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ABSTRACT

The nature of the species present on a Ru/AlZO3 catalyst
during CO hydrogenation was studied by means of Fourier infrared
spectroscopy. Three forms of adsorbed CO were identified,
designated as linearly-adsorbed, diadsorbed, and P-bridge
adsorbed. The coverage by the linearly»adsorbéd form of CO
obey a Langmuir isotherm under reaction conditions. The
equilibrium‘constant associated with this isotherm is given by
Kog = 1.1 x 107° exp (25,000/RT) atm Y. The diadsorbed species
is associated with individual Ru atoms and clusters and, in
contrast to linearly—adsorbed CO, does not readily undergo
hydrogenation at temperatures below 548 K. The u-bridge form
of adsorbed CO may involve either a pair of Ru sites or a Ru
site and an adjacent Lewis acid site. Hydrocarbon, formate,
and carbonate structures were also observed in the course of
this study. It was established, however, that these species

are present on the alumina support and are not intermediates of

CO hydrogenation over Ru.



INTRODUCTION

Infrared spectra taken during the hydrogenation of CO
over ruthenium catalysts have helped to identify the dominant
species absorbed on the catalyst (1-5). Dalla Betta and
Shelef (1) have reported that the surface of a Ru/A1203 cata-
lyst is nearly saturated by absorbed CO at temperatures up to
523K. It was suggested that the presence of hydrogen on the
catalyst surface weakens the C~0 bond of chemisorbed CO, since
the band for this species appeared at a lower frequency than
that observed for CO chemisorbed in the absence of hydrogen.
At higher temperatures the build up of carbon on the catalyst
caused a further shift of the CO bond to lower frequencies and
a decrease in the band intensity. }Bands attributable to hydro-
carbon, formate, and carbonate structures were also observed
but these species were ascribed to reaction products absorbed
on the support. Chemisorbed CO has also been observed as a
dominant species in the studies conducted by Ekerdt and Bell

(2,3) using a Ru/S$i0, catalyst. In this work the position and

2
intensity of the CO band were found to be independent of the
H2/CO ratio or the CO partial pressure. A decrease in the band
intensity, unaccompanied by a shift in position, was observed
with increasing temperature and was ascribed to a reduction in
the CO coverage. Bands were also observed for hydrocarbon spe-
cies. These structures could be removed from the catalyst

surface by hydrogenation, but did not appear to be intermediates

in the synthesis of stable products. Additional observations



concerning the hydrocarbon structures formed on Ru/SiO2 and

Ru/A120 catalysts have been presented by King (4,5). Strong

3
bands attributable to long-chain saturated hydrocarkon were observed
at temperatures below 473K. While the exact point of attachment

of these structures could not be defined, it was concluded that

the species observed were not intermediates in the formation

of gas phase products. At higher temperatures changes in the

shape and position of the’hydrocarbcn band suggested the pre-

sence of short-chain species. It was proposed that these spe-

cies are attached to the metal surface and might be intermediates

in the synthesis reaction.

The primary objective of the present investigation was to
characterize more fufiy the influence of reaction and concen-
tration of the species absorbed on a Ru/Ale3 catalyst during
CO hydrogenation. Fourier transform infrared spectrascopy was
used for this purpose, and particular attention was devoted to
interpretation of the bands ascribed to chemisorbed CO. Working
under conditions chosen to avoid significant catalyst deacti-
vation, three different forms of absorbed CO were identified.
These are designated as linearly-absorbed, di-absorbed, and
u-bridge absorbed CO. A detailed study was made of the effects
of reaction conditions on the position and intensity of the
band associated with‘the linearly-absorbed CO. Based on these
observations, estimates were made of the variation in the cover-
age by this species with CO partial pressure and catalyst tem-
perature. As a compliment to these studies the kinetics of form-

ing C, through C hydrocarbons were examined in detail. The
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results of these efforts together with a discussion of the
mechanism of hydrocarbon synthesis over ruthenium will be

presented separately (6).

EXPERIMENTAL

The 1% Ru/Ale catalyst used for these studies was prepared

3

by absorption of the Ru6C(CO) from pentane solution onto

17
Kaiger KA-201 alumina. Details concerning synthesis of the
complex, impregnation of the support and the reduction of the
final catalyst are described in references (6,7). A 75 mg
‘portion of the reduced catalyst was pressed into a 20 mm by
0.25 mm disk and placed inside a small infrared reaétor (8).

