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Infrared studies of adsorbed nitric oxide (NO) on cobalt-silica catalyst were carried out.
Two species were found, with N-O stretching frequencies at 1790 and 1850 cm™!, respec-
tively. The former arose from strongly chemisorbed species and was the intermediate
species in the reaction between NO and reduced surface.

Bases such as NH;, NH,CH;, NH(CH3), and N(CH3); resulted in a lowering of the N-O
stretching frequencies of preadsorbed NO, and thus a weakening of the N-O bond. On the
other hand, HCI shifted the bands to higher frequencies and also facilitated desorption.
These effects were explained on the basis of a change in the electron density of metal-N-O
molecular orbitals when the second gases were admitted.

INTRODUCTION

There have been many investigations of
the ir spectra of adsorbed NO (/-6). Two
or more kinds of species have often been
found on the surface of transition metals
and their oxides. However, little attention
has been paid to the relationship between
adsorbed species and reaction. The
present study was conducted to find out
the adsorbed species which is the interme-
diate in the catalytic reduction of NO.

Recently special attention has been fo-
cused on the catalytic reduction of NO in
exhaust gas with Hy,, CO or NH;. The
system contains O, as well as NO and the
reducing agent. Thus the behavior of ad-
sorbed NO when these gases are admitted
was worth investigating. In addition to
this, the effects of these gases on pread-
sorbed NO provides useful information to-
wards a better understanding of the
bonding nature of adsorbed NO (2). The
effects of acids or bases were also studied
in this work, because of their ability to
donate or accept electrons upon adsorp-
tion.

The effects of CO, H, or O, have
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already been studied by several authors
(1,4,7), but not in a context where the elec-
tronic influence of these gases is of pri-
mary concern.

EXPERIMENTAL METHODS

The catalyst for ir studies was prepared
by impregnating Aerosil with aqueous co-
balt nitrate, followed by calcination at
650°C for 3 hr. The atomic ratio of Co/Si
was 5/95. The catalyst for TPD studies
was prepared by the same method except
that silica was obtained from Snowtex O
(colloidal silica, supplied from Nissan
Chem. Co.).

Infrared studies were made using a con-
ventional cell, attachable to an adequate
vacuum and gas handling system. Standard
pretreatment conditions were consisted of
reduction with 400 mm Hg of hydrogen at
300°C for 1 hr, and evacuation under 1075
mm Hg at 300°C for 1 hr. After these
treatments, the system was cooled to room
temperature and adsorption and ir mea-
surements were made.

Temperature programmed desorption
(TPD) studies were carried out as follows.
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Weighed catalyst was placed in an adsorp-
tion vessel and was prereduced in stream
of hydrogen at 300°C for 1 hr. Helium was
then passed through the vessel at the same
temperature for 1 hr to avoid traces of
hydrogen. Adsorption of NO was carried
out at room temperature for 14 hr. Helium
was passed again for 1 hr to eliminate
gaseous or physically adsorbed NO. Then
the temperature of the vessel was raised at
a rate of 7-8°C/min in stream of helium.
Effluent gas was periodically sampled by
gas chromatography. Helium used here
was purified by passing through a column
of molecular sieve 13X cooled with liquid
nitrogen.

NO (Matheson Chem. Co.), H,, O,
(Suzuki Shokan) and CO (Takachiho
Shoji) were obtained from commercial cyl-
inders. NO and CO were introduced to the
gas handling system through a KOH-
packed column which was maintained at
—76°C. NO was further purified by several
freeze-pump-melt cycles before use. H,
was introduced through a molecular sieve
13X-packed column cooled with liquid ni-
trogen. O, was used without further purifi-
cation. The amount of impurities in the
gases were beyond detection of gas chro-
matographic analysis. Amines, NHj, and
HCI were obtained from aqueous solution
(Wako Junyaku, special grade). Water was
eliminated by vacuum distillation.

RESULTS

1. NO Adsorption on Partially
Reduced Catalyst

Infrared spectra of adsorbed NO were
only found when the catalyst was prere-
duced. The development of bands is
shown in Fig. 1. Two bands were found at
1790 cm ! (band A) and 1850 cm™! (band
B) in addition to a band at 1876 cm™! due
to gaseous NO. The maxima shifted
slightly to higher frequency as the adsorp-
tion proceeded. However, the shift is not
too clear because of the strong background
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Fig. 1. Infrared spectra of adsorbed NO on

Co-Si0,. (----) Background spectrum; (—-) 10 min
after the admission of NO, (—:) 1 hr after; (—--) 14
hr after; (—) 5 days after.

spectrum due to the catalyst. The band B
quickly saturated within 5 min, while the
band A developed very slowly for 5 days.

