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5.3.3 Iridium-Modified Ruthenium Catalyst with 2.8% Ru

In an attempt to improve ruthenium's catalytic stability, the reverse
micelle technique was applied for the preparation of an iridium-modificd
-ruthenium catalyst. According to STEM examinatiorn of this Catalyst 4966-174,
the metal particles were 3-5 nm in size and had atomic compositions’varying
mostly between 1 Ir:15 Ru to 1 Ir:23 Ru. The elongated crystal shapes of these
particles have not been observed with unmodified ruthenium éata1ysts, and
therefore, i11ustr&tes the effect of Ir on Ru morphology (Figure 5-278).

Catalyst 4966-174 was tested in Run 45 with 2H,:1C0 feed gas at 210°C and
62 atm (Figures 5-279 through 5-283). The catalyst shcwed very low activity.
Highest CO conversion was achieved at 75 gas hourly space velocity at 15 hours
on stream. The iridium-modified ruthenium catalyst showed much higher selec-
tivity to Tight hydrocarbons and very low olefin to paraffin ratios relative to
unmodified alumina-supported ruthenium catalysts tested earlier. One remarkable
feature of the iridium-modified catalyst, however, was that it apparently
exhibited water gas shift activity, while similar particle size ruthenium only

catalysts did not catalyze the watgr gas shift reaction.




Figure 5-278
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Propane Rat
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5.3.4 New Modified-Ruthenium Catalyst Demonstration

In an attempt to improve stability, the reverse micelle technique was used
to prepare a new modified-ruthenium catalyst with 2.8% Ru. This new catalyst,
while it consisted mostly of 4-6 nm ruthenium particles, had also some 10-20% of
the ruthenium in the 3-4 nm and 6-40 nm sijze range (Figure 5-284). This cata-
lyst was tested in Run 46 under the same conditions as the ummodified ruthenium
Catalyst 4966-198 with 2.8% Ru tested in Run 47. The initial activity of this
catalyst was lower (Figure 5-285). The catalyst showed deactivation during the
first 20 hours from about 60% to about 30% CO conversion. The gas hourly space
velocity was laowered from 500 hr'1 to 125 hr-l during the first 20 hours in
order to achieve high conversion. The CO conversion increased close to 90%,

followed by a decrease. The catalyst activity then gradually increased to

achieve a CO conversion levei of about 85% at 375 hours on stream, after which
the gas hourly space velocity was gradually increased to 150 hr-1 by 595 hours
to prevent the conversion from exceeding 85%. The catalyst temperature was
increased by 2°C after 700 hours on stream in order to compensate for some of
the space velocity increase which was apparently done too rapidly (Figure 5-
285).

The modified-catalyst did not have water gas shift activity in Run 46. The
Hy:CO feed ratio (1.92) was slightly lower than the Hy:C0 usage ratio during the
first 550 hours resulting in H»:CO ratios which typically varied between 1.6 and
1.8 at the catalyst outlet. After 550 hours a new feed cylinder with slightly
higher H,:(C0 ratio (1.98) was installed. Since the new feed ratio was approxi-
mately equal to the usage ratio, the HZ:CO ratio did not decrease across the
catalyst bed with increase in conversion level (Figure 5-286).

At 80% C0+H2 conversion selectivities were compared at 32 and 604 hours in
Anderson-Schulz-Flory type diagrams, as detected by the first on-1line GC (Figures
5-287 through 5-289). The results indicate that the chain growth probability for

paraffins, olefins, alcohols and aldehydes increased during this time period.



Figure 5-284

STEM Micrographs of Modified Ruthenium Catalyst 4966-180
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Figure 5-285. Modified Ruthenium Catalyst 4966-1802CO Conversion in Run 46
(H,:CO Feed Ratio = 2, 62 atm, 0-825 Hours)
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Figure 5-286. Modified Ruthenium Catalyst 4966-180¢
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Figure 5-287. Anderson-Schulz-F Tory-Type Distribution with Modified Ruthenium
Catalyst 4966-180 at 32 Hours in Run 46 (Based on Effluent Gas
Analysis with 15% On-Line GC)
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Figure 5-288. Anderson-Schulz-Fiory-Type Distribution with Modif ied Ruthenium
Catalyst 4966-189 at 604 Hours in Run 46 (Based on Effluent Gas
Analysis with 15 On-Line GC)
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Figure 5-289. Anderson-Schulz-Flory-Type Distribution with Modified Ruthenium
Catalyst 4966-180 at_80% Conversion in Run 46 (Based on Effluent
Gas Analysis with 15% On-Line G6C)
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The change in catalytic selectivity during Run 46 is also illustrated in
Figure 5-290 which summarizes the methane selectivities which decreased with
time. After 500 hours, the methane selectivity was ~1.5%. The methane
selectivity increase after 700 hours on stream is caused by 2°C temperature
jncrease in the catalyst bed. | '

