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The ‘Mechanism and Kinetics of Fischer-Tropsch Synrbe51s
Over Supported Ruthenium Catalysts

;

Carl Stephen Kellner )

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemical Engineering
University of California, Berkeley, CA 94720

ABSTRACT
i
A detailed study of the kinetics of the Fischer-Tropsch synthesis of
hydrocarbons, methanbl, and acetaldehyde, ovér alumina- and silica-
sppportedlruthenium catalysts has been carried out over a broad range of
reaction congitions. Based on these results and information taken from
the literature, mechanisms for the forﬁation of normal paraffins,
a~olefins, methanol, and acetaldehyde have been proposed.
Rate data were obtained between 448 and 548K, 1 and 10 atm, and
HZ/C ratios between 1 and 3, utilizing a micro flow reactor operated
at very low conversions. These conditions allowed the intrinsic reac—
tion kinetics to be obserQed w%th minimal interference from secondary
reactions. In addition to tﬁé-studia§ performed with HZ/CO mixtures,’
a séfies of e%periments were carried ;ut utilizing fz/CO mixtures.
These studies were used to help i@entify;rate limited steps and steps

that were at equilibrium. {

“a

A complementary investigation, carried out by in situ infrared

spectroscopy, was performed using a Fourier Trausform spectrometer.

The spectra obtained were used to identify the modes of CO adsorptionm,



~

"the CO coverage, and the relative reactivity of different Forms of ad-
sorbed CO. It was established that CD adsorbs on alumina-supported
Ru in, at least, two forms: 1J)Ru~CO and ii)OC-Ru-CO. Only the first

of these forms participates in. CO hydrogenation. The céverage of this .

w2 e ST

species is_deécribed by a simple Langﬁuir igsotherm.

The kinetics of hydfoéarbbn synthesis;uthe olefin to paraffin ra-
tio for each product, and the p;obability of chain propagatioﬂ can all
" be iﬁterpreted on the basis of the reaction mechanism described below.
Reactio; is initiated by the adsorption of CO and its subsequent disso-

4

ciation. ?Atomic oxygen is rejected as H20 and ﬁhe carbon undergoes
stepwise hydrogené;ion to form CHx(x=1-3) ;quies. Methane is formed
by reductive elimination of methyl groups while E&g formation of high;
er mclecular weight products is initiaﬁed by the addition of a CH2 unit
to an adsorbed‘CH3 group. Furtheé chafh growth then proceeds via a
éimilar process. O0lefins are formed by B-Flimination of hydrogen from
an adsorbed alkyl group and paraffins are formed by reductive elimina~
tion of an alkyl group. Rate expyessions based on this mechanism are
reasonably consistent with the éxperimental data.

Acetaldehyde, obtained mainly over silica-supported Ru, appears
to be formed by a mechanism related to that' for hydroformulation of
olefins. Following the formaticn of methyl groups, as discussed zabove,
CO is inserted into the metal~carbon bond of the CH3 group. The re-
sulring acetyl species then undergoes reductive elimination to produce
aﬁétaldghyde. Methanol, rather than acetaldehyde, is observed over

;alumina4supported.Ru. The mechanism by which this product is formed

is not clear. However, the observed kinetics are consistent with a



“ meéhanism in which p-bridge adsorbed Cb is hydrogenated to form a
‘metho§y intermediate. Reductive eliminatioﬁ‘cf this moiety results
in methanol formgtion.

The effect of the’ dlsperSLOn of Ru/Al2 3 catalysts on their spe-
cific activity and select1v1ty was also.investigated. The specific
activity for all proipéés decreased rapidly wifh increasing dispersion;
a particularly rapid fall off béipg observed fur dispersions greater
than 0.7. The olefin to paraffin ratiO'of the ﬁr;ducts and - the probai
bility of chaln growth were nearly 1ndependent of dlsper51on for,éls-
perszons less than 0.6 but decreased sharply at hlgher dlsperSlonS.

The origin of the dispersion effects are not fully understood. It may
" be hypothesized th;t at least a part of the observed effé;té is &ue;

to changes in the electronic properties of the small Ru particles con-

stituting the catalyst.



CHAPTER I
i INTRODUCTION

The Fischer-Tropsch syuthesrs, a catalytlc process by which hydro—
carbons and oxygc”»:ontalﬂﬂng products are produced from carbon mono-
xide and hydrogen, has attracted a great deal. of attentien in the last
decade. This‘interest stqns 1argely from the potential of dtiliaing
Fischer—Tropsch synthesis;(FTS) to produce transportation fuels and
chemical feedstocks from coal. While a very large amount of empirical'i
data (1). have. been obtainéd on catalyst and precess performanca since
the 1920' s, when FTS was developed 1nto a viablc process (2),:3ﬁ1y re-'
cently have some of the fuudamental reactlons occurrlng on the catalyst
surface beguq to be understood (3,4). Much of what is known about the
mechanism o@,ETS’pas besu'obtained through!srudies of.related, homo-
geneocusly catalyssd, reactions (5,6) but more detailed studies, per-
formed with supported,=heter6geneous,-catalysts, are still required
to develop a clearer uaderstanding of the overall surface chemistry.
Development of such idrormation'is highlg desirable sincs it could aid
in guidrng the syathé;is of selegtcd ;rmducts OT ranges ;f products.

Although many of the tranSLtlon metals will catalyse the reaction

between CO and H,, iron, cobalt, and ruthenium are the most selective

B
i

for the synthesis of intermediate molécular weight hydrocarbons(l).

" Of the three, ruthenlum has a number of -properties that make it parti-
calarly attractive as a model catalyst for a fundamental study of FIS.
It possesses both high intrinsic activity- and selectivity for straight

chain product formation and produces few oxygen contalnlng product

It can be reduced readily in flow1ng hydrogen, is easily supported in



highly dispersed form, and because ruthenium does not form a bulk
garbide or oxide under Fischer-Tropsch reaction conditions, as do i;;n
and cobalty a long induction period is not vequired prior to the onset
of FTS. These properties of ruthenium facilitate the acquisition and
interpretagioniqf5£inetic'data.

The objec?%;es of;ché present study are to reexamine the kinetics
of FTS over su%ﬁorted Ru catalysts, to determine whether these results
are compatible with the current‘nﬁéerstanding of the mechanisms of FTS,
and, when possible, to discriminate between plausiblz, parallel, reac-
through C

tion pathways. To this end, the kiretics of ¢ o paraffin

1 1
and olefin formation have been deteFmined, over Ru/Alzo3 and ?g/sioz
catalysts, over a broad range of reélispic Fischer~Tropsch zsction

'conditiAns. The .pressure has been varied from 1 to 10 a2tm, the temper-
ature frcm|448 to 548K, and the HZ/CO ratio.fr?h 1 to 3. However,
rather than operating at the high conversions Eypical of an industrial
process,'cbnversions have been kept below 2% in order that the intriusic
kinetics could be observed. _The kinetics of methan61 and acetaldeh&de
formation, ehe most abundant organic ‘oxygen containing products ob-

and Ru/Si0

served over Ru/Al catalysts, respectively, have also

203 2
been investigated.

Because kinetic.data alcne %s rarely capatle of discriminating
between similer reaction mechanisms (4), additional information has
been obtained by in situ infrared spectra;copy of the catalyst during
reaction and by carrying out a series of runs using D2/C0 ;ather than
H2/CO mixtures. In situ infrared spectroscopic studies allow the types

of adsorbed species present om the catalyst surface to be determined



(7) and, in addition, provides a method by which changes in the concen-
trations of these species wi;h reaction conditions or time can be -
observed. Various types of experiments can be carried out with iso-
topically labeled reactants (8). In the present study the focus has

" been on determining how using D2/CO in the place of HZ/CO mixtures ef-
fects the observed reaction rates. From such information, conclusions
can be drawn concerning the nature of elementary steps involving che
transfer of hydrogen atoms.

The influence of Ru dispersion on catalyst activity and selectif-
vity has also been investigated as part of this effort. Previous
siﬁdies have demonstrated that metal dispersion can have an effectjon

catalyst activity and selectivity (9). The purpose of these studees
is to establish the extent to which dispersions can be used ;04§1ter
the distgibugion of products obtained.

The balance of this':;esis is divided into five parcs; reflecting
individual efforts undertaken in the course of this work. A review
of the literature pertaining’to pach effort is presented at the'begin—
ning of each chapter. Chapter II deals with the interpretation of
Hzlbz isotope effects observed during the synthesis of methane and
higher molecular weight hydrocarbons. The results of.ig situ infrared
studies are discussed in Chapter III. Determination of the kinetics
of hydrocarbon synthesis is discussed in- Chapter IV and the experimental
data are compared witk rate and product distribution expressions derived
on the basis of a proéosed mechanismﬁ In Chapter V observations of

methanol and acstaldehyde synthesis are discussed in the light of mecha-

nisms for the formation of these products. Finally, Chapter VI deals



4

with the effect of the dispersion of Ru/Alzo3 on the activity and
selectivity of these catalysts. Several appendices dealing with ex-

perimental apparatus and procedures appear at the end of the thesis.
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CHAPTER IIX

Evidence For Hy/Dy Isotope EEfects on
Fischer~Tropsch Zynthesis Ove% Supported ¥
Ruthenium Catalysts . .

ABSTRACT
The effects of using D2 rather than H2 during Fischer-Tropséh
synthesis were investigated using alumina- and silicaiéupported Ru

catalysts., For the alumina-supported catalysts, the rate of CD4

formation was 1.4 to 1.6 times. faster than the formation of CH A

4
noticeable isotope effect was also observed for higheé molecular weight
products. -The magnitude of the isotope effects observed using the
silica7supportéd catalyst was much smaller than that %ound using the
alumina-supported catalysts. The formation of olefins relative to

2 rather tﬁan D2 was used;

independent of the catalyst support. The observed isotope effects are

paraffins was found to be higher when H

explained in terms of 2 mechanism for CO hydrogenation, and are shown
to arise from z complex combination of the kinetic and equilibrium
isotope effects associated with elementary processes occurring on the

catalyst surface.



