CO Hydrogenation over Alumina-Supported
Sulfide Cluster Catalysts

Bimetallic Mo-Fe and Mo-Co sulfide clusters were anchored on Al,Q,
and used for CO hydrogenation. In addition to methane, significant
amounts of dimethyl ether were produced. The reaction orders obtained
from power rate laws for methanation indicated that the surfaces of the
catalytic ensembles were not completely saturated by CO, in contrast
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to the observations for most conventional CO hydrogenation catalysts.

A kinetic analysis and parameter estimation was performed to identify
the rate-determining step for methanation. A catalytic cycle was postu-
lated that could account not only for the formation of methane and
higher hydrocarbons, but also for dimethyl ether as a primary product.

Introduction
Objectives and relevance

One of the greatest challenges in heterogeneous catalysis is to
elucidate how the nature of the active site influences catalytic
behavior. The adsorption of reactant molecules, the formation of
reaction intermediates, and ultimately the product distribution
depend on the composition and structure of the catalytic surface
sites. Catalysts derived from structurally well defined organo-
metallic clusters are very attractive model systems insofar as
they are amenable to detailed spectroscopic characterization
and evaluation of the intrinsic kinetics that control their cata-
lytic behavior. These types of catalysts may also provide a link
between homogeneous catalysis, where the catalytic complexes
are easily identified, and heterogeneous catalysis, where the sur-
faces tend to be quite irregular.

The objective of this study was to investigate the CO hydro-
genation activities of catalysts prepared from organometallic
sulfide clusters containing Mo and either Fe or Co. Although
the late transition metals are the most active catalysts for CO
hydrogenation, they tend to be nonselective, with product distri-
butions following the Anderson-Schulz-Flory relationship. The
late transition metals are also extremely sensitive to poisoning
by sulfur, which is a common impurity in synthesis gas. Molyb-
denum, on the other hand, in its oxide as well as its sulfide form
exhibits remarkable tolerance to deactivation in H,S and has
proven activity for CO hydrogenation. Furthermore, the addi-
tion of Fe or Co to Mo appears to beneficially effect catalyst
selectivity. Consequently, discrete organometallic clusters con-
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taining Mo, S, and Fe (or Co) represent attractive precursor
compounds for the preparation of active, sulfur tolerant CO
hydrogenation catalysts.

An attempt was made to identify the rate-determining step
for methanation on these cluster-derived catalysts. To this end,
the commonly accepted sequences of elementary reaction steps
for the two most important methanation mechanisms, the CO
insertion mechanism and the carbide mechanism, were evalu-
ated. Finally, a catalytic cycle has been proposed to account for
the total product distribution, including hydrocarbons and oxy-
genates.

Significant prior work

Typical commercial catalysts are prepared either by copre-
cipitation or by sequential adsorption of suitable precursor salt
solutions onto a support, followed by treatment routines includ-
ing drying, calcination, reduction, and/or sulfidation. For such
conventional catalysts, it is very difficult to control the surface
composition or define the nature of the active site. In addition,
there is a tendency for significant portions of the metal to form
inactive bulk particles or solid solutions with the support.

There is currently a great deal of interest in the use of orga-
nometallic clusters in the preparation of supported catalysts
(Zwart and Snel, 1985; Gates et al., 1986). Because organome-
tallic clusters can be synthesized easily and their structures are
well defined, they offer an opportunity to examine the nature of
the active site in catalytic reactions and rationally design cata-
lysts. This becomes especially interesting for the preparation of
bi- or multimetallic catalysts. Starting from heterobimetallic
clusters, it is possible to synthesize bimetallic catalytic ensem-
bles from metals that do not form bulk alloys. As a result, one
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can generate catalytic surfaces that would be unattainable by
conventional catalyst preparation methods.

It is commonly accepted that coordinative unsaturation plays
an important role in cluster catalysis. Therefore, particular
attention has been focused on clusters that can undergo rapid
and reversible ligand abstraction and addition. In most clusters,
the energies required to activate metal-ligand bonds are also suf-
ficient to break the metal-metal bonds, causing the undesirable
disintegration of the cluster framework and aggregation of the
metal (Psaro and Ugo, 1986; Yermakov, 1983; Phillips and
Dumesic, 1984).

In attempts to overcome the instability of the cluster frame-
work, researchers have investigated the use of clusters contain-
ing bridging or capping ligands. These bridging ligands appear
to hold the cluster framework together even when the metal-
metal bonds have been cleaved. An example of this approach is
the bridged hydride in {HRhP(OC;H,),l, (Muetterties, 1982),
which was successfully used to catalyze the hydrogenation of
alkenes and alkynes. In general, olefin hydrogenation can be
accomplished under much milder reaction conditions than CO
hydrogenation. Under typical CO hydrogenation conditions,
most clusters disintegrate and aggregate into metallic or oxide
particles (Choplin et al., 1983; Budge et al., 1985; Anderson et
al., 1977). For H,0s(CO), supported on MgO, the formation of
two stable anions has been reported (Lamb and Gates, 1986).
[H;05,(CO),,] ™ has been identified as the active species for CO
hydrogenation. Pierantozzi et al. (1983) isolated the carbido
complex [Ru;C(CO)]*~ as a decomposition product of the
reaction between Ru;(CO),, and MgO during CO hydrogena-
tion. Carbides have also been reported to stabilize the dispersion
of catalysts produced from Fe,(CO),, (Lazar et al., 1984).

