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This paper surveys the most important catalytic emission control technologies being
employed or near commercialization for the removal of nitrogen oxides (NO,) from the
exhausts of mobile sources under lean conditions. Urea/Ammonia-SCR systems and NO,
Storage/Reduction (NSR) catalysts will be addressed, with particular attention to the spe-
cific demands related to the mobile applications.

In the first part of the paper the transient kinetics of standard de-NO, SCR reaction
over commercial V-W/Ti SCR catalysts and the dynamic model of the honeycomb reac-
tor will be addressed. Then the validation of the dynamic model with integral reactor
measurements and full-scale transients in vehicles will be illustrated.

The second part presents a complete and quantitative understanding of the NO,

storage chemistry of a Pt-Ba/Al,O; “Lean NO, Trap” catalyst.
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Introduction

Lean-burn engines are of growing interest for
vehicles since they ensure lower CO, emissions and
improve fuel economy if compared to traditional
stoichiometric engines. The Three Way Catalyst
(TWC) technology, that is worldwide installed in
vehicles, realized through the years a significant re-
duction of CO, NO,, and HC emissions. However,
this technology has been optimized for use in ex-
haust that fluctuates around the oxygen free condi-
tions (i.e. the stoichiometric Air/Fuel ratio) and to
date has not resulted in acceptable emission reduc-
tions when used in lean burn after-treatment appli-
cations. On the other hand upcoming regulations
for diesel engines also require significant reduc-
tions in NO, emissions, in the order of 50-60 % in
Europe and Japan, and 80-90 % in the US.

Accordingly, new technologies are needed to
reduce NO, to N, in the oxygen-rich environment
without unacceptable fuel efficiency losses. The
technologies presently under development are
based on two different approaches. The first ap-
proach relies on the continuous selective catalytic
reduction of NO, (SCR) and uses a reducing agent
that reacts selectively with NO, rather than with ox-
ygen: this group includes urea- or ammonia-SCR
and hydrocarbon SCR. The second approach real-
izes the removal of NO, by storing nitrogen oxides
under lean conditions and then reducing the stored
NO, to N, under short, rich excursions: this tech-
nology is referred to as NO, Storage/Reduction
(NSR) or Lean NO, Trap (LNT).

Ammonia/urea-SCR is a mature technology. It
is now used worldwide under steady state condi-
tions for the control of NO, emissions from thermal
power plant, cogeneration units, incinerators, and
stationary diesel engines.! However the large
knowledge gained during last decades is not suffi-
cient for the development for mobile applications:
indeed, as opposite to the stationary applications,
when used in vehicles the catalyst is operated un-
der fast transient conditions so, that a transient ki-
netics of the de-NO, reaction and a dynamic model
of the catalytic reactor are required. Besides, the
system must be operated in a large temperature
window, in particular down to low temperatures;
this is not typical in standard stationary applica-
tions.

Although it has been already commercialised
in Japan, NSR is considered a less mature technol-
ogy, due to a strong sensitivity to fuel S level,
which limits the application in Countries where
gasoline with low-sulphur content are employed.?

In the following we will present and discuss
primarily the results collected in our lab at
Politecnico di Milano on these two options for NO,
removal in vehicles.

At first after a brief introduction on the funda-
mentals of ammonia SCR, the transient kinetics of
standard de-NO, reaction over commercial V-W/Ti
SCR catalysts and the dynamic model of the honey-
comb reactor will be addressed. Then the validation
of the dynamic model with integral reactor mea-
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surements and full-scale transients in vehicles will
be illustrated.

In the second part of this review the chemistry
involved in the storage of NO, over reference NSR
catalysts will be presented and discussed and the
open issues outlined.

Ammonia/Urea SCR

Ammonia-SCR fundamentals

The SCR process is based on the reduction of
NO, with ammonia into water and nitrogen accord-
ing to the following main reaction:

4NO +4NH; +0, > 4N, + 6 H,O (1)

In fact NO accounts for 90-95 % of NO, in the
exhausts.

In the case of sulphur containing fuels (e.g.
coal), SO, is produced during combustion in the
boiler along with minor fractions of SO; (about 1 %
of total SO,): SO, can further be oxidized to SO,
over the catalyst:

SO, + 1/2 0, - SO, ©)

This reaction is highly undesired because SO,
reacts with water present in the flue gas and with
ammonia to form ammonium sulphates. Ammonium
sulphates deposit and accumulate onto the catalyst if
the temperature is not high enough, leading to cata-
lyst deactivation that can be reversed upon heating.

Commercial SCR catalysts are made of homo-
geneous mixtures of titania, tungsta and vanadia.
Titania in the anatase form is used as high surface
and sulphur resistant carrier to support the active
components. Tungsta is employed in large amounts
(w =10 %) to increase the surface acidity and the
thermal stability of the catalyst. Vanadia is respon-
sible for the activity in the reduction of NO,, but it
is also very active in the oxidation of SO,. Accord-
ingly its content is kept low, usually below w =
1-2 %.

The SCR catalysts are used in the form of hon-
eycomb monoliths or plates to guarantee low pres-
sure drops in view of the large frontal area with par-
allel channels, high external surface area per unit
volume of catalyst, high attrition resistance, and low
tendency to fly ash plugging. The SCR monoliths
and plates are assembled into standard modules and
inserted into the reactor to form catalyst layers.

An important requirement of SCR catalysts, es-
pecially for stationary applications and power sta-
tions, is to combine high activity in the de-NO, re-
action and very low (almost negligible) activity in
the oxidation of SO, to SO;.

