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Feed mixture:  

600ppm NO and 8 % O2   
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NO oxidation over Pt/Al2O3 

L. Olsson and H. Karlsson, Catalysis Today 147S (2009) S290. 

Pretreatment:  

0.1% H2/Ar at 400°C for 10 
min with, followed by 10 min 
Ar 

Feed mixture:  

630ppm NO and  8 % O2, for 
36 h.  

Temperature: 250°C 

SV: 39 000 h-1   

3. Results and discussion

The NO oxidation was investigated using a Pt/Al2O3 catalyst
(C1) and exposing it to 630 ppm NO + 8% O2 for 22 h. The result of
this experiment is shown in Fig. 1. Initially the NO2 production is
about 420 ppm, but in the end part of the experiment only
215 ppm NO2 is formed. The deactivation is quite rapid during the
first 10 h, but deactivation is still present in the end of the 36 h
experiment. We have observed NO oxidation deactivation in an
earlier study, where the catalyst was exposed to NO and oxygen for
3 h [11] and on the basis of XPS measurements we suggested the
reason to be formation of platinum oxides. Platinum oxides have
been observed in several studies using XPS [20,22], EXAFS [23] and
XANES [24]. Interestingly, the deactivation is still observed after
36 h (Fig. 1).

We further investigated the regeneration of these platinum
oxides using different conditions and the results are presented in
Fig. 2. After each regeneration strategy the catalyst activity was
checked at 250 8C using NO + O2. First the catalyst was exposed to
Ar only for 10 min (denoted A in Fig. 2), but the catalyst did not
regain any activity. This was followed by 30 min Ar at 400 8C
(denoted B) and now the catalyst regained some of its initial
activity, however, it was still severely deactivated. Then propene
was introduced for 10 min at 400 8C, and in the following activity
experiment the catalyst regained the NO oxidation activity. In the
final two regenerations the catalyst was exposed to 0.1% H2 for
10 min or 1% H2 for 30 min at 400 8C, respectively (denoted D and E
in Fig. 2). The initial activity does not increase further after the
hydrogen pre-treatment compared with the propene exposure but
the deactivation slope might have decreased some.

The effect of SO2 on NO oxidation was investigated. The Pt/
Al2O3 catalyst C2 was exposed to 630 ppmNO + 8% O2 for 23 h and
after 30 min 30 ppm SO2 was added to the gas mixture. The results
are displayed in Fig. 3. During the first 30 min the NO2

concentration drops from 330 ppm to 270 ppm and as described
above we suggest that this is due to platinum oxides. When
introducing SO2 the activity drops significantly and after about 1 h
of SO2 exposure the NO2 level is quite constant at 30 ppm.
Interestingly, after about 3 h of SO2 exposure the activity slowly
starts to increase. This increase continues throughout the whole
last 19 h of the SO2 exposure, but with a lower rate in the later
parts. The NO2 level increases from 30 ppm to almost 140 ppm.
This experiment has been repeated on two other Pt/Al2O3 catalysts
(not shown here) in order to ensure that the process was
repeatable.

In order to further gain information about the activity increase
during the SO2 exposure experimentweconductedone temperature

ramp with NO + O2 before the long SO2 exposure experiment and
one NO + O2 ramp experiment after. The results from these two
ramps (denoted Ramp 1 and Ramp 2, respectively) are shown in
Fig. 4. It is evident that there is a dramatical increase inNOoxidation
activityafter the long timeSO2exposure.Wepropose that the reason
is that the Pt particles are sintered in the presence of SO2. It has been
observed experimentally that larger Pt particles have higher NO
oxidation activity [9–11,19]. In order to verify this, wemeasured the
dispersion of the platinum before the first temperature ramp and
alsoafterRamp2and thedispersionhaddecreased from12% to3.5%.
In addition, BET experiments showed that there had been a small
decrease in the total surface area from 159 m2/g washcoat to
147 m2/g washcoat after the experiment. To conclude, the addition
of SO2 makes the platinum very mobile and sintering was observed
already at 250 8C. The decreased platinum dispersion increased the
NO oxidation activity.

In order to investigate the temperature for the sintering, the
same long SO2 exposure experiment as shown in Fig. 3 is repeated
at a lower temperature (200 8C). The results from this experiment
are shown in Fig. 5. During the first 30 min with only NO + O2 the
NO2 concentration is decreasing in the same way as was observed
at 250 8C and we suggest that the reason is formation of platinum
oxides. Further, the NO2 concentration drops when adding SO2 to
the feed gas mixture. During the 22 h NO + O2 + SO2 exposure a

Fig. 1. NO oxidation over a Pt/Al2O3 catalyst (C1) at 250 8C during exposure of
600 ppm NO and 8% O2 in Ar for 36 h.

