- 208 -

Also, some 20-100 rm ruthenium particles were observed, while the fresh catalyst

analysis had not shown any visible ruthenium particles.

5.2.1.1.2 Tests at HZ:CO Feed Ratio = 2.9, 208°C at Inlet and 35 atm

In an attempt to suppress formation of the volatile ruthenium carbony1
species and thereby prevent ruthenium metal agglomeration, another highly
dispersed ruthenium Catalyst 4966-72 was tested in Run 18 at a lower CO partial
pressure (Tables 5-20 and 5-21 and Figures 5-107 through 5-113). The CO
pressure was lowered relative to that in Run 16 by increasing the H;:C0 feed
ratio from 0.9 to 2.9. Other conditions were 208°C at the inlet, 35 atm and 70
GHSV. In this run the pressure test at 208°C lasted unusually long (4 days) due
to leaks in the reactor system.

The initial CO conversion was 35%, which is higher than that observed
in Run 16, probably because of the higher H, partial pressure (Figure 5-107).
The CO conversion decreased during the run, apparently because of the rapid
decrease of catalyst's water gas shift activity (Figure 5-108). The C0+H2
conversion, on the other hand, remained steady at about 15% level. At 60 hours
on stream there was a plant upset, and the flow in and out of the reactor was
stopped for about 10 hours. Interruption of the flow caused high conversion of
the feed gas inside the reactor. After the flow was reinstated the catalytic
performance gradually reached the level it had before the upset. It is impor-
tant to note that during the 10-hour-period in which the flow was interrupted
the selectivities to CZ-C4 hydrocarbons increased and the olefin to paraffin
ratios decreased (Figures 5-109 and 5-110). With ruthenium catalysts, Co-Cy
hydrocarbons, particularly the olefins, are typically made with selectivities
below the Anderson-Schulz-Flory prediction. These results, then, suggest that
under long contact time, no-flow conditions reaction pathways which result in
selective disappearance of CZ—C4 hydrocarbons are not favored, possibly because

of the saturation of the olefins.
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Highly Dispersed Ruthenium Catalyst 4966-72 Olefin to Paraffin

Ratios in Run 18 (HZ:CO Feed Ratio

Figure 5-111.
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Figure 5-112. Anderson-Schulz-Flory Distribution with Highly Dispersed
Ruthenium Catalyst 4966-72 in Run 18 (Hydrocarbons +

Oxygenates)
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Figure 5-113.
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Anderson-Schulz-Flory Distribution with Highly Dispersed
Ruthenium Catalyst 4966-72 in Run 18 (Hydrocarbons Only)
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The chain growth probability was 0.783 at C3-Cy6- 0.918 at Cy7-C3q and
0.964 at C40-C150 carbon number ranges. Comparison of these results with those
obtained in Run 16 with another highly dispersed ruthenium catalyst at a lower
Hz:CO feed ratio = 0.9 may indicate that HZ:CO ratio mainly influences the chain
growth probabilities at low carbon numbers, but not at high carbon numbers.

Analysis of the inlet and outlet portions of the catalyst after a 152-hour-
test showed 0.825% and 1.13% (by wt.) ruthenium, respectively. Although there
was no overall ruthenium loss from the catalyst, some ruthenium migration stil
occurred across the catalyst bed. The mobility of ruthenium was also apparent
in the STEM examination. While approximately 60% of the alumina particles
examined from the inlet portion of the catalyst bed did not have observable
ruthenium particles, 40% of the alumina particles still had 3-15 nm ruthenium
particles. The number of alumina particles with observable ruthenium metal
particles was half for the outiet portion of the catalyst bed relative to the
inlet.

A sample from the reactor inlet portion of used Catalyst 4966-72 was
analyzed by EXAFS.

The Fourier transform oscillations of ruthenium in fresh Catalyst 4966-72
is shown in Figure 5-114. The major peak at about 2.2% results from back-
scattering of electrons from nearest neighbors. From a curve-fitting analyses
of the Fourier filtered x, a coordination number of about 3.4 was determined
which should give a ruthenium metal particle size of about 0.8 nm. The Fourier
transform of the used Catayst 4966-72 is very similar to that of Catalyst 4956-
76 with 4-6 nm ruthenium particies after use in Run 15. This result confirms
the STEM observation that a significant fraction of the ruthenium meta]

agglomerated to sizes 4 nm or larger during Fischer-Tropsch synthesis.
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Figure 5-114  FOURIER TRANSFORMS OF RUTHENIUM EXAFS
IN ALUMINA SUPPORTED CATALYSTS
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The results in Run 18 indicated that mobility of ruthenium was suppressed
but not totally eliminated, apparentiy, by increasing the HZ:CO feed ratjo from
0.9 to 2.9. At the higher Hy:C0 ratio, the mobility of ruthenium may have been
suppressed by suppressing the formation of the volatile ruthenjum carbonyl.

Highly dispersed ruthenium Catalyst 4966-72 was retested in Run 21 under
the same conditions that were used in Run 18, but only for 12 hours (Tables 5-22
and 5-23 and Figures 5-115 through 5-121). The CO+H, conversion was much higher
in Run 21 relative to Run 18 (Figure 5-115). The unexpectedly lower catalytic
activity in Run 18 may be possibly attributed to the unusually long start-up for
that run.

The CO conversion was 100% during the second half of Run 21 (Figure 5-115).
Since the H, conversion was less than 100% the outlet Hy:CO ratio became infi-
nitely large. This caused very high selectivity to methane and apparently
Caused the extent of the water gas shift reaction to become minimal (Figure
5-116).

Because of the short duration of the test, products in the C5-C23 range
were not fully recovered in the product receivers. The chain growth probability
was 0.936 in the C24-C150 range.

The inlet and outlet portions of Catalyst 4966-72 used in Run 21 showed
less ruthenium than fresh catalyst: 0.81% and 0.84% Ru (by wt.), respectively,
relative to 1.04% Ru on the fresh catalyst. STEM examination indicated that
almost all of the alumina particles had 2-5 nm agglomerated ruthenium particles,
while the fresh catalyst had none. The possibility that the high steam partiai
pressure, caused by suppressicn of the water gas shift reaction in Run 21, may

have enhanced ruthenium agglomeration was further investigated in Run 25.
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yst 4966-72 Water Gas Shift
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Highly Dispersed Ruthenium Catal

Figure 5-116.
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Figure 5-117.
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Figure 5-119. Highly Dispersed Ruthenium Catalyst 4966-72 Olefin to Paraffin
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Anderson-Schu]z-F]ory Distribution with Highly Dispers

0 4 Figure 5-120.
. Ruthenium Catalyst 4966-72 in Run 21 (Hydrocarbons +
Oxygenates; C.-C )
1 ~44
=
...1_
+
] +
-2_
] -+
-+
+ +
++
-+
-3
: +
+ ++++++
+,,_+
-+
b +++
+ * +
i
+++ g,
+
-q T T L . . T l
'T 13 T rrrr ] T K S I A SR S 3 l 4 4 4 kL I L 1
0 10 20 30 4o
N, Carbon Number




Log Weight Fraction/N

rigure 5-121.

- 229 -

Anderson-Schuiz-Flory Distribution with Highly Dispersed
Ruthenium Catalyst 4966-72 in Run 21 (Hydrocarbons Only;

c.-C
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