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The reduction of NO by CO was studied over a Pt/SiO, catalyst at 300°C. Reaction rate
data were obtained together with ¢n situ infrared spectra of species adsorbed on the catalyst
surface. The performance of the catalyst depended strongly on the ratio of CO/NQ in the
reactor. For net reducing conditions (CO/NO > 1) the catalyst deactivated with time. Mea-
surements of kinetics taken during a period of slow deactivation showed that the rate of NO
reduction was first order in NO and inverse second order in CO. Reactivation of the catalyst
was obtained with both oxidizing and reducing pretreatments. Under net oxidizing conditions
(CO/NO < 1) the catalyst was much more active than under reducing conditions and did not
deactivate. In situ infrared spectra showed bands corresponding to CO chemisorbed on Pt
and NCO and CN groups attached to the support as Si~-NCO and Si-CN, respectively. Both
the CO and NCO bands were more intense under reducing than oxidizing conditions. The
kinetics and product selectivities observed under reducing conditions were found to be in good
agreement with a mechanism based upon the dissociation of NO as the rate-limiting step.
This mechanism further assumes that N;O is formed by reaction of adsorbed NO with an
adsorbed nitrogen atom. It is proposed that the loss in catalyst activity is associated with a
change in the electronic properties of the supported Pt crystallites, caused by the accumulation
of large concentrations of NCO and CN groups on the support in areas adjacent to the

crystallites.

INTRODUCTION

The reduction of NO by CO over sup-
ported Pt catalysts has been investigated
(I-6) as part of the effort to find suitable
catalysts for abatement of automotive NO
emissions. While the activity of Pt relative
to other transition metals and the response
of the reduction rate to reaction conditions
have been established, there have been few
investigations of reaction mechanism and
kinetics. Based upon studies of the re-
actions between NO and CO coadsorbed
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on Pt (111) and (110) surfaces, Lambert
and Comrie (7) proposed that the dis-
sociation of NO is the rate-limiting step.
Nitrogen was shown to be formed by the
recombination of adsorbed nitrogen atoms
and N:O by the reaction of adsorbed NO
and adsorbed atomic nitrogen. The kinetics
of NO reduction by CO over a Pt/Si0,
catalyst were studied by Cant et al. (8).
The NO reaction rate was determined to
be approximately first order in NO partial
pressure and approached inverse first order
in CO partial pressure. The authors sug-
gested that these kinetics were consistent
with the mechanism proposed by Lambert
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and Comrie (7) and supported the idea
that N;O is formed via a Langmuir-
Hinshelwood mechanism.

Infrared investigations of the interactions
between NO and CO on Pt catalysts have
shown that an isocyanate species is formed
(9-16). While it was originally thought
that this species was present on the metal
surface, more recent studies clearly indi-
cate that it resides on the support (13-15).
A clear mechanistic role for the isocyanate
structure has not been established. How-
ever, Niiyama et al. (16) have observed
that the growth of an intense isocyanate
band parallels the deactivation of a Pt/
AlyOj; catalyst. The authors concluded that
the loss in activity was probably due to
a reduction in metal surface area caused
by the accumulation of Pt-NCO groups.

The present investigation was undertaken
to study the mechanism and kinetics of
NO reduction by CO over Pt further, with
particular emphasis being given to de-
termining the effects of gas composition
on the kinetics of NO reduction and
product composition. In situ infrared ob-
servations were used to identify adsorbed
molecular species on the catalyst surface.
Based upon this information it was possible
to establish more clearly the effects of
isocyanate species on catalyst activity.

EXPERIMENTAL METHODS

Apparatus. The apparatus used to ob-
tain the spectral and kinetic data reported
here has been described previously (I17).
The reactor is a heated infrared cell made
of 316 and 304 stainless steel. A catalyst
disk was held within the reactor so that
it was aligned with the sample beam of
the infrared spectrometer (Perkin—Elmer
457). A second disk, consisting of the
catalyst support, was held in the reference
beam. Using this technique it was possible
to subtract out the spectrum of the sup-
port and of species present in the gas
phase. To accommodate additional catalyst
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within the reactor, a circular catalyst
holder was located midway between the
two disks used for infrared investigations.
The bed of catalyst in the holder was
25 mm in diameter and 6 mm deep. The
catalyst was contained by Fiberglas cloth
stretched across the circular faces of the
bed. Calculations indicated that transport
into the bed was not diffusion limited
until a conversion substantially greater
than 999, was achieved.

