5.2.6 STEM ANALYSIS: HIGH COBALT CATALYST PRECURSOR

A sample of the pre-reduced material used in Runs 102 and 104 was analyzed by STEM. Metal
oxide crystallites ranging from 30 (the smallest the STEM instrument can see) to 2000 A were
found, the average being 500 A. Some of the crystallites were associated with the zeolite, some were
not. Crystallite composition varied. There was a tendency for the zirconium and ruthenium not
to be found together. Ruthenium was rarely seen in crystallites smaller than 100 A, whe;ms
zirconium was mostly noted in crystallites smaller than 200 A. Manganese conten: varied among
the crystallites examined but seemed to ma'ease in the smaller crystallites. Representative STEM
photographs are attached as Figures 114 and 115, Additionally, tables containing representative

S'I'EM elemental analyses of various-sized crystallites arz attached as Figure 116.

The pre-reduction precursor of the catalysts used in Runs 110 and 121 had similar 30 to 2000 A
crystallites by STEM. There were, however, more crystallites. Crystallites were again observed
which were free of the zeolite. Zirconium was again associated with the smaller particles and again

tended to be associated with the zeolite.

The STEM work indicates tlnl this high cobalt level catalyst contained at least some metals exterior
to the 50-100 A pores of the steamed zeolite. In fact some of the metal crystallites existed entirely
free of the zeolites. Others appeared 10 have grown attached to the zeolite such as those in the
bottom left of Figure 115. The performance data indicates that the external cobalt is active for F-T
synthesis, and, since the lowest methane selectivities were found for the highest cobalt-level catalysts,

the external cobalt must not have been extremely selective for methane.
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The STEM work indicates, additionally, that further work must be done to understand the affect

of the trace metals. They do not seem to be evenly distributed throughout the crystallites!

5.2.7 VERY HIGH COBALT CATALYSTS

Catalysts containing approximately 27 wt% cobalt were prepared. The first of these was evaluated
in Run 101; it was prepared on the second lot of 3 hour hydrochloric acid-washed support (Fig-

ure 86). A fresh sample of the steamed Y-zeolite used for the first hydrochloric acid wash was used -
for the second washing. Performance during Run 102 is summarized as a series of plots of
conversions and selectivities vs. hours on stream (Figures 117 to 122). The high activity of the

catalyst can be further illustrated by the temperature profiles in Figure 123.

A second catalyst with a cobalt level similar to that of the Run 101 catalyst was prepared. This
catalyst was supported on material resulting from the third three hour hydrochloric acid wash of
the original steamed Y-zeolite sample (Figure 86). It was also screened in the fixed-bed pilot plant
(Run 110) but less catalyst and more diluent were used to decrease the intensity of the catalyst bed
exotherm. Performance during this run is summarized as a series of plots of conversions and
selectivities vs. hours on stream in Figures 124 to 129. The feed rate per gram of cobalt was the
same as in Run 101; this resulted in less heat being generated on thg catalyst bed as evidenced by

the temperature profiles in Figure 130.

The conversions after the usual initial high rate of catalyst deactivation were still quite high (carbon
monoxide conversion = 82% at 100 hours on stream). Therefore, the earlier high conversions with

this very high cobalt-type catalyst were not just due to the high temperature of operation resulting
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from the intense exotherm. The maximum temperature on the catalyst bed during Run 110 was,

in fact, very close to that on the bed during Run 97 (compare Figures 130 and 131).

At 100 bours on stream the feed rate was reduced by half. This initially resulted in an increase in
conversion some of which was rapidly lost, in part at least, due to continued loss in catalyst activity.
However, it is also likely that the system required some time to equilibrate at the new feed rate.
The conversions did appear to approach line out after the feed rate change (carbon monoxide
conversion = 85% at 140 bours on stream). The catalyst bed maximum temperature before and
after the feed rate change was the same. Although less feed was going into the plant, the higher

conversion no doubt resulted in approximately the same amount of heat being produced.

Operating the 27% cobalt catalyst with less catalyst and more diluent produced the desired effect,
namely high conversions at 211° C inlet temperature wit: a low exotherm on the catalyst bed. A
tabular summary of the performance during Runs 97, 101 and 110 is attached as Figure 132. The
lowest methane selectivity of any of the catalysts developed under this contract resulted during Run

110

5.2.8 ADDITIONAL VERY HIGH COBALT CATALYSTS

The initial sample of commercial steamed Y-zeolite was consumed prior to these experiments. A
second sample was obtained, but it was from a different commercial Iot. An aliquot of it was
washed for three hours with hydrochloric acid before being used as a support for the catalysts

below.
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Two catalysts were prepared from this support, each contained slightly more than 28 wt% of cobalt.
_ Support and catalyst analyses for these two catalysts are summarized in Figure 133. Each catalyst
was reduced for two hours at 350° C with hydrogen prior to use in fixed-bed pilot plant Runs 122
and 123. The ruthenium-containing catalyst (Run 122) was inferior to the earlier similar
composition catalyst evaluated in fixed-bed pilot plant Run 110. The performance difference
between the two catalysts can be illustrated through comparison of the temperature profiles during
the two runs (Figures 130 and 134). In Run 110 the initial catalyst bed maximum temperature was
slightly over 220° C; at 132 hours on stream the profile had hardly changed. During Run 122,
however, the maximum temperature decayed from slightly over 220° C to about 217° C at 138 hours
on stream. The temperature decay continued throughout the run. Loss of catalyst activity
witnessed by decay of temperature in this fashion is characteristic of deactivation mechanisms such
as covering over the reactive sites with reaction by-products such as coke (in this case perhaps wax)
or destruction of these sites, for instance, by a thermal mechanism such as sintering. Loss of
activity due to feed impurities, on the other hand, cawses loss of active sites from the inlet of the
reactor where feed impurities first adsorb. In such cases the temperature maximum usually is

constant but moves further and further away from the inlet.

The difference between the two ruthenium-containing catalysts is also apparent in the plots of
conversion and selectivity vs. hours on stream in Figures 135 to 139. The rate of loss of activity
during Run 122 was severe and never slowed, whereas in Run 110 the rate of activity loss slowed

and the catalyst appeared to be approaching activity line out by run’s end.

The lJeast stable ruthenium catalyst was preