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Abstract

The conversion efficiency of three way catalyst (TWC) depends on chemical reaction and transport limitations. This paper reports a
quantitative analysis of the relative importance of these limiting processes based on experimental data obtained under real world vehicle
operating conditions. The main conclusions are as follows: (i) above light-off temperature the mass transport phenomena overlaps the
kinetic limitation but pure external mass transfer control is hard to attain in TWC operating under real world automotive conditions,
even when both space velocity and operating temperature are very high; (ii) above light-off temperature the automotive TWC operates in
a mixed regime with both internal and external mass transfer playing important roles; (iii) the internal mass transfer limitation is more
important to control conversion in the TWC than the external mass transfer limitation but the relative importance of the external mass
transfer increases as the temperature rises; (iv) the internal mass transfer limitation cannot be disregard in TWC modeling studies and (v)
the results show that the current generation of TWC is over designed from an external mass transport viewpoint so that future improve-
ments of these devices can be achieved with porous washcoat with improved transport proprieties.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A typical three way catalyst (TWC) consists of a large
number of parallel channels, often in a honeycomb
arrangement. Small size channels of these devices provide
large surface area [1]. The surface of each channel is cov-
ered with a 10–150 lm thick porous layer, commonly called
as washcoat [2]. The catalytic washcoat in the monolith
converters usually consists of partially sintered c-Al2O3.
Crystallites of noble metals (typically Pt, Rh and Pd) are
dispersed on the c-Al2O3 support as active catalytic com-
ponents. Other components are added to the washcoat to
stabilize the porous structure; they may also act as active
catalytic centers (e.g., CeO2–ZrO2) [3]. Catalytic reactions
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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take place on the active sites (noble metal crystallites)
located on the surface of porous supporting material (c-
Al2O3) [4].

In order to comply with future automotive emission leg-
islation, it is necessary to ensure high catalytic efficiencies
of the exhaust gas after treatment systems both during cold
start and under normal operating conditions (i.e., after
light-off, when the catalyst temperature allows for conver-
sion efficiencies above 50%). This need to achieve
conversion efficiencies near 100%, under normal operating
conditions, is especially true for the so-called super-ultra-

low-emission vehicles. Under these circumstances, it is
decisive to improve the present understanding of all the
relevant processes that occur in TWC devices, in particular
those associated with the transport phenomena.

In a recent paper [2], we have reported data for ceramic
and metallic TWC operating under real world automotive
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Nomenclature

A pre-exponential Arrhenius factor (s�1)
A
V mass transfer area per unit of catalyst volume

(m�1)
Bim,i ratio of convective to diffusive mass transfer
Ci concentration of chemical specie i (mol m�3)
Cw,i concentration of chemical specie i at surface of

the washcoat (mol m�3)
d hydraulic diameter of monolith cell channel (m)
dp mean pore diameter (m)
Di combination of bulk and Knudsen diffusion of

the chemical specie i (m2 s�1)
Db,i bulk diffusion of the chemical specie i (m2 s�1)
Deff,i effective diffusion of the chemical specie

i (m2 s�1)
Deff,ref effective diffusion of the reference specie (m2 s�1)
DK,i Knudsen diffusion of the chemical specie

i (m2 s�1)
Dm,i molecular diffusion of the chemical specie

i (m2 s�1)
Ea activation energy (J mol�1)
L length of the channel (m)
km,i mass transfer coefficient from the bulk gas to the

washcoat surface (m s�1)
kðov;iÞS overall surface rate constant of the reacting spe-

cie i (m s�1)
kðov;iÞV overall rate constant per volume of washcoat for

the reacting specie i (s�1)
kS,i effective surface rate constant of the reacting

specie i (m s�1)
kV,i reaction rate constant per volume of washcoat

for the reacting specie i (s�1)
Mi molecular weight of the chemical specie

i (kg mol�1)
Mref molecular weight of the reference specie

(kg mol�1)
Pi transverse Peclet number of the chemical specie i

Pei axial Peclet number of the chemical specie i

R universal gas constant (J mol�1 K�1)

RX effective transverse diffusion length (m)
Re Reynolds number
RG global (total) mass transfer resistance
RL internal mass transfer resistance
Sci Schmidt number of the chemical specie i

Sh, Shi Sherwood number, Sherwood number of the
chemical specie i

SV space velocity (reciprocal of the residence time)
(s�1)

Tg exhaust gas temperature (K)
Tref reference temperature (K)
TW solid wall temperature (K)
tc convection (residence) time (s)
td,i transverse diffusion time of the chemical specie i

(s)
tz,i longitudinal diffusion time of the chemical spe-

cie i (s)
tR,i wall reaction time of the chemical specie i (s)
v flow velocity in the longitudinal direction

(m s�1)
Xi fractional conversion of the chemical specie i

w volumetric washcoat loading per catalyst
volume

z axial length (m)

Greek symbols
dC effective washcoat thickness (m)
e pore porosity
s pore tortuosity factor
/2

S;i square of transverse Thiele modulus of the
chemical specie i

/L,i washcoat Thiele modulus of the chemical specie
i

gL,i local effectiveness factor of the chemical specie i
gG,i global effectiveness factor of the chemical specie

i

mg kinematic viscosity of the exhaust gas mixture
(m2 s�1)
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conditions above light-off temperature. In common with
previous studies (e.g., [5]), our data showed that in addition
to the external mass transfer limitation, both kinetic and
internal mass transfer limitations also contributes to reduce
the TWC performance even at high temperatures. How-
ever, a quantitative analysis of the relative importance of
the above mentioned limiting processes in TWC, for differ-
ent operating conditions, still remains an open issue. This
has encouraged us to extend our previous study [2] in order
to improve the present understanding of the relevant trans-
port and kinetic phenomena that control the TWC
operation.

