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Infrared spectra are reported of Ru/SiO; at 473, 503 or 553 K and exposed to CO/H, mixtures at
3. 15, or 30 bar and CO: H; ratios of 14:1, 1:2, and 1:14. A band due to linearly adsorbed CO,
which shifted to lower wavenumbers with increasing temperature and was both shifted and weak-
ened with increasing time, was influenced by the dissociative adsorption of CO, structural reorgani-
sation and sintering of Ru, and the build-up of surface hydrocarbon in situ during reaction. Both
linear RuCO and a u-bonded Ru carbonyl were precursors of active intermediates in reactions
leading to methane and higher hydrocarbon products. Three types of surface hydrocarbon were
present in situ during reaction: these were ethoxy groups on the silica support, probably derived
from reaction of ethene with silanol groups, methylene chains (with methyl end groups) possibly
bonded to Ru via a single CH; end group, and CH, groups specifically bonded to Ru. The formation
of methylene-containing adsorbed species was favoured by increasing pressure, but the effect of
temperature depended on the total reaction pressure. Increasing the CO: H; ratio favoured C-C
chain growth. The infrared results support the proposal that hydrocarbonaceous species may be

further hydrogenated on the Ru surface to give methane.

INTRODUCTION

The formation of methane over ruthe-
nium catalysts is believed to involve disso-
ciative adsorption of CO to give adsorbed
carbon which subsequently reacts with hy-
drogen (/-3). Carbon monoxide is also
nondissociatively adsorbed on ruthenium
and gives infrared bands which have been
attributed to linear carbonyl (RuCO) or
gem-dicarbony! (Ru(CO),) complexes of Ru
at either reduced or oxidised surface sites
(4—6). The band position for RuCO is influ-
enced by surface coverage (7) or by the si-
multaneous presence of hydrogen in con-
tact with the metal surface (8). There have
been several in situ studies of supported ru-
thenium in CO/H,; mixtures at elevated
temperatures (6, 8—12). A distinction has
been identified between the reactivity of
Ru(CO); and RuCO species with hydrogen
(6), and spectra in the ycy region generally
show dominant bands due to adsorbed spe-
cies containing methylene groups. How-
ever, product species from CO/H, over
transition metal catalysts depend on a vari-
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ety of system variables including CO/H; ra-
tio and pressure (13), and therefore the
present work was aimed at identifying sur-
face species on Ru in Ru/Si0, catalysts ex-
posed to CO/H,; at different CO/H, ratios,
high temperature, and high total pressures
which differed by an order of magnitude.

EXPERIMENTAL

A homogeneous paste prepared from
Grace grade 432 silica and aqueous ruthe-
nium nitrosyl nitrate (Johnson Matthey)
was dried in air (383 K, 16 h) before being
compressed (7 ton on die) into seif-support-
ing discs (100 mg weight, 25 mm diameter).
A disc mounted in a stainless steel high
pressure (<175 bar) infrared cell fitted
with fluorite windows was raised to 773 K
in a flow (200 cm® min~', 0.1 MN m~2) of
3.5% hydrogen in argon and held at 773 K
for 1 h before evacuation (773 K, 30 min)
and cooling to reaction temperature (295 <
T/K =< 553). Spectra of discs in situ in CO,
CO/H;, CO/CH,, or a flow of argon satu-
rated with methanol or ethanol at the

0021-9517/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.



356

quoted temperatures and pressures were
recorded at 4 cm™! resolution with a
Perkin—Elmer 1750 FTIR spectrometer.

The silica support was totally amorphous
with a surface area of 320 = 6 m* g=' (BET,
N,, 77 K), a total pore volume (<50 nm) of
1.12 = 0.01 cm? g~!, and a mean pore diam-
eter of 14 nm. After impregnation and re-
duction the corresponding figures for Ru/
SiO; catalyst were 296 = 6 m® g7, 1.04 =
0.01 cm3 g7!, and 14 nm. XRF showed that
the reduced catalyst contained 2.0 wt% Ru.
Hydrogen chemisorption gave an uptake of
0.81 cm? (g catalyst) ™! at STP which corre-
sponds to a H:Ru ratio of 0.37:1 or 37%
dispersion.

RESULTS
Adsorbed CO and Alcohols

Spectra of reduced Ru/SiO, were sub-
tracted from spectra recorded after expo-
sure of a catalyst disc to CO at 5 atm. In the
resulting difference spectra possible bands
above 2080 ¢cm ! due to adsorbed CO (4, 5)
were obscured by the intense band enve-
lopes at 2120 and 2170 ¢cm ! due to CO gas.
In accordance with previous observations
(5, 7-9, 11, 12) the dominant band for cata-
lyst at 295 K was at 2049 cm~! and may be
attributed (¢4) to linearly adsorbed CO on
ruthenium sites in the zero oxidation state.
As the temperature was gradually raised to
723 K, the band narrowed and shifted to
2026 cm~! with only a slight change in in-
tensity. The band reverted to its original
position when the disc was cooled in CO to
295 K. A weak, broad band also appeared
in the spectra at 1750-1800 cm ™.