Fig. 2. NO oxidation over a Pt/Al2O3 catalyst (C1) after a long-time exposure and
treatment with (A) 10 min Ar at 250 8C, 10 min 630 ppm NO + 8% O2 at 250 8C, (B)
30 min Ar at 400 8C, 30 min 630 ppm NO + 8% O2 at 250 8C, (C) 10 min 550 ppm
C3H6 at 400 8C, 30 min 630 ppm NO + 8% O2 at 250 8C, (D) 10 min 0.1% H2 at 400 8C,
30 min 630 ppmNO + 8%O2 at 250 8C and (E) 30 min 1%H2 at 4008, 30 min 630 ppm
NO + 8% O2 at 250 8C.

Fig. 3. NO oxidation experiment over a Pt/Al2O3 catalyst (C2) at 250 8C. The catalyst
was exposed to 630 ppm NO and 8% O2 for 23 h and after 30 min was 30 ppm SO2

added and after 22.5 the SO2 exposure was stopped.

L. Olsson, H. Karlsson / Catalysis Today 147S (2009) S290–S294S292
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Feed mixture:  

A)10min Ar at 250°C 

(B) 30min Ar at 400°C 

(C) 10min 550ppm C3H6 at 
400°C 

(D)10min 0.1%H2 at 400°C 

(E) 30min1%H2 at 400°C 

Removal of platinum oxides 

L. Olsson and H. Karlsson, Catalysis Today 147S (2009) S290. 

3. Results and discussion

The NO oxidation was investigated using a Pt/Al2O3 catalyst
(C1) and exposing it to 630 ppm NO + 8% O2 for 22 h. The result of
this experiment is shown in Fig. 1. Initially the NO2 production is
about 420 ppm, but in the end part of the experiment only
215 ppm NO2 is formed. The deactivation is quite rapid during the
first 10 h, but deactivation is still present in the end of the 36 h
experiment. We have observed NO oxidation deactivation in an
earlier study, where the catalyst was exposed to NO and oxygen for
3 h [11] and on the basis of XPS measurements we suggested the
reason to be formation of platinum oxides. Platinum oxides have
been observed in several studies using XPS [20,22], EXAFS [23] and
XANES [24]. Interestingly, the deactivation is still observed after
36 h (Fig. 1).

We further investigated the regeneration of these platinum
oxides using different conditions and the results are presented in
Fig. 2. After each regeneration strategy the catalyst activity was
checked at 250 8C using NO + O2. First the catalyst was exposed to
Ar only for 10 min (denoted A in Fig. 2), but the catalyst did not
regain any activity. This was followed by 30 min Ar at 400 8C
(denoted B) and now the catalyst regained some of its initial
activity, however, it was still severely deactivated. Then propene
was introduced for 10 min at 400 8C, and in the following activity
experiment the catalyst regained the NO oxidation activity. In the
final two regenerations the catalyst was exposed to 0.1% H2 for
10 min or 1% H2 for 30 min at 400 8C, respectively (denoted D and E
in Fig. 2). The initial activity does not increase further after the
hydrogen pre-treatment compared with the propene exposure but
the deactivation slope might have decreased some.

The effect of SO2 on NO oxidation was investigated. The Pt/
Al2O3 catalyst C2 was exposed to 630 ppmNO + 8% O2 for 23 h and
after 30 min 30 ppm SO2 was added to the gas mixture. The results
are displayed in Fig. 3. During the first 30 min the NO2

concentration drops from 330 ppm to 270 ppm and as described
above we suggest that this is due to platinum oxides. When
introducing SO2 the activity drops significantly and after about 1 h
of SO2 exposure the NO2 level is quite constant at 30 ppm.
Interestingly, after about 3 h of SO2 exposure the activity slowly
starts to increase. This increase continues throughout the whole
last 19 h of the SO2 exposure, but with a lower rate in the later
parts. The NO2 level increases from 30 ppm to almost 140 ppm.
This experiment has been repeated on two other Pt/Al2O3 catalysts
(not shown here) in order to ensure that the process was
repeatable.

