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OBJECTIVE: The objective of this prbgram is to identify development needs for a
ruthenium fischer-Tropsch catalyst with significantly lower light ends make

relative to Sasol's Arge operation (-8.2% C1+C }, with 88% CO+H2 conversion at
663 gas hourly space velocity and with at Ieas% 0.3 year catalyst life.

TECHNICAL APPROACH:

(1) Develop a reverse micelle technigue for preparing supported catalysts with

different size ruthenhium particies.
(2) Establish ruthenium particle size and support effects,
(3) Identify developmental needs with the most promising catalyst.
(4) Explore various approaches to improve the catalyst chemistry.

(5) Demonstrate stable operation with the best catalyst.

SIGNIFICANT ACCOMPLISHMENTS:

(1) A micelle technique was developed for preparing supported catalysts with
different size ruthenium particles.

(2) Ruthenium was stabilized on the support, 1ight ends make was minimized and
activity was maximized by adjusting the ruthenium particle size and metal-
support interaction. One of the most promising catalysts consisted of
4-6 nm ruthenium particles on an alumina support.

(3) Stability improvement was determined to be the ma jor Eata1yst developmental
need.

(4) A new ruthenium modifier was identified which improved the catalyst's
stability.
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(5} The modiFied catalyst with 2.BX Ru achieved 80¥ conversion at 150 gas
haurly space velocity and is expected to have af least 1 year catalyst 1ife
'with rd more than 2.5% Ly+Cs.  Activity increase is fdentified to be the
future catalyst developmentdl need,

PUBLICATION: M. Abrevaya, W. M. Targos, H. J. Robota and M, J. Cokn, “"Metal
Particle 3ize Effects in Fischer<Tropsch Synthesis with Supported Ruthenium
Catalysts," J, W. Ward, Studies 1n Surface Science and Cataiysis, Volume 38,
Proceedings of the 10th N. American Meeting of the Cataiysis Sociely, May 17-22,
1987, San Diego, Elsevier Science PubTishers, Amsterdam, 138B.

INTRODUCTION

Project Background

Flscner-Tropsch synthes{s products, with current catalyst systiems, obey the
Anderson-5chuiz-Flory polymerization Taw by which the probability of chainm
growth 15 1ndependent of carbon number. This palymerizatisn law imposes strict
maxima to the selectivity toward desirable 1iqufd fuel products. Atcordingly,
1ight alefins have ta be oli{gomerized and waxes have to be hydrocracked in order
to increase the overall yleld of liquid fuels. Light paraffins are more diffi-
cult to upgrade: methanz and ethzne may be veeycled back tz a steam reforming
unit to make more synthesis gas along with carhon cxides, while propans and
butane way be sold as LPG, There i5 & great incemtive to deveiop catalysts by
which the overall yield of 1iquid fuels w41l be enhanced.

This pregram aims at developing a supported ruthenium Fischer-Tropsch
cataiyst with improved selectivity relative to state-af-the-art precipitatad
iron catalysts. Performance of supported ruthesium catalysts has been shown to
vary with metal particle size [1-5]. While 1t §s geme~ally agreed that, with
catalysts prepared on alumine, the turnover frequency increasss with increase in
ruthenium metal particle s1ze, the effect of ruthenium metal particle size on
selectivity has not Seen clarified. Reverse micelle-derived catalysts with
requlated ruthenium particle sizes were used in order to clarify the effects gf
metnY particle size on selectivity in Fischer-Tropsch synthesis. According to
the reverse micells technigue that was deveioped at the UOP Tachnical Center,
the ruthenium particle s1ze on the support is determined by the concentration of
ruthenium in the water gore of the reverse micejle &nd by the siza of the water
core. Narrow size distribution of vuthenium particies on the support can be
abtained because water cores that are used as precursors for metal particles
typically have a narrow size distribution in reverse micelle sojutions.

Two approaches for Ymproving catalyst seiectivity have been Tnvestigated In
this program:

The first approach aimed at minimizing the formation of waxes. Ouring the
First two years of the program the validity of ltterature reparts of hydrocarbon
cutoff of high molecular weight products by the use of small metal particles was
investigated. It was determined that cutoff was not effectad with an slumina—
Supported catalyst having 3 nm average size ruthenium particies. Alsg a Y-type
ZealTte-supparted cataiyst having 1.5 m d¥erage size ruthenium particles and &
titania-supparted catalyst having smaller than 1.5 nm rutherdium particles did
not show cutoff [6].
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The second approach aimed at enhancing the overall liquid fuel yield by
developing a catalyst with the Anderson-Schulz-Flory distribution of products
and with minimal selectivity to 1ight ends. The large amount of wax produced by
this catalyst may then be efficiently hydrocracked to liquid fuels with minimal
1ight ends production {6].

