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Abstract

A mean field model, for storage and desorption of N@ a Pt/BaO/AbO3 catalyst is developed using data from flow
reactor experiments. This relatively complex system is divided into five smaller sub-systems and the model is divided into
the following steps: (i) NO oxidation on Pt/4Ds; (ii) NO oxidation on Pt/BaO/AlOs; (iii) NO, storage on BaO/AlDs;

(iv) NO, storage on Pt/BaO/ADs with thermal regeneration and (v) NGtorage on Pt/BaO/ADs with regeneration using

C3He. In this paper, we focus on the last sub-system. The kinetic model fordttidage on Pt/BaO/AD3 was constructed

with kinetic parameters obtained from the NO oxidation model together with a i@age model on BaO/ADs. This

model was not sufficient to describe the NSorage experiments for the Pt/BaO/Bg, because the NOdesorption in TPD
experiments was larger for Pt/BaO#8l;, compared to BaO/AD3. The model was therefore modified by adding a reversible
spill-over step. Further, the model was validated with additional experiments, which showed that NO significantly promoted
desorption of NQ from Pt/BaO/AbOs. To this NO, storage model, additional steps were added to describe the reduction

by hydrocarbon in experiments with N@nd GHg. The main reactions for continuous reduction of N&curs on Pt by

reactions between hydrocarbon species and NO in the model. The model is also able to describe the reduction phase, the
storage and NO breakthrough peaks, observed in experiments. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the air—fuel ratio is altered between lean (oxygen ex-
cess) and rich (fuel excess) mixtures. During the lean
It is important to reduce the emissions of the green- periods, the NQis trapped in a specific storage com-
house gas C®by lowering the fuel consumption for ~ ponent in the catalyst. During short rich periods the
gasoline engines. One way to obtain this is to use en- storage material is regenerated and the desorbed NO
gines operating with oxygen excess, so-called lean op- reacts with hydrocarbons and CO to produce,CO
eration. However, a major problem with lean operation H20 and N. However, there are also problems with
is that conventional three way catalysts are not able to this technique. The major one being sulphur poisoning
reduce the N@. One possible solution to this prob- of the storage component by the formation of sulphates
lem is the so-called NQstorage concept [1-7], where  [6]. For improving the sulphur resistance and for opti-
mising the temperature stability, NGtorage ability,
_— and regeneration times, detailed knowledge about the
' * Correspondlng .authgr. Present addres;: Dgpartment of Chem- NO, storage and regeneration mechanisms is crucial.
ical Reaction Engineering, Chalmers University of Technology, x . .
SE-412 96 Géteborg, Sweden. Fax46-031-772-3035. The NQ, storage concept consists of several different
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formation of carbonates. We have previously investi-
gated NO oxidation on Pt/BaO/#D3 and NQ. stor-
age with thermal regeneration [7]. Burch et al. [8-10]
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NO, storage with NO, and C3Hg. In these exper-
iments the concentration of NOwvas 500 ppm, and
the GHg concentration was altered between 0 and

have investigated the kinetics for the reaction between 1000 ppm in 5 min intervals. This experiment was per-
C3Hg and NO in oxygen excess, which also are steps formed for three temperatures: 300, 400 and D0

that are important in the NOstorage concept. Further,

experimental studies of the importance of carbonate

formation can be found in literature [11,12].

The objective of this work is to increase the un-
derstanding of the mechanism for NGtorage on
Pt/BaO/AbO3 with regeneration by hydrocarbons.
Both experimental methods and kinetic modelling are
used.

2. Experimental

A Pt/BaO/ALO3 monolith catalyst containing
2.0wt.% Pt and 20 wt.% BaO with a washcoat weight

respectively. The flow rate was 3000 ml/min.

3. Theory

The kinetic model is a mean field model. The
monolith is described by a series of continuous stirred
tanks. Many of the parameters in the model were kept
fixed to literature values [7], while others were fitted
with the least-squares method. For the NS€orage
experiments with N@only, and for the NO oxidation
model, 15 tanks were used. For the model including
hydrocarbons, 10 tanks were used due to time limita-
tions. In these experiments about 13500 data points

of 204 mg was used. The preparation procedure of were used and the total model is large. However, there

the catalyst is described in [4,13,14].