Spectra of Ru/Si0; in CO(5 atm)/H,(10
atm) for short times (<ca. 1 h) exhibited a
maximum at ca. 2049 cm~! at moderate
temperatures (295-573 K), the maximum
shifting towards ca. 2026 cm™! at high tem-
peratures (> 623 K). However, an addi-
tional band also appeared at 2010 cm™'
when the temperature was above 523 K.
The latter band remained in the spectrum
when the sample was cooled to ambient
temperature and may result from coadsorp-
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tion of CO and H-adatoms at exposed Ru
sites (/4).

Syngas catalysis over Ru/SiO; generally
favours alkanes and alkenes as products
(/5), although in homogeneous systems ca-
talysis by ruthenium complexes can lead to
significant amounts of methanol and etha-
nol (16). Spectra of Ru/SiO, exposed to al-
cohols at 473 K were therefore recorded in
order that the products of adsorption could
be recognised if they were also formed from
CO/H, over Ru/SiO,. Spectra in the vcy
and 8¢y regions were dominated by bands
due to alkoxy groups on the silica support.
As for silica alone (/7), the bands were at
2958, 2857, 1481/1464, and 1374 cm~! for
SiOMe groups and at 2981, 2938, 2906,
1457, and 1397 c¢cm™! for SiOEt groups.
Bands due to surface complexes of ruthe-
nium, if present, were obscured by the
maxima due to SiOMe or SiOEt groups, ex-
cept for narrow bands at 2018 ¢cm~! and
2010 cm™! due to linear RuCO formed from
methanol and ethanol, respectively. Both
alcohols also gave a weak broad maximum
at 1750-1800 cm™".

CO/H, Reactions (3 bar)

Figure 1 shows spectra of Ru/SiO; (mi-
nus the spectrum before the addition of
gases) exposed to a 1: 2 ratio of CO: H, at a
total pressure of 3 bar and at 553 K. A
strong band at 2031 cm™! due to linear
RuCO species immediately appeared (Fig.
1(a)] but decreased in intensity and shifted
to 2017 ¢cm™! as a function of time [Fig.
1(h)]. After 25 h reaction the CO(g) in the
system had been completely used up as
shown by the disappearance of the P- and
R-branch band envelopes at 2120 and 2170
cm™! [Fig. 1(h)]. The most intense band at
3016 cm~!in the product spectra was due to
methane gas and was accompanied by P
and R branches exhibiting rotational fine
structure. The loss of CO(g) resulted in sub-
sequent loss of the maximum at 2017 cm™!
[Fig. 1(i)] which was accompanied by con-
tinued growth of the band at 3016 cm™! due
to CHy(g), suggesting that RhCO was in-
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F16. 1. Spectra of Ru/Si0s exposed to CO (0.1 MN m “)/HA0.2 MN m ) at 553 K for (a) ca. 105, (b)
5 min. {¢) 30 min. and (d} 1. (e) 5. () 10, (g) 20, (h) 25, (i} 26, and (j) 45 h. and after subsequent
evacuation at (k) 553 K (10 min), and (1) 723 K (10 min).

volved as an intermediate in the formation
of methane. A weak band at ca. 1750 cm™!
in spectra of Ru/Si0O, exposed to CO/H,
[Fig. 1] also disappeared after the CO(g)
present had completely reacted suggesting
that a further form of adsorbed CO on Ru,
possibly a bridged species (¢) was present.
A similar band appeared in spectra of Ru/
SiO; exposed to CO alone at 5 bar or to
methanol or ethanol at 473 K.

There was no further increase in the in-
tensity of bands due to CHy(g) after both
CO(g) and adsorbed CO complexes (2017
and 1750 cm~") had been removed by reac-
tion [Fig. 1(j)].

The P branch of the CH4(g) spectrum ob-
scured coincident bands due to adsorbed
products of reaction. The intensities of the

coincident bands increased with time while
CO(g) was present [Fig. 1(a)-(g)] but de-
creased in intensity at the same time as ad-
sorbed CO underwent reaction [Fig. 1(h),
(i)] before attaining a stable level of absorb-
ance [Fig. 1(i), §)]. Removal of methane by
evacuation at 553 K revealed bands at 298],
2917, and 2851 cm~!, together with a
weaker band at 1410 cm™! in the lower
spectral region [Fig. 1(k)]. Raising the tem-
perature to 723 K [Fig. 1(1)] had negligible
effect on the bands at 2917 and 2851 cm ™!,
although the weaker band at 2981 cm~! was
further weakened revealing an additional
shoulder at 2935 cm ™!, A weak maximum at
3153 cm ! may have been indicative of an
adsorbed unsaturated hydrocarbon species
present after reaction.
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F16G. 2. Spectra of Ru/Si0- exposed 1o CO (1.0 MN m *)/H,(2.0 MN m ?) at 553 K for (a) ca. 10 s and

(b) 65 h.