Prior to each series of experiments, the catalyst was
reduced in flowing H, for 10 to 12 hours at 673K and 10 atm. The
temperature was then lowered to 498K and a premixed feed, containing
H2 and CO, was introduced at a flow rate of 200 cm3/min (NTP) .
Ten minutes after reaction had begun, the effluent gas was
analyzed by gas chromatography (6), and the gas feed was
switched over to pure H2 for 1 hour. By alternating short
reaction periods and longer reduction periods, a stable catalyst
activity could be achieved after several cycles. This procedure
also eliminated the build up of large amounts of carbon and the
concurrent deactivation of the catalyst. Once a stable catalyst
activity had been obtained, reaction conditions were adjusted
to those desired for a particular experiment.

Infrared spectra were taken with a Digilab FTS-10M Fourier
transform infrared spectrometer, using a resolution of 4 cm*l°

For the observation of steady state phenomena, 100 interferograms,



each acquired in about 1.25 s,were co-added to improve the signal
to noise ratio. However, good spectra could aiso be obtained

by co-adding as few as 10 interferograms. In addition tc re-
cording spectra of the catalyst under reaction conditions, spec-
tra were also recorded of the catalyst, following reduction in

Hz, and of a support disk, placed downstream from a catalyst disk,
during reaction. The latter two spectra were used to subtract

out infrared absorptions due to the support and the gas phase.

RESULTS AND DISCUSSION

Infrared spectra of the catalyst taken under reaction
conditions showed bands in twoiregions, one set appearing
between 3200 and 2400 cmm1 and another set appearing between
2300 and 1200 cm“l. The bands in the first of these regions
are associated with absorbed hydrocarbons, while bands in the
second region are due to carbonyl, carbonate, and formate
structures. To identify whether these structures are present
on the surface of the metal and/or support and’to identify the
relative stability and reactivity of individual structures,
spectra were taken under a variety of conditions.

Bands Observed Between 2300 and 1200 cm“l

Spectral Observation - Representative spectra of the most

prominent features observed in this region, during reaction at
pressures of 1,5, and 10 atm, are shown in Fig. la. The spectrum
shown at each pressure represent the difference in the absorbances of

the catalyst and reference disks, measured in the presence of the

s -1
same gas composition. A broad band can be seen near 2000 cm

superimposed on which is a weakly defined shoulder of 2040 <:m—1

and a partially resolved band at 1960 cmﬂl, All three features
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appear immediately upon passage of the H,-CO mixture over the
catalyst and the integrated intensity of the band envelope
grows by about 10-15% over a 20 minute period of observation,
It is significant to note, though, that the positions of the
three bands are totally unaltered during this period. Figure 1lb
shows spectra taken following cessation of the reaction and
reduction in Hz. The intense band near 2000 cm“l is now
completely eliminated, thereby revealing very clearly the
bands at 2040 and 1960 cm *. Tt is noted that the intensities
of these two peaks are independent of the reaction pressure.
Moreover, the structures giving rise to these features are
stable to reduction at temperatures below 548K and can only
be removed at higher temperatures. Spectra of the species
removed by reduction at reaction temperatures are shown in
Fig. lc, and are obtained by taking the différence between
the spectra presented in Figs. la and lb. Each spectrum
consists of a broad, asymmetric band which does not return to
the baseline at low frequencies. With increasing reaction
pressure, the intensity of this band increases and the band
maximum shifts to higher frequencies.

The effects of temperature on the spectra of the species
susceptible to H2 reduction are illustrated in Fig. 2. The
spectra shown in this figure represent the difference between
spectra taken under reaction conditions and those obtained
following’»H2 reduction of the catalyst at the reaction tempera-
ture. This mode of presentation is similar to that used in
Fig. 1lc, with the exception that bands associated with the gas

prase and species weakly bound to the support are not subtracted
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out. The series of peaks occurring between 2300 cm ~ and

1 is due to gas phase CO. These bands are clearly

2060 cm
evident in spectrum e, which was obtained at the conditions of
spectrum b using a disk of alumina free of Ru. Both the
position and intensity of the band near 2000 cm‘l depend on
the catalyst temperature, As the temperature increases, the
band maximum shifts to lower frequencies and the intensity
decreases.

