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carbon number than the wax extracted from the catalyst. These results may
indicate that the hydrocarbon product distribution may have shifted to higher
carbon numbers toward the end of the run.

The Anderson-Schulz-Flory analysis for hydrocarbons resulted in a = 0.965
in the C28-C150 carbon number range (Figure 5-139).

After 212 hours of testing, Catalyst 4956-101 was reexamined, which
revealed that the top portion of the catalyst bed was powdery, while the bottom
portion was waxy. The powdery catalyst from the top portion did not have
visible ruthenium particles according to the STEM examination. Also, the top
portion showed very low ruthenium signal, suggesting that most of the ruthenium
migrated to the bottom portion in the form of the ruthenium carbonyl. The
bottom catalyst portion, on the other hand, showed 10-30 nm ruthenium particles,
indicating that a substantial amount of agglomeration occurred with use of the
catalyst. Since there was no noticeable amount of wax in the top catalyst
portion, ruthenium migration from the top zone is believed to have occurred

early in the run.

5.2.1.2.2 Test at 2.9 HZ:CO Feed Ratio, 208°C at Inlet and 11.2 atm

In an attempt to suppress ruthenium migration with <2-4 nm ruthenium
particles, catalyst 4966-76 was tested at a Jow CO partiai pressure in Run 19.
The CO partial pressure was reduced relative to that in Run 17 both by
increasing the Hy:CO feed ratio from 0.9 to 2.9 and by decreasing the total
pressure from 35 to 11.2 atm. Other conditions were 208°C and 70 GHSV (Tables
5-26 and 5-27 and Figures 5-141 through 5-147).
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Hydrocarbon Distributions in Run 19

Table 56-27.
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in to

Ruthenium Particles: Olef

in Run 19 (Hy:CO Feed Ratio = 2.9, 208°C at

Catalyst 4966-76 with <2-4 rm
Paraffin Ratios
Inlet, 11.2 atm)

Figure 5-145.
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Figure 5-146. Anderson-Schulz-Flory Distributions with Catalyst 4966-76 with

|
w
bl

<2-4 nm Ruthenium in Run 19 (Hydrocarbons + Oxygenates)
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igure §-127. Ancerson-Schulz-Flory Distrisutions with Catalyst 4966-7€ with
<2-% nm Ruthenium in Run 1§ (Hycrocaraons O=ly)
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The initial CO conversion was 28% and gradually decreased to 4% by the end
of the 100 hour-test (Figure 5-141). The CO selectivity to COZ decreased
rapidly during the first 8 hours, and was nil during the test of the run (Figure
5-142). The Ho:C0 usage ratio was about 2 after 8 hours on stream, confirming
the absence of water gas shift activity (Figure 5-142).

Analysis of the inlet and outlet portions of Catalyst 4966-76 after the
100-hour-test showed much less ruthenium, 0.68% (by wt.), relative to 0.86% Ru
in the fresh catalyst. Approximately half of the alumina particles that were
examined from the catalyst inlet portion showed agglomerated ruthenium particles
in 4-6 nm size range. The ruthenium on the remaining alumina particles
apparently retained its original size. The number of alumina particles with
agglomerated ruthenium was 50% less for the outlet portion relative to the

catalyst at the inlet.

5.2.1.2.3 Test at 1.5 HZ:CO Feed Ratio, 200°C at Inlet and 14.3 atm

Catalyst 4966-76 with <2-4 nm ruthenium particles on 7-A1203 was tested at
1.5 H,:CO feed ratio, 200°C and 14.3 atm for 12 hours in Run 20 (Tables 5-28 and
5-29 and Figures 5-148 through 5-151). Hydrocarbon cutoff at Cy; was previously
reported under these conditions with 4 nm size rutheniqm particles encaged in
Y-zeolite. The test in Run 20 was kept short in order to analyze products
obtained prior to substantial ruthenium agglomeration.

The CO conversion increased from 12% tc 20% during the test although the
gas hourly space velocity was kept constant at 50 hr-1 (Figure 5-148). The CO
selectivity to CO, was 33%-42%, while the Hy:CO usage ratio was 0.4% to 0.9%,
apparently 1ndicatihg substantial water gas shift activity. The ratio of

olefinic to paraffinic products was 0 at carbon numbers 3 and 4.
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Figure 5-148.
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Figure 5-149. Catalyst 4966-76 with <2-4 mm Ruthenium Particles: Water Gas

Shift Activity in Run 20 (HZ:CO Feed Ratio = 1.5, 200°C at Inle*
14 atm)
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Anderson-Schulz-Flory Distribution with Catalyst 4866-76
Having <2-4 nm Ruthenium Particles in Run 20 (Hydrocarbons

Only)
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STEM analysis of the used catalyst indicated that, for 85% of the alumina
particles, no noticeable ruthenium agglomeration had occurred. Approximately
15% of the examined alumina articlies showed agglomerated ruthenium. The sizes
of the agglomerated ruthenium particies were mostly 60-100 nm. These results
indicate that, even if the specific activity of agglomerated ruthenium particles
were high, the total exposed metal surface area by these agglomerated particles
is too small to have catalytic significance. Therefore, products analyzed in
Run 20 probably may be attributed to ruthenium particles which remained <2-4 nm
during the run.