In this work we report the use of heterobimetallic clusters
containing bridging sulfide ligands as CO hydrogenation cata-
lysts. In view of the demonstrated stability of metal-sulfur
bonds, one would expect bridging sulfides to impart a high
degree of structural integrity to the cluster. While the synthesis
(Williams et al., 1983; Curtis and Williams, 1983; Curtis et al.,
1986a) and characterization of these cluster-derived catalysts
(Thompson et al., 1986; Curtis et al., 1986b) are discussed else-
where, we focus here on their kinetic and mechanistic behavior
in CO hydrogenation.

Experimental Method
Catalyst preparation

Details concerning the synthesis of the bimetallic sulfide clus-
ters containing Mo and either Fe or Co have been reported else-
where (Williams, 1985; Curtis et al., 1986a). The MoFeS clus-
ter [(Cp),Mo,Fe,S,(CO);] forms two isomers, with the metal
atoms arranged either in a planar (pMoFeS) or in a butterfly
(bMoFeS) configuration. Figure 1 shows the molecular struc-
ture of the bMoFeS cluster as determined by single crystal
X-ray diffraction. The metal atoms in the MoCoS cluster
[(Cp),M0,C0,S;(CO),] were also arranged in a butterfly con-
figuration.

Strem v-Al, O, (92% purity, the balance water with only ppm
levels of metal, BET surface area 225 m?/g), calcined at 773 K
in dry O, for 12 h, was used as the support. The pure clusters
were dissolved in dried and distilied dichloromethane. The solu-
tion was contacted with the partially dehydroxylated v-Al,0,,
and the resulting slurry was stirred for approximately 30 min.
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Figure 1. ORTEP plot of butterfly isomer of
(Cp).Mo,Fe,(1,S),(CO), cluster.

Based on structural characterization by single crystal X-ray diffrac-
tion

The supernatant solvent was removed under vacuum at ambient
temperature, and the dried catalyst was stored under N, atmo-
sphere for subsequent use. The resulting catalysts had a total
metal loading of about 1 wt. % and BET surface areas of =150

m?/g.

Catalytic activity

Kinetic experiments were carried out in a glass-lined, stain-
less steel U-tube reactor (6.35 mm OD). A diagram of the auto-
mated flow reactor system is given in Figure 2. In a typical
experiment, 300-500 mg of catalyst was loaded into the reactor
and secured between two quartz or Pyrex glass wool plugs. The
reaction temperatures were measured using an Inconel-
sheathed iron-constantan thermocouple placed directly into the
catalyst bed, and controlled to + 1 K by an Omega 4002 KC pro-
portional controller. The reaction pressures were monitored by a
pressure gauge mounted at the reactor inlet, and adjusted by a
Nupro fine-metering valve at the reactor outlet. The effluent
lines were heated to avoid condensation of product gases. All the
tubing between the feed gas manifold and the gas chromato-
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Figure 2. Flow reactor used for CO hydrogenation.
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graph used for product analysis was lined with Teflon to avoid
the adverse effect of H,S adsorption, and the possibility of metal
carbonyl formation. Prepurified He, H,, H,/H,S (49 ppm), and
H,/CO (24% CO, 1% N,, and 75% H,) were metered using
Tylan FC-260 mass flow controllers. The H,/CO stream was
passed through an oxygen trap (Matheson Oxy-trap), and a col-
umn packed with a mixture of dry molecular sieves (5 A), and
activated carbon (Calgon). Hydrogen, H,/H,S, and He could be
added to the H,/CO reactant stream through a cross-pattern
valve. The final feed mixture was passed through a column of
activated carbon to insure removal of trace metal carbonyls.

Freshly prepared catalyst samples were quickly loaded into
the reactor to minimize air exposure, purged with He, and
slowly heated to 673 K at a rate of 1-2 K/min. Pyrolysis in He
at 673 K for 4 h was followed by a similar pretreatment in H,
starting at room temperature. Typically, steady state activity
was achieved after ~10 h on stream, and reported activities were
those after 20 h on stream unless otherwise noted. The following
equation summarizes the determination of CH, formal turnover
frequencies, Ny, (Sivasanker et al., 1984):

¢y

Carbon monoxide conversion was limited to 5% to insure dif-
ferential reaction conditions. After extended periods on stream
(typically more than 25 h), the reaction was stopped and the cat-
alyst was treated in flowing H, for 4 h at 673 K before starting
the next CO hydrogenation run.

Effluent gases were analyzed using a Varian 3700 gas chro-
matograph (GC) with flame ionization and thermal conductiv-
ity detectors (FID, TCD) in series. The FID was specific to
hydrocarbons and oxygenates. The TCD was unspecific, but
provided excellent quantification of O,, N,, and CH;, (tie com-
ponent). A packed GC column system with a column switching
routine allowed the separation of permanent gases from the
other components. The gas samples first eluted through a 1.8 m
Porapak QS column at 343 K with a He carrier gas flow rate of
0.5 mL/s. The permanent gases almost immediately eluted from
the Porapak column and passed into a 0.9 m molecular sieve col-
umn, where they were trapped for subsequent analysis. The flow
was redirected through a fine needle valve, adjusted to maich
the pressure drop across the molecular sieve column, into the
TCD. Once CO,, ethane, and ethylene were quantified, the flow
was reverted back through the molecular sieve, and N,, O,, CH,,
and CO were quantified. Finally, the molecular sieve column
was again bypassed, and the Porapak column was heated to 453
K at 30 K/min for analysis of the remaining hydrocarbons and
oxygenates. Sample injection, control of the column switching
valves (Varian six-port valves with pneumatic actuators), and
data acquisition were accomplished using a Varian 4270 pro-
grammable integrator. A Basic program was used to perform
data reduction following each run. Additional details can be
found elsewhere (Thompson, 1986).