INTRODUCTION

‘Results from g number of recent studies {1-13) suggest that the
Fatalytic synéhesis of CH4 from CO and H2 over group VIII metals
proceeds via stepwise hydrogenation of atomic carbon, formed upon
dissociation of chemisorbed CO. It has also been proposed that the
formation of higher molecular weight hydrocarbons is initiated by the;t
addition of a methyl group to a methylene group and that further cha%n
growth occurs by the reaction of methylene groups with adsorbed alkyl
groups (14, 15). The alkyl groups then react to form olefins and par-
affins via either hydrogen elimiﬁéfion or addition. Consistent with
these views of CO hydrogenation, one would expect to observe an iso-
topic effect if D, were used instead of Hz. While several attempts
have been made to observe such an effect, the results available thus
far have been contradictory. 1In early studies by Jungers et al. (16,
17), the hydrogenation of CO to CH4 over Ni was observed to proceed
more rapidly with D2 than HZ and the activation energy was lower for
D,. Recent studies by Mori et al. (18) have confirmed this observa-
tion and indicate that methanation over Ni is 1.4 times faster with
D, than with H,. Sakharov and Dokukina (15) also observed an inyerse
isotope effect for a Co/ThOZ/Kieselguhr catalyst. TFor temperatufes
between 449 and 466K they found that the formation of CD4 was 1.2 to
1.5 times faster than the formation of Cﬁ&' A normal isotope effect.
was observed by McKee (20) for CH, synthesis over Ru powder. The ratio
of CH4 to CD4 formation was 2.2 over the temperature range of 298 to

423K. In contrast to these results, Dalla Betta and Shelef (20,21)

reported that no isotopic effect could be discerned for either CH, or



total hydrocarbén formation over Ni/ZrOz, Rﬁ/A1203,'or p:/A1203 for

temperatures between 423 aﬂd;498K. Based on this evidence it was sug-
gested that CO dissociatiom is iikely to be the rate-determining step
in CO hyd;ogenation. In a comment on these results, Wilsorn (23) noted
that the overall isotope effect could arise from a combination of:kineéic
and equilibrium isctope effects, the former favoring the reaction of
i, and the latter favoring the reaction of Dz. As a result of this{
he concluded that the presenca or avsence of an.isotope effect cannot
be used to identify the rate determining scep.. e

The present ;tudy was undertaken té reexamine the n;ture of the
HZ/DZ isotope effect associated with the gynthésis of 6H4 and higher
molecular weight hydrocarﬁons over silica- and alumina-supported Ru."
These investigations were carried out at 1 a;d 10 atm in the temperature
interval of 453 to 548K. An inverse isotope effect was observed for
the alumina-supported cataiy§s$,_yhich.was'fargest for CH4 and declined
with increasing carbon number. The magnitude of the inverse isotope
effect observed using the silica-supgprted catalyst'wés much ;maller,
and a normal isotope effecf was observed for some of the products.
A small normal isotope effect on the olefin to paraffin ratio was ob-
served over both catalysts. The signifigaqce of these observations

is discussed in the light of 2 proposed mechanism for the hydrogena-

tion of CO cver Ru.



EXPERIMENTAL

Catalysts ]

Two alumina—suppor?éd catalysts and'pné silica~supported catalyst
were prepared using Kaiser KA-201 Y-alumina and Davison 70 silica gel
as the éupports. A 3.0%-Ru/A1203 and a 1;22 Ru/SiOzicatalyst were pre=-
pared by incipient wetness impregnation of the support:with &n agqueous
solution of RuCl3, acidified to pH = 2 to suppress hydrolysis. The re-
sulting slurry was aiyfdried, and then heated slowly in vacuum from
298 to 423K. Reduction of the chloride was carried out in flowing HQ.
The temperature was raised slowly from 298 te 673K and then mzintained
at 6i3K for 8 hr.

A second alumina-supported catalyst was prepared by adsorptioca
of RuSC(CO)17 from a pentane solution under oxygen and moisture free
conditions.. Synthesis of the cluster complex and details of the impreg-
nétion‘procedu:e have been described previously (24). Oncg dried this.
catalyst, designated as 1.0% RuG[A1203, was reduced in floying H2 under
conditions identical to those used to reduce the catalysts prépareq

from RuClBJ

The disporsion of the 1.0% Ru6/A1203 and the 3.0% Ru/AlZD3 cata-
lysts, measﬁred by Hz‘cbemisorpﬁion, were found to be },0 and 0.5,
respectively. The dispersion of the 1.2% Ru/SiO2 catalyst could not
be determined by this technique since a reproducible determination of
H2 uptake could nolL be obtained, As a result, the dispersion of this
catalyst was measured by CO chemisorpton and determined to be 0.25,

based on the assumption that the ratio of CO to surface Ru atoms is

unity. .The validity of this assumption is supported by previous



studies with low dispersion Ru/Al,’,O3 catalysts (25) and by the observa-
tion that infrared spectra of CO adsorbed on the Ru/SiO2 used in this
étudy (7,26) show only a single Band, attributable to linearly adsorbed/

co. ' . " /

t n

All reactions were carried out using a premixed feed c;mposed of -
H, or D, and CO at a ratio of HZ(DZ)/CO = 3.0. The feed mixtures were
blended iﬁ small cylindefs using pure components. TFollowing filliﬁg,
the bottom of the cylinder containing the mixture was heated for one
day to assure uniform gas mixing. The blended mixture was then ana-~
lyzed by gas'chromatography to establish the concentration of CO. If

the origindl mixture was not correct, additional CO or H, (D,) was

i

added. By following this'procedure, it was possible to obtain mixtures
containing 25 i'ﬁ.52.C0.:
Procedézg |

Rate data were obtained usiné a stainless steel microreactor
heated in a fluidized bed. The reaction products were analyzed using'
.;n on—line gas chromatpgraph fitted with ba}anced 2.4 mm by 1 m columns
packed with Chromosorb 106. The column oven was temperature programmed
from 318 to 503K at 10K/min, and the hydrocarbon products were detected
by a flame ionigation detector. Calibration of the chromatograph was
carried out using mixtures containing known concentrations of the pro-
ducts. Iﬂ addition, by injecting pure samples of CH4 and CD4 it was
established that the detector semsitivities ‘for deuterated and hydro-
genated products were idénticai.

Each experiment witﬁ a fresh catalyst charge [30 mé for the 3.0%

Ru/A1,0, catalyst and 100 mg for the 1.0% Rug/A1,0, and the 1.2%
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Rﬁ/SiO2 catalysts was initiated byuaﬂic to 12 kr reduction in flow~
ing HZ at'67BK and 10 atm. The tempé;fcure was then lowered to 498K
and the feed mixture was introdﬁced aéia flow rate of 200 cmB/minJ
(NIP). Ten min“tes after the reaction begaﬁ, a gas sample was taken
for analysis ané the gas feed was switsﬁﬁ%iover to}pure H, for 1 hr.
By altgrnating short reaction periods ;ﬁ& longer #ed;ction periods,
a stable catalyst activity could be achieved aftg; several cycles.
Once this status was attained, the catalyst was‘é;oled to 453K and data
were taken between 453 and 498K. The catalyst Qas then heated to 548K,
‘and'dataiwefe taken between 548 and 498K, Ey following this procedure,
a check could bé‘obtained fer catalyst deactivation. In all cases the
reaction rate ﬁeasurgd at 498K could be reproduced to within a few per-~
cent. It should be noted further, that in all instances the conversion :
of €O was 1ow,‘ranging from 0.02% at 453K to 1.5% at 548K.
RESULTS

Arrhenius plots for the rates gf Eormatior of C, through Cg hydro-
carbons over Ru6/A1203 and Ru/SiO2 are given in Figs. 1-5. The open
points represent-turnover numbers measured with H2 and the solid points
represent turnover numbers measured with DZ' The rates of formation
of Cz'through‘c4 paraffins and olefins have been shown separately in
figs. Z-4.. Representation in this fashion was not possible, though,
for the ES products sincé the resolution of the éhromaCOgraphic peaks
for olefins and paraffins was inadequate.

The data presented in Fig. 1 show that the production of cp, oc-

curs appro%imately 1.5 times faster than CHQ over Ru6/A1203, both at

1 and 10 atm. At 10 atm the production of CD,, is also favored over
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Ru/SiOz, but the magnitude of the inverse isotope effect is now l.1l.
When the preséure is reduced to l atm, no isotopeveffect:can be dé-
tected for this catalyst. It is noted further fhﬁt the activation’
ené%gy for both CH4 and CD, lies beéween 27 and 28 Kcél/mole,‘indepen-
dené;of the total pressure or catalyst composition.

?igures 2-5 show thét;an inverse isctope effect is also apparent
for the production of C2 through C5 olefins and paraffins over the
alumina—-supported catalyst. The upward curvature of the Arrhenius plots
for Czﬂﬁ and CZHG can be explained in the following manner. For temper-
atures below about 493K, olefins and paraffins are produced by parallel
processes as suggested by the fact that the feed flow rate does not
-alter the olefin t; paraffin ratio of the preducts. At higher tempera-
tures, hydrogenation of the olefin.takes place. The presence of this
secondary reaction is confirmed by observing an increase in tne olefin
to paraffin ratio with inereasing feed flow rate. When partial hydro-
genation of the olefin product does occur; the Arrhenius plot curves
upwards, since the paraffin is now produced via two pathways.

Examination of the Arrhenius plots for C2 through CS products
formed over the Ru/_SiO2 catalyst show that the isotope effects are sig-
nificantly different from those observed using the alumina-gupported
catalyst. Normal isotope effects are seean for the C2 and C4 products
but no significant isotcpe effect is found Eor the C3 or CS producté.
Here again, fhe upwards curvature in the Arthenius plots for the C,
through C4 péraffins at higher temperatures can be ascribed‘to partial

hydrogenation of the corresponding olefins.
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Expériments identical to those shown in Figs. 2-5 were also car-
ried out at 1 atm. The isotope effects for the alumina-supported
catalyst were similar to those observed at 10 atm. Virtually ns iso-
tqu effect was observed, though, for the silica-supported catalyst.

| To determine whether the manner of preparation of the alumina-
supported catalyst altered the nature or ﬁagnitude'of the isotope ef-
fect, experiments were conducted with the Ru/A1203 catalyst prepared
by reduction of RuClB. A comparison of the isotope effects for C, througk-
Cs hydrocarbons observed over the catalysts prepared from
Ru60(00)17 and RuCl3 is given in Table I. It is seen that the isotope
effects are virtually the same for the two catalysts. As a consequence,
it seems appropriate to ascribe the observed isotope effects to the
nature of the interactions between ruthenium and zlumina rathér ‘than
to the origin of the ruthenium.

