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SUMMARY

Three monomeric supported ruthenium catalysts were evaluated for
Fischer-Tropsch performance with l:1 H,:CO synthesis gas ac 1 atm. This
efforc completes the FTS evaluation of a series of nine supported
multiatomic and atomic ruthenium catalysts prepared via organometallic
reactions of tetra— and hexarurhenium hydridocarbonyls and allyl
monoruthenium carbeonyl complexes with acid sites on three support
materials, alumina, sodium ¥ zeolite, and molecular sieve. The product
distribution of the three monomer catalyscs was remarkably dependent on
the nature of the supporc. The ruthenium catalyst supported on sodium
Y zeolite had superior FTS performance relative to a convenrionally
prepared aluming—supported ruthenium catalyst during a 24-h run at 5323 K
with 1:1 Ry:CO synthesis gas at 1 atm. Its chain growrh factor was
higher (0.57 vs N.47), methane selectivity lower (45 wr% vs 58 wtZ), and
olefin-to-paraffin ratio for light hydrocarbons higher (2.2 vs 1.3). The
FTS results for the molecular sieve catalyst under the same reaction
conditions were Iinferior with low chain growth parameter (0.23) and high

methane selaectivity (77 wtX). The Gy, hydrocarbon synthesis rates of all
the ruthenium catalysts were comparable.

The effect of high-level sulfur chemisorption on the FIS performance
of alumina-supported cobalt was alsc examined. The cobalt FTS cq:alyst
was prepared by impregnation of a moderate surface area (80 mn3g"1)
alumina support with ceobalt nitrate to 10 wtXZ reduced cobalt. The
digspersion of the cobalt was .03 based on H, and CO chemisorption and
titration with A4S chemisorption. The untreated cobalt catalyst had, as
expected, higher activity and higher methane selectivity relarive to the
standard fused iron catalyst. After uniform sulfur chemisorption to
approximately 90% saturation coverage, the steady-state (20 h) activity
of the cobalt catalyst with 1:1 R,:C0 synthesis gas at 523 K and 1 atm
decreased an order of magnitude with only modest decreases in methane

salectivity (32 wt? vs 45 wtX) and chain growth parameter (0.48 vs 0.38).



Wocrk on Task 4, the investigation of selected catalysts for FTS
under higher pressure, is under way with modification of an autoclave far

use as a slurry reactor at 1000 psi and modification of the FTS testing

system for fixed-bed operation at 300 psi. Preparation and examination

of a cobalt catalyst with approximately 507 sulfur coverage 1s planned

for next quarter as the final sulfur treatment task.
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EXPERIMENTAL RESULTS

Task I: Synthesis of Dual-Functlion Mixed-Meral Cluster Cartalysts

Surface~counfined Fischer-Tropsch svnthesis (FIS) catalysts were
synthesized in Task I, using a pendant hydrocarbyl functional group that
reacts with hydroxyl groups on the surfaces of several support

materials. This work consisted of cthe following subtasks:
A Synthesis of hydridocarbonyl ruthenium clusters.

B. Reaction of hydridocarbonyl clusters with alkyl aluminum to give
alkyl aluminum carbonyl ruthenium clusters.

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

D. Synthesis of alkyl complexes of Fe, Ru, and Co.
E. Reaction of alkyl complexes with the support.
These subtasks and the progress to date are described below.

Tasks 1A and 1B--We previously deseribed in detail the synthesls and

characterization of two hydridocarbonyl multiatomic ruthenium cluster
complexes, (H),Ru,(CO0)ys and (H) 5Rug(C0)y g The FTIR spectra of these
couplexes in solution shewed several CO stretching frequencies, and their
proton NMR spectra showed singlet peaks, indicating that the solutlons
wera pure and that the clusters had the structure expected from reports
in the literature. Ethyl aluminum ruthenium hydridecarbonyl clusters

" were synthesized from the Ru, and Rug clusrers by reaction of triethyl
aluminum in tetrahydrofuran (THF) 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 (EtyAl)Ru,(H};(C0);; and
(EtyA1)Rug(H)(CO)y g, respectively. The FTIR and NMR spectra of the Al-Ra
¢lusters were complex but consistent with the above formulations.



