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Observations of the interactions of NO with CO and Hz on a silica-supported Ru cat,alyst 
have been performed using infrared spectroscopy. The formation of an isocyanate species was 
found when NO reacted with preadsorbed CO. When NO and CO interacted with the surface 
simultaneously, N20 and CO2 were formed in addition to the isocyanate species. Mechanisms 
for the formation of the isocyanate structure, NzO, and CO, are proposed and discussed. Results 
of the interaction of NO with hydrogen (as D$ showed that adsorbed NO reacted with D, to 
produce species containing N-D and O-D bonds. 

1NTROI)UCTION 

The surface chemistry involved in the 
reactions of NO with CO and Hz over Ru 
is of interest because of its bearing on the 
performance of Ru as catalyst for the 
reduction of NO. In an infrared study of 
the interaction of NO with CO on alumina- 
supported noble metal catalysts Unland 
(1-S) observed the formation of an iso- 
cyanate specks. The intensity of the 
isocyanate band was found to be correlated 
n-it#h the known ammonia-forming tend- 
encies of noble metal catalysts. For Ru 
both the isocyanate band intensity and 
the selectivity toward producing ammonia 
were smaller than on Rh, Pd, Ir, or Pt. 
These observations led to the suggestion 
that the isocyanate species might act as an 
intermediate in the formation of ammonia. 
More recently, Brown and Gonzalez (4) 
reported studies of the adsorption and 
interaction of CO and NO on reduced and 
oxidized Ru supported on silica. They 

1 Permanent address : Institute of Catalysis, 
Novosibirsk, USSR. 

observed a band at 2180 cm-l which they 
assigned to an isocyanate structure of the 
form Rus+-NC06-. ,4 mechanism for the 
formation of the isocyanate group was 
proposed in which adsorbed NO reacts with 
two molecules of adsorbed CO. To date, 
no reports have been published concerning 
the interactions of NO with Hz. 

In a previous study (5) we reported 
spectra for NO and CO adsorbed on a 
silica-supported Ru catalyst. A summary 
of the bands observed and their assignment 
to surface structures is given in Table 1. 
Both the mode and strength of adsorption 
were found to differ significantly depending 
upon the extent of oxidation of the Ru 
surface. 

The present study was undertaken to 
develop a further understanding of the 
interaction between NO and CO and to 
obtain initial observations concerning the 
irkraction between NO and Hz. Special 
attention was devoted to identifying the 
role of different forms of adsorbed NO and 
CO in forming the isocyanatn structuw. 

Copyright 0 1977 by Academic l’ress, Inc. 
911 rights of reproduction in any form reserved. 
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TABLE 1 

Assignment of Infrared Bands for Adsorbed NO and CO 

State of Ru surface Adsorbate Y (cm-l) Structure 

Partially oxidized N140 
N’50 

Partially or fully 
oxidized 

N140 1860-1875 
N150 1825-1840 

Reduced or partially 
oxidized 

C’20 2030-2040 
C’Q 1980-1990 

Partially or fully 
oxidized 

CFO 2070-2080, 2130-2140 
cY30 2020-2030, 2080-2090 

1810-1815 
1780-1785 

0+ 

p 02- 
-Ru-R:-h+- 

0 
oz- N +oz- 
/ \ I/ \ 

-+Ru-Ru’Ru+- 

0 
C 

-Fill- 

Oc co -\R: +- 
Experiments were also performed to deter- 
mine the thermal and chemical stability of 
the isocyanate structure. 

EXPERIMENTAL 

A 4y0 Ru on silica catalyst was prepared 
by impregnation from an aqueous solution 
of RuC13.3Hz0. Details of catalyst prep- 
aration and reduction technique may be 
found in Ref. (5). For the infrared studies, 
about 100 mg of the reduced catalyst was 
pressed into a disk 29 mm in diameter 
using a pressure of 6000 psi. 

