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SIMMARY

Six surface-coufined ruthenium c¢luster catalysts supported on
z2lumina, sodiumY zeolite, and molecular—sieve supports were tested for
Fischer-Tropsch synthesis (FTS) activity and for methane and olefin-to—
paraffin selectivity for syn gas with Hy/C0 = 1.0 at 100 kPa and 523 K.
The tetraruthenium cluster catalyst supporteﬁ on almmina had the highest
FTS activity with a methane selectivity of 61Z. The hexaruthenium
cluster catalyst supperted oun sodium-Y zeolite had the lowest methane
selecrivity (36%) and the highest olefin selectivity (ethylene/ethane
> 20). The Schulz-Flory product distribution and chain growth factors for
all ruthenium cluster catalysts through C5 were nearly independeat of
support type and cluster size.

An unpromoted FIS ccbalt caralyst supported on alumina was prepared
to evaluate the effect of sulfur treatment om the methane selectivity and
olefimrro-paraffin ratio of light hydrecarbouns.

A low-level sulfur—treated fused iron catalyst (207 monolayer sulfur
coverage) was prepared and tested for FIS activity and selectivity for
syn gas with Hp/CO = 1.0 at 100 kPa and 573 K. This sulfur-treated
caralyst showed almost a twofold reduction in methane yield compared with
the clean fused iron catalyst. The sulfur—-treated catalyst also

demonstrated good stability, showling mo sign of deactivation throughout a
24-h synthesis run.

Final FTS testing with sulfur—-treated cobalt and the remaining

ruthenium monomer catalysts will complete the screening phase of this
project.
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. EXPERIMENTAL RESULTS

Task l: Synthesis of Dual-Function Mixed—lMetal Cluster (atalysts

Surface~confined Fischer-Trupsch syothesis (FIS) catalysts are being
synthesized in Task 1, using a pendant hydrocarbyl functional group that
reacts with hydroxyl groups on the surface of an appreopriate support
material. This work is divided fnto the following subtasks:

A. Synthesils of hydridocarbonyl ruthenlum clusters.

B. FReaction of hydridocarbonyl clusters with alkyl aluminum to gilve
alkyl aluminum carbonyl rutheniium clusters.

C. Reaction of alkyl aluminum carbonyl ruthenium clusters with the
support .

D. Synthesis of alkyl complexes of Fe, Ru, aod Co.
E. TReaction of alkyl complexes with the support.

F. Reaction of alkyl complexes wich hydridocarbonyl ruthenium
¢clusters to give alkylcarbonyl clusters.

G. Reaction of alkylcarbonyl clusters with the support.
H. Synthesis of mixed-metal (Fe, Ru) hydridocarbonyl clusters.

I. Reaction of mixedmetal hydridocarbonyl clusters with alkyl
aluninum to give alkyl aluminum mixed-metal carbonyl clusters.

Ja Reaction of alkyl aluminom mixed-metal carbonyl clusters with
the support.

K. Reaction of mixed-metal hydridocarbonyl clusters with alkyl
complexes to give alkyl mixed-wmetal carbonyl clusters.

L. Reaction of alkyl wmixed-metal carbonyl clusters with the sup~
Port.



Through the first quarter of 1987, progress was made in subtasks A
through E of Task l. A description of these subtasks and the progress to
date follows.

Tasks 1A and 1B. We have described in detail the syathesis and

characterization of two hydridocarbonyl multiatomic Tuthenium ¢luster
complexes, (H)ARuA(CO)lz and (H),Rug(CO}g. The FTIR spectra of these

. complexes io solution showed several CO stretching frequencies, and thelr
proton NMR spectza showed singlet peaks, indicating that the solutions
were pure and that rhe clusters had the structure expected from reports
in the literature. Ethyl aluminum ruthenium hydridocarbonyl clusters
were synthesized from the Ru, and Rug clusters by reaction of triethyl
aluminum in tetrahydrofuran (THAF) overnight at 25°C. Measurement of the
amount of ethane evolved by the synthesis Indicated that the compositions
of the Al-Ru; and Al-Rug clusters were (EtZAl)Ru4(E)3(CO)12 and
(Et,A1)Ru, (H) (CO),p g respectively. The FTIR and NMR spectra of the Al-Ru
clusters were complex but consistent with the above formulaticus.

Tagk 1C. Six supported multiatomie ruthenium cluster catalysts were
prepared by reaction of the Al-Ru, and Al-Rug complexes with alpha-—
alumina (Raiser), a sodium Y-zeolite (Union Carbide LZ~Y52), and a
molecular—sieve zeolite (Union Carbide SA). The method was the facile
reaction of the Al-Ru complexes with Bronated acid sites on the support
surfaces in THF at 25°C. The Bromsted acid site density was determined
by titration with ethyl lithivm. Excess hydroxyl groups were avallable
for reaction with the clusters since the metal loading was a few weight
percent. The stoichiometries of the surface-~confining reaction of the
clusters with the supports were again determined by measuring the amount
of ethane evolved during the surface-confining reactliom. Wo carbon
monoxide was released, and only one equivalent of eﬁhane was produced
with respect to the ruthenium cluster used.

Elemental analyses of the tetraruthenium and hexaruthenium cluster
catalysts on all the supports were performed by a commercial analytical



laboratory (Galbraith Labozatory). The results showed that the ruthenlum
loadings ranged from 0.2 wt% for Rug/Na Y-zeolite to 1.26 wtZ for
Ruelﬁ-alumina. ' )

Tasks 1D and l1E. Monomeric ruthenium cluster catalysts were

prapared for all three support materials by reactlom with (allyl)sRu(CO),
in THF solution at 25°C. No gas products (e;g., propene, propane, carbon
monoxide) were detected by gas chromatograph& for the reaction with
f-zlumina.

Task 2: Sulfur Treatment of Fisher—-Tropsch Catalysts

'
Preparation of CofAl,0, Catalyst——An unpromoted cobzlt catalyst was

prepared from an aqueous solutiom of cobalt (II) nitrare {Co(N03)2'63 o,
Alfa Products, puratronic grade] by the method of ineipient wetmess on
Harshaw AL-0104 alumina (BET surface area = 88 ng'l) and crushed and

screened to 0.3-0.5 mm. The catalyst was then dried 1n'air at 400 ¥ for
24 hours. The final weight ratio was Co:Al,04 = 1:10.

Low—Level Sulfur Ireatﬁent of Fused Irom Catziyst—A4 low-lavel

suilfur—treated fused iron catalyst (207 momolayar sulfur coverage) was
successfully prepared by the technique previously used to prepare the 50%
monolayer sulfur-treated catalyst. After reduction, mnetal surfaces were
passivated by CO adsorption, dissociation, ard disproportiomation to €O,
at 473 X. Aliquots of CO were injected into a closed gas recirenlation
loop containing 1.5 g of the reduced fused iron catalyst while the CO/COZ
ratio was followed with a mass spectrometer. Approximately 200 pmol of
Corwas injected, corresponding to approximatély two monolayers of
adsorbed CO. During passivation, some CO, evolution was observed;
however, most of the CO was consumed by chemisorption.

Following passivation, allquots of 3080 ppm HyS/HE, were injected
into the closed recirculation loop at 473 K while the gas—phase H,S
concentration was monitored with a sensitive photolonlzation detector as
deseribed in the previous quarterly reports. Hydrogen sulfide (25.2
pmel) was injected Into the system, representing approximately 20% of the
sulfur capacity of the catalyst. The gas—phase H,S coocentration slowly



fell, reaching 10 ppm after Z hours. The system was then flushed with
pure hydrogen at 473 K. The deposited carbon, iron carbide, and adsorbed
0 were removed by Lemperature-programmed reaction (TPR) to 873 K in
l-atm flowing hydrogen. Merthane was observed during the TPR and reached
a maximum at 710 K. Evolution of H;S to a level of 1 ppm was observed at
700 K and the gas was quickly readsorbed at higher temperature.

The catalyst was held at 673 K in recirculating hydrogen for
12 hours to allow local microscopic surface diffusion and equilibration.
The gas-phase HoS concentration was measured continuously. The catalyst
was heated only up te 873 K to avoeid sintering. The catalyst was further
passivated by CO adsorption at room temperature hefore it was removed
from the recirculation system and transferred to the FIS testing
system. Part of the sulfur-treated caralyst (l.g) was reduced in flowing
hydrogen at 523 K for FTS testing as described in Task 3 below. The BET
surface area of the low—level sulfur-treated fused iron catalyst (17

ng'l).shoued a 207 reduction compared with the freshly reduced catalyst.