The results preseanted in Table I indicate further that the magni-
tude of the isotope effact declines as the number of carbon atoms in
the product increases. This trend is shown even more clearly in
Fig. 6. Quite interestingly, for mn > 5 the isotope effect becomes less
than unity, indicating a slightly faster product formation rate with
H, than with D,-

The effects of temperature on the olefin to paraffin ratio are
shown in Figs. 7-9. For each catalyst, the ratio is observed to pass
through a maximum with increasipg temperature. The position of the
maximum defines the temperature above which hydrogenation of the olefin
becomes significant. For all three products the olefin to paraffin

ratio is higher when the silica-supported catalyst is used, but the
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Teble I. Comparison of the Hy/Dy ,‘,Isotope Effects for 1.0%
’ Rug/Alp03 and 3.0% Ru/Al,03.

455K N 475K . 500K

Rug/Alp03 Ru/Aly03 Rug/Aly03 Ru/Al,y03 Rug/Ala03 Ru/Al-D3

Ng i 1.57 1.61 1.49 1.56 1.40 1.52
c
1 %
D, H "
Ny /Ng 1.22 1.18 1.19 1.16 1.16 1.14
2 C .
D .1
N /N 1.17 1.19 1.19 1.21 1.23 1.22
c./Ng .
3 3
N /N 1.08 1.08 1.12 1.13 1.15 1.18
c
4 Cs
D ,.H
N /N 1.05 1.05 1.07 1.08 1.12 1.12
Cs Cs
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Fig. 6. Dependence of the isotope effect on the number of carbon atoms
in the product.
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Fig. 7. Dependence of the olefin to paraffin ratio for Cy products
on the inverse temperature.
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Fig. 8. Dependence of the olefin to paraffin ratio for C3 products
on the inverse temperature.
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Fig. 9 Dependence of the olefin to paraffin ratio for C4 products
. on the inverse remperature.
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~

temperature at which olefin hydrogenation becomes significant is higher
for the alumina-supported catalyst. While the use of D2 instead of

Hé does not influgnce the general characteristics of the olefin to
paraffin ratio dependence on temperature, a number of subtle effects
are apparent. For the alumina-supported catalyst, there is virtually

no isotope effect on the olefin -to paraffin ratios for C, and C4 pro-

2
ducts. However, the ratio of propylene to propane is definitely higher
‘when Hz rather than D2 is present in the feed. For the silica-supported
catalyst, no isotope effect is detectabie for the C2 prodiicts at temper-
atures below 500K. Above this temperature, though, the ethylene to

ethane ratio is higher in the .presence of D By contrast, the olefin

9°
to paraffin ratios for the Cq and C, p;oducts are higher in the presence
of H, over the whole temperature range. The olefin to paraffin ratio
was also examined for the data obtained at 1 atm. In this case the
olefin to paraffin ratios were approximately three fold higher than
those shown in Figs. 7~9 and higher values were.obtained with HZ than
with DZ for all three products over both catalyst.
DISCUSSION

The dat; presented here clearly show that an inverse isotopé effect
can be observed for the formation of CH4 over Ru catalysts. The magni-
tude of the effect is 1.6-1.4 for the alupina—supported catalysts, both
at 1 and 10 atm. For silica-supported Ru éhe effect is 1.1 at 10 _atm
but dreps to 1.0 at 1l atm. These results contradiet the conclusion
of Dalla Betta and Shelef {21) that there is no isotope effect for

methane formation over Ru. Since the weight loading and dispersion of

the catalyst used by Dalla Betta and Shelef were similar to that of the
! .

“
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RuelAl2 5 catalyst used in this work, it is difficult to understand
why these ;uthors did not observe an isotope effect. One possibility
may be thaf an insufficient amount of data were taken, particularly
with D2' The present tesults also differ from those obtained by
McKee (20). It should be nbted, though, that comparison in this case
may not be appropriate since McKRee's studies were conducted with Ru
powder at much‘lower pressures (60 Torr CO and 6C Torr Hz) and temper-
atures (298 to 423K) than those used here. Furthermore, as was noted
by Daila Betta and Shelef (21), the analytical procedure used by McKee
may not have been free of error. Products were detected by a mass
spectrometer connected to the reaction chamber by 2 molecular leak.
Since this method of sampling can give rise to different sensitivities
for CHQ and CD4, and since calibration of the mass spectrometer was
not discussed, it is not possible to know whether the reported results
are accurate.

An interpretation of the isotope effects observed in the present

study can be developed by consideration of the following reaction

network:
1. co+8 I ¢o
->
2. COS + 8§ « Cs + 0s
3. Hz+2sZzu
oo
I Hz + 0s -~ HZG + 8§
5. C_ +H <~ CH + S
s S S
6. CHS + Hs - CHZS + S
-+
7. CH2~ + HS - CH35 + 8§
8. CH + H - CH, + 28
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9. CH3s +Cl-125 - CZH5S + 8

10. CZHSS +8 - C2H4 + Hs + 8

11. CHs, +H, * CJH, + 28

12, 02H55 + CH2s -+ C3H7s + S
etc.

This mechanism is supported by a signifi?ant number of recent investi-
gations (1-15) and has been discussed in detail by Bell (27). As a
result, no attempts will be made here to justify the elementary steps
ineluded.

Overall rate expressions for the férmation of methane can be de-
rived from the proposed scheme provided’ a number of simplifying assump-
tions are invoked. The first is that the Ru surface is nearly saturated
by adsorbed CO. This assumption is supported by in situ infrared obséé;
vations carried out both at low and high pressure (7,26,28,29). The
second aséumption is that water is the primary product through which
oxygen is removed from the catalyst surface. Here, too, the assumption
is substantiated by experimental evidence (7,26). The third assumption
is that all of the steps indicated as being reversible are, in fact,
at equilibrium. WNo substantiation of tﬁis assumption is currently pbs-
sible.

Two limiting forms can be obtained for the kinetics of methane
formation, depending upon whether methanation or the synthesis of
higher molecular weight hydrocarbons is dominant (26,27). In the for-

mer case, the rate of methane formation is given by
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N, =k P P o (1
C1 e Hz COo ,
' 1/2 {
_ 3 g (2)
K = (k gk K K,) .

where ki and Ki are the rate coefficient and equilibrium comnstarnt,

respectively, for the ith elementary reaction. In the latter case,

the rate is given by

1.5/ 1.33

N, =k_P ) ?CO (3}

C1 e "H

1/3
3.5, 2
kg !-k KK3 5K K3 (1-u)
4
S

=
®
]

4

P

where kp is the rate coefficient for the additiom of CH, groups t§
adsorbed alkyls (i.e. reactions 9, 12, etc.) and & is the probability
of chain propagation (30). With the exception of studies conducted
at pressures of 1 atm or less, using H2 to CO ratios greater than
three, neither of the limiting assumptions is strictly walid. How=aver,
recent experimental studies by Kellner and Bell (26) have shown thac
for pressures between 1 and 10 atm and HZ/CO ratios between 1 and 3
the kinetics of merhane formation can be described empirically by the
expression Ncl = e H /P 0’ in good ag;eement with Eqm. 1. N
The forms of Equs. | and 3 indicate that the effective rate cé-

efficient for methane synthesis is a complex product of rate coeffi-

cients and equilibrium constants. As a consequence, the observed
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isotope effect must result from the combination of kinetic and equi-
‘libfiud isotope effects, as suggested by.Wilson (25). To furthe; pur—
sue the influence of these two effects, it is useful to tecall that
rate coefficients and equilibrium ‘Constants can Be'expressed in the

formalism of statistical mechanics (31). Thus,

K = E ': (6)

where (kT/h) is a frequency factor; 9. qp, and q* are the partition”’
functions for reactanfs, products, and transition state complexes; and
v and vj are the stoichiometric coefficients for reactant i and‘product
j. Changes in the magnitudes of k and K due to isotopic substitution
result from the influences of molecular mass on the molecular partition
functions. 1In mest instances, the largest portion of the isotope ef-
fect arises from changes i; the ground state vibrational frequencies.

Ozaki (32) has ndted that‘éhe differences in the ground state vi-
brational frequencies of deugéréted ;nd hydrogenated species usually
lead to the zonclusion that the equilibrium constant for addition. of
deuterium to an adsorbed species is 1aré;; than that for the addition
of hydrogen. An example of this generalization which is relevant to

the bresenc discussicn has been reported recently by Calvert et al.

(33). 1In this work it was shown that deuterium is preferentially in-
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corpor#fed into methyl and methylene ligands present in triosmium com~
plexeg. The equilibrium constant for the'reaction Oss(CO)IOCHZD2 z
053(dO)IOCD2H2 was determined to be 2.50 ‘and that for the reaction
053(b0)10(CH2D)D z 053(C0)10(CD2H)H was Eound to be 1.74. Based on
this evidence, one would suspect that the product K5K6K7, appearing
in Egns. 1 and 5, should be significantly larger when D2 is involved
in steps 5 through 7 rather tham Hz.

The equilibrium isotope effect for HZ(DZ) chemisﬁrption, reaction _
3, can be examined expliéitly. 1If it is assumed that the adsorbed atomé

are immobile but have three degrees of vibrational-freedom, then it

can readily be shown that

3

D 5/2
K H

3_ [ T2\ -, 2: b H Dy Hp (n
;ﬁ- E’“\ oxp | | -2 (v.l vi) + (vl -V M h/2kT)

3 ' i=] =.’
where and B are the masses of H, and D v? and v? are the vibra-—

Ho sz v 2 2 Vi i

tional frequencies for adsorbed H and D atoms, and v?z and v?z are the vi-

brational frequencies for gaseous H, and D,- Evaluation of Kg/Kg using
the values of the vibrational frequencies given in Table II shows that
this ratio lies between 0.79 and 0.62 for temperatures between 453 and
543K. It is significant to note tﬁat while Kg/Kg < 1 over the temper-~
ature range of interest in these studies, the argument of the exponen-
tial factor in Eqn. 5 leads to the expectation that the heat of adsorp-
tion for D, on Ru should be 1.34 Kcal/mole lafger than that for H,.
These conclusions are consistent with experimental observations on Ni.
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Table II. Vibrational Frequencies for Molecular and Atomically
Adsorbed Hy and Dj.