The infrared cell and spectrometer used 
for this work have also been described 
previously (5). All of the spectra reported 
here were obtained at room temperature 
over the range of 3500 to 1300 cm-‘. To 
compensate for the infrared absorption of 
the silica support a catalyst disk was 
placed in the reference beam of the 
spectrometer. 

Before each experiment the catalyst disk 
was pretreated in the infrared cell by 
heating in vacuum (lop5 to lop6 Torr), 
reducing with H,, and then further heating 

under vacuum. Pretreatment temperatures 
of 300 and 500°C were used and each phase 
of the pretreatment procedure lasted 2 h. 
In the present experiments no noticeable 
effect of pretreatment temperature was 
observed. 

Rl&SULTS AND DISCUSSION 

Reactions of NO with CO 

The interaction of CO with adsorbed NO 
was studied as a function of the procedure 
used for NO adsorption. Spectrum 1 in Fig. 
1 shows two bands at 1860 and 1815 cm-l, 
characteristics of NO adsorbed on an 
oxidized Ru surface, following NO adsorp- 
tion at 25°C and subsequent evacuation 
of the gas at the same temperature. Intro- 
duction of CO results in the complete 
attenuation of the band at 1815 cm-l and 
partial attenuation of the band at 1860 
cm-‘. Concurrently, two bands appear at 
2140 and 2080 cm-l, associated with CO 
adsorbed on an oxidized Ru surface. 

Reaction of adsorbed NO with CO also 
causes the appearance of a new band at 
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2180 cm?. In an effort to determine 
whether this band should bc assigned to an 
isocyanatc species, experiments were con- 
ducted with isotopically labeled NO and 
CO. When PO and Cl20 were used, the 
band observed at 2180 cm-l was shifted 
to 2160 cm-l. The USC of N150 and Cl30 
resulted in a further shift in the band 
position to 2110 cm-l. These experiments 
confirm the presence of both nitrogen and 
carbon atoms in the adsorbed specks. 
Based upon these observations and similar 
results reported by Brow-n and Gonzales (4) 
it was concluded that the band observed at 
21SO cm-1 should be assigned to an iso- 
cyanatc specks of the form Ru6+-NCO*-. 

When NO is adsorbed at 25°C and the 
gas is then evacuated from the ccl1 while 
heating the catalyst to lOO”C, spectrum 1 
in Fig. 2 is obtained. By comparison with 
spectrum 1 in Fig. 1 the intensity of the 
band at lSG0 cm-l is greater while that at 
lS1.5 cm-l is wcakrr. These fcaturw are 
characteristic of adsorption on a more 
highly oxidized surface. The introduction 
of CO produces changes in the spectrum 
similar to those observed in Fig. 1. As the 
partial pressure of CO is increased the 
intcnsitirs of the CO bands and the iso- 
cyanatc band incrcaw and the intensity of 
tho n-0 band dccrcasw. 

1’1’ 1’1’ I’ --+xgy 
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FIG. 1. Spectra of the interaction of CO with 
preadsorbed NO: (1) following adsorption of NO 
at 50 Torr and 25OC and subseqrlent evacuation nt 
25°C; (2) following addition of CO ((ill Torr) at 
25°C. 
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FIG. 2. Spectra of the interaction of CO with 
preadsorbed NO : (1) following adsorption of NO at 
85 Tom and 25°C and subsequent evacuat.ion at 
100°C; (2) following addkion of CO (44 Tom) at 
25°C; (3) following addition of CO (100 Torr) at 
25°C. 