Initial experiments revealed that the
walls and internals of the reactor had
sufficient catalytic aetivity to pose a prob-
lem. To minimize this, the surfaces ex-
posed to the hot reactants were coated
with a noncatalytic material by means of
the following procedure. The stainless-steel
surfaces were first cleaned and then nickel
plated to help smooth any surface rough-
ness. A 2000-A aluminum coating was
next applied by ion plating. To prevent
diffusion of this layer into the steel and
the outward diffusion of elements from the
steel, the aluminum coating was oxidized.
Next, a second 2000-A-thick coating was
applied over the oxide layer. Finally, the
reactor and internal parts were placed in
an air oven at 400°C for 200 hr to grow
a dense y-Al;O; crystalline film (18).

The alumina coating reduced the
background activity to a tolerable level
(viz. <109 of the catalyst activity).
However, with repeated use of the reactor
the effectiveness of the coating decreased.
To overcome this problem, the reactor
walls and the catalyst holder were coated
with a thin layer of Vacseal (Space En-
vironmental Labs), a silicone-based ma-
terial developed for the repair of leaks in
ultrahigh vacuum chambers. The Vacseal
provided a transparent coating which was
stable to repeated heating up to 350°C in
both oxidizing and reducing environments.
The coated reactor could be evacuated to
10—¢ Torr at 300°C and showed no evidence
of degassing. Properly cured, the Vacseal
coating reduced the background activity
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down to the level originally attained with
the freshly deposited alumina coating.

The reactor was connected to a gas
recycle loop containing two preheaters
upstream of the reactor and a forced air-
cooled coil downstream of the reactor.
To minimize background activity, both
the preheater and cooling coil were made
of aluminum tubing (alloy T6061). Gas
flow in the loop was provided by a 40 liter/
min stainless-steel bellows pump. Reactants
were continually fed into, and products
were withdrawn from, the recirculating
gases. With a nominal flow rate of 200 cm?/
min to the loop, a recycle ratio of 200:1
could be achieved, allowing the reactor to
be characterized as a CSTR.

Analysis of the products was accom-
plished using two gas chromatographs con-
nected in series. The first chromatograph
contained a 3-m-long 6-mm-o.d. column
packed with Porapak R, which was main-
tained at 100°C. This column separated
N20 and CO, but passed through NO,
CO, and N; as a single unresolved peak.
This peak was resolved in the second
chromatograph which contained a 3-m-
long 6-mm-o.d. column packed with 5-A
molecular sieves, which was maintained at
90°C. Valving between the two chromato-
graphs prevented the CO; and N,O eluted
from the first column from entering the
second.

Materials. A 4.59, Pt/8i0, catalyst was
prepared by platinum amine ion exchange
(19, 20). Two types of silica were used as
supports, Davidson 70 silica gel (—80
+ 150 mesh) and Cabot Hs-5 Cab-O-Sil.
The ion exchanged silica was freeze dried
and then reduced in fiowing hydrogen for
3 hr at 400°C. The Pt surface area of the
reduced catalyst was determined by H»
chemisorption. Monolayer coverage was
found to be 100 umole/g for the catalyst
supported on silica gel and 106 upmole/g
for the catalyst supported on Cab-0O-Sil,
corresponding to Pt dispersion of 91 and
909, respectively.
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Preliminary experiments revealed that
the catalyst activity and the infrared
spectra of adsorbed species were inde-
pendent of the type of support used but
that superior infrared samples could be
prepared using the Cab-O-Sil-supported
material. At the same time it was estab-
lished that the silica gel-supported material
could more easily be retained in the central
catalyst holder because of the larger par-
ticle size of the support (—80 + 150 mesh).
Accordingly, 1 g of the silica gel-supported
catalyst was placed in the central holder
and 160 mg of the Cab-O-Sil-supported
catalyst was pressed a 25-mm disk and
used for infrared observations.

Helium (99.9989%,) and H, (99.9999%,)
were used without further purification.
Nitric oxide (99.09%) was passed through
a dry ice-acetone trap to remove N0,
one of the major impurities. No attempt
was made to separate N, the other major
impurity, from NO. Carbon monoxide
(99.99%,) was passed through a molecular
seive trap cooled in a dry ice-acetone bath
to remove traces of iron carbonyls.

Ezxperimental procedure. The procedure
for each experiment was essentially the
same. The reactor was first heated to
300°C while purging it with flowing He.
Next, the catalyst was oxidized for 2 hr
at 300°C in a flow of 209, O, in He and
then reduced for 5 hr at 300°C in flowing H.
The reactor was then purged of H, with
a flow of He. At this point a premixed
feed of NO and CO in He was introduced
into the reactor. The product composi-
tion was then analyzed periodically, over
a 3-hr period. At the end of the experi-
ment the feed flow was discontinued and
the reactor was purged with He. Prior to
beginning a new experiment the catalyst
was again oxidized and reduced.