‘Species Mode Frequency {cm~!) (a)
Ha v (H-H) 4161
Do v (D-D) 2993
M-H vV (M-H) 2250-1700 -
§ o) P . 800-500
M-D vV (M~D) 1591-1202
s -0y ® 566-424

(2) Taken from ref. (35)

(b) Doubly degenerate
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By means of calorimetric measurements on a N¥i film, Wedler et al. (34)
determined that the heat of adsorption of D2 was about 1 Kcal/mole
larger than that for H2. The displacement of adsorbed H atoms by D

and of édsorbed D atoms by HZ on Ni catalysts was investigated by
Gundry (35). His results showed that the apparent equilibrium conmstant
for displacemént, which is equivalent to Kg/Kg, varied from 2.4 at 178K
to near unity at 273K. Based on this variation with temperature, it

was estimated that the heat of adsorption of D, was 0.60 Kcal/mole

2

greater than that for Hz. The stronger adsorption of D, has also been

2
confirmed by Wedler and Stanelmann (36) on a Ni film. Extrapolation

of Gundry's results to the temperature levels used in this study would
also lead to the conclusion that KD/K§ <1,

The kinetic isotope effect for reactions involving the addition
of hydrogen has also been considered by Ozaki (32). Here again, he
concludes that differcunces in the vibrationmal frequencies of deuterated
and hydrogenated sfecies are the primary origin of the effect and that
in most cases kH > kD . For reactions invalving a molecule of H2 or
D2, and an adsorbed species (i.e., reaction 4), the ratio of masses
arising from the transitional and rotationmal portions of the partition
functions of H2 and D2 only serve to further increase the magnitude
of the kinetic isotope effect.

Based upon the factors just comsidered, it is clear that the over-
all isctope effect on méthane formation results from a complex combina-
tion of kinetic and equilibrium effects. Since the magnitude of these

individual effects cannot be predicted reliably, it is not possible
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to conclude whether the observed isctope effect is consistent with the
structure of the effective rate coefficient appearing in Eqns. 1 and 3.
What is evi@ent, though, is thaf sﬁall changes in the isotope effects
associated with individual elementary processes will alter the overall
isotope effect. Such changes could arise from modifications of the
metal ﬁ&spersion and/or intesraction with the support and might explain
why the isotope effect is substantially smaller for the silica-supported
catalyst than for either of the alumina-supported catalysts,

The data presented in Fig. 6, show that the magnitude of the in-
verse isotope effect decreases with increasing carbon number. This
pattern can be understood in the following fashion. If it is assumed
that the probability of chain propagation, o , is independent of chain
1ength; n, then the rate of formation of hydrocarbons containing n

atoms can be: expressed as

= n-1
Ncn = (ktoev + ktpeﬁ) o 90H3 (8)
toev n-1
=1+ =5 )a ktpg
pEOHECH
ktPSH 3 (9

where kto and ktp are the rate coefficients for termination of chain
growth by formation ¢f olefins and paraffins (i.e. reactions 10 and
11), 8, is the fraction of the catalyst surface that is vacant, and
GH and eCHg are the fractions of the surface covered by H atoms and
CH3 groups. The second term in the parenthesis of Eqn., 9 can be re-

written as
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kto v = kto (10)
L) 1/2.1/2
tp H ktpKS PH2
= g/pt/? (11)
H,

The magnitude of the isotope effect for any value of n can now be ex-~

pressed by taking the ratio of the rate in the presence of Dz, ND s

to that in the presence of Hz, Ng . Combining Eqns 9 and 11 withn:he
expression Ncl = kSSHeCH3’ we othin.
. D 1/2 -n-1
%=£§(1+B/PD2)/£ ?, .
Ngn kl:p % (1« BH/P;/:)'\OLH Nlél

The form of Eqn. 12 suggests that the isotope effect for any car-
bon number can be reiated to that observed for methana. To account

for the decrease in NZ /Nz with n it must be concluded that up < aH.
n ‘n
It is also noted that Eqn. 12 predicts that for a sufficiently large

value of n, 1P /X°  could become less than one. While there is con-

C
n “n
siderable amount of scatter in the daka for m ® 5 shown in Fig. 6, it

does appear that the isotope effect eventually becomes smaller chan
unity.
The influence of Hz and D2 on the clefin to paraffin ratio can

also be understood in the context of the present discussion. The pro-

posed reaction mechanism leads to the following expressicn for the ole~

£in to paraffin ratio:
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N =
%n _ o ‘ (13)
N .- 1/2_1/2
<, ktpK3 PH
2
_ /2
= B/Pn
2

This expression is found to be in good agreement with experimental data
taken by Kellner and Beil (26) for temperatures below which olefin hy-
drogeﬁation is not significant. The form of Egn. 13 again indicates
that both kinetic and equilibrium isotope effects will influence the
olefin to paraffin ratio. Since it has already been shown that

Kg < Kg , the observation of a normal isotope effect ou the olefin to

paraffin ratio implies that (kD /kg ) < (kH /kg ) or alternatively that
to Xtp to “tp :

H D/.H ).
(kgp/ktp) > (kto/kto)

CONCLUSIONS

The results of the present investigation have showr that an in-

verse isotope effect can be observed during the synthesis of CH, over

4

silica— and alumina-supported Ru catalysts, and that the magnitude of
the effect is larger for alumina-supported catalysts.
Noticeable isotope effects have also been observed during the syn—

thesis of c, through C.. olefins and paraffins. For C_, through Cg hy-

11 2

drocarbons, synthesis over an alumina-supported catalyst occurs more

rapidly in the presence of D, rather than H

) Y but the magnitude of the

inverse isotope effect declines towards unity with increasing number

of carbon atoms in the produck. The synthesis of C6 through Cll hy-
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drocarbons appears to be favored by.Hz, and, thus, a normal isotope
effect is observed for ihese-products.

The olefin to paraffin_raéio of the products also depends on
whether D2 or H2 is the reactant. Olefir. Formation is favored with
H2 over both silica- and alumina-supported catalysts.

The observed isotope effects can be rationalized on the basis of
a mechanism proposed to describe the formation of CH4 and higher mo-
lecular weight products. Rate expressions derived from this mechanism
lead to the conclusion that the overall isotope effect results from
a combination of the kinetic and equilibrium isotope effects assocciated
with individual elementary steps. The proposed mechanism also provides
explanations for the decline in the magnitude of the inverse isotope
effect with increasing product carbon number and the higher olefin‘to

paraffin ratio observed when using Hz.
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Infrared Studies of Carbon Monoxide Hydrogenation Over
Alumina-Suppsorted Ruthenium

ABSTRACT
The nature of the species pfesent on a R.u/Alzo3 catalyst during
CO hydrogenation was studied by Qeans of Fourier transform infrared
spectroscopy. Three forms of adsorbed CO were identified, designated
as linearly-zdscrbed, diadsorbed, and p~bridge adsorbed. The coverage
by the linearly-adsorbed form of CO obey a Langmuir isotherm under
reaction conditions. The equilibrium coustant associated with this

9

isotherm is given by K, = 1.1 x 10~ exp (25,000/RT) atm L. The di-

co
adsorbed species is associated with inéi&idual Ru atoms and clusters
and, in contrast to linearly-adsorbed CO, does not readily undergo hy-
drogenation at temperatures below 548K. The U~bridge form of adsorbed
CO may imvolve either a pair of Ru sites or a Ru site and an adjacent

. Lewis acid site. Hydrocarbon, formate, and carbomate structures were
also observed in the course of this study. It was established, however,

that these species ave present on the alumina support and are not in-—

termediates of CO hydrogenation over Ru.
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INTRODUCTION

Infrared spectra taken during the hydrogenation of CO over ruthe-
nium catalysts have helped Eo identify the dominant species adsorbed
on the catalyst (1-5). Dalla Betta and Shelef (1) have reported that
the surface of a Ru/A1203 catalyst is nearly saturated by adsorbed CO
at temperatures up to 323K, It was suggested that the presence of hy-
drogen on the catalyst surface weakens the C-0 bond of chemisorbed CO,
since the band for this spacies appeared at a lower frequency than that
observed for CO chemisorbed in the absence of hydrogen. At higher rtem-
peratures 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 inten-
sity. Bands attributable to hydrccarbon, formate, and ca;bonate stzuc-
tures were aiso observed but these species were ascribed to reaction
products adsorbed 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/SiO2 catalyst. In this work the position and intensity of
the CO band were found to be independent of the HZ/CO ratio or the CO
partial pressure. A decrease in the band intensity, unaccompanied by
a shift in positiom, was observed with increasing temperature and was
ascribed to a reduction in the CO coverage. Bands were also observed
for hydrocarbon species. These structures could be removed from the
catalysL surface by'hydrogenation, but did not appear to be interme-
diates in the synthesis of stable products. Additional observations
concerning the hydrocarbon structures formed on Ru/S:'.O2 and Ru/A1203
catalysts have been preseniéd by King (4,5). Strong bands attributable

to long-chain saturated hydrocarbons were observed at temperatures below
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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 tem-
peratures, changes in the shape and position of the hydrocarbon band
suggested the presence of short-chain species. It was proposad that
these species are attached to the metal surface and might be intermedi-
ates in the synthesis reactionm. .

