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flow reactor experiments conducted at 200-400°C over a Pt/Ba/Al monolith sample. The detailed kinetic
model is divided into four sub-models: (i) NO oxidation over Pt, (ii) NOy storage, (iii) NOy reduction
over Pt, and (iv) NOy regeneration. The sub-model for NO, storage is based on our earlier work and
Keywords: is further developed in this study to include high concentrations of CO; and H;O in the feed and
Detailed kinetic modeling also low temperature storage. In the model NOy is allowed to be stored on two different types of
NOy storage and reduction storage sites: BaCOs and a second storage site denoted S3. Based on experimental results many studies
Pt/Ba/Al suggests multiple storage sites one these catalysts, and there are different explanations (i) alumina and
Hy barium sites (ii) bulk and surface barium, (iii) barium close and far from the noble metal, etc. The
NH3 formation disproportionation route, where NO, is stored over BaCOs, is included in the NOy storage model. To
?(?)O account for the storage occurring at lower temperatures NO can be stored over both BaCOs3 and Ss3

2 in the presence of O,. NO adsorbed over S3 can be further oxidized to NO, by reacting with oxygen
on neighboring Pt sites. The second storage site (S3) is important in order to explain NOy storage
at low temperatures and the disproportionation reaction is essential to describe the storage at high
temperatures. The NOy reduction sub-model used here was developed earlier over Pt/Si. Additional to
the reduction of NOy into Ny, it describes the formation of NH3 over Pt. In the sub-model describing the
regeneration of NOy, adsorbed NOy species react with hydrogen adsorbed on Pt sites. Ammonia oxidation
over Pt and reactions between surface species of barium and NHs3 according to ammonia selective
catalytic reduction (SCR) chemistry are also incorporated in the regeneration sub-model. The full model
can describe the complete uptake of NOy in the beginning of the lean period, the NOy breakthrough,
and the slow NOy storage in the end of the lean period very well as well as the following release and
reduction. It can also predict the gradual decrease in the storage capacity occurring in lean/rich cycling
experiments. Furthermore, the ammonia formation predicted by the model fits well with experimental
data. The model was validated with short lean (60 s) and rich (15 s) cycles which were not included in
the model development. The model could predict these experiments well for all three temperatures (200,
300 and 400°C).

© 2008 Elsevier Inc. All rights reserved.

1. Introduction method was developed by Toyota in the 1990s [1]. The NSR cata-
lyst works in a cyclic mode with alternating lean and rich periods.

The main advantages of diesel engines and lean-burn gasoline Nitrogen oxides are stored in the catalyst under the relatively long

engines compared to conventional gasoline engines are the low lean periods (minutes), during which the catalyst operates under
fuel consumption and the reduced emissions of CO,. However, due ~ 0Xygen excess. The catalyst is then regenerated for a short pe-
to the large excess of oxygen during the lean operation of these  riod of time (seconds) from the stored NOy, by letting the engine
engines, the NO, cannot be reduced over the conventional three- operate in the rich mode (oxygen deficient) or by introducing a re-
way catalyst. The NOy storage and reduction technology (NSR) is a  ducing agent upstream of the catalyst [2]. During the regeneration
promising method to reduce nitrogen oxides in lean exhaust. This NOy is released from the storage sites and reduced, with hydro-

carbons (HC), Hy and CO, to produce CO,, H0 and N,. A typical

NO, storage and reduction catalyst consists of a high surface area

* Corresponding author. Fax: +46 0 31 772 3035. support, a storage component and precious metals. A well studied
E-mail address: louise.olsson@chalmers.se (L. Olsson). catalyst formula for this application is Pt/Ba/Al.
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In many studies in the literature it is suggested that oxidation
of NO to NO, over the precious metal is the first step in NOy stor-
age [3-9] and that NO; is subsequently stored on the trapping
material. However, Nova et al. [10-12] have described the mech-
anism of NO, storage by two routes that operate simultaneously,
the “nitrite route” and the “nitrate route.” The nitrite route in-
volves the direct uptake of NO in the presence of O, on the barium
component, to form adsorbed nitrite species. The nitrites are then
oxidized to nitrates. Simultaneously, NO oxidation to NO, can also
occur, and the NO, formed can adsorb on barium in the form of
nitrates via a disproportionation reaction (nitrate route).

Several publications have stressed that the proximity between
Pt and Ba sites is very important for NOy storage [1,10,12-15]; it
has been suggested that the storage of NO is favored when Pt
sites are close to Ba sites [10,15]. In addition, several investigations
have indicated that NOy can be stored over several types of storage
sites [10,14,16].

When the reduction efficiency of different reducing agents, such
as Hy, CO, C3Hg and C3Hg, was investigated, it was concluded that
H; is the most effective reductant [17-22]. In addition, H; is an
active reducing agent at temperatures too low for other reductants
to be active [21]. The products formed when using hydrogen as a
reducing agent are NH3, N,O and N, [23,24]. According to Szailer
et al. [22], the role of H, during the reduction is to keep the pre-
cious metal surface clean, for the dissociation of NOy, by reacting
with adsorbed oxygen to form H,O. They also suggested that N is
formed by the recombination of adsorbed nitrogen atoms and that
the formation of NH3 occurs due to the reaction of adsorbed ni-
trogen with hydrogen. Burch et al. [25] suggested a mechanism for
NO, reduction, which involves the dissociation of NO on a reduced
surface to give adsorbed N(gs)y and Oagsy with subsequent de-
sorption of N and N,O. They believed that this mechanism could
explain several reduction observations over platinum group metal
catalysts for some reducing agents.

Some mathematical models describing the NSR process are pre-
sented in the literature and most of them are global kinetic mod-
els. Olsson et al. [26,27] and Tuttlies et al. [28] describe the mass
transport in their respective kinetic models by a shrinking core
model [26-28]. The NOy storage over Pt/Ba/Al is described over
one type of storage site and the reducing agents used in these
models were CO or C3Hg. In a recent publication by Scholz et
al. [29] a global reaction kinetic model based on a multiple storage
site mechanism have been presented. Hydrogen was used as the
reducing agent and ammonia formation was observed in some of
the experiments used to develop the model. However, the NH3 for-
mation was not included in the model. The reaction mechanisms
in the above mentioned models are simplified and contain global
reaction steps.

Laurent et al. [30] developed a more detailed model with ele-
mentary reaction steps describing the NO oxidation. However, the
reactions describing the adsorption and desorption of NOy were
global reaction steps and the reduction was not modeled. The most
detailed model of NOy storage and reduction over a Pt/Ba/Al cat-
alyst have been presented by Olsson et al. [7,8]. The first step in
the proposed mechanism is NO oxidation to NO; over Pt. Nitro-
gen dioxide is then adsorbed on barium to form BaO-NO,, which
is subsequently converted into barium nitrate and NO is simul-
taneously released. A reversible spillover step of NO, between Pt
and BaO sites is also included in the model. The model could de-
scribe NO, storage and regeneration with propene between 300
and 500°C. The model was developed with experiments without
CO, and H,O present in the gas feed [7,8].

To summarize: several mechanistic investigations of the NOy
storage and reduction process under various conditions have been
performed and detailed descriptions particularly of the storage pe-
riod have been proposed. However, very few of the mechanisms

presented in the literature have been examined and verified by de-
tailed kinetic models. There are today no detailed kinetic models
that describe the storage and regeneration with hydrogen, includ-
ing ammonia formation. In addition, no detailed models are avail-
able that consider experiments with high concentrations of CO,
and H,O, which is the case in real applications. In this study a
detailed kinetic model of NO, storage and reduction, in the pres-
ence of H,O and CO,, with hydrogen as the reducing agent was
developed and validated. The ammonia formation in the rich pe-
riod is simulated and both long and short cycles were used in the
model development. The understanding gained from an extensive
experimental study over the same Pt/Ba/Al catalyst [31] is used to
develop this model, together with our detailed kinetic model of
NOy reduction with hydrogen over Pt/Si [32] and the NO oxidation
model from Olsson et al. [7]. In addition the mechanism of NOyx
storage is based on the detailed kinetic model by Olsson et al. [7].

2. Experimental
2.1. Catalyst sample

A Pt/Ba/Al monolith sample with a cell density of 400 cpsi was
examined in this study. The length of the catalyst is 30 mm. It has
a diameter of 21 mm and the channels are about 1 x 1 mm. The
catalyst was prepared by first washcoating a cordierite monolith
with y-alumina, which was followed by incipient wetness impreg-
nation of platinum. Barium was added to the sample after the Pt
impregnation. The Pt precursor used was Pt(NOs); and the pre-
cursor for barium was Ba(NO3),. The preparation method used in
the work is described in detail in [31]. The washcoat weight of the
sample is 1040 mg and it contains 2.9 wt% Pt and 20.8 wt% Ba.
The specific surface area of the sample, which was determined
by nitrogen adsorption at 77 K according to the BET method,
is 97 m?/guyashcoat- The instrument used for this purpose was a
Micromeritics ASAP 2010. The Pt dispersion is 18% and was de-
termined by N,O dissociation in a reactor equipped with a mass
spectrometer (Balzer QME 125) [33].