CO/H, Reactions (30 bar)

Increasing the total initial reactant pres-
sure to 30 bar retaining a 1:2 ratio of
CO: H, gave significantly different relative
selectivities to methane gas and adsorbed
hydrocarbon products than those observed
for a 3-bar reaction mixture. Results for re-
actions at 30 bar and 503 or 553 K were
similar in selectivity terms for adsorbed
products, although at the higher tempera-
ture all the products were generated much
more quickly and there was also a higher
selectivity towards the formation of meth-
ane. Figure 2 shows the immediate and
long-term spectrum of Ru/SiO; exposed to
CO/H; (30 bar) at 553 K. The reaction of
CO(g) led to decreases in intensity of the

band envelopes at 2170 and 2120 cm™!
which led to a shoulder at ca. 2030 ¢cm™!
developing into a distinct weaker band at
2017 cm™! due to ruthenium linear car-
bonyl. The band at 1750 cm™!, possibly due
to a bridged carbonyl of ruthenium, was un-
changed during reaction. Methane (3016
cm™') appeared more rapidly from CO/H,
initially at 3 bar rather than 30 bar, but con-
siderably more adsorbed hydrocarbon was
generated at the higher pressure. The latter
is more clearly revealed by spectra re-
corded after removal of the gas phase by
evacuation [Fig. 3(a), (b)]. The high pres-
sure experiment gave a multiplicity of
bands in the wvcy region. Bands at 2970,
2947, 2897, 2880, and 2860 cm ™! were addi-
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F1G. 3. Spectra of Ru/SiQ), evacuated at 553 K after
exposure at 553 K to (a) CO (0.1 MN m *)/H, (0.2 MN
m 7} for 45 or 65 h, (b) CO (1.0 MN m 2}/H, (2.0 MN
m ) for 65 h, and (¢} CO (0.2 MN m ?)/CH, (0.1 MN
m *°) for 70 h.

tional to maxima at 2981, 2935, 2917, and
2851 (sh) cm™! also observed after reaction
at lower pressure. Maxima also appeared in
the &cy spectral region at 1460 and 1395
cm~! [Fig. 2(b)]. A doublet at ca. 2350 cm~!
[Fig. 2(b)] showed that a trace of gaseous
carbon dioxide was formed during reaction.

The generation of methane as a signifi-
cant product from CO/H, at high pressure
led to an experiment which tested whether
CH4/CO mixtures underwent any second-
ary reactions giving adsorbed species. The
result of one typical experiment is com-
pared on the same absorbance scale in Fig.
3 with results for CO/H, mixtures at 3 and
30 bar. Weak maxima at 2926 and 2854
cm~! [Fig. 3(c)] resembled bands at 2917
and 2851 ¢cm ™! for CO/H; at 3 bar [Fig. 3(b)]
but contrasted, not only in band positions
but also in intensities, with the band enve-
lope for Ru/SiO, exposed to CO/H, at 30
atm [Fig. 3(b)].
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CO/H> Reactions (15 bar)

A hydrogen-rich CO/H; mixture reacted
over Ru/S10; at 473 K to give little methane
(3016 cm™!) but generated adsorbed hydro-
carbon groups with infrared bands at 2963,
2931, and 2857 cm™! {Fig. 4] and ca. 1460
cm~!. Reaction at 503 K gave a more in-
tense band at 3016 cm ! due to methane
[Fig. 5} and reaction at 553 K gave spectra
in the vey region in which bands due to
methane were dominant |Fig. 6]. Bands due
to adsorbed hydrocarbon were revealed by
evacuation [Fig. 6(b)] and are compared in
Fig. 6 with the corresponding bands ap-
pearing after reaction at 473 and 503 K. The
generation of adsorbed hydrocarbon groups
was faster at 503 K than 473 K, the result-
ing spectra being similar with respect to
maxima at ca. 2960, 2931, and 2857 cm™!
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F1G. 4. Spectra of Ru/Si0O, exposed to CO (0.1 MN
m ?)/H, (1.4 MN m 2) at 473 K for (a) ca. 10 s and (b)
1. (¢} 5, (d) 10, (e) 20. (f) 50, (g) 60, and (h) 67 h.
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F1G. 5. Spectra of Ru/8i0; exposed to CO (0.1 MN
m *)/H,> (1.4 MN m 2) at 503 K for (a) ca. 10 s and (b)
1, (c) 10. (d) 20, (e} 50, and (f) 72 h.