Under the second approach, during the second year, several ruthenium cata-
lysts with different size ruthenium particles in the range -0.8 nm to -5 nm were
compared. It was determined that CO undergoes three different types of reactions
during Fischer-Tropsch synthesis: 1) CO can react with Ru to form ruthenium
carbonyl; 2) CO can react with H, to make hydrocarbons and H,0; and 3) €0 can
react with HZO to form H,. Specifically, it was found that ruthenium particies
smaller than 4 nm agglomeérated on alumina during Fischer-Tropsch synthesis via
the formation of the volatile ruthenium carbonyl species, while larger particles
were stable. On the other hand, small ruthenium particles were stable on
titania and on Y-type zeolite. Larger ruthenium particles on &lumina gave
higher turnover frequencies for Fischer-Tropsch synthesis. Highly dispersed
alumina-supported ruthenium showed water gas shift activity while larger
ruthenium particles did not. The ratio of olefinic to paraffinic products and
the chain growth probability increased with an increase in metal particle size
for alumina-supported ruthenium catalysts [7].

Based on <he work done under the second approach, one of the most suitable
catalysts was identified as having about 1% ruthenium with mostly 5 nm ruthenium
particles on alumina. This catalyst was further evaluated under Arge-type con-
ditions of 225°C, 2H2:1C0, 35 atm and at various conversion levels.

The ruthenium catalyst initially possessed one-quarter of the activity (per
unit catalyst volume) reported for the Arge precipitated iron catalyst [8}. It
is important, however, to note that the ruthenium catalyst had an apparent bulk
density of 0.3 g/cc, possibly 3-4 times less dense than the Arge .catalyst.
Accordingly, on catalyst weight basis the catalyst with 1% Ru may have compar-
able activity relative to the Arge catalyst. Direct comparison of the intrinsic
activity between the two catalysts is not currently possibie because of the
differences in the catalyst particle sizes [6]. .

The lowest 1ight ends selectivity was obtained at 87X CO+H, conversion
where the selectivity to C;-C4 paraffins and olefins was approximately 3.7 times
lower than the selectivity reported for the Arge catalyst [6].

The third year of the program was aimed at establishing the developmental
needs with the most promising ruthenium catalysts identified under the second
approach. It was then determined that stability improvement was the major
catalyst developmental need. Ruthenium catalysts with different modifiers were
evaluated in order to develop a more stable catalyst.

During the fourth and fifth years of the program research work focused on
establishing the deactivation mechanism and improving catalytic stability. This
work is going to be described in this paper.

Fischer-Tropsch Reaction Mechanism

The first step in Fischer-Tropsch synthesis is the dissociative chemisorp-
tion of CO (Figure 1). CO dissociation requires several adjacent vacant metal
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atom sites. The probability of finding an ensemble af vacant metal atom sites
decreases with a decreas= in metal particle size. Accargingly, very small
varticles bave Tow activity.

The metal-carbon bond has to be of {ntermediate strength for a good
Fischer-Tropsch catalyst: strong encugh to favor CO disscciation, yet mot too
$trong to prevent subsequent hydrogenation to methy! and methyTere speries. A
very strong metal.carbon bond then implies low activity ar repid deactivation,

Stmilarly, the metal-oxygen bond has to be of intermediate strangth:
strong enough to favor CO dissociation, yet mot too strong to prevent nydroge-
ratfon to fortn water.

Chain growth 15 beljeved to oceur by Tmsertion of a methylens species to a
metzl-methyl? bond. Chein termination will occur by hydrogenation of the alkyl
species to produce the garaffin or by hydrogen abstraction from the alkyl
species to produce the corresponding oiefin.

When the concentratfons of surface carbon and surface methylena species ara
high, relative to the concentration of surface hydrogen, chair growth will most
Tikely be favored over chain terminatian and methane + sthane selectivity will
be low. This, then, indicates that under conrditions which favar chain growth =
high carbor concentration may exist on the surface of the catalyst.