In order to further gain information about the activity increase
during the SO2 exposure experimentweconductedone temperature

ramp with NO + O2 before the long SO2 exposure experiment and
one NO + O2 ramp experiment after. The results from these two
ramps (denoted Ramp 1 and Ramp 2, respectively) are shown in
Fig. 4. It is evident that there is a dramatical increase inNOoxidation
activityafter the long timeSO2exposure.Wepropose that the reason
is that the Pt particles are sintered in the presence of SO2. It has been
observed experimentally that larger Pt particles have higher NO
oxidation activity [9–11,19]. In order to verify this, wemeasured the
dispersion of the platinum before the first temperature ramp and
alsoafterRamp2and thedispersionhaddecreased from12% to3.5%.
In addition, BET experiments showed that there had been a small
decrease in the total surface area from 159 m2/g washcoat to
147 m2/g washcoat after the experiment. To conclude, the addition
of SO2 makes the platinum very mobile and sintering was observed
already at 250 8C. The decreased platinum dispersion increased the
NO oxidation activity.

In order to investigate the temperature for the sintering, the
same long SO2 exposure experiment as shown in Fig. 3 is repeated
at a lower temperature (200 8C). The results from this experiment
are shown in Fig. 5. During the first 30 min with only NO + O2 the
NO2 concentration is decreasing in the same way as was observed
at 250 8C and we suggest that the reason is formation of platinum
oxides. Further, the NO2 concentration drops when adding SO2 to
the feed gas mixture. During the 22 h NO + O2 + SO2 exposure a

Fig. 1. NO oxidation over a Pt/Al2O3 catalyst (C1) at 250 8C during exposure of
600 ppm NO and 8% O2 in Ar for 36 h.

Fig. 2. NO oxidation over a Pt/Al2O3 catalyst (C1) after a long-time exposure and
treatment with (A) 10 min Ar at 250 8C, 10 min 630 ppm NO + 8% O2 at 250 8C, (B)
30 min Ar at 400 8C, 30 min 630 ppm NO + 8% O2 at 250 8C, (C) 10 min 550 ppm
C3H6 at 400 8C, 30 min 630 ppm NO + 8% O2 at 250 8C, (D) 10 min 0.1% H2 at 400 8C,
30 min 630 ppmNO + 8%O2 at 250 8C and (E) 30 min 1%H2 at 4008, 30 min 630 ppm
NO + 8% O2 at 250 8C.

Fig. 3. NO oxidation experiment over a Pt/Al2O3 catalyst (C2) at 250 8C. The catalyst
was exposed to 630 ppm NO and 8% O2 for 23 h and after 30 min was 30 ppm SO2

added and after 22.5 the SO2 exposure was stopped.

L. Olsson, H. Karlsson / Catalysis Today 147S (2009) S290–S294S292
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XPS spectra of Pt/BaO/Al2O3 

L. Olsson and E. Fridell, J. of Catalysis 2002, 210, 340. 
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XPS Pt4f spectra for different pre-treatments 

a) Pt/Al2O3, H2 

b) Pt/BaO/Al2O3, H2 

c) Pt/Al2O3, NO2 

d) Pt/BaO/Al2O3, NO2 

e) Pt/Al2O3, O2 

f) Pt/BaO/Al2O3, O2 

L. Olsson and E. Fridell, J. of Catalysis 2002, 210, 340. 
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XPS Pt4f spectra deconvolution 
Pt/BaO/Al2O3, NO2 

L. Olsson and E. Fridell, J. of Catalysis 2002, 210, 340. 

348 OLSSON AND FRIDELL

TABLE 7

Experimentally Obtained XPS Peak Positions (eV)

Pretreatment Curve in
Catalyst gas Fig. 12 Pt 4f7/2 Pt 4f5/2 Pt 4d5/2

Pt/Al2O3 H2 a 71.5 74.8 315.0
Pt/BaO/Al2O3 H2 b 71.5 74.7 315.3
Pt/Al2O3 NO2 c 72.1 75.3 315.9
Pt/BaO/Al2O3 NO2 d 75.0a 317.1
Pt/Al2O3 O2 e 72.3 75.5 316.0
Pt/BaO/Al2O3 O2 f 72.6 75.8 316.2

a Pt 4f peaks not distinguishable.