The continuous flow reactor system used is des-
cribed in detail elsewhere [13,14]. Briefly, it consists
of a gas mixing part with several mass flow controllers,

a quartz reactor and finally a gas analysing system,

where NO and N@ are analysed with a chemilumi-
nescence detector (Tecan CLD 700 EL ht)(Nwith

an IR-instrument (Maihak, UNOR 610) and €@ith

an UNOR 6N IR detector. The catalyst was placed in
the quartz tube with one thermocouple placed inside
the catalyst and another one about 10 mm in front
of the catalyst.

NO, storage with NO, NO, and O,. Several types
of experiments were performed. In the first type, the
catalyst was exposed to 680 ppm N& different tem-
peratures for 10min. The catalyst was then flushed
with inert gas for 5min, followed by a temperature
ramp (20°C/min). This experiment was repeated, but
after the NQ adsorption, there was only 1 min with
inert gas in the flow, followed by 4 min with 600 ppm
NO/N;. The temperature ramp was also conducted
with 600 ppm NO in the flow. These two types of ex-
periments were conducted at 300 and 360The third
type of experiment comprised oxygen transients. At
350 and 400C the catalyst was exposed to 600 ppm
NO and 5min intervals of oxygen at different con-
centrations (8, 0, 4, 0, 1, 0% The flow rate was
2600 ml/min.

was only a small difference in the regression sum of
squares between using 10 or 15 tanks. According to
transition state theory [15], the maximum value for
pre-exponential factors for Langmuir—Hinshelwood
reactions is 18 s~1, and therefore this limit was used
in the fitting procedure.

The main idea in building this model is to make
experiments on a smaller system first to obtain val-
ues for some parameters, which then are kept fixed
through the rest of the modelling. Accordingly, a
model for oxygen adsorption/desorption on P24
was initially constructed. With the use of the parame-
ters obtained from this model a NO oxidation model
for Pt/Al,O3 and Pt/BaO/AJO3 was then constructed
[7]. The NO; storage model for BaO/AD3 was then
made, which in turn was used together with the NO
oxidation model to create a NGOstorage model for
Pt/BaO/AbOs3 [7], which is summarised below. Fi-
nally, we have used this model, with all parameters
kept fixed, to build the N@ storage model including
regeneration with propene. Most of the reaction steps
used for regeneration with propene are summation
reactions, which may include several surface species.
The reason for this is that to use only elementary
steps would give an enormous amount of steps and
unknown kinetic parameters. The objective with this
part of the model was to make the model as simple
as possible and therefore physical interpretations of
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the kinetic parameters for the propene regeneration BaO and added the following step:

should not be made.

4. Results and discussion

4.1. NO, storage on Pt/BaO/Al,Oz—without
reducing agent

A kinetic model for NQ storage on BaO was
constructed by using five reversible reactions. Details
regarding this model can be found in [7]. In the model
NOs is first adsorbed on a BaO site, which is denoted
S;. In experiments where a BaO#D3 catalyst is
exposed to N@, an initial formation of NO is seen
[5]. The reason for this may be that the surface or
species on the surface are oxidised by JINf@sulting
in NO formation. In the model, we have therefore
added a step where the adsorbed,Nissociates to
NO) and leaves an oxygen atom on the surface:

r
NO2(g) + S1=251-NO, 1)
r2
r3
S1-NO,=25,-0+ NO(g) (2)

r4

On this oxide (i.e. oxidised or oxygen covered site),
we allow NGO to adsorb and form a nitrate. From
experiments with N@ exposure on BaO/AD; at
500°C, it was seen that NOcontinuously dissoci-
ated to NO, and thus alsoo,Chad to be formed. It
was therefore necessary to include a step wherg O

re
NOy(g) + S1—-NOs=Ba(NO3),

10

®)

This model was able to describe the experiments well
and the results can be found in [7].

