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Abstract

For NQO, storage, the oxidation of NO to N@s an important step in the storage mechanism. Inthe first part of this work, modgPi/&), 05,
MoO3/Pt/Al, 05, V,0s/Pt/Al,03, Ga0s/Pt/Al,O3 and Pt/ALO; catalysts were prepared and used in flow reactor experiments. Heating ramp
oxidation and steady state oxidation experiments were performed in order to investigate the catalytic activity for NO oxidation both in the
presence and absence of S@the reaction gas mixture.

In the absence of SOthe WG and MoG containing catalysts showed a significantly higher NO oxidation activity than the other catalysts.
When SQ was included in the reaction gas mixture, the NO oxidation activity decreased for all catalysts, but theditgning catalyst
was less affected by the presence 0£,%@d also showed the lowest $xidation activity.

In the second part of this work, model Pt/BaO/@} and Pt/BaO/Mo@Al,O; catalysts were prepared and used in heating ramp oxidation
and transient flow reactor experiments in order to investigate the effects of NO oxidation activity enhancement and suppression of the activity
for SO, oxidation on NQ storage capacity. Both catalysts showed equal B©rage capacity in the sulphur free cycles. When $@s
included in the reaction gas mixture, the N€dorage capacity declined faster for the Pt/BaO/M@D, 05 catalyst than for the Pt/BaO/$D;
catalyst, due to sulphur poisoning which resulted in a faster decrease in the regeneration capacity during rich periods.
© 2003 Elsevier B.V. All rights reserved.

Keywords: NO, storage catalysts; Sulphur poisoning; NO oxidation; $&idation; Metal oxide additives

1. Introduction nitrogen oxides (NQ). To overcome this problem different

techniques have been developed. One technique is selec-

Vehicle combustion engines contribute significantly to tive catalytic reduction using ammonia as a reducing agent

the anthropogenic emissions of @’he increasing aware-  (NH3-SCR). Although the NQ reduction potential of this
ness of climate changes and the connection between accutechnique is high, it has not yet been established in the mar-
mulated CQ in the atmosphere and global warmifig2] ket. The major obstacles are connected with the delivery
emphasises the need to reduce the vehicle fuel consumpsystems of the reducing agents and the necessity of having
tion. Diesel and lean burn engines have in this connection a separate tank with ammonia or urea in the vehicle.
become important alternatives to the conventional gasoline  Another concept is to use NGstorage catalysts, which
engine, which operates close to stoichiometric air-to-fuel function with alternating lean and rich conditions. During
ratios. The main advantage with lean operation is the rel- [ean conditions NO is oxidised to N@nd trapped in a spe-
atively low fuel consumption which can be 20-30% lower cific NO, storage compound until the catalyst becomes satu-
compared to stoichiometric combustifd]. The exhausts  rated. To regenerate the catalyst, the conditions are switched
from diesel and lean burn engines contain however, a largeduring a short period (seconds) to rich conditions where the
surplus of oxygen which prevents effective reduction of stored nitrates are released and decomposed tcelNONO,

and reduced to N[4—6].

* Corresponding author. Tek:46-31-7723153; fax:46-31-7723134. One major problem with the NOstorage catalyst is its
E-mail address: jazaer.dawody@fy.chalmers.se (J. Dawody). sensitivity to sulphur poisoning where sulphur compounds
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are converted in the catalyst and trapped as sulphates withwith BaO as storage component and the Nfibrage capac-
the NQ, storage compoun{l’]. Sulphate formation origi- ity was investigated by performing lean/rich transient flow
nates from the undesired $@xidation, which takes place reactor experiments.

simultaneously with NO oxidation during lean conditions.

Since sulphates are thermally more stable than nitrates, the

amount as well as the size of stored sulphate particles in-2. Experimental

crease with increasing sulphur exposure time resulting in

deactivation of the NQstorage functiorf7]. 2.1. Catalyst preparation

Several studies have been performed with the aim of un-
derstanding, avoiding or at least suppressing the sulphur Seven cordierite monoliths (400 cellsfpwith a length
poisoning in NQ storage catalysts. The outcome of these of 15mm containing 188 channels were washcoated with
studies shows that parameters such as regeneration gas conalumina and five of the samples were impregnated with plat-
position, lean-to-rich time ratio, temperature, choice of the inum. Four of the platinum containing samples were also
storage material, as well as the noble metal(s) and the acid-provided with either, Mo@, WOs3, V205 or Ga0s. Finally,
ity of the support material play an important role both for one of the remaining two alumina coated samples was pro-
the storage of NQand the poisoning by sulph{8-16]. vided with V,Os5 and the other with Mo@

During recent years different ways to minimise sulphur ~ The catalysts were prepared according to the method
poisoning of NQ storage catalysts have been suggested. described in detail ii34]. Briefly, the monoliths were im-

In some of these studies, sulphate decomposition and SO pregnated with alumina by immersing the monolith in an
desorption were enhanced by catalyst washcoat modificationalumina slurry, blowing away the excess of the slurry from
with components such as TIORh/ZrQ,, Fe and Li in order the channels, drying in air at 9& for few seconds and

to prevent the growth of sulphate particles and/or stimulate calcining in air at 500C for 2min. This procedure was
hydrogen generation for enhancing the reduction of barium repeated until the desired amount of alumina was obtained.
sulphateg17-20] Thereafter, the samples were calcined at 8D(for 2 h.

