 x10°° 3.38x10° 1.20 x 10°°
<7> 015  — 0.3 — KM 1.88x 107° 2.46 x 10°° 2.05 x10°° 417 x10°°
T/ w -5 —6 -5 -5
(§> p . . 2.0 %10 m ssx10fm KK 4.78 x 10 9.79 x 10 4.07 x 10 9.82 x 10
ps
T/ s
(5) d — 25x10°%m — 25x10°%m
T/ w P
results to the experimental data. Unlike the MM diffusion
Diit regime in the entire B core, this analysis suggests that the
e

reports the best fit for the calculated 17 for all gaseous

species for each assumption. Table 7 reports the residual
sum of squared errors of the calculated and experimental
value for Fig. 9. The MK assumption gave the smallest
deviation between the experimental data compared to other
three assumptions at this axial position.

Fig. S41 reports the parity plots which were used to
illustrate  the satisfactory correlation between the

D; eft

experimental and calculated W At the position of 9 mm

from the entrance of the F core, the assumption of diffusion
within the substrate and washcoat is respectively in molecular
and Knudsen diffusion regimes (Fig. S4(b)t) gave the closest

0.04
(a) MM X
_0.03 6
A X
8 % H
X (]
A 0.02 é >
3
S0 |~
0
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Temp. (°C)
0.04
(¢c) KM
_0.03 %
Sw|x & °
e 0.02 g
%
= 0.01
0
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Temp. (°C)
ACOEXP
0CO2 EXP
002 EXP

diffusion within the substrate and washcoat at the 9 mm
location was in molecular and Knudsen regimes respectively
(MK approach). This indicates a reduction of the pore
diameter within the washcoat compared to the B core at this
position, and is most likely the consequence of deactivation.
The same analysis procedures were used at each of the
sampled positions within the F core. Table 8 summarises the
spatial diffusion regime and the monolith property
parameters for the entire F core. Impacted by the
deactivation effects to different extents which depend on
axial position, the diffusion regimes within the F core present
a discrete nature. The deactivation impacts on the front part
of the F core are more likely to be greater than on the exit

0.04
(b) MK
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g X -
. ]
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3 2
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Fig. 9 Validation of assumptions of O,, CO and CO, at 9 mm from the entrance of the F core: (a) substrate: molecular diffusion, washcoat:
molecular diffusion; (b) substrate: molecular diffusion, washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: molecular

diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion.
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Table 8 Spatial distribution of diffusion regime and monolith property
coefficients for F core

Length (mm) Diffusion regime (E)S (E)w

Q2 ()

7 MK 015 —  — 2.0x10°m
9 MK 015 —  — 2.5x10°m
11 MM 0.20 020 — —
13 MM 0.25 020 — —
15 MM 0.25 025 — —
20 MM 0.25 030 — —
25 MM 0.25 0.30 — —
and, compared to the substrate, the washcoat/support

component is considered to be more sensitive to deactivation
effects by reducing pore size, hence the Knudsen diffusion
regime at the 7 mm and 9 mm locations. It should be noted
that the dominant diffusion regime at the exit is the MM
regime, which is coherent with the regime for the B core
connected with the exit of the F core.

Using the data reported in Table 8, Fig. 10-12 report the
spatial profiles of effective diffusivity for the O,, CO and CO,
in the substrate and washcoat respectively at various
temperatures. For the MK regime, the equations for the
effective diffusivity in the substrate are eqn (22) and (23),
while for the washcoat, they are:

&
Disert = (5) Diwic = DiwoT"? (26)
T/ W
And:
& 1 8R0
D; :(-) A= 1| 27
K0 A P 3\ (27)

For the MM regime, the calculation of the effective
diffusivity in the substrate is represented by eqn (22) and
(23), and in the washcoat by eqn (24) and (25). A rise of
effective diffusivity in the F core with axial position illustrates
the spatially distributed nature of the deactivation and its
subsequent impact on diffusion.

1.5E-05 ;
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.
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View Article Online

Paper

In the F core, the smaller diffusion coefficients compared
to the B core can be explained either by fouling or sintering
of the washcoat, leading to a reduction in the pore openings
and thus inhibition of the gas diffusion from the inlet to
adjacent channel through the washcoat. It is interesting to
note that, while the effective diffusion within the substrate
was less affected than that through the washcoat, a
significant drop was nevertheless observed for the first 10
mm. This would tend to indicate that fouling may have been
involved as a deactivation mechanism which had a stronger
and deeper impact on the smaller size pores of the washcoat
compared to those of the substrate.