As shown in Figure 1 the intrinsic first order
rate constant of NO, reduction increases linearly
with the vanadium content, whereas the intrinsic
first order rate constant for the oxidation of SO, in-
creases more than linearly with the vanadia con
tent.> This is consistent with the identification of
the active sites for NO, reduction with isolated V
sites as opposite to the active sites for SO, oxida-
tion that are likely associated with dymeric (or
polymeric) sulphated vanadyls, in line with the con-
solidated picture of the active sites in commercial
sulphuric acid catalysts. Accordingly, high disper-
sion of surface V-oxides must be realized during the
impregnation of the tungsta-titania powders with
the solution of the vanadium salt, as indeed attained
in commercial catalysts, and the vanadia content
must be low in any case.
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Fig. 1 — Dependence of the intrinsic kinetic constants of
de-NO, and SO, oxidation reactions on the cata-
lyst vanadium content at T = 350 °C

Besides, the reduction of NO, is a very fast re-
action, and is controlled by external and internal
diffusion. On the opposite, the oxidation of SO, is
very slow and is controlled by the chemical kinet-
ics. Accordingly the SCR activity is increased by
increasing the catalyst external surface area (i.e. the
cell density) to favour inter-phase mass transfer,
while the activity in oxidation of SO, is reduced by
decreasing the volume of the catalyst (i.e. the wall
thickness); this does not affect negatively the activ-
ity in NO, removal because significant ammonia
concentrations are confined only near the external
geometric surface of the catalyst. Besides a good
balance between macro-pores, which guarantee fast
diffusion of reagents, and micro-pores, which en-
sure high activity by providing high catalyst spe-
cific surface area, can lead to optimal catalyst per-
formances, in the limit, however, of the required
mechanical specifications.*
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Mechanism and steady state kinetics
of the ammonia-SCR reaction

Different proposals have been advanced in the
literature for the mechanism of the SCR reaction
over vanadia-based catalysts.

One of the first reaction scheme was proposed
for the SCR reaction by Takagi et al.> Their pro-
posal is based on the reaction between co-adsorbed
NH,* (produced by ammonia adsorption over a V
Bronsted acid site) and NO, (coming from oxida-
tion of NO) via a Langmuir-Hinshelwood mecha-
nism to form nitrogen and water.

Inomata et al.® proposed that ammonia is first
adsorbed at a Breensted V site adjacent to a
vanadyl and then it reacts with gas-phase NO ac-
cording to an Eley-Rideal mechanism to form H,O
and reduced V species [V(4+)-OH]. The reduced V
species is reoxidized by gaseous oxygen.

Based primarily on FT-IR studies, Busca et al.”
suggested that ammonia is adsorbed over Lewis
acid site and is activated to form an amide species.
The amide species then react with gas-phase NO
via a radical coupling to give a nitrosamide inter-
mediate that is known to decompose easily and
quantitatively to nitrogen and water. The catalytic
cycle is closed by re-oxidation of the reduced cata-
lyst by gaseous oxygen.

Topsoe et al.®® proposed that ammonia is ad-
sorbed at a V Breensted acid site and is activated by
a near-by vanadyl group that is then reduced. NO
reacts from the gas-phase with the activated ammo-
nia species leading to the formation of an interme-
diate, which finally decomposes to nitrogen and
water. The catalytic cycle is closed by the re-oxida-
tion of the catalyst by means of gas-phase oxygen.

It is worth noting that, both, mechanisms pro-
posed by Inomata et al. and by Topsee et al. require
the participation of dymeric or polymeric vanadyl
species. As an opposite, the mechanism proposed
by Busca et al. requires the participation of isolated
vanadyls, and this is consistent with the linear de-
pendence of the rate constant of NO, reduction on
the vanadia loading shown in Figure 1. Whatever is
the reaction mechanism a key step of the mecha-
nism is represented by the formation of a reaction
intermediate that decomposes selectively and quan-
titatively to nitrogen and water.

Considering that the Eley-Rideal mechanisms
discussed above imply the reaction between ad-
sorbed NH; and gas-phase NO (ryo = kccnobnn,)
and besides that the reaction is virtually independ-
ent of the oxygen partial pressure and is slightly de-
pressed by water up to ¢ = 5-10 %, due to competi-
tion for adsorption onto the active sites with ammo-

nia, the following kinetic expression has been even-
tually derived in the literature:!

_ k Ky PNH, PNO
(I+ KNH3 DPnu, T KHZOpHZO)

(1

No

This equation is appropriate in the case of typi-
cal stationary SCR applications where a sub-
stoichiometric NH;/NO feed ratio is employed to
minimize the slip of unconverted ammonia. For
high water concentrations (above ¢ =5 % vol.) the
dependence of water can be neglected and the fol-
lowing simplified rate equation can be adopted for
practical purposes:

chNH3pNH3pNO @)
]/' —
NOT s K\, P,

which for Kyy, pay, > 1 (Le. INHyNO, 2 1, when full
coverage of the surface by NHj is attained) reduces
to (eq. 3):

"No = kePno 3)

Equations (2) and (3) have been successfully
used by many authors for steady state modelling of
the SCR monolith reactor operating with ryy,no, < 1
and > 1 respectively.'%!:12

Steady state modelling of the SCR reactor

The customary approach to the design and
analysis of monolith SCR reactor, adopted in the
technical literature, is based on simple isothermal
pseudo-homogeneous single channel 1D model that
accounts only for the axial concentration gradients
inside the channels, whereas the effects of
inter-phase and intra-phase mass transfer limitations
are lumped into the overall effective pseudo-first
order rate constant kyg,:

kno, ==V In (1 = ¥no) “4)

In eq. (4) V is the superficial velocity, i.e. the
ratio of the volumetric flow rate to the overall geo-
metric surface area of the monolith catalyst, yyo
represents the fractional conversion of NO,, an
kno. 18 given by

X

Vkso, = 1k, + VK, (5)

In fact, the reaction operates under combined
intra-particle and external diffusion control: £, is
the effective rate constant of the surface chemical
reaction incorporating the influence of mass trans-
fer in catalyst pores (k, = 17 kgcg With 7 = catalyst
internal efficiency and kg = intrinsic kinetic coef-
ficient of the SCR reaction) and k, represents the
inter-phase gas-solid mass transfer coefficient.
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It has been demonstrated that the gas-solid
mass transfer coefficient can be estimated by anal-
ogy with the Graetz-Nusselt problem governing
heat transfer to a fluid in a duct with constant wall
temperature (S% = Nuy), according to the expression
Sh = Nu,, + 6.874 (1,000 z*) — 0.488 exp (-57.2
z*),13 which accounts for the entrance effects.

Figure 2 compares the axial concentration pro-
files of the 1D model with those of the rigorous
multidimensional model of the SCR monolith reac-
tor in the case of square channels, that are most
common in industrial applications, and of
Eley-Rideal kinetics, which must be introduced in
place of the first order kinetics (Eq.3) to comply
with industrial conditions for steady state applica-
tions (substoichiometric ry.,no feed ratio, i.e.
Fngno < 1) It is apparent that the 1D model is
equivalent to the rigorous multidimensional mo-
del.’?
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Fig. 2 — Comparison between calculated axial concentra-
tion profiles of NO and NH; obtained by the ID model and by a
rigorous multidimensional model of the SCR monolith reactor

The study of the intra-phase mass transfer in
SCR reactors has been addressed by combining the
equations for the external field with the differential
equations for diffusion and reaction of NO and NH,4
in the intra-porous region and adopting the
Wakao-Smith random pore model to describe the
diffusion of NO and NH; inside the pores.!>!4 The
solution of the model equations confirmed that un-
der typical industrial conditions the internal catalyst
effectiveness factor is low, due to the presence of
steep reactant concentration gradients near the ex-
ternal catalyst surface.!?