but differing in that an additional band ap-
peared at 2981 cm ™! after reaction at 503 K
[Fig. 6(c)]. The hydrocarbon species re-
sponsible for these bands were not de-
sorbed by evacuation even when the tem-
perature was raised to 723 K. Bands at 1465
and 1395 cm~! due to CH deformation vi-
brations were particularly well developed
after reaction at 503 K [Fig. 5(f)]. The vcy
band envelope after reaction at 553 K and
gvacuation at 553 K to remove methane
was very weak [Fig. 6(b)] and hence
showed a poor signal-to-noise ratio, but ex-
hibited the same maxima in similar relative
proportions to the result for reaction at
503 K.

The spectroscopic effects in the v¢p re-
gion for Ru/Si0, exposed to CO/H; at 15
bar and a 1:14 ratio were similar to the
corresponding effects for a 1:2 ratio at 3
bar [Fig. 1] and 30 bar [Fig. 2]. The com-
plete depletion of CO(g) to zero after 41 h
reaction at 553 K led to the rapid disappear-
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ance of the maxima at 2017 and 1760 ¢cm ™'
due to adsorbed CO on ruthenium.

For a 1:2 ratio of CO: H> at 15 bar and
503 K, bands in the vcy region due to ad-
sorbed species grew with time at 2960(sh),
2931, and 2857 cm™' with the concomitant
growth of two maxima at 1465 and 1395
cm™! [Fig. 7A]. The rate of formation of
methane (3016 cm™'), slow at 503 K [Fig.
7A], was ca. 3.5 times faster at 553 K [Fig.
7B], bands in the P-branch envelope for
methane partially obscuring vcy bands due
to adsorbed species. The latter were re-
vealed at 2966, 2935, 2900(sh), and 2860
cm™! after evacuation at 553 K [Fig. 7(j)]
and were accompanied by bands at 1465
and 1395 cm~' [Fig. 7(h)]. The rate of
growth of maxima due to adsorbed CH-
containing groups at 553 K was intermedi-
ate between the corresponding rates for
1: 2 ratios of CO : H; at initial pressures of 3
and 30 bar [Fig. 3], the rate becoming faster
with increasing pressure. In contrast, the
rate of methane formation decreased with
increasing total pressure at 553 K. Further-
more, the rate of methane formation at 553
K was less for a 1:2 ratio of CO: H, than
for a 1: 14 ratio (Fig. 6(a)] at a fixed initial
total pressure of 15 bar. However, more ad-
sorbed hydrocarbon was generated with the
1:2 ratio [Fig. 6] than with the 1: 14 ratio
[Fig. 7(i), (§)] at both 503 and 553 K. For
both CO/H; ratios there were less adsorbed
CH-species present in situ during reaction
at 553 K than at 503 K. The simple explana-
tion that the adsorbed species were more
readily desorbed at the higher temperature
is not tenable because the infrared band in-
tensities were unaffected by subsequent
evacuation of catalyst up to 723 K.

No methane was formed from a 14:1
mixture of CO: H,. Bands at 2931 and 2857
cm™! due to adsorbed hydrocarbon were
extremely weak even after prolonged reac-
tion at 503 or 553 K [Fig. 8]. The maximum
due to RuCO was obscured by intense max-
ima due to gas-phase CO and could not
therefore be monitored. A weak doublet
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FiG. 6. Spectra of Ru/Si0, exposed to CO (0.1 MN m *)/H, (1.4 MN m ) (a) for 40 h at 553 K. (b)
after subsequent evacuation at 553 K. (¢) for 72 h at 503 K followed by evacuation at 503 K. and (d) for

67 h at 473 K followed by evacuation at 473 K.

growing at 2350 cm™! suggested that some
carbon dioxide was formed in the system.

In accordance with a previous observa-
tion (14), no infrared bands due to adsorbed
formate were observed for Ru/SiQ, in CO/
H, at high temperature.

DISCUSSION

Surface Carbonyl Complexes

Weak bands at ca. 2080 and 2145 cm ™! for
CO at low pressure on Ru/SiO; have been
ascribed to a Ru"(CO), complex (5, /1),
However, if these bands existed in the
present spectra, they were obscured by in-
tense band envelopes due to CO(g). The
bands could not be revealed by removal of
CO(g) because the Ru""(CO), complex on

Ru/Si0; is unstable to evacuation (/7). The
weak adsorption of CO at sites leading to
the Ru”*(CO); complex also implies that at
elevated temperatures there would only be
at most low coverage of the available sur-
face sites (/7).