RESULTS
Kinetics

Reaction kinetics were investigated at
300°C over a range of NO and CO partial
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Fia. 1. NO conversion versus time for runs
made under reducing conditions.

pressures. At the outset of these studies
it was observed that the catalyst activity
and stability depended very strongly upon
the feed ratio of CO/NO. Correspondingly,
the results have been organized into two
groups, those taken with CO/NO ratios
greater than one, designated as reducing
conditions, and those taken with CO/NO
ratios less than one, designated as oxi-
dizing conditions.

The conversion of NO as a function of
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time is shown in Fig. 1 for runs made
under reducing conditions. For each feed
mixture the catalyst exhibits a loss in
activity with time. Both the initial NO
conversion and the extent of deactivation
depend upon the feed composition in a
similar fashion. The highest initial activity
and lowest degree of deactivation are
realized for low-feed concentrations of both
reactants and ratios of CO/NO close to
unity.

The loss in catalyst activity observed
at the end of a 3-hr run could be fully
restored by the standard oxidation/reduc-
tion pretreatment. To investigate the ori-
gins of the deactivation process further
a series of runs were made in which the
catalyst was first exposed to either oxi-
dizing or reducing conditions prior to
introduction of a feed mixture containing
109, CO and 59, NO. Preoxidation was
carried out for 5 hr at 300°C with a 59,
NO in He mixture, and prereduction was
carried out for 2 hr at 300°C in a 109,
CO in He mixture. The results of pre-
treatment with NO and CO are shown in
Fig. 2 and compared with the results for
a standard pretreatment. It is apparent
that initial exposure to either NO or CO
does not cause a substantial change in the
initial NO conversion or the subsequent
pattern of deaetivation. The observed
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Fia. 2. Effects of catalyst pretreatment on subsequent activity.
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spread in the data at intermediate times
is comparable to that noted in reproducing
runs for a given set of conditions. While
not shown in Fig. 2, it was also found
that the initial activity could be restored
by contacting the catalyst with either NO
or CO alone at the end of a run.

The catalyst selectivity for N.O forma-
tion is defined by Eq. (1) and is illustrated
as a function of time in Fig. 3.

(1)

For the conditions investigated, the N,O
selectivity ranged between 0.6 and 0.95
and increased by roughly 209, during the
course of a run.

The stoichiometric ratio of the nitrogen-
and carbon-containing products was also
determined. This quantity, designated as

Snyo = w0/ (rn, + T3.0).

R, is defined by

Bs = (rngo + 2rwy)/7co, 2

and is based upon the stoichiometries of
the reactions producing N,O and N, via
the reduction of NO by CO. If no ad-
ditional reactions oceur, R, should be
unity. The observation of R, values
greater or less than unity indicates the
occurrence of side reactions involving one
or both reactants.

The behavior of R, in the reducing
region is shown in Fig. 4 for two runs.
The data shown define the range of ob-
served R, values, with all other runs
having values falling in the region between
the two curves. In all cases R, is less
than unity, but for a given run the value
of R, rises slightly as the run proceeds.
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Fia. 4. B, versus time for runs made under reducing conditions.
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The lowest value of R, corresponds to the
highest feed ratios of CO/NO and con-
versely the highest value of R, corresponds
to CO/NO ratios close to unity.

The fact that R, is less than one indi-
cates that the production of CO. is in
excess of that required to stoichiometrically
balance the observed Ns and N,O. Figure 5
illustrates how the rate of excess CO,
production changes with time. Initially
the rate decreases sharply. This is followed
by a more gradual decrease over a more
extended period of time. Consistent with
the trends in R,, the highest rates of
excess CO, production are found for runs
made under highly reducing conditions.

The reaction kinetics under oxidizing

conditions are distinctly different from
those observed under reducing conditions.
The conversion, based upon CO, is always
very high, falling in the range of 0.95
to ~1.0. In contrast to the behavior ob-
served under reducing conditions, the cata-
lyst activity rises slightly and then remains
constant for an extended period of time
as shown in Fig. 6.

Nitrous oxide selectivities for four typi-
cal runs are shown in Fig. 7. The lowest
selectivities are found for runs in which
the CO/NO feed ratio is close to unity.
With increasing NO content in the feed
the N0 selectivity increases. It should be
recognized that because of the high CO
conversions, the actual ratio of CO/NO
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over the catalyst is much lower than that
in the feed.