Task 1C-—Six supported multiatomic ruthenium cluster cacalysts were
prepared by the facile reaction in THF at 25°C of the Al-Ru, and Al-Rug
complexes with Bronsted acld sires on alpha—alumina (Kaiser), a sodium Y-
zeolite (Union Carbide LZ-Y52), and a molecular-sieve zeollire (Union
Carbide SA). The Bronsted acid site density was determined by titration
with ethyl lithium. Excess hydroxy! groups were available for reaction
with the clusters since the metal loading was a few welight percent. The
stoichiometries of rhe surface—confining reaccfon of the clusters with
rhe supports were agaln determined by measuring the amount of ethane
evolved during the surface-confining reaction. WNo carbon monoxide was
released, and only one equivalent of ethane was produced with respect to

the ruthenium ¢luster used.

Tasks 1D and 1E—Monomeric ruthenium cluster catalysts were preapared

for all three support materials by reaction with (allyl)Ru(CQ), in THF
solution at 25°C. No gas products (e.g., propene, propane, carbon
monoxide) were detected by gas chromatography for the reaction with
@-alumina.

Elemental analyses of rhe monomeric Ru catalysts on all the supports
were performed by a commercial analytical laberatory (Galbraich
laboratory). The results (Table 1) showed the rutheniuvm loadings ranged
from 0.31 wt? for Ru/Na Y-zeolite to 0.37 weX for Ru/a-alumina.

Task 2: Sulfur Treartment of Fisher—Tropsch Catalysts

An unpromoted cobalt catalyst was prepared from an aqueous solution
of cobalt(ll)nicrate [Co(N03)2°6H20, Alfa Products, puratrtonic gradel by
the method of incipient wetness on Harshaw AL-0104 alumina with 88 ng'l
BET surface area and crushed and screened to ©0.3-0.3 om mean dliamerer.
The catalyst was then dried in air at 400 K for 24 hours. The final
weight ratio was Co:Al,03 = 1:10.

A fully sulfided (100% monolayer sulfur cover) cobalt catalyst was
prepared for titration of the total active metal surface area by sulfur
chemisorption and as a high-level sulfur-treated cobalt catalyst to be
tested for Fischer~TIropach synthesis activity and salectivity. Excess
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Hs8 was injected into the sulfur chemisorption gas recirculation system
containing freshly reduced catalyst at 773 K, the amount of sulfur
chemisorbed corresponding to a metal surface area of 22.53 olgl. The
catalyst was equilibrated overnight at 773 K, and the gas-phase H,5
concentration was measured over a range of temperatures and the isostere
was plotted in Figure l. A comparison of the current results with
previously published isosteres for cobalt powderl indicates that the
sulfur coverage approached saturation. Further evidence of the high

suifur coverage was the greatly reduced E, and CO adserption capacities,
as discussed below.

Task 3: Characterization and Testing of the FTS Catalysts

Activation of Ruthenium Monomer Catalysts—The monoruthenium
catalysts supported on LZY-52 {sodium~Y) zeolite, molecular sieve, and
alumina (synthesized in Task 1) were activated in situ in the

echaracrerization and FTS testing apparatus by temperature-programmed
desorption (TPD) from 300 K to 573 K in a helium carrler gas at 0.083

ks~ L. Propene evolution was detected at approximately 433 K during the
activation of thess catalysts. This effect indicartes additional reaction
of the ruthenium carbonyl clusters with the supports.

Afrer the FTS reaction, the ruthenlum cluster catalysts were
unloaded from the reactor without exposure to air and stored under dry
¥,. Samples were sent to a commerclal laboratory for elemental analysis

to check for loss of ruthenium through volatilizarion of rutheniuvm
carbonyls.

FTS Testing of the Ru Monomer Catalysts——The Fischer-Tropsch

synthesis resction was conducted with l-atm synthesis-gas of fixed
composition (Hz:co = 1:1) ar 523 K for the moncrutheniuw cluster
catalysts on various supports and conventional 0.5 wtZ ruthenium on
alumina. Gas hourly space velocities (GHSV) between 600 Ll and 1200 n!
were used to achieve differential conditions, depending on the catalysts

1y. 6. MeCarty and H. Wise, J. Chem. Phys. 76, 1162 (1982).
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activity. All the FIS experlments were conducted under differential

condirions with a maximum CO conversion of 5%.

