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Abstract

Monolithic Pty -Al,O3 catalysts were prepared by depositing of the platinum phase, either homogeneously or heterogeneously (i.e.,
local high platinum concentration), in the washcoat. The influence of the platinum distribution on the ignition and extinction processes for
oxidation of CO, propene, and propane, respectively, was investigated by both temperature-programmed and oxygen step-response flo\
reactor experiments. In addition, in situ XANES spectroscopy was used to follow changes in the chemical state of platinum during propane
oxidation. For samples with heterogeneous platinum distribution, the results show an improved low-temperature activity for CO oxidation,
whereas no clear improvement is observed for oxidation of propene or propane. Comparison of the results for CO and hydrocarbon oxidatiol
shows that the improved activity cannot be explained by thermal effects. Moreover, calculations indicate that the enhanced activity for CO
oxidation can be due to mass-transfer phenomena. This could not be confirmed by our experiments, however. Instead, the improved activit
for CO oxidation can be due to varying platinum particle size between the samples. Furthermore, the oxidation of propane is shown to be
highly influenced by the oxygen concentration, showing an activity maximum for gas compositions close to the stoichiometric. High oxygen
levels result most probably in a predominantly oxygen-covered surface, which inhibits the reaction and, as supported by the in situ XANES
experiments, passivates the surface by forming platinum oxide.
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1. Introduction organic compounds in waste gas streams from stationary
sources. In common for these applications is the need for

To meet current emission standards for vehicles, efficient improved low-temperature activity to reduce, for example,
catalytic converters for the complete oxidation of carbon cold-start emissions from vehicld4,2] and energy con-
monoxide (CO) and hydrocarbons (HC) are required. Cata- SUmption in industrial process¢3]. Moreover, this need is
lytic oxidation is also important for the removal of volatile ~also emphasised by the trend towards more efficient lean-

burn [4] and HCCI[5] engines, which, especially at low
_ loads, produce raw emissions that are too cold to be effi-
Corresponding author. Fax: +46 31 899 291. ciently converted in the present exhaust abatement systems.
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example, periodic operation, addition of make-up gases or Table 1
trapping hydrocarbons and water in zeolites, or heat man- Basic characteristics of the catalysts

agement, with the use of, for example, electrically heated Catalyst
or close-coupled catalysts. Alternative catalyst solutions in- Pt/ PY/ P/
volve new material combinations, but must also solve the 100% AbO3  10% AlbO3 1% AlyO3
problem of how to distribute the active phase in the support Amount Pt covered A03 (%) 100 10 1
to govern the reaction kinetics by influencing mass and heatAmount applied washcoat (g) ~ 0.26 0.26 0.25
transfer. Pt content (mg) 0.52 0.52 0.50

In a previous study7] it was shown that the distribution ggoz:‘;ggs&;’ed €O (pmob 561'03'1'07 . 40'81'0'85 ) 0.36-0.38
of the active phase, platinum, can affect the low-temperature Szrface ar(g‘a(dmz) 79 57 25
activity for CO oxidation. With a new preparation method, average Pt particle 20 26 56
the platinum was deposited heterogeneously, concentratediiametef (nm)
locally in the alumina support, instead of homogeneously BET area (/g washcoat) 160 163 163
in the washcoat. The idea behind heterogeneous distributiorVerage pore diameter (&) 69 68 69

