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DBIECTIVE: Our goal {alide 1) is to develop Fischer-Tropseh synthesis (FIS) caalysts
that produce less methans and less wax than the Anderson-Schuliz-Flory product
distrbubon.

TECHNICAL APPROACH: Two approaches to the synthesis of novel FTS catalysts
have been pursued: (1} the arganometallic synthesit and surfare confinemeant of aromic
mithenivm arvd mmltiatomic alumicum-ratheninm hydidocarbony] clusters 2nd (2)
mreatment of ron and alumina-supporied cobalt and ruthenium catalysts with uniformly
depozited, submonolayer levels of chemiscrbed salfir, '

Catzlysts developed by both spproaches were sereensd for FTS activity and product
distribution and selected catalysts were further evaluated in bench-scale shary-phase and
fixed-hed reacrars at clevated pressures, as reporied previously (slide 2). Adrmixtures of
the malfur ireated iron and motkeninm FTS cataly=ses with sodiom ¥-zeolites were
examinad for the nction of aromatics and oxygenates in 20-atm fined-bed stodies
with low H/00 Ratio = (.5 and temperanres from 573 o 700 K

There are several technical advantages of direct synthesis of aromatic hydrocarbons with
low H> syngas. The key difficulry of this approach is deactivation of the FTS component
because of carbon depasits. Since we observed that sulfor-reated fused iron resised
deactvation, we extended the scope of our project (slide 2) to include studies of
atomatcs production with dusl-function catalysts,

SIQNIFICANT ACCOMPLISHMENTS: Substantial changes in FTS selectivity of the
fused iron and alumina-supported rutheninm catalysts wers found following neatment
with submonolayer quantities of chemisorbed sulfur. Following reduction and
passivation by accunmlation of a sarface layver of carbon and chemisorbed CO,
approximately 40% of 3 monolaver of sulfur was glowly adsorbed at 473 K on the fused
iron catalysis. The passivatng lgﬁ:wasrmuwd and the sulfur loczlly dispersed by
heating to 1000 K in hydrogen. weated catalvst hagd » three-fold redection in
methene selectivity reladve 1o the untreated reduced fused iron in 2:1 Hz:COr sympas &t
573 K and 100 kPa. The Ca olefin selectivity approached 1009% {Cola/CoHe>20}. The
snlfur reatment decreased the Cg, production rate 8t 373 K to only about half the rate of
the untreated catalyst per wnit area and was comparable 1 the stationary-stable achvity of
the fused iron at 523 K. The mediom-leve] sulfur treaved catalysts had a rwvo- o thres-
fold reducton in methanes selectvity felative to the untreated fused iron r:.ata]f'st (slide 3j,
with greatly increnased olefin to paraffin ratio (slide 4). The mediom-level sulfur-treated
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(50% monolayer sulfur coverage) iron and cobalt catalysts were tested for FTS activity.
The FTS performance of the medium-level sulfur-treated fused iron catalyst seems most
promising, with a 50% reduction in methane yield, a narrower product distribution (chain
growth probability factor (slide 5), a, was 20% less than that of the clean catalyst under
the same reaction conditions), and a threefold increase in olefin selectivity. The sulfur-
treated catalyst exhibited behavior at 2 MPa similar to that of the 100-kPa synthesis run;
however, olefin selectivity decreased with increasing pressure or temperature. The sulfur
treated catalysts were not observed to deactivate over a reaction period of 24 hours with
H2/CO as low as 0.5 and temperatures as high as 650 K. This phenomena may be related
to poisoning of specific sites or an ensemble effect (slides 6&7).