Related studies included those of Tomašić et al. [1] and
Tronconi and Beretta [6]. These authors have obtained
experimental data for NOx selective catalytic reduction
(SCR) in laboratory monolith reactors. Subsequently, these
investigators have analyzed the data in order to quantify
the relative importance of the external and internal mass
transport limitations. Despite the importance of both con-
tributions, the experiments they have conducted do not
reproduce the operation of TWC used in real automotive
exhaust gas applications, as the present study does. In this
context, it is important to refer the excellent contributions
of Pontikakis [7] and Konstantas [8] that provided the com-
munity with extensive experimental data for different TWC
tested under legislated driving cycle conditions.

In real world operating conditions, TWC operate with
laminar flow [9]. Generally, there are two important types



Table 1
Main engine characteristics

Number of cylinders 6
Displacement (cm3) 2792
Bore (mm) 81
Stroke (mm) 90.3
Compression ratio 1:10
Injection system Motronic M 3.8.1
Number of valves 12 (2 per cylinder)

Table 2
Main technical attributes of the catalyst studied

Substrate type Square cell ceramic

Cell density (cells cm�2) 62 (400 cpsi)
Substrate dimensions (mm) Diameter = 127; L = 120
Catalyst volume (dm3) 1.52
Uncoated geometric surface area (m2 m�3) 2740
Coated geometric surface area (m2 m�3) 2526
Uncoated wall thickness (mm) 0.1651 (6.5 mil)
Mean washcoat thickness (mm) 0.025
Open frontal area uncoated (%) 75.7
Open frontal area coated (%) 69.0
Cell hydraulic diameter uncoated (mm) 1.105
Washcoat material CeO2–Al2O3

Precious metal loading 7 Pd/1 Rh
Total mass of precious metal (g) 1.159
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of potential mass transfer limitations that control the TWC
conversion efficiencies, namely: external (or inter phase)
and internal (or intra phase) [10]. The former accounts
for the diffusion of the reactants from the bulk gas phase
to the surface of the washcoat – since the flow is laminar,
there are always a laminar boundary layer with a concen-
tration gradient. The latter accounts for internal diffusion
within the porous washcoat – in this case, most of the sur-
face area of the porous catalyst lies within the washcoat
and, thereby, the reactants diffuse to and from the active
catalyst sites where the reaction takes place.

Of both transport phenomena here considerate, the
internal mass transfer is by far the most complex. In cata-
lytically active washcoats, the internal mass transfer phe-
nomena of the reacting gases have been mainly studied
through numerical investigations [4,9–13]. These numerical
studies, which had to use models with a significant degree
of complexity in order to explicitly consider diffusion in
the washcoat, have provided evidence that the concentra-
tion gradients that exist within the washcoat may signifi-
cantly affect the operation of the monolith catalytic
converter, especially above light-off temperatures.

Given the numerical complexity required to account for
the internal mass transfer phenomena, some authors [14–
17] have studied numerically TWC by excluding from their
models the diffusion into the washcoat. The magnitude of
the internal mass transfer resistance is characterized by a
local effectiveness factor, denoted as gL,i. Authors such as
[14–17] have ignored the effect of internal mass transport
on the assumption that the washcoat layer is much thinner
than the channel radius. Under this condition, they [14–17]
have assumed gL,i = 1. Please note that gL,i varies between
0 and 1 and that the smaller their value the greater their
influence. Against this background, it is important to carry
out quantitative analysis based on the experimental results
from TWC in order to clarify the relevance of the internal
mass transfer limitation in TWC conversion efficiency for a
wide range of operating conditions above the light-off tem-
perature, as it done in the present study.

The present paper aims to provide a quantitative analy-
sis of the relative importance of the external and internal
mass transport phenomena in automotive TWC based on
experimental data obtained under real world vehicle oper-
ating conditions. The analysis is intended to help research-
ers in model development and validation providing
guidelines for future approaches and thereby indicating
directions for future improvements of TWC devices.

2. Instrumentation and test procedures

This section describes the experiments performed and
the instrumentation used in this study. Conversion effi-
ciency measurements were made under-steady state vehicle
operating conditions with TWC operating temperatures
ranging from 638 to 1074 K, i.e., above CO, HC and
NOx light-off temperatures. This range of operating tem-
peratures were chosen because the present study concen-
trates on the transport phenomena and it is well known
that above the light-off temperatures the TWC perfor-
mance is mainly controlled by the mass transfer [9].

The measurements reported here were carried out on a
vehicle equipped with a 2.8 l DOHC V6 spark ignition
engine that has multipoint fuel injection. Table 1 lists the
main characteristics of the engine. The vehicle was tested
on a chassis dynamometer (Maha LPS200) under steady-
state conditions for a variety of operating conditions in
order to measure the TWC conversion efficiencies. In this
study, one commercial TWC has been used and Table 2
lists its main characteristics. To perform the experiments,
the catalyst was in turn placed in the so-called under-floor
position replacing the original TWC installed on the
vehicle.

Engine control on-line data were monitored using a
Bosch KTS 500 engine diagnostic scanner connected to a
diagnostic link, located within the vehicle below the dash-
board. The scanner provided the following engine parame-
ters: intake mass air flow (g/s), intake air temperature (�C),
coolant temperature (�C), engine speed (rpm), throttle
position (%) and spark advance (deg), among others.

Fig. 1 shows a schematic of the vehicle exhaust system
and associated instrumentation for the measurements of
the gas emission data upstream and downstream of the
TWC. Exhaust gas was sampled from the exhaust pipe
through stainless steel probes with the aid of the suction
pump as shown in Fig. 1. The analytical instrumentation
included a magnetic pressure analyzer for O2 measure-
ments, non dispersive infrared gas analyzers for CO2 and
CO measurements, a flame ionization detector for HC



Fig. 1. Schematic of the vehicle exhaust system and associated instrumentation for the measurement of the gas emission data upstream and downstream of
the TWC.
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measurements and a chemiluminescent analyzer for NOx

measurements. Zero and span calibrations with standard
mixtures were performed before and after each measure-
ment session. The maximum drift in the calibration was
within ±2% of the full scale.

Fig. 2 shows a schematic of the type K thermocouples
location in the vehicle exhaust system for the measurement
Fig. 2. Schematic of the thermocouples location in the vehicle exhaust system
substrate wall.

Table 3
Test conditions

Vehicle Ceramic three way catalyst

Engine speed
(rpm)

BMEP
(bar)

SV (s�1) Re PHC PeHC

2000 0.00–2.91 18.9–55.4 44.9–91.4 0.032–0.062 6005.3–
3000 0.00–4.49 34.2–135.2 65.6–155.3 0.045–0.103 8574.9–
4000 0.00–5.25 53.1–195.2 86.6–199.5 0.059–0.132 11137.5–
of the temperatures of the exhaust gases and of the sub-
strate wall. As can be seen in the figure, thermocouples
T1 and T6 allowed for the measurement of the exhaust
gas temperature (Tg) upstream and downstream of the
TWC, and thermocouples T2, T3, T4 and T5 allowed for
the measurement of the solid wall temperature. These four
thermocouples capture the solid wall temperature gradient
for the measurement of the temperatures of the exhaust gases and of the

PCO PeCO P NOx PeNOx

11777.7 0.018–0.036 3496.5–6855.1 0.016–0.031 3029.7–5939.9
19498.3 0.026–0.060 4992.6–11352.7 0.023–0.052 4326.0–9837.0
24904.0 0.034–0.077 6484.7–14500.1 0.030–0.067 5618.9–12564.2
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along the monolith reactor length, which depends of the
operating conditions. In the present study, the temperature
gradient varied between 60 and 100 �C. The solid wall tem-
perature (TW) used in the present study was taken as the
mean value of the four measured temperatures. Finally,
thermocouple T7 allowed for the measurement of the tem-
perature of the gases at exit of exhaust manifold.

Table 3 summarizes the test conditions for which the
present study was carried out. The engine was tested under
steady-state operating conditions (i.e., after engine warm-
up). For each engine speed (2000, 3000 and 4000 rpm) tests
were made for six different loads (BMEP – break mean
effective pressure). In order to establish steady-state operat-
ing conditions, the vehicle was operated continuously at a
given speed and load for 20–30 min before each measure-
ment session.
3. Dimensionless numbers which characterize flow and
reaction

The processes occurring in exhaust after treatment sys-
tems for automotive applications involve fluid mechanics,
heat and mass transfer and catalytic reactions. To charac-
terize the flow and the reactions the following four charac-
teristic times are used:

tc ¼
L
v

ð1aÞ

td;i ¼
ðRXÞ2

Dm;i
ð1bÞ

tz;i ¼
L2

Dm;i
ð1cÞ

tR;i ¼
ðRX=4Þ

kS;i
ð1dÞ
Fig. 3. Schematic representation of the seven main steps involved in th
The above characteristic times lead to the following three
independent dimensionless groups:

P i ¼
td;i

tc

¼ R2
Xv

Dm;iL
ð2aÞ

Pei ¼
tz;i

tc

¼ vL
Dm;i

ð2bÞ

/2
S;i ¼

td;i

tR;i
¼ 4RXkS;i

Dm;i
ð2cÞ

where the transverse Peclet number (Pi) represents the ratio
of transverse diffusion time to convection time, the axial
Peclet number (Pei) represents the ratio of axial diffusion
time to convection time and the square of transverse Thiele
modulus ð/2

S;iÞ – also referred as the local Damköhler num-
ber – represents the ratio of transverse diffusion time to the
wall reaction time.

In addition, the definitions of three classical dimension-
less groups used in this work are as follows:

Re ¼ vd
mg

ð3aÞ

Sci ¼
mg

Dm;i
ð3bÞ

Shi ¼
km;id
Dm;i

ð3cÞ

The diffusion coefficients of the HC, CO and NOx in the ex-
haust gas mixture have to be calculated. To carry out the
calculations of the diffusion coefficients in the gas phase
the procedure described in McCullough et al. [18] has been
used.

4. The one-dimensional model

Fig. 3 describes schematically the seven main steps
involved in the conversion of the exhaust gas pollutants
e conversion of the exhaust gas pollutants in a channel of a TWC.
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in a channel of a TWC, including mass transfer between the
bulk gas and washcoat surface, pore diffusion, adsorption/
desorption and chemical reaction. In brief, step 1 repre-
sents the transport of reactants from the bulk gas to the
gas–solid interface (external mass transfer); step 2 repre-
sents the internal transport of reactants into the porous
washcoat (internal mass transfer); step 3 represents the
adsorption of reactants at the interior of catalyst particle;
step 4 represents the chemical reaction of adsorbed reac-
tants to adsorbed products; step 5 represents the desorp-
tion of adsorbed products; step 6 represents the transport
of products from the interior sites to the interface gas–
solid of the washcoat and, finally, step 7 represents the
transport of products from the gas–solid interface to the
bulk fluid stream.

