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We prepared 1 and 2 wt% Pt/Al2O3 catalysts by a single-step
sol–gel process and tested their activity and N2 selectivity for NOx

reduction with propene. Our results show that when compared to
the impregnation catalysts, the single-step sol–gel catalysts have su-
perior N2 selectivity both in terms of percentage of NO converted to
N2 (∼70% or greater) and comparable activity. All of the catalysts
tested show a minimum in N2 selectivity at the point of maximum
NOx conversion. Both the value of the minimum selectivity and
the NOx conversion are functions of oxygen concentration in the
feed. The N2 selectivity at peak conversion exhibits a minimum at
∼6.8% O2. Increasing the feed oxygen concentration beyond 6.8%
has many beneficial effects including broadening of the temper-
ature window, suppression of NO2 formation and increasing the
N2 selectivity without significantly changing the maximum NOx

conversion. The sol–gel catalysts show remarkable robustness af-
ter exposure to high temperatures, SO2, and long time exposure to
reactants. c© 2000 Academic Press
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sol–gel preparation; propene; N2 selectivity.
I. INTRODUCTION

Diesel engines are the main mobile sources of NOx emis-
sions. For these vehicles, three-way catalysts are useless due
to net-oxidizing condition of their exhaust streams. Hence,
NOx removal from a lean exhaust stream by selective cat-
alytic reduction with a hydrocarbon has been an active re-
search area since it was demonstrated that hydrocarbons
could be used as reductants (1–3). Thereafter, many cata-
lyst formulations have been proposed and can be roughly
grouped into zeolite supported and metal oxide supported
catalysts. For zeolite-supported catalysts, ZSM-5 is a com-
mon choice as a support to disperse a transition metal as
active site (4–6). Even though it has been shown that ZSM-
5 based catalysts are active for NOx reduction, they do not
have stability at high temperatures in the presence of wa-
ter vapor (7, 8). Supported platinum metal based catalyst
have shown the highest activities at the lowest temperatures
1 To whom correspondence should be addressed. E-mail: gulari@engin.
umich.edu.
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for selective NOx reduction (9–12). Among the metal ox-
ide supports used for supporting platinum, alumina is the
support of choice because of its stability and high surface
area. However, platinum-based catalysts have two major
limitations, high selectivity to N2O and the narrow temper-
ature window of activity (1, 10, 13). Perhaps more than the
narrow activity window, selectivity to N2O is particularly
undesirable because N2O is approximately 200 times worse
than CO2 as a greenhouse gas and in the upper atmosphere
it interferes with the ozone cycle. For most Pt/alumina cat-
alysts the selectivity to N2O can be as high as 70% (12, 13)
when propene is used as the reductant. Burch and Ottery
(13) have reported that by changing the hydrocarbon, selec-
tivity to N2 can be increased significantly. Recently, we have
demonstrated that the method of preparation can change
the activity and selectivity of alumina supported metal cata-
lysts for selective reduction of NOx with hydrocarbons
(14, 15). In this manuscript we report more extensive se-
lectivity and activity results obtained in selective reduction
of NOx with propene using single-step sol–gel prepared
Pt/Alumina catalysts.

II. EXPERIMENTAL DETAILS

A. Catalyst Preparation

We used aluminum tri-sec-butoxide to make alumina sup-
port and hexachloroplatinic acid for Pt loading. For a de-
sired Pt loading, a necessary amount of hexachloroplatinic
acid and aluminum tri-sec-butoxide in the presence of ex-
cess water and a solvent were mixed in an orderly manner
as described previously (15). The resulting gels were dried
at 100◦C for 12 h to remove the solvent and water followed
by calcining at 600◦C for 24 h. These catalysts were used
in catalytic testing without further pretreatment. Impreg-
nation prepared catalysts were prepared using the sol–gel
made alumina (prepared as described above) and a com-
mercial δ-alumina (C-alumina from Degussa) and were cal-
cined using the same procedure as the single-step sol–gel
catalysts.
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B. Catalyst Testing

All catalysts were tested by using a quartz U-tube
(i.d. 3 mm) flow reactor. The catalyst, 0.036 g, was put be-
tween two quartz wool plugs after grinding and sieving to
120–180 mesh size. The total flow rate was kept constant at
72 ml/min. The reactant gas mixture was blended by using
four independent mass flow controllers to give 750 ppm NO
and 10 ppm NO2 (coming from the NO cylinder), 762 ppm
propene, 1–13% O2, 2.6% H2O (when used) and He as bal-
ance. The reactor outlet stream was analyzed by using a
Thermo Environmental 42CHL NOx Chemiluminescence
Analyzer to determine unreacted NOx and also by FTIR
with a 10-cm path length gas cell for quantitative determi-
nation of CO2, CO, and N2O. In general, the activity mea-
surements were reproducible within ±2% and the N2O se-
lectivity measurements were accurate to ∼5 ppm resulting
in an error bar of ±2% in N2 selectivity at 50% NOx con-
version. The determination of the peak conversion temper-
ature has an error of±5◦C due to oscillations seen with the
impregnation catalysts.