Predictions of the model compared success-
fully with laboratory data collected over honey-
comb catalysts of various lengths and under a vari-
ety of experimental conditions. For these valida-
tions the model did not include any predictive pa-

rameter: the effective diffusivities of NO and NH;
were estimated from the pore size distribution mea-
surements and the intrinsic rate parameters were
obtained from independent kinetic data collected
over the same catalyst ground to very fine parti
cles.!?

Dynamic modelling of ammonia-SCR

The study of the dynamics of the ammo-
nia-SCR reaction was addressed by investigating
first the adsorption-desorption kinetics of NH; and
NO and then the surface reaction."

In the case of NH; a typical result obtained
upon a rectangular step feed in flowing He+O, over
a ternary home-made V,0,—~WO,/TiO, catalyst at
280 °C is presented in the Figure 3. The results of
the TPD experiment obtained upon heating the cat-
alyst from RT up to 500 °C at the end of the ammo-
nia adsorption are also presented. Upon the NH,
step addition (at # = 0 s), the ammonia reactor outlet
concentration slowly increased with time, ap-
proaching the ammonia inlet molar fraction (y =
700 - 107%) only after = 500 s. This clearly indi-
cates that ammonia is involved in adsorp-
tion-desorption processes at the catalyst surface.
Along similar lines, upon the ammonia shut-off (¢ =
1000 s) the reactor outlet NH; concentration slowly
decreases with time due to the desorption of previ-
ously adsorbed ammonia. Complete desorption of
NHj; is not yet achieved after 2200 s, but could only
be achieved by heating the catalyst at high tempera-
ture. The results confirm that the adsorption of am-
monia is very fast and that ammonia is strongly ad-
sorbed onto the catalyst surface.

The NH; dynamic adsorption-desorption ex-
periments were also performed at different tempera-
tures, in the range 220—400 °C. On increasing the

i\ NH, TPD start
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Fig. 3 — Adsorption — desorption of NH; at T = 280 °C on a
model V,0s-WO;/TiO, catalyst. Dashed lines: ideal inlet NH;
concentration, symbols (triangles): outlet NH; concentration;
solid line: model fit (Temkin-type coverage dependence)
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catalyst temperature, the variations in the ammonia
outlet concentration during the adsorption step are
faster and the amount of ammonia adsorbed on the
catalyst surface is reduced, in line with the in-
creased rates of the adsorption-desorption processes
and with the exothermicity of NH; adsorption.

Similar experiments were performed for NO,!?
which indicated that it does not appreciably adsorb
onto the catalyst surface, in line with previous liter-
ature indications.

The dynamics of the SCR reaction was in-
vestigated upon performing step changes of the
ammonia reactor inlet concentration in flowing
He + NO + O,, and step changes of the NO reactor
inlet concentration in flowing He + NH; + O,.

Figure 4 shows typical results obtained over
model V,0,-WO,/TiO, sample upon performing
step changes of the NH; inlet concentration (dashed
line) at 220 °C in flowing He + NO (y = 700 - 10-°)
+ 0, (p =1-1072). The figure reports the evolution
with time of NH;, N,, and NO molar fractions.
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Fig. 4 — Step feed and shut off of NH; in He + O, (p = 1 %)
+ NO (700 - 10°°) over a WO;V,04TiO, model catalyst
Wyyo; = 1.47 ; wyo, = 9 %) at 220 °C. Dashed lines: ideal
inlet IifH s concentration; symbols: outlet concentrations (trian-
gles: ammonia, squares: N, circles: NO),; solid lines: model
fits (Temkin-type coverage dependence and “modified kinetics”
Eq.(13)).

Upon the NH; step feed the outlet reactor con-
centration decreases and that of N, shows a sym-
metric change indicating the occurrence of a genu-
ine SCR process. The ammonia fraction profile ex-
hibits a dead time and then increases with time to
the final steady state value that is consistent with
the occurrence of the SCR reaction. Upon the
shut-off of ammonia at the reactor inlet the ammo-
nia fraction at the reactor outlet rapidly dropped to
zero, but the NO and nitrogen fraction signals were
not affected for several minutes. Then the NO frac-
tion signal began to increase up to the inlet fraction

value; again the N, fraction trace is symmetrical to
that of NO. These data suggest that the rate of the
SCR reaction is unaffected by changes in the am-
monia surface coverage at high ammonia coverage.
Similar results were obtained by performing the
NH; step-feed experiments at higher temperatures
(280 and 350 °C): the results were found in line
with, both, the exothermicity of the NH; adsorption
and with the increased rate of the surface reaction,
which result in lower ammonia surface coverage.

The adsorption-desorption and reaction kinetic
data were analyzed by means of a dynamic 1D iso-
thermal heterogeneous PFR model of the laboratory
microreactor and fitted by nonlinear regression to
provide the estimates of the relevant kinetic param-
eters."” The influence of both intra-particle and ex-
ternal mass transfer limitations were estimated as
negligible, on the basis of theoretical diagnostic cri-
teria.!® The complete unsteady state model for ad-
sorption-desorption and surface reactions was based
on the following equations, with symbols defined in
the Notation section:

NH; mass balance on the catalyst surface:

9t =Vta =74~ I'vo T Tox (6)

NH;, NO and N, mass balances on the gas stream:

dCng dcng
Tj=_ e “+C, (= ra= o~ rox ) (7)
dCNo dCNo
o + Q" Mvo (®)
dey dey
atz =-v azz _QNH3 (o +05-r9x) (9)

rate expressions:

=k e TR gy c(1= 0y (10)
rq = kg ~e~FulRT “Onn, (11)

e SR N (12)

ra = kST ey O, (1= e Py (13)
Thus, in addition to adsorption and desorption
of ammonia (r, and r,, respectively) and to its sur-
face reaction with NO to give nitrogen and water
(mvo)> also ammonia oxidation (r,,) was introduced
in order to account for the direct oxidation of am-
monia occurring at high temperatures. Cyy, in the
equations represents the catalyst NH; adsorption ca-
pacity (mol m™).
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Eq. (6)-(9) were solved by standard numerical
procedures'”!® and the data fit was performed on
the experimental results, as shown in the figures 4
and 5 for selected NH; adsorption-desorption ex-
periments, and runs with changes in the NH; reac-
tor inlet concentration in flowing NO + O,. The
data fit is reported as solid lines in the same figures:
it appears that the goodness of fit is satisfactory.
The activation energy for NH,; adsorption was
found to be close to zero, and accordingly a non-ac-
tivated ammonia adsorption process was considered
in the model (E, = 0). Besides, a Temkin-type
(Eq4 =E3 “(I=y-0y\y.)) coverage dependence of
the desorption energy had to be used to describe the
adsorption desorption data; indeed a simple
Langmuir approach (that considers a constant value
of the desorption activation energy) was not appro-
priate. This is consistent with the presence of dis-
tinct types of acid sites (Lewis and/or Breensted)
characterized by different acid strengths at the cata-
lyst surface."
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Fig. 5— Step feed and shut off of NH; in He + O, (p =2 %)
+ H,O (p =1 %) + NO (1.0 - 1073) over a WO;-V,05TiO,
commercial catalyst at 175 °C. Dashed lines: ideal inlet NH;
concentration; symbols: outlet concentrations (triangles: am-
monia, squares: NO, circles: N,); solid thin lines: kinetic fit by
“modified kinetics” — Eq.(13),; solid thick lines: kinetic fit by
modified Redox rate expression — Eq.(14).

To describe quantitatively the reactivity data
a “modified Oy, kinetics” Eley-Rideal (eq.(13))
had to be adopted:'> this empiric expression as-
sumes that 1y is essentially independent of the am-
monia surface coverage above a critical NH; cover-
age ((9};}13 ). This has been explained assuming that
a “reservoir’ of NH; species, adsorbed on poorly
reactive and most abundant W and Ti sites, is pres-
ent and available for the reaction upon ammonia
desorption followed by re-adsorption at the active
V sites. Indeed, the analysis of the rate parameters
estimated by fitting the dynamic data indicated that
the rate of ammonia adsorption is comparable to the

rate of surface reaction, whereas ammonia desorp-
tion is much slower. Accordingly, the assumption of
equilibrated adsorption, which is usually assumed
in the kinetic studies available in the literature, may
be incorrect.

More recently specific attention was paid to
transient experiments in the low-T region: accord-
ingly dedicated dynamic experiments have been
performed on a commercial V,05,-WO,/TiO, cata-
lyst.?0

Figure 5 shows data recorded at 175 °C feed-
ing NH; step pulses (0 = 1000 - 0 ppmv) in flow-
ing He + NO (1000 ppmv) + O, (2 % v/v) + H,O
(1% v/v): the measured temporal evolutions of NH;
(circles), NO (squares), and N, (triangles) outlet
fractions are plotted. It is worth noticing that at ¢ =
1500 s, when ammonia is removed from the feed
stream, the NO concentration trace decreases, goes
through a minimum and then begins to increase, re-
covering the inlet value when the reaction is de-
pleted. The symmetrical evolution of N, confirmed
the occurrence of the SCR reaction. Similar effects,
always observed in transient experiments per-
formed under equivalent conditions and 7' < 250 °C
and reported in the past over different commercial
SCR catalysts for stationary applications,?'*> were
attributed to an inhibiting effect of excess NH;,
possibly caused by a competition between NO and
ammonia in adsorbing onto the catalyst. Such inhi-
bition effects are of limited interest for stationary
applications of the SCR technology, but may play a
considerable role in mobile applications, since they
become more significant at low temperatures, and
also affect the dynamic response of the SCR sys-
tems.

The peculiar dynamic effect attributed to the
inhibition effect of ammonia, has been recently ac-
counted for by a dual-site modified Redox rate law
(MR)20

0 Exo
ko exp(— RT )CNOGNH3 Po B
™No = ( 2) (14)

that assumes competition between ammonia and
NO in adsorbing onto the catalyst. This model pro-
vides a much better description of the observed dy-
namics than the previously employed Eley-Rideal
kinetics.

In Figure 5 the fit results obtained by using ei-
ther the MR rate expression, Eq. (14), (solid thick
lines) or the “modified Oyy, kinetics” ER kinetics,
Eq. (13), (solid thin lines) are compared: it clearly
appears that the redox kinetics account better for
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the transient maxima-minima features of the experi-
mental trace during the NH, shutdown phase.

The MR kinetic model has been then validated
on a predictive basis by comparing its simulations
with experimental data from microreactor runs con-
sisting of high frequency NH; feed pulses in a
stream of 1000 ppmv of NO, 2 % v/v O, and 1 %
v/v H,0.2° The experimental signals were in line
with the above-mentioned ammonia inhibition ef-
fect, exhibiting a characteristic transient behaviour,
characterized by a greatest NO conversion after the
NH, shut down.

The experiments were simulated using both the
MR, Eq. (14), and the “modified O kinetics” ER,
Eq. (13), rate expressions. The results confirmed
that changing the DeNO, rate equation from the
ER-based to the new MR kinetic model improved
significantly the description of fast SCR transients
similar to those associated with the operation of
SCR after treatment devices for vehicles.

A single channel dynamic model of the mono-
lith reactor has also been developed, which accounts
for internal and external diffusion along the lines
already outlined in the case of the stationary model.
Enthalpy balances in this case are included to cope
with fast temperature excursion associated with
load changes of the engine in the vehicles.?

The model consists of unsteady mass and
enthalpy balances in the gas phase and in the solid
phase with the appropriate initial and boundary
conditions, as shown in the following with symbols
defined in the Notation section:

gas phase:

de;  vde; 4 W
L T

(15)
j =NH,, NO
g g
—=————-—(T,-T. 16
5L T T ) (1)
solid phase:

0=k j(c;,—cj)+ry,; Jj=NH; NO (17)

j
NCG
Ty =T5)= EAereff,j

s _ J=1
at B pscp,saw(l-l_(SW/dh) (18)

diffusion-reaction of the reactants in the catalytic
monolith walls

82cf
0=Dy —axzf +S§R; j=NH; NO (19)

*
Defﬁj acj

Teft,j = S j =NH;, NO (20)

w ox

accumulation/depletion of NH; adsorbed onto the
catalyst surface

CNH, at = 'NH, (21)

In addition to rate parameters and reaction con-
ditions, the model requires the physico-chemical,
geometrical, and morphological (porosity, pore size
distribution) characteristics of the monolith catalyst
as input data. Effective diffusivities, D, are then
evaluated from the morphological data according to
a modified Wakao-Smith random pore model.