Results and Discussion
Activity and selectivity

Following the standard pretreatment in H, as outlined in the
experimental section, the initial catalytic activity for CO hydro-
genation was very low. During an induction period lasting 4 to
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Figure 3. Activity of pMoFeS/Al,0, catalysts as a func-
tion of time on stream.
573 K; total pressure, 859 kPa; H,/CO feed ratio, 3:1

10 h, the activity increased to a steady state. Mossbauer spec-
troscopic results indicate that the oxidation state of the Fe is
only slightly altered during this induction period (Thompson,
1986). For example, the bMoFeS/AlO, catalyst contained a
mixture of about 90% Fe** with the balance Fe®* (8 < 2) follow-
ing He or H, pretreatment at 673 K, and following exposure to
H,/CO. Consequently, we believe that the induction periods
were primarily the result of changes in the chemistry of the sup-
port or surface overlayer.

A typical time vs. activity plot is illustrated in Figure 3 for
pMoFeS/ALO,. Similar plots were obtained for bMoFeS/
Al,0; and MoCoS/AlLO;, while the bare support was relatively
inactive. When the used catalysts were treated for several hours
in pure H, at 673 K, induction periods similar to those for the
fresh catalyst were observed, followed by a steady state activity
that matched the original level. These activity trends could be
reproduced through several treatment and reaction cycles. Re-
producible induction periods of this type are indicative of revers-
ible surface redox reactions and/or changes in the chemistry of
the surface overlayer. We do not believe the surface recon-
structed. The steady state activities could be maintained for
more than 300 h without noticeable signs of deactivation.

Exemplary Arrhenius plots of the steady-state methanation
and hydrocarbon production activities at 859 kPa are shown in
Figures 4 and 5, respectively. These activities were not altered
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Figure 4. Arrhenius plot for methane formation over sul-

fide cluster derived catalysts.
859 kPa; H,/CO feed ratio, 3:1
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Table 2. Methanation Activities for Sulfide and Carbonyl
Cluster-Derived Catalysts*
Product Distribution
Turnover
Cluster Freq. 1/s CH, C, C;+ Oxygenates

pMoFeS 7x107¢ 74 14 1 11
bMoFeS 6x10°° 81 14 1

MoCoS 3 x 10°¢ 72 25 3 —
Fe;(CO),, 2 x 107%%* 19% 73 -8 —
Mo(CO), 2% 107%*%*  86% 10 3 —
Co,(CO), 3 x 1073 53 15 33 _—

Turnover Frequency [ 1/s ]

1077 T .
1.65 1.70 1.75

T

1.80 1.85
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Figure 5. Arrhenius plot for hydrocarbon and oxygenate

products over pMoFeS/Al,0,.
859 kPa; H,/CO feed ratio, 3:1

by the presence of H,S in the reactant stream, Table 1. This is
consistent with behavior observed for cobalt molybdenum sul-
fide CO hydrogenation catalysts (Dianis, 1987). There were
fundamental differences between the behavior of catalysts de-
rived from the bimetallic sulfide clusters and those derived from
the metal carbonyl clusters, Table 2. The methanation activities
were lower than those of the reduced monometallic catalysts
(Brenner, 1986), but comparable to those reported for sulfided
group VIII (Agrawal, 1979; Agrawal et al., 1981, 1982; Fitz-
harris et al., 1982) and sulfided Mo catalysts (Concha and Bar-
tholomew, 1983). The activities were also similar in magnitude
to those of well-dispersed Fe catalysts (Jung et al., 1982).

Significant amounts of dimethyl ether were produced over the
iron-containing cluster catalysts. On MoCoS/Al,O,;, however,
the production of dimethyl ether was not observed under similar
reaction conditions. Figure 6 shows a comparison of the product
distributions obtained on the three different catalysts. Iron-
based (Storch et al., 1951) and potassium-promoted MoS, and
MoS,/CoS, catalysts (Dianis, 1987) have been reported to pro-
duce oxygenates including dimethyl ether at high pressures.
However, the production of large amounts of dimethyl ether at
low pressures is unprecedented.

