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The steady-state kinetics of the reduction of nitrogen dioxide (NO,) with carbon monoxide (CO)
on a polycrystalline platinum foil have been investigated using reactant pressures between 1 x 10 7
and 5 X 107° Torr. At temperatures less than 400 K, the primary products formed are carbon
dioxide (CO,) and nitric oxide (NO). The CO, formation rate at temperatures less than 400 K is at
least an order of magnitude greater for this reaction than for those of either CO + O, or CO + NO
under similar reaction conditions. The reaction rate is first-order in CO pressure when Pco/Pno, <
0.25 and first-order in NO, pressure when Pco/Pyg, > 1. The activation energy when Pco/Pro, =
0.10 is 7.2 kcal mole~! which is consistent with the activation energy for CO + O, under similar
conditions. However, when Pco/Pno, = 1.5, the activation energy is only 4.3 kcal mole~!. This
value is 29 kcal mole™! lower than the activation energy for CO + O, at low temperatures when
the reaction is first-order in the oxidant. Consistent reaction mechanisms for both regimes are
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INTRODUCTION

The catalytic reduction of nitrogen diox-
ide (NO;) by carbon monoxide (CO),

NO, + CO — CO; + NO, (N

is being studied as a part of an effort to
understand the reactions of nitrogen oxides
(NO,) on transition metal surfaces. These
are interesting chemical systems and are
important in several commerical applica-
tions. One application that currently is hav-
ing a substantial impact in the fields of at-
mospheric and analytical chemistry results
from the extremely sensitive chemilumines-
cence detection of NO. This has led to the
development of techniques utilizing reac-
tion (1) that allow quantitative determina-
tions of trace (ppb) levels of NO; (I, 2) and
CO (3-5). Additionally, federal laws which
have emphasized reducing NO, and CO
emissions from automobile exhausts have
generated an increased interest in the de-
velopment of exhaust catalysts which effec-
tively promote the reaction between NO,
and CO to produce CO, and N, (6).
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Reaction (1) is interesting from a funda-
mental point of view because more than
one possible Langmuir-Hinshelwood
mechanistic pathway exists. The reaction
may occur via a dissociative NO, mecha-
nism:

NOyg — NOg + O (2-1)
NOw — NOg 2-2)
COg) — COq (2-3)
COgq) + O = COyy (2-4)

A bimolecular reaction between coad-
sorbed NO; and CO is also possible:

NOz(g) i NOz(a) (3-1)
COg — COq (3-2)
COq + NOy, — COz(g) + NO(g) (3-3)

Recent investigations of the adsorption
of NO, on Pt(111) (7, 8) and Pt foil (9) show
that NO, decomposes readily at elevated
temperatures to produce NOg, and O, and
that NOg, has a significant desorption rate
at 350 K. These studies suggest that Eq. (2)
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may be a significant reaction pathway. In
this case, step (2-4), which may be rate lim-
iting, is identical to the rate-determining
step, Eq. (4-3), in the reaction between CO
and O;:

COq) — COp 4-1)
z Oz = O (4-2)
CO(a) + O(a) —> COz(g) (4-3)

Therefore, the kinetics of NO, reduction
may be similar to those observed for the CO
+ O, reaction if Eq. (2) represents a signifi-
cant pathway. One additional complication
that Eq. (2) contains is the possible inhibi-
tion of the reaction by the NO product.
Chemisorption studies (7-9) also report a
reversibly adsorbed, molecular NO, state at
low temperatures that may have a sufficient
lifetime at reaction temperatures to be cata-
lytically important. This suggests that the
bimolecular mechanism, Eq. (3), may also
contribute to the overall reaction rate.
Although the catalytic oxidation of CO
with O, (10-16) and NO (17-20) has been
studied extensively, no kinetic data for the

reaction of CO with NO, on well-defined

metal surfaces have been recorded. One
early report which used a barium-promoted
copper chromite catalyst is available (21),
but changes in the chemical nature of the
catalyst made it difficult to separate Kinetic
effects from changes in the catalyst activity
or changes in reactant concentrations.

The objective of this investigation was to
establish the kinetics of NO, reduction by
CO over a clean platinum surface. We com-
bined this information with previous de-
tailed studies of NO, adsorption and de-
sorption on Pt surfaces along with reported
data for the oxidation of CO by O; and NO
over Pt catalysts in order to gain insight
into the reaction mechanism.