It has also been shown that interaction between sulphurThe desired amount of Pt was added to the alumina coated
and the noble metal particles during rich conditions is of samples by filling the channels with an aqueous solution of
significant importance for the deactivati¢t,16,21] platinum nitrate [Pt(N@)2] and drying at 90C for 12h,

Formation of sulphates may also be suppressed by de-and then calcining in air at 50@€ for 2h. To provide the
signing the catalyst so that the N@rmation is enhanced  metal oxide additives, each alumina and Pt coated monolith
in relation to SQ oxidation, which is an important step for was impregnated with one of the following additive aque-
NO, storage. It might be possible to suppress the oxida- ous solutions: ammonium molybdate [(MZMo207], am-
tion of SG to SG; by changing the structure of the active monium tungsten oxide [(NiJ10W12041-xH20], gallium
catalyst particles, since this reaction seems to be structurenitrate [Ga(NQ)s] or vanadium oxalate [VO(£D4)?~]. Af-
sensitive[22]. Another way may be to add additives which ter the impregnation with the additive precursor solutions,
inhibit or at least suppress the oxidation of 50 the samples were dried and finally calcined in air at 800

Transition metal oxides such as®s, MoOsz and WQ for 2 h.
are widely used in NBFSCR catalysts due to their redox For the NQ storage experiments, one Pt/BaQ/@4 and
properties, which seem to be important in enhancing NO one Pt/BaO/Mo@Al,O3 catalyst were prepared. The size
conversion. In addition, they contribute to increasing the of these catalysts as well as the washcoat impregnation
surface acidity[23-27] which might suppress the SO  method was the same as for the catalysts described above.
oxidation. The Pt/BaO/A$O3 catalyst was prepared by impregnation

Ga03 has been used in selective catalytic reduction with alumina, followed by impregnation with an aqueous
of NO, with hydrocarbons (HC-SCR]28-33] For a barium nitrate [Ba(N@)2] solution and finally Pt precursor
Ga03-Al203 catalyst, two types of Lewis acid sites were solution. For the Pt/BaO/Mo$dAl O3 catalyst, the impreg-
defined[33]. According to Pasel et a[28], the presence  nation with molybdate solution was performed before the
of SO, in the gas feed did not strongly affect the catalytic impregnation with BaO in order to avoid BaO dissolving
activity in NO conversion for a G#s loaded sulphated  since the molybdate solution is slightly acidic and to ensure
zirconia catalyst. that equal amount BaO in both catalysts are accessible for

The aim of this study is to investigate if a set of metal barium nitrate formation. Further, in order to avoid BaO dis-
oxides can act as promotors to enhance the NO oxidationsolving when impregnating with the acidic platinum nitrate
and/or suppress the S@xidation. In the first part of the  solution, the catalysts were immersed in a solution of am-
study, alumina supported Pt catalysts with and without metal monium carbamate (N)4€O,NH>) and the excess solution
oxide additives were prepared and the catalytic activity of was removed from the channels by air immediately before
both separate and simultaneous NO and 8xidation were impregnation with the Pt precursor solution.
investigated. In the second part of the study, one unmodified The compositions of the washcoat materials for all cata-
and one Mo@ modified NQ. storage catalyst were prepared lysts prepared are given ifable 1
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Table 1

Catalyst washcoat compositions

Samples AIO3 (mg) Pt (mg) Metal additive (mmol) BaO-content (mg)
Pt/Al,O3 623 13 — —
MoOs/Pt/Al;03 585 12 0.35 -
WO3/Pt/Al,O3 545 13 0.39 —
V,0s/Pt/Al,03 622 13 0.18 -
Ga03/Pt/Al,03 569 12 0.18 -
V20s/Al,03 607 - 0.18 -
MoQz3/Al,03 574 — 0.35 —
Pt/BaO/MoQ/Al,03 469 12 0.47 125
Pt/BaO/AbO3 490 13 - 125
2.2. Catalyst characterisation 2.3. Activity studies

The platinum dispersion of the platinum containing cat-  The activity of the catalysts was tested in another flow
alysts and the CO adsorption capacity of the M6XD,O3 reactor similar to the previously described one, but with
and VL0Os/Al,03 samples were determined by temperature other instruments to analyse the outflow gas compositions.
programmed desorption (TPD) of CO. The TPD experiments A chemiluminescense detector (CLD 700) was used to mon-
were conducted in a flow reactor with a quartz tube in which itor NO, (NO and NQ@), while SQ, CO, and NbO were
the catalyst was placed. A thermocouple used to control measured by separate non-dispersive IR Maihak UNOR 610
the temperature was placed a few mm in front of the cat- instruments. The inlet gas composition was controlled by
alyst. Another thermocouple was placed inside the catalystan Environics 2000 gas mixer. The gas flow and space ve-
to measure the catalyst temperature. A mass spectrometelocity in all experiments were 3000 ml/min and 38 00Gh
(Balzer QME 120) was connected to the reactor to analyserespectively, with Ar as the carrier gas.
the outflow gas composition. The gas flow into the reactor Prior to each temperature ramp and steady state ex-
was controlled with mass flow controllers. periment the catalysts were pre-treated at SDO first

Prior to each measurement, the catalyst was first by reduction in 2% H for 20 min, flushing with Ar for
pre-oxidised and then pre-reduced at 3G0with 2% G in 5min and finally oxidation in 8% & for 20 min. After
Ar and 4% H in Ar, respectively. CO was adsorbed on the each pre-treatment, the catalyst was cooled down to room
catalyst surface by exposing the catalyst to 2000 ppm CO temperature in Ar. The gas compositions for all oxidation
in Ar at 4°C for 10 min. The sample was then heated with experiments are given ifiable 3
a speed of 40C/min up to 550C in Ar and the desorbed
species were analysed by the MS. The Pt dispersion was2.3.1. Heating ramp experiments
calculated by assuming an adsorption of 0.7 CO molecules Each experiment started at room temperature by exposing
per Pt surface atorf85]. the pre-treated catalyst to the reaction gas mixture until sat-

The specific surface areas of the catalysts were determineduration (i.e. the outlet concentration of N@nd/or SQ was
by nitrogen adsorption according to the BET method using equal to the inlet concentration), thereafter, the temperature

Digisorb 2600 (Micromertics) instrument. was linearly increased by“&/min to 450°C in the same
The platinum dispersion and the specific surface areas ofreaction gas mixture. The experiments were performed both

the catalysts are given ifable 2 with separate and simultaneous NO andb ®Ridations.