C. Catalyst Characterization

We characterized the catalysts by XRD to determine
approximate crystallite size and phases present. BET and
TEM were used to determine the metal crystallite size and
distribution. CO chemisorption was used to determine Pt
dispersion. XPS was tried to obtain electronic state infor-
mation about alumina and oxygen but was not useful for
platinum because of the overlap between the Pt and Al
peaks.

III. RESULTS

A. Effect of Preparation Method and Loading
on Activity and Selectivity

One major difference we noticed immediately between
the single-step sol–gel catalysts and the impregnation made
catalysts was their initial activity: single-step sol–gel cata-
lysts (SG) were active immediately after preparation. The
impregnation catalysts were not active and had to be re-
duced with flowing H2 at 500◦C for 5 h prior to catalytic
testing to activate them. We also had to leave them on
stream overnight to stabilize their performance. The dif-
ference may be due to the hydrocarbon assisted removal
of residual chlorine from the sol–gel catalysts during the
calcination period. Since the metallic Pt crystallites of the
single-step sol–gel catalysts appear to be formed before
the gelation of the support it is also possible that the chlo-
rine is not associated with platinum in these catalysts at all.
The conversion level as well as the selectivity observed with
the impregnation catalysts showed long lived periodic and
random oscillations with amplitudes of as much as ±10%

in the neighborhood of peak conversion temperature. In
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FIG. 1. A comparison of the NOx reduction activity of 1 wt%
Pt/alumina catalysts. Conditions: 0.036 g catalyst, 750 ppm of NO 10 ppm
NO2, 762 ppm C3H6, 2.6% H2O, 6.8% O2, remainder He. Total flow rate
72 ml/min.

contrast, no significant oscillations were observed with the
sol–gel catalysts.

Figures 1 and 2 show the effect of preparation method
on the NOx conversion activity as a function of tempera-
ture for 1 and 2% Pt/alumina catalysts, prepared in three
different ways: single-step sol–gel (SG), impregnation us-
ing sol–gel prepared alumina (IMP-SG), and impregnation
using δ-alumina (IMP-D). For the 1% Pt catalysts the SG
catalyst is the least active and reaches its peak activity of
24% conversion at∼300◦C. The two impregnation catalysts

FIG. 2. A comparison of the NOx reduction activities of 2 wt%
Pt/alumina catalysts. Conditions: 0.036 g catalyst, 750 ppm of NO 10 ppm
NO , 762 ppm C H , 2.6% H O, 6.8% O , remainder He. Total flow rate

72 ml/min.
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have the same peak activity temperature of 254◦C, with
peak NOx conversions of ∼35 and 39% for the IMP-D and
IMP-SG catalysts, respectively. In general, the activity of
the IMP-SG is higher on the high temperature side of the
peak conversion by 3 to 8%. Among the 2% Pt catalysts, the
IMP-SG catalyst is the most active, starting at 200◦C it be-
comes highly active and reaches a maximum conversion of
58% at 230◦C. The SG catalyst is the next most active and
reaches a peak conversion of 46% at 240◦C. Commercial
δ-alumina catalyst (IMP-D) is the least active and reaches
a peak conversion of 39% at 250◦C. The shapes of the ac-
tivity versus temperature curves are somewhat different.
Interestingly there is very little difference between the ac-
tivity and selectivity curves of 1 and 2% IMP-D catalysts.
They can almost be superimposed within experimental er-
ror. In agreement with the findings of Burch and Ottery
(13) who reported that N2 selectivity does not change with
either space velocity or Pt loading. In comparison, the SG
and IMP-SG catalysts show significant increases in activity
due to loading. The data shown in Figs. 1 and 2 were taken
in the presence of 2.6% water. If we remove the water, the
changes seen are relatively minor: the peak conversions
increase by 3–5% and the peak conversion temperatures
decrease by ∼10◦C and the width of the activity curve de-
creases by ∼10–20◦C.