The model has been validated at DaimlerChrysler
against a large number of transient experiments
with step pulses of NH; in a continuous flow of NO
over monolith catalyst samples (typically with 10
cm?® volume and 200 cpsi cell density).?? Validation
maps were generated using the steady state mea-
sured engine operating points and the deviation be-
tween simulated NO, conversion and experimental
data was typically below 4 %.

The reactor model was also validated by per-
forming engine test bench experiments under real
conditions in the T range 150-450 °C (using ex-
truded monoliths with 300 cpsi, a wall thickness of
0.32 mm and a monolith diameter of 11 mm) with
ETC (European Transient Cycle) and ESC (Euro-
pean Stationary Cycles) measurement.

Figure 6 shows the model simulations (grey
lines) and experimental results (solid black lines)
for NO, concentrations downstream of the catalyst
along with the inlet NO, concentration values. The
comparison between measurement and simulation
for the NO, reveals that an excellent correlation was
obtained for both the cycles. The mean error of the
model predictions in the deNO, efficiency was not
higher than 34 %.

These results confirm that the model is able to
predict accurately the dynamic behaviour of SCR
monolith catalysts under fast transient conditions.

Such results were achieved only by using the
MR rate (eq. (14)); indeed, the adoption of a classic
Eley-Rideal rate law or of a modified 6y, kinetics
Eley-Rideal (eq.(13)), resulted in a significantly
less accurate prediction of the NO, conversion dur-
ing the fast transient parts of the test cycles.

The ammonia-SCR for Heavy-Duty diesel en-
gine is now commercialized by DaimlerChrysler as
an after treatment system able to satisfy, both, the
EURO 1V and V legislations.
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Fig. 6 — Normalized NO, concentration at SCR catalyst in-
let and outlet of an ESC (4) and an ETC (B) test cycle. Dotted
black lines — inlet values, solid black lines — outlet measure-
ment, grey lines — outlet simulation.

Conclusions

The dynamic study performed on the SCR re-
action proved to be a very useful and unique tool,
as it helped in clarifying kinetic and mechanistic as-
pects of the SCR process. These include the follow-
ing:

i) a “reservoir’ of adsorbed NH, species is
present on the catalyst surface and is available for
the reaction via desorption and subsequent fast
re-adsorption;

ii) a comparison among the estimates of the ad-
sorption, desorption, and reaction rates calculated at
different reactor axial position, temperatures and
catalysts indicates that the assumption of equili-
brated ammonia adsorption under steady-state
DeNO, conditions is incorrect, specifically at high
temperatures and over active catalysts;

iii) the rate of the SCR reaction at low tempera-
ture is lower in presence of excess ammonia, that is
ammonia plays an inhibiting effect on the deNO,
conversion; the use of an adequate kinetics is man-
datory to predict fast transient experiments where
ammonia concentration changes continuously;

iv) a single dynamic two phase, 1D+1D model
of the honeycomb reactor, was found to describe
properly fast transient experiments performed on a
real Heavy Duty engine test bench facility with an
urea-SCR system.

NO, Storage/Reduction technology

The NO, Storage/Reduction technology repre-
sents an alternative to urea- or ammonia-SCR tech-
nology for the removal of NO, under lean condi-
tions.

In the NSR process, NO, are stored under lean
conditions in the form of nitrites and nitrates and
are reduced to nitrogen during a short rich excur-
sion. The NSR catalysts typically consist of a NO,
storage component, such as an alkaline earth metal
oxide (e.g. Ba), and of a noble metal (e.g. Pt) that
catalyzes the oxidation of NO,, CO, and of hydro-
carbons and the reduction of stored NO, as well.

NO, storage mechanism

The NO, storage process has been extensively
investigated primarily by dynamic methods and in
situ spectroscopy,”*=? but a detailed understanding
of the NO, storage mechanism and reliable kinetics
are still lacking.

An extensive study of NO, storage over an
homemade reference Pt-Ba/Al,O; system has been
performed in our laboratories, and the results are re-
ported in various papers.’'=¢ In particular, in order
to clarify the adsorption process under realistic op-
erating conditions, the adsorption of NO in pres-
ence of oxygen has been recently investigated in
our laboratories®” over a Pt-Ba/y-Al,O, sample. The
study has also investigated the adsorption of NO,
that many authors recognize as intermediate in the
NO, storage process. To better enlighten the nature
and the evolution of the stored NO, species and the
role of the catalyst component in the NO, storage
process, the adsorption of NO and of NO, in the
presence and in the absence of oxygen were carried
out in a fixed bed flow microreactor at 350 °C over
Pt-Ba/Al,O; ternary catalysts with different Ba
loading, over the corresponding binary Ba/Al,O,
and Pt/Al,O, samples, and over the bare y-Al,0,
support.

The y-alumina support was obtained by calci-
nation at 700 °C of a commercial alumina material;
Pt/ALO;, (£ = 1/100) and Ba/ALO; (& = 20/10) cata-
lysts were prepared by incipient wetness impregna-
tion of the alumina support with aqueous solutions
of dinitro-diammine platinum or barium acetate.
The powders were then dried overnight in air at
80 °C and finally calcined at 500 °C for 5 h. The
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Pt-Ba/Al,0, (§ = 1/x/100) samples with different
barium loading (5-30 %) were prepared by impreg-
nation of calcined Pt/Al,O; with different solutions
of barium acetate.>"-3

The adsorption of NO, under lean conditions
has been investigated by performing transient ex-
periments where a step change of NO and NO, was
imposed in the presence and absence of oxygen at
350 °C over reference catalysts and analyzing the
transient response in the outlet concentrations of re-
actants and products (Transient Response Method);
the stored NO, species were then removed from the
catalyst surface by performing a TPD run up to
600 °C. FT-IR was used as a complementary tech-
nique to investigate the nature of the stored NO,
species.