2.2. Reactor experiments

The experiments conducted in this study were performed in a
flow reactor consisting of a horizontal quartz tube where the cata-
lyst is placed. A total flow rate of 3500 ml/min (SV = 20210 h™!)
was used in all experiments. All gases, except H,O, were intro-
duced into a gas blender via several mass flow controllers. Water
was added to the gas flow downstream of the blender in an evap-
orator, which was heated to 150°C. By exerting pressure on a
container holding the water the amount of H,O was controlled.
The gas flow was fed into the reactor downstream of the evapora-
tor. Argon was used as the carrier gas in all of the measurements.
Two thermocouples were used to measure and control the temper-
ature; one thermocouple was placed about 10 mm in front of the
catalyst and the other was placed inside the catalyst, 10 mm from
the rear end. An insulated heating wire was used to heat the reac-
tor. The outlet gases were analyzed by a chemiluminescence NOy
detector (CLD 700) and by a gas FTIR (Bio-Rad FTS 3000 Excalibur
Spectrometer with a Specac Sirocco series heatable gas cell, P/N
24102, with a 2 m path length and a volume of 0.19 I).

Prior to all experiments the sample was pretreated at 500°C;
first it was oxidized in 8% O for 10 min, this was followed by
5 min of 100% Ar and finally the sample was reduced in 1.8% H; for
10 min. Five transient NOy storage and reduction experiments were
used when developing the model. Two cycling experiments with a
lean period of 600 s and a rich period of 300 s were performed at
300 and 400°C. The catalyst was exposed to 300 ppm NO, 8% O,
3% Hy0 and 3% CO, during the lean period and to 300 ppm NO,
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8000 ppm Hy, 3% Hy0 and 3% CO, during the rich period in these
experiments.

In addition, three lean/rich cycling experiments, with a 210 s
long lean period and a 15 s long rich period were conducted at
200, 300 and 400 °C. The catalyst was exposed to 300 ppm NO, 8%
03, 3% H20 and 3% CO, during the lean periods and to 300 ppm
NO, 16000 ppm Hj, 3% H,0 and 3% CO, during the rich periods.

Experiments with shorter lean/rich (60 s/15 s) periods were
also conducted and these experiments were used to validate the
model. The gas feed in the model validation experiments were
300 ppm NO, 8% 02, 3% H,0 and 3% CO, during the lean period
and 300 ppm NO, 16 000 ppm H», 3% H,0 and 3% CO, during the
rich period.

3. Modeling of reaction kinetics
3.1. Reactor model

The catalyst is described as a series of continuously stirred tank
reactors (CSTR). The theoretical number of tanks can be estimated
by using the dispersion model in combination with the tanks-in-
series model [34], which considers the axial dispersion. This results
in about 40 elements. However, the simulation time would be very
long when using 40 elements. In addition, the effect of changing
the number of tanks is most pronounced when using few tanks.
Westerberg et al. [35] used ten elements in their simulation of HC
SCR instead of the theoretical 40-140 in their case and estimated
that the error when doing this was less than 3%. We also chose to
use ten elements in our simulations, which also was done for NO
reduction over Pt/SiO, [32] and NOy storage with propene regen-
eration [8].

The assumptions made for the reactor model are:

(i) Uniform radial flow distribution.

(ii) No radial concentration gradients.

(iii) No axial diffusion, dispersion is accounted for by the number
of tanks in series.

(iv) No gas phase accumulation.

(v) No diffusion resistance in the washcoat.

(vi) The average coverage of the surface, in each tank, is used to
model the surface reactions.

(vii) No energy balance is solved. The temperature gradients were
small when switching from lean to rich. In the switch the
catalyst temperature changed less than 10°C for all short cy-
cles and about 12°C for the long cycle at 400°C and 20°C
at 300°C. The reason for the small temperature differences
is heat losses in the reactor system. Further, the temperature
measured in the catalyst was used in all simulations.

The mass balance for the gas in each tank is
Fix—1—Fix—kcik- Ak (Cgik —Csik) =0, (1)

where the net molar flow from tank k, is balanced by the mass
transport from the gas bulk to the catalyst surface. The nomencla-
ture is shown in Appendix A. The mass transport to the catalyst is
balanced by adsorption on, desorption from, and reaction on, the
catalyst surface

keik - Ak - (Cgik — Cs,ik) = Z Vi j - Tjk - Mwck- (2)
Jj

Accumulation on the surface is balanced by the sum of all reac-
tions for each species

90 i
Neat 3t = Xj:Ui,j Tk (3)

The mass transfer is described by the film model, which assumes
that the transport resistance (to and from the catalyst surface) is
concentrated to a stagnant film layer. The mass transfer coefficient
decreases from the channel inlet. The expression used for the Sher-
wood number is from Ref. [36]

Sh = Sheo + 6.874 - (1000 - zy,) 488 . =57-22m (4)

where She, is the asymptotic Sherwood number which is set to
3.0 in the model, and z;, is the dimensionless axial distance for
the mass transfer, as given by this equation

_ z _z-D
" d-Re-Sc d?2.-v’

The Sherwood number is used to calculate the mass transfer coef-
ficient, k¢ ; k

(5)

Zm

. keik-d
—Dp
where the diffusivity is calculated using

Tf 1.75
D= Dref(_> . (7)
Tref

Sh (6)

The reference temperature was 673 K and the diffusion coefficients
were calculated from an equation given by Fuller et al. [37], result-
ing in 9.71 x 10~ for NO, 7.51 x 10~ for NO3, 8.31 x 107> for O,
34.12 x 10~ for Hy, 9.35 x 10~ for NHs, 10.68 x 10~ for H,O,
8.27 x 10> for N, and 6.43 x 10~ m?2/s for CO,.

3.2. Kinetic model

3.2.1. Parameters in the kinetic model
The rate constants in the kinetic model are described by the
Arrhenius expression,

kj=Aj- e Ea/(RD (8)

and the pre-exponential factors and activation energies for all re-
actions used in the model are listed in Tables 5, 7, 9, and 11. To
decrease the correlation between parameters in reactions where
both the pre-exponential factor and the activation energy were fit-
ted, a centered expression was used to describe the rate constant

kj = Aje~Eai/RIA/D=(/Teen], 9)

Several parameters were kept constant in the modeling. Adsorp-
tion reactions are usually non-activated and many of the activation
energies for adsorption are therefore set to 0 kJ/mol. The pre-
exponential factors for adsorption reactions, A,gs, in the NO oxi-
dation and NOy reduction sub-models were determined by using
kinetic gas theory [38]

Na-R-T
2-w-M-R-T)1/2

Aads = A - Neat - S(0). (10)
The temperature dependence of the pre-exponential factors was
neglected and a reference temperature of 573 K was used in
Eq. (10). In addition, literature values were used to keep some pa-
rameters at a constant value. According to transition state theory
the pre-exponential factors for reactions and desorption are within
the range of 10'-10" s~ [38]; usually 10'® s~ is used due to

kB~T
h

Hence, several of the pre-exponential factors used in the model
were set to 1013 s—1,

The thermodynamics for gas phase equilibrium reactions must
always be fulfilled. Thermodynamic constraints are therefore put
on the gas phase reactions in the model.

=103 571, (11)
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Statistical thermodynamics [38] was used to confirm that the
pre-exponential factors for the adsorption and desorption reactions
are reasonable. This is done by calculating the change in entropy
for a gas phase species that adsorbs on the catalyst surface,

Aads
Ades

A realistic value of the change in entropy lies in the range between
two extreme cases: the change in entropy for a completely local-
ized adsorbate (ASjoc) and an adsorbed specie behaving as a 2D
gas (ASyp). These entropy changes are given by [7]

ASmodel = R1n

(12)

ASloc = Str,3D + Srot,BD, (13)
ASp = Str,3D + Srot,30 — (Str.2D + Srot,2D)- (14)
The entropies are calculated from

d(In(q))
ar =’

where the partition functions for translation in two and three di-
mensions and the partition function for rotation for linear and
non-linear (symmetric and asymmetric) molecules are calculated
as follows [39]

S=RIn(q) +RT (15)

2 mkgT)3/2
(2mmkgT) y

qtr,3p = e , (16)
qtr,20 = Zm;#/" (17)
Qrot = w (linear), (18)
o:h?
/2 (8m2IksT) (8m21,kgT)1/2
qrot = —— h2 h2
(symmetric, non-linear), (19)
w12 (872 1kgT)V/? (8721 kgT) /2 (872 1,kpT) /2
roe = o n2 n2 n2
(asymmetric, non-linear). (20)

The rotational constants used for calculating the moment of in-
ertia are from Herzberg [40]. The parameters that were not fixed
by the above mentioned ways were fitted using the least-squares
method and the 95% linearized confidence intervals were calcu-
lated for these parameters. Five transient experiments were used
in the modeling to obtain the parameter values; a more detailed
description of the parameters is presented below.