Figures 3 and 4 show the N2 selectivities as a function of
temperature under the same conditions of Fig. 1. Common
to all the curves is the presence of a minimum in N2 se-
lectivity at the temperature of maximum NOx conversion.
Figure 3 shows that the selectivities of the two impregna-
tion catalysts are the same within error. Selectivity of the
single-step sol–gel catalyst is much higher than the other

FIG. 3. N2 selectivities of 1 wt% Pt loading catalysts as a function
of temperature. Conditions: 0.036 g catalyst, 750 ppm of NO 10 ppm

NO2, 762 ppm C3H6, 2.6% H2O, 6.8% O2, remainder He. Total flow rate
72 ml/min.
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FIG. 4. N2 selectivities of 2 wt% Pt/alumina catalysts as a function
of temperature. Conditions: 0.036 g catalyst, 750 ppm of NO 10 ppm
NO2, 762 ppm C3H6, 2.6% H2O, 6.8% O2, remainder He. Total flow rate
72 ml/min.

two up to 300◦C. Above 300◦C the selectivities (as well as
the activities) of all three catalysts coincide within error.
Among the 2% Pt loading catalysts again the sol–gel cata-
lyst is the most selective, having a minimum selectivity of
69% at peak conversion temperature. IMP-SG catalyst has
the next highest N2 selectivity, 56% at the temperature of
maximum NOx conversion. The IMP-D catalyst has the low-
est N2 selectivity of 42% in agreement with the literature
reports (2, 16). Between 250 and 450◦C the selectivities of
the sol–gel based catalysts are very close, reaching 95% N2

selectivity at 350◦C (for ∼32–35% NOx conversion).

B. Effect of Oxygen Concentration on Activity
and Selectivity

We investigated the dependence of activity and selectiv-
ity on oxygen concentration in detail for the three 2% Pt
catalysts prepared in three different ways. Figure 5 shows
the NOx conversion activity of the SG catalyst as a function
of oxygen concentration in the feed. The general shape of
the activity curves for the 2% Pt- IMP-SG and IMP-D cata-
lysts are similar. For the SG catalyst the peak conversion
temperature decreases with increasing oxygen concentra-
tion, going from ∼290◦C at 1% O2 to ∼230◦C at 13% O2.
For the IMP-SG catalyst, the peak conversion temperature
decreased from 275◦C for 1% O2 to 230◦C for 6.8% O2

and essentially stayed constant at this value for the higher
oxygen concentrations. The IMP-D catalyst also exhibited
a decrease in the temperature of peak conversion, going
from 260◦C at 3% O2 to 230◦C at 10% O2. Figure 6 shows

the dependence of peak NOx conversion on the oxygen
concentration in the feed for all three catalysts. The peak
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FIG. 5. Oxygen concentration dependence of the NOx conversion
over 2 wt% Pt single-step sol–gel, SG, catalyst. Conditions: 0.036 g cata-
lyst, 750 ppm of NO 10 ppm NO2, 762 ppm C3H6, 2.6% H2O, varying
oxygen concentration, remainder He. Total flow rate 72 ml/min.

conversion for the SG catalyst starts at 60% for 1% O2

decreasing to a minimum of 45% at 6.8% O2 and then in-
creases with increasing oxygen concentration reaching 49%
at 10% O2. Peak NOx conversion of the IMP-SG catalyst de-
creases continuously with increasing oxygen concentration
starting at 64% NOx conversion for 1% O2 and decreasing
to 45% for 13% O2. IMP-D catalyst also exhibits a mini-
mum in conversion of 39% at 6.8% O2. The accuracy of our

FIG. 6. Oxygen concentration dependence of peak NOx conversion
activity for all three catalysts. Conditions: 0.036 g catalyst, 750 ppm of NO

10 ppm NO2, 762 ppm C3H6, 2.6% H2O, varying oxygen concentration,
remainder He. Total flow rate 72 ml/min.
Y OF Pt/ALUMINA CATALYSTS 7

conversion measurements based on repeated experiments
is ∼±2% thus the changes seen are beyond experimental
error.