Table 2

Catalyst characterisation data

Samples BET surface area Pt dispersion (%) Desorbed CO {mol) Pt dispersion (%) Desorbed CO mol)

(m?/g catalyst) fresh catalyst fresh catalyst used catalyst used catalyst

Pt/Al,O3 33 9.6 6.2 3.4 2.2

MoOQz/Pt/Al,03 32 7.7 9.4 12.8 115

WOs/Pt/Al,O3 31 10.4 45 15 0.64

Ga03/Pt/AlL,O03 31 10.7 4.6 4.7 2.0

V,0s/Pt/Al,03 34 14.9 18.3 18.4 20

V205/A|203 n.d. — 12 — n.d.

MoQ3/Al,03 n.d. — 6.1 — n.d.

@ The amount of CO adsorbed on £tthe difference between the integrated amount of CO desorbed from MeQGt®4/Ahd MeO/AbO3 (MeO =
V705 or MoQzs).
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Table 3
Summary of gas compositions
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Experiment NO (vol. ppm) S©(vol. ppm) G (vol.%) GCsHg (vol.%)
NO heating ramp oxidation 450 — 8 —

SO, heating ramp oxidation — 30 8 -

NO + SO, heating ramp oxidation 450 30 8 —

NO steady state oxidation 450 - 8 —

SO, steady state oxidation - 30 8 -

NO + SO, steady state oxidation 450 30 8 —

NO, storage reduction lean condition 400 10 8 650

NO, storage reduction rich condition 400 10 - 650

2.3.2. Seady state experiments

the temperature is increased. This decrease is due to the

Steady state experiments were performed by saturatingNO, concentration becoming limited by the thermodynamic
the pre-treated catalyst with the reaction gas mixture at roomequilibrium concentration. For the Wi@&nd MoG; contain-
temperature in the same way as in the heating ramp exper4ing catalysts, the N®concentrations maxima are reached

iments. Thereafter, the activity for NO and $Oxidation
was measured at 125, 150, 175, 200, 225or 20 min at
each temperature.

2.3.3. Transient experiments

Prior to the transient experiments, the N&torage cat-
alysts were pre-treated at 530 by reduction in 2% K
for 30 min and cooling down to 30@ in Ar. Thereafter,

at ~220°C with 92 and 81% NO conversion, respectively.

The maximum in NGQ concentration for the other three cat-

alysts is reached at 300—330 with maximum conversions
of 78, 77 and 67% for the G&®3 containing, Pt/AJO3 and

V,0s5 containing catalysts, respectively.

In order to investigate the influence of $©n the NO
oxidation activity, 30 ppm S@was included in the above
mentioned reaction gas mixture. The results from these ex-

the catalyst was stabilised in a lean gas mixture for 20 min periments are shown ifig. 2which displays the outlet NO
and regenerated in rich gas mixture for 4 min. The lean concentration as a function of temperature. It is obvious that

gas mixture composition was 400 ppm NO, 8% énd
650 ppm GHg in Ar with a flow of 3000 ml/min. For the

the NO oxidation activity for all catalysts decreases in by
the presence of SO The formation of NQ is shifted to-

rich gas composition, the oxygen supply was switched of, wards higher temperatures. The pNformation rate is lower
and compensated by Ar to maintain constant flow. Tran- and the maximum in N@formation is lower compared with
sient experiments with lean/rich cycles were conducted at the corresponding experiments in absence o$.Se re-

300°C with 16 and 4 min long lean and rich periods, re-

sults from these experiments show two interesting features:

spectively. Four sulphur free lean/rich cycles were initially (i) the Pt/ALOs catalyst seem to be more affected by the

performed, thereafter 10 ppm $Qvas included in both

presence of S@than for all catalysts with metal oxide ad-

the lean and the rich gas mixtures during the remaining ditives; and (ii) despite the presence of Sthe MoG; and

cycles.

3. Results
3.1. Heating ramp experiments

3.1.1. NO oxidation

The catalytic activity for NO oxidation was investigated
in oxygen excess both in absence and presence gf SO

Fig. 1 shows the concentration of NGas a function of
temperature in the absence of £@s is clear from the fig-
ure, all catalysts show very low NO oxidation activity for
temperatures up te-130°C. After further temperature in-
crease, N@starts to form at~140 and 165C for the WQ
and MoQ containing catalysts, respectively. The activity
for NO oxidation is further lower for the G®3 containing
catalyst followed by the Pt/ADs and finally the \AOs con-
taining catalyst. In all cases the M@oncentration increases

WO3 containing catalysts still show much higher NO oxi-
dation activity than the other catalysts.