The infrared band position for linearly
adsorbed CO on Ru(001) shifted towards
lower wavenumbers with decreasing sur-
face coverage (7). Similarly a shift from
2030 to 2010 cm~' accompanied the partial
desorption of CO from Ru/SiO; by evacua-
tion at 373 K (5). The present shift from
2049 to 2026 cm™! which occurred with in-
creasing temperature from 295 to 723 K
cannot be attributed to decreasing surface
coverage because, with 5 bar of CO(g)
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F1G. 7. Spectra of Ru/Si0» exposed to CO (0.5 MN m 2/H, (1.0 MN m *)at (A) 503 K and (B) 553 K
for (a) ca. 10 s, (b) S min, and (c) 1. (d) 10, (e) 20, (f) 50, (g) 65. and (h) 70 h, followed by subsequent

evacuation at (i) 503 K and () 553 K.

present, the band shift was only accompa-
nied by a slight reduction in band intensity.
Coverage of surface sites was high even at
723 K. One explanation would be that in-
creasing dissociative adsorption of CO with
increasing temperature at sites other than
those giving RuCO releases oxygen to the
ruthenium surface and therefore lowers vcg
for the linear surface RuCO complex (/1,
18). However, the return of the band to
2049 cm™! on cooling in CO to 295 K is
difficult to rationalise if the adatoms result-
ing from dissociative adsorption were re-
tained on the surface during the cooling
process. An alternative factor contributing
to the band shifts would be structural
reorganisation of the ruthenium with chang-
ing temperature in the presence of carbon
monoxide.

The interaction of carbon monoxide with
oxide-supported ruthenium may lead ei-
ther, at low temperatures, to oxidative dis-
ruption of Ru-Ru bonds to give adsorbed
Ru*(CO), complexes (x = 2) (/9-22) or, at
high temperatures, to reductive agglomera-
tion of Ru”* species to Ru® clusters (19, 22).
However, the extent of these effects is
strongly influenced by the nature of the ox-
ide support (2/). Oxidative disruption is
clearly observed for Ru/Al,O5 (19, 21, 22)
and has led to the appearance of infrared
bands at 2075 and 2140 cm™' which were
attributed to a Ru"*(CO), species (n = 1-3)
(19). The failure to observe such bands here
after contact between CO and Ru/SiO,; at
295 K suggests that oxidative disruption
cannot have occurred to any significant ex-
tent. This is substantiated by the present
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FiG. 8. Spectra of Ru/SiO: exposed to CO (1.4 MN
m *)/H: (0.1 MN m ?) for (a) 65 h at 503 K and (b)90 h
at 553 K.

dominant infrared band positions for CO on
Ru/Si0; at 295-723 K which were typical
of CO complexes of Ru in the zero oxida-
tion state. This conclusion supports a pre-
vious report (2/) that oxidative disruption
of Ru~Ru bonds by CO does not occur for
Ru/SiO;. The present band shifts on raising
the temperature cannot therefore be attrib-
uted to changing Ru oxidation state but
may be influenced by agglomeration of Ru®
particles, this process possibly being af-
fected by the presence of hydrogen (19).
Bridging carbonyl species on ruthenium
are not often observed (4, 5). Yamasaki e/
al. (11) recorded a broad band at 1700-1900
cm~! which was assigned to Ru,CO species
for Ru/Si0, exposed to carbon monoxide.
The present band at 1760-1800 cm™! might
be more correctly assigned to CO(ads)
which is multicentre-bonded to the exposed
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ruthenium surface (4). However, the maxi-
mum at 1750 cm™! [Figs. 1, 2] for Ru/SiO»
exposed to CO/H; mixtures resembles a
maximum at 1750 cm~! for CO on Ru/AlLO;
(18). The latter was ascribed to a u-bonded
carbonyl complex in which both the carbon
and oxygen atoms in each adsorbed CO
molecule were coordinated to the ruthe-
nium surface. As here for Ru/SiO:, the spe-
cies responsible for the band at 1750 ¢cm™!
for Ru/AlO; was reactive with hydrogen.