The selectivity to methane and dimethyl ether was not only
dependent on the precursor cluster composition, but was also

Table 1. Effect of H,S on Methanation Activity
of MoCoS/AlLO,
In situ
Presulfided* Sulfided**
Methanation activity, 1/s x 10* 264 247 1.63 1.55
C,H,/C,H, 0.15 0.15 0.09 0.10
CH, selectivity 55.6 538 70.6 69.5
Excess CO, % 20 13 -2 1
H,S in pretreatment stream, ppm 50 0 0 0
H,S in feed stream, ppm 0 0 0 27
*Measured at 573 K, 859 kPa, H,/CO =3
**Measured at 573 K, 581 kPa, H,/CO = 8
112 January 1989

*Measured at or extrapolated to 523 K, atmospheric pressure, H,/CO = 3
*#Brenner, 1986

{Commereuc et al., 1980

$Bowman and Burwell, 1980

very dependent on the catalyst pretreatment. Dimethyl ether
formation was significantly greater over the catalyst pretreated
in He at 673 K than over the catalyst pretreated in H, at 673 K,
Figure 7. Nevertheless, the combined activities for methane and
dimethyl ether formation were similar, 7.9 x 10~° molecules/
cluster/s for the He pretreated catalyst compared to 5.9 x 10~
molecules/cluster/s for the H, pretreated catalyst. Perhaps
methane and dimethyl ether compete for a common reaction
intermediate. The rate of reaction of this common intermediate,
perhaps a surface formyl species, could govern the overall CO
turnover frequency.

We believe that the production of dimethyl ether at low pres-
sures is due to the presence of heterogenized clusters (Zwart and
Snel, 1985). It is well known that homogeneous catalysts are
very selective to oxygenate formation (Sheldon, 1983). We do
not, however, believe that the original cluster remains intact.
Instead the results indicate the presence of highly dispersed cat-
alytic ensembles that are uniquely related to the precursor sul-
fide cluster.

The catalytic behavior was dependent not so much on the
treatment history of the catalysts as on the nature of treatment
immediately preceding a given CO hydrogenation run. This
clearly rules out irreversible changes by pretreatment-induced
reconstruction. Perhaps reversible changes in the alumina sur-
face chemistry caused the induction period. Due to the high dis-
persion (Thompson, 1986) of the catalytic ensembles, we expect
changes in the alumina chemistry such as variations in the
hydroxyl group configuration (Kndzinger and Ratnasamy,
1978) to influence the catalytic behavior. It is well documented
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Figure 6. Product distributions obtained on sulfide clus-

ter derived catalysts.
573 K; total pressure, 859 kPa; H,/CO feed ratio, 3:1
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that the acid/base character of the support influences the cata-
lytic behavior of anchored metal clusters. Over more basic sup-
ports such as MgO, ZnO, and CaO, Rh carbonyl clusters exhib-
ited a higher selectivity for methanol than on more acidic sup-
ports such as SiO, or Al,O; (Ichikawa, 1978). Furthermore,
clusters on silica supports that were pretreated to decrease the
acidity produced methanol, while the untreated silica catalyst
produced mostly methane (Dirkse et al., 1982).

Dimethyl ether formation has been reported by Odebunmi et
al. (1985) for AL,O, supported catalysts prepared from Os clus-
ters and by Pierantozzi (1987) for ZrO,/Al,O; supported
K[Fe,Mn(CO),,]. They suggested that dimethyl ether was a
secondary product stemming from the dehydration of methanoi
over acidic Al,O; sites. It is well known that Al,O, is active for
methanol dehydration (Siddhan and Narayanan, 1981). Licht
et al. (1980) also observed the dehydration of alcohols to ethers
over acidic sites in SiO, supported Pt, Ir, and Rh catalysts.

Several observations suggest that dimethyl ether is a primary
product during CO hydrogenation over Al,O; supported
MoFeS. Even at low conversions methanol was not detected in
the product stream. If dimethyl ether were a secondary product
we would expect to observe significant amounts of methanol.
Pierantozzi (1987) observed that methanol selectivity increased
with decreasing conversion. This is the expected behavior for
species involved in secondary reactions; however, this was not
observed in our work. It is unlikely that 100% of such large
amounts of methanol could be converted to dimethy! ether via a
secondary reaction given the high space velocities and low con-
versions used in our experiments. Furthermore, the acid sites
required for methanol dehydration would be detrimental for
methanol formation, according to Ichikawa (1978) and Dirkse

et al. (1982), who suggest that basic supports favor methanol
formation.

The activity of most methanation catalysts can be adequately
described by an equation of the following form:

Neyws = A exp (—AE,/RTY(py2)"(Pco)™ (2)

Table 3 compares the kinetic parameters for the sulfide clus-
ter derived catalysts with literature values for supported Fe and
Co catalysts (Jung et al., 1982; Vannice, 1975) and Mo single
crystals (Logan et al., 1985).

The preexponential factors were normalized to 101.3 kPa
total pressure for convenience. The apparent activation energies
for methanation obtained for the sulfide cluster derived cata-
lysts are in good agreement with values reported for conven-
tionally prepared CO hydrogenation catalysts. Conversely, the
apparent activation energies for CO consumption seemed low.
According to Jung et al. (1982), low CO consumption activation
energies may indicate high dispersion. We conclude that the sul-
fide cluster derived catalysts are highly dispersed. This conciu-
sion is supported by high-resolution electron microscopic, X-ray
diffraction, and Mdssbauer spectroscopic results (Thompson,
1986). In particular, electron microscopy did not detect par-
ticles under conditions that imaged 10-20 A ensembles (Ode-
bunmi et al., 1985).

The partial pressure dependences were positive for both H,
and CO and similar to dependences for Mo single crystals (Lo-
gan et al.,, 1985). Over CO hydrogenation catalysts such as Fe,
Co, and Ni, the reaction rate is near first order in H, and zero
order in CO. Evidently, CO does not inhibit methanation over
the sulfide cluster derived catalysts as it does over late transition
metals. Although the apparent Arrhenius parameters given in
Table 3 are useful for catalytic reactor design, they give little
information concerning the reaction mechanism.