A further contrast between catalyst be-
havior under oxidizing versus reducing
conditions, is shown in Fig. 8. The curve
of R, as a function of time is typical of
reaction in the presence of excess NO.
The value of R, is slightly greater than
unity and remains essentially constant
over the duration of the run.

Infrared Spectra

Typical double beam spectra taken
under reducing and oxidizing conditions
are shown in Fig. 9. Two strong bands
appear at 2075 and 2280 cm™ and a
weaker band is seen at 2190 ecm~. A single
beam spectrum of the catalyst disk shows

the same features but the 2280 cm~! band
is centered at 2320 em™, and a weaker
but well-defined band appears at 2350 cm™.
As is discussed below, the difference in
positions of the band near 2300 cm—!, when
observed in single and double beam modes,
is due to the presence of a comparable
band on the support. Thus, in the double
beam mode the spectrum recorded is the
difference between the spectra of the cata-
lyst and reference disks.

The band at 2075 em™' can readily be
assigned to CO chemisorbed on Pt (21, 22).
The two bands at 2350 and 2320 cm™ are
in good correspondence with absorbances
observed for isocyanate (NCO) groups on
the surface of silica attached as Si-NCO
(18, 14, 23, 24). Accordingly, the band ob-

T T I I T I

14— —
Feed Conc. (mole%)
NO CO

1.2 7.8 5.0 —

Rsl o H‘C ) O
08 =
0.6 _

| | | | | |

0 30 60 S0 120 1SO 180

Time, minutes

F16. 8. R versus time for a run made under oxidizing conditions.
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Fiec. 9. Representative infrared spectra: (a)
background; (b) T = 300°C, Pyo = 0.10 atm,
Peo = 0.05 atm; (c) T = 300°C, Pxo = 0.05 atm,
Pco = 0.10 atm.,

served at 2280 cm™! in the double beam
spectra is also assigned to Si-NCO. The
remaining band at 2190 cm™! is assigned
to cyanide (CN) groups present on the
silica surface as Si-CN (23, 24). The ab-
sence of bands in the region between 1760
and 1785 cm™!, either under reducing or
oxidizing conditions, suggests that coverage
of the surface by chemisorbed NO is very
small (22, 25).

Under reducing conditions the CO band
intensity achieved its final value imme-
diately upon the introduction of the re-
actants. The position of the band was
independent of gas composition, but the
absorbance varied between 0.3 and 0.4 as
the concentration of CO in the gas over
the catalyst varied from 2 to 89,. As a
point of reference it was established that
an absorbanee of 0.4 corresponded to
saturation coverage by CO at 300°C.

The formation and growth of the NCO
and CN bands were time dependent and
complex. On a fresh catalyst disk, most
of the NCO band growth took place during
the first 30 to 60 min of exposure to the
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reactants. Once formed, the NCO band
was very stable and could not be removed
by prolonged heating in He at 300°C or
by the standard pretreatment process.
Because of this stability, repeated runs
made under reducing conditions induced
additional band growth as shown in Fig. 10.
Notice that as the NCO band becomes
very intense, it appears to resolve into
two bands centered at 2300 and 2250 c¢m™1,
With repeated use and reactivation of the
catalyst, the NCO bands appear to attain
a maximum intensity but the CN band
grows continuously. Quite interestingly,
the growth of the NCO and CN bands
does not influence the position or intensity
of the CO band. This observation con-
trasts with that of Chang and Hegedus
(26) who observed an upscale shift of the
CO band frequency with the growth of NCO
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Fig. 10. Infrared spectra showing the effects of
reaction time and catalyst cycling: (a) background;
(b) T = 300°C, Pyo = 0.05 atm, Pco = 0.10 atm
spectrum after 30 min of reaction; (c) spectrum
after 150 min of reaction; (d) some spectrum as b
but taken in single beam mode; (e) spectrum
after 150 min of reaction following standard cata-
lyst pretreatment and recontacting with the feed
composition indicated for spectrum b; (f) spectrum
after 150 min of reaction following standard cata-
lyst pretreatment and recontacting with the feed
composition indicated for spectrum b.
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bands in studies conducted over a Pt/Al:O;
catalyst.

Interpretation of the changes in the
NCO band intensity seen in Fig. 10 is
complicated by the fact that a spectrum
of the silica disk used as a reference also
shows a strong NCO band. This suggests
that NCO species produced on the catalyst
disk are in some fashion transferred to the
reference disk through the gas phase. The
presence of NCO groups on the reference
disk explains why a single beam spectrum
of the catalyst disk shows only a single
band at 2320 e¢m™' which is much more
intense than that obtained in a single
beam spectrum taken with a reference
disk. It also suggests that the splitting
in the NCO band seen in Fig. 10 is an
artifact produced by taking the difference
of spectra of NCO groups present on the
catalyst and reference disks.