is to better utilise the generated reaction heat and thereby Z Assuming Pt:CO stoichiometry of 1:0{g].
improve the low-temperature activity for exothermic reac- _ ASsuming 0.08 nify Pt atom(9].
tions in such samples. However, even though these samples Assuming spherical particls].
showed an enhanced activity for CO oxidation, calculations
suggested that the improved activity is probably not due to characteristic data for the different samples are summarised
thermal effects occurring in the catalyst. Instead the origin of in Table 1 We prepared a Pt/zeolite Y sample containing
the enhanced activity was discussed in terms of mass transfep Wt% Pt by impregnating NiHY (Ultra-stable Zeolite Y,
and structure effects. Mass transfer effects seemed to be théatalistiks) with Pt(NH)4(OH), (Johnson Matthey) at room
most probable reason for the improved activity, although this temperature for 12 h. The sample was then filtrated, washed
was not unambiguously established. Thus, in the present paWith distilled water, freezed with liquid nitrogen, freeze-
per we continue the previous investigation of the improved dried, and finally calcined in air at 55€ for 3 h.
CO oxidation activity for these catalysts, which in the fol-  In accordance with the previous stufif}, the platinum
lowing will be referred to ashe distribution effect. We also ~ dispersion and surface area of the samples were calcu-
complement the previous study by including other exother- lated from the amount of adsorbed CO, determined by CO
mic reactions, such as oxidation of hydrocarbons. chemisorption measurements, assuming that 0.7 CO mole-
The objective of the present investigation is to better un- cule adsorbs on each Pt surface af8inwith a surface area
derstand the origin of the distribution effect and to reveal of 0.08 nn¥ [9]. Moreover, we calculated the mean platinum
whether this effect is specific for CO oxidation or if the particle diameter, assuming spherical particles, according to
new preparation method is also beneficial for complete ox- the method of Anderson and Pré&{. The specific surface
idation of propene and propane. This is accomplished by area and the average pore diameter of the washcoat were
a study of the ignition and extinction processes by both determined by nitrogen adsorption according to the BET
temperature-programmed (TP) and oxygen s’[ep_responsemethod (Micromeritics ASAP 2010 instrument). The deter-
(SR) flow-reactor experiments. Moreover, in situ XANES mination of the BET surface area was based on six measure-
spectroscopy is used to follow changes in the chemical statements at relative pressures of k the range of 0.03-0.20.

of platinum during propane oxidation. The cross-sectional area used for the nitrogen adsorbate was
0.162 nnt.

2. Experimental 2.2. Flow reactor experiments

2.1. Catalyst preparation and characterisation The influence of the platinum distribution in the washcoat

on the ignition and extinction processes for oxidation of CO,
Three monolithic P#-Al,0O3 samples (cordierite sub- propene, and propane, respectively, was studied by both TP
strate with/: 20 mm,2: 14 mm and 400 cpsi) were prepared: experiments with a constant gas composition and oxygen SR
one with the platinum homogeneously distributed in the alu- experiments at constant temperature. The catalytic perfor-
mina washcoat (Pt/100% #Ds), one with the platihum  mance was compared for constant amounts of platinum and
distributed in only 10% of the alumina washcoat (Pt/10% washcoat material for each sample, while the number of ac-
Al03) (i.e., 90% of the washcoat is platinum-free), and one tive sites (Pt surface area) varied between the three samples.
with platinum deposited on only 1% of the total alumina The experiments were carried out at atmospheric pressure in
washcoat (Pt/1% AlO3). For more details about the prepa- a continuous gas flow reactor consisting of a quartz tube po-
ration procedure, see Arnby et §f]. For each monolith,  sitioned horizontally in a cylindrical furnace, as described
a constant amount of washcoat (0.25-0.26 g) and platinumpreviously[7]. The temperatures were measured with two
(0.50-0.52 mg, corresponding to 0.2 wt%) was used. The thermocouples, one located about 10 mm in front of the cat-
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Table 2 sample was pretreated in 10% @@r 10 min, followed by
Summary of experiments. Figs. 1-5Pt/100% AbOg, Pt/10% ApO3 and 4% H, for 20 min at 400C, before cooling in N to the
Pt/1% ALOg were used. IfFig. 6the Pt/zeolite Y sample was used relevant temperature. Before the experiment was started, the

Figure Gas compositién Tempe- Flow Space reduced surface was covered by CO or propene, with the in-
CO  Propene Propane Oxygen 'alre  (ml/min) velocity  troduction of the reactant to the sample in an oxygen-free
(pm) (pm)  pm) (%) € () environment.
1000 - - 10 302052000 39,000
1000 - - 1-18 150 2000 39,000 23 |nsitu XANES spectroscopy
- 1000 - 10 30-4202000 39,000

1000 10 30-420 2000 39,000 .
B _ 1000  0-18 350 2000 39,000 In situ XANES spectroscopy measurements were per-

_ _ 1000 0-28 175 50 35,000 formed at beamline ID24 at ESRF in Grenoble, France,
on a pressed powder sample of Pt/zeolite Y. Rt-&dge
spectra were collected in transmission mode with a Si(111)

U WNPE
|
|

@ Nitrogen used as balance gas.
b Temperature ramps: &/ min.