Figure 2 shows the effect of evacuation.
Evacuation at room temperature produced
little change in either band. Band B com-
pletely disappeared after pumping at
100°C, while Band A still remained. Thus
the lower frequency band (band A) should
be attributed to strongly chemisorbed
species (species A).

A new band around 2200 cm ' devel-
oped when the catalyst was heated at
300°C for several minutes in the presence
of NO. The new band showed R- and P-
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FiG. 2. Infrared spectra after evacuation. (—)
Background spectrum and after pumping at 200°C for
1 hr; (----) after pumping at room temperature for 1

hr; (—) after pumping at 100°C for 1 hr.
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F1G. 3. Infrared spectra after heating at 300°C in
NO atmosphere. (---) Before heating; (--) after
heating; (—) after several heating-pumping cycles.

branches and its position was completely
the same as that of gaseous N,O. These
features are shown in Fig. 3. The forma-
tion of N,O was also confirmed from gas
chromatographic analysis. The formation
of N, was also confirmed; however, O,
was not found. The band disappeared after
pumping for 1 min at room temperature.
Thus the band around 2200 cm™! was at-
tributed to gaseous N,O. It should be em-
phasized that N,O was not adsorbed on
the catalyst.

After several cycles of evacuation-NO
admission-heating, the formation of N,O
was hardly found. Band A also disap-
peared while band B still remained after
these cycles.

TPD profiles are given in Fig. 4. Two
peaks around 100°C (peak B) and 200°C
(peak A) were found. The desorbed gas
was analyzed and the contribution of NO
to the total recorder response is shown by
the dotted line. Peak B mainly consisted of
NO while N,O and N, also contributed to
peak A. The ratio of N,O/N, was as high
as 7.8 at 140°C and 6.4 at 200°C. The high
selectivity for N,O is a characteristic fea-
ture in the catalytic reduction of NO with
hydrogen over Co-Al,O; (11).

Only peak B was found in the TPD
profile for the ‘“used” catalyst, where
“used” catalyst is the one heated at 300°C
for 1 hr in the atmosphere of NO. Since
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Fic. 4. TPD profiles of NO adsorbed on ““fresh”
(1) and “used” (2) catalyst. (—) Total recorder
response; (----) contribution of NO to the total
recorder response; (O—) ratio of N,O/N, in the prod-
ucts.

neither N,O nor N, was found in the ef-
fluent gas, the dotted line was superim-
posed on the solid line.

2. The Effects of Basic and
Acidic Substances on
Preadsorbed NO

A typical example of the effects of
amines on preadsorbed NO is given in
Fig. 5. A considerable shift to lower
frequencies is observed, together with
broadening of the bands. All the observed
bands are attributable either to NO or to
amines and evidence for direct bonding of
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FiG. 5. The effects of added amines on adsorbed
NO. (-+-) Before the admission of amine; (—) after
the admission of amine.
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F1G. 6. The relation between the shift of N-O
stretching bands and the ionization potential of added
amines.

NO with amines is hardly found. The shift
of band A was always larger than that
of band B. The effects of other amines
were more or less similar to that shown in
Fig. 5.

The shift is plotted in Fig. 6 against the
ionization potentials (IP) of the added
amines (8), which is an index of electron
donating ability. The shift was larger when
amines having smaller IP and thus larger
electron donating ability was admitted. It
should be noted that no better correlation
was observed when the shift was plotted
against pK, of the added amines (9) (4.2
for N(CH,),, 3.23 for NH(CH,)., 3.36 for
NH.(CH;) and 4.75 for NHj;). Since these
values were measured in aqueous solution,
not only the electronic factor but also sol-
vation effects contribute to the pK, value
(9). Thus the pK, is not the appropriate
parameter in the gas phase reaction.

The effects of a typical Brgnsted acid,
HCI, on preadsorbed NO are given in Fig.
7. Contrary to the effects of amines, HCI
brought a shift of the N-O stretching to
higher frequency. The shift was +15 cm™!
for band A and 5-10 cm! for band B. Both
bands gradually decreased on pumping at
room temperature, in contrast to the
behavior described above (Fig. 2) when no
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FiG. 7. The effects of added HCI on adsorbed NO.
(----) Background spectrum; (—) after the adsorption
of NO with subsequent pumping; (—-) in the pres-
ence of HCl (—-) after pumping for | hr at room
temperature, (—-+-) after pumping for additional 4 hr.

second gas was present. This indicates that
the adsorbed acid facilitates desorption.

