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Abstract

The turnover rate (TOR) per unit surface Pt atom for NO oxidation by O, on a Pt/K/Al,05; NO, storage-reduction catalyst was 2.5 times higher
at 300 °C than the rate on a Pt/Al,0; catalyst with the same Pt loading. The power rate law orders with respect to NO, O, and NO; on the Pt/K/
AL O; catalyst were identical to those on Pt/Al,O3, viz. r = kINO]'[O,]'[NO,] ", but the apparent activation energy obtained for the K-promoted
catalyst was 60 kJ mol ', about 22 kJ mol~" lower than on the Pt/Al,05 catalyst. The presence of water vapor in the feed resulted in an initial and
irreversible decrease in the Pt surface area and NO conversion for both Pt/K/Al,O3 and Pt/Al,O; catalysts, but no changes in the reaction orders or
apparent activation energy were observed. Water did not affect the NO oxidation turnover rates.
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1. Introduction

Due to the increasingly stringent NO, emission regulations
imposed by the EPA [1], several research efforts are ongoing to
understand the potential NO, abatement techniques that are
available for lean-burn diesel engines. One such approach is
selective catalytic reduction (SCR) of NO, in the engine
exhaust with either unburned hydrocarbons (HC) from the fuel
or with ammonia. It has been proposed that the oxidation of NO
in the exhaust to NO, over noble metal sites substantially
increases the rate and selectivity of HC-SCR [2-6].

Another approach for NO, abatement is the NO, storage/
reduction (NSR) concept pioneered by Toyota for mobile
applications [7]. The catalyst used for the NSR process has
three essential parts: a supporting oxide, e.g., Al,O3; a noble
metal that can catalyze oxidation and reduction reactions, e.g.,
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Pt; and a NO, storage component (typically alkali or alkaline
earth metals), e.g., K or Ba. During lean operation, NO in the
exhaust is oxidized to NO, over the noble metal component
which then subsequently reacts with the storage component
forming nitrates or nitrites. The oxidation of NO in the exhaust
to NO, is found to substantially increase the NSR catalyst
performance by enhancing NO, storage [8—14]. As the trap
saturates and loses its storage capacity it becomes necessary to
regenerate it by providing a reducing atmosphere for a very
short period, whereupon the stored NO, is released and
subsequently reduced over noble metal sites. The NSR catalyst
is used with an engine that operates alternately under lean- and
rich-burn conditions.

Additionally, the oxidation of NO to NO, is also a key
reaction in the Continuously Regenerating Trap (CRT™) for
soot removal [15]. In this case, the strong oxidizing nature of
NO, is used to continuously oxidize the soot collected on a
diesel particulate filter (DPF) at temperatures much lower than
those required with oxygen alone. The NO, gets reduced to NO
which is then re-oxidized to NO, over a Pt catalyst.

Thus, the oxidation of NO to NO, over Pt is an important
step involved in all of the above mentioned processes. NO
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oxidation on supported Pt has been studied previously, but most
authors did not consider the influence of the product NO, on the
rate of oxidation of NO [16-24]. It has been shown recently that
the oxidation of NO is inhibited by the reaction product NO, on
Pt supported by both y-Al,O3 [25] and SiO, [6].

The work presented here has been focused on under-
standing the NO oxidation step on a catalyst consisting of Pt
and K phases on a +y-Al,O3; support. Both barium and
potassium are known to be suitable storage elements of the
NSR catalyst [26]. However, most studies concentrate on the
Ba containing catalysts (for example, in Refs. [9-12,14,27—
31]) with less information on K-based traps [32—35]. The main
purpose of this work was to study the influence of potassium
and water on the NO oxidation reaction. Water has been
previously found to affect the overall trapping and reduction
efficiency and also the rate of NO, adsorption of NSR catalysts
[33,36]. Therefore, it is important to quantify the effect of
water, which is always present in the exhaust, on the oxidation
of NO to NO,.