3.2.2. Mechanism

The detailed kinetic model used in this work is divided into
four sub-models: (i) NO oxidation over Pt, (ii) NOy reduction over
Pt, (iii) NOy storage and (iv) NOy regeneration. These sub-models
describe the steps occurring over Pt/Ba/Al catalysts during NOy
storage and reduction cycles with hydrogen as the reducing agent.
The mechanisms of the sub-models are listed in Tables 1-4. All
sub-models are used when modeling the cycling experiments pre-
sented in the results. The kinetic model was developed stepwise
and a detailed description of the subsystems is presented below.

3.2.2.1. NO oxidation over Pt The sub-model used to describe NO
oxidation over Pt in this work was developed by Olsson et al. [7]
over a Pt/Al and a Pt/Ba/Al catalyst. The mechanism used in the
modeling is presented in Table 1. The activation energy for oxygen
desorption and for NO, desorption are dependent on the oxygen
coverage on platinum, in accordance with the model in Ref. [7].
The background for this is that there are repulsive interactions
between oxygen atoms on the surface. In order to have thermo-
dynamic consistency it was also assumed that there are repulsive

Table 1
Mechanism for NO oxidation

Reaction number Reaction

1and 2 NO(g) + Pt <> NO-Pt

2
3and 4 Oa(g) + 2Pt S 20-Pt

T4
5 and 6 NO-Pt+ 0-Pt&NO>-Pt + Pt

6
7 and 8 NO,-Pt < NOy) + Pt
8

Table 2

Mechanism for the NOy storage

Reaction number Reaction

9 and 10 NOy(g) + BaCO3 ;:-gg NO,-BaCO;

11 and 12 NO,-BaCOs3 213; Ba0-NO, + COy)

13 and 14 NO,-Ba0 + 2N02—Pt%§ Ba(NO3); + 2Pt + NO(g)
15 and 16 NOg + BaCO3 g-z NO-BaCO;

17 and 18 NO(g) + S3 :«E S3-NO

19 and 20 NO-53 + O—Ptg—ZNOZ—S3 +Pt

21 and 22

NO2(g) + S3 z—i S3-NO,

interactions between oxygen and NO;. This means that in addi-
tion to the pre-exponential factors and the activation energies, two
more parameters (two linear constants denoted o4 and «7) de-
scribe the NO oxidation system.

3.2.2.2. NOy storage The NO, storage sub-model is based on the
model developed by Olsson et al. [7,8] and was modified in this
work due to the inclusion of high concentrations of water and CO,
in the feed and NOy storage at low temperature. In addition, a few
reaction steps were summarized in order to decrease the number
of parameters. The model is presented in Table 2. The mechanism
contains seven reversible steps and NOy is allowed to be stored at
two different types of storage sites.

A previous experimental investigation of this catalyst showed
that when both CO, and H,O are included in the gas mixture,
the negative effect on the storage capacity for this catalyst is more
pronounced for CO, than for H,O [31]. This was explained by the
difference in stability of BaCOs and Ba(OH), (BaCOs is more stable
than Ba(OH); [41]). Furthermore, it was shown that the storage
over barium was more sensitive to CO, than to H,O. Due to the
above mentioned reasons it is assumed that the barium sites are
in the carbonate form during the prevailing conditions (i.e. excess
of COy and HzO).

In several studies it is suggested that there are different types
of storage sites present in NOy storage catalysts [13,14,20,22,41,
42]. NO 4+ O, and also NO; TPD experiments over Pt/Ba/Al clearly
shows several desorption peaks [43]. This can be explained by ei-
ther that there are different NOy species with varying strength on
the surface or that there are different types of storage sites or a
combination of the two. In the literature there are different expla-
nations for the multiple storage sites:

(i) The proximity between the noble metal and the barium, re-
sulting in different storage sites close and far from barium [13,
14,20]

(ii) Storage on barium and alumina. It is well known that NOy can
be stored on alumina at lower temperatures [31,35]. According
to FTIR results by Dawody et al. [44] the barium do not cover
all alumina sites. However, FTIR measurements from Labalme
et al. [45] showed the opposite result with barium covering
all alumina sites. The differences are likely due to differences
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in preparation methods. When analyzing FTIR spectra Wester-
berg and Fridell [35] assigned the peaks to different nitrites
and nitrates on barium, alumina and alumina in close contact
with barium.

(iii) The presence of BaO, Ba(OH); and BaCO3 which have different
affinity for NOy [41].

(iv) Different adsorption strengths of NOy on surface barium and
bulk barium sites [22,42]. Scanning electron microscopy (SEM)
in combination with energy dispersive X-ray spectrometry
(EDS) showed the concentration of barium on the surface var-
ied [33]. Based on TPD, IR, and >N solid state NMR Szanyi et
al. [42] suggest that there is a thin monolayer of barium on
the alumina and bulk barium particles formed on this layer.
The surface nitrates have lower stability compared to the bulk
nitrates.

Thus many studies suggest that there are multiple storage sites in
the Pt/Ba/Al catalyst, but the physical explanation of them differs.
We have added a second storage site in our NOy storage model de-
noted S3 (three types of sites are present in the model: Pt, BaCO3
and S3) in order to describe the experimental results, which clearly
support multiple storage sites. In the NOy storage model presented
in Ref. [46] by Dawody et al. a second storage site was also intro-
duced.

The first three reversible reactions in the NOy storage sub-
model describe the storage of NO; over BaCOs. In reaction 9
NO; adsorbs on BaCO3 and form NO;-BaCOs. Carbon dioxide can
then desorb from the formed specie and produce BaO-NO; (re-
action 11). The NOy storage process is very complex and several
mechanisms with many reaction steps have been suggested in the
literature [5,7,10]. In order to decrease the number of reactions in
the model we have chosen to describe the formation of Ba(NO3),
via a reversible spill-over step (reactions 13 and 14) with NO, from
platinum, since previous simulations and experiments have shown
that the storage of NOy is more favored in the presence of a noble
metal [7]. Furthermore, it has been shown that the proximity of
Pt and Ba is very important for the NOy storage [10,15]. Together
with reactions 7 and 8, i.e. desorption and adsorption of NO; over
Pt, the above mentioned reactions establish the disproportionation
reaction, where three NO, molecules are consumed and one NO
molecule is released, as shown below

3NO3(g) + BaCO3 <> NO(g) + CO2(g) + Ba(NO3),.

As stated above, the activation energy for NO, desorption over Pt
(Eag) is dependent on the oxygen coverage on platinum. Since the
enthalpy and entropy changes for the overall equilibrium reaction
are not allowed to vary, one additional activation energy must be
dependent on the oxygen coverage to compensate for the change
in the enthalpy. The activation energy for the spill-over reaction
(Ea13) was chosen to be coverage dependent in this model accord-
ing to

Ea13(0) = Ea13(0)(1 — 136pt-0),

where o3 is a linear constant and 6p_o the coverage of oxygen
over platinum.

Prinetto et al. [43] exposed a Pt/Ba/Al catalyst to NO at room
temperature and the resulting FTIR spectra showed NOy species on
the surface. They also conducted a NO TPD at 313 K and observed
desorption of NO. The amount of stored NOy increased significantly
when exposing the catalyst to a combination of NO and O, and
this was observed already at room temperature where the NO oxi-
dation is usually very low [43]. This is consistent with NO+ 0, TPD
experiments performed by Olsson et al. [47] where a large storage
was observed at 100 °C, without any NO oxidation activity. In ad-
dition, Westerberg et al. [35] conducted in situ FTIR measurements

Table 3
Mechanism for NOy reduction

Reaction number Reaction

23 and 24 Hagg) + 2Pt?-3> 2H-Pt

24
25 0-Pt + 2H-Pt 2 H,0-Pt + 2Pt
26 and 27 H20(g) + Pt & H;0-Pt

27
28 and 29 NO-Pt + Pt 2 N-Pt + O-Pt

29
30 2N-Pt 2 Np(q) + 2Pt
31 N-Pt + 3H-Pt 2! NH5—Pt + 3Pt
32 and 33

NH3(g) + Pt?% NH3-Pt
33

over BaO/Al,03 and Al,03 and observed NOy species on the sur-
face after NO + O, exposure between 100 and 300 °C. Since these
samples do not contain a noble metal the oxidation capacity can
be neglected. Thus, NO can adsorb on the Pt/Ba/Al catalyst and we
have therefore added adsorption and desorption of NO over BaCO3
(reactions 15 and 16) and the corresponding reaction on Ss (reac-
tions 17 and 18) to the model. These steps were very important
in order to simultaneously describe the complete uptake of NOy in
the beginning of the lean period when feeding the catalyst with
NO and O, at 200°C and the low NO oxidation activity.