Mechanistic aspects

Background. From a fundamental standpoint, catalysts pre-
pared from clusters that do not disintegrate and/or aggregate
under reaction conditions or those that form stable, highly dis-
persed catalytic ensembles have an advantage over conven-
tionally prepared catalysts (Ugo and Psaro, 1983; Muetterties
and Stein, 1979). The well-defined nature of clusters allows a
very confident investigation of their catalytic behavior at a
molecular level. Using the appropriate kinetic models we can
postulate the importance of elementary reactions and test vari-
ous reaction mechanisms.

Table 3. Kinetic Parameters for Methanation According to Power Rate Law Expression*

A AE, AE (CO)
Catalyst 1/s kJ/mol n m kJ/mol

pMoFeS/ALO, **2.1 x 10° 852« 5 0.70 + 0.02 0.37 = 0.09 77
bMoFeS/ALQO, **38 x 10* 979 + 16 0.70 £ 0.02 0.34 = 0.02 89
MoCoS/ALO, **37 x 10? 79.7 + 12 1.21 + 0.06 0.14 = 0.01 74
15% Fe/AlLO, (Vannice, 1975) 2.2 x 107 89.2 + 4 1.1 0.1 -0.05 £ 0.07 108
5.9% Fe/Saran (Jung et al., 1982) 2.1 x 10° 90 1.1 -0.07 75
2% Co/Al,05 (Vannice, 1975) 9.0 x 10° 113.0 = 17 1.2+0.2 —-0.5£0.3 112
Mo(100) single crystal (Logan et al., 1985) — 100.5 + 4 1.0 0.32 —

*Neps = A exp (- AE,/RT Y pH) (pco)”

** Assuming that each cluster represents a catalytic site
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To gain mechanistic information for methane formation over
sulfide cluster derived catalysts, we evaluated the role of various
elementary reaction steps for the two important CO hydrogena-
tion reaction mechanisms (Bell, 1981), namely the CO insertion
mechanism and the carbide mechanism.

The CO insertion mechanism assumes the associative adsorp-
tion of CO. This mechanism allows for oxygenate formation, but
does not directiy account for the production of CO,. The produc-
tion of CO, has often been attributed to the water gas shift reac-
tion. The following equations summarize the most important
elementary reaction steps for a variation of the CO insertion
mechanism:

keo
CO + % — (;O 3)
by
H, + 2%+ — 2H 4)
k
CO + H—HCO + * (5)
k,
H(;O + I;I — HgHO + * (6)
ks
HgHO +H— QH + HZQ N
ks
CH + H = CH, + » ®
ks
CH, + H=—=CH; + * €))
ke
(.?H3+}‘{r—a(;H4+* (10)
k—CH4
QHV——ACH“L* (11)
kAH2O
HZQ — H,0 + = (12)

The carbide mechanism is based on the assumption that
active atomic carbon initiates the CO hydrogenation reaction.
Both CO and H; are assumed to adsorb dissociatively. The most
important elementary reaction steps are summarized below.

k

C+H—=CH +* (16)
ks

QH+I;I=-(;H2+* 17n
k,

(_:H2+I;I=(;H3+* (18)
ks

9H3+I;I-*—1‘QH4+* (19)
ke

O+ CO—CO, + = (20)
k—CHl

CHy — CH, + = @n
k_cor

CO, = CO, + * (22)

The carbide mechanism readily accounts for the formation of
methane, higher hydrocarbons, and CQ,. It does not, however,
explicitly address the production of oxygenates.

Kinetic Analysis and Parameter Estimation. Qur analysis was
based on a Langmuir-Hinshelwood or Hougen-Watson type
kinetic model. Two of the key assumptions of this model are that
the heats of adsorption are constant and the intrinsic reaction
rates are proportional to the reactant surface coverages, §;. To
simplify the kinetic modeling, the existence of a single rate-
determining step and most abundant surface intermediate(s)
was assumed. All the other reaction steps were assumed to be
close to thermodynamic equilibrium. It was further assumed
that over the temperature and pressure range investigated, the
rate-determining step and the most abundant surface interme-
diates did not change. Each of the elementary reaction steps was
considered as a candidate for the rate-determining step and pro-
vided the basis for the development of a mathematical formula-
tion.

Using the CO insertion mechanism, we could, for example,
consider the hydrogenation of the surface formy! group, Eq. 6,
as the rate-determining step. The reaction rate would be
described by the following expression:

NCH4 = k20HC00H (23)

Based on the assumption of thermodynamic equilibrium, the
fractional surface coverages would be

P Buco = KiBcobw /b, (24)
€O

CO ++=—CO 13

* t13) O = Knopals (25)

k fco = K 9, 26

90+*:9+9 (14) co coPco (26)

where 8, represents the fractional surface vacancy. The low

P activities indicate that the surface was covered predominantly

H, + 2% — 2H (15) by CO and H, so the fractional surface vacancy would be
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described by

1
B (1 + vKypw + KeoPeo)

8, =1 — 6o — by @7)

Substitution into Eq. 23 leads to an overall reaction rate in
terms of the partial pressures of H, and CO.