METHODS

The apparatus used to carry out the
steady-state kinetic measurements is simi-
lar to that described previously by Golchet
and White (10, 22). The 1.3-liter chamber
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was maintained at a base pressure of 5 X
10~° Torr with a 60 liter s~! ion pump at-
tached to the chamber through a 1-in. gold
seal valve that mechanically limited the
pumping speed to a constant value. The to-
tal pressure of the system was monitored
by a nude, Bayard-Alpert-type ionization
gauge. Reactant and product partial pres-
sures were measured with a Dycor quadru-
pole mass spectrometer, that was cali-
brated against the ton gauge taking into
account the relative gauge sensitivities. The
gauge sensitivity for NO, (Sno,/Sn,) was
calculated to be 0.17 based on tabulated
ionization cross sections (23).

The polycrystalline platinum  foil
(99.998%, 1.48 cm X 1.51 cm X 0.1 mm)
sample was suspended between two 3.2-
mm tantalum support rods using 0.25-mm
tantalum wire leads, that were spot-welded
to both the support rods and the sample
foil. The Pt sample was out of line-of-sight
with any filaments in the chamber. The
sample was resistively heated and the sam-
ple temperature was monitored with a
Chromel-Alumel thermocouple, which was
spot-welded to the center of the sample. An
optical pyrometer was used to determine
that no significant temperature variations
(<30 K) existed on the foil when the sam-
ple was heated to temperatures exceeding
1000 K.

Research grade carbon monoxide
(99.99% purity), electronic grade oxygen
(99.998% purity), and reagent grade carbon
dioxide (99.99% purity) supplied by Scien-
tific Gas Products were used without fur-
ther purification. Nitric oxide (Scientific
Gas Products, C.P. grade, 99%) was puri-
fied by passing it through a silica gel trap
cooled in a methanol/dry ice bath. High-
purity NO, was prepared in our laboratory
(7). Gases were introduced into the cham-
ber from a high-pressure manifold through
variable leak valves.

The platinum foil was pretreated by heat-
ing to 1050 K in 2 x 107¢ Torr O, for 15 h,
followed by treatment at 1150 K in 2 x 1076
Torr NO; for 4 h. In addition, the sample
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was. cleaned for approximately 30 min in
2 X 107 Torr NO; at 1150 K prior to each
day’s experiments. CO tliermal desorption
(TPD) was used to verify that the surface
was free from contamination. After the
above treatment, the CO TPD profile
agreed well with those obtained by Winter-
bottom (24) and Collins and Spicer (25).
The saturation coverage of CO at 300 K of
4 x 10" molecules cm™2 as measured by
TPD is also in good agreement with pre-
vious studies (24).

The rate of reaction (1) was assumed to
be directly proportional to CO; pressure de-
termined from the mass spectrometer signal
at 44 amu. This relation would not hold if
NO which is a product molecule in reaction
(1) also reacts with CO to form N, and CO,
as

NO + CO— CO; + 3 N, &)

Independent determination of the rate of re-
action (5) by monitoring N, (28 amu) was
not possible in our experiments because of
the presence of CO (28 amu). However,
Klein et al. (19) have derived an expression
for the rate of reaction (5) on a platinum
surface. Their model predicts that at the
CO and NO; pressures studied here, the
CO, production from reaction (5) would be
significant only at temperatures in excess of
400 K. Our experiments verified this pre-
diction. An additional interference may
result from the formation of N,O which has
the same molecular weight as CO,. Klein ef
al. (19) also have shown that the formation
of this product on a platinum surface is a
minor reaction for our conditions. There-
fore, in this investigation, kinetic measure-
ments were limited to temperatures less
than 400 K, and as a result the CO, pressure
above background is due only to reaction
(1.

In all steady-state experiments, the de-
sired conditions were set, the reaction was
allowed to come to steady-state (usually
less than 5 min), and the CO; pressure was
obtained from the mass spectrometer. The
background CO, pressure was determined
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by replacing the platinum foil with a 1.5-cm?
sample of tantalum foil and then determin-
ing the CO, partial pressures corresponding
to each reaction condition. During the
background determinations, the rate of CO,
formation was independent of the tempera-
ture of the tantalum foil, and therefore, no
significant CO, production is attributed to
this surface. Thus, in the steady-state ex-
periments, The CO, background is due to
wall or filament reactions rather than due to
the sample support wires.