2. Experimental methods

The Pt/Al,O5; and Pt/K/Al,O3 catalysts used in this study
were supplied by EmeraChem in monolithic form. Based on a
known liquid uptake of the bare monolith, the appropriate
amount of y-Al,0; was mixed as an aqueous slurry. The bare
monolith was dipped into this slurry, drained, dried and then
calcined at 500 °C for 1 h. The monolith was then dipped into
the Pt-containing aqueous solution such that a final Pt loading
of approximately 50 g ft > of monolith was attained for both
catalysts. The Pt salt precursor was amine-based. For the Pt/K/
Al,Oj3 catalyst, potassium was further added using an aqueous
solution of K,COs.

Both monoliths had a length of 1 in., a cross-section of 60
channels with a cell density of 200 channels per in.>. The
percentage of metal exposed (PME) or metal dispersion,
defined as the ratio of the number of surface Pt atoms to the total
number of Pt atoms, was measured by H,—O, titration [37] and
was 42% for Pt/Al,O; and 61% for Pt/K/Al,Os5. The total
sample weight was about 3 g with a Pt loading of ca. 0.3 wt%
(per total catalyst weight) for both catalysts. The NO
conversion for the NO oxidation reaction was measured in a
bench-top, plug-flow stainless steel reactor. High-temperature
Zetex insulation was wrapped around the catalyst sample and
placed in the reactor tube. The insulation material blocked the
space between the monolith and the wall of the reactor,
minimizing the gas flow bypassing the catalyst. Glass beads
were placed upstream of the catalyst sample to ensure mixing
and uniformity of the gas flow, and the reactor was placed inside
a temperature-controlled furnace. To minimize temperature
gradients, the inlet gas was preheated before entering the
reactor. Thermocouples were placed 6 mm before and after the
catalyst sample to verify inlet and outlet gas temperatures. A
reactor bypass loop after the preheater, and thus at the reactor
conditions, was used to verify the nominal inlet concentrations
of NO and NO, after each catalytic rate measurement. The gas
phase rates were negligible as compared to the catalytic ones.

All turnover rate calculations were done relative to the gas
phase bypass concentrations, and hence reflected only the
reaction over the catalyst and not the gas phase. In the
experiments involving water in the feed gas, deionized water
was metered by a water pump (Fluid Metering Inc., Model
QVG50) and was vaporized in the preheater before entering the
reactor. All the gas lines were heated to 120-150 °C. To avoid
fluctuations in the water partial pressure, a 1.6 mm (0.0625 in.)
diameter tube capillary with an internal diameter of 0.254 mm
was used to deliver a continuous flow of water into the
preheater. The NO and NO, (NO + NO,) concentrations in the
outlet gas were detected with a chemiluminescence detector
(California Analytical Instruments HCLD 400). The experi-
ments were conducted with a total flow of approximately
6.6 L min~".

The NO oxidation apparent activation energy and reaction
orders with respect to NO, O, and NO, were measured for Pt/
Al,O5 and Pt/K/Al,05 with and without water vapor in the feed
gas. Before the experiments, both samples were pretreated at
150 °C with 10% O, in N, for 1 h followed by reduction with
0.5% H, in N, for 1.5 h with a constant total flow rate of
6.5 L min~". The reactor was operated in a differential manner
by restricting the NO conversions to below 10% and by using
excess NO, in the feed so that the contribution of the NO,
formed to the total NO, concentration was negligible. The data
reported here were taken after the catalyst was on stream for at
least one hour. On the potassium containing NSR catalyst, this
procedure ensured that the storage component is saturated with
NO, so that the NO, storage process does not interfere with the
NO oxidation kinetic measurements. Steady-state operation
was further confirmed when, at the end of each experimental
data set, the conditions of the first data point were replicated
and reproducible results were obtained. Replication of the first
data point also enabled us to monitor the deactivation of the
catalysts with time-on-stream. For apparent activation energy
tests, the temperature was varied between 237 and 360 °C in a
random manner to minimize systematic errors affecting the
data, while the feed composition (300 ppm NO, 170 ppm NO,,
10% O,, balance N,) and the total flow rate (6.6 L minfl) were
kept constant. Similarly, to determine the effect of reactant and
product concentrations on the NO oxidation rate, only the
concentration of the species of interest was varied indepen-
dently in a random manner, while keeping the concentrations of
the other species and the temperature constant. The concentra-
tions of the various species were varied over the following
ranges: NO (90450 ppm), O, (5-25%) and NO, (50—
220 ppm). The errors in the apparent reaction orders and
activation energies were calculated through a linear least-
squares fit with 95% confidence intervals. The criteria
suggested by Dekker et al. [38] were used to check external
heat and mass transfer limitations. The Carberry number (Ca)
and the parameter for external heat transfer limitation — given as
|(ko(—AH)Cy/hTy)yCal|, where k, and h are extra-particle mass
and heat transfer coefficients, respectively, C, and T, are
steady-state bulk concentration and temperature, respectively,
and y = E,/RT, — were of the order of 10~* (<0.05), suggesting
negligible transport effects.
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3. Results and discussion
3.1. NO oxidation on Pt/Al,O;3