Adsorption of NO at high temporaturcs 
leads to a different scyucr~c of observations 
t’han those shown in Figs. 1 and 2. Exposure 
of the catalyst to X0 at 200°C and subsc- 
qucnt evacuation of the gas phase produces 
spectrum 1 in Fig. 3. The only fraturr 
present is a strong band at 1875 cm-’ 
characteristic of NO adsorbed on a fully 
oxidized surface. Subsequent introduction 
of CO at 25°C dots not lead to the ap- 
pcarance of bands characteristic of CO or 
the isocyanate species. Adsorption of CO 
on oxidized centers and the formation of 
isocyanate species occurs only after the 
sample is heated in CO to 100°C. Increasing 
the temperature to 200°C results in a strong 
attenuation of the NO band, the appear- 
ance of a band at 2040 cm-‘, associated with 
CO adsorption on reduced sites, and an 
intensification of the isocyanatc band. 
Further increasing the tcmpwaturc t,o 
300°C rcwilt’s in an almost complrtc &mi- 
nation of t,hc P\‘O lxmcl, a strong intmsifica- 
tion of t’hc band c,ha,ractc~risticr_of CO 
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FIG. 3. Spectra of the interaction of CO with 
preadsorbed NO: (I) following adsorption of NO at 
50 Torr and 200°C and subsequent evacuation at 
25°C; (2) following addition of CO (70 Torr) at 
25°C ; (3) following heating in CO at 200°C; (4) 
following heating in CO at 300°C; (5) following 
heating in CO at 400°C. 

adsorbed on reduced sites, a slight attenu- 
ation of the isocyanate band, and the 
appearance of a new band at 2300 cm-‘. 
Similar results are obtained when NO 
adsorption is carried out at 400°C. 

Positive assignment of the band at 
2300 cm-’ was not possible since the 
appearance of the band was not repro- 
ducible. It was established, however, that 
the band appeared only during the inter- 
action of NO with CO at high temperatures. 
Once formed the species responsible for the 
band was stable to evacuation up to a 
temperature of 500°C. Possible assignments 
of the band might be to either cyano or 
isocyano species (6’). 

To determine the offect of the sequence 
of interaction of NO and CO with the 

catalyst, experiments were conducted in 
which CO was preadsorbed and the catalyst 
was then contacted with NO. Spectrum 1 
in Fig. 4 taken after the adsorption of CO 
and evacuation of the gas phase shows a 
strong CO band at 2040 cm-l for adsorption 
on reduced sites and weaker bands at 2140 
and 2080 cm-’ for adsorption on oxidized 
sites. Introduction of 1 Torr of NO causes 
an immediate displacement of the CO 
adsorbed on reduced sites and the appear- 
ance of NO bands at 1855 and 1815 cm-‘. 
With prolonged exposure to NO the inten- 
sity of the band observed at 1855 grows 
and the band shifts to 1860 cm-l. Heating 
of the catalyst in NO results in an intensifi- 
cation of the NO band and a further shift 
in its position to 1875 cm-l. Above 200°C 
all traces of the CO bands associated with 
oxidized sites are removed. It is significant 
to note that at no point in this sequence 
does an isocyanate band appear at 2180 
cm-l. A similar sequence of spectra was 
observed when the partial pressure of NO 
was reduced to 0.1 Torr. 

The reaction of NO with CO adsorbed 
on an oxidized Ru surface was also ex- 
amined. Spectrum 2 in Fig. 5, taken after 
exposure to CO and evacuation, shows 
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FIG. 4. Spectra of the interaction of NO with 
preadsorbed CO : (1) following adsorpk)n of CO at 
10 Torr and 25°C and subsequent, evacuat,ion at 
26°C; (2) following addition of NO (1 Torr) at 
25°C; (3) following exposure to NO for 30 min; 
(4) following heating in NO at 200°C. 
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bands at 2140 and 2050 cm-’ characteristic 
of CO adsorbed on oxidized sites. Subsc- 
quent introduction of NO leads to a signifi- 
cant attenuation of both bands and the 
appearance of a weak band at 1870 cm-‘. 
Here again no cvidcnce was found for the 
formation of an isocyanatc group. 