Nova et al. [10] described the mechanism of NOy storage by
two routes that operate simultaneously, the nitrate route, which is
adsorption of NO, via the disproportionation reaction, and the ni-
trite route. The nitrite route involves the direct uptake of NO in
the presence of O, on the barium component, to form adsorbed
nitrite species. The nitrites are then oxidized to nitrates. This al-
ternative storage route explains the experimental findings that the
presence of oxygen increases the storage of NO, without NO oxi-
dation occurring on the platinum [35,47]. A similar route is used
in the mechanism for NOy storage applied in this study; NO ad-
sorbed over S3 can be further oxidized to NO, by reacting with
oxygen on neighboring Pt sites according to reaction 19. Reaction
19 is reversible and NO, dissociation is described by reaction 20.
Adsorption and desorption of NO, over S3 is also included in the
model according to reactions 21 and 22. By introducing the re-
versible reaction of NO oxidation over Ss, there is a second possible
route for NO oxidation in the model proposed here. This route oc-
curs over Pt and S3 and contains r3, r4, 17, I'18, 9, 20, 21 and
r22. Also for this route one additional activation energy, besides
the activation energy for oxygen desorption (E,4), must be depen-
dent on the oxygen coverage. The activation energy of the forward
spill-over reaction (E;19) was chosen to compensate for the change
in the enthalpy:

Ea19(0) = Ea19(0)(1 — t196pt—0).

Also here is a9 the linear constant and 6p;_o the coverage of oxy-
gen over platinum.

3.2.2.3. NOy reduction over Pt The reduction of NOy to nitrogen
occurs over the precious metal of a NSR catalyst. Experimental
investigations have shown that NH3 and N;O are common byprod-
ucts when reducing NO, with hydrogen over Pt [21,32]. A model
describing NOy reduction over Pt was constructed over a Pt/Si cat-
alyst [32] and this model was used in this work to explain the
reduction of NOy and the formation of NH3 over Pt. The mecha-
nism used here is presented in Table 3. Nitrous oxide production
was not included in this model, since N,O was not measured in
this work.

Hydrogen is a very effective reductant for NSR catalysts. In
this model hydrogen cleans the surface from oxygen adsorbed
on Pt by producing H,O according to reaction 25. Earlier studies
have shown that H,O inhibits the NO oxidation capacity of the
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Table 4 Table 5

Mechanism for NOy regeneration Reaction rates and kinetic parameters for NO oxidation

Reaction  Reaction No. Reaction rate Pre-exponential Ref. Activation Ref.

number factor energy (kJ/mol)

34 6H-Pt + Ba(NO3); + COp(g) —% 2NO-Pt + BaCO3 + 3H,0-Pt + Pt L r=ki-cnog -Ovee  5.8x 10?;) (7] 0 (7]

35 4H-Pt + BaO-NO; + COy(g) —2> 0.5Na(g) + BaCO3 + 2H, 0Pt + 2Pt 2 n=k-fryo 1010 [ (32]

36 4H-Pt + 2BaC03-NO 2% Ny () -+ 2BaCO3 + 2H,0-Pt + 2Pt 3. Ta=kaCoyy Oy 14107 (7 204 (2]
~Pre 2BaC05 7110 = Nagg) + 2805 +20,0-Ft+ 4 ra=ke 02, 1.0 x 105 (7] 199.4%¢

37 2H-Pt 4+ NO,-53 = NO-Pt + S3 4+ H,0-Pt 5. s —ks-Ohno - Opico  5.5x 101 £0.7 x 101¢F 142,349 3¢

38 4H-Pt + 2NO-S3 —% Nj(g) + 2S3 + 2H,0-Pt + 2Pt 6. T =Ke-Opt—no, - Ov.pr 5.5 x 1014Pd 100.52

39 2NH3-Pt + 30-Pt =% Ny(g) + 3H0(g) + 5Pt 7. 17=k7 - 6p-No, 1.0 x 10'P 71 97.9 171

— 3
40 2NH3-Pt + Ba(NO3); + Pt —% 1.5Nyg) + BaO-NO, + 3H,0-Pt 8. rg=Kks CNoyg “Ovpe  5.2x10°7 171 0 7]
41 4NH3-Pt + 3NO2-Ba0 + 2Pt + 3C0y(g) —> 3.5Ny(g) + 3BaC03 + 6H,0-Pt Unit: m3/(s kg of washcoat).

catalyst [48], which may be due to blocking of Pt sites. In this
model adsorption and desorption of H,O is included (reactions 26
and 27). Reaction 25 results in vacant Pt sites which are needed for
NO dissociation (reaction 28). Nitrogen adsorbed on Pt can then
further react and form N, (reaction 30) and NHj3 (reaction 31).
Ammonia adsorption and desorption are described by reactions 32
and 33.

3.2.2.4. NOy regeneration Table 4 presents the reactions describing
the regeneration of NO, that were used in this model. The intro-
duction of a reducing agent increases the rate of regeneration of
the storage sites in NOy storage and reduction catalysts. The re-
duction of NOy occurs over the noble metal sites. Hence, the NOy
adsorbed must either desorb from the storage sites into the gas
phase and readsorb on the precious metal or it must diffuse over
the surface to the precious metal. However, the desorption rates of
the nitrites and nitrates are low and it is therefore not possible to
describe the regeneration of the adsorbed species using reactions
on the noble metal only. We have previously described the impor-
tance of spill-over of NOy in the storage and release process using
detailed kinetic simulations [7]. Further, previous studies have em-
phasized the importance of the proximity of Pt and Ba for NOy de-
composition [24,49,50]. In addition, ab initio molecular dynamics
simulations have shown that both nitrites and nitrates can diffuse
on Ba0(100) [51]. We therefore propose that the regeneration oc-
curs through a reaction with hydrogen adsorbed on platinum and
the stored NOy, via a spill-over mechanism.

The reaction between the stored NOy and hydrogen results in
a regeneration of the storage sites and a simultaneous production
of N». However, experimentally it is well known that all NOy is not
reduced to N, during the rich period, and a NOy release peak is of-
ten observed. Thus, the stored NOy reacts with the hydrogen and
produces both N and NO. We have therefore added reaction steps
for the regeneration of the stored NOy to form NO on Pt or Nj.
In our model there are four NO, species on the Ba sites (BaO-NO3,
Ba(NOs3),, NO-BaCO3, NO,-BaCO3) and two on the S5 sites (NO-S3,
NO,-S3). However, NO,-BaCO3 is an intermediate, which always
has a very low coverage and regeneration steps are therefore not
needed for this specie. To put up detailed reaction schemes for the
regeneration of the five NOy storage species would require very
many reaction steps and the parameters would be so highly corre-
lated that it would not be possible to resolve. We have therefore
used summary step to decrease the number of parameters. In the
mechanism the most strongly bound NOy species on both storage
sites (Ba(NO3), and NO,-S3) reacts to produce NO on Pt and the
other species forms N, directly. These set of reactions 34-38 is the
smallest amount of reactions needed to describe the regeneration,
since only one reaction step is added for the regeneration of each
of the five stored NOy species.

It is well known that ammonia is easily oxidized into N, in NHs
SCR systems [52] and it can also occur at high temperatures in the
gas phase [53]. Ammonia oxidation can also occur over Pt and this

a
b Unit: s~
¢ Parameter fitted in this work.
4 Calculated from thermodynamic restrictions [7].
€ The activation energy is dependent on the oxygen coverage, i.e. E;(0) = E;(0) -
(1 —«j - Opt—0). a4 = 0.116 and 7 = 0.118.

f Centered value. Unit: mol/(s kg of washcoat).

is therefore included in the model (reaction 39). The experimental
study performed over this catalyst showed that when switching to
rich conditions there is a delay of about two min before NH3 is ob-
served [31]. This delay is dependent on the H, concentration, when
increasing the Hy concentration the delay time is shortened [31].
However, in the end of the rich period the selectivity of NO react-
ing to produce ammonia is about 100%. Thus, the rate for ammonia
production must be very high. When starting the rich period there
is a large NO peak observed due to decomposition of nitrates, but
at the same time there is no ammonia seen. The ammonia first
starts to break through when the NO signal is close to zero. In or-
der to describe these experimental features, i.e. a very high rate for
ammonia production but no ammonia observed in the initial part
of the rich period, we propose that the nitrites/nitrates adsorbed
on the storage components react with ammonia and produce N,
and H;0 according to SCR chemistry. When the nitrites and ni-
trates are depleted ammonia is observed in the gas phase. This
is consistent with the experimental findings and is described by
summary reactions (reactions 40 and 41) in the model, where bar-
ium nitrate and BaO-NO,, respectively, react with NH3; adsorbed
on Pt. These two steps were critical in order to describe the am-
monia production in the rich period properly. It is also possible
that other NOy species on the surface can react with ammonia.
However, these two steps were the most critical and we wanted to
minimize the number of reactions in the model.

4. Results and discussion
4.1. Parameters for the NO oxidation over Pt

The results from five experiments are used in the modeling
to obtain the parameters for all sub-models. Table 5 presents the
reaction rates and the kinetic parameters in the NO oxidation sub-
model. Nine of the parameters are from Olsson et al. [7] and two
of them, the activation energy of NO desorption (E;2) and oxygen
adsorption (E,3), are from Ref. [32]. Five parameters were calcu-
lated from thermodynamic restrictions (Ea4, o4, A6, Eas and a7)
and only two parameters out of 18 were fitted. The number of Pt
sites is 2.7 x 10% mol/(kg of washcoat), which was obtained from
the Pt dispersion measurement conducted over this catalyst.