Several sulfur-treated FE and Ru/A1203 and Na Y-zeolite (1:4 and 1:10) composite
catalysts showed good activity, low methane selectivity (8 to 16 wt%), and high
selectivity for oxygenates and aromatics under differential reactor conditions with low
CO conversion. The medium-level sulfur-treated fused iron and sulfur-treated alumina-
supported ruthenium were used as the FT'S catalyst components and compared with
results for the clean fused iron and clean ruthenium catalysts mixed with zeolite. The
mixed catalysts containing sulfur-treated iron initially provided high yields of light
oxygenates and aromatics with low yields of olefins (slides 8,9,&10), but deactivated
rapidly, probably owing to carbon deposition (slide 11), especially with catalysts
containing the more acidic low sodium zeolite components. The catalyst reactivity could
be prolonged by using a higher zeolite/FTS catalyst ratio and by using zeolites with
higher sodium weight loading. However, the acidic component deactivated after 2 hours
at 650 K, restoring high olefin selectivity n the product distribution.

Additional studies with low acidity shape-selective zeolites are recommended (slides
12,13,&14) . We suggest that coking resistant FTS catalysts such as sulfur-treated iron,
combined with high-silica, moderate-to-low port size, shape-selective synthetic zeolites
with variable acidity, could product a catalyst system suitable for one-stage liquid
hydrocarbon synthesis (slide 15). The acid strength of a zeolite, such as ZSM-5,
correlaies with catalytic activity for desirable wax cracking and octane enhancing
reactions such as isomerization and dehydrocyclization, However, tprior work suggests
that those catalysts with good activity for cracking and formation of aromatics also
deactivate more rapidly because carbon accumulates on their surfaces and within pores.
At temperatures below 573 K, pentasil zeolites with very low aluminum content should
give very low coking rates, but may not be active for wax cracking or isomerization.
Zeolites with low Si/Al ratios have good activity, but rapidly coke. Satisfactory activity
and coking resistance can probably be attained in a zeolite with an intermediate Si/Al
ratio, particularly with the addi'on of coke-inhibiting promoters such: as Ca, Sr, La, and
framework Ga.
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SELECTIVE SULFUR POISONER CATALYSTS
FOR FISCHER TROPSCH SYNTHESIS

Advantages:
+ Sslective poisoning of hydrogenation sites
+ Ensamble effect inhibits carbon deposition and hydrogenolysis
« FTS activity remains high B

Probiem Areas:
« Chain growth factor lowerad
+ Light alkane selectivity more sensitive to Hp pressure

= Sulfur treatment difficult

Objective:
» Produce aromatics by addition of Y zeolite compenents

+ Monitor deactivation with low Hz syngas
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METHANE SELECTIVITY FOR FIXED-BED FTS BY
CLEAN AND SULFUR-TREATED FUSED IRON
CATALYSTS WITH H2/CO RATIO = 1.0
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LIGHT OLEFIN SELECTIVITY FOR FIXED-5:D FTS
BY CLEAN AND SULFUR-TREATED FUSED JRON
CATALYSTS WITH Ha/CO RATIO = 1.0
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CHAIN GROWTH PROBABILITY FACTOR FOR CLEAN
AND SULFUR-TREATED FUSED IRON CATALYSTS
‘ WITH H3/CO RATIO =1
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ENSEMELE EFFECT FOR SELECTIVE POISONING ON Ni{t11).
From J. Rostrup-Nielsen and |, Alstiup, Catalysis 1987,
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Coking rate Reforming rate
Ie n
mol/g/h mol/g/M
c
1072 | a=6.3 - 1.0 |
'n
a=2.7
107 - - 01
- 0.05.
1=
Free Ni-surtface

COKING AND STEAM REFORMING RATES
FOR SULFUR POISONED CATALYSTS.