The CO steady-state coverage was ob-
tained by allowing the reaction to reach
steady state at the desired CO pressure
(e.g., for Pyo, = 5 x 107¢ Torr, T = 350 K)
and then rapidly closing the CO leak valve
while monitoring the CO, pressure. After
approximately 10 s, the sample temperature
was increased to 500 K and held there until
no further CO, evolution was observed (no
CO desorption was observed during the
temperature ramp). The amount of CO,
evolved during this procedure was calcu-
lated by integrating the CO, pressure versus
time profile. The CO steady-state surface
coverage can be calculated by assuming
that all CO, was produced from the oxida-
tion of adsorbed CO.

RESULTS

In Fig. 1, we show the total CO, produc-
tion from NO, reduction over Pt at temper-
atures between 273 and 750 K. The CO,
formation rate as turnover frequency (TOF)
[molecules CO, (Pt atom)~! s~!] and the 30
amu mass spectrometer signal (NO includ-
ing, however, a significant contribution
from NO, cracking) are plotted as functions
of temperature for Pcg = 1.5 X 107% Torr
and Pno, = 1.0 X 107® Torr. The CO, peak
beginning at 450 K corresponds to the onset
of CO, production from the CO + NO reac-
tion, Eq. (5), as predicted by the model of
Klein et al. (19). We also independently
measured the rate for the NO + CO reac-
tion and our studies agreed well with this
model. The overall reaction rate decreases
with increasing temperature above 600 K,
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F1G. 1. CO, formation rate and mass 30 intensity for
temperatures between 273 and 750 K at a CO pressure
of 1.5 X 107¢ Torr and an NO, pressure of 1.0 x 10-6
Torr.

indicating a negative apparent activation
energy in this temperature range.

Figure 1 also shows that the NO signal
intensity parallels the CO, formation rate
below 450 K but is opposite to the CO, for-
mation rate above 450 K. This further con-
firms that the CO; formation is from reac-
tion (1), in which NO is a product below 450
K. Only at temperatures exceeding 450 K
does the rate of reaction (5), in which NO is
a reactant, become significant.

Figure 2 shows a plot of reaction rate at
350 K versus CO pressure at a constant
NO, pressure of 5 X 107% Torr. A linear
regression analysis of the points up to a CO
pressure of 9 x 1077 Torr gives a slope of
0.94, which indicates that the reaction is
first-order in CO pressure under these con-
ditions. The rate constant is 6.7 X 10*3 mol-
ecules CO, (Pt atom)~! s~! (Torr CO)~! for
this regime. When the CO pressure exceeds
1.3 x 10~ Torr, the rate decreases showing
that the reaction rate is inhibited by CO
when Pco/Pyo, exceeds 0.25. Golchet and
White (10) found for the reaction between
0, + CO over platinum that the reaction
rate was first-order in Pco when Peo/Po, <
1, but that the rate was not inhibited by CO
until Pco/Po, > 1. Finally, a small jump in
the rate is observed at Pco = 9 x 1077 Torr,
Pco/Pno, = 0.18. When the experiment was
repeated going from high to low CO pres-
sures (opposite of the procedure used for
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Fi1G. 2. CO, formation rate as a function of CO pres-
sure at a fixed NO, pressure of 5 X 10-¢ Torr at 350 K.

Fig. 2), similar results were obtained. A
possible explanation for this will be pre-
sented later.

In Fig. 3, the reaction rate at 350 K is
plotted against NO, pressure at a constant
CO pressure of 1.5 x 107% Torr. A linear
regression analysis of the points up to an
NO; pressure of 1.7 X 107% Torr yields a
slope of 1.08. These results show that the
reaction is first-order in NO, pressure un-
der the conditions that the NO, pressure is
less than or equal to the CO pressure. The
rate constant for this regime is 4.4 x 10*3
molecules CO, (Pt atom)~! s=! (Torr
NOy) =1, The reaction rate is weakly depen-
dent upon NO, pressure as Pyo,/Pco ex-
ceeds 1 and as the ratio approaches 3, the
reaction rate may be inhibited by larger
NO, pressure although the effect is not as
severe as was observed with CO.