The adsorption of NO, over the Ba(16)/y-Al,O4
sample has been investigated at first. In fact, NO,
has been suggested as intermediate in the NO ad-
sorption in the presence of oxygen.”* As shown
in Figure 7A, the storage of NO, over the
Ba(16)/y-Al,O, sample is accompanied by the evo-
lution of NO in the gas phase, which is observed
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without any dead time; large amounts of NO, are
stored at the end of the pulse, near 9E-04 mol g, .
FTIR spectra (Figure 7B) collected upon contacting
the catalyst with NO, show that only nitrates are
formed. The nitrate species adsorbed over
Ba/y-Al,O5 show high thermal stability; as a matter
of fact, during the subsequent TPD experiment,
NO, desorption was observed starting from 370 °C
with a maximum at 470 °C, while NO and oxygen
show peaks at higher temperature (with maxima
close to 560 °C).

In agreement with literature®?73! the nitrates are
primarily formed through a NO, disproportionation
reaction, following the overall stoichiometry:

BaO + 3 NO, = Ba(NO,),+ NO 1  (3)

that also accounts for the evolution of NO.

It is worth noting, that over the supported Ba
sample the Integral Molar Ratio of NO evolved to
NO, consumed (Figure 8), that is equal to 1/3 ac-
cording to the disproportionation reaction, is ini-
tially lower than the stoichiometric value. This indi-
cates that the NO, uptake at the beginning of the
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Fig. 7 — Results of NO, adsorption TRM experiments in He at 350 °C and subsequent TPD in terms of NO, NO,, NO,, O, outlet
concentrations and NO, inlet concentration over A) Ba/y-Al,O;; C) Pt-Ba/y-Al,O; catalysts. Results of NO, adsorption
FT-IR experiments over B) Ba/y-Al,0;, D) Pt-Ba/y-Al,O; catalysts. Spectra are reported after 1 and 10 min of exposure
to 5 mbar of NO, at 350 °C. Each spectrum is reported as difference from the spectrum before NO, admission.
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pulse does not obey the overall stoichiometry of re-
action (3); however, the stoichiometric value is
roughly approached at the end of the pulse. This
has been explained in the literature’. considering
that the NO, disproportionation consists of consec-
utive elementary steps:

NO, + BaO = BaO-NO, 4)
BaO-NO, - BaO, + NO 5)
BaO, + 2 NO,—- Ba(NO,), (6)

and that the first step is fast as compared to the fol-
lowing ones, which account for the evolution of
NO.

NO, adsorption experiments have been also
performed over the Pt-Ba(16)/y-Al,O, sample (Fig-
ure 7C). The formation of NO is observed, showing
a maximum of about 600 ppmv, without any signifi-
cant dead time. On the other hand, NO, fraction
shows a dead time (280 s) followed by a slow in-
crease. O, formation has also been observed in this
case, pointing out that NO, is decomposed to NO
and oxygen over Pt. FTIR spectra collected over
Pt-Ba/y-AlL,O; catalysts (Figure 7D) pointed out
that mainly nitrate species were formed upon NO,
adsorption. The TPD run performed to regenerate
the ternary system showed the evolution of NO and
oxygen at lower temperatures with respect to
Ba/y-Al, O, (470 vs. 560 °C), while NO, evolution
was not observed. These features can be ascribed to
the presence of Pt, which favors both the decompo-
sition of nitrate species and of NO,.

The results of NO, adsorption over
Pt-Ba(16)/Al,0; has been rationalized by consider-
ing three distinct functionalities: 1) at the beginning
(t = 0-50 s), NO, adsorption occurs through the
mechanism already proposed for Ba/y-Al,O;, which
results in the formation of nitrate species without
NO release or considering a fast occurrence of the
first step of the disproportionation reaction (reac-
tion (4)) and a slower rate for the subsequent steps
responsible for the evolution of NO (reactions (5)
and (6)); ii) after 50 s the slower elementary steps
of the disproportionation route are proceeding,
leading to formation of surface Ba-nitrates with NO
evolution; iii) while the NO, storage on Ba further
proceeds, the Pt-catalyzed NO, decomposition to
NO and O, becomes appreciable, as pointed out by
the evolution of O,.

The adsorption of NO/O, on the Ba(16)/y-Al,O4
sample has also been investigated (Figure 9A). In
this case, the binary sample adsorbs minor amounts
of NO, which is immediately observed at the reac-
tor outlet without any dead time. The FTIR spectra
recorded at different exposure times are displayed
in Figure 9B; ionic nitrites (1220 cm™) were pro-
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Fig. 8 — Ratio of NO evolved to the amounts of NO, stored
in He over Ba/y-Al,O; catalyst

gressively formed on increasing the exposure time,
along with small amounts of bridging nitrates. At
higher exposure times, the band due to nitrite spe-
cies decreased in intensity and completely disap-
pears after 20 min. In parallel, bands characteristic
of ionic nitrate develop, so that at catalyst satura-
tion only nitrates are present in the spectra.

When the storage phase is carried out starting
from NO/O, mixtures over the Pt-Ba(16)/y-Al,0O,
catalyst (Figure 9C) the situation is significantly
modified: both, NO and NO, outlet fraction showed
a significant delay, indicative of a complete uptake
of NO, species, and peculiar feature of the ternary
catalyst. Also, in this case the system is able to ad-
sorb large amounts of NO, (4.6E-04 mol g, up to
catalyst saturation). Besides NO is readily oxidized
to NO, over Pt. As observed in the case of Ba/alu-
mina catalyst, FT-IR spectra (Figure 9D) showed,
that the adsorption of NO initially occurs primarily
in the form of nitrites, that are readily transformed
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Fig. 9 — Results of NO adsorption TRM experiments at 350 °C in He+O, and subsequent TPD in He in terms of NO, NO,, NO,, O,
outlet fraction and NO inlet fraction over A) Ba/y-Al,O;, C) Pt-Ba/y-Al,O; catalysts. Results of NO/O, adsorption FT-IR experiments
over B) Ba/y-Al,0;, D) Pt-Ba/y-Al,O; catalysts. Spectra are reported after 1, 3, 5, 10, 15 and 20 min of exposure to NO/O, mixtures
(1:4, pyo = 5 mbar) at 350 °C. Each spectrum is reported as difference from the spectrum before NO/O, admission.

into nitrates over Pt. Notably, the rate of, both, ni-
trite formation and their oxidation to nitrates are
higher on Pt-Ba/y-Al,O; than on Ba/y-Al,O;, point-
ing out a catalytic role of Pt. This situation was also
confirmed by DRIFT data (Figure 10) collected un-
der operando conditions equal to those used in the
TRM experiments, showing that during the initial
NO, uptake nitrites are more abundant than nitrates:
the nitrite band intensity showed a broad maximum
and then decreased with time on stream, while the
nitrate bands presented a monotonous increase dur-
ing the entire storage phase, so that at the end of the
experiment (at ca. 700 s) nitrates are the most abun-
dant adsorbed species. Thus, in line with FTIR data,
in the adsorption process nitrites are intermediate
species which then evolve leading to the formation
of nitrates. Notably, the maximum in the nitrite
band intensity corresponded roughly to the NO
breakthrough observed by TRM experiments and
confirmed by the analysis of data collected with the
quadrupole mass-spectrometer interfaced with the
DRIFT cell.