¢ Oxygen steps: 1, 1.5, 2, 3, 4,5, 7.5 and 10% O polychromator crystal, and the oxidation of 1000 ppm
d Oxygen steps: 0, 0.05, 0.1, 0.3, 0.5, 0.8, 1.5, 3 and 16% O propane was studied in an oxygen step-response experiment
¢ Oxygen steps: 0,0.5, 1, 2,4, 8, 16 and 20% O at 175°C with a Balzers Prisma mass spectrometer. The oxy-

gen levels were changed stepwise every 60 s: first increased
alyst and the other in one of the monolith channels close to and then decreased in the interval of 0-20% O
the catalyst front. The product gases were analysed on-line
with respect to CO and COwith IR instruments (UNOR
6N Maihak), and the total hydrocarbon content with a FID 3. Results
(VE 5 FID, JUM Engineering). In all experiments a total
flow of 2000 my/min, corresponding to a space velocity of 3.1. Catalyst characterisation
39,000 1, was used. Se®able 2for a summary of the ex-

periments. The amount of adsorbed CO is given Table 1as an
interval, since the CO chemisorption measurements were
2.2.1. Temperature-programmed experiments carried out twice for each sample, and the corresponding

In the TP experiments, a reaction mixture consisting of platinum dispersion, surface area, and particle size are cal-
10 vol% & and 1000 vol-ppm of CO, propene, or propane culated from the average value from the two measurements.
was fed to the reactor (Nas balance). We studied the igni- The highest Pt dispersion, about 56%, was obtained for
tion process by ramping the temperature BY%min, from the Pt/100% AdO3 sample, whereas the Pt/10%,8; and
room temperature to a maximum temperature of 2D%n Pt/1% AbO3 samples had significantly lower Pt dispersions,
the case of CO and 42C in the case of propene and about 44 and 21%, respectively. The variation in Pt disper-
propane. The maximum temperature was maintained for sion originates from the different platinum distributions in
15 min before we initiated the extinction process by ramping the samples. For the Pt/1% 03 catalyst, the platinum con-
to room temperature again. Since the cooling was performedcentration is 20 wt% locally (0.50 mg Pt deposited on 1% of
without additional equipment, this ramping was somewhat the total alumina content), which should be compared with
slower than 5C/min, about #C/min. Before each experi- the Pt/100% AJOs sample with 0.52 mg Pt deposited on
ment the sample was reduced in 4 vol% fdr 15 min and the entire alumina content; hence in the latter case the Pt
oxidised in 10 vol% @ for 15 min at 400C, and then cooled  can be dispersed more easily. The higher the Pt dispersion
in N2 to room temperature. The sample was then exposedis, the smaller the Pt particles become, and consequently, the
to the reaction mixture and the experiment started. In the Pt/100% ApO3 sample has the smallest Pt particles, about
following, vol% and vol-ppm are denoted by % and ppm, 2.0 nm, and the Pt/1% ADs catalyst has the largest par-

respectively. ticles, about 5.6 nm. Although the total platinum content is
equal for the three catalysts, the Pt/100%@d sample pos-
2.2.2. Oxygen step-response experiments sesses the highest platinum surface area, about three times
In the case of CO oxidation, 1000 ppm CO was intro- higher compared with the Pt/1% #AD3 catalyst. According
duced at a constant inlet gas temperature of°IS@vhile to the BET measurements, the surface area of the washcoat

the O concentration was first increased (ignition) stepwise, is similar for the three samples, between 160 and 16Bm

by 1, 1.5, 2, 3, 4, 5, 7.5, and 10% (20 min at each com- washcoat, and the average pore diameter is also similar, 68—
position) and then decreased (extinction) correspondingly to 69 A.

1% again. For propane oxidation, 1000 ppm propane was fed

into the reactor at a constant inlet gas temperature 0f@50  3.2. CO oxidation

and the Q concentration was first increased stepwise by 0,

0.05,0.1,0.3,0.5,0.8, 1.5, 3, and 10% (20 min at each com-  The results from the TP ignition—extinction experiments
position) and then correspondingly decreased to 0%. Eachfor the CO oxidation are shown iRig. 1 The figure dis-
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Fig. 1. CO conversion versus inlet gas temperature during TP experimentsFig. 2. The oxidation of 1000 ppm CO plotted against theddncentra-
at 5°C/min. A total flow rate of 2000 mimin consisted of 1000 ppm CO tion during oxygen SR experiments. The oxygen concentration is shifted
and 10% Q in N was passed over Pt/100% 283, Pt/10% AbO3 and in steps lasting 20 min each, in the interval of 1-10% @ total flow
Pt/1% AbOs. rate of 2000 mimin is passed over Pt/100% AD3, Pt/10% AbO3 and Pt/