The apparent activation energy of the re-
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F1G6. 3. CO, formation rate as a function of NO,
pressure at a fixed CO pressure of 1.5 x 107¢ Torr at
350 K.



CATALYTIC REDUCTION OF NITROGEN DIOXIDE

T(K)
350 300 270

N

[ [FCO/PNO,
010 o
016 o
0.50 w

a

-3
1 L
0 P CO/PNO,
088 a

1.5 A

CO, FORMATION RATE (TOF)

-4
10

34 36 38
1T (K) x 1000

L n L
26 28 30 32

F16G. 4. Arrhenius plots for the following conditions:
(top panel) Pco/Pno, = 0.10 (Pco = 5.0 x 1077 Torr,
PN02 =5.0x 10-¢ Torr); PC()/PNOZ = (.16 (PCO =8.0 x
1077 Torr, PNO; = 5.0 x 1076 Torr); PCQ/PNOZ = 0.50
(Pco = 2.0 X 107® Torr, Png, = 4.0 X 107¢ Torr);
(bottom panel) Pco/Pno, = 0.88 (Pco = 1.5 x 1076
Torr, PN()2 = 1.7 X 107® Torr); PCO/PNOz = 1.5 (Pco =
1.5 x 107¢ Torr, Pno, = 1.0 X 107* Torr).

action was determined for Pco/Pno, values
ranging from 0.10 to 1.5. The Arrhenius
plots for Pco/Pno, = 0.10, 0.16, and 0.50 are
shown in the upper panel of Fig. 4. The
slopes of these lines yield apparent activa-
tion energies of 7.2, 8.4, and 14 kcal mole ™',
respectively. These results agree well with
those of Golchet and White (/0) who ob-
tained a value of 7.2 kcal mole™! for Pco/Po,
= ().2 over the temperature range of 450 to
530 K.

The Arrhenius plots for Pco/Pno, = 0.88
and 1.5 are shown in the lower panel of Fig.
4. The slopes of these lines yield activation
energies of 4.5 kcal mole™! for Pco/Pno, =
0.88 and 4.3 kcal mole ! for Pco/Pno, = 1.5.
These results are quite different from the
values reported for the platinum catalyzed
CO + O, reaction under similar conditions.
For Pco/Po, = 1, Golchet (26) reports a
value of 15 kcal mole~!, and at Pco/Po, = S,
White and Golchet (22) report a value of 33
kcal mole~!. Thus, it can be concluded that
at temperatures less than 450 K, the oxida-
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tion of CO with NO, has a significantly
lower activation energy than the oxidation
of CO with O, when the reaction is first-
order in the oxidant.

The maximum rate in Fig. 4 at 350 K of
5 x 1073 molecules CO, (Pt atom)~! s~! was
compared directly in our laboratory to the
CO, formation rates for both the O, + CO
and the NO + CO reactions at similar CO
and oxidant pressures. At 350 K, reaction
rates for both O, + CO and NO + CO were
below our minimum detectable CO, forma-
tion rate of 2 X 1074 molecules CO, (Pt
atom)~! s7!. These results show that when
NO; is used to oxidize CO over platinum
foil, the CO, formation rate is at least an
order of magnitude greater than that when
either NO or O, is used as the oxidant at
350 K.

The data in Fig. 4 are summarized in Fig.
5 where the apparent activation energies
are plotted versus the value of Pco/Pno,.
This figure shows that as Pco/Pno, in-
creases from 0.10 to 0.50 the activation en-
ergy increases from 7.2 to 14 kcal mole™!.
When Pco/Pno, = 0.88, the activation en-
ergy has declined to 4.5 kcal mole™! and
does not change significantly when Pco/
PN()2 = 1.5.

In Fig. 6, the steady-state, fraction CO
coverage is plotted against CO pressure at a
constant NO, pressure of 5 X 107¢ Torr and
a sample temperature of 350 K. The CO
coverage is based on a saturation value of
4 x 10" molecules cm~2, This figure shows

273K <T<350K

on & ® @ O N b
T TS T T T

APPARENT ACTIVATION ENERGY
(KCAL/MOLE)

0 1.0 2.0
P(CO)/P(NO ;)

FiG. 5. Apparent activation energy as a function of
Pco/Pno, at reaction temperatures between 273 and
400 K.



