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ABSTRACT

A mnew rutheniur modifier has been identified which improves the catalyszt’s
stabilizy. The modified catalyst with 2.8% Ru achieved BO% conversion at 150 gas
hourly space velocity and is expected to have at least 1 year catalyst life with no
more than 6.6% C,-C, selecrivity. Activity increase is identified toc be the furure
catalyst developmental need. Work during the next quarter will focus on writing the

inz]l report for the program.

OBJECTIVE

The objective of this program is to identify developmental needs for a rutheniur
Fischer-Tropsch catalyst with significantly lower ligh: ends make relative to Sasol
Arge operation (20% C;-C,). with 88% CO+H, conversion at 663 gas hourly space velocity

and with st least 0.3 year catalyst life.

AFTRODUCTION

Fischer-Tropsch synthesis products, with current catalyst systems, ob2y the
Anderson-Schulz-Flery polymerization law by which the probability of chain growth is

independent of carben number. This polymerization lawv imposes strict maxims to the
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selectivity toward desirable liguid fuel products. Accordingly, light olefins have to

be oligomerized and waxes have to be hydrocracked in order toe increase the overall
yield of liquid fuels. Light paraffins are more difficult to upgrade. methane and
ethane may be recycled back to & steam veforming unit to make more synthesis gas along
with carbon oxides, while propane and butane may be sold as LPG. There is a great
incentive to develop catalysts by which the overall yield of 1liquid fuels will be
enhanced.

This program aims at developing a supported ruthenium Fischer-Tropsch catalyst
with ipproved selectiviry relative to state-of-the-art precipitated iron catalysts.
Performance of supported ruthenium catalysts has been shown to vary with meral percticle
size {1-5]. While it is generally agreed that, with catalysts prepared on alumins, the
turnover freguency increases with increasing ruthenium metal particle size, the effect
of ruthenium metal particle size on selectivity has not been clarified. Reverse
micelle-derived catalysts with regulated ruthenium particle sizes were used in order to
clarify the effects of metal particle size on selectivity in Fischer-Tropsch synthesis.
According to the reverse micelle technique that was developed at Allied Signal
Engineered Materiels Research Center, the ruthenium particle size on the support is
determinecd by the concentration of ruthenium in the water core of the reverse micelle
and by the size of the water cere. Narrow size distribution of ruthenium particles on
the support can be obtained becausc water cores that are used as precursors for metal
particles typically have a narrow size distribution in reverse micelle solutions.

Two approaches for improving catalyst selectivity have been investigated in this
program:

The first approach aimed at minimizing the formation of waxes. buring the firsr
two years of the program the validity of literature reports of hydrocarbon cutoff of
high molecular weight products by the use of small metal particles was investigated.

It was determined that curoff was not effected with an alumina-supported catalyst
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having 3 nx average size ruthenium particles. Also a Y-type zeolite-supported catalys:t
having 1.5 nx average size ruthenium particles and a titania-supported catalyst having
smaller than 1.5 ne rutheniur particles did not show cutoff [6].

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 light ends. The large amount of wax produced by this catalyst may then
be efficiently hydrocracked to liquid fuels with minimal light ends production [6].

Under the second approach, during the second year, several ruthenium cata’ysts
with different size ruthenium particles in the range 0.8 nr to S5 nm were compared.
It was determined that €O undergoes three different types of reaction during Fischer-
Tropsch synthesis: 1) CO can react with Ru to form rutheniur carbonyl; 2) CO can react
with H, to make hydrocarbens and H,0; and 3) CO can react with HyO0 to form H,.
Specifically, it was found that rutheniur particies smaller than 4 nm agglomerated on
aluzina during Fischer-Tropsch synthesis wvia the formation of the volatile ruthenium
carbenyl species, while larger particles were stable. On the other hand, small
Tutheniux particles were stable on titania and on Y-type zeolite. Larger rutheniur
particles on alumina gave higher turnover frequencies for Fischer-Tropsch synthesis.
Highly dispersed alumina-supported ruthenium showed water gas shifr activicy 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
alunina-supported rutheniur catalysts [7].

Based on the work done under the second approach., one of the most zuitable
catalysts was identified as having about 1% ruthenium with mostly 5 nm ruthenium
particles on aluaire. This catalyst was further evalusted under Arge-type conditions
of 225*C, 21-!2:160, 35 atm and at various cenversien levels.