this peak in Table 7 show that the peak position is shifted,
compared with the Pt0 value of 314.2 eV obtained for Pt
films (21), for the H2-treated samples. The samples treated
in O2 or NO2 are shifted even more and the strongest shift
is observed for the Pt/BaO/Al2O3 sample treated in NO2.
In the Pt 4f region, the H2-treated samples show peaks
at 74.8 (4f5/2) and 71.5 eV (4f7/2) for both Pt/Al2O3 and
Pt/BaO/Al2O3. A shift of Pt peaks toward higher bind-
ing energies, about 0.5 eV, have been reported when Pt is
present on alumina (21, 38, 39). These binding energies thus
correlate well with reported values for Pt0 (21, 40) showing
that the reduced samples contain mainly metallic Pt. How-
ever, at least for the Ba-containing sample, smaller peaks
at higher binding energies are also present. For example,
a shoulder can be observed at around 77.7 eV. The NO2-
treated Pt/Al2O3 sample shows shifts of both peaks to 75.3
and 72.1 eV, respectively. Further, there is a relatively higher
signal between the peaks compared with the spectrum for
the H2-treated sample. The spectrum for the NO2-treated
Pt/BaO/Al2O3 sample is very different from the H2-treated
case. A main peak at around 75.0 eV can be observed with
strong shoulders at around 77.6 and 73.3 eV. The spectrum
for the O2-treated Pt/Al2O3 is similar to the NO2-treated
case. The O2-treated Pt/BaO/Al2O3 sample shows peaks at
75.8 and 72.6 eV.

As will be discussed below, one interpretation of these
shifts is that Pt is oxidized to PtO and PtO2. Accord-
ing to Kaushik (21), the peaks for PtO in Al2O3 should

TABLE 8

Relative Abundance of Different Pt Species from Fitting of XPS
Data Taken after Pretreatment in H2, NO2, or O2

Pretreatment Curve in
Catalyst gas Fig. 12 Pt0 (%) PtO (%) PtO2 (%)

Pt/Al2O3 H2 a 75 16 9
Pt/BaO/Al2O3 H2 b 58 27 15
Pt/Al2O3 NO2 c 25 57 18
Pt/BaO/Al2O3 NO2 d 7 44 49
Pt/Al2O3 O2 e 28 64 8
Pt/BaO/Al2O3 O2 f 20 67 13

FIG. 13. Curve fit of the XPS Pt 4f spectra for the Pt/BaO/Al2O3

sample pretreated in NO2.

be at 72.4 and 75.6 eV while PtO2 should show peaks at
74.1 and 77.4 eV. It does thus seem that the O2-treated
Pt/BaO/Al2O3 sample contains a large amount of PtO while
the NO2-treated sample also contains PtO and a significant
amount of PtO2. Curve fitting was done as described un-
der Experimental and the resulting concentrations of Pt,
PtO, and PtO2 for the six spectra in Fig. 12 are given in
Table 8. Figure 13 gives an example of a curve fit for the
Pt/BaO/Al2O3 sample pretreated in NO2. It should be ob-
served that the fitting of these spectra to six Pt peaks and
the Al 2p peak gives a somewhat unclear result. For ex-
ample, starting values for the positions of the peaks for the
three compounds need to be chosen. We have used data
for the pure compounds shifted by 0.5 eV due to Pt–Al2O3
interaction (21). Thus, the results in Table 8 should only be
regarded as indications of the way in which the oxidation
state of Pt changes. However, the relative abundance of
the three Pt species seems to be fairly consistent between
fits that resulted in somewhat different parameter values.
From Table 8 one can note that the reduced samples contain
a large fraction of Pt0 while the oxidized samples contain
mainly Pt oxides. Pt is oxidized further by NO2 than O2 and
the presence of BaO increases the oxidation of Pt.

4. DISCUSSION

Figure 1 shows the results from a flow reactor experiment
with a Pt/Al2O3 monolith during a 3-h exposure to NO2/Ar
at 350◦C. The concentration of NO decreases gradually
during the experiment. Initially the NOx signal increases
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Effect of support on NO 
oxidation 

L. Olsson, M. Abul-Milh, H. Karlsson, E. Jobson, P. Thormählen and A. Hinz, 
Topics in Catalysis 30/31 (2004) 85. 
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The Pt/TiO2 sample shows the highest activity for
NO oxidation, followed by the Pt/Al2O3 catalyst and the
Pt/V2O5/TiO2 sample shows the lowest activity. While

Pt/TiO2 and Pt/Al2O3 show a decrease in conversion to
NO2 with the time, the NO2 response obtained over Pt/
V2O5/TiO2 is stable but on a lower level. This deacti-
vation is also seen in figures 2–4, where the inlet
concentrations are the same (600 ppm NO and 8%
oxygen) during the first 60 min of the experiments.
From table 1 it is seen that the Pt dispersion is lower for
the Pt/TiO2 catalyst when compared to the Pt/Al2O3

catalyst and that the BET surface area decreases in the
order Pt/Al2O3 > Pt/TiO2 > Pt/V2O5/TiO2. The lower
BET area of the Pt/TiO2 sample may be the reason for
the low platinum dispersion. The platinum dispersion is
important for the NO oxidation, increasing the size of
the platinum particles increases the NO oxidation
activity [9,10] and this can explain the high activity for
the Pt/TiO2 sample. For the vanadium containing
catalyst no platinum dispersion, see table 1, could be
determined due to the interference of vanadium. Thus, it
is not possible to rule out the effect of the Pt dispersion
on the NO oxidation reaction over this catalyst.