Task 3: Characterization and Testing of the FTS Catalysts

Activation of Buthenium Cluster Catalysts—-The tetraruthenium and

hexaruthenium cluster catalysts supported on sodianmY zeolite, molecular
sieve, and alumina (synthesized in Task 1) were activated in situ in the
characterization and FTS testing apparatus by temperature—programued
desorption (TPD) from 300 K to 573 K in a helium carrier gas at 0.083
Ks~l. Ethene evolution was detected at approximately 433 K during the
activation of these catalysts. This effect indicates additional reaction
of the ruthenim carbonyl clusters with the supports. At higher
temperatures, C; and C; hydrocarbons were detected, perhaps from
hydrogenolysis of residues of the solvent (hexane) used during the
synthesis of these catalysts. ’

After the FTS reaction, the rutheaium clﬁster catalysts were
unloaded from the reactor without exposure to air and examined by
infrared spectroscopy (FTIR) to identify the chemical state of adsorbed

€0, and samples were sent to a commercial laboratory for elemental



analysis to check for loss of ruthenium through volatilization of

ruthenium carbonyls.

FIS Testing of Ru Cluster Catalysts—The Fischer—-Tropsch synthesis

reaction was conducted with l-atm synthesis gas of fixed composition
(H2:00 = 1:1) at 548 K and 573 K for the clean and lowlevel sulfur—
trested fused iron catalysts and at 323 K for the tetraruthenium and
hexaruthenium catalysts on various supports. 4 gas hourly space velocity
(GHSV) betweem 600 W ! and 1200 "l was used to achieve differential
reaction conditions, depending on the catalyst's activity. All the FIS

experiments were conducted under differential conditions with a maximum
CO couversion of 5%.

In general, the Ru tetramer gave better FIS catalyst performance
than the monomer and the hexamer. Of the six ruthenium cluster catalysts
tested, the Ru; supported on alumina had the highest FIS activity wicth a
617 selectivity toward methane (Table 1) and 2 chain growth probability
of 0.45. However, 1f metal weight loadings were considered for these
catalysts, both the Ru; and Rug supported on the molecular-sieve zeolite
had activities comparable to Ru, supported on alumina. Both had an
average methane selectivity of 54%, aud their chain growth prebabilities
wera 0,46 and 0.39, respectively (see Figure 1 and Tabdble 1). In
contrast, the Rug clusters supported on sodfium-Y zeolite had the lowest
methane selectivity (36%) and the highest olefin selectivity
(ethylene/ethane > 20). For the Ry, and Rug catalysts on alumina that
had been tested for FTS activity at H,/CO ratios of both 2 and 1, both
catalysts had 50% higher hydrocarbon production rate and slightly lower
chain growth probability factor under the hydroger—rich coundition.

However, the methane selectivity remained the same at 622 for both H,/CO
ratios.

FTS Testing of Low-Level Sulfur-Treated Fused Irou—-The additiomal
sulfur—treated fused irom ecatalyst was also examiped for FIS activity and
product distribution. Both the clean fused iron and low-level sulfur-
treated fused iron catalysts (20% monolayer sulfur coverage) had high
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FOR RUTHENIUM CLUSTER CATALYSTS AT 523 K, 100 kPa, AND
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initial FTS and wﬁherjgas shift (WGS) asctivities (Figure 2 and Table 2).
Initially, the clean fused iren catalyst produced hydrocarbons with a
chain growth probability factor of 0.43 (Figure 3) amd a methane
selectivity of 39% at 573 K. The methane selectivity changed to 63% as
the catalyst deactivated after a 24~h ruan. (At 548 K, the clean catalyst
had a chaia growth probabllity of 0.48 with a 277 selectivity toward
methane and showed no change with time). The activity of the clean fused
iron catalyst could be restored temporarily to its original value by TPR
in l-atm hydrogen up to 773 K. This effect implicated carbou deposition
as the cause for deactivation of the clean fused iron catalyst, as could
be expected for low-fi, synthesis gas.

Dnlike the clean catalyst, which deactivated to one-third of its
original activity with H,:C0 = 1:1 synthesis gas at 573 K, the 207%
sulfur-treated catalyst maintained its activity throughout the 24-h
synthesis run. The_ZOX sulfur—~treated catalyst had a chain growth
probability of 0.44 and a methane selectivity of 24% at both 548 K and
573 K. The activity of the sulfur-treated catalyst was about ome-third
the initial activity of the ¢lean catalyst at 548 K but was similar to
that of the elean catalyst at 573 K at steady state. Compared with the
steady—-state FTS performance of the clear catalyst, the 20Z sulfur-
treated fused irom catalyst demonstrated a twofold reduction in methane
selectivity at 573 X (see Figure 2).