We recently published the kinetics of NO oxidation reaction
on a Pt/Al,O5 catalyst [25] and will summarize the results here.
The activation energy was found to be 82.6 kJ mol ' (Fig. 1)
and the power rate law orders were nearly +1 for both NO and
0O,, and nearly —1 for NO, (Fig. 2). The following mechanism
was proposed to explain the observed orders:

K

NO + % = NO* (1)

K>

NO, + 2 x =NO* + O* 2
k3 ¥

0, + x—05 (3)

* ks *
0} 4 *—520 4)

where * denotes a Pt site and K; and k; the equilibrium constant
and the rate constant of the ith step, respectively. Step (3) was
proposed as the rate determining step (RDS), and O the most
abundant surface intermediate [18,23,30], with steps (1) and (2)
in quasi-equilibrium. Note that step (2) is not an elementary
step but is the combination of adsorption and reaction steps.
Under the limiting condition of high O coverage, the rate
expression takes the form

. {k3 [LIK, } [NOJ[O,]
N K, [NO,]

where [L] denotes the total surface concentration of active
metal sites. Eq. (5) has the same concentration dependence
(apparent reaction orders) as seen in our experiments.
Despres et al. [6] have also seen a similar product inhibition
effect on NO oxidation by NO, on Pt/SiO,. They reported a
decrease in NO conversion and a concomitant increase in the
NO oxidation differential rates with increasing NO feed
concentrations up to about 500 ppm, with only NO and O, in
the feed gas. This decrease in NO conversion with increasing
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Fig. 1. Arrhenius plot for NO oxidation on Pt/Al,05; and Pt/K/Al,O; assuming
a differential reactor. Feed: 300 ppm NO, 10% O,, 170 ppm NO,, balance N,.
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Fig. 2. NO oxidation turnover rate (TOR) dependence on O,, NO and NO,
concentrations at 300 °C for Pt/Al,03. Feed for NO order: 170 ppm NO,, 10%
0,, 100-450 ppm NO; feed for NO, order: 10% O,, 300 ppm NO, 80-220 ppm
NO,; feed for O, order: 300 ppm NO, 170 ppm NO,, 5-25% O,. All feeds have
N, as the balance gas.

NO feed concentrations may give the impression of inhibition
by NO and hence appear to disagree with our results. However,
these opposite trends in NO conversion and reaction rate with
increasing NO feed concentrations can be explained with the
help of the NO oxidation kinetic model we have described
above and the equation for a plug-flow reactor. The derivation is
not detailed here but in short, due to the NO, inhibition, the
absence of excess NO, in the feed makes the measured rates a
function of conversion even at the lowest measurable values of
conversion, and this is reflected as NO appearing as an inhibitor
even though the reaction order for NO is actually +1. Our model
was tested against data sets in the literature. We used the NO
conversion data as a function of temperature and NO, O, and
NO, inlet concentrations given by Despres et al. [6] to fit the
dependence of conversion to the concentrations of NO, O, and
NO, based on our model. Their data fit our kinetic model with
98% confidence and give an apparent activation energy of ca.
86 kI mol™!, close to our findings. However, we could not
explain all the results reported by Despres et al. [6]. For
example, they observed that their oxidation rates leveled off at
inlet O, concentrations above 10%, whereas our results show
first order dependence on O, concentrations up to 25% (Fig. 2).
Using the NO or NO, outlet concentrations versus temperature
data given by Olsson et al. [18] and Crocoll et al. [23] on a Pt/
Al,Oj catalyst with only NO and O, in the inflow also allowed
us to calculate, using our model, an apparent activation energy
of ca. 80 kJ mol ",