It is generally found for Ru/A);O; that the
coadsorption of hydrogen and carbon mon-
oxide leads to a lower band position for the
linear RuCO than for adsorption of CO
alone (8, 9). However, the band position
was identical here for the adsorption of CO
alone or CO/H;, suggesting that under the
present conditions the presence of hydro-
gen was not having any effect on the
strength of the C-O bond in surface RuCO.
Furthermore, raising the temperature led to
a band shift to 2026 cm™! both for CO/H,
and CO alone, again suggesting a passive
role of hydrogen. Ekerdt and Bell (/2) also
noted that coadsorption of CO and H, on
Ru/Si0O, gave no shift in the CO band posi-
tion. A clear difference between the results
for Ru/Si0; in CO alone and in CO/H» was
only apparent here by the appearance of an
additional band at 2010 cm~! for CO/H,; and
temperatures above 523 K. This shift is
similar to that observed for Ru/Al,O; in
CO/H, (8, 9). A tentative suggestion would
be that the Avco effect for Ru/SiO, is not
observed unless hydrogen is present under
conditions for which some dissociative ab-
sorption of CO occurs. The resulting O-ad-
atoms may have the same influence on vi-
cinal Ru atoms as interactions between Ru
and O?” ions in the alumina surface for Ru/
AbLO; catalysts. The retention of a band at
2026 cm~! while the band at 2010 cm ™! ap-
peared showed that a high proportion of the
Ru surface retained linearly adsorbed CQO in
an environment which was unaffected by
adsorbed hydrogen. The adsorption of CO
at high pressure would inhibit hydrogen ad-
sorption.
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Adsorbed Hydrocarbon Groups

Previous spectra of supported Ru ex-
posed to CO/H; generally contained domi-
nant bands ascribed to CH; groups and a
weaker maximum due to CH; groups (8-12,
18). A band here at 2960-2970 cm~! is as-
signed to CH;-groups. Pairs of bands at
2917 and 2851 ¢m~! [Fig. 1] and 2931 and
2857 cm™! are assigned to two distinguish-
able types of CH, group. Both band pair-
ings were present in Fig. 3(b). King (9) also
reported two pairs of bands at 2922 and
2852 cm! and at 2930 and 2860 cm™' in
spectra of Ru/SiO, exposed to a flow of
CO/H,. The present bands at 2931 and 2857
cm™ ! are ascribed to CH» segments of alkyl
chains (//) which are unperturbed by the
catalyst surface but which may be chemi-
sorbed to Ru via a single CH; end segment
(9). Termination of chain growth and de-
sorption under static high-pressure condi-
tions should lead to retention of longer
chain hydrocarbons (e.g., CH,/CH; = ca.
20/1 (/1)) within the interstices of catalyst
pellets or the pores of the silica support and
additional contributions to the intensities of
the bands due to CH, groups would result.
The bands at 2917 and 2851 c¢cm~! which
dominated the spectra when very little hy-
drocarbon had been formed [Fig. 3(a)] are
ascribed to CH» segments involved in direct
interaction with the metal surface.

An infrared band at 2981 cm~' [ Figs. 3, 5,
6] resembles a similar band in spectra of
ethoxy groups on the surface of silica (/7).
The band was particularly strong fora 1 : 14
ratio of CO : H,. It is unlikely (10) that etha-
nol was a prime product of reaction over Ru
giving spillover to the silica surface (17)
with the generation of ethoxy groups. An
alternative would be that ¢thene formation
(6) might be a precursor of ethoxy groups.

(a) Effect of temperature. The tempera-
ture sensitivity of the growth of bands due
to adsorbed hydrocarbon was dependent on
the total reaction pressure and the CO: H;
ratio. For 30 bar (1:2 ratio) band growth
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was faster at 553 K than 503 K, but raising
the temperature from 503 to 553 K for 15
bar (1:14, 1:2, or 14:1 ratios) decreased
the rate of appearance of adsorbed hydro-
carbon. In contrast, the rate of formation of
methane was consistently higher at higher
temperature. These results are compatible
with previous observations (9-//). En-
hanced selectivity to methane with increas-
ing temperature is also consistent with the
higher activation energy for methane for-
mation than for total hydrocarbon forma-
tion (23). The anomalous result for the tem-
perature effect at 30 bar suggests a
dominating influence of pressure which fa-
vours higher hydrocarbon formation (/3)
even at high temperature. The band at 2981
cm™!, attributed to ethoxy groups on silica,
was most clearly recognised for CO: H, at
1S bar and a 1: 14 ratio at 503 K [Fig. 6(c)]
but was absent from the spectrum after re-
action at 473 K [Fig. 6(d)]. Increased tem-
perature should favour Fischer-Tropsch
synthesis rather than alcoho! synthesis
(/3), and therefore this supports the pro-
posal that ethoxy groups were not formed
as a result of ethanol synthesis in the
present system. Ethene formation over Ru
(6) may precede reaction with SiOH groups
at high temperature to give unreactive (24)
SiOEt groups. Spillover of alkenes from Ru
catalyst to the alumina support in Ru/Al,O;
has been argued to precede spillover of H
atoms which react with hydrocarbon to
give saturated species observed by infrared
spectroscopy (/8).