Most of the modeling studies available in the literature
for TWC use the ‘‘film model” approach (e.g., [14–17]),
that approximates the washcoat with a solid–gas interface
(zero washcoat thickness), where it is assumed that all reac-
tions occur. This 1D two-phase model essentially neglects
the internal mass transfer effects, and assumes that all cat-
alytically active sites are directly available to the gaseous-
phase species at this solid–gas interface. For this model,
the mass balance for the gas phase is expressed as

v
oCi

oz
¼ �km;i

A
V
ðCi � Cw;iÞ ð4Þ

The two phases (gas and solid, see Fig. 3) considered by the
model are coupled using the transport coefficient for con-
vective mass transfer km,i. External mass transport rates
are evaluated through Eq. (3c), and depend of the flow
hydrodynamics within the channel and its geometrical pro-
prieties. Modeling studies (e.g., [9]) show that after mono-
lith light-off the reaction is very fast and, consequently, the
wall concentration of the reacting species is close to zero
along the channel surface. Thus, for this case, the asymp-
totic Sherwood can be approximated by the value corre-
sponding to the constant wall temperature. The
dependence of the asymptotic Sherwood number on the
geometrical proprieties of the channel is well documented
in the literature [19,20].

In modeling exercises, a commonly simplifying assump-
tion is to model implicitly the pore diffusion and surface
reactions, that is, the pore diffusion and the surface reac-
tions are bulked into one overall rate step that includes
steps 2–6. This approximation, for the solid–gas interface,
states that all gas species that diffuse to it through the
boundary layer are removed from the gas phase due to cat-
alytic reactions. In this case, with a first order reaction, the
mass balance for the solid phase can be written as

km;iðCi � Cw;iÞ ¼ kS;iCw;i ð5Þ

Rearranging Eq. (5) yields [6]:

1

kðov;iÞS
¼ 1

km;i
þ 1

kS;i
ð6Þ
where kðov;iÞS is the overall surface rate constant (measured
rate constant). Eq. (6) reflects the resistances to external
mass transfer and to catalytic reaction. The reaction rate
term, kS,i, also known as the apparent rate constant, in-
cludes the effects of pore diffusion resistance (internal mass
transfer), the amount of catalyst sites (catalyst loading),
washcoat properties and the intrinsic reaction adsorption/
desorption and reaction rate. With this approach, the
washcoat is treated as a black-box without knowledge of
the characteristics and details of the phenomena taking
place there [16].

The rate of reaction for an automotive TWC can be
written in Arrhenius type form with an apparent pre-expo-
nential factor and an apparent activation energy. These
factors are tuned in most of the reported models to fit
the behavior of the catalyst modeled [15,16]. All of the
unknown characteristics are lumped into these parameters.
In these models, the internal mass transfer effects and the
adsorption–reaction–desorption process is lumped into
the tunable parameters [21].

Although the washcoat is a relatively thin coating on the
substrate, under certain conditions, the catalytically actives
sites on the bottom of the layer may not be as effectively
utilized as those on the top of the washcoat layer. Nowa-
days, internal mass transfer phenomena are receiving
increased attention from investigators [4]. In the present
study, it has been included in the model explicitly the inter-
nal mass transfer phenomena using the local effectiveness
factor approach. Accordingly, kS,i is related with kV,i

through the following equation:

kS;i ¼ gL;idCkV ;i ð7Þ

In Eq. (7) kV,i accounts only for steps 3–5 (see Fig. 3) and
gL,i accounts for the internal mass transport within the
washcoat (steps 2 and 6 – see Fig. 3). Due to the impor-
tance of evaluating accurately gL,i, Appendix A presents
the method that has been used here for its evaluation.

Multiplying Eq. (5) by A
V and using Eq. (7), the solid

phase mass balance can be written as

km;i
A
V
ðCi � Cw;iÞ ¼ gL;iwkV ;iCw;i ð8Þ

Rearranging Eq. (8) yields:

1

kðov;iÞV
¼ 1

km;i
A
V

þ 1

gL;iwkV ;i
ð9Þ

Note that kðov;iÞV is related with k(ov,i)S
through the follow-

ing equation:

kðov;iÞV ¼ kðov;iÞS
A
V

ð10Þ

The presence of catalytic reactions at the wall of the chan-
nel acts as a source or a sink and imposes concentration
gradients in the transverse directions. The extent of the
transverse variations depends mainly on the relative rate
of the mass transfer across the channel, compared to that
of the catalytic reactions. At low operating temperatures,
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slow reaction rates lead to a nearly uniform concentration
distribution within the washcoat. In the literature, this re-
gime is called kinetically controlled [9]. On the other hand,
at high temperatures, a sharper increase of the reaction
rates, following the Arrhenius law, overlaps the mass trans-
fer process and the TWC operation is reversed to the mass
transfer controlled regime [9].

Using Eq. (7), Eq. (5) can be written as follows:

Cw;i

Ci
¼ 1

1þ gL;idCkV ;i

km;i

ð11Þ

Taking into account the definitions of /2
S;i (Eq. (2c)) and

Shi (Eq. (3c)), results:

gL;idCkV ;i

km;i
¼

/2
S;i

Shi
ð12aÞ

or

kS;i

km;i
¼

/2
S;i

Shi
ð12bÞ

The relative magnitude of /2
S;i and Shi in Eq. (12a) are

indicative of the resistances offered by kinetics plus internal
mass transfer, and external mass transfer, respectively. In
Eq. (11) two limiting situations can be identified:

� Cw;i

Ci
! 1 when

/2
S;i

Shi
! 0; for this condition, the reaction

kinetics are very low and so the process is kinetic
controlled.
� Cw;i

Ci
! 0 when

/2
S;i

Shi
!1; for this condition, the reaction

kinetics are very fast and so the process is external mass
transfer controlled.