The primary objective of the present investigation was to charac-
terize more fully the influence of reaction and concentration of the
species adsorbed oun a Ru/A1203 catalystdauring CO hydrogenation.
Fourier transform infrared spectroscopy was used for this purpose, and
particular attention was devoted to interpretation of the bands as~
cribed to chemisorbed CU. Working under conditions chosen to avoid
significant catalyst deactivation, three different forms of adsorbed
CO were identified. These are designated as 1inear1y-adsorbed; di-
adsorbed, and H-bridge adsorbed GO. A detailed study was made of the
effects of reaction conditions on the position and intemnsity of the
band associated with the linearly-adsorbed CO. Based on these obser-
vations, estimates were made of the variation in the coverage by this
species with CO partial pressure and catalyst temperature. As a com—

K]

plement to these studies the kinetics of forming C1 through C. . hydro-

10
carbons were examined in detail. The results of these efforts together
with a discussion of the mechanism of hydrocarbon synthesis over ru-

thenium will be presented separately (6).
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EXPERTIMENTAL

The 1% Ru/A1203 catalyst used for these studies was prepared by
adsorption of the RuGC(CO)17 from pentane solution onto Kaiser KA-201
alumina. >Details concerning synthesis of the éomplex, impregnation
of the support and the reduction of the final catalyst are described
in references (6,7).- A 75 mg portion of the reduced catalys<: was pres-
sed into a 20 mm by 0.25 mm disk and placed inside a small infrared
reactor (8).

Prior to each serigsfof experiments, the catalyst was reduced in
flowing H2 for 10 to 12 hours at 673K and 10 atm. The temperature was
then lerred to 498K and a premixed feed, containing H2 and CO, was
introduced at a flow rate of 200 cm3/min (NTP). Ten minutes after re-
action had begun, the effluent gas was analyzed by gas chromatography
(6), and the gas feed was switched over to pure H, for 1 hour. By al-
ternating short reaction periods and longer reduction periods, a stable
catalyst activity could be achievedlaffer several cycles. This proce-
dure alsc eliminated the build up of large amounts of carbon and the
concurrent deactivation of the catalyst. Ouce a stable catalyst ac-
tivity had been obtained, reaction conditions were adjusted to those
desired for a particular expeéimént.

Infrared spectra were taken with a Digilab FTS~10M Fourier trans-
form infrared spectrometer, using a resolution of & cnrl. For the ob;
servation 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 also be obtained By co-adding as few as

10 interferograms. In addition to recording spectra of the catalyst
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under reaction conditions, Spectra were also recorded of the catalyst,
following reduction in Hz,.and of a support disk, placed downstreak
from a catalyst disk, during reaction. The latter two spectra were
used to subtfact out 'infrared adsorptiomns due to the support and the
gas phase.
RESULTS AND DISCUSSION

Infrared spectra of the catalyst taken under reaction conditienms
showed bands in two regions, one set appearing between 3200 and 2400
c:m-l and another set appearing between 2300 and 1200 cm~1. The bands
in the first of these regions are associated with adsorbed hfdrocarbons,
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 sSupport 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

Spectral Observations ~ Representative spectra of the most promi-

nant 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 adsorbances of the catalyst
and reference disks, measured in the presence of the same gas coméosi—
tion. A broad band can be sesn near 2000 c:m“1 superimposed on which

is a weaily defined shoulder of 2040 cm--1 and a partially resolved band
at 1960 cm_l. All three features 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
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observation. It is significant to note, though, that the positions
of the three bands are totally unaltered during this peried. Figure
1b shows spectra taken following cessation of the reaction and reduc~
tion in HZ' The intense band near 2000 cm—l is now completely elimi-
nated, thereby revealing very clearly the bands at 2040 and 1960 cm-l.
It is noted that the intensitie; of these two peaks are iﬁdependent
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 difference between thé spectra presented
in Figs. la and 1b. Each spectrum consists of a broad, 2symmetric band
which does not return to the baseline at low frequencies. With increasing
reaction pressure; the intensity of this band increases and the band
maximun shifts to.higher frequencies.

The effects of temperature on the spectra of the species suscep—

2

in this figure represent the difference between spectra taken under

tible to H, reduction are illustrated in Fig. 2. The spectra shown

seaction conditions and thcse obtained followirng HZ reduction of the
catalyst at the reaction temperature. This mode of presentation is
similar to that used in Fig. lc, with the exception that bands asso-
ciatzd with the gas phase and species weakly bound to the support are
not subtracted out. The series of peaks occurring between 2300 cm“1
and 2060 cm—1 is due'cQ gas phase CO. These bands are clearly 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 intemsity of the
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Spectra of chemisorbed CO under reaction conditioms and
Tollowing adsorption of CO: (a) sample spectrum - H2/00 = 2,
P =1 atm, T = 498K; reference spectrum - after reduction in
H, at 1 atm and 498K; (b) sample spectrum - H2/CO =2, P=1
atm, T = 523K; reference spectrum - after reduction in Hz at
1 atm and 523K; (c) sample spectrum - uz/co =2, P=1 atm,

T = 548K; reference spectrum ~ after reduction in Hz 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 spec-
trum — after reduction in H, at 1 atm and 523K; (e) sample

spectrum - H2/C0 = 2, P =1 atm,.T = 523K; reference spectrum

- after reduction in H2 at 1 atm and 523K.
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band near 2000 cm,_1 depend on the catalyst temperature. As the tem—
peratura 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 seen in Fig. 2, which extends between 1800 and 1200 cm—1

Superimposed oa this band are five more sharply dafined bands at 1750,
1590, 1450, 1390, and 1370 cmfl. Only the weak band at 1750 cm-l 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 14590 cm-1 can be as-
signed to carbonate structures. Both types of species are formed on
the alumina support and accumulate during reaction. Upon reduction
of the catalyst in HZ’ the intensity of the bands associated with these
spectra diminish. As a result, the background spectra used in obtain-
ing the spectra presented in Fig. 2 show a decrease in the intensity
of the formate and carbonace bands with increasing temperature, and,
consequently these bands are emphasized 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. The latter spectrum was ob-
tained 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 idéntical.

A more detailed illustration of features appearing on the low fre-

quency 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 re-
moved 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 approximatel; 1700 and 1500 cm_l. In addition, a definite shoulder
can be observed at 1920 cm_l, on the low frequency side of the band
near 2000 cmml.

All of the bands observed in Figs. 1 and 2 are attenuated slowly
upon passage of He over the catalyst and wmuch more rapidly in the
presence of Hz. 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 positionm.
More careful examination of spectra 1 through 4 reveals that initially
intensity is lost from the high frequency portion of the principle ad-
sorption band and from the peaks present below 1900 cm—l. This obser-
vation is supported by spectrum 1l in Fig. 4c, which represents the dif-
ference between spectra 1 and 2 in Fig. 4a. With increasing time, the
region from which intensity is lost shifts towards lower frequencies,
indicating that the positionr 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 fre-
quency regions of the prineiple adsorption band and from the peak lo-
cated near 1700 cm-l. Spectra 2, 3, and 4 in Fig. 4c illustrates these

changes.
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The relationship between the position of the principle band and
the relative integrated adsorbance 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 Erac-
tional surface coverage. The plot is seen to counsist of two distinct

branches. As the ratio A/As decreases from unity, shifts from

\Y
co

2030 t:m—1 to lower values but at an ever decreasing rate. When\A/As

" reaches 0.55, the decrease in co 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 H2
causes a very rapid decline in the intensity of the high frequency side

of the principle band and of the broad band centered at 1700 cm—l.

As a consequence, the bands located at 1920 cm-1 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.

Assignment 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 str;ctures is 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 c:n-1 falls within
the range of frequencies (2085 to 1950 cm-l) associated with linearly-
bonded CO in Ru carbonyl complexes (8). 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)
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studies of CO adsorbed on a Ru (001) surface. The spectra obtained
in these investigations exhibit a single band which shifts with

1 to as high as 2080 cm-l,

increasing CO coveragi from about 1980 em
as a result of strong lateral interactions in the adlayer. LEEER (10,
12-14) and ESDIAD (15) observations support the assigmment 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 adsorp-
tion on Ru (001) surfaces (10,11), the highest and lowest frequencies
observed in the single crystal studies are netably higher thza tHose
shown in Fig. 5. This difference may be due to differences between
the physical properties of alumina-supported Ru microcrystallites and

"bulz Ru metal. It is also possible that at least a part of the differ-
ence may be due to the presence of carbon on the surface of the sup-
ported Ru, formed by CO disproportionaticm. Carbon has been found to
act as an electron donor and to enhance the back-donation of electronic
charge from the metal to the 7% orbitals of GO (1). This would have
the effect of weakening the G-O bond and shifting its frequency down-

"scale, 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), (1010), (1:0) surfaces studied at lo% pressures
(12,18-21).

As was nroted earlier, during reaction the band near 2000 cm_l un~

dergoes a moderate (10—15%)‘growth in intensity which is unaccompanied

by changes in the band position. A plausible explanation for this
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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 alome and that the rate of change is accelerated
by higher reaction pressure, at a fixed Hzlco ratic and temperature,
suggests that the changes in Ru dispersion may be caused by the local
telease of the heat of CO hydrogenation. Under this influence some
of the smaller three~dimensional microcrystallites may be converted
to two-dimensicnal rafts, thereby exposing a greater fraction of sur-
face Ru atoms.

The spectra presented in Figs. 1 and 2 indicate that both rhe
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 Hz are virtually ;&entical, it seems
reasonable to propose that the changes observed under reaction condi-~
tions can be ascribed to changes in the coverage of the Ru surface by
linearly-adsarbed 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. 4n esti-
mate of the fraction of the total sites which could be covered at
saturation by this specieé can be attained, however, by assuming that
the extinction coefficient for the band near 2000 cm - is independent
of coverage and then using the relationship between frequency and
coverage noted in Fig. 5. It should be noted, though, that the assump-

tion underlying such calculations is not fully established. In studies
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conducted by an;r etlél. (11), the intensity cF.the infrared band
associated with €O dhemiﬁérbed on a Ru (001) surface was found to in-
crease linearly with CO coverages, up to a coverage of one half of
saturation. For higher coverages, the integrated intensity declined.
These results would suggést that the extinccion coefficient decreases
Qt coverages approaching saturation. However, since only a monotonic
change in integrated intensity with covérage was observed in the pre-
sent work, it can be concludedtthat the trend observed for a Ru (001)
sur face does not necessarily apply to alumina-supported Ru microcrys-
tallites.