The pre-exponential factors for adsorption were taken from [7],
as described above. They are derived from Eq. (10) using the stick-
ing coefficient. For oxygen adsorption the sticking is 0.023 over
Pt(111) at 600 K according to Elg et al. [54], and this value is used
in the present study and also [7]. For NO is the sticking coefficient
0.87 on Pt(110) and 0.9 on Pt(111) [55] and we have therefore used
Somoy = 0.9 [7]. For NO; the value reported by Bartram et al. [56]
is close to unity (0.97) and we have therefore used Sono,) =1 [7].
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Table 6 Table 9
Entropy changes for the adsorption and desorption reactions in the NO oxidation Reaction rates and kinetic parameters for NOy reduction over Pt
b I, a 2D locali N N A
submodel, a gas and a localized adsorbate No. Reaction rate Pre-exponential Ref.  Activation Ref.
Reaction ASop ASioc ASmodel factor energy
(J/(mol K) (J/(mol K) (J/(mol K) (kJ/mol)
NO(g) + Pt <> NO-Pt —-99 215 —180 23. 13 =ky3-Cy 02p  1.2x10%2 32 © [32]
O2(g) + 2Pt <> 20-Pt —101 —21 —192 24. 4=k 0%y 1.0 x 10130 69.4 0.9
NOy(g) + Pt < NO-Pt —101 —252 —181 25. a5 =kos - Op—0-63_;  1.0x 108 54.4 [32]
26. 126 =kas - C,04 Ovpt  Keq=1.8x107 0
27. 127 =k37 - Opt-h,0 65.0 [57]
Table 7 28. rag=kag - Op—No -Oypr 1.0 x 1013P 93.0 [32]
Reaction rates and kinetic parameters for the NO, storage submodel 29. 19 =kog - Op—n -Op—0 1.0 x 1013P 68.2 [32]
— 2 13b
No. Reaction rate Pre-exponential Activation Ref. 30. 30 =k3o-Opy 1.0 x ]0131) 79.5 [32]
factor energy 31. 31 = k31 -Opt_N '9I’r—H 1.0 x 1033 78.6 [32]
(kJ/mol) ;i 3 =;<32 - CNHs (g “Oypr 7.7 X% ]013b [32] 0 . [32]
. 133 =k33 - Op— 1.0 x 10 87.1+ 1.0
9. ro=ko - CNOyg) - Ov,8ac05 4.0 x 102 £0.5 x 1022 27.9 7] B i
10. 110 = k10 - BBaco;—NO, 8.7 x 1013¢ 186.4 [7] 3 Unit: m3/(s kg of washcoat).
1. 111 = k11 - BBacos-NO, 1.8 x 1013¢ 82.8 +54.1P b Unit: s,
12. rz2=kn2 CCOyg * 0Ba0-NO, 4.0 x 1022 0 € Parameter fitted in this work.
13. 113 = k13 - Ogao-No, - Opt—No, 1.0 x 1013¢ 114.5 + 0.4
14. 114 =kia - OgaN0s), - Ov.pt - CNO 3.9 X 10;4°'d 1249 . presented in the table show that all entropy changes for these re-
— a . . . .
12- 1 —ﬁw ';N%) Ov,Baco ‘]1-(7) X 1gm 1;:212‘3‘] actions are within the expected range. The pre-exponential factors
oy :16 e o0 14 i P +03x 1020 o for reactions 13, 16 and 19 were held constant at 10’3 s=1 ac-
. T17 =K17 - CNOgg) * OS5 . . ' . .. .
18. 11 =kis -6s,-no 23 % 1012¢ 106.4 & 1.0° cording to tr§n51t10n state theory [38] and the pre-exponential fag-
19, 19 =K1 - O5,-No - Bpr—0 1.0 x 1013¢ 143.1 + 0.4%€ tors for reactions 14 and 20 were calculated from thermodynamic
20. 120 =k20 - 85;-N0, - O P 1.1 x 1013¢d 156.64 constraints. The pre-exponential factor for adsorption of CO; over
21, 121 =K1 + CNOy) - Ov.s 4.3 io-‘ﬁ"’ 0 . BaO-NO; (A12) is set to the same value as the pre-exponential fac-
— C . . P
22. 2 =ka -05-No, ZoU X 1T 1Bl 20 tor for adsorption of NO, over BaCO3 (Ag), since it is assumed that

2 Unit: m3/(s kg of washcoat).

b parameter fitted in this work.

¢ Unit: s~

4" Calculated from thermodynamic restrictions.

€ The activation energy is dependent on the oxygen coverage, i.e. E;(0) = E;(0) -
(1 — '9pt_0). w13 =0.201 and 14 =0.081.

Table 8
Entropy changes for the adsorption and desorption reactions in the NOy storage
submodel, a 2D gas and a localized adsorbate

Reaction ASop ASioc ASmodel
(J/(mol K)) (J/(mol K)) (J/(mol K))

NOz(g) + BaCO3 <> NO,-BaCOs3 —-90 —252 —171

COy(g) +Ba0O-NO; <> NO;-BaCO3  —90 —226 —158

NO(g) + BaCO3 <> NO-BaC03 —88 —215 —152

NOy(g) + S3 <> S3-NO2 —92 —252 —172

NO(g) + S3 <> S3-NO -90 —215 —152

The change in entropy for the reversible adsorption and des-
orption reactions was calculated and compared to the change in
entropy for a localized adsorbate and a 2D gas. The results are
presented in Table 6 and they show that the AS for the model are
within the expected range.

4.2. Parameters for the NOy storage

Table 7 shows the reaction rates and kinetic parameters that
were used in the NOy storage sub-model. Density functional the-
ory (DFT) calculations on NOy adsorption over barium have shown
that NOy is mobile on the barium surface [51]. It is therefore as-
sumed that the entropy changes of the adsorption and desorption
reactions in the model (ASmodel) is between the entropy changes
for a 2D gas and a localized specie. In order to fix some of the
pre-exponential factors in the NO, storage subsystem the entropy
changes of the adsorption and desorption reactions in the model
(ASmodel) Were set to the mean value of the entropy changes for
a 2D gas and a localized specie. Five pre-exponential factors (Aqg,
A11, A1s, A1g and Ajy) could therefore be determined.

Table 8 presents ASyp, ASjoc and ASpoger for all adsorption
and desorption reactions in the NO, storage sub-model. The results

CO, adsorbs in a similar way as NO,. In addition, the adsorption
of NO; over BaCO3 is assumed to behave similar to adsorption of
NO, over BaO. It is therefore possible to use the same activation
energies for reactions 9 and 10 in this model as in Ref. [7] for NO;
adsorption over BaO. Hence, E;9 was set to 27.9 kJ/mol and Eajo
to 186.4 kJ/mol. However, it was not possible to use the same ac-
tivation energy for CO, adsorption over BaO-NO, and E,;» was
therefore fitted. It is assumed that the other adsorption reactions
(reactions 12, 17 and 21) in the model are non-activated and E,12,
Ea17, and Ejpp are therefore fixed to 0 kj/mol.

In the same way as for the pre-exponential factors for reac-
tions 14 and 20, the activation energies for these reactions are
calculated from thermodynamic constraints. In addition, thermo-
dynamic restrictions determine the linear constants (13 and oqg)
in the coverage dependence of E;13 and E,q9. The NOy storage sub-
model contains 30 parameters and only ten of them were fitted.
These parameters are presented together with the 95% linearized
confidence interval in Table 7. Moreover, Table 12 presents the
number of active sites used in the model. The numbers of storage
sites were fitted, which resulted in 7.1 x 1072 4:0.14 x 10~2 mol/kg
of washcoat for BaCOs and 10.1 x 1072 £ 0.28 x 10~2 mol/kg of
washcoat for Ss.