As a practical criterion, Balakotaiah and West [22] have
suggested:

/2
S;i

Shi
6 0:1 ð13Þ

for kinetic control, and

/2
S;i

Shi
P 10 ð14Þ

for external mass transfer control. Balakotaiah and West
[22] have also suggested that both resistances are significant
when

0:1 6
/2

S;i

Shi
6 10 ð15Þ
5. Results and discussion

5.1. External mass transfer limitations

Table 3 summarizes the tests conditions used in the pres-
ent study. The laminar flow (Re < 200, for the present
study) within the small channels of the TWC is less favor-
able than turbulent flow for external mass transfer, so it is
expectable that the diffusive transport of the reactants in
TWC from the bulk gas phase to the washcoat surface
may be hindered to some extent. The external mass transfer
limitation can be analyzed through the evaluation of the
observed rate constant, kðov;iÞV . This rate constant is calcu-
lated based on experimental measurements through the fol-
lowing expression:

kðov;iÞV ¼ �SV lnð1� X iÞ ð16Þ

The constant kðov;iÞV incorporates a combination of chemi-
cal kinetics and mass transfer limitations (see Eq. (9)).
From Eq. (16) it can be concluded that kðov;iÞV depends on
the hydrodynamic conditions (SV) and on the conversion
data (Xi), both measured in the present study. For the pres-
ent experimental set of measurements, Xi ranged from
91.8% to 97.2%; 76.8% to 90.9% and 96.8% to 99.0%, for
CO, HC and NOx, respectively, and SV ranged from 18.9
to 195.2 s�1 (see Table 3).

Based on the measured data, kðov;iÞV was evaluated using
Eq. (16) for each operating condition for the three chemical
species under study. Fig. 4 shows an Arrhenius plot of the
overall rate constant kðov;iÞV for CO, HC and NOx and the
limit for pure external mass transfer control. Fig. 4 reveals
identical slopes for the three chemical gas species studied.
The estimated values for the apparent activation energy
calculated through fittings of the experimental data are
27.93, 24.58 and 29.56 kJ mol�1 for CO, HC and NOx,
respectively. These values are much lower than those
expected for a catalytic reaction with rate controlled only
by chemical kinetics. Based on experimental measurements
for a commercial TWC, Kwon et al. [23] reported activa-
tion energies of 79.0, 92.8 and 63.0 kJ mol�1 for CO, HC
and NOx, respectively. As mentioned earlier, the present
data were gathered for TWC temperatures (638–1074 K)
above light-off so that the observed slopes in Fig. 4 are
strongly influenced by mass transfer limitations.

The related study carried out by Tronconi and Beretta
[6] reported experimental results for SCR of NOx also
above light-off temperature (571–666 K). These authors
have verified that the NOx slope provides an estimation
for the apparent activation energy close to about
16 kJ mol�1. Tomašić et al. [1] have also reported results
in the temperature range of 573–773 K and found a value
of 28.88 kJ mol�1 for the apparent activation energy.

In common with [1,6], the present study demonstrates
that also for TWC operation, above light-off, the measured
slopes are lower that the kinetic slopes. Tomašić et al. [1]
and Tronconi and Beretta [6] have concluded that the mass
transport phenomena play an important role in the overall
SCR reactor performance above light-off. The present
study confirms that this is also the case for TWC operating
under real world applications.

The analysis of Tomašić et al. [1] and Tronconi and
Beretta [6] are both based on steady-state results, as in
the present study. In contrast, Pontikakis [7] and Konstan-
tas [8] obtained their data for TWC with the vehicle
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operating under standard test conditions which are inher-
ently transient. Konstantas [8] recognized the importance
of the determination of the catalysis limiting step between
the reaction rate and bulk diffusion (external mass transfer)
in the optimization of catalytic converter design. From his
transient data, Konstantas [8] defined two resistances, one
for diffusion from bulk gas to the solid (external mass
transfer) and one for reaction in the solid phase (which
includes the internal mass transfer and the catalytic reac-
tion). The obtained results showed that only for TWC
operating conditions with high mass flow rates and temper-
atures the conversion is mainly external mass transfer con-
trolled. When the TWC operating condition is reversed for
low mass flow rates and temperatures the conversion is
controlled by the transport and reaction phenomena that
take place within the washcoat.

Returning to Fig. 4, it is seen that for conversion effi-
ciencies controlled solely by external mass transfer the
slope in the Arrhenius diagram is very flat, corresponding
to 12.6 kJ mol�1, being much lower than the three mea-
sured slopes. Favorable conditions for operating in the
external mass transfer controlled regime include high tem-
peratures, short residences times (that is, large SV), and an
extremely active catalyst with no internal mass transfer lim-
itations. The measured slopes in the present study indicate
that the combined effects of internal mass transfer and mul-
tiple reactions within the catalytic washcoat layer cannot
be excluded, and also play an important role in the opera-
tion of an automobile TWC, even in the case of high tem-
peratures and large SV operating conditions.

The evaluation of the external mass transfer limit
(dashed line in Fig. 4) is determined by the asymptotic
Sherwood. For the evaluation of external mass transfer
coefficients, km,i, for 1D models of laminar flow TWC, both
experimental [2,5] and theoretical [19] approaches have
been proposed in the literature.

In our previous study [2], the Sherwood number was
evaluated based on the conversion efficiency data, with
the assumption that km;i � kðov;iÞS . The experimental method
used in [2] attains asymptotic Sherwood values (external
mass transfer limit) solely when both kinetic and internal
mass transfer limitations are not rate limiting. However,
in common with other authors [5], our data [2] showed that
the calculated Sh are always below the asymptotic Sh so
that experimental correlations derived for each chemical
specie in [2] lumps internal mass transfer and kinetic effects.