An important observation we made with all the catalysts
has to do with the width of the NOx conversion peak ver-
sus temperature. Increasing oxygen concentration widens
the activity window significantly on the low temperature
side slightly on the high temperature side of the conversion
peak. The full width at half maximum of NOx conversion
(FWHM) for the catalysts increases with oxygen concen-
tration in the feed for the three different 2% Pt/alumina
catalysts. FWHM goes from a minimum of 1T ∼ 80◦C for
1% O2 to1T∼ 180◦C for 10% O2. For 10% O2 concentra-
tion the catalysts are active from∼210 to∼390◦C, covering
almost the complete exhaust temperature window for small
turbo charged diesel engines (17). The changes seen in the
N2 selectivity of the three catalysts at peak NOx conversion
as a function of oxygen concentration are also similar as
shown in Fig. 7. N2 selectivity is minimum at∼6.8% O2 and
increases moderately on both sides of this concentration.
The distinct and significant difference between the selectiv-
ities of the three catalysts, however, remains at all oxygen
concentrations. The SG catalyst selectivity at peak conver-
sion ranges from 68 to 82%, IMP-SG catalyst selectivity
is between 56 and 72%, and the IMP-D catalyst selectivity
increases from 42 to 52% over a range of 3% O2 to 10% O2.

C. Conversion and Selectivity under Transient Conditions

We also ran one transient conversion experiment with
our 2% Pt sol–gel catalyst and a fully formulated commer-
cial 5% Pt/alumina impregnation catalyst (Ford test cata-
lyst) under almost identical conditions (the sol–gel catalyst

FIG. 7. Dependence of N2 selectivity at peak NOx conversion on oxy-
gen concentration. Conditions: 0.036 g catalyst, 750 ppm of NO 10 ppm

NO2, 762 ppm C3H6, 2.6% H2O, varying oxygen concentration, remainder
He. Total flow rate 72 ml/min.
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FIG. 8. NOx conversion activity and N2O production of a 5%
Pt/commercial alumina catalyst and a 2% Pt/alumina sol–gel (SG) cata-
lyst during a temperature ramp experiment. Conditions: 1.0 g catalyst,
500 ppm NOx, 1333 ppm C3H6, (+20 ppm SO2 for the SG catalyst), 10%
O2 remainder N2 and 4000 ml/min of total flow rate.

feed also had 20 ppm SO2). One gram of catalyst was loaded
into a quartz tubular reactor and the temperature of the
reactor was ramped up from 50 to 600◦C at the rate of
10◦C/min. During the temperature ramp NOx conversion,
N2O conversion and propene conversion were all measured
with one second time resolution in real time. Figure 8 shows
the results. Since the surfaces of both catalysts were clean
at the beginning, there was significant adsorption of NOx

between 50 and 150◦C seen in the form of a sharp peak at
50◦C for both catalysts and a large bump between 60 and
130◦C for the 5% Pt catalyst. The sol–gel catalyst does not
have the bump and as a result appears to adsorb less NOx.
The peak NOx conversions of both catalysts are comparable
at ∼65%, however, there is a big difference in the selectiv-
ities. At the peak of NOx conversion, 5% Pt/alumina im-
pregnation catalyst produces∼230 ppm of N2O, more than
2.5 times the amount produced by the 2% Pt sol–gel cata-
lyst, ∼90 ppm. If we convert the observed concentrations
to instantaneous selectivities we see that 230 ppm of N2O
would correspond to 40% more NOx reduced than is pos-
sible with the 325 ppm of NOx reduced at peak conversion.
N2O 90 ppm produced by the sol–gel catalyst corresponds
to an instantaneous N2O selectivity of 54%, again worse
than the steady state N2O selectivity of ∼28% observed
with this catalyst in the presence of 10% oxygen as shown
in Fig. 7. These high levels of N2O are due to conversion of
NO adsorbed at low temperatures to N2O after the catalyst
light off. The peak conversion temperatures are 200◦C for

the 5% Pt catalyst and 260◦C for the 2% Pt sol–gel cata-
GULARI

lyst. These values are in essential agreement with the steady
state values measured in the microreactor.

D. Propene Combustion

As mentioned previously for all of our SCR experiments
propene combustion was measured simultaneously with
NOx reduction. The data was not included in the figures
showing NOx reduction activity for clarity. However, in
terms of the relationship between propene combustion and
NOx reduction, our observations are in agreement with the
previous observations (11). NOx reduction activity of the
catalysts starts after propene combustion lights off and at
the peak of NOx conversion combustion of propene is∼95–
98% complete. Water had no effect on the light off temper-
ature of propene in the presence or absence of NOx for
all three types of catalysts. However, adding only 750 ppm
of NOx to the feed stream raised the light off temperature
of propene from ∼150 to ∼210◦C, an increase of 60◦C in
agreement with previous observations. Increased O2 in the
feed lowered the light off temperature of propene, resulting
in lowering the temperature for NOx reduction activity by
a comparable amount.