212

CO FRACTIONAL COVERAGE
4X10™ mol cm™

10%
CO PARTIAL PRESSURE (TORR)

FiG. 6. Fractional CO coverage under steady-state
reaction conditions as a function of CO pressure at a
fixed NO, pressure of 5 x 10-¢ Torr at 350 K.

that the CO coverage increases as the CO
pressure increases for Pco < 3 X 107% Torr
and is near the saturation value when Pcg =
3 X 1076 Torr. The CO coverage increases
rapidly above Pco = 2 X 107% Torr, Pco/
Pno, = 0.4, where the reaction order is neg-
ative with respect to CO pressure. This
result is in good agreement with the results
of Golchet and White (10) for the CO + O,
reaction and also qualitatively agrees with a
model for the CO + O, reaction proposed
by Herz and Marin (27). Finally, a step or
relatively flat portion of the curve is present
(reproducibly) beginning at Pco = 9 X 1077
Torr, which corresponds to the CO pres-
sure at which the jump in reaction rate was
observed in Fig. 2. A possible explanation
for both of these features will be presented
later.

DISCUSSION

The discussion of these results is sepa-
rated into two sections according to the ra-
tio of Pco/Pno,. The first section includes
conditions where the Pco/Pyo, = 0.50 and
the second section includes conditions
where Pco/PN()2 > 0.50.

1. Kinetic Studies for Pco/Pno, = 0.50

NO, has been shown to decompose to
NOg) and O, on clean Pt(111) (7) and on
clean polycrystalline Pt surfaces (9) at tem-
peratures above 170 K. Since NO desorbs
readily from clean (111) and polycrystalline
Pt surfaces at 350 K (7, 9) and oxygen does
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not desorb at an appreciable rate at this
temperature, oxygen atoms are concen-
trated on the platinum surface when ex-
posed to NO, at 350 K. Therefore, the reac-
tion between NO, and CO under excess
NO, conditions may occur via the dissocia-
tive mechanism shown in Eq. (2) and show
kinetics similar to those observed for the
CO + O, reaction under equivalent reactant
pressures. This suggestion is supported by
the activation energy obtained in this study
of 7.2 kcal mole™! for Pco/Pno, = 0.10
which agrees well with the results of Gol-
chet and White (10) for CO + O, under sim-
ilar conditions.

The change in activation energy as a
function of the Pco/Pyo, ratio can also be
used to evaluate the proposed dissociative
mechanism. As shown in Fig. 5, the activa-
tion energy increases from 7.2 to 14 kcal
mole™! as Pco/Pno, is varied from 0.10 to
0.50. Figure 6 shows that the CO coverage
increases significantly over this Pco/Pno,
range, and it is probable that the NO; or
oxygen coverage (from NO, dissociation)
decreases at the same time. The effects of
adsorbed oxygen on the apparent activation
energy of the CO + O, reaction on Pt(111)
have been addressed by Campbell et al.
(12). They suggest that increasing the oxy-
gen coverage lowers the energy released
upon adsorption for O, and CO which, in
turn, decreases the activation energy of re-
action. According to this model, the activa-
tion energy should increase with decreasing
oxygen coverage or increasing Pco/Pno,-
This suggestion is consistent with the
results presented in Fig. 5 for Pco/Pyo, =
0.50 and supports the proposed dissociative
mechanism as the dominant pathway in this
pressure regime.

In summary, the steady-state kinetic data
for the catalytic reduction of NO, with CO
obtained when Pco/Pno, = 0.50 are similar
to the data reported for the oxidation of CO
with O, when the reaction is first-order in
CO pressure (10). These results when com-
bined with an understanding of the chemi-
cal nature of NO, adsorption on Pt surfaces
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(7, 9) suggest that when Pco/Pno, = 0.50,
the dominant NO, reduction pathway is the
dissociative mechanism shown in Eq. (2).