The NO oxidation activity decreases with time for the
Pt/Al2O3 and Pt/TiO2 sample, as described above. In a
previous study by Olsson and Fridell [9] this type of

Figure 1. NO oxidation over different catalysts during exposure to
600 ppm NO and 8% oxygen at 200 !C.

Figure 2. NO oxidation at 200 !C in the presence of 2.5% respectively 5% H2O over (a) Pt/Al2O3, (b) Pt/TiO2 and (c) Pt/V2O5/TiO2.

L. Olsson et al./Effect of lean gas composition on NOx reduction 87Effect of support on NO oxidation 

L. Olsson, M. Abul-Milh, H. Karlsson, E. Jobson, P. Thormählen and A. Hinz, 
Topics in Catalysis 30/31 (2004) 85. 

Feed mixture:  

630ppm NO and  8 % O2 

Temperature: 200°C 

SV= 39 000 h-1   
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The Pt/TiO2 sample shows the highest activity for
NO oxidation, followed by the Pt/Al2O3 catalyst and the
Pt/V2O5/TiO2 sample shows the lowest activity. While

Pt/TiO2 and Pt/Al2O3 show a decrease in conversion to
NO2 with the time, the NO2 response obtained over Pt/
V2O5/TiO2 is stable but on a lower level. This deacti-
vation is also seen in figures 2–4, where the inlet
concentrations are the same (600 ppm NO and 8%
oxygen) during the first 60 min of the experiments.
From table 1 it is seen that the Pt dispersion is lower for
the Pt/TiO2 catalyst when compared to the Pt/Al2O3

catalyst and that the BET surface area decreases in the
order Pt/Al2O3 > Pt/TiO2 > Pt/V2O5/TiO2. The lower
BET area of the Pt/TiO2 sample may be the reason for
the low platinum dispersion. The platinum dispersion is
important for the NO oxidation, increasing the size of
the platinum particles increases the NO oxidation
activity [9,10] and this can explain the high activity for
the Pt/TiO2 sample. For the vanadium containing
catalyst no platinum dispersion, see table 1, could be
determined due to the interference of vanadium. Thus, it
is not possible to rule out the effect of the Pt dispersion
on the NO oxidation reaction over this catalyst.

The NO oxidation activity decreases with time for the
Pt/Al2O3 and Pt/TiO2 sample, as described above. In a
previous study by Olsson and Fridell [9] this type of

Figure 1. NO oxidation over different catalysts during exposure to
600 ppm NO and 8% oxygen at 200 !C.

Figure 2. NO oxidation at 200 !C in the presence of 2.5% respectively 5% H2O over (a) Pt/Al2O3, (b) Pt/TiO2 and (c) Pt/V2O5/TiO2.

L. Olsson et al./Effect of lean gas composition on NOx reduction 87

Effect of support on NO oxidation 
- Influence of water at 200°C 

L. Olsson, M. Abul-Milh, H. 
Karlsson, E. Jobson, P. 
Thormählen and A. Hinz, 
Topics in Catalysis 30/31 
(2004) 85. 

Pt/Al2O3 
Pt/TiO2 

Pt/V2O5/TiO2 
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deactivation was observed on Pt/Al2O3 and Pt/BaO/
Al2O3 samples. The XPS measurements then showed
that the probable cause for the deactivation was the
formation of platinum oxides, which are less active than
metallic platinum. The XPS measurements made on the
three samples in this study could not be analysed with
respect to Pt oxide formation, as the Pt peaks of the two
Ti-containing samples after pre-reduction were to small
to analyse. This indicates that Pt becomes encapsulated
by the support material during the reducing treatment,
which is supported by previous studies of Pt on
TiO2(110) by Pesty et al. [11] and Dulub et al. [12]
showing a total encapsulation of Pt by Ti sub-oxides.
Another investigation by Yazawa et al. [13] also
explained their long-term deactivation for propane
oxidation on Pt/SiO2-Al2O3 and Pt/ZrO2 catalysts, with
the formation of platinum oxides, which they observed
by XANES experiments [14]. In our experiments we
found that the vanadium containing catalyst had a stable
activity, thus it probably had a low rate of platinum
oxide formation. This is in line with the XANES results
presented by Yazawa et al. [15]. They found that adding
vanadia to a Pt/Al2O3 catalyst resulted in a lower

platinum oxide formation in O2 environment. Vanadia is
acidic, which means that it is electrophilic, resulting in
donation of electron density from the platinum to the
vanadia [15]. The platinum now has less ability to donate
electrons to oxygen, which it does when forming
platinum oxides. This resistance for platinum oxide
formation is the suggested explanation for the high
stability of the vanadium containing sample.