—— Gay0;
—©- Mo0O;
—#— unmodified
—&- V,05
’ —&— WO,
T ] T | T I T | T
200 300
Temperature ( C)

NO, Concentration (ppm)
N
o
S
|

Fig. 1. NG, concentration as a function of temperature from separate NO
oxidation experiments. Catalysts: Me®t/Al,03 (O); GapO3/Pt/Al,O3

(+); V20s/Pt/Al,03 ((J); WO3/Pt/Al,O3 (A); Pt/AlO3 (A). Temperature
ramp = 5°C/min. Gases: 450vol.ppm NO and 8% Gn Ar. Total

until it reaches a maximum, and then starts to decrease aslow = 3000 ml/min.
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Fig. 4. SQ concentrations as a function of temperature from simultane-
ous NO and S@oxidation experiments. Catalysts: Mg®t/Al,03 (O);
GapO3/Pt/AI;03 (+); V20s/Pt/Al,03 ((J); WO3/Pt/Al,O3 (A); Pt/Al,O3

(A). Temperature ramg: 5°C/min. Gases: 450 vol. ppm NO, 30 vol. ppm
SO, and 8% Q in Ar. Total flow = 3000 ml/min.

Fig. 2. NG concentrations as a function of temperature from simultane-
ous NO and S@oxidation experiments. Catalysts: Mg®t/Al,03 (O);
G@Og/Pt/AbO:; (+); V205/PUA|203 (D), WOg/Pt/Aleg, (A), Pt/A|203

(A). Temperature ramg: 5°C/min. Gases: 450 vol. ppm NO, 30 ppm 5O
and 8% Q in Ar. Total flow = 3000 ml/min.

3.1.2. SO, oxidation two catalysts irFig. 3is higher than the inlet S£&concentra-

In the same way as with NO oxidation, $8eating ramp tion at temperatureg250°C. The peaks which appear at low
oxidation experiments were performed both in the absence(€mperatures in the beginning of the heating ramps can be re-
and presence of NO in the reaction gas mixture. The results/ated to desorption of weakly adsorbed:SGoncerning the
from the separate SCOoxidation experiments are shown in SOz 0xidation activity, itis obvious that the W§zontaining
Fig. 3 while Fig. 4displays the results for the SO@xidation ~ catalyst shows high SQoxidation activity not only in the

in the presence of NO. It is worth to point out that a decrease Separate Sfoxidation experiments, but also in the simulta-
in the SQ concentration indicates SGtonsumption, and ~ N€ous S@ and NO oxidation experiments (séggs. 3 and
since the experiments were performed with oxygen in ex- 4)- AS canbe seen ifable 4 the saturation time with S{Jor
cess, we believe that any decrease in the outlet@@cen- _the GaOs3 containing ca_talyst and the unmodified catalyst
tration is related to SPadsorption and/or oxidationto g0 N the experiment with simultaneous NO andS&posure
Prior to each experiment, the pre-treated catalysts were satiS Shorter compared to the corresponding saturation time in
urated in the reaction gas mixture at room temperature until (e separate S{bxidation experiment. This is seen from the
the outlet NO concentration was equal to the inlet concentra- @PPearance of the temperature ramp curvesign4, where

tion and the S@concentration became very close to the inlet the low temperature desorption peaks almost disappear and
concentration (30 ppmYable 4displays the time which was the out_let SQ concenFratllons decline below the inlet con-
required for detecting 20 ppm S@n the outlet flow for all centration at.thel begln!’u.ng of the temperature ramp. The
samples. As it is clear from the table, the Ga promoted lowest SQ OX|da_t|on activity both in the presence andin the
catalyst followed by the PU/AD; catalyst adsorb much more ~ @bsence of NO is shown by the Mg@ontaining catalyst.
SO during the saturation step than the other catalysts. This

may explain why the concentration of outlet S@r these ~ 3.2. Steady state experiments

3.2.1. NO oxidation
Figs. 5 and &how the outlet concentration of N@s a

-4+- Gay,03

1 —©6~ Mo0, function of time at 125, 150, 175, 200 and 2Z5with a step
60 g 5”"01°diﬁed of 20 min at each temperature in the absence and presence

3
(o8
e
c
9o
B | AasAAAAAA —&— WO,
£ 40
3 . Table 4
S The time required for detecting 20 ppm £ the outlet flow during
UN 204 the saturation step performed on the catalysts prior to the heating ramp
8 ,,,,,,,,,,,,, experiments both in the presence and absence of NO in the reaction gas
. I : T : T : T 2 mixture
100 200 300 400 NO SQ saturation time with SO, saturation time
Temperature (°C) NO in the feed (min) without in the feed (min)
Fig. 3. SQ concentration as a function of temperature from separate SO (F;UA(IDZC/);UAI o gg gg
oxidation experiments. Catalysts: MatPt/Al,03 (O); GaOs/Pt/Al,O3 Waé lsl;UAI é s o8 31
(4); V20s/PYALLO3 (CI); WO3/PY/ALLO3 (A); PUALO; (A). Temperature § 23
ramp = 5°C/min. Gases: 30vol.ppm S$SOand 8% Q in Ar. Total V20s/PUAI2Os - 21 18
; ' ’ ' MoOz3/Pt/Al,O3 8 7

flow = 3000 ml/min.
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Fig. 5. NO concentration as a function of time measured at the temper-
atures: 125, 150, 175, 200 and 2Z5 Catalysts: Mo@Pt/Al,Oz (O);
GapO3/Pt/AlI;03 (+); V20s/Pt/Al,03 (C); WO3/Pt/Al,O3 (A); P/Al,O3

(A). The temperature between the steps was increased witl/sn.
Gases: 450 vol. ppm NO, 8%20n Ar with a total flow of 3000 ml/min.