Applying the approach described above, a series of isotherms can
be constructed to determiné the coverage of linearly-adsorbed CO under

reaction conditions. Figure 6 shows that on a plot of egé versus

-1
Feo 2

tial pressure. Consequently acc can be described by a Langmuir iso-

the data fall along straight lines, independent of the H, par-

therm of the form

ReoPeo y (1)

Co 1+ KCOPCO

where KCO is the effective equilibrium constant for CO adsorption.

"From the slopes of the lines presented in Fig. 6 it is determined that

Rog = 1.1 % 10-9 expv(25,500/RT)atm_l {2)

The heat of adsorption appearing in eqn. 2 is in excellent agreement
with activation energies for CO desorption determined in studies comn-

ducted with alumina-supported Ru (17) and Ru single crystals (18-22).
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The preexponential factor, though, is two orders of magnitude smaller
than that czlculated irom data presented by anur et al. (Zé) 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 desorptiom from a Ru (001) surfaze.
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 inter-
pretation of the shifts in band position with reactiom conditions.

Working with a 5% Ru/Alzo catalyst, Dalla Betta and Shelef (1) reported

3
that the spectrum of CO adsorbed at 523K from a 1 atm CO/He mixture
(0.025:0.975 mole fraction) exhibited a single band centered at 2043

e . When the catalyst was contacted with an H2/CO/He mixture (0.075:
0.025:0.900) at the same temperature and pressure, the band shifted

to 1996 cmkl, and the integrated band intensity decreased by 12%. A
similar effect of Hz was noted ‘by King (4) in studies performed with

a 1% Ru/Al catalyst. Dosing the catalyst with CO at rocm temperature

203
produced a band at 2045 cm—l which shifted to 2020 cm-1 following ex-—
posure of the adsorbed CO to ;n H2 pressure of 5.4 atm. Both Dalla
Betta and Shelef (1) and XRing (4) have proposed that the shift in CO
frequency could be attributed to an increase in the availability of
electréns for back-bonding from the metal to the adsorbed €O, result-
ing from the presence of coadsorbed H atoms. While this interpreta-

tion is plausible, it seems that ome could equally well explain these

observations in terms of a decrease in the dipcle-dipole interactions



57

resulting from a small change in the surface coverage by CO (11). As
may se‘seen in Fig. 5, a 15% decrease in the integrated absorbance of
the band from its maximum value corresponds to 2 shift in the band from
2030 cm ! to 2000 em L.

Dalla Betta and Shelef (1) and King (4) reported that increasing
‘the temperature while passing a continucus flow of HZ 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 not exceed ~523K and reaction times were relatively
short, the initial CO band could be restored simply by cooling the
catalyst in the following HZ/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 (l)‘asso—
ciated the ifreve;sible 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 characteristics are due to depletion via reaction of more
weakly bound forms of GO whicﬁ exhibit adsvrptions towards the high
frequency side ofthe CO band.

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

éoverage of linearly-adsorbed CO.
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The bands observed at 2040 and 1960 c:m_l in the presént work are
verr similar to <hosc reported by Kuznetsov et al. (7) in their studies
of the structures formed upon decomposition of alumina-supported
RuBCGO)lz, u-HARub(CO)lz’ and Ru6C(CO)17. In each case, reduction';f
the supported cluster in H2 at temperatures less than 573K led to the
appearance of two bands of nearly comparable intemsity, located at 2047~
2052 and 1955-1970 cm-l. Comparison of the pesitions of these bands
with those for Ru-halocarbonyl complexes leads to the conclusion that
the two bands arise from structures of the form [Ru(CO)ZXZ]n (7,9).

The element X in this structure is assumed to be the oxygen of the alu-
mina lattice and the number n represents the number of Ru‘atoms present
in the surface structure. |

Consistent with the proposed interpretation, the bands appearing
at 2040 and 1960 cm-l can be associated with the symmetric and asym-
metric modes of vibration of C-O bonds in a pair of CO molecules at-
tacaed to a common Ru site., The angle between the two CO molecules,
20, can be'estimated from the ratio of the integrarad adsorbances of
the symmetric and asymmetric bands, Asym and Aasym’ by means of eqn. 3
(23-25).

2

A / = tan“Q (3)

A
asym’'  sym
This relationship has been shown to provide an accurate measure of ¢ for
dicarbonyl transition metal complexes in which the two CO ligands are
in a cis configuraticn. Application of eqn. 3 to the bands at 1960

and 2040 cm-l leads to an estimate of 100° * 5° for the angle between

the two CO molecules attached to a common Ru site. By way of compari-
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son, it is noted that bond angles between 93 and 96° have been reported
for (w—CSHS)Fe(CO)ZX (X = Cl, Br, I) and a bond angle of 91° has been
reported for hacco)4c12 (24,26). Thus, it appears that the angle be-
tween diadsorbed CO molecules is similar to that found for transition
metal complexes.

The independence of the vibrational frequencies associated with
the diadsorbed €O structures on the coverage by singly-adsorbed CO indi-
cates that the two structures are, most likely, not coupled by dipole-
dipole interactions (25). This obsevvation, 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 atcoms or small Ru clusters. This interpretation is
supported by the fact that the intensity of the bands at 20640 and 19560
cm-l can be attenuated significantly by extended exposure of the cata-
lyst to CO without affecting the iuntensites or positions of other CO
bands (27).

The band appearing at 1920 cm—l in Fig. 5b oceurs at a frequency
about 30 cmfl‘lower'than that normally ascribed to linearly-bonded CO
in unsubstituted Ru carbonyls. However, C-O vibrational frequencies
as low as 1900 czzm-1 have been observed for linearly-bonded CO in Ru
carbonyl complexes containing nucleophilic ligands (9). 1In view of _
this, the band at 1920 cm_l can be assigned to CO adsorbed in a linear
mode at a site adjacent to a nucleophilic adsorbate. The most likely
candidate for the latter species is carbon, formed as an intermediate

in either CO disproporticnation or hydrogenation.
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The weak peak at 1750 t:m"1 and the broad peaks at 1700 and
1500 cm-1 appear at frequencies much lower than those normally asso-
ciated with bridging carbonyls (1880-1813 em !) in Ru complexes (9).
Recent studies have shown that £0 vibrations do occur in this portion
of the spectrum for l-bonded carbonyls, in which coordination gceurs
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

1 5
for (M -CSH5)3Nb3

have been observed. The large difference in these frequencies reflects

Mn,(CO)(Ph,PCH,PPh,), (28) and 1330 cu (co), (29)
the fact that U-bonding can occur in differenmt ways. 1In the case of
adducts of metal carbonyls with Lewis acids, C-0 stretching frequencies
are observed in the range of 1530-1700 en} {9,30). In thé case of
RuB(CO)lz'AlBrB, a strong band is seen at 1535 curl and spectra of the
1:1 and 1:2 adducts of I(H-CSHS)Ru(CO)ZJ2 with isobutyl aluminum exhi-

bit a band ac 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 Lypes
of linearly-adsorbed CO, which are characterized by the band appearing
between 2030 and 1950 cm-l and the band appearing at 1920 cm_l, react
rapidly with H,. Transient response experiments (31) have shown that
the dynamics of the disappearaace 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.

1

Figure 3 shows that the band at 1700 em = is also attenuated rapidly
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during Hz reduction. No study has been made of the reaction dynamics
associated with this band and hence it is not possible to concluée
whecher the p~bomfed form of CO which this band represents is an im—
portant reaction precursor.

The paiY ¢i bauds :25-2040 and 1960 cm._1 are relatively stable to
reduction and attenuate only slowly at temperatures below 548K. This
fact, plus the general behavior of these bands, suggests that diadsorbed
CO does not énter 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 diadscrbed CO relative to singly adsorbed CO are less active than
catalysts which exhibit the reverse relationship hetween the two foras
of adsortad CO. The p~bonded form of CO characteriged by the band at
1500 cm-1 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 cata-
lyst activity.

Rands Observed Between 3200 and 2400 cm"l

Figure 7 shows a sequence of spectra for the frequency range be-
tween 3200 and 2400 cmnl, 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 fre-
quency regime. After 10 min of reaction, well defined peaks can be
detected at 2930 and 2860 cmfl. The intensity of these features in~-
crease steadily with time and after 20 min a shoulder can be detected

-1, . s . . S
at 2960 c¢m ~ in additiom to the two more intense bands. It is signifi-
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Fig. 7. Effects of reaction duraticn on the intensities of bands
appearing between 2400 and 3200 cm~l: Hp/CO = 3; P =1 atm;
T = 498K.
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cant 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 cm ..

Spectra of the C-H stretching region taken at different tempera-
tures, pressures, and H2/00 ratios exhibit the same set of bands ob-
served in Figl 7. By way of il}ustration, 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 HZ/CO ratio of 2. It is seen
that the positions ci the three bands remain fixed and are insensitive
to changes in the reaction conditions. The increase in band intensi-
ties with in;reasing temperature can be associated with the more rapid
rate of accumulation of species adsorbing infrared radiation in this
portion of the spectrum.

The stability of the bands seen in Figs. 7 and B were examined
by treating the catalyst in various gas mixtures following —eaction.
Purging the reactor with He or a CO/He mixture at reaction temperature
had no effect on the band intensities. The bands were rapidly attenu-
ated, though, when a HZ/He mixture was introduced into the reactor.
The rate of attenuation was found to increase with increasing catalyst
temperature and H, partialﬂpressure.,

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 HZ/CO'mixtures over an alumina disk failed
to produce aﬁy bands over the temperature interval of 498 to 548K.
Weak bands were observed, thcugh, when an alumina disk was placed in

a2 cell immediately downstream of the cell containing the catalyst disk.
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P = 10 atm; observation time = 10 min.
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Since the positions of the bands were identical to those observed in
Figs. 7 and 8, these bands most likely arise from the adsorption of hy-
drocarbon products on the alumina disk.