4.3. Parameters for the NOy reduction over Pt

The reaction rates and kinetic parameters of NOy reduction over
Pt are given in Table 9. Most of the parameters are taken from
Ref. [32]. The pre-exponential factors of reactions 24, 25, 28-31,
and 33 were set to 10'3 s~!. The activation energy of H,O adsorp-
tion on Pt is reported to be non-activated [57] with a sticking coef-
ficient of 0.7 for H,O adsorption on Pt [58]. This gives a very high
reaction rate for the adsorption of H;O. Furthermore, the reaction
for H,O desorption from Pt is very fast when using the kinetic
parameters reported in the literature. Fisher et al. [57] conducted
temperature programmed desorption experiments and determined
the activation energy for H,O desorption from Pt to 65 kJ/mol.
The pre-exponential factor used in the simulations of NOy reduc-
tion over Pt/Si was set to 10'® s=1 [32]. Simulations performed in
this study showed that the coverage of H,0 on Pt is close to zero.
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Table 10
Entropy changes for the adsorption and desorption reactions in the NOy reduction
submodel, a 2D gas and a localized adsorbate

Reaction ASop ASioc ASmodel

(J/(mol K)) (J/(mol K)) (J/(mol K))
Ha(g) + 2Pt <> 2H-Pt —81 —146 —136
NH3(g) + Pt <> NH3-Pt -97 =211 —192
H30(g) + Pt <> HO0-Pt -97 —207 —183
Table 11

Reaction rates and kinetic parameters for NOy regeneration

No. Reaction rate Pre-exponential Activation energy

factor (kJ/mol)

34. 134 = k34 - Opt—n - OBaNO3), 0.35 4 0.042P 56.7 £ 4.82
35. 135 = k35 - Opt—H - OB20-NO, 0.13 £ 0.09%> 62.2 +£29.72
36. 136 = k36 - Opt—H - OBac0s-NO 0.14 + 0.082P 92.0+114.1°
37. 137 =k37 - Ope—ni - O5;—N0, 1.1 x 108¢ 56.7

38.  r3g =k3g - Opt—H - Bs,-NO 7.4 x 1010¢ 92.0

39. 139 = k39 - Opt—NH; - Opt—0 1.0 x 1013¢ 114.4 + 4.9
40. 140 = k4o - Opt—NH; - OBaNOs); - Ov.pr 1.0 x 1013¢ 129.0 +2.0°
41 r41 = ka1 - Opt—NH, - OBa0-NO, - Oy,pr  0.01£0.022P 74.0+£101.32

@ Parameter fitted in this work.
b Centered value. Unit: mol/(s kg of washcoat).
¢ Unit: s~1.

Due to the high reaction rates and the very low coverage, it is as-
sumed that adsorption and desorption of H,O (reactions 26 and
27) are in equilibrium and the equilibrium constant,

is used as parameter for this reaction. The equilibrium constant
was calculated from the above mentioned parameters found in the
literature.

The pre-exponential factors for adsorption of hydrogen and NH3
were calculated using the sticking coefficients of 0.046 and 0.9,
respectively, which was used in our earlier model describing NOy
reduction on Pt/SiO;. So,) = 0.046 was taken from Ljungstrom et
al. [59] and SoH;) = 0.9 from Bradley et al. [60], who measured
sticking coefficient for ammonia on Pt(100).

Only two activation energies (Ea24 and Ea33) were fitted in this
subsystem, which has a total of 22 parameters. The 95% linearized
confidence intervals for the fitted parameters are also given in Ta-
ble 9. Table 10 summarizes the entropy changes for the reversible
adsorption and desorption reactions and it can be seen that the
values are between what is estimated for a completely localized
specie and the estimated value for a 2D gas.

4.4. Parameters for NOy regeneration

Table 11 summarizes the reaction rates and the kinetic param-
eters for the NOy regeneration subsystem. The mechanism in this
sub-model consists of summary reaction steps. Since it is difficult
to know the reaction orders of these steps these were set to one
in the model with respect to corresponding adsorbed specie. Reac-
tions 34, 36 and 41 describe reactions between adsorbed species
and gas phase CO,. However, the reaction rate of these reactions
does not contain the concentration of CO, since the model is not
developed for varying CO, concentrations and the CO, concentra-
tion is constant in all experiments. The pre-exponential factor for
reactions 39 and 40 are held constant at 10'3 s~!, In order to de-
crease the number of free parameters the pre-exponential factor
and activation energy of reaction 37 are put to the same values as
the parameters of reaction 34. This is also done for reaction 38, in
which the parameters are put to the same value as the parameters
in reaction 36.

Ten parameters out of 16 are fitted in the NOy regeneration
sub-model. The 95% linearized confidence interval for all these

Table 12
Number of sites
Site Number of sites (mol/kg of washcoat)
Pt 2.7 x 1072
BaCO3 7.1x107240.14 x 10~2
S3 10.1x 1072 +£0.28 x 1072
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Fig. 1. Upper panel: Measured (solid) and calculated (dashed) outlet concentrations
of NO, NO2, N, and NHjs. The catalyst was exposed to 300 ppm NO, 8% 0,, 3% H,0
and 3% CO; during the lean period and to 300 ppm NO, 8000 ppm Hj, 3% H,0 and
3% CO, during the rich period at 300 °C. Lower panel: Calculated mean coverages.

parameters are calculated and presented in Table 11. As can be
seen in the table the confidence intervals of E.3g, Eas1, and Ag
are large and with the experiments used in the simulations it is
not possible to determine these parameters with high accuracy.
However, the steps are necessary to regenerate the catalyst and
describe the ammonia release properly.

4.5. Long NOy storage and regeneration cycles

As mentioned above all four sub-models were used when mod-
eling the transient experiments performed in this study. Figs. 1
and 2 show the experimental and simulated results from long NOy
storage and reduction cycles, i.e. cycles with a 600 s long lean pe-
riod and a 300 s long rich period, conducted at 300 and 400°C.
The catalyst was exposed to 300 ppm NO, 8% 03, 3% H,0 and 3%
CO, during the lean period and to 300 ppm NO, 8000 ppm Hy,
3% H0 and 3% CO, during the rich period. The upper panels in
Figs. 1 and 2 show the NO, NO, NH3 and N, concentrations and
the lower panels the calculated mean coverages. A complete up-
take of NOy in the beginning of the lean period is observed in the
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Fig. 2. Upper panel: Measured (solid) and calculated (dashed) outlet concentrations
of NO, NO2, N, and NHj3. The catalyst was exposed to 300 ppm NO, 8% 0,, 3% H,0
and 3% CO, during the lean period and to 300 ppm NO, 8000 ppm Ha, 3% H,0 and
3% CO, during the rich period at 400 °C. Lower panel: Calculated mean coverages.

experiments. The complete NOy storage occurs for 70 s at both
300 and 400°C as shown in Figs. 1 and 2. After 70 s of the lean
period NOy starts to break through but the storage is still substan-
tial. Breakthrough of NO precedes the breakthrough of NO; and
the NO concentration is higher than the NO, concentration at both
temperatures during this period. The NOy curve levels out after ap-
proximately 500 s at 300°C and the NO and NO, concentrations
are approaching steady state. However, a significant NOy uptake is
still observed. The steady state levels of NO and NO, are reached
around 400 s in the experiment conducted at 400 °C.

The NO oxidation capacity of the catalyst is important for the
storage behavior. It is kinetically limited at low temperatures and
thermodynamically limited at higher temperatures [49]. According
to thermodynamic equilibrium levels the NO and NO, concentra-
tions should be equal at 400°C, when using 8% 03 [49], which is
observed in the end of the lean period in Fig. 2. At temperatures
below 400 °C the NO, concentration should be higher than the NO
concentration according to the thermodynamics, which is observed
at 300°C over Pt supported on silica [32] and alumina [49]. In
Fig. 1 it can be seen that the NO oxidation capacity for this cata-
lyst is low at 300°C. Only 135 ppm NO; is produced from 300 ppm
NO and 8% 0, after 600 s, which is close to 50% of the outlet NOy
concentration. The reason for this is that the addition of barium
decreases the oxidation capacity of platinum [61]. The steady state
NO and NO; concentrations predicted by the model is in accor-
dance with the experiments. Furthermore, the model can describe
the complete uptake of NOy in the beginning of the lean period,

the NOy breakthrough, and the slow NOy storage in the end of the
lean period very well at both 300°C and 400 °C.

The simulations predict high oxygen coverage over Pt during
the lean periods at both 300°C and 400°C as shown in the plots
of the calculated mean coverages in Figs. 1 and 2. A lower oxygen
coverage is predicted at the higher temperature, which is due to an
increase in the desorption rate of oxygen at 400 °C. Furthermore,
the calculations of the coverages presented in Fig. 1 show that NOy
is initially stored as NO over BaCO3 and as NO; over S3 at 300°C.
The storage of NO over BaCOs is only observed in the beginning of
the lean period at this temperature. When the more stable nitrates
are formed on the surface the adsorption of the loosely bound NO
species is hindered, thus resulting in a decrease in coverage of this
specie. As mentioned earlier, investigations have shown that NO
can be stored directly over Pt/Ba/Al catalysts without being oxi-
dized into NO; first [10,31].

The NO,-S3 is formed via two routes at 300°C: NO; is either
produced via NO oxidation over Pt, which is followed by adsorp-
tion over S3 or NO is adsorbed on S3 which is then further oxidized
by O-Pt into NO,-S3. A stationary level of the NO,-S; coverage
is predicted at the end of the lean period. No NO,-BaCOs3 is ob-
served in the calculations, which means that the formation of
BaO-NO; (reaction 11) is very fast. Barium nitrate (Ba(NO3);) is
formed when the coverage of BaO-NO; is high enough. According
to the calculations, NOy is stored as NO, via the disproportionation
reaction and over Sz at 300 °C. In addition, NO is stored directly on
BaCOs at this temperature.