Fig. 7. SQ concentration as a function of time measured at the temper-
atures: 125, 150, 175, 200 and 2Z& Catalysts: Mo@Pt/Al,03 (O);
GapO3/Pt/Al;03 (+); V20s/Pt/Al,03 (LI); WOs/Pt/Al,03 (A); Pt/Al,O3
(A). The temperature between the steps was increased witl/n.
Gases: 30vol.ppm SO8% O, in Ar with a total flow of 3000 ml/min.

of SO, respectively. The highest NO oxidation activities

in NO steady state oxidation experiments are shown by the3.2.2. SO, oxidation

WOj3 containing catalyst followed by the Ma@Pt/Al,O3 SO, steady state oxidation was performed in the absence
catalyst. The order in activity for the other three catalysts is: and presence of NO in the same way as in NO steady state
Ga03/Pt/Al,03 > Pt/Al,03 > V,05/Pt/Al ,03. The ad- oxidation. The results from SQOoxidation experiments in
dition of SO to the gas mixture deteriorates the NO oxida- the absence of NO are shown Fig. 7. The SQ peaks

tion activity resulting in decreased outlet N@oncentration ~ Which appear between the steady state steps are due to
levels at all temperatures for all catalysts (§ég. 6). The SO, desorption caused by the temperature increase. Even
order in NO oxidation activity is still in agreement with the in the steady state experiments, higher amounts of SO
results from the simultaneous NO and S@ating ramp ex- ~ Were adsorbed on the @ag containing and the Pt/AD3
periments with the exception for the Pt48; catalystwhich ~ catalysts, which give the high desorption S@eaks when
shows higher N@ formation at 200 and 228 compared the temperature was increased between the steady state
to the concentration levels at the same temperatures in theSteps. As it is clear from the figure, the measured, SO

heating ramp oxidation experiment. concentrations at all temperatures for all catalysts are sim-
The results from NO steady state oxidation experiments ilar, except for the W@ containing catalyst which shows
conducted in the presence of $6how that the Mo@con- ~30% higher oxidation of S at these temperatures

taining catalyst and the WAIPYAI,Os catalyst still show ~ compared to the other catalysts. When NO is included in
significantly higher NO oxidation activity than the other cat- the reaction gas mixtureFig. 8), the PUAbOs catalyst
alysts as they also do in the corresponding heating rampshows the highest SQoxidation activity at all temperature

oxidation experiments. steps.

B — 3

=% d Gay03

& —6~ Mo0O; § 30 1

g 200 — —&— unmodified g i

§ - V,05 S k=

= 8 —A— WO; © £ 20+

8 (0]

< 100 2 1

o o

O & rneooedRalEsa (@] 10 | —A—unmodified

o \ o —8- V,05

> Mo/l 2] 1 —awo,
1—'—]— T ] T I T ] T ] T | T | T | T I T I T | T
0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

Fig. 6. NO concentration as a function of time in the presence of Fig. 8. SQ concentration as a function of time in the presence of NO
SO, measured at the temperatures: 125, 150, 175, 200 and@25 measured at the temperatures: 125, 150, 175, 200 andQ26ata-
Catalysts: Mo@/Pt/Al,03 (O); GaOs/Pt/Al,03 (+); V20s/Pt/Al,O3 lysts: MoGs/Pt/AI,O3 (O); GapOs/Pt/Al03 (+); V20s/Pt/AI03 (CJ);
(O); WOs/Pt/AI,03 (A); Pt/Al,O3 (A). The temperature between the  WO3/Pt/Al,Oz (A); Pt/Al,Oz (A). The temperature between the steps
steps was increased with 16/min. Gases: 450 vol. ppm NO, 30vol.ppm  was increased with 18/min. Gases: 450 vol. ppm NO, 30vol. ppm £0
SO, 8% & in Ar with a total flow of 3000 ml/min. 8% O in Ar with a total flow of 3000 ml/min.



J. Dawody et al./Journal of Molecular Catalysis A: Chemical 209 (2004) 215-225 221

—©— MoOs;
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Fig. 11. Normalized NQ storage capacity as a function of S@xposure

Fig. 9. NG, concentration as a function of temperature from heating ramp time for PYBaO/MoG/AI,0s (O) and PYBaO/AIOs (A) catalysts.

NO oxidation performed on Pt/BaO/Mefl,03 (O) and Pt/BaO/AjOs3

(A) catalysts. Ramp rate 5°C/min. Gases: 450 ppm NO, 8%,0n Ar . .
with a total flow of 3000 ml/min. subtracting the integrated amount of outlet Nfbom the

integrated amount of inlet NOfor each lean period.
Some interesting features in the N€torage experiments

are: (1) the steady state N@vels for both catalysts imme-

diately become higher when $@ added to the gas mix-

: : : - ture; (2) both catalysts have relatively high storage capacity
Heating ramp experiments with NO@ixture were con- .
o b exper! s with NOj@nixture w in the sulphur free cycles; (3) the amount of unreduced NO

ducted with model Pt/Ba/MogsAl,O3 and Pt/BaO/AIO3 . : . ; , o
catalysts using the same procedure and gas Composi_durlng the rich periods is gradually increased with increased

tion as in Section 3.1.1and Table 3 respectively. As  SUlPhur exposure time, especially for the MoCbntaining
can be seen irFig. 9, the NO oxidation activity for the catalyst.