We were also able to compare turnover rates but with the
caveat that the rates are a function of Pt particle size. A
compilation of the rate data in the literature obtained by
integrating the data provided in the original papers using our
kinetic model and correcting to our reaction conditions is
shown in Table 1. Our TOR fits well with the observed trend of
increasing rate with increasing Pt particle size [16,19,39—41].

We had also noted in our previous work [25] that not
accounting for the inhibition of NO, would make the apparent
activation energy (E,) (obtained from the slope of In TOR
versus 1/T for differential conversions) appear to be half its
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Table 1

Literature values for turnover rates of NO oxidation to NO, on Pt

Catalyst Pt loading (wt%) Pt particle size® (nm) Turnover rate® (x 1072 s} Ref.
Pt/Al,O3 0.27 1.2 0.23 [16]
Pt/Al,03 0.3 2.4 0.35 This work
Pt/SiO, 2.5 7 4.2°¢ [6]
Pt/Al,O3 2.3 22 16 [18]
Pt/Al,O3 2 200 25 [23]

# Calculated using d (nm) = 1/(Pt dispersion), except for Refs. [6,23].

" Rates per unit of surface Pt atom corrected to 300 °C, 300 ppm NO, 170 ppm NO,, 10% O,, balance N,.

¢ 5% water was also present in the feed.

actual value. If one does not know about the inhibitory effect by
NO,, the value of the apparent rate constant (k) will be changing
not only due to temperature but also because of NO,
concentration. One would be plotting k/[NO,] at each point
in an Arrhenius plot. The slope would of course not be an
apparent activation energy in this case, but the value of the slope
would be one half of the actual apparent activation energy
value. This however does not imply that the apparent activation
energy depends on NO, feed concentration, but is simply an
outcome of the mathematical relationship between TOR and
temperature detailed in our previous work [25]. Mei et al. [42]
carried out kinetic Monte Carlo simulation of NO, formation
with only NO and O, in the inlet and found a simulated
activation energy of 37.6 kI mol~" on Pt(1 0 0). This value is
indeed approximately half of the actual E, we reported and
moreover, matches well with the value of 39 kJ mol ™! we
observed experimentally from the slope of In TOR versus 1/T
with only NO and O, in the feed gas [25].

3.2. Effect of potassium

The variation of the NO oxidation reaction rate with
temperature over Pt/K/Al,O3 catalyst is shown in Fig. 1. The
rates are expressed as turnover rates (TOR), defined as moles of
NO reacted per second per mole of surface Pt. The forward rates
(r¢) were calculated from the measured overall rates (7,,) using
the expression:

rov:rf(l_,g) (6)
where B is the approach to equilibrium given as:
NO
__ [NOJ 7 (7)
K[NOJ[O,]

with K as the equilibrium constant. The S values in our
experiments ranged from 0.02 to 0.17, indicating that the
reaction was away from equilibrium. The apparent activation

energies (E,) for both Pt/Al,03 and Pt/K/Al,O3 catalysts are
given in Table 2.

Fig. 3 shows the effects of reactant and product concentra-
tions on the NO oxidation turnover rate at 300 °C for Pt/K/
Al,Oj catalyst. The results are summarized in Table 2. Similar
to the Pt/Al,O5 catalyst, the rate of NO oxidation had a nearly
first order dependence with respect to the reactants NO and O,
while it was close to negative first order with respect to the
product NO, over the concentration range studied. Thus, NO,
was found to inhibit NO oxidation on the K containing NSR
catalyst as well.