Of the three monoruthenium cluster catalysts rested, the one
supporred on molecular sieve had the highest FTS activity but with a high
77% selectivity toward methane (Table 1). The conventional 0.5 wtX
cutheniun was also tested for comparison with the ruthenium cluster
catalysts. It had a 587% selectivicty toward methane and a chaln growth
probability of 0.48. Both the monomers supported on sodium Y zeolite and
alumina had activitiec comparable ro the conventional ruthenium catalyst,
had an average methane selectivity of 457, and their chain growth

probabilities were 0.57 and 0.38, respectively (see Figure 2 and
Table 1).

Characterization of the Cobalt Cacralyst by CO and H, Chemisorption——

aAfter reduction in hydrogen for &4 h at 773 K, the specific surface area
of the cobalt catalyst was detaermined by dynamic CO adsorption at 300 K.
Known aliquots of gas containing 5.25% carbon monoxide in heliux were
passed through the reactor containing the catalyst until no further
adsorption was observed. The fraction of CO adsorbed from each dose was
determined from the difference between the integrated pulse area of the
reactor doses and doses with the reactor bypassed. The active metal
surface area of the catalyst (Table 2) was calculated from the amount of
CO adsorbed per unit fnicial catalyst weight, assuming 1 x 1019 co
molecules adsorbed per square meter of reduced metal surface. After the
surface area measurement, the catalyst was temperature—programmed in a
stream of hydrogen at 0.167 ks~! up to 623 K to remove any carbon

monoxide adsorbed on the catalyst.

Hydrogen chemisorption was performed using a static BET surface area
measurement apparatus. Aliquots of 99.997 pure H, were injected into a
calibrated volume, which was then expanded into the evacuated sample cell
containing the reduced catalyst sample. The metal surface area (Table 2)

was then caleulated from the total amount of hydrogen adsorbed.

Surface araa measurements were performed on the clean and fully
sulfided cobalt catalysts. As expected, little CO adsorption and ne Hy

adsorption were observed for the high-level sulfur-treated catalyst.
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Table 2

£FFECT OF SULFUR TREATMENT ON 4, AND CO ADSORPTION CAPACITIES
AND METHANE SELECTIVIIY DURING FIS® OF 10 wt% Co/Al;03

Total Total Methane
Sulfur gbverage, Uptake CO Uptake Selectivity®
& %umol z ) (umol g'l) {wrZ)
0 97 189 45
0.9 0 4.3 30

2f,:00 = 1:1, T = 523 K, GHSV = 4680 w~l, P = 100 kPa, 24~h run.
b@s - Ratio of S adsorbed to CO uptake at 300 K.

SCH, rate/(total rate) x 100Z.



FTS Testing of Cobalt Catalysts—-The clean cobalt catalyst had

nigher FTS activity than the fused iron catalysts (Table 3). Imitially,
the FTS clean cobalt catalyst was 30 times higher than the fused iron
catalyst at 548 K and 10 rimes higher after a 24-h synthesis run. The
clean cobalt catalyst produced hyrdocarbons with a chain growth
probability factor of 0.7 and a methane selectivity of 43Z at 548 K.
The chain growth probability factor increased slightly to 0.54 (see
Flgure 3), but the methane selectivity remained unchanged as the catalyst
deactivated after a 24-h run. At 523 ¥, the clean catalyst had a chain
growth probabiliry of 0.58 with 457 selectivity toward methane and showed
no change with time. The activity of the cobalt catalyst could be
restored temporarily to its original valge by TPR in l-atm hydrogen up to
773 K. Therefare, carbon deposition was the probable cause of
deactivarion of the clean cobalt catalyst, as expected from use of the

low-H, synthesis gas.

The hydrocarbon product distribution of the ¢lean fused iron and
elman cobalt catalyst at 573 K and 548 K, respectively, were similar
(Figure 4). The cobalt caralyst possesses a higher olefin-to-paraffin
selectivity (alkene/alkane ratio = 10) for light hydrocarbons and a ten-

fold higher FIS activity at lower temperature than the clean fused iron
catalyst.