E. Long Term and High Temperature Stability
and Resistance to SO2

While diesel engine exhausts are not as demanding as the
gasoline engine exhausts in terms of temperature stability,
it is necessary that the NOx reduction catalysts be able to
survive several hours at 600–700◦C (18). We exposed our
2% Pt-SG catalyst to three types of robustness tests: time on
stream, extended exposure to SO2, and high temperature
treatment. The time on stream test consisted of leaving the
catalyst on stream 10–20 h at a time for about 1500 h total
(roughly equal to 50,000–100,000 miles of driving). During
this period the feed concentrations of NOx and propene
were kept constant at∼750 ppm but the oxygen concentra-
tion was varied between 3 and 14%, and the temperature
varied between 150 and 500◦C. For several weeks of the test
period we also included 25 ppm of SO2 in the feed. Figure 9
shows the results of these tests. The first point to note in
Fig. 9 is that SO2 has no negative effect on the performance
of the catalyst. Indeed the presence of SO2 along with the
high oxygen concentration reduces the N2O selectivity to
below 10% for all conversions. If we compare Fig. 9 to Fig. 5
(the oxygen concentration and NO and propene concentra-
tions are slightly higher in Fig. 9) we also see that there has
been no decrease in the performance of the catalyst after
one year of use, indeed the activities and selectivities have
improved with time on stream. Figure 10 compares the per-
formance of a catalyst aged at 800◦C for 20 h in the presence
of water vapor to a catalyst that has not been exposed to
temperatures higher than 600◦C. The only major difference

◦

tivity temperature.
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FIG. 9. NOx reduction activity of the 2% Pt/alumina SG catalyst, after
extensive time on stream (∼1500 h) and SO2 exposure (∼200 h). Condi-
tions: 0.036 g catalyst, 1000 ppm of NO, 30 ppm NO2, 1000 ppm C3H6, 14%
O2, 2.6% H2O and 25 ppm SO2, remainder He. Total flow rate 72 ml/min.

F. Effect of Water Vapor

While most of our studies were made with 2.6% water
vapor in the feed, we also investigated the effect of water
on activity and selectivity. We observed that the presence of
water vapor did not change the N2 selectivity of the SG cat-

FIG. 10. A comparison of the NOx reduction activity of fresh 2%
Pt-SG catalyst and deactivated 2% Pt-SG catalyst. Reaction conditions:
0.036 g catalyst, 600 ppm of NO, 10 ppm NO2, 600 ppm C3H6, 6% O2, 2.6%
H2O, remainder He. Total flow rate 72 ml/min. Deactivation conditions:

0.036 g catalyst, 20% O2 and 3% H2O, remainder He. The catalyst was
kept at 800◦C for 20 h. Total flow rate 72 ml/min.
OF Pt/ALUMINA CATALYSTS 9

FIG. 11. Conversion of NO to NO2 over the 2% Pt SG catalyst. The
dashed line represents % conversion to NO2 calculated from thermo-
dynamic equilibrium data. Conditions: 0.036 g catalyst, 750 ppm of NO
10 ppm NO2, 762 ppm C3H6, 2.6% H2O, 10% O2, remainder He. Total
flow rate 72 ml/min.

alyst at all but it increased the activity of the catalyst signif-
icantly on the high temperature side of the NOx conversion
peak (broadened the activity window by ∼50◦C) and thus
had a beneficial effect. Similar results were observed for the
other two catalysts. We did not observe any effect of water
on conversion or selectivity on the low temperature side.

G. NO Oxidation to NO2

Figure 11 shows NO2 formation over the 2% Pt SG cat-
alyst. In the absence of propene, NO is easily oxidized to
NO2 at significant rates starting at T = 150◦C and reaches
its equilibrium limited value of∼75% conversion at around
300◦C. When there is propene in the feed, however, NO2

formation is drastically suppressed and NO2 is seen only
after 230◦C. The amount of NO2 produced during SCR was
found to be a function of oxygen concentration as well as
whether there was water in the feed or not. Lower oxygen
concentrations led to higher NO to NO2 conversions on
the high temperature side of the peak NOx conversion . We
observed that for the three 2% Pt catalysts the amount of
NO2 produced correlated with their selectivity to N2O. The
SG catalyst had the least amount of NO2 produced and the
IMP-D catalyst had the most amount of NO2 produced. In
the presence of 2.6% water and 10% or more oxygen in
the feed, the SG catalyst produced no NO2 at all tempera-
only when the oxygen concentration reached 13%.
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TABLE 1