The spectra shown in Fig. 6 characterize 
the adsorbed species prcwnt when the 
catalyst is exposed to an equimolar mixture 
of KO and CO. At 25°C spectrum 1 shows 
bands for CO and NO adsorbed on oxidized 
sites and a weak isocyanate band. Increas- 
ing the tcmpcraturc to 100°C causes a 
shift of the NO band to higher frcqucncics 
indicating further oxidation of the Itu 
surface. When the kmperaturc is further 
raised to 200°C a scquenca of changes 
occurs: The position of the X0 band is 
shifted even further upscale, the CO bands 
arc climinatcd, the intensity of the iso- 
cyanatc band increaws, and ncn- bands 
appear at 2300, 2240, and 2210 cm-l. The 
latter scrims of bands is easily rcmovcd upon 
wacuation at room temperature as shown 
in Fig. 7. 

I 
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FIG. 5. Spectra of the interaction of NO with CO 
preadsorhed on an oxidized cat,alyst : (1) following 
cat.alyst oxidation in 02 (I 00 Torr) itt) 200°C; (2) 
following CO a,dsorptjio~~ al, 8 Tort, itlld 2.j°C ; (3) 
following evucua(iolL of CO al. 2.i°C; (4) following 
atlditioil of NO (10 Torr) at 25,“C. 
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FIG. 0. Spectra uf the interaction of NO and CO : 
(I) following the addit,ion of NO (10 Torr) and 
CO (10 Torr) at 25°C; (2) following heating in the 
NO-CO mixture to 100°C; (3) following heating in 
the NO-CO mixture to 200°C. 

In ordw to dctcrmine the nature of the 
new bands appearing upon interaction with 
gas mixtures, spectra wcrc taken using 
isotopically labeled NO and CO. Figure 8 
illustrates spectra obtained for a mixture 
containing Cl30 and N140. In this case the 
isocyanatc band is shifted to 2120 cm-l 
facilitating observation of bands in the 
region of 2400 to 2200 cm-‘. The bands 
observed at 2240 and 2210 cm-’ in Fig. 7 
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FIG. 7. Sipeclra of t,he interaction of NO nlld CO : 
(I) following addition of NO (20 TOW) and (10 
(20 Tow) al, 2.5°C; (2) following ht:iLt.illg in the 
NO-CO mixt,ue Lo 200°C; (3) following evacual iolt 
at 25°C t . 
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FIG. 8. Spectra of the interact,ion of N’“O and 
PO on an oxidized catalyst : (1) following catalyst 
oxidation in NO at 3OO”C, evacuation at 500°C, and 
addition of Cl30 (18 Torr) at 25°C; (2) following 
addition of Nl*O (18 Torr) ; (3) following heating in 
the CYO-N140 mixture at 200°C; (4) following 
heating in the C130-N140 mixture at 300°C; (5) 
following evacuation at 25°C. 

are observed here too. This indicates that 
the corresponding species involve nitrogen 
atoms but not carbon atoms. New bands 
are also observed at 2290 and 2270 cm-‘. 
When N150 is used instead of N140 these 
bands arc observed again, indicating that 
the corresponding species contains carbon 
atoms but not nitrogen atoms. 

The bands observed at 2240 and 2210 
cm-l in Figs. 7 and 8 lie in the range 
characteristic of vibrations in N,O (6). To 
aid the assignment of these bands, experi- 
ments were performed in which a reduced 
Ru sample was exposed to NzO. The 
spectra illustrated in Fig. 9 show a very 
weak band at 2300 cm-l and very strong 
bands at 2240 and 2220 cm-l. All three 
bands are easily removed upon evacuation 
of the gas phase. Bawd upon these obser- 
vations and the \vork of Diamantis and 
Sparrow (7) concerning the coordination of 
NZO in Ru complcxcs, the bands at 2240 

and 2220 are assigned to N20 weakly 
adsorbed through the oxygen atom. The 
weak band observed at 2300 cm-’ is pos- 
sibly due to NzO adsorbed through the 
nitrogen atom by analogy with observations 
of NzO adsorption on chromia (8). 