At Teast two criterta are needed for stabie catalyst parformances

1. The coverage of active sftes by the active carbon species should not
indefinitely increase. This carbon species may form wia L0 dissociation on
vacant active sites, This, then, impiies that catalytic stability may be
Tmproved when the catalyst is modified in a manner that balapces the CO
dissociation rate relative to the hydrogenation rate of this active carban
into methyl and methylene species.

2.  The hydrocarbons on the surface should not be convertad Inte poiyruclear
aromatic (PNA) compounds. Therefore, a modifier which suppresses the
dehydrogenation/cyclization reaction of hydrocarbons intoc PHA's may improve
catalytic stabi11ty.

EXPERTMENTAL

6.5 g reduced catalyst {170-200 mesh) was mixed with 29.6 g alumina powdar
(170-200 mesh) and Toaded inte & giass-lined fixed-pagd reactor under N,, The
reactor was then pressurized with He ta L200 psig Tor a pressure test.” After 3
successful pressure test, The reactor was deprassured to 0 psig and then
pressured up to 900 psig with 2H,:100 ratio femd ges. The temperature watc then
raised under synthesis gas fiow %o 208°C, The Tiquid and so0iid hydrocarbon
products were Collected during the test in the product receivars which were kept
a3t Tow temperature. These produrcts, dleng with the wax extracted Trom the cata-
Iyst, were analyzed by gel permeation and gas chromatography at the end of the
run to determine the carbon number distribution 4n the Cg-Cany range. EI-C
hydrocarbons, alcohols and aldehydes wera analyzed with nn-??ne GC along wi%ﬁ
L0, L0n. Hy and Ar. Argon was used s an internal standard to determine
conversions and light hydrocarbon selectivities during the test according to the
following expressions: .
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) (F2
Ar feed " Ar roduct
CO Conversion, % = B P x 100
(%)

feed

The C0+H2 cohversion was calculated in a similar manner.
c

n
(&) xn
Cn Selectivity, ¥ = (CD} Drodzgg x 100
Arfeed AT product

where n is the number of carbon atoms in one molecule of hydrocarbon Cn. The -
calculation of selectivity of CO to CDZ is ¢imilar to the calculation of
selectivity to méthane for which n = 1,

RESULTS AND DISCUSSION

Establishment of Deactivation Mechanism

A micelle-derived 2.8% Ru on A1203 catalyst had a narrow size distribution
of ruthenium particles in the 4-6 nm size range.  This catalyst was tested at an
inlet temperature of 208°C, 62 atm with a 2H,:1C0 feed gas at a CO conversion
level of about 75-85% in a fixed bed reactor for 800 hours. This catalyst was
not stable and accordingly, the gas hourly space velocity had to be continu?us1y
decreased between 40 hours and 530 hours on stream from 500 hr~! to 147 hr~? in
order to maintain 75-85% conversion. After 530 hours no further space velocity
change was made. The inlet temperature was increased to 210°C between 700 hours
and 825 hours on stream. The CO conversion was about 72% at the end of the
test. Characterization of the used catalyst showed a high coke level. There
was no change in the ruthenium particle size which remained at 4-6 nm during the
800 hour-test. It was, therefore, tentatively concluded that deactivation was
through coking. ‘

Development of a Stable Ruthenium Catalyst

Several ruthenium modifiers were tested which might regulate the relative
rates for CO dissociation and carbon hydrogenation or which might suppress the
formation of polynuclear aromatic comopunds, and therefore improve catalytic
stability. A modified catalyst showed lower initial activity but better
stability than the unmodified catalyst. The performance of this catalyst is
summarized in Figure 2.

The modified catalyst showed deactivation during the first 20 hours from
about 60% to,about 30% CQ conversion. The gas hourly space velocity was lowered
from 500 hr-1 to 125 hr- during the first 20 hours in order to achieve high
conversion. The .CO conversion increased to approximately 90%, followed by a
decrease. The catalyst activity then gradually increased to achieve a CO
conversion level of about 85% at 375 hours on stream, after which the gas hourly
space velocity was gradually increased to 150 hr~™* by 595 hours to prevent the
conversion from exceeding 85%. The causes of this activity increase are not
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currently known, The catalyst temperature was increased by 2°C after 700 hours
on stream in order toc compentate for some of the space velocity increase which .
wat apparently done too rapidly.
The medified catalyst did not show any sign of deactivaticn at 208-210°C
and at about BOX¥ conversion after the tnitial activity ioss (Figure 3)}. It was,
therefore, concluded that the Toss in conversion was less than 0.0002% hoer,  The
methane + ethane salectiviiy was 1.8% with the modified ruthenium catalyst, much
less than that reported for the Sasol Arge high pressure process, which 15 4.2%.