2. Kinetic Studies for Pco/Pno, > 0.50

The activation energy for the reaction be-
tween NO, and CO when Pco/Pno, > 0.50
was found to be less than 5 kcal mole™!. For
the CO + O, reaction at temperatures less
than 500 K, the apparent activation energy
is 33 kcal mole™! when the reaction was
first-order in O, pressure (/0). It has been
suggested for these conditions that the rate
is limited by O, adsorption, which is inhib-
ited by adsorbed CO molecules (/1) and
that the rate increase at high temperatures
is a reflection of higher O, adsorption rates
due to the thermal desorption of CO. Thus,
the apparent activation energy of the reac-
tion is the activation energy for CO desorp-
tion. The activation energy for CO desorp-
tion from a polycrystalline platinum surface
is reported to be 25 to 32 kcal mole~! (25), a
range which is consistent with the apparent
activation energy observed for the CO + O,
reaction, but which is much higher than the
activation energy reported here for the CO
+ NO, reaction. In addition, Fig. 1 shows
that the CO, formation rate is relatively
constant between 350 and 450 K, where the
CO desorption rate is significant (24).
These results show that for these condi-
tions the reaction rate is not determined by
NO, adsorption. This is not surprising,
since the initial sticking coefficient for NO,
is 0.9 at this temperature (28) and is not
strongly affected by coverages less than 0.5
ML. By contrast, the initial sticking coeffi-
cient for O, is 0.05 and decreases rapidly
with coverage (29).

In the absence of O, adsorption and dis-
sociation limitations, the activation energy
(Epp) for the coadsorbed CO + O surface
reaction on Pt(111) has been measured at 24
kcal mole™! when ®g is low (12). Our
results for the apparent activation energy of
the CO + NO; reaction under similar condi-
tions are approximately 19 kcal mole™!
lower than this value. Two possible expla-
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nations may account for this interesting ob-
servation.

First, the measured activation energy
may not be a true measure of the activation
energy for the surface reaction step. If the
reaction is carried out under conditions in
which the equilibrium concentration of the
first-order reactant decreases as tempera-
ture is increased, the measured activation
energy is given by

Eapp = ELH - Ed, (6)

where E,; is the apparent activation energy
measured experimentally, Er g is the true
activation energy of the surface reaction,
and E, is the activation energy of desorp-
tion for the first-order reactant, in our case
NO, (II). Although TPD studies have
shown that NO; has a significant desorption
rate at high coverages in this temperature
range (7, 9), the initial dissociative sticking
coefficient for NO, only decreases from
0.96 to 0.92 on Pt(111) as the surface tem-
perature is increased from 300 to 400 K
(28). In addition, TPD studies have shown
that oxygen atoms do not desorb from plati-
num at these temperatures (30) and that
NOg, and O, do not combined to form NO,
(7, 9). Thus the coverage of oxygen atoms
should not vary significantly with tempera-
ture under these reaction conditions, and
therefore, Eq. (6) should not apply.

An alternative explanation for the low ac-
tivation energy is that the dominant mecha-
nistic pathway changes from Eq. (2) at Pco/
Prno, < 0.50 to a different pathway at
Pco/Pno, > 0.50. This change in mechanism
may be the result of the high CO coverage
which is present under these conditions as
shown in Fig. 6. Coadsorbed oxygen has
been shown to inhibit the dissociation of
NO, on both Pt(111) and polycrystalline
surfaces (8, 9) and adsorbed CO may have a
similar effect. Thus, if NO, initially adsorbs
onto a mostly CO-covered surface in an N-
bonded nitro configuration as it does on an
oxygen-covered Pt(111) surface (8), the
coadsorbed CO molecules may inhibit the
dissociation of NO, and effectively pro-
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FiG. 7. Schematic diagram showing a possible bi-
molecular reaction between coadsorbed CO and NO,
as shown in Eq. (3-3).

mote the bimolecular reaction between
coadsorbed NO; and CO, Eq. (3-3), as
shown in Fig. 7.