In addition to the major features appearing at 2000 cm“l,
a broad band can be gseen in Fig. 2, which extends between 1800

and 1200 cmmle Superimposed on this band are five more sharply

defined bands at 1750, 1590, 1450, 1390, and 1370 cm”l, Only
the weak band at 1750 cm ' is due to chemisorbed CO. Based
upon the studies of Dalla Betta and Shelef (1) and King (4,5),
the bands at 1590, 1390, and 1370 can be assigned to formate
structures, and the band at 1450 cm—l can be assigned to
carbonate structures. Both types of species}gre formed on
 the alumina support and accumulate during reaction. Upon
reduction of the catalyst in HZ’ the intensity of the bands
associated with these species diminish. As a result, the
background spectra used in obtaining the spectra presented in
Fig. 2 show a decrease in the intensity of the formate and
carbonate bands with increasing temperature, and, consequently
these bands are émphasized in the difference spectra shown.
The similarity of spectra obtained under reaction
conditions with those obtained by exposure of the catalyst to

CO alone can be seen by comparison of spectra b and d in Fig. 2.
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The latter spectrum was obtained after passing CO over the
catalyst for 5 min and then eluting the gaseous CO with He for
0.5 min. With the exception of the gas phase bands, which are
not present in spectrum d, spectra b and d are virtually
identical.

A more detailed illustration of features appearing on
the low frequency side of the principle carbonyl band is shown
in Fig. 3. This spectrum is similar to spectrum d in Fig. 2
but was obtained at 448K. At this temperature the formate
and carbonate structures are not removed upon reduction and
consequently the bands associated with these species are
subtracted out completely. The broad band between 1800 and
1200 cm“l is now seen to be composed of two broad bands
centered at approximately 1700 and 1500 cm’lq In addition,

a definite shoulder can be observed at 1920 cmm% on the low
frequency side of the band near 2000 cm°l,

All of the bands observed in Figs. 1 and 2 are attenuated
slowly upon passage of He over the catalyst and much more
rapidly in the presence of H,. An illustration of these changes
is shown in Fig. 4. Passage of He over the catalyst causes a
slow decrease in the intensity of the principle band and a
concurrent downscale shift in its position. More careful
examination of spectra 1 through 4 reveals that initially
intensity is lost from the high frequency portion of the
principle absorption band and from the peaks present below
1900 cmal° This observation is supported by spectrum 1 in

Fig. 4c, which represents the difference between spectra 1 and

2 in Fig. 4a. With increasing time, the region from which
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intensity is lost shifts towards lower frequencies, indicating that
the position of the high frequency component of the principle
band shifts to lower frequencies as its intensity decreases.
Eventually, though, intensity is lost from both the high and
low frequency regions of the principle absorption band and
from the peak located near 1700 e Spectra 2, 3, and 4
in Fig. 4c illustrates these changes.

The relationship between the position of the principle
band and the relative integrated absorbance of the band is
shown in Fig. 5. If it is assumed that the extinction
coefficient associated with this band is constant, then the
abscissa in this figure is equivalent to a fractional surface
coverage. The plot is seen to consist of two distinct branches.
As the ratio A/As decreases from unity, Veo shifts from 2030 cm-’l
to lower values but at an ever decreasing rate. When A/AS
reaches 0.55, the decrease in vCO accelerates. Finally, at
A/AS = 0,2, Veo reaches a value of 1950 cm~l.

Figure 4 also shows that the reduction of preadsorbed
CO in Hzf causes a very rapid decline in the intensity of
‘the high freqﬁency side of the principle band and of the
broad band centered at 1700 cmal. As a consequence, the bands
located at 1920 cm”l and 1500 cm“l can now be seen more clearly.
Spectrum 3 in Fig. 4b shows that the bands are also attenuated
as the duration of reduction is extended.

Assigrment of Carbonyl Bands - The present results show

that as many as six bands can be identified for chemisorbed

CO, located at 2040, 2030-1950, 1920, 1750, 1700, and 1500 Cm‘l,

The assignment of these features to specific structures is
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examined next, following which the stability and reactivity
of the various forms of adsorbed CO are discussed.

The strong band observed between 2030 and 1950 mel falls
within the range of frequencies (2085 to 1950 cmml) associated
with linearly-bonded CO in Ru carbonyl complexes (9). As a
result, it is reasonable to assign this band to linearly-
adsorbed CO. This interpretation is further supported by
recent EELS (10) and reflectance infrared (11) studies of CO
adsorbed on a Ru (001) surface. The spectra obtained in
these investigations exhibit a single band which shifts with
increasing CO coverage from about 1980 cmwl to as high as
2080 cm-l, as a result of strong lateral interactions in the ad-
layer. LEED (10,12-14) and ESDIAD (15) observations support
the assignment of this band to linearly-adsorbed CO.