The NO, storage model was used together with a
NO oxidation model [7,13] and tested with experi-
ments using a Pt/BaO/AD3 catalyst and with all pa-
rameters kept fixed. The experimental sequence used
when testing the model was an exposure of the cat-
alyst to 680 ppm N@ at 300 or 350C, followed by
5 min of inert gas and finally a temperature ramp in in-
ert gas. The model could not sufficiently describe the
experiments, since NODwas found to desorb at lower
temperatures in experiments with platinum present.
Therefore, we tried to describe this behaviour with
a spill-over mechanism of NOfrom platinum- to
barium-sites and reverse. A spill-over mechanism has
previously been used by Burch and Watling [8] to
describe the reactions between propane and N©
Pt/Al;Os. In that case N@spills over to the support,
where it reacts with adsorbed hydrocarbon species.
Only one spill-over step was necessary to describe our
experiments, which was added to the model

Pt—NQ, + S—NOz=Ba(NO3); + Pt

ri2

(6)

Four transient experiments were used to determine the

kinetic parameters and the values can be found in [7].
The model was validated with separate experi-

ments not included in the fitting procedure. The ex-

was formed. These two reaction steps are shown Perimental sequence in these experiments was; NO

below

rs
NOy(g) + S1—-0=5-NO3 3)
re
r7
25,-0=2S; + Oyg) (4)
rg

From the previously mentioned experiment with NO
exposure on the BaO/AD3 catalyst, it was seen that
the amount of reacted NOwas three times as large
as the formation of NO. This is in agreement with
another study performed by Cant and Patterson [16].
The stoichiometry in our model was 3N®@eacted for
each NO formed and we therefore assumed thai NO

adsorption (at 300 or 35@) followed by 1 min with

N2 and 4 min with NO/N and finally a temperature
ramp. In Fig. 1, the NQ concentrations from both
the 350°C experiment used in the fitting and the
validation experiment (with NO at 35@) are given.
The solid lines are the experimental concentrations
and the dotted lines the calculated. There was a rapid
desorption of NQ when NO was switched on. This
rapid desorption is in the model explained by that
NO) adsorbs on platinum and reacts with oxygen
on the Pt surface forming N which desorbs. The
coverage of oxygen on the Pt surface decreases, due
to the reaction with NO on platinum, which results in
an increased spill-over of NOfrom the barium- to

can adsorb both on the barium and the oxygen part of the platinum-sites.
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300 and 400C, were used to construct a kinetic
model for the reduction of NQin the NO, storage
process. The upper panels of Figs. 2 and 3 show the
experimental concentrations of NO, NONO, and
COy. From the experiments, it can be observed that
during the reducing periodNO, + CzHg) the con-
version of NQ to Ny is complete at 400C, but not

at 300°C. Further, when the lean mixture (NDis
switched on a storage of NOs seen and the concen-
tration of NQ; slowly increases. Finally, when the gas
mixture is changed to rich a NO breakthrough peak
5 20 %5 80 35 is observed in the experiment [4,5], where the NO
concentration for a short time exceeds the inlet con-
centration of NQ. Also shown in Figs. 2 and 3 are the
Fig. 1. The outlet concentration of NGrom two experiments at results from the modelling, which will be discussed
3_50°C.‘The e_xperiment_s are repre‘sented with st_)lid_ I_ines and ‘the below. All parameters from the NOstorage model
simulations with dotted lines. Experiment 1 (used in fitting): 10 min described above, including NO oxidation, number of

of 680 ppm NQ in N2, 5min Ny, temperature ramp in N Exper- . k fi | f
iment 2 (validation experiment): 10 min of 680 ppm NG Ny, sites, etc. were kept fixed and only parameters for