The possibility that the admitted HCI
reacts with the catalyst making irreversible
changes, e.g., 2HCI + Co — CoCl, + H,,
should now be discussed. A very broad
H-CI stretching band was also found when
HCI was admitted. The band disappeared
after pumping at 100°C for 3 hr. Readsorp-
tion of NO gave spectra that were the
same in their position but weaker in their
intensities. The weakening indicated that
some of the adsorbed NO reacted with the
surface. The findings of the nondissociated
H-CI bond and the reproducibility of the
position of the N-O stretching band
showed that the admitted HCI was not the
reactant but the adsorbent, because CoCl,
is considered to be stable at 100°C.

A typical Lewis acid, BBr;, also raised
the frequency of the N-O band. However,
Br, was liberated when BBr; was con-
tacted with the catalyst. In this case,
boron-containing species might be depos-
ited on the catalyst and so the phenomena
were too complicated to state definitely.

3. NO Adsorption on an Amine-
Preadsorbed Catalyst

The ir spectra of NO adsorbed on amine
preadsorbed catalyst are shown in Fig. 8.
The largest shift was observed at the initial
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Fic. 8. The development of the bands for adsorbed
NO on NH(CHj), preadsorbed catalyst. (----) Before
the admission of NO; (—) 10 min after the admis-
sion; (—-+) 1 hr after; (—-) 15 hr after.

stage and then the shift decreased as the
adsorption proceeded. This phenomenon
was described suggestively in Sect. 1,
where no amine-preadsorption was done.
In that case the effect was ambiguous be-
cause of the strong background spectrum
due to the catalyst. The effect was more
pronounced on the amine preadsorbed cat-
alyst.

4. The Effects of Other Gases;
H,, CO and O,

The effects of H,, CO and O, adsorption
on preadsorbed NO are summarized in
Table 1, together with those of amines and
HCL. The experimental conditions were

slightly different one to another, e.g., the
shift to lower frequency upon the admis-
sion of H, was found when the system was
heated at 200°C. In spite of this, however,
we can find a general tendency from Table
1. That is, H,, CO and NH; which are
commonly used as a reducing agent in
NO, conversion showed similar effects.
On the contrary, the behavior of O, was
quite different but similar to that of HCI.

DISCUSSION
1. Mode of Adsorbed NO

The sites available for the adsorption of
NO are reduced (partially or completely)
cobalt atoms because, (a) ir bands of ad-
sorbed species were found only when the
catalyst was prereduced with H,, and (b)
adsorbed CO which was commonly as-
signed to the “metal-bonded CO” was re-
placed by NO giving rise to the band A
and B. Notwithstanding the interpretation
of Poling and Eischens (5) the bonding of
NO to surface oxygen atom would be
insignificant in this case.

The possible modes of bonding to the
surface cobalt atom are; (a) linear type
through the nitrogen end, i.e., Co-N-0O,
(b) bent type through the nitrogen end, i.e.,

(o}
Co——N/ ,

TABLE 1
THE EFFECTS OF SECOND GAS ADSORPTION ON IR SPECTRA AND
DESORPTION PHENOMENA OF ADSORBED NO

Shift of N-O Desorption
Gases stretch. freq. phenomena of NO Electron transfer

Bases

(amines) Lower wavenumber Donate
Acids

(HCI1, BBry) Higher wavenumber Easily desorbed Accept
H,* Lower wavenumber Donate
0, — Very easily desorbed Accept
CO Lower wavenumber® Donate (?)

« The shift was observed when the system was heated at 200°C.

¢ Adsorbed NO was very easily replaced by O, and so the shift was hardly determined.

¢ Very small.



IR AND TPD OF ADSORBED NO

(c) bridge type through the nitrogenend, i.e.,

and (d) side-on type, i.e.,

N
Co-- .
(o]

The possibility of adsorption through the
oxygen end is omitted, because it is highly
improbable when the electronic structure
of NO is taken into consideration.

As the bridge type bonding has been
rarely reported in the inorganic chemistry
of NO-metal complexes, little attention
has been paid to this possibility (4). Re-
cently bridge typed nitrosyl complexes
were observed; however, N-O stretching
for these complexes was found in a far
lower region than in our observation (/0).

The side-on adsorption is considered to
take place through the donation of 7* elec-
tron to the metal. This brings the N-O
stretching frequency to a higher value
when adsorption take place. Terenin and
coworkers assigned the band around 2000
cm™! to species of this kind (/-3). Further-
more, the adsorption of this kind is weak
enough that the gas is desorbed by
pumping at room temperature (/,2). These
features are not consistent with our find-
ings.