For comparison, NO oxidation turnover rates on Pt/Al,O3
and Pt/K/Al,O; catalysts under the same reaction conditions
are reported in Table 2. The TOR was found to be higher on the
Pt/K/Al,O3 catalyst. At the standard condition (300 °C,
300 ppm NO, 10% O,, 170 ppm NO,), the TOR on the Pt/
K/Al,Oj; catalyst was about 2.5 times higher than that on the Pt/
Al,Oj catalyst. Considering that the Pt/K/Al,O5 catalyst had a
higher Pt dispersion (61% compared to 42% for Pt/Al,O3), or
equivalently, and possibly a smaller Pt particle size than the Pt/
Al,O5 catalyst and the fact that larger Pt particles exhibit higher
turnover rates for NO oxidation than smaller particles
[16,19,39-41], the increase in the TOR observed on our Pt/
K/Al,O5 catalyst is indicative of an effect of K on Pt/Al,O; for
the NO oxidation reaction. In a similar study, Olsson et al. [30]
reported a lower NO, production rate for their Pt/BaO/Al,03
catalyst in comparison to a Pt/Al,O5 catalyst based on the total
Pt content of the catalysts. They quoted a five times lower Pt
dispersion on the BaO containing catalyst as a possible reason
for the observed decrease in the rate per unit weight of Pt.
However, upon converting their NO, production rate
(mol s™* mg{1 of Pt) to turnover rate per unit of surface Pt
atom, we found that their BaO based NSR catalyst also yields a
TOR about 2.5 times higher than their Pt/Al,O5 catalyst at
300 °C.

The promotional effect of K on Pt for a variety of reactions
has been observed by many researchers in the field [43—45]

Table 2

Summary of the NO oxidation reaction kinetics on Pt/Al,0; and Pt/K/Al,O; catalysts in the absence of water vapor

Catalyst PME (%) E, (kJ mol™") NO order O, order NO, order TOR® (s71)
Pt/AlL,O; 42 82.6+9 1.05 + 0.08 1.03 £ 0.08 —0.92 £ 0.07 35x 1073
Pt/K/AL,0O4 61 604 +4.2 1.03 £ 0.08 0.95 £0.08 —0.96 £ 0.1 8.6 x 1073

# TOR at 300 °C, 300 ppm NO, 10% O,, 170 ppm NO,, balance N,.
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Fig. 3. NO oxidation turnover rate (TOR) dependence on O,, NO and NO,
concentrations at 300 °C for Pt/K/Al,O3. Feed for NO order: 170 ppm NO,,
10% O,, 100440 ppm NO; feed for NO, order: 10% O,, 300 ppm NO, 100-
230 ppm NO; feed for O, order: 300 ppm NO, 170 ppm NO,, 5-25% O,. All
feeds have N, as the balance gas.

Fig. 4. NO oxidation reaction orders at 300 °C in presence of 5% water vapor
for Pt/Al,0;. Feed for NO order: 170 ppm NO,, 10% O,, 5% H,O, 100-
440 ppm NO; feed for NO, order: 10% O,, 300 ppm NO, 5% H,0, 50-180 ppm
NO,; feed for O, order: 300 ppm NO, 170 ppm NO,, 5% H,0, 5-25% O,. All
feeds have N, as the balance gas.

using single crystal model catalysts but K was in metallic form. In (P(O,)/%)

In our case K will be in oxidized form since the catalyst was _— 1 2 3 4 5 6
exposed to the atmosphere. Adsorption of molecular oxygen _ ’ NO, order
(step (3) above) was previously identified as the rate "0 -3.91 T -1.11 + 0.09
determining step for NO oxidation [25] and hence, an increase £ -4.04 0; 440,05

in the rate of O, adsorption on Pt/K/Al,O3 could possibly & 45

explain the increase in the NO oxidation turnover rate we % 501

observe. Minemura et al. [46] also quoted increased O, £

adsorption as a possible reason for CO oxidation promotion E S l

they observed on their Pt/K/Al,O5 catalyst. The promotional £ 6.0 NO order
effect of K on NO oxidation over Pt is not understood. -6.5 1.02£0.05

3.3. Effect of water vapor

To investigate the effect of water, 5% water vapor was added
to the feed gas and the reaction orders and activation energies
were measured on both Pt/Al,O5 and Pt/K/Al,0; catalysts. No
appreciable change in E, or apparent reaction orders with
respect to any of the reactant or product species was observed,
indicating that the reaction kinetics were not altered in the
presence of water. The results are summarized in Table 3.
Figs. 4 and 5 show the reaction orders with 5% water vapor in
the feed gas for Pt/Al,O5 and Pt/K/Al,03, respectively. It was
found however, that the presence of water caused the NO
conversion to decrease on both catalysts. For Pt/Al,03, the
conversion decreased by a factor of about 3 whereas on Pt/K/
Al,Oj5 the conversion was about 1.4 times lower, relative to the
dry conditions discussed earlier and as shown in Table 4.