While the shift in band position with coverage, observed
in the present work is of the same magnitude as that reported
for CO adsorption on Ru (001) surfaces (10,11), the highest
and lowest frequencies observed in the single crystal studies
are notably higher than those shown in Fig. 5. This difference
may be due to differences between the physical properties of
alumina-supported Ru microcrystallites and bulk Ru metal. It
is also possible that at least a part of the difference may be due
to the presence of carbon on the surface of the supported Ru,
formed by CO disproportionation. Carbon has been found to
act as an electron donor and to enhance the back-donation of

electronic charge from the metal to the 7n* orbitals of CO (1).
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This would have the effect of weakening the C-0 bond and
shifting its frequency downscale. It is significant to note,
that while carbon deposition via CO disproportionation has
been observed for alumina-supported Ru (16,17), no evidence
has been reported for the occurrence of this reaction on Ru
(100), (001), (101), (110) surfaces studied at low pressures
(12,18-21).

As was noted earlier, during reaction the band near
2000 crn_1 undergoes a moderate (10-15%) growth in intensity
which is unaccompanied by changes in the band position. A
plausible explanation for this observation is that the Ru
dispersion increases slightly with time of reaction but that
the fractional coverage of the surface remains the same. The
fact that such changes are not observed upon exposure of the
catalyst to CO alone and that the rate of change is accelerated
by higher reaction pressure, at a fixed HZ/CO ratio and
temperature, suggests that the changes in Ru dispersion may be
caused by the local release of the heat of CO hydrogenation.
Under this influence some of the smaller three-dimensional
microcrystallites may be converted to two-dimensional rafts,
thereby exposing a greater fraction of surface Ru atoms.

The spectra presented in Figs. 1 and 2 indicate that
both the frequency and intensity of the band assigned to
linearly-adsorbed CO decrease with decreasing CO partial
pressure and catalyst temperature. Since, as was shown in
Fig. 3, the spectra observed for CO chemisorbed in the presence
and absence of H, are virtually identical, it seems reasonable

to propose that the changes observed under reaction conditions
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can be ascribed to changes in the coverage of the Ru surface

by linearly-adsorbed CO. Because of the increase in band

intensity with duration of reaction, discussed above, band

intensity cannot be used as a reliable measure of the coverage

of linearly-bonded CO. An estimate of the fraction of the

total sites which could be covered at saturation by this

species can be attained, however, by assuming that the

extinction coefficient for the band near 2000 cmm1 is

independent of coverage and then using the relationship

between frequency and coverage noted in Fig. 5. It should

be noted, though, that the assumption underlying such

calculations is not fully established. 1In studies conducted

by Pfnlir et al. (11), the intensity of the infrared band

associated with CO chemisorbed on a Ru (001) surface was

found to increase linearly with CO coverages, up to a coverage

of one half of saturation. For higher coverages, the integrated

intensity declined. These results would suggest that the

extinction coefficient decreases at coverages approaching

saturation. However, since only a monotonic change in integrated

intensity with coverage was observed in the present work, it can

be concluded that the trend observed for a Ru (001) surface does

not necessarily apply to alumina-supported Ru microcrystallites.
Applying the approach described above, a series of

isotherms can be constructed to determine the coverage of

linearly-adsorbed CO under reaction conditions. Figure 6

shows that on a plot of eéé versqg Pgé the data fall along

straight lines, independent of the H2 partial pressure.
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Consequently, eco can be described by a Langmuir isotherm of

the form

o - KeoPeo (1)
- I 4
cO ~ T KegPeg

where KCQ is the effective equilibrium constant for CO
adsorption. From the slopes of the lines presented in Fig. 6

it i1s determined that

9 1

K. = 1,1 x 10 ° exp(25,500/RT)atm (2)

Cco

The heat of adsorption appearing in egn. 2 is in excellent
agreement with activation energies for CO desorption determined
in studies conducted with alumina-supported Ru (17) and Ru
single crystals (18-22). The preexponential factor, though,
ié two orders of magnitude smallexr than that calculated from
data presented by Pfnlir, et al. (22) for CO desorption from a
Ru (001) surface at high CO coverages. A possible explanation
for this difference may be that the frequency factor for CO
desorption from the surface of alumina-supported Ru is two orders
of magnitude higher than that for desorption from a Ru (001) surface.
The observations concerning the band for linearly-adsorbed
CO reported here are in qualitative agreement with previous
studies of a similar nature, but some differences exist with
regard to the interpretation of the shifts in band position
with reaction conditions. Workigg with a 5% Ru/A1203 catalyst,