The NCO band is easily eliminated by
exposure of the catalyst to water vapor
(~209, relative humidity) at 25°C. This
process is illustrated in Fig. 11. It is
interesting to observe that the removal
of the NO band is accompanied by the
growth of the CN band. This suggests
that the CN species may result from NCO
hydrolysis. It is also observed that the
NCO species on the reference disk appears
to be more resistant to removal by water
at room temperature than that present on
the catalyst disk, as evidence by the ap-
pearance of an inverted band at 2300 cm™!
in spectrum d. Complete removal of all
bands was obtained by heating to 300°C
in He.

The infrared spectra taken under oxi-
dizing conditions showed bands at the
same frequencies as spectra recorded under
reducing conditions, but the band inten-
sities were in general smaller under oxi-
dizing conditions (see Fig. 9). The behavior
of the CO band was similar to that ob-
served in the reducing region, i.e., the
initial formation was very rapid and no
time dependent growth or frequency shifts
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were noted. The range of absorbance
varied from approximately 0.2 to 0.3, and
the smallest bands were seen when the
CO concentration was lowest and the NO
concentration was highest. The NCO band
grew with time during a run, in a manner
similar to that observed under reducing
conditions

DISCUSSION

- Kinetics

The observed trends in reaction rate
and product selectivity can be discussed
in terms of the following mechanism. Re-
actions 1 and 2 represent

1 CO + 8 = CO;

2 NO 4 8 = NO,

3. NOy 4+ 8 —= N, + O,

4 N:+ Ng— N; + 28

S5a. N+ NO, — N,O + 28
5b. N; 4+ NO—->N,0 4+ 8

6. CO+0,—-CO.+8

the reversible chemisorption of CO and NO,
respectively. The dissociation of NO is
taken to occur via molecularly adsorbed
NO as suggested by the work of Lambert
and Comrie (7) and Pirug and Bonzel (27).
Nitrogen formation is described by the
recombination of adsorbed nitrogen atoms.
Experimental evidence for this process has
been presented by Wilf and Dawson (28)
and Schwaha and Bechtold (29), as well as
the previously mentioned authors (7, 27).
Low-pressure studies by Lambert and
Comrie (7) and Pirug and Bonzel (27)
have also indicated that N,O is formed by
reaction 5a. The inclusion of reaction 5b
is based upon the theoretical work of
Weinberg and Merrill (30), which suggests
that at moderate NO partial pressures
reaction 5b should be favored over reac-
tion 5a. The final step, reaction 6 describes
the removal of adsorbed oxygen from the
surface. Preference for this process over
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Fie. 11. Effects of water vapor on the NCO
and CN bands: (a) spectrum prior to exposure to
water vapor; (b) 30 min after introduction of
6 X 107 atm H,O in He at 25°C; (¢) 60 min
after introduction of HyO/He mixture; (d) 240 min
after introduction of H.O/He mixture; (e) after
heating in He at 306°C for 120 min.

a Langmuir—Hinshelwood process involving
adsorbed CO is indicated by the experi-
mental results of Bonzel and Ku (31).

It should be noted that while reactions 1
through 6 provide a complete mechanism
for NO reduction, no account is taken of
the formation and destruction of NCO
groups. This is intentional and can be
justified on the basis of the following
reasoning. As will be discussed below, the
rate of NO consumption associated with
the formation of NCO group is never
greater than 109, and usually less than
59, of the total NO consumption. Fur-
thermore, the surface coverage of Pt by
NCO groups is negligible and, hence, does

LORIMER AND BELL

not affect the availability of sites for
either NO or CO adsorption.

Under reducing conditions, it is assumed
that the reduction of NO.is rate limited
by the dissociation of chemisorbed NO.
The rate of NO disappearance can then
be expressed as

ksK+Pyo
(1 + KyPco + K2Pxo)?