T T T T T

1 2 3 4 5 6
In(Concentration/ppm)

Fig. 5. NO oxidation reaction orders at 300 °C in presence of 5% water vapor
for Pt/K/Al,O;. Feed for NO order: 170 ppm NO,, 10% O,, 5% H,0O, 90—
410 ppm NO; feed for NO, order: 10% O,, 300 ppm NO, 5% H,0, 80-200 ppm
NOy; feed for O, order: 300 ppm NO, 170 ppm NO,, 5% H,0, 5-25% O,. All
feeds have N, as the balance gas.

Moreover, this decrease in conversion, which only occurred
during the first contact of the sample with water, was
irreversible since the removal of water from the feed gas did
not result in the recovery of the initial conversions obtained
prior to the addition of water to the feed. The NO conversions
after removal of water from the feed remained nearly at the
same lower values observed in the experiments that contained
5% H,0 in the feed (Table 4). In other words, the first contact of

Table 3

Summary of the NO oxidation reaction kinetics on Pt/Al,05 and Pt/K/Al,O5 catalysts in presence of 5% water

Catalyst PME? (%) E, (k] mol™h) NO order O, order NO, order TOR® (s71)
Pt/Al,O3 14 82.5+94 1.06 +0.12 097 £0.13 —1.09 £+ 0.09 34 %1073
Pt/K/Al,0O5 44 64.8 £4.2 1.02 4+ 0.05 0.94 +£0.05 —1.11 £0.09 8.6 x 1073

* PME based on CO oxidation results after the removal of water from feed.
® TOR at 300 °C, 300 ppm NO, 10% O,, 170 ppm NO,, 5% H,0, balance N,.
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Table 4

Comparison of NO and CO conversions before and after exposure to 5% H,O on Pt/Al,O; and PU/K/AI,O5

PY/ALO;

PYK/ALOs

NO conversion® (%)

CO conversion® (%)

NO conversion® (%) CO conversion® (%)

Before water exposure 4.4 9.9
Add 5% H,0O 1.5 -
Continue with no water exposure 1.4 32

11.1 2.0
8.2 -
7.9 1.4

# NO conversion at 300 °C, 300 ppm NO, 10% O,, 170 ppm NO,, 0 or 5% H,O, balance N,.

® CO conversion at 160 °C, 1% CO, 5% O,, balance N,.

the catalysts with water caused the NO conversion to decrease,
and thereafter, the conversion remained nearly at that stable
lower level, irrespective of the presence or absence of water in
the inflow. Similar irreversible water inhibition effects were
observed by Olsson et al. [47] for their Pt/Al,O5 catalyst.
Crocoll et al. [23] also found their NO conversion to decrease
for their Pt/Al,O; catalyst in the presence of 6% H,O in the feed
gas.

We further investigated this inhibitory effect of water by
using the CO oxidation reaction as a tool to determine if there
was any change in the Pt surface area due to the exposure to
water. The structure insensitivity of CO oxidation over Pt
[48,49] makes it an alternative technique to measure the relative
Pt surface area of these catalysts without performing the
conventional H,—O, chemisorption measurements, which
require that the monolith sample be crushed during sample
pretreatment making the catalyst unusable for further reaction
experiments. When the CO oxidation reaction was performed
on Pt/Al,O5 and Pt/K/Al1,05 catalysts before and after they had
been exposed to 5% water vapor, it was found that at 160 °C
with 1% CO, 5% O, and balance N, in the feed gas, the CO
conversions decreased by nearly the same factors as seen for
NO oxidation on the two catalysts, viz. about 3 times lower for
Pt/Al,O5 and about 1.4 times lower for Pt/K/Al,05 as shown in
Table 4. This decrease in the CO conversions can thus be taken
as an indication of permanent loss of Pt surface area due to the
exposure to the wet environment. Thus, it seems that once the
Pt/Al,03 and Pt/K/Al,O3 samples have been exposed to a
water-containing atmosphere, there is an irreversible change in
the Pt surface area which results in a loss in NO oxidation
performance, but no apparent change in the reaction kinetics.
Clearly then, the turnover rates on the two catalysts normalized
by the corresponding Pt surface area before and after water
exposure (the surface Pt moles after water exposure being
calculated from CO oxidation results) should be identical, and
indeed they are as shown in Figs. 6 and 7 for Pt/Al,O3 and Pt/K/
Al,Oj3 catalysts, respectively.