(b) Effect of pressure. The effect of in-
creasing pressure from 3 to 15to 30 barata
1:2ratio of CO : H, was to increase the rate
of formation of adsorbed hydrocarbon spe-
cies and to decrease the rate of formation of
methane. Yamasaki et al. (11) showed that
at low (<1 bar) CO and H, pressures the
growth of infrared bands due to CH, groups
depended positively (0.7-0.8 orders) on the
partial pressures of H, and CO. However,
reaction orders for product formation from
CO/H; mixtures over ruthenium catalysts
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are dependent on both pressure and tem-
perature (4, 23). The formation of methane
in particular often gives a negative reaction
order in CO partial pressure, especially at
high pressures (1, 12, 23). Separate reaction
orders were not measured in the present
work. However, the effects of varying total
pressure at a constant CO : H; ratio suggest
that the inhibiting effect of CO on hydrogen
adsorption (/2) apparently favoured selec-
tivity towards the generation of higher hy-
drocarbons rather than methane and did not
retard the increasing rate of CH, chain
growth with increasing total reaction pres-
sure despite retarding the rate of formation
of methane.

(¢) Effect of CO/H, ratio. Changing the
CO:H, ratio from 1:14 to 1:2 to 14:1 at
constant total pressure (15 bar) led to de-
creasing methane formation at both 503 and
553 K. This is consistent with the positive
reaction order in hydrogen and the negative
reaction order in CO reported for methane
formation from CO/H- at moderate to high
pressures (4, /2, 23). Increasing the CO : H;
ratio should favour C-C chain growth lead-
ing to higher hydrocarbons (72, 13). Chang-
ing from a 1: 14 ratio to 1 : 2 was consistent
with this expectation, the intensity of bands
due to adsorbed hydrocarbon being more
intense for the | : 2 ratio at both 503 and 553
K. Increasing the ratio further to 14:1 at
either temperature gave a decrease in the
extent of higher hydrocarbon formation,
possibly because hydrogen was unable to
compete for surface sites in the presence of
a vast excess of CO. Despite this, selectiv-
ity to higher hydrocarbon at the 14: 1 ratio
was increased because the extent of meth-
ane production had become undetectable.
The ratio of the band intensities at 2931 and
2857 cm~! to the intensity at ca. 2960 cm™!
was also greater for the 14: 1 mixture [Fig.
8] than for the 1: 14 or 1 : 2 mixtures [Figs. 4
and 7] showing that a longer-chain product
had been generated and supporting the con-
tention (/3) that C~C chain growth should
be favoured in a CO-rich feedstock.
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Factors Affecting Catalyst Activity and
Reaction Mechanism

The position of the infrared band for lin-
early adsorbed CO on ruthenium in situ
during reaction with CO/H, mixtures was
apparently independent of the composition
and total pressure of the reactant mixture.
A similar result has been reported for a less
varied range of mixture compositions and
low pressures (<1 atm) (/2). However, the
suggestion (/2) that there was no band shift
during reaction is not consistent with either
the present results or previous observations
(8, 9, 11). The band shift and weakening of
the RuCO band with time is generally at-
tributed to the electronic effects of surface
carbon on vicinally adsorbed CO molecules
and to partial blocking of CO adsorption
sites (8, /1). King (9) argued that the shift
might have arisen because the carbon de-
posit blocked the weakest Ru sites for
CO adsorption and therefore the high-
wavenumber side (weak Ru—C bond, there-
fore stronger C-0O bond) of the v band
was removed, giving an apparent shift in
band maximum to lower wavenumbers.
This is not a tenable conclusion here be-
cause it would require that the apparent
shift occurred within the confines of the
overall band envelope before reaction com-
menced. The results [Fig. 1] show en-
hanced absorption intensity on the low
wavenumber side of the band envelope,
suggesting that a high proportion of the lin-
early adsorbed CO molecules had been per-
turbed by deposited reaction products or in-
termediates and therefore the infrared band
as a whole had shifted to lower wavenum-
ber. Sintering of ruthenium during reaction
(6) could also have contributed to the pro-
gressive weakening of the intensities of in-
frared bands due to adsorbed CO.

The complete reaction of linearly ad-
sorbed CO on Ru/SiQ, with hydrogen in the
absence of carbon monoxide is consistent
with the proposal that linearly adsorbed CO
is a reaction intermediate in hydrocarbon
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synthesis over ruthenium catalysts (6). The
present results also support the analogous
result for Ru/ALO; that u-bonded carbonyl
groups (band at 1750 cm™') are reactive to-
wards hydrogen (/8). Although methanol is
not a product of the present reactions it is
relevant to note that u-bonded CO on Ru
has been proposed as an essential interme-
diate in the hydrogenation of CO to metha-
nol (25) and was here observed from metha-
nol decomposition on Ru/SiO,. Methanol
decomposes on Ru(001) to give CO(ads)
and H(ads) (25). The present infrared spec-
tra of methanol and ethanol adsorbed on Ru
confirm that dissociative adsorption gives
linearly adsorbed CO. Again, as for the ad-
sorption of CO/H, mixtures or CO alone,
alcohol adsorption on Ru/Si0, also gave a
bridging CO species, possibly in the u-
bonded configuration (/8). The band at 2981
cm~! in spectra of adsorbed ethanol is due
to a vibration of ethoxy groups on silica
(/7) and leads to the same assignment for a
similar band in spectra of Ru/SiO, exposed
to CO/H, mixtures. The additional bands at
1457 and 1397 cm ™! in spectra of adsorbed
ethanol would have contributed to the max-
ima at 1460 and 1395 cm™! in spectra after
CO/H, reaction, although the 1460 c¢m™!
band in particular would have been partly
attributable to vibrations of CH, groups in
alkane chains. Possible bands at 2938 and
2906 cm ™' due to ethoxy groups following
CO/H, reactions were obscured by maxima
due to other adsorbed products of reaction.