1min Nz, 4min in 600 ppm NO/N, temperature ramp in NOA Steps inVOIVing hydrocarbons were fitted.
It can be found in the literature that the main reac-
4.2. NO, storage on Pt/BaO/Al,Oz—with tion pathway for NQ reduction on Pt/AlO3; depends
propene as reducing agent on the type of reducing agent used [8,18]. For propene,
the reaction occurs mainly on active platinum-sites
Transient experiments with alternating 5min of and involves reduction of NO, and the formation of
NO, and 5 min of NQ + C3Hg at two temperatures, NO, does not seem to be crucial. However, if propane
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Fig. 2. Upper panel: the outlet concentrations of NO, N8O, and CQ according to the experiment (solid line) and the kinetic model
(dotted line). The Pt/BaO/AD3 catalyst was exposed to 500 ppm Nénd alternating gHg concentrations (1000, 0, 1000 ppm) at 3@0
A magnification of the breakthrough peak in NO is also shown. Lower panel: the calculated coverages on the surface.
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Fig. 3. Upper panel: the outlet concentrations of NO, N8O, and CQ according to the experiment (solid line) and the kinetic model
(dotted line). The Pt/BaO/AD;3 catalyst was exposed to 500 ppm Nénd alternating €Hg concentrations (1000, 0, 1000 ppm) at 4Q0
A magnification of the breakthrough peak in NO is also shown. Lower panel: the calculated coverages on the surface.

is used the mechanism is reported to be different. The In the model, summary reactions are used both for the
most important role of platinum in this case seems to oxidation of CH and for the reduction of NO by GH

be to oxidise NO to N@, which, after spill-over to over platinum. The reason for using these summary
the support, reacts with adsorbed hydrocarbon speciesreactions, is to decrease the number of reactions and
[8]. Since only propene was used in the present ex- thereby the number of free parameters needed to be
periments a reaction involving hydrocarbons and NO fitted. The following two reactions were used:

on platinum was used as the base for our mechanism. 16

In the first step @Hg is adsorbed on platinum. It is Pt-Chp + 3P1-C=4Pt+ COzg + H20(g) ©)
likely that propene dissociates on this surface to var- Pt—-CH + 3Pt-NO

ious types of hydrocarbon species [8]. To describe all 7

details of the hydrocarbon chemistry would be very — APt COxg +H200 + 15Nz (10)
complex. To simplify the model, we have used -CH During the NQ only period this model predicts that
as the hydrocarbon species formed from propene de-the platinum surface is almost completely covered by
composition over platinum. The reason for choosing 0xygen, which makes it difficult for propene to find
—CH, was that from GHg there would be three identi-  vacant sites for adsorption. According to Burch and
cal CH, species and if, e.g. CH or GHhad been cho-  Sullivan [10], it is possible for propene in the gas
sen it would in the model been necessary to use severalphase to react directly with the oxygen on platinum,
CH, species on the surface, which would have given a Without the use of free platinum-sites. In the model
very complex model. Further, spectroscopic evidence We include two steps, where propene first adsorbs on
for —-CH, adsorbed on Pt(111) is reported [17]. The Pt=O and forms an intermediate that reacts rapidly
following two reactions describes this HC formation: With other oxygen atoms on platinum to form &g

' and FbO(g)Z
CsHg(g) + Pt=Pt-GH 7
sHeg + Pt 6 @ CsHe(g) + Pt-OXPt-O-GHs (11)

Pt—-GHg + 2PtX3Pt-CH (8) Pt—O-GHe+8Pt-C¥9Pt+-3C0Oyg+3H20g  (12)
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Based on in situ FTIR experiments, Captain and for nitrates [7] and therefore we let the activation
Amiridid [19] also includes an oxygen activated energy for dissociation of carbonatds;s, decrease
hydrocarbon species in their mechanism for NO with increasing coverage:
reduction by propene over Pt/SiGrurther, nitrates on
barium are rather stable in inert gas, resulting in a quite E23(0) = E23(0)(1 — c235,-co,) (16)
slow desorption of NQ, especially at 300C. Therate  where a3 is a constant. Carbonate formation has
of desorption of NQ stored in a Pt/BaO/AlO3 sam- been observed to enhance the desorption of, NO
ple is more rapid in the presence of propene [4]. We [12], but we did not have independent experiments of
therefore suggest that the stored N€an react with  this phenomenon that could be used in the modelling
CHa on platinum, which is shown in these two sum- procedure. Therefore, no further steps were added
mation reactions: to the model to describe this promoting effect of
COy.