Dalla Betta and Shelef (1) reported that the spectrum of CO
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adsorbed at 523K from a 1 atm CO/He mixture (0.025:0.975 mole
fraction) exhibited a single band centered at 2043 cmmle When
the catalyst was contacted with an HZ/CO/He mixture (0.075:
0.025:0.900) at the same temperature and pressure, the band
shifted to 1996 cmal, and the integrated band intensity
decreased by 12%. A similar effect of H, was noted by King (4)
in studies performed with a 1% Ru/A1203 catalyst. Dosing the
catalyst with CO at room temperature produced a band at

1 following exposure of

2045 cm™? which shifted to 2020 cm™
~the adsorbed CO to an H, pressure of 5.4 atm. Both Dalla
Betta and Shelef (1) and King (4) have proposed that the shift
in CO frequency could be attributed to an increase in the
availability of electrons for back-bonding from the metal to
the adsorbed CO, resulting from the presence of coadsorbed H
atoms. While this interpretation is plaﬁsible, it seems that
one could equally well explain these observations in terms of
a decrease in the dipole-dipole interactions resulting from a
small change in the surface coverage by CO (11). As may be
seen in Fig. 5, a 15% decrease in the integrated absorbance
of the band from its maximum value corresponds to a shift in
the band from 2030 cm * to 2000 cm L.

Dalla Betta and Shelef (1) and King (4) reported that
increasing the temperature while passing a continuous flow
of H2 and CO over the catalyst caused a downscale shift in

the position of the band for linearly-adsorbed CO and a

reduction in the band intensity. Provided temperatures did



16—

not exceed ~523K and reaction times were relatively short,

the initial CO band could be restored simply by cooling the
catalyst in the following Hg/CO mixture. At higher temperatures
and with durations of reaction exceeding several hours, much of
the CO band intensity remained lost upon cooling. Dalla Betta
and Shelef (1) associated the irreversible charges in CO band
position and intensity to the interaction of the metal with a
carbonaceous deposit. King (4) concurs with this explanation
but suggests that the reversible changes in the band charac-
teristics are due to depletion via reaction of more weakly
bound forms of CO which exhibit absorptions towards the high
frequency side of the CO band.

In the present study the duration of reaction was kept
to less than 20 min and ghe temperature never exceeded 548K,
in order to avoid extensive catalyst deactivation due to the
build up of carbon. As a result, it is believed that the
changes in CO band frequency and intensity with temperature
shown in Fig. 2 are not due to the accumulation of carbon
on the catalyst surface but, rather, to changes in the
coverage of linearly-adsorbed CO.

The bands observed at 2040 and 1960 cmgi in the present
work are very similar to those reported by Kuznetsov et al. (7)
in their studies of the structures formed upon decomposition
of alumina-supported Ru3(CO)12, a~H4Ru4(CO)12, and Ru6C(CO)l7‘
In each case, reduction of the supported cluster in H2 at
temperatures less than 573K led to the appearance of two bands
of nearly comparable intensity, located at 2047-2052 and

1965-1970 cmﬁl. Comparison of the positions of these bands
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with those for Ru-halocarbonyl complexes leads to the conclusion
that the two bands arise from structures of the form

[Ru(CO)2 (7,9). The element X in this structure is

len
assumed to be the oxygen of the alumina lattice and the number n
represents the number of Ru atoms present in the surfaée
structure.

Consistent with the proposed interpretation, the bands
appearing at 2040 and 1960 cmm1 can be associated with the
symmetric and asymmetric modes of vibration of C-0 bonds in a
pair of CO molecules attached to a common Ru site. The angle
between the two CO molecules, 2a, can be estimated from the
ratio of the integrated absorbances of the symmetric and

asymmetric bands, A and A by means of eqn. 3 (23-25).

sym asym’

_ 2
Aasym/Asym = tan“a (3)

This relationship has been shown to provide an accurate measure
of o for dicarbonyl transition metal complexes in which the

two CO ligands are in a cis configuration. Application of

egn. 3 to the bands at 1960 and 2040 cm™ ! leads to an estimate
of 100° + 5° for the angle between the two CO molecules attached
to a common Ru site. By way of comparison, it is noted that
bond angles between 93 and 96° have been reported for