If the reactive sticking coefficient for
NO, is assumed to remain relatively con-
stant with temperature, as was the case for
the dissociative sticking coefficient, then
E.pp = Ery and the activation energy of Eq.
(3-3) is equal to 4.3 kcal mole~!. This un-
usually low activation energy can be under-
stood by comparing the strength of the
bond which is broken in the transition state
of this mechanism, the O-NO bond of ad-
sorbed NO,, to the strength of the bond
broken in the transition state in Eq. (2-4),
the O-Pt bond. The strength of the O-NO
bond in the gas phase is 73 kcal mole~! (31).
We can estimate that this bond is further
weakened upon adsorption by 20 kcal
mole~! (32) giving an O—-NO bond energy in
an N-bonded, adsorbed NO, molecule of
approximately 53 kcal mole~!. In contrast,
the strength of the O-Pt bond which is bro-
ken in the transition state of Egs. (2-4) or
(4-3) is 83 kcal mole~! (30). This difference
in bond strengths of 30 kcal mole~! suggests
that the activation energy for Eq. (3-3)
could be significantly less than the value of
24 kcal mole~! observed for Eq. (4-3) and
may approach zero, which is consistent
with our results. Additionally, the proposed
mechanistic change may be the cause of the
jump in the reaction rate seen in Fig. 2 at
Pco =9 x 1077 Torr that also causes the flat
portion of the CO steady-state coverage in
Fig. 6 between Pco = 9 X 1077 and 1.5 X
1076 Torr.

In Fig. 8, a potential energy diagram of
the reaction between NO, and CO when
Pco/Pno, = 1.5 is compared to that for the

WICKHAM AND KOEL

reaction between O, and CO at low Og.
The potential energy scale was derived
from heats of formation data. Heats of for-
mation of the adsorbed species were calcu-
lated by subtracting the heat of adsorption
from the heat of formation of the gas-phase
species. Adsorption energies were calcu-
lated using the activation energies of de-
sorption for each species adsorbed on Pt
surfaces: 10 kcal mole™! for NO, (9), 48
kcal mole~! for O, (30), 25 kcal mole-! for
CO (25), 31 kcal mole™! for NO (9), and 5
kcal mole~! for CO, (33). Where multiple
desorption states exist, the state most
closely matching this steady-state condition
was used. This figure shows that although
the overall CO + NO; reaction is less exo-
thermic than the CO + O, reaction by 14
kcal mole™!, the surface CO + NO, reac-
tion (adsorbed reactants going to adsorbed
products) is more exothermic by approxi-
mately 30 kcal mole~! than the surface CO
+ O, reaction. This large difference is due
to the exothermicity associated with the
formation of a stable adsorbed NO species.

In summary, the activation energy ob-
tained in the steady-state kinetic analysis
for conditions where Pco/Pno, > 0.50 is ap-
proximately 19 kcal mole~! less than the
value obtained for the CO + O, reaction
under similar conditions. We propose that
under these conditions the reaction does
not occur according to the dissociative

Eqa(3) Eq (4)
°F
CO(Q) + NOz(g)

-2
COq) + 12 Oy

-S40 Transition Transition

State

COyg)+ NOyg)
-80

POTENTIAL ENERGY (kcal/mols)
3
z
Kel
B
T+
o}
0
8

CQ)* O
2

o0 [ NOga) + CO, @) COyqq)

REACTION COORDINATE

FiG. 8. Potential energy diagram comparing the bi-
molecular reaction between CO and NO; to the reac-
tion between CO + § O,.
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mechanism shown in Eq. (2), but occurs via
the bimolecular pathway between coad-
sorbed NO, and CO shown in Eq. (3). Fur-
thermore, we show how to account for the
low (4.3 kcal mole™') activation energy for
the bimolecular surface reaction.

CONCLUSIONS

Conditions have been identified under
which the catalytic reduction of NO, with
CO to form NO and CO,, reaction (1), can
be studied without interference from NO
reduction, reaction (4). Steady-state Kinetic
measurements of reaction (1) have been
made under these conditions. The reaction
is first-order in CO pressure when Pco/Pno,
< 0.25 at 350 K. When Pco/Pno, > 0.25 the
reaction order becomes negative with re-
spect to CO pressure. By contrast, the re-
action is first-order in NO, pressure up to
Pno,/Pco = 1.0. The CO, formation rate at
350 K is at least an order of magnitude
greater than that for either O, + CO or NO
+ CO under similar conditions.

As Pco/Pno, increases from 0.10 to 0.50,
the apparent activation rises from 7.2 to 14
kcal mole~! which is consistent with a dis-
sociative mechanism shown in Eq. (2).
When Pco/Pno, exceeds 0.50, the CO cov-
erage approaches its saturation value of
0.25 ML and the apparent activation energy
is very low, 4.3 kcal mole™!. This is not
consistent with the mechanism shown in
Eq. (2), and we suggest that, under these
conditions, the bimolecular mechanism
shown in Eq. (3) predominates.
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