1% Al,O3 using Ny as balance gas at a constant temperature of €50

plays the CO conversion versus the inlet temperature for
the three different catalysts, Pt/100%,8% (top), Pt/10%
Al,03 (middle), and Pt/1% AlO3; (bottom). The Pt/1%
Al»,O3 and Pt/10% AJO; samples show typical light-off ~ Pothkinetics and heat effects occurring in the catalyste?,
profiles for CO oxidatiorf10], that is, a rapid transition from  13]. The most obvious hysteresis is seen for the Pt/1304\

low to high CO conversion in a narrow temperature interval and the Pt/10% AlOs samples, whereas for the Pt/100%
of about 5°C. For the Pt/100% AlO3 catalyst, however, the ~ Al203 catalyst only a small difference between the ignition
CO conversion profile appears to be smoother, and the tran-2nd extinction processes can be seen.

sition from low to high CO conversion occurs in a broader ~ The results from the oxygen SR experiments for a con-
temperature interval of about 4C. From the ignition exper-  stant inlet gas temperature of 130 are presented ifig. 2
iments a clear trend in light-off temperature (here denoted As seen, steady-state conversion of CO is reached rather
by Tso and defined as the temperature at which 50% CO rapidly for all catalysts as the zoncentration is increased.
conversion is achievefl1]) is observed for the three cat- However, it takes a longer time for the CO oxidation to reach
alysts. In the case of the Pt/1% 283 catalyst, theTsg is steady-state conversion when the oxygen concentration is
159°C, whereas for the Pt/10% #D3 and Pt/100% AlO3 decreased, especially in the regime of 20—70% conversion.
samples th@sg is 170 and 188C, respectively, indicatinga  The Pt/100% AJOz and Pt/10% AJO3 samples show al-
higher activity for catalysts with heterogeneous distribution most equal CO conversion for the different oxygen concen-
of platinum in the washcoat. The results from the extinction trations. A distinct light-off for 7.5% @and a clear extinc-
experiments are similar to those from the ignition experi- tion for 2% G, can be seen for both catalysts. However, the
ments. The CO conversion for the Pt/1%®k and Pt/10% result for the Pt/1% AIO3 catalyst differs compared with the
Al,03 catalysts drops rapidly during the ramping towards results from the other two samples. The Pt/1%@{ sam-
room temperature, whereas the extinction of the reaction for ple is active in a wider oxygen interval, and, in contrast to
Pt/100% A}bOs is somewhat slower and smoother. The trend the previous catalysts, no distinct light-off can be observed.
in the extinction temperature (defined analogously to light- Instead the conversion increases more or less stepwise as the
off temperature) is also similar to the ignition experiments. oxygen concentration is changed by 4, 5, 7.5, and 10%. In
For the Pt/100% AIO3 catalyst the extinction temperature the extinction process for the Pt/1%x8l3 sample, no such

is 181°C, whereas for the Pt/10% #Ds and Pt/1% A$O3 distinct oxygen concentration-dependent drop in CO con-
samples the extinction temperatures are 144 and C2ge- version can be seen, as in the case of the Pt/1009@-Al

spectively. Moreover, an ignition—extinction hysteresis is ob-
served for all samples in this study. This hysteresis is due to
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Fig. 3. Propene conversion versus inlet gas temperature during TP experi-Fi9- 4. Propane conversion versus inlet gas temperature during TP experi-
ments at 3C/min. A total flow rate of 2000 nimin consisted of 1000 ppm ~ Ments at 3C/min. The temperature was kept constant at2@or 15 min

CsHg and 10% G in N, was passed over Pt/100%83, Pt/10% AbOs between the heating and cooling ramps. A total flow rate of 20Q@nini
and Pt/1% A$O3. consisted of 1000 ppm 4Eig and 10% Q in Np was passed over Pt/

100% ALOg3, Pt/10% AbO3 and Pt/1% ApOs.

and Pt/10% AdOs samples. Instead, the CO conversion de-

creases stepwise as the oxygen concentration is decreasedfiation of propane shows considerably slower ignition and
Furthermore, a hysteresis in CO conversion is seen for all €Xtinction processes, which occur in a rather broad temper-

catalysts, as the extinction processes occur at lower oxy_ature interval. The propane conversion increases slowly as
gen concentrations compared with the corresponding igni- the temperature is increased and decays slowly as the tem-

tion processes. perature is decreased. A maximum conversion is seen for all
samples at the top temperature, that is, at“420and the
3.3. Propene oxidation Pt/100% AbOs3 catalyst is generally the most active sam-