The bands observed at 2290 and 2270 
cm-1 in the spectra taken with Cl30 can 
be assigned to Cl302 (6). A similar assign- 
ment was proposed by Brown and Gonzalez 

(4). 
Because the formation of an isocyanate 

species is a characteristic feature of the 
interaction of NO with CO, experiments 
were conducted to determine the thermal 
and chemical stability of the isocyanate 
group. Figure 10 shows a series of spectra 
taken after desorption for 1 h at different 
temperatures. The band appearing at 2180 
cm-” is stable at 25’C and is attenuated 
only slightly when the desorption tem- 
perature is raised to 100°C. Further in- 
crease in the temperature to 200°C causes 
a complete elimination of the isocyanate 
band. 
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FIG. 9. Spectra of adsorbed NzO : (I) background; 
(2) following addition of NzO (8 Torr) at 25°C; 
(3) following heating in NtO at 1OO’C; (4) following 
heating in NzO at 200°C. 
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Spectra taken folio\\-ing the interaction 
of the isocyanatc group with NO are shown 
in Fig. 11. It is apparent that beginning 
at 25°C the reaction of NO n-ith the 
isocyanate group causes its gradual elimi- 
nation from the surface. The extent of 
reaction is enhanced by raising the tcm- 
pcrature to 100°C. 

The observations reported above can now 

be considered in terms of the insight they 
provide regarding the reaction pathways 
of NO and CO on an Ru catalyst. Of 
particular inter& arc the mechanisms for 
the formation the isocyanatc spccics and 
N,O. The mechanism by which an oxi- 
dized Ru surface is rcduccd must also bc 
considered. 

In the prcscnt cxpcrimcnts the formation 
of an isocyanate species was observed when 
gas phase CO reacted with preadsorbcd NO 
or when both CO and NO were present in 
the gas phase. No evidence for the for- 
mation of an isocyanate spccics was found 
when gas phase NO reacted with adsorbed 
CO. These observations lead us to propose 
that the isocyanate spccics is formed via a 
Rideal-Elcy process involving adsorbed 

I ' I ' I ' I ' I ' I 

II660 
I I I I I I I I I I I 

2400 2200 2000 1900 1800 1700 
Wavenumber (cm-’ 1 

FIG. 10. Spectra illustrating the thermal stability 
of t.he isocyanate species: (I) following react,ion in 
NO (10 TOW) and CO (IO Torr) at, 200°C and 
subseq\tent evacuation at 23°C; (2) following 
evacuation at 100°C; (3) following evacuation at 
200°C. 
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FIG. 11. Specka illustrat,ing the interaction of NO 
with the isocyanate species: (1) following react,ion 
in NO (10 Torr) and CO (10 Torr) at 200°C and 
subsequent evacuation at 23°C; (2) following addi- 
tion of NO (10 Torr) at 25°C; (3) following exposure 
to NO at 25°C for 12 h; (4) following heating in 
NO at 100°C. 

nitrogen atoms. 

Ru-N + CO -+ R-NC0 (1) 

At lcast two routes can bc cnvisioncd 
for the formation of adsorbed nitrogen 
atoms. The first is the dissociative adsorp- 
tion of NO on rrduccd portions of the 
catalyst surfaw, as illustrated by waction 
(2). 

/“-t-y (2) 
-Ru-RU- % -Ru+-Ru+- 

Studies by Ku et al. (9) on an Ru(lOi0) 
surface have shown that NO will rapidly 
dissociate into separate oxygen and nitrogen 
phases. While experimental measurements 
of the activation energy for reaction (2) 
are not available, Miyazaki and Yasumori 
(10) have recently estimated a value of 
-3 kcal/mol. Evidence supporting a low 
act,ivation energy for disswiatjive adsorp- 
tion may also be found in the present, 
studies. Figure 1 sl~ows that exposure of a 
fully rcduccd Ru sample to NO at room 
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temperature and subsequent adsorption of 
CO yields a spectrum in which only bands 
for CO adsorbed on oxidized Ru sites are 
present. 

The second mechanism for forming sur- 
face nitrogen atoms involves the dissoci- 
ation of molecularly adsorbed NO. We have 
previously proposed (5) that molecular 
adsorption leads to two surface structures, 
as illustrated below. 