Pt/BaO/MoQ/Al 03 catalyst is slightly higher than for the th InNorde: to investigat.(te the(;m[t)?rc]:t of sulptr_]ur exposure (t)fll’]
Pt/BaO/AbO3 catalyst, but significantly lower than for the e NG, storage capacity and at the same time compare the

; catalysts with each other, a mean N6torage value was
MoOs/PUAI2Os catalyst (seig. 1). calculated from the four sulphur free cycles and the,NO
storage in the remaining cycles normalised to this value. The
resulting NQ storage as a function of time during $@x-
posure is shown ifrig. 11 Obviously, the MoQ@ containing
catalyst becomes deactivated by sulphur more quickly than
the Pt/BaO/A}O3 catalyst which is manifested in the faster
decay of the NQ storage capacity.

3.3. NO, storage experiments

3.3.1. Heating ramp experiments

3.3.2. Transient NO, storage experiments

The results from the transient experiments using the two
barium containing catalysts are shownFig. 10 The con-
tinuous and broken lines denote N@nd NG outlet con-
centrations for the Pt/BaO/MaffAl ;03 and Pt/BaO/AlO3
catalysts, respectively. In the initial lean periods, the storage
of NO, is seen from the relatively slow increase of the NO
signal up to a steady state level. During the rich period the
outlet NQ; signal becomes lower as the incoming and stored
NO, is reduced. The amount of stored N@ calculated by

4, Discussion

4.1. NO oxidation

Our aim was to prepare catalysts with constant Pt-loading
(0.062 mmol), constant amount additives (0.345 mmol) and
constant amount of washcoat corresponding to 20 wt.% of
the catalyst mass.

From the catalyst characterisation dataTeble 2 it is
clear that the specific surface area of the samples is almost
constant, which means that the addition of metal oxide ad-
ditives does not result in any significant decrease in surface
area.

The Pt dispersion values which are displayeditle 2
are obtained by taking into account that CO in addition to
Fig. 10. Measured NOand NG over a Pt/BaO/Mo@/Al 20z (continuous Pt, also can be adsorbed to the metal oxide additives. For
line) and a Pt/BaO/&!Og (broken line) c_atalyst during transient experi- this reason, temperature programmed CO desorption exper-
ments. The composition of lean gas mixture was 400 ppm NO, 650 ppm . . .
CsH, 8% Oy and for rich condition, @ was switched off. 10 ppm SO iments were performed on alumina sup_por_ted metal oxide
was added to lean and rich gas mixtures from the fifth cycle. The total S@mples without Pt. It was found that significant amounts
gas flow was constant during the entire experiment time. of CO adsorb on ¥O5 and MoQ. Thus, the Pt dispersions

Concentration (ppm)

0 100 200 300 400
Time (min)
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for the MoGs/Pt/Al,03 and VoOs/Pt/AloO3 catalysts were ing ramp experiments. The NMutlet concentrations at all
calculated by subtracting the integrated amount of des- temperature steps for all samples can be considered as steady
orbed CO from the Pt-free samples from the corresponding state levels, except for the M@@ontaining catalyst which
amount CO for the Pt-containing samples. The Pt disper- show a slightly decreasing NQoncentration with time at

sion achieved using this method does not take into account200 and 225C. The step at 225C was repeated and the

for CO adsorbed on interfacial Pt—Me sites or spill over of period was increased to 215 min. The NEncentration in

the CO from Pt- to Me-sites, which may occur during the this experiment (not shown) continued to decrease with time
experiment. The Pt dispersions for the MgRt/Al,O3 and while, the NO concentration increased and the Nfon-
V20s5/Pt/Al,0O3 samples are therefore somewhat uncertain. centration was stable. This means that the decreased outlet

As it is seen from the Table, the Pt dispersions for the concentration of N@ cannot be related to NOadsorption.
samples before performing the activity measurements areOne possible suggestion for this deactivation is Pt oxidation
roughly in the same range. Further, the Pt dispersions for formation[37].
all samples except for the 05 and MoG containing cat- The decrease in NO oxidation activity when both NO and
alysts are significantly lowered after performing the activity SO, are present in the feed is also observed in the steady
measurements. The decrease in Pt dispersion may indicatestate experiments (compafégs. 3 and % The results from
increased Pt particle sizes, probably due to the exposure tathese experiments are also in agreement with the heating
sulphur[36]. ramp experiments, except for the P¥®k catalyst which

The results from the temperature ramp and steady state oxseems to become more active after performing the heating
idation of NO show that W@and MoQ; seem to be the most  ramp experiment in presence of both NO and,SThis is
active additives in enhancing the activity for NO oxidation. seen in the increased N@utlet concentrations at 200 and
As it is seen fronFig. 1, the addition of either of these two  225°C in the steady state experiment with both NO ang SO
metal oxides results in higher NO oxidation activity where present in the feed which was performed directly after the
NO; forms with significantly higher rate and reaches higher corresponding ramp experiment. These experiments where
outlet concentration values in comparison to the other cata-repeated (not shown) and the results indicate a further in-
lysts. Obviously, W@ has the highest promoting effect on crease in NO oxidation activity for this catalyst. Possibly,
the NO oxidation activity in sulphur free atmosphere, since the simultaneous exposure of NO and,Sf temperatures
the NG formation for the WQ containing catalyst starts at  up to 450°C has caused sample sintering which means an
markedly lower temperature and reaches a higher conversiorincrease in the Pt particle sizg&6]. The activity enhance-
(92%) compared to the other cataly$tgy. 1shows another  ment can be related to the increase in the stability against
feature which is worth to mention, namely that the presence PtO, formation when the particles become larf@r]. An-
of V205 slightly suppresses the NO oxidation activity. What other suggestion for the NO oxidation activity enhancement
this depends on is not clear. It can be a consequence of thas the formation of surface alumina sulphates due to sulphur
high Pt dispersion for this catalyst. According to Olsson and exposure. Skoglundh et B8] have observed an increase
Fridell [37] alumina supported catalysts with smaller Pt par- in the oxidation activity for a Pt/AlO3 catalyst after sulphur
ticles show lower NO oxidation activity than catalysts with exposure due to the formation of sulphated alumina.
larger Pt particles since the probability for platinum oxide  The decrease in the NQutlet concentration as a func-
formation is higher on smaller Pt particles. tion of time shown by the Mo@Pt/Al,O3 catalyst at si-