From J. Rostrup-Nielsen and I. Alstrup, Catalysis 1987.
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AROMATIC SYNTHESIS AT 2 MPa, 573 K, H2/CO RATIO = 0.5,
ON MIXED MEDIUM-LEVEL SULFUR-TREATED FUSED IRON
AND Na-¥Y ZEOLITE CATALYSTS (1:4 weight ratio)
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AROMATIC SYNTHESIS AT 2 MPa, 573 K, H2/CO
RATIO = 0.5, ON MEDIUM-LEVEL SULFUR-TREATED

FUSED IRON CATALYST AND Na-Y ZEOLITES
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AROMATIC SYNTHESIS AT 2 MPa, H2/CO RATIO = 0.5

ON MEDIUM-LEVEL SULFUR-TREATED FUSED IRON
CATALYST AND LZY-52 ZEOLITE
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AROMATIC SYNTHESIS AT 2 MPa, 650 K, H2/CO RATIO = 1.0,
ON MEDIUM-LEVEL SULFUR-TREATED FUSED IRON
CATALYST AND LZY-52 ZEOLITE
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GRAFE SELECTIVE ZEGLITIES

Ietribution of

Ring Largest Constraint dromaricae®
Catalysr = Size Channel {no) Indax# Ce=Ci1g G11—Cio
Linde 54 B-8-A G.&41 _— - -
Etrdonite 8-8 0.38 .52 AR -— -
ZEM-5 10-16 Q.54 x 0.56 8.3 59 1
Z3H-11 10-10 0.5 z 6,55 8.7 100 -
ZEM-I3 ‘10 .45 x 0.5 - - -
Z5i-12 12 0.5 x D.6L 2 5 25
MHordernige 12-8 D.67 % 0,70 0.4 5 75
Offrptite i2-8-8 O.64 5.7 — -
Faujasite 137-12-12 0. 74 0. ab - -~

Beference: W, 0. Haag and K.¥. Cher. "Catoslyst Design with Zeolites" ip
Catalyst Desipn, L. L. Hegedus, ed., Wiley-Intersclence, 1387,

' Defined as ratio of cracking raves of m=hexane and I=merhylpsncane

b Rare emrth exchangsd zealits ¥ ‘

® For produrts of mechanol conversion at 644 E sod I atm.
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RELATIVE RATES OF ALRANE CRACKING OVER ZSM-3

Relacive Relative
Alkane Rate® st 340°C Rate® at 450°C
n—-pentane «23 -
2-methyl butane ) .01 -
n~hexane .71 -
2-methyl pentane .38 —-—
3-methyl pentane .22 -
2,3-dimethy]l butane .09 -
2,2<dimethyl butane .09 -
n-neptane : 1.00 1.0
2-methyl hexane 32 -
3-methyl hexane .38 -
2,3—~dimethyl pentane 09 -
2,2-dimethyl pentane 17 -
2,4=~dimethyl pentane .05 -
3,3~dimethyl pentane .06 -
3-ezhyl pentane- .08 -
mnonane - 3.2

n-dodecane - 23.0

Reference: W, O. Haag and N.Y. Chen. Catalyst Design, (1987)
2 ).4 LHSV, 35-atm

b 1,0 LHSY, l-atm
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Reactian conditions: 0.5 atm methanol in Ar, 600 °C, 2.3 h-1 LHSV.

From Okacdo, et. al., Applied Catalysis 41, 121 {1988).




IMPROVED FTS CATALYSTS
CONCLUSIONS AND RECOMMENDATIONS

Sulfur Treated FTS Catalys_ts

» Uniform submonolayer sulfur on fused iron selectively poisoned
methane production and enhanced olefin yields

» Chain growth factor reduced by sulfur treatment
« Coking resistance was noted with Hz2/CO=1 at 300 °C, 20 atm

+ Operation in slurry reactor with low Ha syngas recommended

Cluster Catalysts

» Novel synthesis of multiatomic ruthenium clusters and surfaze
bonding to a various supports demonstrated

« Activity, stability, and product distribution of Rug and Rug cluster
catalysts comparable to commercial Ru/Al203

+ FTS performance of Ru¢ catalysts varied greatly with support
material unlike multiatomic clusters

« Long-term slurry reactor studies necessary to evaluate selectivity of

cluster catalysts

Dual Function CatalySts for Production of Aromatics
» Olefins converted to oxygenates and aromatics
» Acidic component deactivates with Hz/CO = 0.5, 300 °C

» Need shape selective, low Al zeolite for improved
coking resistance
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