All the previous data led to the proposal of the
following reaction pathways (Figure 11) for the
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Fig. 10 — Results of NO/O, adsorption DRIFT experiment
over Pt-Ba/Al,O; plots of band maxims vs. time

storage of NO, over Pt-Ba/alumina catalysts. In the
presence of oxygen NO is effectively stored
through a stepwise oxidation at a Pt site followed
by adsorption at a neighboring Ba site to form
Ba-nitrites at first and Ba-nitrates later on. The
proximity of Pt and Ba sites likely results in the sta-
bilization of nitrites against further oxidation to ni-
trates. This is referred to as the nitrite route.
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Fig. 11 — Reaction pathway for NO, adsorption over sup-
ported Pt-Ba catalysts

NO is also oxidised to NO, over Pt in the pres-
ence of oxygen. NO, can be adsorbed onto the Ba
sites to form Ba nitrates through the disproportio-
nation reaction, which is accompanied by the evo-
lution of NO and results in the formation of ni-
trates. This is referred to as the nitrate route.

The role of the Pt-Ba interaction in the mecha-
nism of adsorption of NO, species has been also
studied by means of a literature kinetic model,’
used to simulate the results collected over, both, the
physical mixture and the ternary sample.

As already reported in the literature by several
authors, the mechanism of adsorption is considered
the sum of the two functionalities present in the cat-
alyst, associated with Pt and Ba sites. So, the model
describes the storage of NO, over Pt-BaO/Al0O;,
considering NO oxidation to NO, on Pt/Al,O; and
NO, storage on Ba/Al,O;. In particular, the model
consists of 10 elementary reversible steps: adsorp-
tion of oxygen, adsorption of NO, adsorption of
NO, and oxidation of NO to NO, at the Pt sites, ad-
sorption of NO, onto the BaO site, release of NO
into the gas phase and oxidation of BaO to BaO,,
formation of BaO-NO, and of Ba(NO;), decompo-
sition of BaO, to BaO and oxygen and the revers-
ible spillover step of NO, between Pt sites and BaO
sites. Essentially the model assumes that the ad-
sorption of NO, proceeds through the nitrate route
and does not consider the nitrite route.

Olsson et al.*® estimated part of the rate param-
eters in their model from theoretical considerations,
part were taken from the literature and calculated
from thermodynamic constraints, and part were es-
timated by fitting a set of experimental data.

At first the model has been used to simulate the
experimental results of NO adsorption in the pres-
ence of oxygen collected over the physical mixture

of Pt/y-AlL,O; and Ba/y-Al,O,, having the same Pt
and Ba loading of the Pt-Ba(16)/y-Al,O; sample
(Figure 12A, dotted lines).The same parameters es-
timated by Olsson et al. have been used for the sim-
ulation, but Pt and Ba dispersions were fitted to the
experimental data.*

As shown in the Figure 12A (solid lines), the
model reasonably simulates both, the oxidation of
NO to NO, and the dead time for the breakthrough
of NO,, as indeed expected. It can be assumed, that
the mechanism of NO, adsorption operating on the
physical mixture, e.g. in the absence of any interac-
tion between Pt and Ba atoms, is the nitrate route
(see Figure 11): NO is oxidized to NO, on Pt sites
and then adsorbed on Ba (and Al sites) through the
disproportion reaction. The reoxidation of NO
(which is released from the disproportion reaction)
to NO, results in a significant NO, breakthrough
also in this case. Hence, the data on the physical
mixture confirms the feasibility of the NO, storage
mechanism proposed in literature implying the oxi-
dation of NO to NO,, followed by NO, adsorption
on the catalytic surface to form nitrates. In this
case, no direct interaction is necessary to have a
good and efficient adsorption.

1000
800 |
600 |-
400 |
200 [

C 1 " 1 n 1 n 1 n
0 500 1000 1500 2000

molar fraction, x/10-¢

1000
800 |
600 |
400 |
200 |

molar fraction, x/10-¢

1000
800 |-
600 |
400 [
200 [

molar fraction, x/10-¢

Tl . 1 . ] -

0 500 1000 1500

time, t/s

Fig. 12— NO and NO, molar fraction vs time for NO/O,
TRM experiment at 350 °C over A) the physical mixture
Pt/Al,0; + Ba/Al,O;: experimental data (symbols) and model-
ling (solid lines); B) over the ternary Pt-Ba(16)/41,0; catalyst:
experimental data (symbols) and modelling (solid lines); C)
over the ternary Pt-Ba(16)/41,0; catalyst experimental data
and modelling from new simulation.
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In the case of the Pt-Ba/alumina the dead time
in the NO, breakthrough upon a step change of NO
in the presence of oxygen is reasonably well pre-
dicted by the model (see Figure 12B), but the oxi-
dation of NO to NO, is markedly overestimated.

The Pt dispersion in the model must be low-
ered to describe properly the oxidation of NO to
NO, but in this case the time delay in the break-
through of NO, is no longer predicted (Figure 12C).
Therefore, the literature model is not able to
describe at the same time the oxidation of NO
to NO, and the storage of NO, over the ternary
Pt-Ba/y-AlL,O; system.

As a matter of fact these two catalyst properties
are strictly interrelated within the nitrate route. Ac-
cordingly, the nitrate route cannot account for the
storage of NO, under conditions of industrial inter-
est (presence of NO in excess of oxygen).

From data presented so far, it seems evident
that the nitrite route requires not only the co-pres-
ence of Pt and Ba components, but also a coopera-
tive effect between Pt and Ba. This cooperation im-
plies a sort of interaction between these two cata-
lyst components.