TYPO 1 Type II 

Type I adsorption is characteristic of a 
partially oxidized surface while type II 
adsorption is characteristic of a fully 
oxidized surface. Since NO adsorbed at 
type-II sites is largely surrounded by ad- 
sorbed oxygen atoms, dissociation should 
be precluded or at best very difficult. 
Dissociation of NO adsorbed at type I 
sites should be possible, however, since 
vacant sites are present near the adsorption 
center. An illustration of this dissociative 
process is given by reaction (3). 

intensity of the NO band, a shift of UN0 

to lower frequencies, and the appearance of 
CO bands. At the same time an isocyanate 
band appears. As the catalyst temperature 
is increased the intensity of the CO and 
isocyanate bands increases and the inten- 
sity of the IX0 band decreases. This 
sequence of observations can be explained 
by the fact that as the surface is reduced 
vacant Ru sites are produced adjacent to 
molecularly adsorbed NO. The appearance 
of these vacant sites makes it possible for 
the adsorbed NO to dissociate. This process 
produces surface nitrogen atoms which can, 
in turn, react with CO via reaction (1) to 
form isocyanate species. The spectra in 
Fig. 2 show that the intensity of isocyanate 
bands increases with increasing CO partial 
pressure. 

The occurrence of reaction (3) is sup- 
ported by the spectra shown in Fig. 3. We 
recall that exposure of the catalyst to NO 
at 200°C leads to a spectrum characteristic 
of NO adsorption at type II sites. Subse- 
quent contacting with CO at 25°C produces 
no change in the spectrum, indicating the 
absence of CO adsorption sites. When the 
temperature of interaction with CO is in- 
creased a partial reduction of the surface 
occurs which is evidenced by a decrease in 

It is of interest to note that our con- 
clusions concerning the manner in which 
NO is adsorbed at high temperatures and 
the ability of adsorbed NO to dissociate 
are consistent with the observations of Ku 
et al. (9). In their study of NO adsorption 
on an Ru(lOi0) surface they reported that 
prolonged exposure to NO at 200°C re- 
sulted in a saturation of the surface with 
atomically adsorbed oxygen and molecu- 
larly adsorbed NO. Nitrogen atoms pro- 
duced on the surface through dissociative 
adsorption of NO were readily desorbed as 
N2 at temperatures of 200°C and above. 
It was also observed that molecularly ad- 
sorbed NO could dissociate provided vacant 
sites were present adjacent to the adsorp- 
tion site. 

The mechanism of isocyanate formation 
proposed here differs significantly from that 
recently suggested by Brown and Gonzalez 
(4). They propose that adsorbed NO inter- 
acts with CO adsorbed on adjacent sites via 
the following sequence of steps. 

Ru Ru Ru -c Ru Rio+ Ru 
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To support, this mrchanism thc~g note t#hat 
appreciable amounts of the isocyanatc 
species can be formed when adsorbed CO 
is allowed to interact with small doses of 
NO. Under these circumstances a part of 
the adsorbed CO is displaced by the NO 
and infrared bands arc obxcrvctd for ad- 
sorbed NO, CO, and -iYCO. 

We recall that in the prcscnt studks no 
evidence was observed to suggest that CO 
adsorbed on cithcr reduced or oxidized sites 
could react with NO to form an isocyanatc 
structure. Even when very low partial 
pressures of X0 (-0.1 Torr) \vere usrd 
the CO adsorbed on rc>duccd sites \vas 
immediately displaced by NO. In addition, 
it was obscrvcd that CO associatcad with 
oxidized sites was partially displaced upon 
interaction with IX0 at low temperatures 
and was completely removed from the sur- 
face at temperatures above 2OO”C, but 
without tha formation of an isocyanat,e 
species. In view of these observations we 
must conclude that our results do not sup- 
port the mechanism of isocyanate forma- 
tion proposed by Brown and Gonzalez (4). 