Concerning the effect of G&3 on enhancing the NO  multaneous NO and SGsteady state oxidation experiment
oxidation, the results show that &ag slightly promotes this is shown by the W@'Pt/Al,O3, Pt/Al,O3 catalysts as well.
reaction in the absence of $O Even for this experiment, the decrease in Nautlet con-

The NO oxidation activity for all catalysts deteriorates centration is temperature dependent where, the decrease in
when SQ is included in the reaction gas mixture (see NO; concentration is only seen at 200 and 2€5as in the
Fig. 2). For each catalyst, the decrease in Nformation previous case. Further, the decrease inpN@mation for
due to SQ exposure can be obtained by subtracting the the MoGs/Pt/Al,O3 catalyst which was seen previously (in
NO, outlet concentration curve obtained from the experi- SO, free atmosphere) is further enhanced in the presence of
ments with simultaneous SCand NO exposure from the  SO,. Since the presence of S@as altered the stable NO
corresponding NO oxidation experiment. Such a calculation levels for the other catalysts, then the presence of 8@y
shows that the N@® formation decreases in the following have increased the Pt oxidation.
order: PfAl>,03 > GaOs3/Pt/Al203 > WO3/Pt/Al 203 > Enhancing the oxidation resistance for Pt catalysts has
V205/Pt/Al203 > MoO3/Pt/Al203. This means that the  previously been studied using XAFS and XANE®,40]

NO oxidation activity is most affected in the absence of The authors claim that the addition of electrophilic cations
metal oxide additives. Of the tested metal oxides, MoO to alumina supported Pt catalysts increases the resistance

seems to be the most promising S@xidation inhibitor. against Pt oxidation due to the increase in surface acidity.
The results from the NO steady state oxidation experi- According to these studies, M@@nay enhance the Pt oxi-
ments conducted in the absence ob3@d shown irFig. 3 dation resistance. If the decrease in theo;N@mation with

are in agreement with the results from the separate NO heattime delay during the steady state oxidation is a consequence
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of Pt oxidation, then our result is in disagreement with the Table 5 _ _
study mentioned above at least for these reaction conditions.Pércentage Sfconverted in the separate $@nd simultaneous NO and
On the other hand, the suggested increase in surface acidity 2 'émPerature ramp experiments

in the XAFS and XANES studies were tested by performing SO, conversion (%) SO, conversion (%)
propane oxidation experimenf39]. The results from these with NO in the feed _ without NO in the feed
experiments show an increase in propane oxidation activity PVAl20s 52 34

for electrophilic cation modified Pt/AD3 catalysts. In our %%%51%03 32 gg

experiments the presence of N@hich is a strong oxida- .o pyabo, 40 o8

tion agent may block the protection effect caused by elec- moos/PrAI, 05 34 25

trophilic additives at least at some reactions conditions.
From the results and discussion mentioned above, it is
clear that Mo@ and WQ have a significant enhancing The result from this calculation is shown ifable 5
effect on the NO oxidation also in the presence of,SO Wwhich shows two interesting features: (i) the S@xidation
These two metal oxides are widely used as promoters tois promoted in the presence of NO in all catalysts. A pos-
enhance the conversion of NO in supportesy catalysts  sible explanation for this feature is when NO is included
for SCR applicationg23,24,41,42] Some researchers re- in the gas mixture, N@will be formed which is a stronger
late the enhancement in NO oxidation to the strong redox oxidation agent than oxygen. This means that the environ-
properties of these metal oxides. This means that parallel toment will be more oxidative, which results in higher 50
the NO conversion which occur on the active sites, further oxidation capacity. N@is used in the lead chamber pro-
NO conversion occur on the promoter sites in form of redox cess for production of sulphuric acid synthesis just because
cycles which increase the amount of converted NO. The of the strong oxidation property of NGQ43]; (ii) the WOz
redox activity of these two metal oxides was investigated containing catalyst shows high $S@xidation activity in
by performing NO oxidation temperature ramp experiments temperature ramp and steady state, SRidation experi-
using MoQy/Al,03 and WQ/AI,O3 samples. The results ments. In simultaneous NO and $6teady state oxidation,
(not shown) from those experiments show that neither of the Pt/ALO3 catalyst shows the highest $Oxidation ac-
the two samples were active for NO oxidation, i.e. the tivity. As it was mentioned previously, this catalyst for some
enhancement in NO oxidation for the Mg@nd WG con- reason became more active after the exposure tp iSO
taining catalysts cannot be related to direct NO oxidation oxidative atmosphere at high temperatures (up to°€50
on the promotor sites. On the other hand, NO oxidation can  The SQ oxidation behaviour in separate $€leady state
take place on the border site of Mo—Pt and W—Pt or via a oxidation differs from the case when NO is included in the
spill over process from Pt to Mo and W which means that gas mixture. In the first mentioned one, all catalysts except
the presence of these metal oxides may play an importantthe WQs/Pt/AlO3 catalyst show steady SQevels at all

roll in enhancing the NO oxidation activity. temperatures. The peak in between the steps is due 30 SO
desorption. In the presence of NO, the Sfidation is pro-
4.2. SO, oxidation moted and steady SQevels are not reached above TTh
The increase in the Sroncentrations at each temperature
As previously, mentioned in th8ection 3 the SQ ad- step can possibly be related to the Pt oxidation mentioned

sorption time at room temperature prior to the heating ramp Previously.

and steady state oxidation experiment varied between the

catalysts. This makes the interpretation of the results from 4.3. NO, storage

the SQ heating ramp oxidation experiments complicated.