Figure 2 shows the effect of varying H2O in the feed
gas from 2.5 to 5%. For all catalysts it is seen that the
presence of water inhibits the oxidation reaction ofNO to
NO2.Moreover, it is seen that for all catalysts the activity
does not recover to its initial value after the water has
been shut-off in the feed gas. However, the TiO2 based
catalysts seem to recover better than the Al2O3 based
catalyst. On the other hand, the increase of water from
2.5 to 5% in the feed gas does not result in a considerable
change of activity for the Pt/Al2O3 catalyst, while for the
Pt/TiO2 catalyst the activity is effected slightly. In the
case of increasing the concentration of water in the feed
gas from 2.5 to 5% no considerable change in activity is
observed for the Pt/V2O5/TiO2 catalyst. Furthermore,
when the catalysts are exposed to H2O an initial

Figure 3. NO oxidation at 200 !C in the presence of 37 ppm respectively 200 ppm C3H8 over (a) Pt/Al2O3, (b) Pt/TiO2 and (c) Pt/V2O5/TiO2.

L. Olsson et al./Effect of lean gas composition on NOx reduction88

Effect of support on NO oxidation 
- Influence of C3H6  at 200°C 

L. Olsson, M. Abul-Milh, H. 
Karlsson, E. Jobson, P. 
Thormählen and A. Hinz, 
Topics in Catalysis 30/31 
(2004) 85. 

Pt/Al2O3 
Pt/TiO2 

Pt/V2O5/TiO2 
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Experimental conditions for sulphur 
influence of NO oxidation on Pt/Al2O3 

1.  Degreening: 2% H2 for 30 min at 400°C, 45 min at 650°C in Ar  
2.  Measure platinum dispersion with CO TPD 
3.  NO oxidation exp. 

 (i): 1% H2/Ar at 400°C for 30 min (pretreatment)  
 (ii) 10 min Ar at 400°C 
 (iii) 630ppmNO+8%O2 for 35 min at 40°C  
 (iv) Temperature ramp with a rate of 5°C/min up to 400°C 

4.  Long NO oxidation+SO2 exp. 
 (i): 1% H2/Ar at 400°C for 30 min (pretreatment)  
 (ii) 10 min Ar at 400°C, cool to 250°C 
 (iii) 250°C: 630ppmNO+8%O2 for 30 min at 250°C  
 (iv) 250°C: 630ppmNO+8%O2+30ppm SO2 for 22h  
 (v) 250°C: 630ppmNO+8%O2 for 30 min   

5.  NO oxidation exp. 
6.  Measure platinum dispersion with CO TPD 
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Influence of SO2 on NO oxidation 
over Pt/Al2O3 at 250°C 

L. Olsson and H. Karlsson, Catalysis Today 147S (2009) S290. 

Feed mixture:  

630ppm NO and  8 % O2, for 23 
h.  

After 30 min was 30 ppm SO2 
added and it was removed after 
22.5h.  

Temperature: 250°C 

SV= 39 000 h-1   
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Influence of SO2 on NO oxidation 
on Pt/Al2O3 

L. Olsson and H. Karlsson, Catalysis Today 147S (2009) S290. 

Feed mixture:  

630ppm NO and  8 % O2,  

5 °C/min 

SV= 39 000 h-1   

•  Dispersion before  
 SO2 exposure: 12% 

•  Dispersion before  
 SO2 exposure: 3.5% 
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Influence of SO2 on NO oxidation 
over Pt/Al2O3 at 200°C 

L. Olsson and H. Karlsson, Catalysis Today 147S (2009) S290. 

Feed mixture:  

630ppm NO and  8 % O2, for 23 
h.  

After 30 min was 30 ppm SO2 
added and it was removed after 
22.5h.  

Temperature: 200°C 

SV= 39 000 h-1   

very slow increase in NO2 concentration is observed. In order to
investigate if the platinum sintering induced by SO2 also occurs at
200 8C, we conducted one temperature ramp with NO + O2 before
the long SO2 exposure experiment and one ramp after. The results
from these two ramps are shown in Fig. 6. It is clear that the NO2

production is dramatically increased also after SO2 exposure at
200 8C. Thus, the presence of SO2 increases the sintering rate
enormous already at 200–250 8C, which is very beneficial for the
NO oxidation activity.