(ﬂmCSH Fe(CO)ZX (X = Cl, Br, I) and a bond angle of 91° has

5)
been reported for ha(CO)4Cl2 (24 ,26). Thus, it appears that
the angle between diadsorbed CO molecules is similar to that

found for transition metal complexes.
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The independence of the vibrational frequencies associated
with the diadsorbed CO structures on the coverage by singly-
adsorbed CO indicates that the two structures are, most likely,
not coupled by dipole-dipole interactions (25). This observation
together with the fact that the diadsorbed CO is much more
stable to decomposition or reduction than monoadsorbed CO,
suggest that the diadsorbed structures occur at sites isolated
from the Ru crystallites. Examples of such sites might be
individual Ru atoms or small Ru clusters. This interpretation
is supported by the fact that the intensity of the bands at
2040 and 1960 cmm:L can be attenuated significantly by extended
exposure of the catalyst‘tc CO without affecting the intensities
or positions of other CO bands (27).

The band appearing at 1920 cm‘”l in Fig. 5b occurs at a
frequency about 30 cmml lower than that normally ascribed to
linearly-bonded CO in unsubstituted Ru carbonyls. However, C-0O
vibrational frequencies as low as 1900 cmml have been observed
for linearly-bonded CO in Ru carbonyl complexes containing
nucleophilic ligands (9). 1In view of this, the band at 1920 cm *
can be assigned to CO adsorbed in a linear mode at a site
adjacent to' a nucleophilic adsorbate. The most likely candidate
for the latﬁer specieé is carbon, formed as an intermediate in
either CO disproportionation or hydrogenation.

The weak peak at 1750 cmml and the broad peaks at 1700
and 1500 mel appear at frequencies much lower than those
normally associated with bridging carbonyls (1880-1813 cm”% in

Ru complexes (9). Recent studies have shown that CO vibrations
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do occur in this portion of the spectrum for u-bonded
carbonyls, in which coordination occurs through both the carbon
and oxygen atoms of CO, and for adducts formed between metal

carbonyls and Lewis acids. When coordination takes place

1

exclusively with metal atoms, CO frequencies of 1645 cm © for

Mn,, (CO) 5 (Ph,PCH,PPh,), (28) and 1330 cm & for (n>-CgH,) jNb,(CO),
(29) have been observed. The large difference in these
frequencies reflects the fact that p-bonding can occur in
different ways. In the case of adducts of metal carbonyls

with Lewis acids, C~0 stretching frequencies are observed in

1

the range of 1530-1700 cm ~ (9,30). In the case of Ru, (CO) ,,"AlBr,,

a strong band is seen at 1535 cm“l and spectra of the 1:1 and 1l:2
adducts of [(ﬂ«CSHS)Ru(CO)Z]2 with isobutyl aluminum exhibit a

1

band 1680 cm — (9,30).

Reactivity of Carbonyl Structures - The spectra presented

in Figs. 1 and 3 demonstrate that the different forms of
adsorbed CO exhibit significant differences in reactivity

with respect to HZ’ The two types of linearly-adsorbed CO,

which are characterized by the band appearing between 2030 and

1

and 1950 cm - and the band appearing at 1920 cm—l, react rapidly

with H Transient response experiments (31) have shown that

e
the dynamics of the disappearance of these bands correlate
closely with the formation of methane and water, which suggests
that linearly-adsorbed CO is the primary source of carbon for
the synthesis reaction. Figure 3 shows that the band at

1700 c:'m“1 is also attenuated rapidly during H2 reduction. No

study has been made of the reaction dynamics associated with

this band and hence it is not possible to conclude whether
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the n-bonded form of CO which this band represents is an

important reaction precursor.

1 are relatively

The pair of bands at 2040 and 1960 cm
stable to reduction and attenuate only slowly at temperatures
above 300°C. This fact, plus the general behavior of these
bands, suggest that diadsorbed CO does not enter into the
synthesis of hydrocarbons under the reaction conditions
examined in these studies. Consistent with this conclusion
it has been found (27) that catalysts which exhibit a high
proportion of diadsorbed CO relative to singly adsorbed CO
are less active than catalysts which exhibit the reverée
relationship between the two forms of adsorbed CO. The
u—-bonded form of CO characterized by the band at 1500 mel
is only slightly less reactive than the linearly-adsorbed form
of CO. However, because of the weak intensity of this band
it has not been possible to relate the intensity of this
band to the catalyst activity.