1200

The effect of the Pt-Ba interaction, that repre-
sents a key feature of the nitrite route, has been in-
vestigated by preparing Pt-Ba/alumina catalysts
with different Ba loading.*

The existence of Pt-Ba proximity over the ter-
nary Pt-Ba(16)/y-Al,O; sample was investigated by
CO chemisorption.’> The intensity of the FTIR
band of CO linearly adsorbed on Pt (observed at
2070 cm™) decreases on increasing the Ba loading
and is progressively shifted towards higher frequen-
cies due to the increasing basic character of the cat-
alysts. This indicates that the interaction between Pt
and Ba increases on increasing the Ba loading.

The effect of the Ba loading on the mechanism
of NO, adsorption has been studied by performing
TRM experiments with ryq, mixtures at 350 °C
over the various samples.

Upon a step change of NO at the inlet in the
presence of oxygen the dead time in the break-
through of NO, (i.e. the NO, storage capacity) in-
creases with the Ba mass fraction and is maximum
at w =23 % Ba, as shown in Figure 13. Besides the
FNO,/NO molar ratio (which can be related to the oxi-
dizing capacity of the system) is almost constant up
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350°C: Ba(0); Ba(5); Ba(10); Ba(16); Ba(23) and Ba(30) catalysts
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to 16 % Ba, but it is markedly lower at very high
Ba loading (i.e. w = 30 % Ba).

Considering the fraction of Ba that participates
in the storage process (“active” Ba), i.e. the molar
ratio (%) of Ba involved in the storage with respect
to the total amount of Ba present in the catalyst
sample, it appears that the fraction of Ba involved
up to NO, breakthrough is low (about 4 %) for
Pt-Ba(5) sample, and then increases linearly with
the catalyst Ba content, and up to the maximum
value of about 25 % for the Pt-Ba(23) sample,
which accordingly exhibits the best exploitation of
the Ba component.

On the basis of the evidence collected for the
Pt-Ba interaction, the results can be explained con-
sidering that at low Ba loading the interaction be-
tween Pt and Ba is low and the behaviour results
from the superposition of that of the two single
components: Pt oxidizes NO to NO, and NO, un-
dergoes disproportionation over Ba (and possibly
alumina). In this case the storage of NO, proceeds
primarily through the nitrate route (see Figure 11)
but notice that the NO, breakthrough occurs with a
short dead time.

At high Ba content the interaction between the
two components is favoured by their proximity. In
this case the storage of NO, occurs primarily
through the nitrite route: NO is oxidised over Pt
and is adsorbed at a neighbouring Ba site in the
form of a nitrite species that is then oxidized to a
nitrate species. In this case the storage of NO, is
characterised by a significant dead time in the NO,
breakthrough.

Conclusions

The bulk of the information gained by the cur-
rent transient experiments, coupled with the FTIR
spectra, helped in clarifying reaction pathway for the
storage of NO, species over Pt-Ba/Al,O; catalyst
from NO/O,. The most important features include:

i) On Pt-Ba/Al,O; catalysts the storage of NO,
occurs through both a nitrite and a nitrate route.

ii) The nitrite route implies a stepwise oxida-
tion of NO at Pt followed by adsorption at a neigh-
bouring Ba site to form a nitrite ad-species that is
then oxidised to a nitrate species.

iii) The nitrate pathway implies the oxidation
of NO to NO, at Pt followed by the adsorption in
the form of nitrates through the disproportionation
reaction of NO,.

iv) On increasing the Ba loading, the nitrite
route is more favoured than the nitrate route due to
the higher number of Pt-Ba couples (Pt atoms in
close proximity to Ba atoms).

v) The presence of Pt-Ba couples enhances the ex-
ploitation of the Ba component in the storage of NO.,.

vi) The nitrite route is most effective under
conditions of industrial interest.
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Notation

V' — superficial velocity, m®* m2 h™!, m h'!

¢; - gas-phase concentration of species i, mol m™
¢y, — concentration of species i at gas-solid interface,

mol m™

D,;; — effective intraporous diffusivity of species i, m*/s
dy, - hydraulic diameter of the monolith channels, m
E, - activation energy for NH; adsorption, kJ mol!
E,; - activation energy for NH; desorption, kJ mol™!

E;° - activation energy for NH; desorption at
zero-coverage, kJ mol™!

Exo - activation energy for the DeNO, reaction, kJ mol™!

h - gas-solid heat transfer coefficient, ] cm2 s™! K™!

k,° - pre-exponential factor for NH, adsorption rate,
m® mol ™! s~

k., - effective rate coefficient of the surface chemical

C
reaction, m® mol! s}

ks°> — pre-exponential constant for NH; desorption rate, s

k, - the inter-phase gas-solid mass transfer coeffi-
cient, m® mol ! 57!

k., - gas-solid mass transfer coefficient, m*> mol= s!

Ky, — quantity for NH; inhibition, m* mol !

kno - kinetic coefficient for the DeNO, reaction rate,

m® mol™! s7!

ko — rate coefficient for ammonia oxidation, s

kgcr — intrinsic kinetic coefficient of the SCR reaction, —

L - monolith length, m

n — amount of substance, mol

Nup — Nusselt number, —

p - partial pressure, bar

Po, — Oxygen partial pressure, bar

r, - rate of NH; adsorption, s

rqy - rate of desorption, s

Tofr; — effective surface rate of formation of species j,
mol m™ s7!

r;  — intrinsic volumetric rate of formation of species 7,
mol m= s7!

"no - rate of NO consumption, s7!

Fo — rate of ammonia oxidation, s°!

INH,/No,~ Molar ratio,

Sh - Sherwood number

0,, - half-thickness of monolith wall, m

T - temperature, K
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t — time, s

T, - gas temperature, K

T, - catalyst temperature, K
v — gas linear velocity, m s™!

yx - molar fraction, 107

x - dimensionless intraporous coordinate, —
z — reactor axial coordinate, m

z

A,

dimensionless reactor axial coordinate, —
— enthalpy of formation of species i, J mol™!

w  — mass fraction, %, 1072
Greek letters
y - parameter for the surface coverage dependence
p  — volume fraction, %, 1072
n - catalyst internal efficiency
0, - surface coverage of species i
Xno, — the fractional conversion of NO,
*

O, — parameter for the NH; surface coverage dependence
pg - gas density, kg m?

ps - catalyst density, kg m™

Cis — catalyst NH; adsorption capacity, mol m

c — mass ratio

Subscripts and superscripts

b - bulk gas conditions

eff - effective rate

f - free sites

m - cup-mixing cross-sectional average
w - conditions at the monolith wall

° — conditions at reactor inlet

* — dimensionless quantity

o - asymptotic value for z*—= oo
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