However, the results presented here do not provide a
mechanism on how water causes a permanent loss of surface Pt
sites and a subsequent decrease in NO conversion. It cannot be
due to the sintering of the Pt particles, since that would have
increased the NO oxidation TOR because of the larger Pt
particles, whereas we did not observe any changes in the
turnover rates. Zhu et al. [50] have attributed the deactivation of
their Pd/SiO, catalyst for complete methane oxidation to the
migration of oxidized silicon caused by water resulting in the

PYAIO,
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| Ea=80.429.4 kJ mol '
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Fig. 6. Comparison of NO oxidation turnover rates (TOR) before and after
exposure to 5% H,O on Pt/Al,O3. The Pt surface area after exposure to 5% H,O
is about three times lower as indicated by CO oxidation results. Experimental
conditions as in Fig. 1.

blocking of the active sites. They suggest that interaction of
silica with water results in a mobile species that migrates to the
palladium particle surface and hence covers the active Pd site.
Although the catalysts used in this present study were supported
on alumina, silica is a common contaminant in catalyst
supports. Therefore, it can be postulated that the water caused
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©
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Fig. 7. Comparison of NO oxidation turnover rates (TOR) before and after
exposure to 5% H,O on Pt/K/Al,O5. The Pt surface area after exposure to 5%
H,O s about 1.4 times lower as indicated by CO oxidation results. Experimental
conditions as in Fig. 1.
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the migration of silica or some other impurity from the support
to the active Pt sites and resulted in the deactivation seen in this
NO oxidation study. Zhu et al. [50] also concluded that silica is
not a good support for reactions where water is present based on
the catalyst deactivation they observed. Silica has been found to
be a better support than alumina for both NO oxidation
[19,24,39] and HC-SCR [51,52], but in the absence of water. It
would, therefore, be interesting to study the support effects on
these reactions in the presence of water, especially since water
is inevitable in the engine exhaust.

4. Conclusions

The kinetics of NO oxidation for a K-containing Pt/Al,O3
catalyst were investigated and compared to a conventional Pt/
Al,O5 catalyst. Similar to the Pt/Al,Oj; catalyst, the forward rate
of NO, production on the Pt/K/Al,O5 catalyst was nearly first
order with respect to both NO and O, concentrations and negative
first order with respect to the NO, concentration. However, a
lower apparent activation energy was observed for the Pt/K/
AlL,Oj5 catalyst (60 kJ mol ") compared to the Pt/Al,O5 catalyst
(82 kJ mol™1). The turnover rate was also higher on the Pt/K/
Al,O; catalyst. This promotional effect of K on Pt was only by a
factor of about 2 at 300 °C and it may be attributed to the
enhanced rate of O, adsorption on the Pt/K/Al,O; surface which
we suggested as the rate determining step in the kinetic model
proposed for NO oxidation. The effect of H,O, one of the primary
exhaust gas components, on NO oxidation on both Pt/K/Al,O3
and Pt/Al,O; was also investigated. The presence of water vapor
in the feed caused an initial and irreversible decrease in the active
Pt surface area and a corresponding loss in NO conversion, but no
change in the TOR or reaction kinetics, for both Pt/K/Al,O3 and
Pt/Al,O5 catalysts. The blocking of the Pt sites caused possibly
by the migration of impurities from the support is believed to be
the cause of this poisoning by water.
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