To illustrate the satisfactory correlation between the
experimental and calculated effective diffusions for O,, CO
and CO,, Fig. S7t reports the parity plots between the
experimentally measured values and those calculated
reported in Fig. 10-12 and eqn (28). The results displayed
little deviation of the data points from the parity line with
most points well within the +10% window, thus suggesting
that the calculated results are close to the experimental data.

D; w 2w, \ 7
ieff _ ( 1 + 2 > (28)
w Diseft  Diw.eff

In order to further clarify the process and location

responsible for this lower activity zone, light-off experiments
were conducted at three axial positions (1, 9 and 19 mm from
the inlet) for both the F and B core.

Fig. 13(a) and (b) show typical gas concentration light-off
profiles as a function of temperature, which was obtained at
19 mm from the inlet for the F and B core respectively. The
full set of profiles obtained at 1 and 9 mm locations are
provided in the ESIj As expected, CO and O, are gradually
consumed and CO, is formed as the temperature increases to
the point that light-off is achieved and a dramatic increase in
the conversion rate is obtained. Importantly, the CO is
completely converted past the light-off point as expected.
Fig. 13(c) and (d) summarise the CO, concentration profiles
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Fig. 10
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Spatial effective diffusivity of O, for the F and B cores: (a) substrate, (b) washcoat.
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obtained during the light-off tests for the F and B core. In all
cases, the light-off temperature (75,) decreases with
increasing axial position (Table 9). The axial position
dependence of the 75, is consistent with its expected
dependence on the amount of catalyst seen by the reacting
gas ie. at steady-state temperature, the conversion will
increase with increased residence time.

In the case of the F core, a more dramatic change in the
shape of the light-off curves is observed between the inlet (1
mm) and middle (9 mm) part of the F core, Fig. 13(c), with
much sharper profiles at 9 and 19 mm compared to the 1
mm position. This clearly indicates that much higher
temperatures are required for the CO to be fully converted to
CO, at the monolith's inlet position (ca. 335 °C) compared to
the middle and end-part, where the CO was fully consumed
at ca. 234 °C and 220 °C respectively.

Since the catalytic activity is related to the number of
active sites on the surface,’” it can be concluded that in
the front region of the monolith, the loss in catalytic
activity was the highest, most probably due to poison/
fouling material deposition. Poisoning or fouling of the
catalyst leads to changes to the active sites and/or a

1814 | Catal. Sci. Technol.,, 2023, 13,1802-1817

resistance to mass transfer between the bulk of the fluid
and the surface. The consequence of such catalyst
modifications will be an alteration of the apparent
reaction rate constant hence the change in the profile of
the light-off for 1 mm in the F core compared to the
other axial positions. If poisoning/fouling material had
affected the entire monolith uniformly, similar light-off
temperatures and profiles would have been observed with
both the F and B core. However, as shown in
Fig. 13(c) and (d) and Table 9, the inlet of the B core
was much more active than that of the F core. The low
performance at the front part of the converter and the
higher performance at the centre and rear parts of the
catalyst are in agreement with other studies of the
position-dependent poisoning phenomena in catalysts.**°

A similar trend was observed for the B core, but there was
less variation in the light-off temperatures from inlet to
outlet. For the B core, the formation of CO, at 1 mm started
at ca. 165 °C, while with the F core it was not observed until
195 °C. The smaller difference between the temperatures at
which full CO conversion was obtained at the inlet (266 °C)
and outlet (ca. 209 °C) of B compared to the F core also

This journal is © The Royal Society of Chemistry 2023
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supports the hypothesis that no significant alteration in the
number of active sites had taken place in the B core.

Using the idealised conversion vs. temperature plot from
Heck et al.,"” (Fig. 1), a reduced number of sites of a sintered
catalyst would lead to a shift in the CO conversion curve to
higher temperature compared with a fresh catalyst. The two
profiles obtained in this case should be “parallel”, without
any change in the slope of the curves since the remaining
available sites can function as before; the reaction being
under the kinetic regime. This is what is observed between
the curves obtained at the 9 mm and 19 mm positions with
both the B and F core, which is consistent with expectations
since in the case of the 9 mm position the gas sampled has
“seen” less catalyst before sampling than in the case of the
19 mm position. Conversely, the shape of the 1 mm curve
differed from that of the other two, with a more shallow
gradient in the mass transfer controlled region indicating a
reduction in pore diffusion. There is, however, also a
difference in the profile shape for the 1 mm axial position of
the B core, which is unlikely to be due to sintering/pore
blockages given that the middle and outlet positions of the F
core were unaffected by such processes. It has been reported