Gaseous products (Cl-Cs hydrocarbons and C0,) were accounted for by
analyzing the effluent gas by GC. No significant amount of products were
collected in the product receivers (one at 115° and 15 atm, the other at 0°C and
4 atm) during the course of the short test. The used catalyst underwent a |
soxhlet extraction with toluene for recovering the an and was followed by a
carbon burn measurement to determine the amount of coke on the used catalyst.
The wax recovered from the used catalyst amounted to more than 83% (by wt.) of
the hydrocarbons made (calculated based on the total CoO converted) and showed an
Anderson-Schulz-Flory distribution with ¢ = 0.973 up to a carbon number of 250
(Figure 5-151). The hydrocarbons that could not be recovered were in the CS—C23
range and would normally be recovered in the product receivers in a Tong test.
Nevertheless, since most products, particularly the heavy ones, were accurately
analyzed, it was possible to conclude that hydrocarbon cutoff is not effected

with <2-4 nm ruthenium particles supported on y-A1203.
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5.2.1.3 Catalysts with 3-500 nm Ruthenium Particles with ~1 Ru (by wt.)

A ruthenium catalyst (4956-23) unsuccessfully prepared on y-alumina by a
micelle method showed a broad size distribution of ruthenium particles between
4 to 500 nm (mostly 100-500 nm) in the STEM examination. This catalyst was
nevertheless tested early in the program in the fixed-bed pilot plant in Run 9
to determine the catalytic activity and stability. The operating conditions
were: 207°C inlet temperature, 103 atm, HZ:CO feed ratio =-0.9, 75 hr'1 GHSV,
81 hours. A stainless steel reactor was used. The results are described in
Figure 5-152. The CO conversion decreased rapidly during the run from 43% to
10% in ~30 hours and then to 6% by the end of 81 hours.

Some of the products in Run 9 were also analyzed by GC/MS and IR and were
found to contain iron and ruthenium carbonyls. The amounts of jiron and ruthe-
nium in the Tiquid products were determined by Atomic Absorption Spectroscopy
(AAS) to be 0.41g and 0.0068g, respectively. AAS analysis done on the used
catalyst indicated that there was no substantial ruthenium loss from the
catalyst, while there was about 0.35 wt.% iron. Also, about 5% coke was
analyzed on the used catalyst.

In an attempt to determine the causes of the rapid deactivation of Catalyst
4956-23, four more runs (Runs 11-14) were conducted with Catalysts 4956-27,
4956-30, 4956-22 and 4956-56, respectively. The micelle technique was not
successfully applied to either of these four catalysts, which showed very broad
size distributions of ruthenium particles in the range 3-500 nm (mostly 100-500
nm) .

The CO conversions obtained in these runs are also summarized in Figure
5-152. Run 11 was conducted with an iron carbonyl scrubber held at 210°C on

the CO/Ar feed 1ine at the inlet of the reactor. Also, the operational pressure
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was lowered from 103 atm to 35 atm in order to minimize migration of ruthenium
in the catalyst. The amount of iron on the catalyst in Run 11 was not lower
than that observed in Run 9; however, the amounts of iron and ruthenium in
liquid products were significantly lower. The same rapid deactivation was
observed in Run 11 as in Run 9.

In Run 12, the temperature of the iron carbonyl scrubber was increased to
260°C. Less iron was analyzed both on the used catalyst and 1n the Tiquid
products. However, catalytic stability was not apparently affected.

A glass-lined reactor was, for the first time, used in Run 13 in addition
to the iron carbonyl scrubber at the reactor inlet to minimize contamination of
the catalyst with iron. Very little iron was analyzed on the catalyst and in
Tiquid products. However, catalytic stability was still poor.

Since relatively high coke levels, 5-7 wt.%, were analyzed on used
catalysts in Runs 9 and 11-13, a higher H,:C0 feed ratio was used in Run 14 1in
order to minimize coking. The coke level in Run 14 was significantly lowered;

however, the catalyst showed the same deactivation.

5.2.1.4 Catalysts with -5 nm Average Size Ruthenium Particles with

~1% Ru (by wt.)

Tests with highly dispersed ruthenium catalysts and with ruthenium
catalysts having <2-4 nm ruthenium particles indicated that catalytic activity
and se1ectfvity were influenced by ruthenium metal particle size on alumina.
Also, catalysts with mostly very large ruthenium particles (100-500 nm) were
unstable. In order to further investigate ruthenium metal particle size

effects, catalysts with -5 nm ruthenium particles were tested.