Bands Observed Between 3200 and 2400 cm *

Figure 7 shows a sequence of spectra for the frequency
range between 3200 and 2400 cmml, taken at different times
during the‘course of a run. The spectrum taken after 0.5 min
shows only a very noisy baseline due to the poor transmission
of the catalyst disk in this frequency regime. After 10 min
of reaction, well defined peaks can be detected at 2930 and
2860 Cmmlﬁ The intensity of these features increase steadily

with time and after 20 min a shoulder can be detected at

2960 cmml in addition to the two more intense bands. It is
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significant to note that over the same period of time the
intensity of the principle CO band increases by less than 8%
and its position remains fixed at 2010 em™ 1,

Spectra of the C-H stretching region taken at different
temperatures, pressures, and HZ/CO ratios exhibit the same
set of bands observed in Fig. 7. By way of illustration, three
spectra are shown in Fig. 8, taken after 10 min of reaction
at temperatures of 498, 523, and 548K; a pressure of 10 atm;
and an H2/CO ratio of 2. It is seen that the positions of
the three bands remain fixed and are insensitive to changes
in the reaction conditions. The increase in band intensities
with increasing temperature can be associated with the more
rapid rate of accumulation of species absorbing infrared
radiation in this portion of the spectrum.

The stability of the bands seen in Figs. 7 and 8 were
examined by treating the catalyst in various gas mixtures
following reaction. Purging the reactor with He or a CO/He
mixture at reaction temperature had no effect on the band
intensities. The bands were rapidly attenuated, though, when
a H2/He mixture was introduced into the reactor. The rate of
attenuation was found to increase with increasing catalyst
temperature and H2 partial pressure.

Efforts were also made to determine whether the features
appearing in Figs., 7 and 8 might be associated with reactions
occurring on the alumina support. Passage of H2/CO mixtures
over an alumina disk failed to produce any bands over the
temperature interval of 498 to 548K. Weak bands were observed,

though, when an alumina disk was placed in a cell immediately
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downstream of the cell containing the catalyst disk. Since
the positions of the bands were identical to those observed‘
in Figs. 7 and 8, thése bands most likely arise from the
adsorption of hydrocarbon products on the alumina disk.

The positions 6f the three bands found here are virtually
identical to those which have been reported by Dalla Betta and
Shelef (1), Ekerdt aﬁd Bell (2,3), and King (4,5) in studies of
CO hydrogenation over alumina- and silica-supported Ru catalysts.
The bands at 2930 and 2861 cm;l can be assigned to the
asymmetric and symmetric stretching of CH, groups present in
saturated compounds, and the shoulder at 2960 cmml can be
assigned to a methyl group (9). It is significant to note
that in contrast to the work carried out by King (4,5) with
a Ru/A1203 catalyst, the position of the bands did not shift
upscale with increasing reaction temperature and no hYdrocarbon
structures were formed by the interaction of CO and H, over
alumina devoid of Ru.

Based on infrared spectra taken during CO hydrogenation
over a Ru/Alzcé caéalyst,Dalla Betta and Shelef (1) concluded
that the hydrocarbon bands observed could be ascribed to
reaction products accumulated on the alumina support. The
results of the present study also agree with this interpreté—
tion. The monotonic growth of the hydrocarbon bands beyond
the point at which steady state reaction has been attained,
and the absence of any influence of the hydrocarbon band growth

on the position or intensity of the CO band indicates that the
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hydrocarbon species are unlikely to be on the Ru surface.
Adsorption on the support is indicated by the observation

of hydrocarbon bands on an alumina disk placed downstream of
a catalyst disk and the report of similar bands when ethylene
is adsorbed on n-alumina (32). Since a-olefins are the

dominant C hydrocarbons formed under the reaction conditions

2+
chosen for this study (6), it is reasonable to expect that

the structures obse:ved in the infrared spectra arise from

the adsorption of these products at acid sites on the catalyst
support. The carbonium ion thus formed would be stable in

the absence of significant atomic hydrogen on the support
surface. Since the surface of Ru is virtually saturated with
CO under reaction conditions little hydrogen-spillover to the
support would be expected. However, upon elimination of CO
from the gas stréam, the metal surface rapidly clears of
adsorbed CO, and hydrogen can now adsorb freely. Spillover

of hydrogen from the Ru to the alumina would then provide a

source of atoms for removal of the adsorbed hydrocarbons.