Table 9 Light-off temperatures (50%) for CO oxidation over F and B
core

Axial position (mm) T (°C) - F core T (°C) - B core

1 270 236
9 228 216
19 213 203

This journal is © The Royal Society of Chemistry 2023

that when the gas flow initially enters the catalyst, the flow
separates from the leading edge of the channel, resulting in
the formation of turbulence flow until a laminar flow regime
is established. This mass transfer effect, which increases
mass transfer rate, would occur at the inlet of any core, and
so there would be a contribution of such turbulence to the B
core also. Given the difference in shape of the two 1 mm
profiles, however, additional processes clearly occur on the F
core, and this is likely to be due to pore blockages as
previously discussed. This difference in activity is in
agreement with the results already presented herein as well
as other spatially resolved studies stating that deactivation
occurs from the front end of the catalytic converter, in a
plug-like manner.>”*°

The results presented here are of relevance to the simulation
of aged catalysts for automotive applications. In scenarios such
as this it is common to model the reduction in catalyst activity
by reducing the surface area of the precious metal, either as a
function of location within the catalyst or, more commonly, as
a uniformly distributed deactivation. The mass transfer
parameters are frequently left untouched at their initial, non-
aged, values. However, this research shows that deactivation of
the catalyst in real-world applications results in significant
changes to the mass transfer of reactants and pollutants
through the washcoat, and presents values for the diffusion
properties in a typical vehicle-aged catalyst. These values can
readily be incorporated into catalyst models thereby providing
a more accurate representation of the aged catalyst's activity
and, by extension, more accurate predictions of in-service
vehicle emissions.

Catal. Sci. Technol., 2023,13,1802-1817 | 1815
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Conclusions

An in situ spatially resolved method was developed to study the
spatial impact of deactivation on the mass transfer in aged
washcoated monolith cores. Axially-resolved effective diffusivity
have been acquired for the reactants and products of the CO
oxidation. A more accurate and comprehensive quantitative
axial evolution of mass transfer coefficients was obtained from
the SpaciMS analysis of monolith cores. The intra-catalyst
information such as the evolution of overall mass transfer
coefficients have been depicted and their values were greatly
influenced by the axial position, especially for the front core,
while no significant change in pore diffusion within the back
core was observed. The internal mass transfer coefficients of
CO, O, and CO, were measured at different temperatures and
the resultant effective diffusivities were calculated using a
modified Bosanquet approach which confirmed that the
dominant diffusion regimes in the substrate and washcoat are
molecular and Knudsen respectively. Further analysis of the
effective diffusions quantitatively revealed the major reason of
the difference of concentration profiles between the F and B
cores stemmed from the reduction in diffusion within the
Furthermore, the
conducted to visualise the process and location of lower activity

washcoat. light-off experiments were
zone distributes in a plug-like manner within the washcoated
monolith cores. The results presented are of relevance to the
simulation of aged catalysts for automotive applications. This
research quantifies the significant extent to which the diffusion
parameters change when subjected to poisoning which, when
incorporated into a catalyst model, will contribute to more

accurate predictions of vehicle emissions.

Nomenclature

Symbols and abbreviations

Cq,i Concentration of species in the gas phase (—)

Cp Specific heat (J kg™' K™)

Csi Concentration of species in the solid wall (—)
Dapm Binary gas phase diffusivity of A and B (m* s™)

Dio Total diffusivity of species i (m* s™")

Disert  Effective diffusivity of species 7 in substrate (m”* s™")
D w eff Effective diffusivity of species 7 in washcoat (m?* s™)
D; et Effective diffusivity of species i (m* s™)

Dix Knudsen diffusivity of species i (m” s™")

Dim Molecular diffusivity of species 7 (m* s™)

dn Channel hydraulic diameter (m)

d, Mean pore size of porous medium (m)

km Convective mass transfer coefficient (m s™)
koverall Overall mass transfer coefficient (m s™)

L Length (m)

M Molecular weight (g mol™)

p Pressure (atm)

'n Channel hydraulic radius (m)

R Gas constant (J kmol™ K™)

Sh Sherwood number (—)

T Temperature (K)
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Linear velocity (m s )
w Wall thickness (m)

N

e Porosity of the material (—)

OaB Lennard-Jones collision diameter (A)

T Tortuosity (—)

Qp Collision integral for molecular diffusion (—)
Abbreviations

CFD Computational fluid dynamics

HC Hydrocarbon

MS Mass spectrometer

SpaciMS Spatially resolved capillary inlet mass spectroscopy
Subscripts

g Gaseous phase

K Knudsen diffusion

M  Molecular diffusion

s Substrate

S Solid phase

T Total

w Washcoat
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