ple, showing a maximum propane conversion of about 40%,

The results from the TP ignition—extinction experiments Whereas the Pt/1% AD3 sample is the least active catalyst,
for propene oxidation are shown Fig. 3 As in the case ~ showing maximum propane conversion of about 29%. Dur-
of CO oxidation, an ignition—extinction hysteresis is seen. ing the 20-min period at 42{C, a decrease in propane con-
However, the differences between the samples are minor, in-version is seen for all samples. For the Pt/100%03l and
dicating that the platinum distribution in the catalyst has less Pt/10% AbOg3 catalysts (the samples with highest activity)
effect on this reaction. The light-off temperature is close to the respective drop in conversion is more pronounced com-
190°C for all catalysts, whereas the extinction temperature pared with the Pt/1% AlOs sample. However, after about
is slightly above 180C for the Pt/100% AIO3 and Pt/10% 20 min, the propane conversion is similar for all three cata-
Al>,03 samples, and about 17€ for the Pt/1% A$O3 cata- lysts.
lyst. Since propene oxidation is highly exothermic and, over ~ The results from the SR experiments for propane oxida-
platinum-based catalysts, can suffer from self-poisoning by tion where the oxygen concentration is changed stepwise at
propene[14,15], rather rapid light-off and extinction (tran- @ constant temperature of 350 are shown irFig. 5 The
sitions from low to high propene conversion and vice versa) experiments are carried out in two sequences, in which the

processes are observed. oxygen concentration is first increased to 10% and then de-
creased back to zero with the same oxygen levels. Generally
3.4. Propane oxidation the reaction reaches steady state rapidly. However, at some

oxygen steps there is a slow gradual decrease or increase
The TP experiments for propane oxidation are presentedin conversion with time. If we consider first the results for
in Fig. 4. In comparison with CO and propene oxidation, ox- the Pt/1% A)O3 sample, a maximum in activity is observed
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20 + T Each oxygen concentration was on-stream for 60 s. The oxygen concen-
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Fig. 5. The oxidation of 1000 ppm propane plotted against the@cen- 10% . For Pt/100% AJO3 there are also two spikes in

tration during oxygen SR experiments. The oxygen concentration is shifted propane conversion. The first and Iarger one occurs when

in steps lasting 20 min each, in the interval of 0—10% The stoichiomet- . . . 0
ric amount of oxygen is 0.5%. A total flow rate of 2000/miin is passed the Oxygen concentration Is shifted from 0.3 to 0.5%. The

over P/100% A§Og, Pt/10% AbOg and P/1% ApOg using N, as balance ~ Se€cond peak appears in the other sequence when the oxy-
gas at a constant temperature of 380 gen level is lowered from 0.5 to 0.3%. The spikes indicate

that there is an optimal surface composition of propane and

at the stoichiometric mixture of propane (1000 ppm) and 0xygen for G concentrations between 0.3 and 0.5% for the
oxygen (0.5%). At 0.5% oxygen, the conversion of propane Pt/100% AbO3 sample, causing transient maxima in activ-
reaches 78%, for both the stepwise increase and decrease iity-

the oxygen concentration. At less than stoichiometric con-

ditions (oxygen deficit), the conversion of propane is close 3.5. In situ XANES spectroscopy

to complete with respect to the oxygen concentration. For

an excess of oxygen the activity decreases with increasing Fig. 6 shows how the intensity of the white line, the
oxygen concentration and a minimum in conversion of 8% marked adsorption peak at the R tedge in the XANES

is reached at the highest oxygen level. There is no sign of spectra, shifts as the oxygen concentration is varied during
hysteresis in the reaction with regard to the oxygen concen-propane oxidation in oxygen SR experiments. The magni-
tration, the propane conversion for Pt/1%@} is the same  tude of the white line depends on the oxidation state of plat-
at each oxygen level, whether the preceding oxygen con-inum: high intensity means oxidised platinum, and a lower
centration is higher or lower. Moreover, the results for the white line indicates a more reduced stit6,17] The white
Pt/10% AbO3 and Pt/1% A$O3 samples are almost identi- line intensity at 1% oxygen (net oxidising conditions) is
cal under the experimental conditions. However, the results quite high and rather constant. For the 16%3tep, the in-

for Pt/100% AbOs differ somewhat from the results from tensity of the white line is similar to that of the 1% step. All
the other two samples. Maximum activity is not reached un- of the other studied oxygen steps (not included-ig. 6)