CONCLUSIONS
The results of in situ infrared spectroscopy presented
here demonstrate that the surface of a Ru/A1203 catalyst is
covered primarily by linearly-adsorbed CO. The coverage by
this species depends on the catalyst temperature and the CO
partial pressure, and is found to obey a Langmuir isotherm,

characterized by an equilibrium constant of KCO = 1.1 % 10_19

1

exp(25,000/RT) (atm ). Moderate concentrations of diadsorbed

CO (e.g., Ru(CO)Z) and small concentrations of p-bridge
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adsorbed CO (e.g., Ru-CO-Ru} were observed in addition to
the linearly-adsorbed form. The first of these species
appears to be associated with either individual Ru atoms or
small Ru clusters, which interact strongly with the alumina
support. In contrast to the linearly-adsorbed form of CO,
diadsorbed CO does not react with H, at temperatures below
548K, and hence does not appear to participate in CO
hydrogenatione' The p-bridged form of CO may occur in one
of two possible forms. The first would be between a pair of
Ru atoms, such that one aﬁom bonds to the carbon end and the
other Ru atom bonds to the oxygen end of the molecule. The
second possibility is that the CO is attached(through its
carbon end to a Ru site and that the oxygen end interacts
with a Lewis acid site on the support. Unfortunately, the
amount of y-bridge adsorbed co detected is £éb small to
make any defihitive conclusions regafdipg its role in CO
hydrogenation. |

Bands associated with adsorbed hydrocarbon,‘formate
and carbonate structﬁres were also observed. fhe behavior
of the hydrocarbon bands during and after reaction suggest
that these structures are formed by the adsorption of olefinic
hydrocarbons on thé support. On the other hand, it appears
that the formate and carbonate structures are formed on‘the

surface of the alumina support via reactions of CO and Hz.
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Figure Captions

Fig. 1 Spectra obtained at 548K during reaction and subsequent
reduction in HZ: (al) P =.10 atm, HZ/CO = 2: (a2) P =
5 atm, HZ/CO = 2¢: (a3) P = 1 atm, HZ/CO = 2: (bl) after
(al) and following reduction in Hz at 10 atm; (b2) after
(a2) and following reduction in H2 at 5 atm; (b3) after

(a3) and following reduction in H, at 1 atm;

(cl) difference between (al) and (bl); (c2) difference
between (a2) and (b2); (c3) difference between (a3)
and (b3).

Fig. 2  Spectra of chemisorbed CO under reaction conditions and
following adsorption of CO: (a) sample spectrum -
HZ/CO = 2, P =1 atm, T = 498K; reference spectrum -
after reduction in H2 at 1 atm and 498K; (b) sample
spectrum = H2/CO = 2, P =1 atm, T = 523K; reference
spectrum - after reductionrin H, at 1 atm and 523K;
(c) sample spectrum - HZ/CO = 2, P =1 atm, T = 548K;
reference spectrum - after reduction in H, at 1 atm
and 548K; (d) sample spectrum - after CO adsorption
at 1 atm and 523K and elution of gas phase CO with He;
reference\spectrum - after reduction in H2 at 1 atm
and 523K; (e) sample spectrum - PCO = 1 atm, T = 523K;
reference spectrum - after reduction in H2 at 1 atm
and 523K.

Fig. 3 Spectrum obtained following CO adsorption at 1 atm
and 448K and elution of gaseous CO by He.

Fig. 4 Effects of He and H, on the intensities of bands

associated with adsorbed CO: adsorption conditions -
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PCO = 3.3 atm, T = 498K; (al) following exposure to

a He flow at 498K for 0.5 min; (a2) 2.7 min; (a3) 14.0
min; (a4) 46.0 min; (a5) following exposure to a H,
flow at 498K for 0.2 min; (a6) 0.5 min; (b4) same

as (a4) expanded fourfold; (b5) same as (a5) expanded
fourfold; (b6) same as (a6) expanded fourfold; (cl)
difference between (al) and (a2) expanded twofold;
(c2) difference bteween (a2) and (a3) expanded two-
fold; (¢3) difference between (a3) and (a4) expanded
twofold.

Relationship between the frequency of the principle
carbonyl adsorption band and the coverage by linearly
adsorbed CO.

Relationship between 651 and P-.l during reaction.

0 Co

Effects of reaction duration on the intensities of

1

bands appearing between 2400 and 3200 cm " : HZ/CO = 3;

P =1 atm; T = 498K.
Effects of temperature on the intensities of bands

l.

appearing between 2400 and 3200 cm H2/CO = 23

P = 10 atm; observation time = 10 min.
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