The positions of the three bands found here are virtually identical
to those which have been reported by Dalla Betta and shelef (1), Ekerdt
and Beli (2,3), and King (4,5) in studies of CO hydrogenatioa over
alumina- and silica~-supported Ru éatalysts. The pands at 2930 and 2861
em © can be assigned to the asymmetric and symmetric stretching of CH2
groups present in saturated coﬁpounds, and the shoulder at 2960 cm-l
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 cata-
lyst, the position of the bands did not shift upscale with increasing
reaction temperature and no hydrocarbon structures were formed by che-
interactién of CO and HZ over alumina devoid of Ru.

Based on infrared spectra taken during CO hydrogenation over a
Ru/A1203 catalyst, Dalla Betta and Shelef (1) concluded that the hydro-
carbon bands observed could be aseribed to reaction producks accumulated
on the alumina support. The results of the present stu@y also agree
with this interpretation. The monotonic growth of the hydrocarbon bands
beyond the point at which steady state reaction has been zectained, and
the absence of any influence of the hydrocarbon band growth on the posi-
tion or intemsity of the CO band indicates that the hyérocarbon 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 G-olefins are the
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dominant C2+ hydrocarbons formed under the reaction conditions chosen
for this study\tﬁ), it is reasonable to expect that the structures
observed in the iqfrared spectra arise from the adsorption of these
products at acid sites on the cdtalyst support. The carbonium iom thus
formed would be stable in the absence of significant atomic hydrogén
on the support surface. Since the surface of Ru is virtually satura-
ted with GO under reaction conditioms little hydrogen-spillover to the
support would be expected. However, upon elimination of CO from the
gas stre;m, the metal surface rapidly clears of adsorbed CO, and hydro-
gen 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 infraved spectroscopy presenﬁed here demon-
strate that the surface of a Ru/A1203 catalyst is covereé primarily
by linearly-~adsorbed CO. The coverage by this species dgpends on the
catalyst temperature and the CO partial pressure, and isgfound to obey
a Langmuir isotherm, characterized by an equilibrium corstant of

Reg = 1.1 x 10-9 exp (25,000/RT) atm !. Moderate concentrations of
diadsorbed CO (e.g., Ru(CO)Z) and small concentrations of p-bridge
adsorbed €O (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 rTeact with H, at tempera-

tures below 548K, and hence does not appear to participate in CO
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hydrogenation. The p-bridged form of CO may occur in one of twe pos-.
sible forms. The first would be between a pair of Ru atoms, such that
one atom bonds to the carbon end and the o:ther 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 oxvgen end

2 d =f e L.
Wt JlLT

he support. Unfortumately, the

with a Lewis & on t
amount of U~-bridge adsorbed CO detected is too small to make any defini-
tive conclusions regarding its role in CO hydrogenation.

Bands associated with adsorbed hydrocarbon, formate and carbonate
structures were also observed. The behavior of the hydrecarbon bands
during and after reaction suggest that these strdctures are formed by
the adsorption of olefinic hydrocarbons on the support. On the other

hand, it appears that the formate and carborate structures are formed

on the surface of the alumina support via reactions of CO and H,.
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CHAPTER IV
The Kinetics and Machanism of‘Carbon Monoxide
Hydrogenation Over Alumina-Supported Ruthenium
AESTRACT
A study was conducted of hydrocarbon synthesis from CO and H2 over
‘;n alumina-supported Ru catalyst. Rate data for the formation of
methane and 02 through ClO olefins and paraffins were fitted by power
law rate expressions. The kinetics observed experimentally can be in-
terpreted in terms of a comp%ehensive mechanism for GO hydrogenatjion,
in which CHx(x=O-3) species play a primary rols. Expressions for the
kinetics of methane synthesis, the kinetics and distribution of Cos
olefins and paraffins, and the probability of hydrocarbon chain growth
derived from this mechanism are found to be in good agreement with the
experimental results. The observed deviations from theory can be as-
cribed to secondary processes such as olefin hydrogenation and paraffin

hydrogenolysis.
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INTRODUCTION

During the past decade, extensive efforts have been madevto under-
stand the mechanism by which Group VIII metals catal&ze the synthesis
of hydrocarbons from CO and H2 (1-7). One of the most important results
of these investigations has been to draw attention to the importance of
nonoxygenated surfdee intermediates. An increasing body of evidence
now supports the hypothesis that'hydrocarbon synthesis 1is initiated
by the dissociation of CO and that the carbon atoms thus produced are
hydrogenated te form adsorbed methylene and methyl groups. It has been
proposed (5~7) that metﬁyl groups act as precursors for the formation
of methane as well as the growth of hydrocarbon chains, the latter pro-
cess beginning with the insertion of a methylene group into the inetal-
carbon bond of a methyl group. Chain growth can continue by the further
addition of methylene units to adsorbed alkyl species. Olefins and
paraffins are1fina11y produced from the alkyl moieties by either hydro-
gen elimination or addition.

A substantial part of the evidence supporting this view of hydro-
carbon synthesis has been obtained from studies conducted with ruthenium
catalysts. The emphasis on this metal can be explained by the fact
that zuthenium produces, primarily, linear olefins and paraffins and
relatively few oxygenated products. Moreover, unliike iron and cobalt,
ruthenium is not converted to a carbide under reaction conditionms.
Studies by several authors (8-11) have shown that chemisorbed CO will
dissociate on ruthenium at elevated temperatures to form adsorbed car-
bon atoms. Hydrogenation of this carben cccurs very readily to form

methane as well as higher molecular weight paraffins. Ekerdt and Bell
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(12) have shown that carbon deposition also takes place during the
steady-state reaction of CO and Hz, and that hydrogenation of this
carbonaceous deposit following the elimination of chemisorbed CO pro-
duces a spectrum of hydrocarbon products. These latter results demon-
strate that chain growth can occur in the absence of adsorbed CO.
Furcther evidence for the participation of atomic carbon in the growth
of hydrocarbon chains has been cbtained by Biloen et al. (1l). 1in
these studies nickel, cobait, and ruthenium catalysts were precovered

with 130 atoms produced by the disproportionation of 1300. The adsorbed
1

1
(]

3CO was exchanged with ‘ZCO and the catalysts were theu exposed to a
mixture of l2CO arnd H,. Careiul mass spectrometric analysis of the
products showed a random distribution of 120 and 130 among the hydro-—
carbons, consistent with the initial inventories of the two isotopes.
It was also Zfound that the time needed to convert 13C atoms and 12CO
molecules to methane were nearly identical. From these observations
it was coacluded thac €0 dissociatien is very rapid and hence is.un—
likely to be a rate limiting sﬁep, that CH_ {x = 0-3) species consti-
tute the most reactive C1 surface species, and that methane and other .
hydrocarbons are formed from the same building blccks. These conclu-
sions have also been supported by the analysis of methane synthesis
kinetics reported by Ekerdt and Bell (12) and by the observation of a
significant inverse HZ/DZ isotope effect on methane synthesis recently
reported by Kellner and Bell (13).

The proposition that‘hydrocarbOU chain growth can occur on a
rutheniur surface via a polymerizatiom mechanism involving methylene

groups as the monomer has recer:.y been supported by the work of Brady
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and Petit (14). These authors demonstrated that a spectrum of hydro-
carbons, resembling that obtained by CO hydrogenation, can be formed
by reaction of CH,N, and H, over ruthenium and other Groups VIII
metals. The results were explained by suggesting that the decomposi-
tion of CHZN2 acts as a source of methylene groups, a part of which
is comverted to wmethyl groups py reaction with adserbed hydrogen. It
was proposed that the methyl groups then act as initiators for chain
growth. The applicability of these results and their interpretation
to hydrocarbon synthesis {rom CO and H2 is supported by the work of
Bell and coworkers (15,16). Their work has shown that methyl, meth-
ylene, and higher molecular weight alkyls present on a ruthenium
surface can be detected through the reaction of these species with
olefins, and that the consumption of surface methylene groups by this
means inhibits the propagation of hydrocarbon chain growth.

In the present study an investigation has been carried out of the
kinetics of hydrocarbon synthesis over an alumina-supported ruthenium
catalyst. Emphasis was placed on establishing the influence of reaction
conditions on the rates of product formation, the distribution of ole-
fins and paraffins according to carbon number, and the ratio of olefin
to paraffin obtained for each carbon number. These data were then used
to evaluate theoretical expressionrs for the reaction kimetics, derived
from a comprehensive mechanism for hydrocarbon synthesis. .

re
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EXPERIMENTAL

A 1% Ru/A1203 catalyst was preparad by adsorption of RUBC(CO)17
from pentane solution on to Kaiser KA-201 Y-alumina. Details concern-
ing synthesis of the complex and the impregnaticun procedure have been
described previously (17). Once dried, the catalyst was reduced in
flowing H2' Reduction was begu? by slowly raising the temperature from’
298 to 673K and continued by maintaining it at 673K for 8 hr. The dis-
persion of the reduced catalyst was determined to be 1.0 by HZ chemi-
sorption.

A stainless steel microreactor heated in a fluidized bed was used
for all of the work reported here. Reactants were suypplied from a Ligh-
pressure cylindel containing a desired ratioc of HZ and CO. The reaction
products were analyzed by gas chromatography using flame ionization
detection. A balanced pair of 2.4 mm by 1 m stainless steel columns
packed with Chromsorb 106 was used to separate C1 through CS paraffins
and olefins. A 0.25 mm by 35 m glass capillary column coated with
0V~101 was used ko separate Cg through 0 paraffins and olefins.
Complere oroduct distributioms were determined by normalizing the
analyses for the C5 producﬁs obtained fram the packed and capillary
columns.