The ruthenium catalyst initially possessed one-quarter of the sctivity (per unit

catalyst volume) of the Arge precipitated iron catalyst [B]. It is important, however,
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to note that the ruthenium ca:talyst had an apparent bulk density of 0.3 g/cc, possibly
3.4 times less dense than the Arge catalvst. Accordingly. on a catslyst weight basls
the catalyst with 1% Ru seems to have comparable activity relative to the Arge
cazalyst. Direct comparison of the intrinsic activicy berweer: the two catalysts is not
currently possible because of the differences in the catalyst particle sizes [6].

Lovest light ends selectivity was obtained at 87% CO4H, conversion where the
selectivity to C,-C, paraZfins and olefins wvas approximately 5 times lower relative to
the selectivity reported for the Arge catalyst [6].

The third year of the program aimed at establishing the developmental meeds 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 catalysct.

PER A

In each experiment, 6.5 g Teduced catalyst (170-200 mesh) was mixed with 29.6 g
alumina powder (170-200 mesh) and loaded into & glass-lined fixed-bed reactor under
N,. The reactor was then pressurized with He to 1200 psig for a pressure test. Afcer
a successful pressure test, the reactor was depressured to O psig and then pressured up
to 900 psig with 2H,:1C0 ratio feed gas. The temperature was then raised under
synthesis gas flov to 208°C. The liquid and solid hydrecarbon products were collected
during the test in the product receivers which were kept at low teumpersture. These
products, along with the wax extracted from the catalyst, were anslyzed by gel
permeetion and gas chromatography at the end of the run to determine the carbon number
distribution in the Cg-Cyhgp Tange. €1-C10 hydrocarbons, alcohols and aldehydes were
analyzed with on-line GC along with €D, CO,, H, and Ar. Argon was used as an internal

standard to determine conversions and light hydrocarbon selectrivities during the test

according to the following expressions:
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vhere n is the number of carbon atoms Iin one molecule of hydrocarben C,- The calcu-
lation of selectivity of CO to CO, Is similar to the calculation of seleczivity to

methane for which n = 1.

SULTS S

A micelle-derived 2.8% Ru on Al,0, catalyst had a narrow size distribution of
ruthenium particles in the 4-6 nn size range. This catalyst was tested at an inlet
temperature of 208°C, 900 psig with a 2H5:1C0 feed gas at a CO conversion level of
about 75-B5% in a fixed bed reactor for 700 hours. This catalyst was not stable and
accordingly. the gas hourly space velocity was lowered from an initial value of S00
hr'l to 147 hrol during the first 530 hours on stream, aftrer which no further space
velocity change was made. The inlet temperature was increased to 210°C between 700
bours and B25 hours on stream. The CO conversion was about 72% at the end of the test

{Figure 1).
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In an sttemp:t to Iimprove stability, the micelle technigue was used to prepare a
modified rutheniux catalyst with the same ruthenium level as the ruthenium-only-
catalvse, The first modifier resulted in a catalyst with no activity. The second
modified-catalyst, while consisting mostly of 4.6 nm ruthenium particles, had alsoc some
10-20% of the rTuthenium in the 3-4 no and 6-40 no size range (Figure 2). This catalyst
was tested under the same conditions as the ruthenium-only-catelyst. The initial
activity of this caralyst was lower. The catalyst showed deactivation during the first
20 hours from about 60% to about 30% CO conversion. The gas hourly space velocity was
lovered frem 500 h:'l to 125 hr'l during the first 20 hours in order ts achieve high
conversion. The CO conversion increased to approximately 908, followed by a decrease.
The catalyst activity then graduallv increased to achieve a CO conversion level of
about 85% at 375 hours on stream, after which the gas hourly space velocity was
graduaily increased to 150 hrol by 595 hours to prevent the conversion fromr exceeding
B5%¢. The catalyst temperature was Iincreased by 2°C afrer 70C hours on stream in order
Te compensate for some of the space wveloclry increase which was apparently done too
rapidly (Figure 3).

The activities of the rutheniur catalysts with and without the modifier as a
function of time are compared irn Figure 4 which shows the global reaction rates, moles
CO+H, converted/hour-moles ruthenium., with the two catalysts during the first 700 hours
on stream. The results Indicate that the modifier attenuated ruthenium's initial
activity by about 508. The catalyst without the modifier deactivated at a rate which
decregsed with time on stream. The modified catalyst lost activity during the first 20
hours, after which it gradually gained activity. After 525 hours on stream the modi-
fied catalyst’'s activity was equal to or better than the catalyst without the modifier.