(3)

NO

where k; and K; represent the rate coeffi-
cient and equilibrium constant for reac-
tion ¢, respectively. In deriving Eq. (3),
it is assumed that surface coverage by
atomic species is considerably less than
by molecular species. Since the infrared
observations presented here indicate that
CO chemisorbs strongly and in preference
to NO, we can assume that the second
term in the denominator of Eq. (1) is
dominant. By this means Eq. (3) reduces to

rvo = kPxo/Pcoo? (4)
where k = k;K»/ K,

A plot of ryo versus Pnxo/Pco? is shown
in Fig. 12. The data points, representing
the rate of reaction 60 min into a run,
are seen to scatter around a straight line
passing through the origin. From the slope
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2 Bl
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Fia. 12. Correlation of NO reduction rate with
Pyo/Pco? for reducing conditions.
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of the best fitting straight line, the value
of ks found to be 5.63 molecules-atm/Pt
site-sec. The average deviation of the data
from the predicted rate is =17%,. A simi-
lar analysis for data taken 180 min into
a run gives a value of k, 769, smaller
than that obtained at 60 min. In this case,
the average deviation is +159,. One pos-
sible cause for the significant scatter ob-
served in Fig. 12 is the influence of catalyst
deactivation. By choosing data for a fixed
reaction time it is implicitly assumed that
the extent of deactivation is identical for dif-
ferent feed compositions. However, this
assumption is not strictly valid.

To determine whether the proposed
mechanism might deseribe the observed
trends in N,O selectivity with gas com-
position, 1t is necessary to first obtain an
expression for rx,/rn,0. Assuming that re-
action Ha controls the formation of N0,
rN/TNy0 18 given by the following
expression :

TNQ/TNQO

1 dlsks  \?
Aleem) ]
2 k5a2K2PNO

Equation (5) is then substituted into
Kq. (1), which upon rearrangement gives

4kaks

2/8wo — )2 — 1 =
o e

PNO_I. (6)

A plot of the left-hand side of Eq. (6)
versus the reciprocal of Pyo is shown in
Fig. 13. With the exception of a single
point, the data fall along a straight line.
On the other hand, if reaction 5b is taken
as the primary path to N,O, then Eq. (7)
expresses the expected relationship be-
tween N,O selectivity and gas composi-
tion. A plot of the left-hand side

PNO[(2/SN20 — 1)2 — 1]_%
kb

= ——— (1 + K,P 7
4]64]63K2( ! CO) (
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of Eq. (7) versus Pco does not correlate
the data along a straight line. Based on
this analysis, it is concluded that reac-
tion 5a provides a more satisfactory de-
seription of N;O formation than reaction
5b, in agreement with the work of Cant
et al. (8).

The kinetics obtained under oxidizing
conditions cannot be interpreted properly
because of the very high CO conversions
achieved in this case. Nevertheless, it is
possible to infer some qualitative dif-
ferences between the mechanism operative
under reducing and oxidizing conditions.
To begin with, we observe that because
of the high CO conversion under oxidizing
conditions the partial pressure of CO in
the reactor is small relative to that in the
feed. Consistent with this, infrared spectra
of the catalyst show that the Pt surface
is no longer dominated by adsorbed CO.
Since chemisorbed NO is not evident under
oxidizing condition, it suggests that the
balance of the surface is populated by
nitrogen and oxygen atoms. In view of
this, one would expect that the rate-
limiting process now becomes the removal
of these adsorbed atomic species. When
the ratio CO/NO in the feed is only
slightly less than unity it is not clear
whether the removal of nitrogen or oxygen
is rate limiting. However, when the ratio
becomes significantly less than one, it
seems reasonable to expect that the re-
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TABLE 1
Accumulation of NCO Groups

Feed conen Integ. excess  Moles NCO/
(mole%,) CO; (umole) mole surface Pt

NO CO

5.1 6.3 248 0.95

2.5 3.5 264 1.0

2.2 5.0 497 1.9

5.2 10.0 707 2.7

5.0 9.0 1280 4.9

moval of atomic oxygen by reaction 6
becomes rate limiting.

As was shown in Fig. 8, the N,O selec-
tivity is essentially zero for a CO/NO
ratio near unity and rises sharply as the
CO/NO ratio decreases. This trend is
consistent with the hypothesis that N,O
is formed via the reaction of NO with
adsorbed nitrogen atoms. However, whether
N0 formation occurs through reaction 5a
or 5b, cannot be deduced in this case.

Catalyst Stability

It will be recalled that under reducing
conditions the catalyst exhibits a decline
in NO reduection activity as well as in the
production of CO, in excess of that re-
quired to balance the nitrogen-containing
products. Concurrently, infrared spectra of
the catalyst show the appearance of a
strong NCO band and a weaker CN band,
the growth of which does not affect the
intensity of the CO band. Furthermore,
the initial catalyst activity can be restored
by either reductive or oxidative pretreat-
ments and neither pretreatment affects the
subsequent patterns of activity loss or
growth of infrared bands. By contrast,
under oxidizing conditions the catalyst
does not deactivate, no excess CO, is
formed, and the NCO band is weaker than
under reducing conditions. The question
now to be addressed is whether these
observations provide a basis for explaining
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catalyst stability as a function of gas
composition.