Both experimental and theoretical correlations can be
encountered in 1D TWC models. Chang and Hoang [14]
and Koltsakis et al. [15] have adopted experimental and the-
oretical correlations, respectively. The use of experimental
correlation lumps the internal mass transfer limitation in
the Sh whereas the use of theoretical correlation (asymptotic
Sh) lumps the internal mass transfer limitation in the kinetic
rate expression. Both approaches treat the washcoat as a
black-box, and do not account explicitly for the internal
mass transfer limitations. The following section quantifies
the internal mass transfer limitation in TWC operation in
order to account for its relevance when compared with exter-
nal mass transfer and kinetic limitations.
5.2. Internal mass transfer limitations

Because the active catalyst sites are distributed through-
out the washcoat this lead to internal mass transfer resis-
tances and lowers the observed reaction rate kðov;iÞV . In
the context of the internal mass transfer within the wash-
coat, this work concentrates only on the CO oxidation
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because the analysis presented below for CO is similar for
both the HC oxidation and NOx reduction.

Fig. 5 shows the measured values of kðov;COÞV versus the
operating temperature in the TWC. Rearranging Eq. (9),
to account for external mass transfer and both chemical
kinetics and internal mass transfer regimes, the overall rate
constant can be modeled through the following equation:

kðov;iÞV ¼
1

1
km;i

A
V
þ 1

gL;iwkV ;i

ð17Þ

where the first term in the denominator represents the exter-
nal mass transfer limitation, and the second term represents
the internal mass transfer plus the chemical kinetics limita-
tions. As discussed in the previous section, the external mass
transport coefficient, km,i, was evaluated through Eq. (3c)
with the asymptotic Sh. The internal mass transport was
evaluated explicitly from gL,i (see Eq. (A.2)). The accurate
knowledge of the Deff,i is crucial for the evaluation of gL,i.
Appendix B presents the method used to carry out the cal-
culations of Deff,i in the porous washcoat. The rate constant,
kV,i, was modeled through the Arrhenius rate expression:

kV ;i ¼ Ae
� Ea

RT W

� �
ð18Þ

Eqs. (17) and (18) were fitted to the experimental data in
Fig. 5 yielding A = 2.06 � 108 s�1 and Ea = 59.6 kJ mol�1.
This value for the CO activation energy is lower to the one
reported in the literature, which is 79.0 kJ mol�1 [23]. The
reason for the lower value of Ea found in the present work
is because the present experiments have been carried out
above the light-off temperature, whereas the activation en-
ergy reported by Kwon et al. [23] was obtained from the so-
called light-off curve. However, there are sufficient evidence
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Fig. 5. Measured values of kðov;iÞV versus th
in the literature that above light-off temperature the activa-
tion energy attains lower values [12], as observed in the
present study.

Fig. 5 clearly shows that even at TWC high temperature
operation the strong kinetic limitation is due to the fact
that this includes also the internal mass transport limita-
tion. Fig. 5 also reveals that pure external mass transfer
control may be hard to attain in automotive TWC.

Fig. 6 identifies the controlling regimes, as typified by
Eq. (12b), as a function of the operating temperature in
the TWC. The figure shows that

/2
S;CO

ShCO
is not high enough

to achieve a pure external mass transfer controlled regime.
This indicates that the characteristic reaction time given by
Eq. (1d) is of the same order of magnitude of the transverse
diffusion time given by Eq. (1b). Fig. 6 reveals that the val-
ues calculated through Eq. (12b) vary from 0.10 to 0.43 and
also that above light-off temperature the automotive TWC
operates in a mixed regime. This conclusion is consistent
with the observations of Konstantas [8] from his CO con-
version data from three different commercial TWC.

Considering gL,CO = 1 in Eq. (17) enables to separate
the kinetic limitation from the internal mass transfer limi-
tation. With no internal mass transfer limitation, the values
for kðov;COÞV can be evaluated from Eq. (17). To this end, the
asymptotic Sh has been used to evaluate km,CO and Eq. (18)
to evaluate kV,CO.

Fig. 7 shows the predicted values of kðov;COÞV versus the
operating temperature in the TWC with no internal mass
transfer limitation. This figure also includes the measured
values of kðov;iÞV . Comparing the predicted values of
kðov;COÞV , with no internal mass transfer limitation, with
the measured values of kðov;COÞV , it can be seen that the
predicted values are much higher than the measured ones.
This reveals the importance of internal mass transfer
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limitation in the TWC conversion efficiency. The measured
values in Fig. 7 reveals that the TWC never attains pure
external mass transfer controlled regime for present operat-
ing conditions. On the other hand, Fig. 7 shows that if no
internal mass transfer limitation exists, the TWC perfor-
mance is controlled by external mass transfer above tem-
peratures close to about 730 K.

From the discussion above, it can be concluded that if
no internal mass transfer limitation exists the TWC conver-
sion efficiency is strongly enhanced. This can be illustrated
with the following example: the present experimental data
for CO oxidation conversion efficiency range from 91.8%
to 97.2%. If no internal mass transfer limitation exists the
conversion efficiency would be always above 99.9% for all
the experimental conditions.

For the geometrical proprieties of the present TWC and
flow conditions studied, the external mass transfer con-
trolled regime imposes an upper limit on the conversion
efficiency. However, even when both space velocity and
operating temperature are very high it is difficult to operate
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under pure external mass transfer controlled conditions,
and therefore the current generation of TWC is over
designed from an external mass transport point view. The
continuous decrease in the tolerable levels of emissions will
require a closer examination of the effect of washcoat diffu-
sion on the conversion efficiencies in order to find ways of
increasing the washcoat effectiveness for a given precious
metal loading. In this context, washcoat layers able to pro-
vide higher effectiveness factors, with optimized washcoat
pore size distribution, to improve the catalytic active sites
utilization are crucial for further improvements of this type
of devices.
5.3. Relative importance of external and internal mass

transport phenomena

The previous sections discussed the importance of both
external and internal transport phenomena in the TWC
performance above light-off temperatures. This section
quantifies the relative magnitude of the external and inter-
nal mass transfer resistances. The global resistance to mass
transfer may be expressed as a sum of the external and
internal resistances, as shown by Aris [24]. For a first order
reaction this may be written as

1

gG;i
¼ 1

gL;i
þ

/2
L;i

Bim;i
ð19Þ
The term that represents the global effectiveness factor, de-
noted by gG,i, quantify the combined effects of the external
and internal mass transfer limitations. In Eq. (19), the Bim,i

is the mass Biot number defined in terms of the mass trans-
fer coefficient, km,i:
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Fig. 8. Comparison of internal mass transfer resistance (RL) with the global
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Deff ;i
ð20Þ
The Biot number represents a ratio between the convective
and the diffusive mass transfer. In the present study, the
Bim,i values ranged from 31.91 to 63.51.