The calculations of the coverages presented in Fig. 2 show that
BaO-NO is the first surface specie that is formed over the storage
components at 400°C. When the lean period proceeds BaO-NO;
goes through a maximum and barium nitrate builds up on the sur-
face, which was also the case at 300°C. In a DRIFT study of NO
adsorption in the presence of O, at 350°C performed by Nova et
al. [11], the intensities of the IR spectra were plotted versus time
and a similar pattern of the progression of the surface species was
observed. In the calculations performed here all active BaCOs3 sites
are converted into Ba(NOs3); at the end of the lean phase. This
is also in agreement with in situ FTIR experiments performed by
Nova et al. [10], who found that nitrates are the most abundant
adsorbed specie at catalyst saturation. In addition, a small amount
of NOy is stored at the second storage site as NO,-S3 at 400°C.
At this temperature NO,-S3 is formed only via the first route de-
scribed above, i.e. NO is oxidized to NO;, over Pt and the NO,
produced is stored on S3. According to the calculations most of
the NOy is stored via the disproportionation route and very little
is stored on Ss at this high temperature.

The NOy adsorbed is released from the storage sites when
switching from lean to rich conditions, due to reactions between
the stored NOy and hydrogen on platinum to produce gas phase
NO. This can be observed in Figs. 1 and 2 as an increase in the NO
and NOy concentration immediately after the switch from lean to
rich. It can also be seen that the amount of released NOy into the
gas phase is larger at 400°C than at 300°C. The increase in the
NO concentration, the steady state level of NOy in the rich period
(0 ppm), and the temperature dependence of the released NOy in
the gas phase is described well by the model.

According to the model N; is formed almost immediately after
the lean/rich switch, before ammonia is detected, at both temper-
atures. The Ny concentration reaches a maximum concentration of
1550 ppm at 300°C and 1600 ppm at 400 °C. After the maximum
peak the concentration slowly decreases and reaches zero when
the rich period is complete. The Ny concentration was not mea-
sured in the experiments performed in this study. However, other
investigations of NOy reduction with hydrogen have shown that N,
is detected directly when introducing H to the catalyst, before the
ammonia evolution [24,29,62]. In Figs. 1 and 2 it can be seen that
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the ammonia concentration is observed approximately 25 s after
the introduction of the reducing agent. At both 300 and 400°C
the ammonia concentration raises to above the inlet NOy concen-
tration; this is followed by a decrease in the concentration, which
finally approaches a stationary level. The model predicts a higher
ammonia concentration at 300 °C compared to 400 °C, which also
is observed experimentally. However, the maximum ammonia peak
is overestimated in the simulation and the delay in the NH3 signal
is shorter than in the experiment at 300 °C. The NH3 concentration
at 400°C is well described in the simulations, both the stationary
level and time delay.

4.6. Lean/rich cycling

Shorter lean and rich periods were conducted at 200, 300 and
400°C, in order to verify the model on experiments closer to real
applications. The catalyst was exposed to 300 ppm NO, 8% 02, 3%
H,0 and 3% CO, during the 210 s long lean periods. After each
lean phase the catalyst was regenerated for 15 s by exposing it to
300 ppm NO, 16 000 ppm Hj, 3% H,0 and 3% CO,. The results from
the experiments and the simulations are presented in Figs. 3-5.
The upper panels show the NO, NO;, NH3 and N, concentrations
and the lower panels the calculated mean coverages. In the figures
it can be seen that the cyclic steady state is reached in the third
or fourth cycle of the experiments and a gradual decrease in the
storage capacity is observed in the earlier cycles. The catalyst was
completely regenerated before starting the first cycle and as seen

in the figures a 15 s long rich period is not enough to regenerate
the catalyst entirely.

Fig. 3 shows the results from 200°C. The storage capacity is
substantial even at this low temperature. It takes about 60 s be-
fore NOy breaks through in the first cycle; the complete uptake is
then reduced to approximately 10 s in the following cycles. The
experiment also shows that the NO oxidation capacity is low at
200°C. In addition, it can be seen that the maximum concentra-
tion of ammonia in the rich periods increases when the cycling
proceeds. It reaches cyclic steady state in the fourth cycle.

In order to describe the substantial NOy storage and the low
NO oxidation capacity at this temperature it was crucial to add
NO adsorption to the model. The simulated total NOy concentra-
tion fits well with the experiment and the model can predict the
gradual decrease in the storage capacity occurring during cycling.
As in the simulations presented above high oxygen coverage over
Pt is also calculated at 200°C in the lean periods. When switching
to rich conditions the oxygen coverage decreases to zero. In con-
trast to the storage occurring at 400 °C, the plot of the coverages
calculated at 200 °C reveals that NOy is stored on S3 to a large ex-
tent.

According to the calculations NO is first adsorbed on Ss, which
is then oxidized into NO,-S3. The coverage of NO-S; is the high-
est in the first cycle and decreases when the cycling proceeds. This
surface specie is easily reduced and the coverage is zero in the be-
ginning of each lean period. The coverage of NO,-S3 on the other
hand is not completely reduced during the rich periods which re-
sults in an accumulation of this surface specie until cyclic steady
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state is reached. The BaCOs sites are also utilized at 200°C. Most
of the sites are used for NO adsorption, which are easily reduced,
but a low amount of the BaCOj3 sites are also converted into BaO-
NO,. The BaO-NO; sites are very difficult to reduce at this low
temperature and the coverage is therefore increasing steadily as
the experiment continues.

Additionally, the simulated NH3 concentration during the rich
events fits well with experimental observations. According to the
model nitrogen is formed before ammonia is observed and it has a
maximum concentration of about 3000 ppm. This is in agreement
with experimental findings, where Nova et al. [24] observed nitro-
gen formation before NH3. Moreover, two nitrogen peaks appear in
the simulations, when switching from lean to rich conditions and
when switching back from rich to lean conditions. The reason for
the second nitrogen peak, occurring when starting the lean period,
is that the hydrogen on platinum and ammonia on platinum, from
the rich period, react with the incoming NOy to form N; when
starting the lean period. Since no hydrogen is present in the gas
phase during the lean period, the reaction between incoming NOy
and the reduced species on platinum from the rich period pro-
duce nitrogen rather than ammonia. The ammonia coverage over
Pt is calculated to be in the order of 0.5 and the hydrogen cov-
erage is approximately 0.1 at this temperature. This is consistent
with experimental findings by Lietti et al. [41]. They observed two
nitrogen peaks both when starting the rich period and when shut-
ting of the hydrogen at 200°C. They explained the latter N, peak
by small residues of oxygen in the feed gas that reacts with ad-
sorbed hydrogen on platinum.

The results from the cycling experiments and simulations con-
ducted at 300 and 400 °C are presented in Figs. 4 and 5. All NOy in
the first cycle of both experiments is adsorbed for approximately
70 s, which is the same time as for the complete uptake in the
long lean periods conducted at the same temperatures (see Figs. 1
and 2). The time for complete uptake is reduced in the following
cycles to 45 s at 300°C and to 55 s at 400 °C, which shows that the
reduction is more efficient at higher temperatures. As can be seen
in Fig. 4 the NOy curve and the NO and NO, concentrations during
the lean periods are well described by the model at 300°C. The
model is also able to describe the decrease in the storage capacity
when the cycling progresses. As mentioned earlier, the oxidation
of nitrites into nitrates over S3 (reaction 19) was crucial in order
to describe the storage capacity at 300°C. As can be seen in Fig. 4
the storage over the second storage site (S3) is significant also at
this temperature. However, in contrast to the simulation of the cy-
cling experiment conducted at 200 °C NOy is stored over BaCO3 to
a larger extent. A coverage of Ba(NOs), is predicted in the lean
periods.

Moreover, the regeneration of NO2-S3 and BaO-NO; is more ef-
ficient at 300°C than at 200 °C. Nevertheless, the species are not
completely reduced which results in accumulation of the surface
species. A consequence of the increase in the coverage of BaO-
NO; is that more Ba(NO3), is formed, which is also not completely
reduced in the rich periods when it reaches a certain level. Also
at this temperature, the model predicts N, to appear immediately
when switching to rich conditions. However, only one nitrogen
peak is calculated at this temperature. The nitrogen peak observed
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in the simulations at 200 °C when starting the lean period is not
seen in the simulations at 300°C. This is consistent with experi-
mental observations by Lietti et al. [41], who found a second N
peak at lower temperatures (200°C), but not at 300 and 400°C.
The coverage of ammonia and hydrogen on platinum from the rich
period is much lower at this temperature and thus there is no ni-
trogen formed when starting the lean period. The NH3 concentra-
tion predicted in the simulations are higher than the experiments,
as can be seen in Fig. 4. However, the shape of the ammonia peak
agrees well with the experiment and it is only 4 s difference in
time when the peak occurs between the model and the experi-
ment.

The results from the lean/rich cycling presented in Fig. 5 shows
that the NO oxidation is approaching the thermodynamic level at
400°C, which is well described by the model. In the lower panel
of Fig. 5 the calculated mean coverages are shown and it can be
seen that most of the BaCOj3 sites are converted into Ba(NOs),.
However, a 240 s long lean period is not long enough to trans-
form all BaCOs3 sites into Ba(NOs3),. The coverage of BaO-NO; is
still significant when switching to rich conditions, which results in
an incomplete reduction of this specie during the short rich period.
BaO-NO; is accumulated on the surface after the rich period and
as a consequence more Ba(NOs); can be formed in the following
lean period. Moreover, the model predicts a low amount of NO2-S3
during the lean periods. This specie is adsorbed in the same man-
ner as in the long lean period conducted at 400°C and it is also
completely reduced during the rich periods.