BSfZ_ONOZ +Pt=Ch Table 1 shows the observed amount of stored. NO
—3NQ(g) + Pt+ 35 + COy(g) + H20(g) (13) during 5min of NQ exposure for two different pre-
3Ba(NO3) + Pt-CH23NOg, + Pt treatments. This value was obtained by integrating

the observed NQ signal and subtracting this from

+35-NGz + COzg + H20¢ (14) the inlet value [4]. For the first pretreatment the cat-
When the reduction period (NO+ CsHg mixture) alyst was exposed to 500 ppm M@nd 1000 ppm
is started, there is a NO breakthrough peak observedpropene and for the second pretreatment the cata-
in the experiment (see Figs. 2 and 3) [5]. Thus, the lyst was heated to 60@ in Nz only. The amount
NO, is not completely reduced toiNThis is the rea-  Of stored NQ is evidently enhanced if the cata-
son for the formation of N@), rather then Mg in lyst is reduced with propene, even though it seems
the two reactions above. It would have been possible like the desorption of NQ is complete at 600C
to include two extra reactions with formation obN  [7]. There could be different explanations for this
parallel to the NO formation, but we wanted to keep behaviour; hydrocarbon species may adsorb on the
the number of reactions as low as possible. During support (BaO and/or ADs3) during the highly re-
the lean period in our experiments neither £gnor ducing atmosphere. An FTIR study [20] showed
hydrocarbons are present in the inlet gas. However, that propene adsorbs on an @ catalyst. Another
during the reduction period 4Elgg is present in explanation could be that the propene pulse is not
the gas phase and G@ are formed, which results ~ square shaped giving some tailing after the propene
in carbonate formation, which have earlier been ob- is shut off. The propene from gas phase or the cata-
served by in situ FTIR experiments [4]. In the model lyst could then react with NOand reduce it to W

barium carbonate is formed by The catalyst may also be better regenerated when
Fo propene is used, compared to heating to 8D0In

COyg) + $1=285,-CO, (15) the model we chose to add a step where hydrocarbon
r23

species on platinum spill-over to the support. A new
It was assumed that there are repulsive interactionstype of site for the support, ;S was added, which
between carbonates in the same way as we assumeaould be AbO3 or a combination of AlO3 and BaO

Table 1

The amount of stored NQin a Pt/BaO/AbO3 catalyst during 5min of N@ exposure after two different pretreatménts
Temperature NO, storage gmol/nmol Ba), NO, storage gmol/nmol Ba),
(°C) pretreatment: N@+ propene pretreatment: heating to 60C
300 0.28 0.18

400 0.29 0.16

500 0.19 0.07

aPretreatment 1: 5min 500 ppm NG- 1000 ppm GHg at the reaction temperature shown in the table. Pretreatment 2: heated to
600°C in Ny.
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(BaO sites where N@is not adsorbed):

Pt—CH + Sy Pt+ S,—CHp

r25

7

The number of &sites were determined by calculat-
ing the amount of $-CH, that was needed to explain
the difference in storage between the two experi-
ments. The result was 0.086 mol/kg catalyst. Finally,
two more steps were added, where NO and;NO

spill-over to the support and reacts with the adsorbed

hydrocarbon compounds:

S,—CH; + 3Pt-NG

Z3NO) + 3Pt+ S + COyg) + H20g  (18)
Sp—CH; + 3Pt-NO
ZI3Pt+ S + COyg) + H20(g) + 15Naq  (19)