The relative magnitude of the external and internal resis-
tances will depend on the operating parameters of the
TWC, namely operating temperature, gas velocity, reactant
concentration and physical proprieties.

Fig. 8 presents a comparison between the internal mass
transfer resistance (RL) and the global mass transfer resis-
tance (RG) at different TWC operating temperatures. The
external resistance is simply the difference between the
two resistances. The figure shows that the global resistance,
due to mass transfer, rises with the temperature. On the
other hand, Fig. 8 also shows that the relative importance
of the external mass transfer also rises with the tempera-
ture. Depending on the value of the TWC operating tem-
perature, both external and internal mass transfer
resistances may be significant. However, it is important
to note that the internal mass transfer resistance, within
the washcoat, controls the conversion efficiency of the
TWC in a more extensive way than the external mass trans-
fer resistance.

The data in Fig. 8 also show that for the wide range of
temperatures studied above light-off, internal mass transfer
effects are significant and cannot be neglected. These results
are in good agreement with the numerical results recently
reported by Kočı́ et al. [4] and Hayes et al. [13]. Most
researchers on monolith reactors have assumed that the
washcoat is so thin that diffusion resistance is not impor-
tant, and used a local effectiveness factor of unity, e.g.,
[25]. Doory [25] have investigated the kinetics of the CO
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mass transfer resistance (RG) at different TWC operating temperatures.
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oxidation using a monolith reactor operating with the tem-
perature between 556 and 833 K. At higher temperatures
the apparent activation energy decreased markedly, as
observed in the present study, but Doory attributed this
effect to the external mass transfer resistance rather than
to the internal mass transfer resistance. The present results
show that not recognizing the internal mass transfer limita-
tion can lead to erroneous conclusions regarding the activ-
ity of the monolith reactor.

When the mass transfer limitation within the washcoat
is significant, the washcoat utilization is poor and thus
the reaction takes place mainly next to the interface gas–
solid, which is equivalent to a thinner washcoat layer. At
the extreme limit (higher temperatures), all reactions take
place at the interface and the reactions are only external
mass transfer controlled.

From the above discussion, it can be concluded that
both external and internal mass transfer limitations have
to be considered when modeling TWC for automotive
applications. Even for a washcoat layer with 25 lm thick-
ness, the internal mass transport cannot be ignored. This
indicates that the consideration of effectiveness factors of
unity strong underestimates the internal mass transfer
which leads to an overestimation of the TWC performance
using 1D two-phase models. When thicker catalytic layers
(>25 lm) are used it is expected that the predominance of
internal mass transfer limitation increases, as compared
with the external mass transfer limitation.

6. Conclusions

As expected, above light-off temperature the mass trans-
port phenomena overlap the kinetic limitation. However,
pure external mass transfer control is hard (if not impossi-
ble) to attain in TWC operating under real world automo-
tive conditions, even when both the space velocity and the
operating temperature are very high.

Above light-off temperature the automotive TWC oper-
ates in a mixed regime with both internal and external mass
transfer playing important roles. The internal mass transfer
limitation is more important to control conversion in the
TWC than the external mass transfer limitation. However,
the relative importance of the external mass transfer
increases as the temperature rises.

The present results demonstrate that the internal mass
transfer limitation cannot be disregard in TWC modeling
studies.

Finally, the results show that the current generation of
TWC is over designed from an external mass transport
viewpoint so that future improvements of these devices
can be achieved with porous washcoat with improved
transport proprieties.
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Appendix A. Evaluation of the local effectiveness factor

The magnitude of the local effectiveness factor, which in
general varies from 0 to 1, indicates the relative importance
of internal mass transfer resistance. At low effectiveness
factor values, most of the reaction takes place near the
exposed surface of the washcoat. It should be noted that
the local effectiveness factor can exceed the unity in non-
isothermal washcoat and for cases of complex chemical
kinetics, such as LH (Langmuir–Hinshelwood) type rate
expressions [26]. LH type rate expressions are available in
the literature for automotive TWC [21,27]. In the case of
the automotive TWC washcoats, there are many different
species diffusing simultaneously in the washcoat and partic-
ipating in more than one reaction. Moreover, LH rate
expressions are not exactly of the first order because of
the inhibition term.

For the present range of operating temperatures and
with the concentrations present in the exhaust, the inhibi-
tion term of the LH type rate expressions was evaluated
and verified to be marginal. For this reason, the additional
detail of LH rate expressions were not considered here,
since they become important only under low temperature
operation such as cold start operation [27]. Additionally,
the low concentration of the reacting chemical species at
the catalyst surface leads to a first-order kinetics [27].