der stoichiometric conditions, but at oxygen deficit. In the above stoichiometric conditions had, just as for 1 and 16%
0.3% O step, oxygen is consumed completely, and thereby Oz, an average intensity between 1.237 and 1.245. The step
a conversion of 60% propane is reached. At stoichiometric of 16% oxygen is shown here since it is the nearest con-
composition, the conversion decreases to 57%. Just as forcentration above 10% £which was used in the other two
the other two catalysts, the additional increase in the oxygenactivity studies for propané-{gs. 4 and h At 0.5% oxygen,
concentration causes a decrease in activity. Even though thevhich corresponds to a stoichiometric gas mixture, there is a
Pt/100% AbOs sample shows the lowest conversion in the constant decrease in the white line with time on stream. This
regime of 0.5-1.5% @©compared with the other two cata- decrease continues as the oxygen is turned off (¢%a@d
lysts, this sample actually shows the highest conversion atdoes not level off during this last 60-s step. From the activity
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data collected during the in situ XANES measurement (not It is known that oxygen can inhibit the oxidation of
shown), it is observed that the propane oxidation reaches apropane over supported platinum catalyjd18,20] because
local maximum in conversion at 0.5% oxygen, which cor- of competition between oxygen and propane adsorption.
responds to the results Fig. 5 where the activity is also  However, this does not completely explain the gradual drop
higher under stoichiometric conditions than it is under net in activity at 420°C. At this temperature the platinum par-
oxidising conditions. The results from the in situ XANES ticles is likely oxidised[21-24] resulting in a less active
study show that the platinum for Pt/zeolite Y changes from catalyst[16,25-27] Such passivation of the platinum phase
an oxidised state to a more reduced and a more active statés probably an ongoing process throughout the heating ramp
for propane oxidation, as the oxygen concentration in the gasand continues for the P/100% Ab3 and Pt/10% AdOs
phase shifts from excess to stoichiometric conditions. samples during the steady-state conditions at°@20For

the Pt/1% AbOs3 sample, only a minor decrease in activ-

ity was observed while the temperature was kept constant
4. Discussion at 420°C. The Pt/1% AdO3 sample has the largest plat-
inum particles and consequently the lowest Pt surface area.
The activity for propane oxidation is thus the lowest for this
sample. However, the larger Pt particles are more difficult to
oxidise, which might explain the relatively low decrease in
activity during the steady-state period at 420

The second effect concerns the oxidation of propane,

In the previous stud{7] the new preparation method, in
which the platinum is locally distributed in small regions of
the support, resulted in an improved low-temperature activ-
ity for CO oxidation. This enhanced activity for CO oxi-

P'a“O” i_s referred to as the distribgtiqn effect. It wquld be which passes an activity maximum for compositions close
Interesting to k”‘?‘” whet.her the distribution effect is gen- stoichiometry. A similar behaviour has previously been
eral for exothermic reactions, such as propene and propanqeported by Carlsson et al. for Pt#03 catalysts28]. The

oxidation, or if the effect IS speqﬂc for CO o'X|dat|on. We  authors showed that a maximum in activity for propane ox-
therefore start the discussion with a comparison of the re-;ya+ion can be observed for both net oxidising and net re-

sults from the oxidation of propene and propane with the g, ,cing conditions, depending on the platinum particle size.
corresponding results for the CO oxidation. The maximum in activity was reached at higher oxygen

~InFigs. 1 and 2the distribution effect is easily observed, oncentrations for samples with larger platinum particles,
since the sample with platinum distributed most heteroge- 4nq for net reducing conditions for samples with smaller