It is appropriate at this point to comment 
on the recent suggestion by Dalla Betta 
and Shclof (11) that the isocyanate species 
observed on transition mrtal cat#alysts 
resides on the support rather than the 
metal surface. We disagree I\-ith this inkr- 
pretation for t\vo reasons. The first is that 
the metal surface is a necessary component 
for the formation of the isocyanatc spkcs, 
since attempts to form this spccic>s on pure 
silica are not successful. Our second reason 
relates to the obsorvations that the iso- 
cyanate specks can be formed at 25°C and 
is strongly bonded to the surface. Unless 
the surface diffusion coefficient for the 
isocyanate species is high, one would not 
expect it to migrate from the metal surface 
to the support surface at 25°C. 

The spectra sllow11 in Figs. 10 and 11 
indicate that the isocyanatc spccics can be 
removed from the surface by thermal de- 
composition and that the presence of NO 

in tlic> gas phnsct f:lcilit,ntc~s th(t rclmoval 
proc(‘ss. While no (~lcar d&nit~ion of t81icl 
rcact’ion pathways is possibl(l on the basis 
of the availablr cvidcncc, reactions such 
as those listed below seem rc~asonabl(~. 

Ru-KC0 + Ru-Is + co 

Ru-SC0 + so + Ru + x20 + co 

* RLl + n-2 + co1 

Ru-SC0 + Ru-NO 
---f 2Ru + X\‘20 + CO 

--f mu + K2 + cos 

(4 

(5) 

((9 
The formation of N,O is obsclrvcld only 

in th(l cast where NO and CO arc> prc>sclnt 
in the gas phase togc%hcLr. Scrvcml routcls 
can br proposrd tjo clxplain t)hcl appcaranrc~ 
of this product 

Ru-N + NO + Ru + n-,0 (7) 

Ru-N + R.PNO ---f 2Ru + X,0 (S) 

Ru-NO + Ru-SO 

--) Ru + Ru-0 + N,O (9) 

While the results presented here do not 
allow us to discriminate betnccn these 
alternatives, several factors argue in favor 
of reaction (7). To begin with, bond encrgy- 
bond order (BEBO) cstimatcls of the acti- 
vation enorgies yield values of 10, 37, and 
57 ltcaljmol for reactions (7), (S), and (Y), 
respectively (13). USC of thcsc values in an 
absolute rate throry cstimatc (13) of the 
rates of reactions (7-9) leads to the con- 
clusion that reaction (7) should reprrscnt 
the preferred reaction path, for t’he condi- 
tions of the prcscnt experiments. Secondly, 
Ku et al. (9) have observed that thermal 
dpsorption of NO from an Ru (1010) surface 
produces only X0, 1v2, and Oy, but no N,O. 
Furthermore, t’he peak in the IYO dcsorp- 
tion curve and the onset of the S2 desorp- 
tion curve both occur in the vicinity of 
200°C. These results suggest that the acti- 
vation cnergks for reactions (8) and (9) arc 
higher than those associakd with t’he 
thermal dcsorption of NO and X2. In vie>\\ 
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FIG. 12. Spectra of the interaction of Ds with 
preadsorbed NO: (1) background; (2) following 
adsorption of NO (1 Tom) at 25°C; (3) following 
evacuation at 25°C; (4) following addit,ion of D2 
(50 Tom) at, 25’C; (5) following heat,ing in Dz at 
100°C; (6) following evacuat,ion at 25%. 

of these facts we are led to conclude that 
reaction (7) represents a preferred path 
for NzO formation. 

When NO and CO are present in the gas 
phase in equimolar concentrations we ob- 
serve under reaction conditions that only 
NO is appreciably adsorbed on the catalyst 
surface. This is explained by the fact that 
NO adsorbs preferentially and is capable 
of displacing CO adsorbed at reduced sites. 
Since NO adsorption occurs dissociatively 
and causes an oxidation of the Ru surface, 
a constant reduction of the surface must 
occur in order for the reaction between NO 
and CO to continue. It is proposed that 
the dominant mode for the removal of 
adsorbed oxygen is reaction (10). 