4. Conclusions

In this work the NO oxidation over Pt catalysts is investigated.
We chose to use Pt/Al2O3 samples in order to increase the
fundamental knowledge about the NO oxidation and sintering of Pt
when supported on alumina. We observed a decrease in NO2

production during the whole 22 h experiment and we suggest that
the decrease is due to the formation of stable platinum oxides. The
deactivation rate was highest during the first 10 h, but still visible
after 22 h, which indicates that platinum oxide formation is a quite
slow process. In addition, the regeneration of the formed platinum
oxides was investigated using five different regeneration strate-
gies, with an NO oxidation activity check at 250 8C after each
regeneration. We did not regain any activity with only Ar for
10 min at 250 8C. However, the activity was increased after
increasing the temperature to 400 8C, but it was far from the initial
activity. Thus, some of the oxygen on platinum is possible to
remove in inert atmosphere, but a significant part of the platinum
oxides are very stable. After introduction of propene at 400 8C, the
NO oxidation activity at 250 8C was back to its original state. This
was also followed by two hydrogen regeneration, but no extra
activity was observed. However, it seemed that the deactivation
rate for platinum oxides was decreased somewhat after regenera-
tion with hydrogen.

We also investigated the effect of long-term exposure of SO2 at
low temperatures. One Pt/Al2O3 catalyst was exposed to 630 ppm
NO + 8% O2 for 30 min, which was followed by 22 h of 630 ppm
NO + 8% O2 + 30 ppm SO2. Initially, the NO oxidation activity
decreased when introducing SO2. However, after about 3 h of SO2

the NO2 production slowly increases from 30 ppm to 140 ppm
after the 22 h of SO2. We measured the dispersion before and after
this experiment and observed a decrease from 12% to 3.5%. We
therefore suggest that the reason for the slow activity increase
when adding SO2 is a slow platinum sintering. It is known that
larger platinum particles are more active for NO oxidation. This is
due to either that the reaction is structure sensitive or that smaller
particles more easily form platinum oxides, which are less active.
During sintering the number of sites will decrease, which is also
observed by the dispersion measurements. However, the larger Pt
particles have so much larger activity that the total conversion
increases even though the number of sites decreases. Since the
temperature during the sulphur exposure is only 250 8C, the
introduction of SO2 greatly enhances platinum migration. We also
conducted two temperature ramps with NO + O2, one before and
one after the long time SO2 exposure experiment and observed a
very large increase in NO2 production after sulphur exposure. For
example the NO2 production increased from 27% to 92% at 200 8C.
In order to further investigate the low temperature platinum
migration in the presence of SO2 the experiment set (NO oxidation
ramp, long time SO2 exposure experiment, NO oxidation ramp)
described above was repeated on a corresponding Pt/Al2O3

catalyst, with the only difference that the long term SO2 exposure
was conducted at 200 8C. Interestingly, similar increase in NO
oxidation activity was found, which suggests that platinum
migration is even important at 200 8C, which is a very low
temperature for platinum migration.
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Fig. 4. Temperature ramp (5 8C/min up to 400 8C)with 630 ppmNOand 8%O2, using
a Pt/Al2O3 catalyst (C2). Ramp 1 was conducted before the long SO2 exposure
experiment shown in Fig. 3 and Ramp 2 after the SO2 experiment.

Fig. 5. NO oxidation experiment over a Pt/Al2O3 catalyst (C3) at 200 8C. The catalyst
was exposed to 630 ppm NO and 8% O2 for 23 h and after 30 min was 30 ppm SO2

added and after 22.5 the SO2 exposure was stopped.

Fig. 6. Temperature ramp (5 8C/min up to 400 8C) with 630 ppmNO and 8% O2, over
a Pt/Al2O3 catalyst (C3). Ramp 1 was conducted before the long SO2 exposure
experiment shown in Fig. 5 and Ramp 2 after the SO2 experiment.
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very slow increase in NO2 concentration is observed. In order to
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the long SO2 exposure experiment and one ramp after. The results
from these two ramps are shown in Fig. 6. It is clear that the NO2
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200 8C. Thus, the presence of SO2 increases the sintering rate
enormous already at 200–250 8C, which is very beneficial for the
NO oxidation activity.
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In this work the NO oxidation over Pt catalysts is investigated.
We chose to use Pt/Al2O3 samples in order to increase the
fundamental knowledge about the NO oxidation and sintering of Pt
when supported on alumina. We observed a decrease in NO2

production during the whole 22 h experiment and we suggest that
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after 22 h, which indicates that platinum oxide formation is a quite
slow process. In addition, the regeneration of the formed platinum
oxides was investigated using five different regeneration strate-
gies, with an NO oxidation activity check at 250 8C after each
regeneration. We did not regain any activity with only Ar for
10 min at 250 8C. However, the activity was increased after
increasing the temperature to 400 8C, but it was far from the initial
activity. Thus, some of the oxygen on platinum is possible to
remove in inert atmosphere, but a significant part of the platinum
oxides are very stable. After introduction of propene at 400 8C, the
NO oxidation activity at 250 8C was back to its original state. This
was also followed by two hydrogen regeneration, but no extra
activity was observed. However, it seemed that the deactivation
rate for platinum oxides was decreased somewhat after regenera-
tion with hydrogen.