Physical Characteristics of the Catalysts

Catalyst 1% Pt–SG 2% Pt–SG 2% Pt–Al2O3-SG 2% Pt–Al2O3-D

Surface area (m2/g) 303 274 314 95
Average pore diameter (Å) 74 68 77 196
% pore in the range of 10–100 Å 99 99 99 5
% of pore in 20 Å range around max. 81 85 62 41
Pt crystallite size, nm, determined with XRD 16 16 <5 33

Pt dispersion, (%), determined with CO chemisorption N/A 10 51 7.5
H. Catalyst Characterization

We characterized the catalysts with BET, XRD, TEM,
and CO chemisorption. Table 1 gives the BET surface ar-
eas and pore sizes, distribution of pores and crystallite sizes,
as well as dispersion of the catalysts. The sol–gel synthesis
and calcination treatment we use produces Pt-alumina cat-
alysts with BET surface areas of ∼300 m2/g and a narrow
pore size distribution centered at d∼ 70 Å. In comparison,
the surface area of the Degussa δ-alumina is only 95 m2/gr
and it has a rather large average pore size, d∼ 196 Å, with a
pore size distribution much broader than the other two cat-
alysts. It is also interesting to note that the crystallite size of
the 1% Pt SG catalyst is the same as the crystallite size of the
2% Pt SG catalyst. If we assume that the metallic colloidal
Pt crystallites are formed during the gelation phase long be-
fore the alumina matrix solidifies, then it is possible to ex-
plain the observations. The size of the colloidal Pt particles
formed through reduction of Pt precursor by the alcohols
and the organic solvent at 85◦C depends only on the solu-
tion conditions, which do not change with Pt loading thus we
end up having loading independent Pt crystallite size. Since
the particles are formed before alumina gel solidifies, it is
possible to have them incorporated into the alumina matrix
with much smaller average pore size. The dispersions of the
2% Pt catalysts obtained by CO chemisorption are in good
agreement with dispersions estimated from the crystallite
size measurements. This agreement shows that even though
the Pt crystallite is caged in by the alumina support during
the single-step sol–gel synthesis, most of the surface is still
accessible from the gas phase.

Table 2 presents the performance of the catalysts in terms
of turnover frequencies (TOFs). The low dispersion cata-
lysts have higher TOFs as expected. In calculating NO de-
composition TOFs we assumed that NO was reduced by
first decomposing to N+O and obtained the TOFs by mul-
tiplying the moles of N2 formed by two and adding to the
moles of N2O formed. This table also shows the relative
rates of N2 and N2O formation at 250 and 200◦C. Within
error all three catalysts appear to have a ratio of ∼3 for N2

formation. However, the N2O formation ratios are clearly

different between the high dispersion catalyst (∼2.4) and
the low dispersion catalysts (∼6 and 7.4). This implies that
perhaps there are different rate determining steps for N2O
formation between the high and low dispersion catalysts.

Figure 12 shows the XRD spectra of 2% Pt loading
catalysts as a function of catalyst preparation method.
For the SG catalyst we see Pt peaks at 22 of ∼40, ∼46,
and ∼67.5 degrees superimposed on alumina peaks (γ
and η) at ∼39, ∼45.5, and ∼66.8◦. For the IMP-D cat-
alyst all of the Pt peaks are present and the alumina
peaks match those of δ-alumina exactly. The spectrum
of the IMP-SG catalyst matches exactly that of the pure
alumina made by the same sol–gel process. Absence of
any detectable Pt crystallite peaks indicates that the av-
erage crystallite size in this catalyst is below the detec-
tion level by XRD (d≤ 3–5 nm). The alumina peaks seen
with the pure sol–gel alumina match that of a mixture of
γ and η aluminas. For the SG catalysts, approximate Pt
crystallite size obtained by the Debye–Scherer equation
from the broadening of the Pt (111) peak is 16± 1 nm
and was independent of Pt loading for the 3 samples we
tested 1, 2, 5 wt% Pt within experimental error. The crys-
tallite size obtained by the same method for the 2% Pt
δ-alumina impregnation catalyst is 33± 3 nm. One of the
interesting observations we have made with the XRD spec-
tra of SG catalysts and are unable to explain the reasons for

TABLE 2

Comparison of the Turnover Frequencies
for the Three 2% Pt Catalysts

Catalyst and peak conversion SG IMP-SG IMP-D
temperature (◦C) 240 225 250

Conversion (%) 46 58 39
N2 selectivity (%) 69 56 43
NOx conversion TOF (×10−2 s−1) 5.15 1.27 5.82
NO decomposition TOF (×10−2 s−1) 4.32 0.99 4.19
N2O Formation TOF (×10−2 s−1) 1.65 0.56 2.46
N2 formation TOF (×10−2 s−1) 1.75 0.36 1.22
N2(250))/N2(200) 3.09 2.86 3.27
N2O(250)/N2O(200) 6.05 2.39 7.39

Note. Conditions are: 0.036 g of catalyst, 72 ml/min gas flow of compo-

sition 760 ppm NO + 10 ppm NO2, 750 ppm C3H6, 6.8% O2, remainder
helium.
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FIG. 12. XRD spectra of 2% Pt/alumina catalysts.

at this point, is that the relative intensity of the higher index
planes increase with increasing Pt loading.