Ru*+-O*- + CO + Ru + COz (10) 

The principal argument favoring a Rideal- 
Eley process, such as reaction (lo), over a 
Langmuir-Hinshelwood process involving 
adsorbed CO is the expectation of a signifi- 
cantly lower activation energy for the 
former process as is noted in the case of 
Pt. (14). 

Interaction oj NO and Hz 

Studies of the interaction of hydrogen 
with NO were conducted using Dz in order 
to facilitate the observation of N-H vibra- 
tions. Figure 12 illustrates a sequence of 
spectra characterizing the interaction of Dz 
with adsorbed NO. Introduction of Dz at 
25°C produces no changes in the spectrum 
of adsorbed NO. Heating to 100°C leads 
to a strong attenuation of the NO band and 
the appearance of new bands at 2760, 2610, 
2510, and 2490 cm-‘. Upon evacuation the 
bands at 2610, 2510, and 2490 disappear 
from the spectrum, suggesting that they are 
associated with weakly adsorbed species. 

The assignment of the new bands ob- 
served in Fig. 12 can be made by com- 
parison with published spectra (8, 15). The 
band observed at 2760 cm-’ is readily 
associated with -0D groups formed on the 
surface of the silica support as a result of 
H-D exchange. The weak band appearing 
at 2610 cm-’ is assigned to DzO while the 
bands appearing at 2510 and 2490 cm-’ are 
assigned to N-D variations in either -ND2 
or ND3 (6). 

Both DzO and ND3 are gaseous products 
of the reaction between NO and Dz. Since 
it is known that both products can adsorb 
on silica the possibility exists that the bands 
associated with these molecules are charac- 
teristic of adsorption on silica rather than on 
Ru. The present experiments do no allow us 
to discern between these two alternatives. 
We note, however, that Pozdnyakov and 
Filimonov (18) have observed broad bands 
at 3400-3345 and 3300-3250 cm-’ for NH3 
adsorbed on silica-supported Ru. These 
bands were not obtained when the support 
was exposed to NHI, suggesting that the 
observed bands are attributable to NH3 
adsorption on the metal. 

CONCLUSIONS 

The present results lead to the conclusion 
that isocyanate species are formed on the 
surface of a Ru catalyst via a two-step 
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procc~ss. In the first stq ndsorbcd K atoms Hu surf:iw or t,lw surfaw of 11~ riilic:l 

arc produced by cithcr dissociabivc ad- support’. 
sorption of X0 or dissociation of molccu- 
larly adsorbed NO. The adsorbed N atoms ACKNOWLEDGMENT 

then react with gas phase CO to yield the 
isocyanatc structure in the second step. 
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The proposed reaction pathway is con- 
sistent with the available evidence con- 
cerning the adsorption of NO but differs 
from that previously proposed by Brown 
and Gonzalez (4) in that adsorbed CO 
does not participate in the reaction. 

Investigations of the stability of the 
isocyanatc species have rcvcalcd that it is 
rapidly removed from the catalyst surface 
at tcmperaturcs above lq50”C. Reaction 
I\-ith gas phase NO facilitates the removal 
of the isocyanatc spccics. Howcvcr, the 
nature of the process and the reaction 
products have not been identifkd. 

In studies pcrformcd with mixtures of 
KO and CO, X20, and CO, were obscrvrd 
as reaction products. It is proposed that 
both products are formed via Ridcal-Elcy 
processes involving the reactants in the gas 
phase and adsorbed N and 0 atoms. The 
validity of the proposed reaction mwh- 
anisms is supported through BEBO calcu- 
lations of the activation energies for altcr- 
native procc’ssos. 

Finally, it is concluded that the intcr- 
action of Dn Ivith NO leads to the apprar- 
ancc of adsorbed spccics containing O-D 
and N-D bonds, characteristic of l&O and 
ND, or XD3 species. Thcsc species are 
wcaltly bound and arc easily rrmovcd by 
evacuation. It was not dctcrmincd whcthcr 
t,hc obscrvcd s;pccic>s wcrc adsorbed on t,hc 
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