Nens = koK Ky prsKcoPeo(6,)

Ky PrKcoPeo
= kK, (28)
o (1 + VKwPm + KooPco)’
Rearranging this equation into the form
\/ PraPco _ ______1____ + 47
Nens VoK KyKco koK Koo
VK,
=< pco (29)

4 —
szKlKHZ

and numerical analysis yields &,K;, K¢o, and Ky, A similar
algorithm was used to determine the coefficients for the other
equations shown in Tables 4 and 5.

Numerical values of the coefficients were obtained from
regression analysis. Only one equation had nonnegative coeffi-
cients. Negative coefficients are obviously physically impossi-
ble, so the corresponding equations had to be eliminated from
further consideration. The only equation with all positive coeffi-
cients had the following form:

k Ko puaKeoPeo
(1 + VKypur + KcoPco)’

NCH4 = (30)

This equation matches the formulation for the CO insertion
mechanism with the hydrogenation of a surface formyl as the

Table 4. Model Equations for Various Rate-Determining
Steps in CO Insertion Mechanism

Rate-Determining Step Formulation

kco koo Ko P
CO + » — CO coKcoPco
* 1 + VK Py + KeoPeo
kuy kg Ko P
H, 4 2+—2H H2 Kn2 Pua .
* (1 + YKu2Prp + KcoPoo)
K k1 KcoPeo VEn2 Pun
CO + H=HCO 5
* * * (1 + VKy2 Pz + KcoPoo)
k2 k5K coPeo Ky P
HCO + H— HCHO o omm R
* * * (1 + VKn2Pm2 + KcoPoo)
ks k3K o Poo(Kia Pun)™'?

HCHO + H=—=CH + H,0
* * * * (1 + VKuyPy + KeoPeo)’

kco = kco/Kco
ki = kpo/ Ky
ks = kK,
ki =k, K, K,
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Table S. Model Equations for Various Rate-Determining
Steps in Carbide Mechanism

Rate-Determining Step Formulation

k '
CO + + ;" co kcoKcoPeo
* 1+ VK P + KeoPeo
ku kK P
Hy+ 2+ —2H K On2
* (1 + VKu2Pyz + Ko Peo)’
k kKoo P,
CO++=—=C+0 Lo
* * * (1 + VKu2Puz + KcoPro)?
o kiKeoPeo VEurPr
* * * (1 + VK3 Pz + KeoPoo)’
ks kK coP, P
CH+H’;~“CH2+* 38Co C()KHZ H2
* * * (1 + VK, Py + Koo Peo)?
ks kK coPoo( Ky Prz)™?
CH, + H—=CH, + # Ko Poo(Kyy Prz)
* * * (1 + VK2 Py + KcoPeo)’

ko = keo/Keo

kig = kuy/ Ky
k= koK, /(K[ ko)
k= kKK, [ (ki ko)
k; = kIKJKZKI/(kl/kG)

rate-determining step, and the formulation for the carbide
mechanism with the hydrogenation of a surface methylidyne as
the rate-determining step. If the hydrogenation of a surface me-
thylidyne were the rate-determining step, the reaction rate could
be described by

Nens = kabcufh 31

where the surface coverages at thermodynamic equilibrium are

06
fe - P (32)
K060
GC _ 1YCoYy (33)
o

The surface coverage by atomic oxygen, f,, was estimated using
the quasisteady-state approximation. With this assumption the
atomic oxygen coverage would be

B ~ (kxaco + k-socoz) 9,

34
kebco + k_10c (34)

Under differential conditions the forward reaction rates would
be more significant than the reverse reaction rates, therefore

klev
ke

(35)

0o ~
Substitution of these expressions along with expressions for 6¢o

and 6y into Eq. 31 leads to the following rate equation:

Nowws = KKy (ke/ k_ ) Ko praKecoPeo
cHe (1 + VKuopuw> + KcoPco)?

Numerical analysis would yield k;K,(kg/k_,), Ky, and Kco.

(36)
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Discrimination between the CO insertion and carbide mecha-
nisms was left to a consideration of the product distributions.
Figure 8 illustrates the fit of the above equation for pMoFeS/
ALO, to the experimental data for varying reactant partial pres-
sures. Similar fits were obtained for the other catalysts.

We also investigated the temperature dependence of the coef-
ficients in Eq. 30 for methanation over pMoFeS/ALO;. The
coefficients were determined from experimental data obtained
at 553, 573, and 593 K. From Arrhenius plots, the apparent
activation energies and heats of adsorption for CO and H, were
determined. The resulting relationships are listed below.

k = 3.22 x 10° exp (—135,000/RT) (1/s) (37)

Ky, = 2.39 x 10 exp (54,100/RT)  (1/kPa) (38)

Kco = 7.00 x 10~ exp (38,200/RT) (1/kPa) (39)

Here the rate constant corresponds to kK, for the CO inser-
tion mechanism or k;K,(k¢/k_;) for the carbide mechanism.
The apparent activation energy of the rate constant for the
methanation, 135 kJ/mol, is similar to typical literature values,
which range from 80 to 130 kJ/mol. The experimentally deter-
mined heat of adsorption of H,(—54.1 kJ/mol) is close to that
reported for dissociative adsorption onto organometallic clusters
such as planar Ir complexes (—59.0 kJ/mol) (Henrici-Olivé and
Olivé, 1984). The heat of associative CO adsorption of —38.2
kJ/mol is somewhat lower than the values reported for M—CO
bond energies in typical carbony! clusters, which are generally
about —100 kJ/mol. This suggests that CO adsorbed on
pMoFeS/ALO, is more labile than CO ligands in typical car-
bony! clusters. This difference is also qualitatively supported by
temperature-programmed desorption studies where the CO li-
gands of the supported MoFeS or MoCoS clusters desorb at
about 373 K, while the unsupported clusters are stable to their
melting points of 461 K for pMoFeS, 495 K for bMoFeS, and
451 K for MoCoS (Williams, 1985).