The series of sulfur—treated fused iron catalysts showed a minimum
in methane selectivity (Figure &) at roughly 50X saturation coverage.
The olefin production rate showed little change from that of the clean
catalyst, but the paraffin production rate (including .methane) dropped
significantly.

Precipirared Iron Catalysts—The ‘clean and sulfur-treated ¥~ and Cu-

promoted precipitated iron catalysts prepared during the previous quartar
were tested for FIS and found to be 68% and 487 selective toward methane
at 573 X and steady—state reaction. It was difficult to prepare a

sul fur—treated precipitated iron FIS catalyst at a desirable fractional
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momolayer coverage because there is no reliable measure of true metal
surface area of the potassium~promoted precipitated catalyst. Moreover,
aven at what appeared to be full-saturation sulfur coverage (GS = 1.0),
the sulfur-treated precipitated iron catalyst remained more selective
toward wethane {48Z) than the fused iron catalysts.

No further testing was done on the promoted precipitated iroan
catalyst because of 1its instaﬁility during sulfur treatmeat and itrs high
selectivity for methane compared with that of the standard fused iron
catalyst. The unpromoted alumina-supported cobalt catalyst should be
easier to characterize withour inrcerference from the alkali promoter.
With Co/Al,04, the effect of sulfur treatment on the methane selectivicy
and olefin-to-paraffin ratio can be evaluated without ambiguity.

Analysis of Hpt-Wax Trap Product——A hot-wax trap was installed at

the exit of the FTS reactor. The trap was designed to collect Cjj.
hydrocarbons when operated at 393 K. The condensed wax was dissclved in

toluene and analyzed by field ionization.mass spectrometry {(FIMS) to
determine the distribution and chain growth probability factor of higher
hydrocarbons. This supplemental analysis may prove important, especially
' Eo& the rutheniun cluster catalysts on zeolite and molecular—sleve
supporté, because Ungar and Baird® have shown that, afcer appropriate
activation, a cobalt supported on sodiurY zeolite catalyst is shape
selective for the hydrogenation of CO te alkenes with a cotoff at Cg.

FIMS provides a good supplemental analysis of the higher
hydrocarbons in the FTS reaction. It should give an accurate
quantitative measurement for molecules of the same class (e.g., alkanes,
alkenes, aromatics), although semsitivity between classes can vary. The
hot~wax trap was effective in collecting higher hydrocarbons, as
evidenced by the FIMS analysis of FIS results for the clean and sulfur—
treated fused irom catalysts (Figure 5). The clean fused Iron catalyst

*Z. Togar and M. C. Baird, J. Chem. Soc., Chem. Commun. 643-645 (1986).
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had hydrocarbon product up to C;5, whereas the sulfur—treated fused iron

catalyst had observable hydrocarbon product only up to Cig with a lower
chain growth probability factor.

The trap was operated under identical condicions during FIS tescing
of the ruthenium cluster catalysts, and all sampling lines were heated to
30°C higher than the hot-wax trap. However, wax collected in the trap
only for the Ru; cluster supported on sodiumY Zeolite. The ruthenium
cluster catalysts {except Ru6 on sodium—zeolite, which had much lower
activity) had FIS acrivities and chain growth probability factors similar
to those of the fused ironm catalysts. Yet the cluster catalysts produced
negligible hot-wax product, suggesting that either the ruthenium cluster
catalysts have a sharp drop in hydrocarbon production rate beyond C), or

the zeolite support adsorbed the higher-molecular—welghr products.

15



TECHNICAL STATUS

The following work has been performed during che past quarter:
- Characterized and tested the series of supported Ru, Ru,

and Rug cluster catalysts for FTS activity and
selectivitry.

Prepared, characterized, and tested low-level sulfur—
treated fused iron catalysts for FIS activity and
salectivity.

During the next quarterly period {April-June 1987), we expect to
perform the following tasks:

. 5/Co~-Prepare, characterize, and test high-level and low-level
sulfur-treated alumina—supported cobalt catazlysts for FTS
activity and selectivity.

Ru monomers——characterize and test monorutheniuvm cluster

catalysts supported on alumina, sodium ¥-zeolite, and moleculsr
sieve for FIS activity and selectiviry.

Initiate Task &—initiate Task & using the most promising

catalysts, those with high FIS activity and low selectivity for
methane .

16