We begin by considering the connection
between the formation of excess CO; and
the accumulation of NCO groups on the
silica support. The work of Voorhoeve
et al. (32, 33) and Solymosi et al. (I3, 14)
clearly demonstrates that NCO is formed
on the surface of the Pt crystallites. The
nascent NCO groups do not appear to
remain on the Pt surface but migrate
rapidly to the support where they are
stabilized as Si-NCO. This conclusion is
supported by the observation that the
position of the NCO band is in good
agreement with the frequency for Si-NCO
produced by decomposition of HCN (24),
CzNz (24), and CszNCO (23) on SiOz,
and the fact that the NCO band position
is virtually the same when NCO groups
are produced by reaction of NO and CO
over silica-supported Pt and Rh (14).

The oxygen atom associated with the
nitrogen atom, which ultimately is stabi-
lized as Si-NCO, reacts with CO to form
CO,, leading to the overall stoichiometry
represented by reaction 7.

7. 8i4 NO + 2C0O — 8i-NCO + CO.

This reaction represents an additional
pathway for CO, production and explains
why the rate of CO, production under
reducing conditions exceeds that required
to stoichiometrically balance the formation
of N2 and N,0. Based upon the data given
in Figs. 1 and 5, it can be shown that
not more than 109 and usually less than
59, of the total NO consumed is diverted
to the formation of NCO groups. The
amount of Si-NCO accumulated after
180 min of catalyst operation was esti-
mated by integrating under the curves of
excess CO, production versus time (Fig. 5).
The results are listed in Table 1 and show
that the accumulated NCO is equivalent
to between one and five monolayers of Pt.
These figures are comparable to those
obtained by Solymosi et al. (12) in studies



REDUCTION OF NO BY CO

of NCO formation over Pt/Al,O;. The
fact that the NCO coverage can greatly
exceed one Pt monolayer and the fact
that NCO accumulation does not affect
the intensity of the CO band associated
with Pt—CO, further support the idea that
NCO resides primarily on the support.

To accommodate the significant quanti-
ties of NCO observed on the support, the
NCO groups must migrate from a Pt
crystallite to fill in an area roughly two
to three crystallite diameters in size (i.e.,
30 to 50 A). The mechanism of migration
is not understood but may involve inter-
action with hydroxyl groups on the silica
surface in a manner suggested by reac-
tion 8.

.. N
8. -8i-NCO + -Si-OH=
/

N /
—Si-0-Si- + HNCO.

The generation of HNCO and its transport
through the vapor phase could also ex-
plain the means by which NCO groups
appear on the reference disk. While the
forward direction of reaction 8 has not
been reported, the reverse reaction has
been used to produce NCO groups on
silica (14) and is analogous to the de-
composition of C:H;NCO (23).

The appearance of a Si-CN band in the
spectra of the catalyst is puzzling and
cannot be explained easily. Such groups
were observed by Eley et al. (24) when
C,H;NCO was decomposed on silica and
were ascribed to the thermal decomposi-
tion of Si-NCO. It is possible that a simi-
lar mechanism is operative in the present
case as well.

The close correlation between catalyst
deactivation and the production of excess
CO, suggests that the formation of NCO
groups and their migration onto the sup-
port could be responsible for the loss in
catalytic activity. Such an effect might
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result from the formation of electro-
negative patches on the support due to
the accumulation of Si-NCO and Si-CN
groups in the immediate vicinity of each
Pt crystallite. In view of the very small
size of the Pt crystallites (~14 A) and
their intimate contact with the support,
a change in the local electronegativity of
the support could result in a slight transfer
of electronic charge from the metal crys-
tallites to the support. A similar effect
has been observed when metal particles
are supported on oxides of differing elec-
tronegativity (21, 34). As a consequence
of charge transfer to the support, the
availability of Pt valence electrons for
interaction with an adsorbate should be
reduced. Such an effect would be expected
to inhibit the dissociation of NO, since
this process is facilitated by the transfer
of charge into the antibonding #* orbital
of NO, and hence the rate of NO reduc-
tion. Since the formation of NCO groups
also depends upon NO dissociation, a re-
duction in the dissociation rate should
cause a reduction in the rate of NCO
formation as well.