After 500 hours at 208°C inlet temperature and 80% conversion, there was
essentially no C, formation (<0.2%), while the C3 and Cq selectivities were -~1.4
and -2.0%, respectively, giving an overall C1-C4 selectivity no more than 5%
(Figure 5-291}. The H,:CO usage and feed ratios were equal since there was
essentially no water gas shift activity. i

The olefin:paraffin ratio at carbon number of 3 increased during the first
400 hours, after which it remained constant (Figure 5-293).

Since the modified catalyst did not show a sign of deactivation at 208°C
and 80% conversion after the initial activity loss during the first 20 hours,
the severity of operation was increased during the second part of the test in
order to determine the catalytic stability (Figure 5-295). Between 825 and 933
hours, the temperature and space velocity were increased in parallel from 210°C
to 224°C and from 150 hr~! to 205 hr‘l, respectively, in order to maintain about
80% conversion. During the temperature increase period some deactivation
occurred. Therefore, the space velocity increase was less than expected, based
on an apparert activation energy of about 25 kcal/mole. Deactivation possibly
occurred because a conversion level of 80% was too severe a condition at the
high temperature. The catalyst deactivated to 70% conversion during the
following 200 hours, after which it maintained constant conversion for the next

400 hours.
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Figure 5-290. Modified Ruthenium Catalyst 4966-180 2 6 and C Selectivities

in Run 46 (HZ:CO ‘eed Rat1o = 2 62 atm -825 Hours)
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Figure 5-291. Modified Ruthenium Catalyst 4966-180 2
in Run 46 (HZ.CO Feed Ratio = 2, 62 atm
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Figure 5-292. Modified Ruthenium Catalyst 4966-180¢ Propylene:Propane Ratios
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Anderson-Schulz-Flory Distribution with Modified Ruthenium
Catalyst 4966-180 in Run 46 (C4-C443 0-814 Hours)

n, Carbon Number
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Figure 5-294. Anderson-Schuiz-Flory Distribution with Modified Ruthenium
Catalyst 4966-180 in Run 46 (Cl—CZSO; 0-814 ‘Hours)
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Figure 5-295. Modified Ruthenium Catalyst 4966-180:C0 Conversion in Run 46
(H:CO Feed Ratio = 2, 62 atm, 825-1700 Hours)
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The conversion decreased to 58-60% between 1542 and 1574 hours and showed
no futher activity loss until 1618 hours. Between 1650 and 1700 hours the space
velocity was Towered from 205 hr-1l to 182 hr‘l, and the CO conversion increased
to 69%, after which the run was shut down. 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 not presently enough data for calculating the 1ife of the
modified-ruthenium catalyst. Since there was no apparent deactivation at 208°C,
half of the deactivation rate at 224°C was roughly estimated to be an upper
bound to the average deactivation rate between 208°C and 224°C. A commercial
run with beginning and end of run temperatures of 208°C and 224°C, respectively,
may then result in about 1 year catalyst 1ife at 70-80% CO conversion, given an
apparent’éc;jvation energy of about 25 kcal/mole if the pilot performance of the
granular ruth;nium catalyst is achieved commercially.

The average 1ight ends selectivity between 208°C and 224°C would then be an
upper bound to the yearly average light ends selectivity. The selectivities at
80% CO conversion and 208°C were described above. The selectivities at 224°C
are illustrated in Figures 5-296 through 5-299. The increases in 1ight ends
selectivities between 825 hours and about 1050 hours are mostly due to the
temperature increase from 210°C and 224°C between 835 and 933 hours on stream.
Further increases in light ends selectivities later in the run are mcstly due to
decreases in the conversion level to below 80%. The selectivities at about 1050
hours are then taken to represent the 224°C performance. They are: 3.2% Cl,
<0.2% Cz, 2.1% C3 and 2.9% C4. The upper bound to the yearly average selec-
tivities are then estimated to be: 2.3% €y, <0.2% C,, 1.7% C3 and 2.4% C,.
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: -296. Modified Ruthenium Catalyst 4966-180: Water Gas Shift Activity
BT e e (Hp:CO Feed Ratio = 2, 62 atm, 825-1650 Hours)
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Hydrocarbon Distributions in Run 46 (815-1700 Hours)