Figs. 2 and 3 show the results from the experiments

and the simulations. In the upper panel of Fig. 2 the
concentrations of NO, N& NO, and CQ are shown

at 300°C according to the experiments (solid lines)
and the simulations (dotted lines), with 500 ppm NO
and altering between 0 or 1000 pprgHs. The lower

panel shows the corresponding mean coverages on the

surface according to the model. During theHg +
NO, phase, the coverage of Gldn platinum is high,

as well as the coverage of carbonates on the barium

oxide. When propene is shut off there is still some
CO, production, probably due to dissociation of car-
bonates. In the model there is also £f@rmation from
reactions between NCGand hydrocarbons adsorbed on
the support. At the same time NGtarts to adsorb on
BaO and the gas phase concentration of,Nwly
increases as the coverage of BaO--Nfadually sat-
urates. In the third period of the experiment, the cata-
lyst is again exposed to 1000 ppmks and 500 ppm
NO.. A breakthrough peak of NO is then observed [4].
The NQ; is rapidly desorbed from BaO and not com-
pletely converted to Ml The model is able to describe

this feature and the results are also shown in a magnifi-

cation in Fig. 2. The simulated coverages in the lower

269

Table 2
The kinetic parameters for the NOstorage model for Pt/BaO/
Al,O32

Rate expression A E; (0) (kJ/mol)
r13 = k13Cc3Hg(g) v, Pt 0.3¢>¢ 7.3
r14 = k140pt—CgHg 0.3¢4 179.7
ri5 = k159p1—C3H6‘9\/2,Pt 2.3 x 109c,e 91.2
716 = k160Pt—CH,OPt—0 2.3 x 10°¢¢ 89.1
r17 = k170pt—CH, PO 0.086"d 188.5
r1g = k18CcaHg(g)OP—0 0.17.d 11.2
719 = k190p-0—CaHgOPo0 2.3 x 10°¢¢ 108.7
20 = k200Pt—CH, fs,—N0O, 0.055d 122.6
21 = k210p—CH,IBa(NO3), 0.04g-d 120.6
rop = /(226‘0()2@9\,.51 6.3 x 107Pd 19.7
r23 = k23fs,—co, 1.7 x 10t2¢.e 159.2
724 = koaBpr—ciOv s 0.15¢ 117.6
725 = kasfs,—ChpOv, Pt 3.1x 10°8¢d 204.9
126 = k260s,—CH,Pt—NO, 7.0 x 10?¢d 105.7
r27 = ka70s,—Cr,OPtNO 0.096¢ 156.7

2A;, Ei(0), k; andr; denotes the pre-exponential factor, acti-
vation energy at zero coverage, rate constant and rate for a specific
process, respectivel; and6; denotes the gas phase concentra-
tion and surface coverage for a certain spedigs: is equal to
1-3 6ipt

b Unit: m3/(skg catalyst).

¢ Unit: mol/(skg catalyst).

dCentred pre-exponential factor (reference temperature:
600K).
€Fixed to 103571,

in this experiment. Table 2 shows the kinetic parame-
ters and the obtained value g3 in Eq. (16) is—0.26.

5. Conclusions

Flow reactor studies combined with mean field
kinetic modelling have been used to describe the
NO, storage phenomena on Pt/BaQ/Bk. A kinetic
model for a system like this includes many reaction
steps. The complex system involving real exhaust
and a commercial NQ storage catalyst has in our
investigations to various degrees been reduced to
more simple systems: NO oxidation on P#8%,
NO oxidation on Pt/BaO/AlO3;, NO, storage on
BaO/Alb,O3 and NQ. storage on Pt/BaO/AD3 with
thermal or hydrocarbon regeneration. In this work,

panel also shows that the coverage of carbonates startsve focus on the NQ storage on Pt/BaO/AD3 with

toincrease again and also that £&te adsorbed on the

regeneration using propene.

support. Fig. 3 shows the experimental and simulated The kinetic models of NO oxidation on Pt/BaO/
concentrations for the corresponding experiments at Al,O3 and NQ, storage on BaO/A3, described in
400°C. The model is able to describe the main features previous work, were used in the modelling of the NO
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