The methane selectivities of the two catalysts are compared in Figure S. During
the first 500 hours the methane selectivity with the modified catalyst was higher than

the catelyst without the modifier. After 500 hours the two catalysts showed



essentially the same wethane selectivity, between 1.3% and 1.4%. The methane
selectivity increase with both catalysts, after 700 hours on stream, 1s caused by 2°C
texperature increase in The catalyst bed. The unmodified catalyst has 108 lower
conversion &t the end of the run relative to the modified catalyst. The lower
conversion accounts for the urmodified catalyst’s higher methane selectivicy (0.4%
higher).

Other selectivity data with the modified catalyst are summarized in Figures & and
7. Afrer 500 hours line-out at 208°C inlet regperature and B80% conversion there was
essentially no C, formation (<£0.2%), while the C3 end C, selectivities were 1.3 and
1.9%. respectively. pgiving an overall C,-C, selectivity of no more than 4.8%. The
H,:CO usage and feed ratios were equal since there was essentially no water gas shiftc
activity.

Since the modified catalyst did not show any sign of deactivarion at 20E°C and 80%
conversion afrtsr the initial activity loss during the first 20 hours, the severity of
cperation was iIncreased during cthe second part of the test In order te determine the
catalytic stabiliry (Figure 8). Between B25 and 933 hours the temperature and space
velocity were increased in parallel from 210°C to 224°C and frem 150 arl o 205 hr'l,
respectivelv, in order to maintalin about &0% conversion. During the temperature
increase period some deactivation occurred. Assuming an apparent activation energy of
about 25 kcal/mole, & higher space velocity increase would have been expected had the
catalyst not deactivated between B25 and 933 hours on stream. We believe desctivation
occurred psssibly because a conversion level of 808 was too severe a condition at the
high temperature. The catalyst deactivated to 70% conversion during the following 200
hours, afrzr which it maintained constant conversfon for the nextr 400 hours. The
comversion decreased to €0% between 1542 and 1574 hours and showed no further activity
less until 1618 hours. Between 1618 and 1700 hours, which {s the end of the run, there
were operational problems which caused difficulties in interpretin; the data. From the

activity loss between 933 hours on stream to 1542 hours, a deactivation rate of about



0.016% /hour can be calculated at 224%C.

There &are mnot presently enough data for calculating the life of the wmocified-
ruthenium catalyst. Since there was no apparent deactivation ar 208°C, half of the
deactivation rate at 224°C was roughly estimated to be an upper limit to the average
deactivation rate bertween 208°C and 224°C. A commercial run with beginning and end of
run temperatures of 208*C and 224°C, tespectively, would then result in abour 1 year
catalyst life at 70-80% CO conversion, given an apparent activation energy of abour 25
keal/mole. The catalyst would then have to be regenerated.

The average light-ends selectivity between 20B8°C and 224°C would then be an upper
limit to the vearly average light ends selectivity. The selectivities atr 80% CO con-
version and 208°C were described above. The selectivities at 224°C are illustrated in
Figures 9 and 10. The increases in light ends selectivities between B25 hours and
about 1050 hours are mostly due to the temperature increase from 210°C and 224°C
between B35 and 933 hours on stream. Further iIincreases In light ends selectivities
larer in the run are mostly due to decreases in the conversion level to below BO&. The
selectivities at about 1050 hours are then taken to represent the 224°C performance.
They are: 3.2% C;, <0.2¢ C,, 2.1% Cy, and 2.9% C,. The upper limit to the yearly

average selectivities are then estimated to be: 2.3% C;, <0.2% C,. 1.7% C4. and 2. 4%

C,-

FUTURE PIAN

Work during the next quarter will focus on writing the final Tepert for the

program.
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Figure 2

STEM MICROGRAPHS OF MODIFIED Ru CATALYST
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COMPAR1ISON GF Ru ANV
MODIFIED Ru CATALYSTS
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Figure 6

MUDIFIED Ru CATALyST
STABILITY EVALUATION
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Fiqure 7

MODIFIED Ru CATALYST
STABILITY EVALUATION
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Figure 8

MODIFIED Ru CATALYST
STABILITY EVALUATION

RUN 46, PLANT 700, 2H2:1C0, 62 ATM
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Figure 9

MODIFIED Ru CATALYST
STABILITY EVALUATION

RUN 46, PLANT 700, 2H2:1C0, 62 ATM
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62 ATM

17 (Lower bound of

V]
IVITY ¢

actuations is correct)

1CO,
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e C3 SELECT
= €4 SELECT

TRIANGLE
SQUARE

MODIFIED Ru CATALYST
PLANT 700, 2H2

STABILITY EVALUA1I.ON

RUN 46,
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- Figure 10
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