Table 5-52
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Figure 5-300. Anderson-Schuiz-Flory Distribution with Modified Rufhenium
Catalyst 4966-180 in Run 46 (C1-C445 814-170C Hours)
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Figure 5-301 Anderson-Schulz-Flory Distribution with Modified Ruthenium
Catalyst 4966-180 in Run 46 (C1-C5505 814-1700 Hours)
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During Run 46, the products were collected by a procedure similar to t. .
used in Run 47. The wax extracted from the used catalyst at the end of 1700
hours was included in the analysis of products from the first 814 hours. A
total of 20 samples were analyzed from the 71-day-run.

Typically, 80% of the products in the cooled receivers were hydrocarbons
{mostly CS‘CIS)’ while the rest were alcohols and dldehydes. The products from
the heated receiver had a wider carbon number range with much higher molecular
weight. These products were analyzed by a chromatographic boiling point method.
Carbon numbers were assigned based on the boiling point cf n-paraffins.
Accordingly, the oxygenates were lumped together with the n-paraffins with
typically two lower carbon numbers.

The products obtained during the first 814 hours and bestween 814 and 1701
hours have been summarized in Tables 5-49, 5-50, 5-51 and 5-52. The Anderson-
Schulz-Flory distributions are in Figures 5-293, 5-294, 5-300 and 5-301. _

The Anderson-Schuiz-Flory product distribution exhibited a maximum at a
carbon number of about 15. This maximpm was reproducible in three other tests
conducted with ruthenium catalysts at 52 atm, but was not observed at 35 atm
tests. This_maximum occurs partly because, in contrast to CS‘CIO data, for most
of the C;q+ products the carbon numbers were calculated based on the boiling
point of the n-paraffins from the chromatographic distiliation measurements.
However, the distillate range contained about 20% linear pirmary alcohols +
linear aldehydes which were Jumped together during chromatography with the n-
paraffin having -2 higher carbon numbers. This maximum iz the Anderson-Schulz-
Flory distribution becomes less significant when the oxy3=nates are piotted at
their correct carbon numbers and the maximum may be totally eliminated>if the
oxygenates were not included in the Anderson-Schulz-Flory distribution.

Feed rates tc the reactor were typically low and accordingly could not be

measured very accurately. After correcting the feed rates by the ratio of
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recovered to apparently fed Argon the overall materiai recoveries became 85% and
97% for the two test periods in Run 46.

For the first 814 hours the chain growth probabilities were 0.887 at
C13-Co4» 0.921 at Co5-Cyg and 0.945 at C70-C1g0- For the rest of the run the
chain growth probabilities were 0.883 at C14-C»7, 0.929 at C>7-Cyo and 0.944 at
C70-C120-

Approximately 54% of the hydrocarbon products were in the distillate range
(C5-Cyo) for the first 814 hours (20% in the Cs-Cy11 range), 9.5% of the products
were 1ight ends (Cy-C4}, and the balance was wax. It is important to mention
2gain that the light ends selectivity decreased during the first 500 hours.
QccordingTy, the lined-out selectivities to light ends are much lower than the
average values rzported here.

The distillate fuel selectivity was 56% between 814 hours and 1700 hours,
while the 1ight ends was 13% (cs-cllzzzx). The Tlight ends were higher for the
second test period because of the higher temperatures used and because of the
lower conversion.

These results compare favorably with selectivities reported for the two
commercial Sasol processes.

According to M. E. Dry [80] Arge process results in approximately 38%
distillates, while the Synthol process gives about 48% distillates. The 1ight
ends selectivities are 14-18 and 43% for the two processes [34,80].

In order to verify the high distillate fuel selectivity results reported
here, a sample recovered from the heated recejver between 625 hours and 700
hours on stream was vacuum distilled. This sample was representativa of about
75% of the liquid and solid hydrocarbon and oxygenate products made during this
75 hours and showed that 46% of the products were in the C5-C18 range, which is
consistent with the GPC measurements done on the same sample. This product
contained 19% linear primary alcohocls + linear aldehydes, which was 21so

consistent with products collected in colder receivers.