The N-O stretching of the bent type is
found in a lower frequency region than
that of the linear type.

With this background in mind, it seems
probable that the band A is due to bent
NO and the band B to lincar NO if the two
bands correspond to two different modes
of adsorption. However, as was pointed
out by Blyholder and Allen (4), it is also
probable that one mode of adsorption
gives rise to two different bands. Ac-
cording to their view, band A is due to NO
adsorbed on a corner or edge of a crys-
tallite and band B is due to NO adsorbed
on a plane. Their modes of adsorption may
be the same. Further discussion is omitted
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because of lack of evidence. What we
would like to emphasize here is that both
bands arise from one molecule of NO
bonded to one metal atom.

2. Reactive Species in
the Reduction of NO

Several schemes have been proposed for
the catalytic reduction of NO (2,6,11-13).
These may be tentatively divided into two
types. One is through redox cycles of cata-
lysts, that is, the reduced surface is ox-
idized by NO to give N,O and/or N, and
then the oxidized surface is reduced again
by H, or CO (/1,13). The other is through
direct interaction of NO with H, or CO on
the surface (6,12). In the latter schemes,
HNO or NCO are assumed as intermedi-
ate species.

As was shown in Fig. 3, NO gave N,O
at 300°C in the presence of reduced sur-
face; however, no O, was found in the gas
phase. This indicates that the reaction was
not the catalytic one (NO — N, + O,,
NO — N,0 + Q,) but the stoichiometric
one with the surface. The reduction of the
oxidized surface also proceeded at 300°C
in the presence of H;. The redox cycle is
thus completed and this scheme is the
probable one for the catalytic reduction of
NO. The reactive species herein discussed
is the intermediate in the redox scheme. It
should be emphasized, however, that this
does not exclude the possibility of direct
interaction schemes when NO and re-
ducing agents coexist (/1).

The results in Fig. 3 clearly showed that
species A is the intermediate in the reac-
tion of NO with the reduced surface and
that species B plays a role of secondary
importance. This is because the species A
disappeared when the catalyst lost its
activity to give N,O while the species B
still remained. TPD profiles for the
“fresh” and “‘used” catalyst also support
this view if it is reasonably supposed that
the peaks A and B in TPD correspond to
the bands A and B in ir spectra, respec-
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tively. Our observations are summarized
by saying that the species having the lower
N-O stretching frequency (smaller force
constant for N-O bond) is the strongly
chemisorbed species and is the reactive
one.

3. Molecular Orbital View
of Adsorbed NO

Since the similarity of adsorbed NO to
adsorbed CO has been frequently stated, it
is reasonable to refer to numerous studies
devoted to CO chemisorption on metals,
which were comprehensively reviewed by
Little (). MO calculations of adsorbed
CO were done by Blyholder (/4) and ex-
tended to adsorbed NO (4). The calcula-
tions were based on a simple Hiickel
approximation; however, the view satisfac-
tory explained the behavior of adsorbed
CO and NO. The MO of the lowest en-
ergy for the M—-N-O system is bonding to
both M-N and N-O. The MO of second
lowest energy is bonding to M-N while
antibonding to N-Q. Since the second MO
is the highest occupied orbital, it plays a
significant role in adsorption and reaction.
The finding that the strongly chemisorbed
species is the reactive one is satisfactory
explained on this view because, in the first
approximation, the reactivity is related to
the strength of the N-O bond and the ad-
sorption phenomenon is related to the
strength of the M-N bond.

When second gases are adsorbed, they
increase or decrease the electron density
of the catalyst according to their acidic or
basic nature. Thus the electron density of
the second MO is also strongly dependent
on the nature of coexisting gases. The
shifts of the ir bands and the change in the
desorption phenomena when second gases
were admitted are explained as follows.
For instance, consider the effects of acid.
Acid adsorption results in a decrease of
electron density of the catalyst. The popu-
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lation of the second MO also decreases.
Consequently the force constant of M-N
decreases (the strength of adsorption de-
creases) and that of N-O increases (ir
bands shift to higher frequency).

Electrons which have been present in
the metallic bonds are localized in
M-N-0 molecular orbitals as the adsorp-
tion proceeds. The shift is largest in the
initial stage and then gradually decreases
(cf. Fig. 8).

Relation of this work with the catalytic
removal of NO should be briefly dis-
cussed. It is considered that the reductive
removal of NO promises more fruitful re-
sults than does oxidative removal, because
reducing agents, e.g., H,, CO and NHj,,
promote adsorption and activation of NO
while O, retards them. The addition of
promoters of electron donating ability will
improve the catalytic activity.
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