Task &4: Evaluation of Improved FTS Caralysts

The objective of Task 4 is to accurately determine properties such
as the activity, product distriburioa (with emphasis on light and heavy
hydrocarbons), wax accumulation, and deactivation tendency of selected
{mproved catalysts compared with those of the standard fused iron
catalysts reactor conditions. Modification of the fixed-bed FIS testing
system for operation at 1.5 to 2 MPa is under way. The fixed-bed reactor
system will be used to determine FIS reaction kinetics for the sulfur-
treated fused iron and perhaps cobalt catalysts at 548 K to 598 K, with

emphasis on methane selectivity and alkene/alkane ratio of light
hydrocarbons.



s suoqIeaeaphy QU PIIIFAVOD HOYQIFD = [¥I0D I
G 011 = ASHO *¥d% 001 = d '0°1 = 0J/Tn I9UCTIFPUC) UOIIINFY,

13001 X (21w1 jviea)seavs Yo,

suoy19w1j 99-T3 10} oyyea vyjjeand-oi-ujje1e elriasy,
¢ gUBQJIPAIPAY 9 103 103393 L3377199q0ad YInoad urRyD uEM,

ujJ2{0-g PuUv ~p pue sUjjvivd.u LT L P

%
(anzjoe
(LT LY
Loty vo
0t - 6% 0 $9°6 - - - 30°0 BO'Q0 %170 69°0 0°1 98T 't it £z /318 0l
]9 901 %$°0 o' (T 651°0 £92'0 %IS'O  Le'0 9L 16°2 49  Z@'I1 LV'SI (998 65 6T 114
sh ¢y (70 8'985 CII°D 69E'0 {Wl"0 91 48°C I 9B*6t I¥'HT I6°19T Si'Be i %% (ueaga)
tol1y uo
Iy 9"t 85’0 et (o 1s'0 seR'0 ¥e'l 197 96'y 96°9 9%l 996 Wy LIT el oz LZs ) 30 Ol
Rpsppates g oo twwer O B & b B S 0w B L 1 iy ) o) ETTITRL S
S?UIYIN 93 uoy IRy deay,
n_un _nu Jomu} nu..-u 10pold uthy

SLSATYLYD L1VE0D 03LYINL-HRATNS 1FATT-UDIH QWY NYITD dO pHONYHEOINAL S14

t #IqFL

10



O 548 K, 2-h Run
b ¢ 548 K, 24-h Run
4 523K, 20-h Run
0.1+ a
°
8
A
4 A
r4 °
Z 0.014 -] a
= .
a a
°
A
o °
A
) A
0.0014 s °
-
o
(-}
0.0001 T L ks H 1 kD T 1 1 | ]

0 1 2 3 4 5 6 7 8 9 10 11 12
CARBON NUMBER, N
RA-1245-18
FIGURE3 SCHULZ-FLORY-ANDERSON PLOT OF THE HYDROCARBON PRODUCT

DISTRIBUTION FOR COBALT ON ALUMINA CATALYST AT 100 kPa
AND Hy/CO = 1.0

11



PRODUCT (w!%)

50

Clean Fe Clean 10 wi%% Co on Harshaw Al2O3

§73 K S48 K
?af H Olefins
s {1 n-Paraffin

] 40.85

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
PRODUCT CARBON NUMBER

RA-1245-18

FIGURE 2 FISCHER-TROPSCH SYNTHESIS AT 100 kPa AND Hx/GO RATIO = 1.0
ON CLEAN FUSED IRON AND CLEAN COBALT CATALYSTS
AT 573 K AND 548 K, RESPECTIVELY

1z




Three promising improved catalysts, the medium level sulfur—treated
fused {ron, the tetraruthenium cluster support on sodium-Y zeolite
catalysts, and momoruthenium on SA molecular sieves will be tested in a
slurry reactor. These catalysts will be compared to the standard fused
iron and conventional alumina-supperted ruthenium catalyéts. The medium
level sulfur-treated fused iron was chosen because of its decreased
methane and increased olefin yields. The two organometallics were chosen
for further sctudy because they show reduced heavy hydrocarbon yleld by

our GC analysis while maintaining relacivity good coverall activity.

A 300-mL stirred autoclave ls being modiflied for FIS testing. The
stirred autoclave, operating ar 473 K to 523 X and 1.5 to 2 ¥Pa, will be
used to determine the hydrocarbon product distribution of the improved
catalysts and the standard fused iron catalyst up to approximately C40
hydrocarbons. Fleld fonlzation nass spectroscopy (FIMS) will be used For
wax analysis, with pure wax compounds and wax samples from Professor
Satterfield's experiments at MIT serving as calibration and reference
standards.
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