Mechanisms for CO/H; reactions involv-
ing direct hydrogenation of nondisso-
ciatively adsorbed CO in the first step have
been proposed (/, 26). However, there is
compelling evidence for mechanisms of
Fischer-Tropsch synthesis which involve
dissociative adsorption of CO followed by
hydrogenation of surface carbon to give ad-
sorbed CH species which are further hydro-
genated to hydrocarbon products (12, 27).
The present results not only support the
proposal that molecularly chemisorbed CO
is a precursor of active intermediates in the
reactions but also agree with suggestions
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that surface hydrocarbonaceous and carbon
species are further hydrogenated to give
methane (/, 9, 11, 12). Figure 1 exemplifies
the result that loss of CO(g) in reacting sys-
tems led to subsequent loss of linear RuCO
and p-bonded CO on Ru and the attenua-
tion of infrared bands due to the CH
groups. However, reports vary as to
whether (//) or not (/0, 12) the hydrocar-
bon constitutes an intermediate in the for-
mation of desorbed reaction products. King
(10) reported two types of CH, group, one
of which was reactive towards hydrogen,
the other being unreactive. The reactive
type of CH; gave bands at 2922 and 2852
cm~!. The equivalent species giving max-
ima at 2917 and 2851 ¢cm™! here was not
completely removed after reaction in ex-
cess hydrogen at 553 K for 19 h [Fig. 1(i)-
(k)]. The reactivity of this species was ap-
parently significant while CO(g) or CO(ads)
remained in the system but fell to zero in
the absence of CO. However, the residual
level of band intensities [Fig. 3(a)] would be
expected [Fig. 3(c)] in view of the amount
of methane present in the system after the
depletion of CO [Fig. i(j)]. The results here
therefore support the conclusion (/0) that
methylene species bonded to ruthenium are
hydrogenated giving methane as product.
The generation of traces of carbon diox-
ide at 553 K under two of the sets of present
experimental conditions probably arose
from reaction between CO(g) and oxygen
atoms generated by dissociative adsorption
of CO (28). Carbon dioxide itself would be
expected to be hydrogenated giving meth-
ane and higher hydrocarbons (29). The re-
moval of oxygen atoms from the ruthenium
surface also led to water which was largely
desorbed from the surface under reaction
conditions. A weak band due to water gen-
erally appeared in spectra at ca. 1630 cm™'.

CONCLUSIONS

(a) In contrast to ruthenium supported on
alumina (19, 21, 22), ruthenium supported
on silica in CO/H> mixtures at 295-723 K
remained in the zero oxidation state not
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only at high temperatures (as for alumina)
but also at low temperatures for which ru-
thenium on alumina undergoes disruptive
oxidation.

(b) A shift in the linear vco RuCO band
with time towards lower wavenumbers can-
not be attributed to selective site blockage
of the weakest Ru sites for CO adsorption
(9) but is probably due to the perturbation
of linearly adsorbed CO molecules by coad-
sorbed reaction products or intermediates
derived from CO, H, or both CO and H,.

(¢) Ru sites in Ru/Si0O; exposed to CO/H,
mixtures at high temperature are partially
blocked by the build-up of adsorbed inter-
mediates or products on the ruthenium sur-
face.

(d) Both linearly adsorbed CO on ruthe-
nium and a u-bonded carbonyl complex of
Ru (18) in Ru/Si0; were reactive with hy-
drogen at high temperature and pressure.

(e) Dominant products from CO/H; over
Ru/SiO, were methane and higher hydro-
carbons, the rate of formation of methane
being increased by raising the temperature,
lowering the total reaction pressure or in-
creasing the proportion of H, in the CO/H,
mixture. Increasing pressure or CO: H- ra-
tio favoured C-C chain growth and the for-
mation of higher hydrocarbons.

(f) Hydrocarbonaceous products on Ru
may act as intermediates undergoing fur-
ther reaction with hydrogen giving meth-
ane.
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