neously, the Pt/1% AD; sample, is the most active for CO  pjatinum particles. The results in the present study corre-
oxidation, in analogy with previous resu[. A similar ef- spond with the results presented by Carlsson é28]. The
fect is also expected for propene oxidation, since both CO py/1009% AbO3; sample with the smallest platinum parti-
oxidation and propene oxidation are exothermic reactions gjag (i.e., lowest mean particle size) shows a maximum in
that under certain conditions suffer from self-poisoning by propane conversion under net reducing conditions, and the
CO and propene, respectivel4, 15,18] However, no obvi-  other two samples with larger platinum particles show ac-
ous distribution effect could be observed for propene oxida- tjyity maxima for higher oxygen concentrations. The reason
tion in Fig. 3, since all three samples showed almost iden- for the optimum in activity for oxygen concentrations close
tical activity. Moreover, for propane oxidation, which not to stoichiometric conditions is most likely due to the inhi-
is expected to suffer from self-poisoning, no rapid ignition pjtion of the oxidation of propane by an excess of oxygen
process from low to high conversion is observed during the on the platinum surfaci20]. At low oxygen concentrations,
TP experimentsKig. 4), in contrast to propene and CO 0X- oxygen is the limiting reactant because of complete con-
idation. Instead, the conversion of propane slowly increasessumption of the available oxygen, and thus the reaction is
with temperature, reaching only 30-40% at the highest tem- of first order with respect to oxygen. At some point (at about
perature, 420C. Contrary to the CO oxidation, neither the 0.5% Q in Fig. 5), the oxygen concentration passes a thresh-
ignition nor the extinction process shifts towards lower tem- old and oxygen starts to inhibit the reaction. Further increase
peratures for the more heterogeneously distributed catalystsin the oxygen concentration inhibits the reaction even more.
Consequently, no distribution effect could be observed for The possibility that the adsorbed oxygen blocks the surface
propane oxidation. for propane or passivates the active sites by platinum ox-
Although no distribution effect is seen for the experi- ide formation can be considered. The results from the in
ments with propane, two other interesting effects are ob- situ XANES measurement§ig. 6) indicate the latter, since
served. The first effect is the gradual decrease in activity a shift in the oxidation state of platinum towards a more
for the Pt/100% AJO3 and Pt/10% AJO3 samples during  reduced platinum surface is observed when the oxygen con-
steady-state conditions at 420 in the TP experiments (see centration is switched from net oxidising to stoichiometric
Fig. 4). The second noteworthy effect is observed during the conditions. However, the in situ XANES experiments pre-
oxidation of propane in the SR experiments, where the ac- sented here cannot establish the exact oxidation state of the
tivity passes through a maximum under stoichiometric or net platinum, but indicate a reduction. The oxidised state has a
reducing conditions (se€g. 5). rather low activity for oxidation of hydrocarbons, whereas
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metallic (or partially oxidised) platinum is reported to be oxidation. However, in the TP experiments the samples show
more active[26]. Even though the in situ XANES experi- similar activity for the propene and propane oxidation, in-
ment is performed for a platinum sample supported on ze- dicating that mass transport phenomena cannot explain the
olite Y, a similar change in oxidation state is expected to distribution effect.
occur at about stoichiometric gas composition for the three  In the present study there is another argument, which con-
Pt/Al,03 samples used in this study, since the Pt/zeolite Y, cerns the diffusivity, implying that mass transfer limitations
just like the three Pt/AlO3 samples, showed a maximum are not causing the distribution effect. Because of the rather
in activity under stoichiometric conditions. The suggestion small pores in the samples-(7 nm in mean diameter), the
by Carlsson et al[28] for why smaller platinum particles  diffusion (D) is controlled by Knudsen diffusion, which is
reach a maximum in propane conversion at lower oxygen proportional to the square root of the temperature divided by
concentrations rather than at larger concentrations involvesthe molecular mas®) « /T/M. When the oxidation of CO
the formation of platinum oxide. As smaller platinum par- is compared with the oxidation of propene, the latter reaction
ticles are more readily oxidised than larger ones, a lower becomes mass transfer limited at lower conversions because
oxygen concentration is required to turn samples with small of the slower diffusion rate of propene compared with CO.
platinum particles into the less active oxidised state. As a rough estimate, the propene oxidation should enter the
One of the main objectives of this study is to understand mass transfer limited regime at about a 4-10% lower con-
the origin of the distribution effect. As mentioned above, the version compared with the CO oxidation, for the conditions
distribution effect was previously discussed in terms of heat used in the TP experiments. If the distribution effect ob-
and mass transfer and structure sensitifiify Here we will served for CO oxidation is due to mass transfer limitations,
widen that discussion, and the results from the oxidation of then the same effect should be observed for propene; how-
propene and propane in particular will make some aspectsever, this was not the case.
clearer. In the previous studf7], calculations were performed to
The original idea behind distributing the active phase het- establish whether the CO oxidation was affected by mass
erogeneously with high local platinum concentration was transfer limitations by determining the Weisz modulus. The
to make more efficient use of the evolved reaction heat by calculations indicated that the reaction enters the mass trans-