From the results presented above it is clear that the second
storage site (S3) is important in order to explain NOy storage at
low temperatures and the disproportionation reaction is essential
to describe the storage at high temperatures. The experimental re-
sults show that the amount of ammonia formed during the rich
period is lower at 400 °C compared to 200 and 300 °C. This trend
is described by the model, but the ammonia formation is lower in
the model. Moreover, the model predicts a delay in the NH3 sig-
nal, which is only 3 s shorter than the ammonia delay observed in
the experiment. The maximum nitrogen concentration is predicted
by the model to 3000 ppm and only one N, peak appears at this
temperature, due to the low coverage of ammonia and hydrogen
in the rich period. This was also found experimentally by Lietti et
al. [41].

4.7. Validation of the model

The model was validated by simulating experiments that were
not included in the fitting procedure. The validation experiments
were alternating lean and rich periods conducted at 200, 300 and
400°C. The lean periods were 60 s long and the feed contained
300 ppm NO, 8% 03, 3% H,0 and 3% CO,. In the rich periods the
catalyst was exposed to 300 ppm NO, 16000 ppm H,, 3% H,0
and 3% CO, for 15 s. Figs. 6-8 show the experimental and sim-
ulated results from the validation experiments at 200, 300 and
400°C. The upper panels in the figures show the NO, NO,, NH3,
and Ny concentrations and the lower panels show the calculated
mean coverages. Due to the shorter lean period in the validation
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experiments the amount of NOy adsorbed is lower than in the
experiments used in the fitting procedure, which will effect the
regeneration of the catalyst.

As can be seen in the figures all NOy that enters the cata-
lyst is adsorbed completely during the lean periods at 300 and
400°C. This is well predicted by the model. At 200°C there is a
complete capture in the first two cycles. However, when the cy-
cling proceeds NOy starts to break through and in the last cycles
the concentration of NOy reaches 100 ppm at the end of the lean
period. The model predicts no NOy breakthrough during the lean
periods for all cycles also at 200 °C. When switching to rich condi-
tions the NOy release peak appears at all temperatures. The peak
is low at 200 and 300°C; at 200°C the NO, concentration in-
creases to around 170 ppm from 100 ppm in the last cycles and to
40 ppm from 0 ppm at 300 °C. The peaks predicted by the model
are also low at these temperatures. The NOy release peaks reach
above 200 ppm, from 0 ppm during the lean periods, in the last
cycles at 400°C. This raise in NOy concentration is also well pre-
dicted by the model.

According to the simulations, nitrogen is formed immediately
when switching to rich conditions, before the NH3 evolution, at
all temperatures. The nitrogen peak increases with the cycles and
reaches the highest concentration at 200°C (around 3000 ppm).
In addition, two Ny peaks appear during rich conditions at 200 °C;
the first one when switching to rich conditions and the second
when switching back to lean conditions. This was also the case
for the 210 s/15 s cycles which is explained above and it is in

agreement with experimental findings [41]. The NH3 peak pre-
dicted by the model at 200°C fits very well with experimental
data. At 300°C the ammonia concentration is somewhat overrated
by the model; however, the timing of the ammonia evolution is
well predicted. At the highest simulated temperature the ammo-
nia concentration is underestimated, but the evolution of NH3 is
predicted only about 3 s earlier than in the experiments. The pre-
dicted coverages are similar to the simulations of the foregoing
longer cycles. However, the coverages never reach the same levels
since the lean periods are shorter.

5. Conclusions

A detailed kinetic model that describes NOy storage and reduc-
tion over Pt/Ba/Al with hydrogen as the reducing agent was de-
veloped in this work. The model was developed to explain experi-
ments in the presence of HyO and CO,. Four sub-models constitute
the model: (i) NO oxidation over Pt, (ii) NOy storage, (iii) NOy re-
duction over Pt, and (iv) NO, regeneration. The model is based
on earlier developed models for NO oxidation, NOy storage and
NOy reduction with hydrogen. The kinetic parameters are derived
from kinetic gas theory, transition state theory, statistical thermo-
dynamics, thermodynamic constraints, the literature, experiments,
or fitted in this work using the least square method. The fitted
parameters are given with the 95% linearized confidence inter-
vals.

Due to the presence of CO, in the gas feed the barium sites in
the model are in the carbonate form according to a recent exper-
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imental investigation. A second storage site denoted S5 is also in-
troduced in the model. Multiple storage sites have been suggested
several times in the literature based on experimental findings, but
the physical explanation differs. It is suggested to be storage on
(i) alumina and barium, (ii) surface and bulk barium, (iii) barium
sites close and far from the noble metal, etc. Both NO and NO, can
be stored over BaCO3 and Ss. The storage of NO, over BaCOs3 takes
place via the disproportionation route. Nitrogen oxide adsorbed
over Sz can be further oxidized to NO, by reacting with oxy-
gen on neighboring Pt sites. Hence, there are two possible routes
for NO oxidation in the proposed model. The model can describe
the complete uptake of NO, in the beginning of the lean period,
the NOy breakthrough, and the slow NOy storage in the end of
the lean period experimentally observed. According to the model
NOy adsorption on BaCO3 becomes more significant at higher tem-
peratures; most of the NOy is stored via the disproportionation
route and very little is stored on S3. The second storage site (S3)
is important for the low temperature storage; the disproportiona-
tion reaction does not occur at the lowest temperature simulated.
Furthermore, the model can predict the gradual decrease in the
storage capacity observed before reaching cyclic steady state in the
lean/rich cycling experiments.

The regeneration period is also well described by the model.
In the proposed model hydrogen cleans the Pt surface from ad-
sorbed oxygen to facilitate NO dissociation, N, formation, and
NH3 formation. In addition, the reducing agent reacts directly with
species adsorbed on the storage sites. The model predicts N, for-

mation immediately after the lean/rich switch, before ammonia is
detected. By introducing reactions according to SCR chemistry be-
tween adsorbed surface species and the NHs; formed under the
rich period, the delay in the NH3 signal observed in the experi-
ments could be described by the model. In addition, the model
predicts the regeneration to be more efficient at higher tempera-
tures than at lower temperatures.

Experiments that were not included in the development of
the model were conducted to validate the model and a good
agreement was found between the validation experiments and the
model. In these experiments the catalyst was exposed to 300 ppm
NO, 8% 03, 3% H,0 and 3% CO, for 60 s and the rich period con-
sisted of 300 ppm NO, 16000 ppm H, 3% H,0 and 3% CO, for
15 s. The experiment was repeated at three temperatures, 200, 300
and 400°C. At 300 and 400°C no NOy breaks through in the lean
period and this is well described by the model. The model also
predicts no NOy in the lean period at 200°C, but experimentally
NOy is observed after two cycles. Generally the ammonia peaks
in the rich periods are well described by the model. At 300°C
the peak is somewhat to high and at 400°C somewhat to low.
Further, at 200°C the agreement between the ammonia produc-
tion predicted by the model and the experiment is very good.
The timing of the ammonia peak is only 3 s earlier in the model
than in the experiment at 400°C. At both 200 and 300°C the
timing of the ammonia evolution is very well predicted by the
model.
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Appendix A. Nomenclature

area of a Pt site (m?/site)

pre-exponential factor for adsorption (m3 /(s kgwc))
pre-exponential factor for reaction j [m3/(skgwc)! or
mol /(s kgwc)*]

wall area in tank k (m?)

concentration of component i in tank k in the gas bulk
(mol/m?3)

concentration of component i in tank k at the catalyst
surface (mol/m?3)

diffusion coefficient (m?/s)

diffusion coefficient at temperature Ty (M?/s)

channel width (m)

activation energy of reaction j (J/mol)

T For adsorption.
2 For desorption and reaction.

Fi k-1
Fi,k
h

Tjk
Re
S(0)
Sc
Sh
Sheo

Tref

molar flow of component i into tank k (mol/s)

molar flow of component i out of tank k (mol/s)
Planck’s constant (] s)

equilibrium constant (-)

Boltzmann'’s constant (J/K)

mass transfer coefficient of component i in tank k (m/s)
rate constant of reaction j [m3/(skgwc)! or mol/(s kgwc)?]
molar mass (kg/mol)

mass of washcoat (active catalyst) in tank k (Kgwc)
Avogadros’ number (mol~1)

number of active sites per kg catalyst (mol/kgwc)

molar gas constant (J/(molK))

rate of reaction j in tank k (mol/(s kgwc))

Reynolds number (-)

sticking coefficient for zero coverage (-)

Schmidt number (-)

Sherwood number (-)

asymptotic Sherwood number (-)

temperature (K)

reference temperature (673 K) used in the simulations
(K)

distance from the entrance of the monolith channel (m)
dimensionless axial distance for the mass transfer (-)
mean coverage of surface species i in tank k (-)

flow speed (m/s)

stoichiometric coefficient for component i in reaction j

-)
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