In an attempt to measure the catalyst deactivation rate, the severity of
cperation was Increased after A25 hours, by Tncrfasing, in paraliel, the temper-
ature to 224°C and the space velocity to 205 hr~l. Undar these new conditions
and at 70% conversion, a deactivation rete of 0.0l6%/hour was measured. The
methane + athane selectivity was mow higher but ££il) much iess thas that
reported for the high pressure Arge process (Figure 3).

There are not presently enough data for calculating the 1ife of this
modified-ruthanium catalyst. Since there was no apparent deactivatian at F08°C,
half of the deactivation rate at 224°C was roughly estimated to be am Upper
Tmit to the average deactivation rate tetween 20C8°C amd 224°C., A commercia
run with beginning and end of run temperatures of Z02°C and 224°C, respectivaly,
would then result in about 1 year-catalyst-7life at 70-30% CO corvarsion, given
i dpparent activation energy of about 25 kcal/mote for the Fischer-Tropsch
synthesis reaction, The catalyst would then have to be reqenerated.

Finally, an assessment was made of the economic impact of the naw stahle
and selactive ruthenium catalyst, It was assumed that the performance of the
catalyst under commerctal process comditions would match the pilnt plant per-
formance. Our preliminary anralysis indicates that a 20% increase fin catalytic
activity may make this new ruthenium catalyst comercially attractive. Wide.
spread use of the ruthenium catalyst, however, would require that the ruthenium
level in the catalyst be lgwered. This may be achieved by replacing a portion
af ruthenium with another metal active in Fischer-Tropsch synthasis,

Characterization of Modified and Unmodified Ruthenium Catalysts

[n erder to gain insight $mto the role of the ruthenium modifier, the
modified ruthenium catalyst and the catalyst without the modifier were char-
acterized by X-ray photoelectron spectroscopy (XP5), which showed that tha
ruthenfum binding energy was s1ightly higher with the modified catalyst. This
Indicates that the ruthenium electron density may have been s1ightly lowered by
the modifier, This decrease in ruthenium's elactran density s consistent with
the attenuation of ruthenium's 1nitial activity by the modifier. Improved
catalytic stabilfty may be explained 1f gttenuaticn of the ruthenium initial
activity §s cauvsed by 2 decrease in the rate of CO dissociation.

We have also characterized the coke on the ugsad catalysts. By XPS two types
of carbon were observed, A small fraction of the carbon whs associdted with
axygen, while the majority of the carbon was not associated with oxygen. The
first type of carbon appears 1ike an oxygenated hydracarban,
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In an attempt to gain further insight into the coke chemistry some of the
coke was removed from the used catalysts by soxhlet extraction and examined by
mass spectroscopy (MS) and X-ray fluorescence. MS analysis confirmed the
presence of two types of coke.

One type of coke was composed of long chain olefinic or cyclic oxygenates.
These oxygenates could be acids, esters, and/or alcohols. There was also some
minor amount of aromatic oxygenates. Both catalysts showed the presence of
these oxygenated compounds.

The second type of coke did not contain oxygen and was of an aromatic
nature. Alkyl aromatics and naphthalenes were detected by MS. Polynuclear
aromatics with 3 or more rings were detected by X-ray fluorescence. These
aromatic and polynuclear aromatic compounds were detected only on the ruthenium
catalyst without the modifier. .

These results seem to indicate that by modifying the chemical properties of
ruthenium the chemistry of coke was altered, which may also explain the
stability improvement that was observed.
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FIGURE 2

MODIFIED Ru CATALYST
STABILITY EVALUATION
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FICORE 3

PERFORMANCE OF MODIFIED-Ru/AL203 CATALYST

MODIFIED-Ru/AL03  SASOL ARGE

INLET TEMPERATURE, ©C 208 224 225
PRESSURE, -ATM %2 62 35
H2:CO FEED RATIO, MOLAR 2.0 2.0 1.7
GHSV 150 205 663
€0 + Ko CONVERSION 80 70 88
CJ_ + €2 % 1.5 3.4 8.2
¥ CONVERSION LOSS/HOUR <0.0002 ©.016 ?
PREDICTED CATALYST - | -

LIFE, YEAR ~1 ?
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