For first-order kinetics, the local effectiveness factor
depends on the value of the dimensionless local Thiele
modulus (local is related to the washcoat). The generalized
local Thiele modulus can be defined as

/L;i ¼ dc

ffiffiffiffiffiffiffiffiffiffi
kV ;i

Deff ;i

s
ðA:1Þ

The generalized Thiele method uses a generic characteristic
length, dc, for any geometry as the ratio of catalyst volume
to external surface area. Because the thickness of the cata-
lytic layer over the passage hydraulic diameter is very small
(25 lm, see Table 2) it can be assumed that the washcoat of
the TWC may be viewed as a flat-plate [10], of thickness dc

(see Fig. 3). Since the washcoat layer can be approximated
as an infinite slab, the generic solution for the local effec-
tiveness factor can be approximated by [24]:

gL;i ¼
tanhð/L;iÞ

/L;i
ðA:2Þ

The above analysis is exact for a chemical specie that disso-
ciates isothermally in the catalytic washcoat, following a
first order reaction rate. Zygourakis and Aris [11], using
the Prater relation, have observed the validity of the iso-
thermal washcoat assumption. They have concluded that
for reactant concentrations encountered in automotive
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TWC, the temperature change within the washcoat is less
than 1 �C. Using finite-element analysis, Hayes and
Kolaczkowski [9] have also concluded that the TWC wash-
coat can be considered isothermal.

For non linear kinetics and for more non-uniform wash-
coat shapes it is necessary to compute numerically the local
effectiveness factor. In the literature there are available
approximation methods for the estimation of local effec-
tiveness factor under such conditions [28].

Appendix B. Evaluation of the effective diffusion in the

washcoat

Because the importance of the internal mass transport, it
is necessary to have reliable information on the mass trans-
port rate in the porous medium. Inside the porous wash-
coat, convective transport can be neglected. On the
contrary, the diffusive mass transport may have a signifi-
cant influence on the conversion behavior of the TWC,
and thus the evaluation of the effective diffusion coefficients
of exhaust gases in the washcoat layer is needed.

Internal diffusion of species into the porous solid that
includes macropore, mesopore, and micropore diffusion,
depends on the pore diameter. The following nomenclature
is common for the description of a porous media:

(a) micropore diffusion or surface diffusion occurs for a
pore diameter less than 2 nm and has exponential
temperature dependence;

(b) mesopore diffusion occurs for pore diameters
2 < dp < 50 nm and is described by Knudsen diffusion
through porous solids;

(c) macropore diffusion occurs in large pores typically
greater than 50 nm and is described by the same prin-
ciples as bulk (volume) diffusion.

Recently, various studies [29–32] have used several tech-
niques for obtaining pore-transport characteristics in wash-
coat layers. Typical sizes of pore diameter in a commercial
TWC washcoat range from 6.5 to 500 nm [29], so that
micropore diffusion may be neglected.

The washcoat structure can be characterized by the pore
diameters dp, the porosity e, and the tortuosity factor, s.
The porosity is the ratio of void (open) volume to the total
volume of the washcoat including the void volume. The
tortuosity factor describes the deviation of the pore geom-
etry from perfect cylindrical shaped pores, and accounts
for the tortuous pathways in the structure. Tortuosity,
porosity and mean pore diameter were measured experi-
mentally for TWC washcoats by Hayes et al. [29]. The tor-
tuosity factor of the washcoat is 8.1, the porosity 0.41 and
the mean pore diameter 10 nm.

The effective diffusivity, Deff,i, measures the rate at
which a specie i diffuses into a porous medium (here,
the washcoat). There are two main theoretical models to
define the effective diffusivity: the random pore model
and the parallel-pore model. The former was developed
by Wakao and Smith [33] and considers a bi-dispersive
porous material (material that consists of pores with
two distinct pore sizes). The latter was presented by
Wheeler [34] for mono-disperse materials (material that
consists of pores of one size range only). Hayes et al.
[29] have shown that values of Deff,i for the washcoat pre-
dicted by the random pore model are approximately seven
times larger than those measured. From this, Hayes et al.
[29] have concluded that the random pore model is not
appropriate for monolith washcoats and have recom-
mended the use of the parallel pore model for an alumina
washcoat. According to this model, the porosity and tor-
tuosity of the porous structure can be taken into account
by application of the effective diffusion coefficient that
leads to:

Deff ;i ¼
eDi

s
ðB:1Þ

where Di is a diffusivity that combines the effects of bulk,
Db,i (macropore), and Knudsen, DK,i (mesopore), diffusion
processes:

1

Di
¼ 1

Db;i
þ 1

DK;i
ðB:2Þ

The temperature dependence of the effective diffusion coef-
ficient differs for volume diffusion and Knudsen diffusion.
However, Hayes et al. [29] have concluded that the mesop-
ores were prevalent in the washcoat and therefore the
Knudsen diffusion dominates. From this, the effective diffu-
sion coefficient can be written as

Di � DK;i ¼ 48:5dp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
T W

103Mi

s
ðB:3Þ

Eq. (B.3) uses the parallel pore model to represent the
porous structure, which is a reasonable model to represent
the uni-modal pore size distribution of the TWC washcoat.
If one assumes Knudsen diffusion to be dominant, temper-
ature and gas specie dependence of the effective diffusivity
can be expressed as

Deff ;iðT Þ ¼ Deff ;ref

ffiffiffiffiffiffiffiffi
T W

T ref

r ffiffiffiffiffiffiffiffiffi
M ref

Mi

r
ðB:4Þ

where the chosen reference chemical specie is the CO and
Tref = 296 K. The agreement between the more recent mea-
sured diffusion data [32] and previous experimental results
[29,31] is very good. On the other hand, the results pre-
dicted by the parallel pore model (Eq. (B.1)) also agree well
with the experimental results, and thus when measured
data are unavailable, this model is appropriate to predict
the effective diffusivity in the TWC washcoat. In the present
study, Deff,ref = 1.13 � 10�7 m2 s�1 [32] has been used.
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