To test the model, methane turnover frequencies were pre-
dicted for partial pressures and temperatures outside the range
of experimental data used for the regression analysis. The pre-
dicted results compared quite favorably with the experimental
ones.

Catalytic Routes to Methane and Dimethyl Ether: A Proposed
Reaction Mechanism. The kinetic information assembled in this
study provided a basis for formulating reaction mechanisms
which could account for:

1. The formation of methane and higher hydrocarbons

2. The primary formation of dimethyl ether
While dimethyl ether formation has generally been assumed to
be due to secondary reactions of methanol (Odebunmi et al.,
1985), we attempted to develop an alternate mechanism that
could provide a primary route to dimethy! ether formation. This
attempt was motivated by the observation that methanol, a pos-
tulated intermediate for dimethyl ether formation, never ap-
peared, not even as a trace, in the reactor effluent. Furthermore,
the differential reaction conditions employed in our investiga-
tion would not favor secondary reactions of primary products.

Figure 9 shows a hypothetical catalytic cycle based in part on
the CO insertion mechanism that could in principle account for
both methane and dimethyl ether formation. The salient fea-
tures of this cycle are as follows. Associatively adsorbed CO is
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Figure 8. Comparison of experimental results at 573 K
with kinetic model equation for bMoFeS/Al,0;.

first inserted into a metal hydride bond to produce a surface for-
myl species. Stable transition metal formyl complexes have been
identified (Wayland and Woods, 1981; Sweet and Graham,
1979; Gladysz, 1982; Cameron et al., 1983), supporting the fea-
sibility of formyl reaction intermediates. Once such a formyl
intermediate is formed, it could follow one of two possible
routes. Routes I and Il lead to the formation of methane and
other hydrocarbons, and the formation of dimethyl ether,

CO
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Figure 9. Proposed catalytic cycle accounting for di-

methyl ether as primary reaction product.
M denotes a catalytic site, not a metal atom
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respectively. We do not want to imply that the dissociatively
adsorbed CO is not contributing. The proposed catalytic cycle is
simply our most reasonable attempt to rationalize the primary
production of methane and dimethyl ether.

Route 1 is initiated by the hydrogenation of the surface formyl
to produce an oxo methylene species for which there are numer-
ous organometallic analogs (Wengrovius and Schrock, 1982).
Our kinetic modeling discussed in the previous section suggested
that this type of step may be rate limiting in the production of
methane. The resulting methylene species could be hydroge-
nated to methane or oligomerized to higher hydrocarbons. Oxy-
gen could be removed from the catalytic site by reduction with
CO, resulting in the formation of CO, as a primary product.
This cycle accounts for the primary production of methane and
CO, without generating H,0. This is important because our
experimental results showed large quantities of CO,, but no
measurable quantities of H,O in the product stream. The pri-
mary formation of CO, is a novel feature, in that H,O is a pri-
mary product in the classic CO insertion mechanism. The pro-
duction of CQO, is supposed to be the result of the water gas shift
reaction.

Route II also is initiated by the hydrogenation of a surface
formyl species at the carbon atom to produce an adsorbed for-
maldehyde species. Aldehyde-transition metal complexes have
been prepared (Brown et al., 1979; Fahey, 1981; Gambarotta et
al., 1982), and they appear to be important intermediates in CO
hydrogenation by organometallic complexes (Muetterties and
Stein, 1979) and olefin hydroformylation (Sheldon, 1983). Hy-
drogenation of the formaldehyde could result in the formation of
a methoxide which also has organometallic analogs (Wolczanski
and Bercaw, 1980) followed by the insertion of CO into the M-O
bond to produce a surface ester (Casey et al., 1979). Hydroge-
nation of the carbonyl oxygen and dehydration could yield an
oxo methoxymethylene, another step modeled after a known
organometallic reaction (Wong et al.,, 1979). Desorption of
dimethyl ether and the oxidation of CO frees the active site for
adsorption of another CO molecule. Many of the steps in this
cycle have been proposed for the production of alcohols and
other oxygenates such as aldehydes and esters (Bradley, 1979;
Knifton, 1981; Rathke and Feder, 1978).

The key concept of this proposed catalytic cycle is the dual
route for hydrogenation of the surface formyl group. Our
mechanistic analysis suggested that the hydrogenation of a sur-
face formyl species to an oxo methylene species may have been
the rate-determining step for methane formation. Although our
data do not provide sufficient proof, we can envision the hydro-
genation of the formyl group to m-bonded formaldehyde as the
corresponding rate-determining step for dimethyl ether forma-
tion.