Because of the sensitivity of XRD analysis only to crys-
tallites larger than 5 nm, we also used TEM to determine
the average crystallite sizes of the SG and IMP-SG cata-
lysts. Figure 13 shows the crystallite size distribution of the
2% Pt SG catalyst based on a sample of 200 Pt crystallite pic-
tures. The distribution appears to have two very close peaks
with 34% of the crystallites counted having a size of 13± 2

FIG. 13. Crystallite size distribution of 2% Pt single-step sol–gel cata-

lyst (SG) obtained by TEM.
Y OF Pt/ALUMINA CATALYSTS 11

nm and 16% having a size of 20± 7 nm. The average of this
distribution also comes to 15.5± 6 nm in excellent agree-
ment with the XRD results. TEM measurements made with
a sensitivity limit of 2 nm did not show any detectable Pt
crystallites in the 2% Pt IMP-SG catalyst. However, ele-
mental analysis of the imaged areas by energy dispersive
X-ray emission spectroscopy (EDAX) showed the presence
of Pt.

III. DISCUSSION

A. Activity

One of the challenging questions to answer about
Pt/alumina catalysts is the very weak dependence of the
peak activity and N2 selectivity for NOx reduction with
propene on surface area and/or Pt loading. The three types
of catalysts we tested extensively have the same metal load-
ing but vastly different dispersions and crystallite sizes as
seen in Table 1.

Currently there are three mechanisms that are proposed
to explain the selective reduction of NO by alkenes over
alumina and silica supported Pt catalysts. The first mecha-
nism is that of oxidation of NO to NO2 and then addition
of NO2 to propene followed by the decomposition of the
nitrogen containing organic intermediates to give N2 and
N2O (19, 20). The second mechanism invokes a surface iso-
cyanate or cyanide species (21). The third mechanism is a
redox mechanism and involves dissociative adsorption of
NO on metallic Pt sites (most likely edge and defect sites)
to give N+O atoms. Surface N atoms recombine to give
N2. Reaction of surface N with molecularly adsorbed NO
results in N2O (11, 22). Surface O atoms are removed by re-
action with the hydrocarbon intermediates on the surface
completing the redox cycle and regenerating the metallic
site. Support for the third mechanism comes from high vac-
uum studies. Single-crystal studies of Wang et al. (23), Xu
and Ng (24), Gohndrone and Masel (25), and Masel (26)
show that on noble metal surfaces NO adsorbs both molec-
ularly and dissociatively and that the dissociation reaction
is structure sensitive. N2O formation is observed as a re-
sult of N+NO reaction even at temperatures much below
ambient (23). The same studies also show that NO decom-
position is inhibited by the presence of oxygen (11, 24).

Our experimental observations with respect to NOx con-
version activity and N2 selectivity can be adequately ex-
plained by the third model and the finding by Burch et al.
(27) and Jen and Otto (28) that in the presence of gas phase
propene the Pt surface is mostly covered by carbonaceous
species. On the metallic sites NO decomposition competes
with O2 decomposition. The atomic oxygen thus gener-
ated is removed by reaction with the carbonaceous surface
species. At low temperatures the rate of NO decomposi-
tion is limited by the availability of metallic surface sites

for decomposition because of blockage by carbonaceous
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species. The rate of oxygen adsorption increases faster with
temperature than the rate of NO adsorption and more of
the hydrocarbon fragments are removed by reaction with
atomic oxygen. This process opens up metallic surface sites
leading to an increase in the rate of NO adsorption and
dissociation with temperature as well as increased selec-
tivity towards N2O. As the surface coverage of oxygen in-
creases further with temperature dissociative adsorption of
NO is suppressed (24) decreasing the reduction rate. Thus
the temperature at which the maximum in NO reduction is
reached as well as the percent conversion of NO is deter-
mined by the relative activation energies of NO decomposi-
tion versus O2 decomposition and propene combustion. A
peak in activity and a minimum in selectivity results because
at the peak there is a balance between the carbonaceous
species removal rate and surface oxidation. This results in a
maximum in the concentration of sites over which NO can
decompose as well as adsorb molecularly. Increased molec-
ularly adsorbed NO concentration leads to higher rates of
N2O formation and thus the minimum in selectivity. At
temperatures above the peak temperature, surface concen-
tration of molecularly adsorbed NO continues to decrease
due a to a combination of lower sticking coefficients as well
as decreased availability of sites. Increasing oxygen con-
centration simply lowers the temperature at which oxygen
competes successfully with NO for adsorption and removal
of carbonaceous species. Thus increased oxygen concen-
tration should result in broadening of the temperature win-
dow on the low temperature side of the peak conversion,
in agreement with the experimental observations.