We also investigated the effect of long-term exposure of SO2 at
low temperatures. One Pt/Al2O3 catalyst was exposed to 630 ppm
NO + 8% O2 for 30 min, which was followed by 22 h of 630 ppm
NO + 8% O2 + 30 ppm SO2. Initially, the NO oxidation activity
decreased when introducing SO2. However, after about 3 h of SO2
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after the 22 h of SO2. We measured the dispersion before and after
this experiment and observed a decrease from 12% to 3.5%. We
therefore suggest that the reason for the slow activity increase
when adding SO2 is a slow platinum sintering. It is known that
larger platinum particles are more active for NO oxidation. This is
due to either that the reaction is structure sensitive or that smaller
particles more easily form platinum oxides, which are less active.
During sintering the number of sites will decrease, which is also
observed by the dispersion measurements. However, the larger Pt
particles have so much larger activity that the total conversion
increases even though the number of sites decreases. Since the
temperature during the sulphur exposure is only 250 8C, the
introduction of SO2 greatly enhances platinum migration. We also
conducted two temperature ramps with NO + O2, one before and
one after the long time SO2 exposure experiment and observed a
very large increase in NO2 production after sulphur exposure. For
example the NO2 production increased from 27% to 92% at 200 8C.
In order to further investigate the low temperature platinum
migration in the presence of SO2 the experiment set (NO oxidation
ramp, long time SO2 exposure experiment, NO oxidation ramp)
described above was repeated on a corresponding Pt/Al2O3

catalyst, with the only difference that the long term SO2 exposure
was conducted at 200 8C. Interestingly, similar increase in NO
oxidation activity was found, which suggests that platinum
migration is even important at 200 8C, which is a very low
temperature for platinum migration.
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Fig. 4. Temperature ramp (5 8C/min up to 400 8C)with 630 ppmNOand 8%O2, using
a Pt/Al2O3 catalyst (C2). Ramp 1 was conducted before the long SO2 exposure
experiment shown in Fig. 3 and Ramp 2 after the SO2 experiment.

Fig. 5. NO oxidation experiment over a Pt/Al2O3 catalyst (C3) at 200 8C. The catalyst
was exposed to 630 ppm NO and 8% O2 for 23 h and after 30 min was 30 ppm SO2

added and after 22.5 the SO2 exposure was stopped.

Fig. 6. Temperature ramp (5 8C/min up to 400 8C) with 630 ppmNO and 8% O2, over
a Pt/Al2O3 catalyst (C3). Ramp 1 was conducted before the long SO2 exposure
experiment shown in Fig. 5 and Ramp 2 after the SO2 experiment.
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Conclusions 
•  NO oxidation decreases with time over Pt/Al2O3, due to formation of 

platinum oxides 
•  XPS showed platinum oxide formation 
•  Increase platinum oxide formation when barium is present, due to 

that it is alkaline 
•  The addition of vanadia to Pt/TiO2, made the catalyst more stable. 

Although with a lower activity. Vanadia is acidic. 
•  SO2 initially deactivates the NO oxidation on Pt/Al2O3 

•  After about 2h with NO+O2+SO2, the activity slowly increases 
•  After 22h of NO+O2+SO2 exposure at 250°C, the catalyst was 

regenerated and NO oxidation activity increased significantly.  
•  The Pt dispersion had decreased from 12 to 3.5% 
•  SO2 induces Pt sintering already at 200 and 250°C 



Competence Centre for Catalysis	


Louise Olsson	
Chemical Engineering	


Acknowledgements 
•  Hanna Karlsson and Xavier Auvray at KCK, Chalmers. 

•  Swedish Science Council 
•  Swedish Strategic Foundation 
•  Swedish Energy Agency  
•  Competence Centre for Catalysis, which is financially 

supported by Chalmers University and the Swedish 
Energy Agency and the member companies: AB Volvo, 
Volvo Car Corporation, Scania CV AB, SAAB Powertrain 
Sweden AB, Haldor Topsoe A/S and ECAPS.  