The Pt/AbO3 and GaOa/Pt/Al,O3 catalysts adsorbed much From the NO oxidation experiments which were per-
higher amounts of S£during the saturation step. In orderto  formed prior to the transient lean and rich experiments, two
investigate the effect of metal oxide addition onS®ida- features are observed. First, the presence of BaO leads to
tion, the SQ conversion was calculated both in the absence lower NO oxidation activity both for Pt/BaO/AD3z and for

and presence of NO according to the following formula: ~ Pt/BaO/MoQ/Al,03. This may be due to dissolution of
some amount of BaO during the impregnation with the acidic

[SOo]intet(tt — 10) — flgf [SO2]outletdr platinum nitrate solution which may cover some Pt sites or

SQxconv = [SO2lmtettf — 7o) to the formation of more stable Pt-oxides when barium is
inlettft — 10 presenf37]. Second, Mo@ still show some promoting ef-

wheretg andt; are initial and final time, respectively. We as- fect on the NO oxidation, but the effect is much lower than
sume that only a minor part of the adsorbed, Sl remain for the corresponding catalyst without BaO. The lower pro-
on the surface when the temperature ramp is terminated atmoting effect might be explained by less contact between Pt
450°C and due to the strong oxidative environment, the dif- and MoG in the modified preparation method, or that the
ference between the inlet and the outlet,S0ncentration interaction between Mogand the basic BaO may reduce
level is related to S@oxidation to SQ and sulphate. the acidity of MoQ. The reason to include Mofin the
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NO, storage catalyst was the high NO oxidation activity and SO, oxidation in alumina supported Pt catalysts. The main
the relatively low SQ oxidation activity for MoQ/Pt/Al,O3 conclusions are summarised below.
sample compared with the other metal oxide additives. It Catalysts without NQ storage material:

o e s ot S o+ nhe sbsenceof SOWOPUAL0n nd MOIPIALO:
P 9 PP 9 show the highest NO oxidation promoting.

oxidation will end up Wlth_lower amount of the thermally « In the presence of SOthe NO oxidation activity is de-
stable sulphates which poison the N&lorage component.
Features which are seen from the transient experi- creased for all _catalysts_. . -
e The decrease in NO oxidation activity due to S€xpo-

ments performed with both the Pt/BaO#8;3 and the .
. sure was highest for the Pt/AD3 and the GaO3/Pt/Al,O3
Pt/BaO/MoQ/Al 03 catalysts and worth to discuss (see catalysts followed by W/P/AL,Oz and VoOs/Pt/AI,Os

Fig. 10 are: (i) the regeneration during the rich conditions is catalysts and finally MogIPt/Al,Os catalyst.

Pr(;iigﬁr;;prll?)iecﬁjvsintcl)nzghri)sl(JiIiF))rt]r?(; frf:aesgzgfcs)f m@@enrgi% e The MoQy/Pt/Al,O3 catalyst was the most efficient cata-
’ b lyst in enhancing the NO oxidation while suppressing the

affect the direct reduction where the steady state, ®el o
. . . SO, oxidation.
increases directly after the $S@xposure has been started; — .
: o For all catalysts, S@oxidation was promoted in the pres-
(iii) when SO exposure has begun, the N@oncentration : . .
. S . ence of NO in the reaction gas mixture.
during the release period increases due to reduction dete-

rioration; (iv) the deterioration of the NO reduction due NO, storage catalysts:

to sulphur exposure is higher in the PYBaO/Mdl;0s e The Pt/BaO/MoQ@AI,O3 catalyst showed a slightly
catalyst, where the amount of detected ,Ncrease more higher NO oxidation activity than the PUBaOA
with time compared to the Pt/BaO/AD; catalyst; (v) the ca?talyst y 3

e s N s e et o+ The PUBAOIAO, and PUBAOIMOGAIZ0y catast
9 pacity store almost the same amount of N@ the SQ free

barium sulphates.
cycles.

The amount of stored NCOn each storage cycle has been .
calculated according to the calculation method described ® The PUBaG/MoG/AI;0; catalyst was sulphur pm_songd
faster than the Pt/BaO/AD3 catalyst due to reduction in

in [7]. The results from these calculations show a slightly ; o . .
. . . the regeneration capacity in the rich periods where the out-
higher storage capacity for Pt/BaO&ls, compared with : . . .
: let NO, concentration during these periods was increased
the Pt/BaO/MoQ/Al,O3 sample, both in absence and pres- with time

ence of SQ, in spite of a higher N@formation for the later
catalyst.

From Fig. 11, it is obvious that the deterioration rate of
NO, storage capacity for both catalysts follows the same
tendency up to the seventh cycle. Thereafter, the NOr-
age capacity for the Pt/BaO/Ma@\l,03 catalyst deterio-
rates faster than for Pt/BaO/AD; catalyst. FronFig. 10
it is clear that the decreased reduction capacity during rich
condition for the MoQ@ containing catalyst starts to be sig-
nificant from the seventh sulphur exposure cycle. Obviously,
the faster poisoning in the Pt/BaO/Mefdl,03 catalyst is
a consequence of the deteriorated reduction capacity. What
that depends on is not clear, but somehow the presence ok terences
MoOs3 accelerates the deterioration of the Pt reduction.
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