With this mechanism the only way to increase NO conver-
sion is through increasing the number of sites on which NO
decomposition takes place. NO decomposition is structure
sensitive (26) and requires an ensemble of metallic atoms to
take place. This is more likely on larger metallic crystallites
than smaller crystallites, thus the increased TOFs observed
for the low dispersion catalysts which result in relatively
small decreases in conversion compared to the decrease in
surface area.

B. Selectivity

If we assume that NO decomposition is the primary
route to selective NO reduction then the N2 selectivity
is a function of the relative surface concentrations of
molecularly adsorbed NO and atomic N. N2 selectivity will
increase if the dissociation rate of NO increases and/or
the surface concentration of NO decreases. Since there is
ample evidence from single-crystal studies that dissociation
of NO is structure sensitive (23–26) dissociation rate should
be a function of preparation method and crystallite size.
Table 2 compares the NO decomposition turnover numbers
for the three different catalysts. The single-step sol–gel

catalysts have the highest TOFs, evidence that their prepa-
ration method results in more exposed high index planes
GULARI

and/or defects over which NO decomposes. However, the
TOF for the IMP-D catalyst is not much smaller, indicating
a similar concentration of decomposition sites. The large
difference in selectivity can then only be explained by a
lower surface concentration of molecular NO. This also
explains the higher selectivities we observe in comparison
to the previous investigators under similar operating
conditions (2, 16, 29). Since molecularly adsorbed NO
competes with hydrocarbon fragments and possibly with
oxygen increasing the concentration of oxygen and hydro-
carbon on the catalyst surface should also lead to higher
N2 selectivity. Figure 7 shows the increase in N2 selectivity
with increased oxygen concentration above 6.8% oxygen
in the feed. According to the redox model, increasing
surface concentration of hydrocarbons should also lead to
higher N2 selectivities. Using a hydrocarbon to NO ratio
much higher (14 C to 1 NO) than the generally used 3
to 1 ratio, Burch and Ottery (13) have also reported N2

selectivities as high as 100% (toluene ) and 66% (propene)
on Pt/alumina catalysts. The changes in selectivity due to
lower surface concentrations of NO is also supported by
the NO2 formation data. As shown in Fig. 11 NO2 forma-
tion on the sol–gel catalyst is completely suppressed at all
temperatures in the presence of 10% O2 and 2.6% water.
Complete suppression over the impregnation catalysts
require higher concentrations of oxygen and/or water.

Xu and Goodman (30) observed that Pd crystallites less
than 5 nm in size have 100% selectivity to N2 this is not the
case for our IMP-SG catalyst which has an average crystal-
lite size less than ∼3 nm. Thus Pt appears to behave differ-
ently than Pd. This may be due to the ease of reduction of
Pt versus Pd.

V. CONCLUSIONS

Our results show that for selective NOx reduction with
propene over Pt/alumina catalysts:

1. The single-step sol–gel preparation method gives ac-
tive and the most N2 selective Pt/alumina catalysts. These
catalysts are highly resistant to sintering and SO2 poisoning.
The activities of the sol–gel catalysts improve with time on
stream rather than decaying.

2. Single-step sol–gel preparation method produces
quite narrowly distributed Pt crystallites whose size is de-
termined before the alumina support is formed.

3. Pt/alumina catalysts show their worst N2 selectivity
with 5–7% O2 concentration. At lower or higher oxygen
concentrations the N2 selectivity is better.

4. Increasing the oxygen content of the feed all the way
to 13% increases the, FWHM, of Pt/alumina catalysts al-
most to∼200◦C, which results in significant NOx reduction
activity even at 450◦C with the sol–gel catalysts.
5. Inclusion of water vapor in the feed and oxygen
concentrations higher than 10% completely suppress NO2
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formation over the Pt/alumina catalysts as well as improve
the selective reduction performance at temperatures above
the peak conversion temperature.
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