Prior to each series of experiments, the catalyst (100 mg) was
reduced in flowing H, for 10 to 12 hr at 673K and 10 atm. The tempera-
ture was then lowered to 498K and the feed mixture was introduced at a
Li.w rate of 200 cm3/min (NTP). Ten minutes after the reaction-had
begun, a gas sample was taken for analysis and the gas feed was switched

‘over to pure H2 For 1 hr. By alternating short reactinn periods and
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longer reduction periods, a stable catalyst activity could be achieved
after several cycles. Once this condition had been obtained the reac-
tion conditions were adjusted to those desired for a particular experi-
ment. Period%cally, data were taken at 498K, 10 atm, and H2/CO =3 to
determine whether changes in catalyst activity had occurred. Ir all
cases, activities were reproduced to within a few percent. Maintaining
the catalyst in H2 for prolonged periods was also determined to havg
no effect on catalyst activity.
RESULTS

The rate of methane formation was measured at pressures between
1 and 10 atm, temperatures between 448 and 548K, and H2/00 ratios of
1, 2, and 3. The accumulated data were fitted, by means of a nonlinear

least squares regression, to the power law expresson given by eqm. 1,

0.95

_ 9 _ 1.35
NC = 1.3 x 107 exp( 28,000/RT)PH co

1 2

/P (1)

In this equation, Ncl is the rate of methane formatiom per second per
surface Ru site, and PHZ and PCO are the partial pressures of HZ and
CO, respectively, expressed in atmospheres. Figure 1 illustrates, the
quality of agreement between rates calculated using eqn. 1 and those
determined-experimentally. The average deviation between experiment

and currelation is less than + 6%.

Seventy to eighty percent of the hydrocarbon products were anal-

yzed to be C, through C10 paraffins and olefins. Examples of the ratio

2

of the formation of hydrocarbous containing n carbon atoms to the rate

of methane formation are shown in Figs. 2 and 3. Figure 2 shows that
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Fig, 1. Cross-plot of predicted versus observed rates of methane
synthesis.
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with the exception of the points for n=2 all of the data taken at 1 atm
lie along straight lines on the coordinates of log (NC /NC; versus
(n—-1). The increasing slope of the lines as either thz HZ/GO ratio

or the temperature is decreased i1s indicative of an increase in the
average molecular weight of the products. The data taken at 10 atm
(Fig. 3) also lie along straight lines on the indicated coordinates,
but in this case deviations are seen for n = 2 and 3. When either

the Hz/Co ratio or the temperature is decréased, the slope of the

1ine$ in Fig. 3 increase slightly, and the lines appear to be

translated upwards in a near parallel fashion.

The kinetics for the synthesis of C, through ClO olefins and

2

paraffins can also be represented by power law rate expressions.
Parameter values obtained by fitring the data to such expressions are
presented in Tables I and II. Examination of Table I shows that a
positive order dependence‘on i, and a negative order dependence on CD
partial pressures is observed in all cases. For a given carbon number,
the H2 dependence Eo;.paraffin formation is higher than that for nlefin
formation, whereas the C6 dependence is more nearly the same for both
products. The data in Table II also indicate that the magnitudes of
m and n for the formation of olefins decrease substantially with in-
creasing carbon number. While there is some indication of a similar
trend E;r the paraffins, the pattern is- not as clearly evident as for
the olefins.

The information presented in Table II shows that the activation
energy for olefin synthesis is higher than that for paraffin synthe-

sis, suggesting that the olefin to paraffin ratio in the products



80

Table 1. Dependencies of the Rates for the Syathesis of Cj through
C1g hydrocarbons on the Partial Pressures of Hg and CO2.
Olefin Paraffin
Cn m n % Dev,b m n %Dev.D
c; - - - 1.31 -0.96 7.7
C; 0.82 -0.73 4.8 1.45 -0.85 7.7
C3 0.80 -0.55 3.2 1.37  =0.49 4.9
¢, 0.74 ~0.47 3.0 1.21  -0.46 3.3
Cs 0.53 —0:36 8.1 0.86 -0.24 2.3
Cq 0.47 -0.28 6.3 1.11 -0.32 13.5
Cy 0.35 -0.19 9.3 0.94 . =0.24 5.9
Cg 0.31 -~0.15 11.5 0.91 -0.27 7.9
Cg 0.20 -0.05 12.3 v.50 ~0.18 19.4
Cig 0.17 ~0.01 15.4 0.93 -0.35 11.4
AReaction conditions: 498K; P = 1-10 atm; Hp/CO = 1-3

bgverage deviztion between predicted and observed rates.
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Table II. Power Law Rate Expressions? for the Synthesis of C; through
Cy Hydrocarbcnsb.

Cq [a atm(m"n)s'l] m n Eg(keal/mole) %Dev.C
C1 1.3 x 109 1.35 -0.99 28 5.6
¢ 2.5 x 108 0.74 -0.68 28 5.7
C; 1.6 x 106 1.34 -0.81 25 11.3
c; 2.3 x 107 0.82 -0.58 25 4,2
- 1.4 x 103 1.39 -0.55 18 5.8
C3

= 3.8 x 106 . 0.70 -0.44 24 9.6
Cy

- 8.7 x 103 1.14 -0.47 19 4.8
Cs

a m T

Y, = A exp(-—Ea/R‘I')PH o

n 2
b

Reaction conditioms: T = 448-548K; P = 1-10 atm; HZICO = 1-3,

-
[

Average deviation between predicted and observed rates
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should increase with increasing temperature. The extent to which this
trend is observed is illustrated in Fig. 4. Below about 498K, the
g}ots of log <NC§/NCE) versus 1/T are linear for n = 2,3, agd 4. From
the slope of this portion of the plots, the difference in activation
energies for the formation of olefins and paraffins is estimated to

be about 6 kcal/mole. The sharp decline in log (NCE/NCH) which occurs
at temperatures above 498K can be ascribed to hydrogenation of the ole-
fins. This interpretation was confirmed by examining the effects of
reactant space velocity on the olefin to paraffin ratio. At tempera-
cures below 498K, this ratio is independent of space velocity, but as
the temperature is increased above 498K, the ratio of olefins to paraf-
fins decreases with decreasing space velocity.

Since it has been reported that olefins formed via primary reac-
tious can be reincorporated to form higher molecular weight products
(7,15), an investipgation was made to establish the possible influence
of such reactions on the observed product distributions. When ethylene
was added to the synthesis gas at levels similar to those produced by
the réaction, no evidence could be observed for olefin reincorporation.
Raising the level of ethylene addition to 0.5 or 1.0%Z of the total feed
(20 to 40 times that normally found in the reaction products) did pro-
duce an effect on the distribution of products, as can be seen in
Fig. 5. The formation of C3 and C4 products 1s increased, but the
formation of 06+ products is suppressed. The extent to which these
changes occur increases with the level of ethylene addition. A similar

trend was also observed for data taken at 1 atm and 498K.
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Fig. 5. Effects of ethylene addition on the distribution of C; through
C1p hydrocarboms.
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DISCUSSION
The kinetics of hydrocarbon synthesis presented here can be
interpreted in terms of the mechanism shown in Fig. 6. Detailed
discussions of the experimental evidence supporting this view of CO
hydrogenation have reéently been presented in a number of revieus
(1-7). Consequently, the justification for including particular
steps, and for assuming that certain of these are reversible, will

be restricted to ruthenium.

It is proposed that CO is first adsorbed into a molecular stzt

0,
pe
[

from which dissociative adsorption can then occur. Infrered studis
reported by a namber of authors (12,18-20) indicate that the surizacs
of Ru is nearly saturated by molecularly adsorbed CO under reactioz
conditions. The reversibility of molecular adsorption is supportsd

by recent isotopic substitution studies performed with 12CO and 13CO
which indicate that equilibration of the surface with the gas phase

is very rapid under veaction conditions (21). Low and Bell (10) have
shown that CQ disproportionation will occur to a significant degree
over Ru/A1203 for temperatures in excess of 423K. These results sug-
gest thut CO dissociation is an activated process. More recently, TPFD
experiments performed by McCarty and Wise (22) have demonstrated that
the recombination of carbon and oxygen atoms and the desorption of CO

are very rapid since extensive scrambling of preadsorbed 130160 and

120180 was observed at temperatvres above 473K, where hydrocarbon syn-

thesis normally occurs.

The adsorption of H, is assumed to occur dissociatively, and to

be reversible. This view 1s supported by HZ/DZ scrambling studies
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CO + S

COS + S

H2 + 28

OS + H2

Ce + H,

CH, + H,

CHp, + Hs

CHy_ + H
CH., + CH

3s 2g

—
-

COq

CS +-(3$
2H,

H,O + S
CHg + S
CHp_+S
CHy_+S
CH, + 25
CoHs + S
"CoHg + Hg +S
C,Hg + 25
CsHy + S

T U (R (N R A 1

!

S ©® N oo » o

|

CoHs, + S
CoHsg_+ Hg

P
-

!

P

|

CoHs + CHa_

etc.

Fig. 6. Proposed meckanism of hydrocari:on synthesis from CO and Hj.
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performed in the preséncé of.QO over a Ru/SiOZ_catalyst (21). The
results of these experiments ;ﬁow that above. 423K, the extent of “
scrambling is very close to that predictéd at equilib:ium,:{ndicating
that the rates of HZ(DZ) adsorption, reacti&n, and désorgéion are
faster tharn the rate of hydrocarbon synthesis.

It is well recognized that during CO hydrogenation over Ru, water
is the primary product via which oxygen is removed from the catalyst
surface (12). The_mechanism of forming water in the presence of supT
stamcial amounts of aésorbed 20 is not known and may occur vie either
a sequence of Langmuir-Hinshelwood steps or a concerted Rideal-Eley
step. For the purposes of the present discussion‘itxhas been assumed
that the latter proce;; represents the dominant reaction path.

The stepwise hydrogenation of single carbon atoms is taken as the
starting point for hydrocarbon synthesis. Studies by a number of in-
vestigators (9-11) have shown that atomic carbon produced by either
CO disproportionation or CO hydrogenation is extremely reactive and
will form methane and'higher molecular weight hydrocarboms upon hydro-
genation. Furthermore, the work of Biloen et 51. (11) has demonstrated
that the incorporation of carbon jinto hydrocarbons occurs with equiva-
lent ease from molecularly adsorbed CO and atomically adsorbed C,
indicating that the dissoclation of adsorbed CO is not a rate limiting
step in the formation of hydrocarbons. This conclusion is supported
further by the recent studies of Kellner and Beil (13) in which evidence
vas reported for a strong inverse HZ/DE isotope effect on the synthesis

of methane over two Ru/A1203 catalysts and a similar albeit weaker ef-

fect for synthesis over a Ru/SiO2 catalyst. The authors noted that