We propose that Brgnsted acidity favors the production of
methane via route I, while Lewis acidity favors the production of
dimethyl ether via route 11. It is well known that acidic solids
such as Al,O; contain both Brgnsted and Lewis acid sites with a
broad distribution of acid strength and character. The surface
acidity is dynamic in nature and is dependent on a number of
factors, including pretreatment, reaction conditions, and
amounts of adsorbed water. Helium pretreatment would be
expected to remove water and favor the production of Lewis acid
sites, while hydrogen pretreatment at elevated temperatures is
likely to generate Brgnsted acid sites (Tanabe, 1970). Further-
more, Lewis acid sites are known to stabilize w-bonded formal-
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dehyde (Fagan et al.,, 1981), the proposed intermediate to
dimethyl ether via route II.

The chemistry of the cluster-derived catalytic ensembles does
not appear to be substantially affected by treatment in He or H,,
based on Mdssbauer spectroscopic results (Thompson, 1986).
Consequently, we propose that the acidic nature of the support
in the immediate vicinity of the catalytic ensemble influences
the product distribution (Vannice and Sudhakar, 1984).

The strength of the model is that it accounts for the primary
production of both methane and dimethyl ether. There are, how-
ever, obvious weaknesses in the model. First and foremost, it
relies heavily on the existence of surface intermediates that have
not been experimentally identified. Instead, we inferred their
existence based on documented analogs in organometallic clus-
ter chemistry. Second, the kinetic analysis and parameter esti-
mation did not allow us to unambiguously distinguish the CO
insertion mechanism from the carbide mechanism. Finally,
although we are quite confident that our reaction conditions pre-
clude secondary reactions in the classic sense, we cannot com-
pletely rule out that two methanol intermediates are formed on
the same primary catalytic site or on two adjacent sites followed
by dehydration on nearby acidic sites of the Al,O, support. This
scenario is rather unlikely in view of the high dispersion and low
loading of the catalytic ensembles. Furthermore, the complete
absence of methanol in the products is a compelling sign that
methanol is not the precursor to dimethyl ether or methane.

The dual scheme proposed here for methanation and simulta-
neous production of dimethyl ether is not only consistent with
our own experimental observations but might be useful in
rationalizing the formation of dimethyl ether over other cluster
derived catalyst systems (Odebunmi et al., 1985; Pierantozzi,
1987). It represents an attractive mechanistic proposition de-
serving further theoretical and experimental scrutiny and dis-
cussion.

Conclusions

The cluster-derived bimetallic Mo-Fe and Mo-Co sulfide cat-
alysts proved to be active for CO hydrogenation. After an induc-
tion period, the activity increased to a steady state that could be
maintained for more than 300 h on stream without noticeable
deactivation. The overall activity was similar to that of conven-
tionally prepared, sulfided Mo or Fe catalysts.

In addition to methane and other typical Fischer-Tropsch
reaction products, the Mo-Fe catalysts produced a significant
amount of dimethy! ether under differential reaction conditions.
In contrast the Mo-Co catalysts did not produce dimethyl ether.
The dimethyl ether selectivity of the Mo-Fe catalysts appeared
to be dependent on the pretreatment and reaction conditions.
Treatment in He at 673 K resulted in much higher dimethyl
ether selectivities than treatment in H,. Dimethyl ether is gener-
ally believed to be the product of a secondary reaction of metha-
nol which is dehydrated over acidic sites found on supports such
as ALO;. In our case, the experimental conditions were not con-
ducive for secondary reactions, suggesting that dimethy! ether
might be a primary reaction product. This hypothesis is sup-
ported by the total absence of methanol from the product
stream.

Reaction orders and apparent activation energies for metha-
nation were in good agreement with those reported for molybde-
num and molybdenum sulfides (Logan et al., 1985). A more
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extensive evaluation of the reaction kinetics enabled us to single
out a rate-determining step from the commonly accepted
sequence of elementary reaction steps for both the carbide and
the CO insertion mechanisms. The results were consistent with
the rate-determining step being either the hydrogenation of a
surface methylidyne (for the carbide mechanism) or the hydro-
genation of a surface formyl (for the CO insertion mechanism).

The kinetic analysis alone did not permit an unambiguous
decision between these two possible mechanisms. However, dis-
crimination between the two mechanisms could be accom-
plished by taking into account the product distribution. In view
of the production of dimethyl ether, a strong case can be made
for the contribution of the CO insertion mechanism, since the
carbide mechanism in a classical sense does not readily account
for oxygenates. Parallel pathways to methane and other hydro-
carbons via the carbide mechanism, and to dimethyl ether via
the CO insertion mechanism, cannot be ruled out.

A hypothetical model and catalytic cycle were developed to
rationalize the primary formation of both methane and dimethyl
ether. The key feature of this model is a formyl intermediate as
the common point of departure into two different reaction
routes. The first route of the cycle leads to methane formation,
while the other leads to dimethyl ether formation without
requiring methanol as an intermediate. The individual reaction
steps in each route were modeled after demonstrated organome-
tallic reaction analogs.
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Notation

A = preexponential factor in Arrhenius relationship
AE, = apparent activation energy

K = equilibrium constant

k = rate constant

L = fractional cluster loading
M = metal weight per cluster

m = reaction order with respect to CO
N = turnover frequency

n = reaction order with respect to H,
p = partial pressure

@ = volumetric gas flow rate

R = gas constant

T = temperature

W = weight of catalyst

x = mole fraction

+ = surface site

Greek letters

6; = fractional surface coverage of ith component
6, = fractional surface vacancy
p = molar density of gas
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