The proposed deactivation mechanism
could also explain why deactivation was
observed under reducing conditions, but
not under oxidizing conditions. In the
presence of excess NO the reduction rate
was very rapid, leading to a very low
partial pressure of CO over the catalyst
surface. Such conditions would reduce the
formation NCO groups (11), and hence
explain the less intense NCO bands ob-
served under oxidizing conditions (see
Fig. 10). Because of the reduced rate of
their formation NCO groups could migrate
away from the Pt crystallites before large
accumulations of Si-NCO could occur in
the areas immediately adjacent to the
crystallites. The net result would be to
allow the catalyst activity to remain at
its initial level. If on the other hand the
accumulation of NCO species were to
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become much larger, one would expect
deactivation to occur even under oxidizing
conditions. While this was not observed
in the present studies, it was noted by
Niiyama ef al. (16) who carried out their
investigation of NO reduction using CO/
NO ratios of 0.33 to 0.67.

It should be noted that if the deactiva-
tion mechanism outlined above is correct,
then the extent of charge transfer from
the Pt crystallites to the support must be
small. If it were not, then one would
expect to see an upscale shift in the posi-
tion of CO band due to a weakening in
the Pt-C bond (21, 84). The absence of
an observable shift in the CO band posi-
tion during the course of reaction may
imply that the extent of charge transfer
is sufficient to cause a change in the case
of NO dissociation but not so large as to
cause a change in the bonding of chemi-
sorbed CO.

An alternative mechanism of deactiva-
tion involving NCO groups was proposed
by Niiyama et al. (16). In their studies,
using a Pt/Al,O; catalyst, they observed
a simultaneous reduction in NO conversion
and the growth of an NCO band at
2250 cm™'. The authors associated the
appearance of the NCO band with the
accumulation of NCO on the Pt surface
and, hence, with a loss in active surface
area. This interpretation, however, does
not, seem plausible and is inconsistent
with several observations made in this
investigation. To begin with the band
observed at 2250 ecm™' is very likely not
due to Pt-NCO but rather to AI-NCO,
as would be indicated by the work of
Solymosi and Bénsagi (14), Dalla Betta
and Shelef (15), and Guillet et al. (35).
Second, one would expect that if the Pt
surface was to be covered by a significant
concentration of NCO groups then this
would reflect itself on the availability of
sites for CO adsorption. Failure to see a
decline in the CO band intensity with
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increasing NCO coverage suggests that a
deactivation mechanism involving simply
a loss in surface area is probably not valid.

Two additional deactivation mechanisms
were also considered. The first is that the
Pt becomes deactivated by gradual oxida-
tion. Such a mechanism was proposed by
Katzer (36) to explain the decline in
activity of a Pt/Al,O; catalyst used to
reduce NO with NH;. Stable Pt—-O species
have been reported by several investigators
(37-39) and are known to inhibit the dis-
sociation of NO (27, 40). However, the
fact that extensive preoxidation of the
catalyst with NO did not influence the
initial catalyst activity nor its pattern of
deactivation (see Fig. 2), and the fact
that the catalyst could be reactivated by
oxidative pretreatment, make it highly
unlikely that deactivation is caused by ad-
sorbed oxygen.

Carbon formation on the surface of Pt
was also examined as a possible cause
for deactivation. This mechanism was
prompted by the observation of Iwasawa
et al. (41) that CO dissociation could occur
at coordinately unsaturated sites on a Pt
surface. Here again, though, the experi-
mental data do not support the hypothesis.
As was shown in Fig. 2 pretreatment of
the catalyst in CO does not alter either
the initial catalyst activity or the sub-
sequent pattern of deactivation.

In summary, then, we believe that the
interpretation of deactivation most con-
sistent with all observations is the first
one proposed, namely, that the catalytic
properties of Pt crystallites are altered by
the accumulation of large concentrations
of NCO and CN groups on the support
surface immediately adjacent to the crys-
tallites. The recovery of activity after
exposure of the catalyst to either an
oxidizing or reducing atmosphere is also
consistent with such a model of deactiva-
tion. In the absence of reaction, the
production of NCO groups ceases and
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those groups already present on the sup-
port can migrate away from the vicinity
of the Pt crystallites. While the total
accumulation of NCO groups, and hence
the NCO band intensity, does not change,
the concentration of NCO groups adjacent
to Pt ecrystallites decreases, thereby
restoring the original catalyst activity.

Finally, we note that the NCO groups
present on the silica support are readily
removed by reaction with H,O. The ulti-
mate products of this process are very
likely NH; and COs; (42). While the
mechanism of hydrolysis is not understood
it is possible that CN groups are produced
as intermediates, inasmuch as the growth
of the CN band is observed during hy-
drolysis at 25°C (see Fig. 11).
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