increasing the temperature locally in the washcoat, which fer limited regime at high conversions (above 50%); hence
would result in an enhanced activity. However, experiments the extinction process might be affected by mass transfer
with low CO concentrations accompanied by calculations in- limitations, whereas the ignition process is likely not. More-
dicated that the heat effect could not explain the distribution over, the calculations showed that the Pt/1%@y sample
effect[7]. This is further supported by experiments in the is the catalyst in which mass transfer limitations affect the
present study. The reaction heat for oxidising CO to,CO oxidation of CO the most. This is in agreement with the ex-
is about 280 kdmol. The corresponding value for complete perimental results, where Pt/1%8)3 generally is the sam-
oxidation of propene and propane, respectively, is approx- ple with the highest low-temperature activity during both the
imately 2000 kJmol. If high temperatures are generated extinction and ignition processes. However, the calculations
locally in the washcoat during CO oxidation, then, clearly, were performed on the basis of a constant reaction rate in the
propene and propane have an even higher potential to generentire volume of the catalyst, although it is known that, for
ate temperature gradients enhancing the reaction rate. Sincexample, the ignition process for the oxidation of CO can oc-
the platinum distribution has almost no influence on the ac- cur locally in the rear part of Pt/AD3 monoliths[13]. This
tivity for oxidation of propene and propane, respectively, indicates that the calculations|if] should be performed for
heat effects due to the platinum distribution are likely not only a minor part of the catalyst volume, instead of the entire
the origin of the distribution effect. volume. That the ignition proceeds only in a minor part of
Heterogeneous catalytic reactions can be controlled bythe catalyst volume means that the CO oxidation enters the
mass transfer. This is normally the case during high conver- mass transfer limited regime at an overall lower conversion
sions, when the surface reaction rate exceeds the diffusioncompared with the calculations performed ™. Thus it is
rate (in gas phase or in the porous support) of reactants. Inpossible that the ignition process is affected by mass transfer
the mass transfer controlled regime, pronounced concentradimitations even at low conversions, especially for the sam-
tion gradients are developed with lower concentration close ples with heterogeneous platinum distribution. Although the
to the active phase. Mass transfer limitations will result in a results from the calculations show that the distribution effect
reduced reaction rate for reactions with positive order, and can be a mass transfer effect, there are experimental results
it will enhance the rate of reactions with negative reaction contradicting this statement, since no distribution effect is
order. Therefore, reactants that can be of both negative (COobserved for the oxidation of propene.
and propane}14,15,18]and positive (propang)L9,20] or- For so-called structure-sensitive reactions, the particle
ders were chosen for this study. If the distribution effect is size of the active material can have a significant effect on
due to mass transport phenomena, the positive effect ob-the catalytic performance. This can be of importance for the
served for CO oxidation is expected also for the oxidation of interpretation of the results, since the three samples used in
propene, whereas the opposite effect is expected for propanghis study not only possess different platinum distribution,
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they also have different average particle sizes, which is seencoat, we discuss the distribution effect in terms of particle
as varying platinum dispersions. The low-dispersion sample size effect and heat and mass transfer. The distribution effect
(Pt/1% ALOs) consists of larger platinum particles (with a was found to not be caused by heat transfer. Although cal-
mean diameter of 5.6 nm), and the high-dispersion catalystculations indicate that the distribution effect can be a mass
(Pt/100% AbO3) consists of smaller particles (2.0 nm in transfer effect, this could not be confirmed by our experi-
average diameter). The platinum particle size effect on ox- ments. Instead, the distribution effect can be due to surface
idation reactions such as those for CO and different kinds kinetics. It is possible that the difference in platinum parti-
of hydrocarbons has been summarised in various reportscle size between the samples influences the activity for the
[29-35] For propane oxidation Marécot et §9] showed oxidation of CO and thereby causes the distribution effect.
an optimum in activity for samples with intermediate plat- Two interesting effects were observed during the oxida-
inum dispersion (20%) and that smaller platinum particles tion of propane. First, the activity decreased with time during
are more active for propene oxidation than larger ones. Thesteady-state conditions at 420. This passivation of the cat-
other investigation$30—-35] almost exclusively report that  alysts is probably caused by oxidation of the platinum parti-
the oxidation reactions are either structure insensitive or cles. Second, the activity decreased with increasing oxygen
that larger platinum particles are more active than smaller concentrations under net oxidising conditions. Supported by
ones. For example, in one of the more recent studies in thisin situ XANES analysis, this effect is most likely due to ox-
area[30], Zafiris and Gorte show a much higher turnover idation of the platinum surface to a less active state and/or
frequency for CO oxidation over 14-nm platinum particles inhibition of the reaction by adsorbed oxygen species that
than over 1.7-nm particles. They suggest that the oxidation suppress propane adsorption.

is controlled by CO desorption and that CO more easily
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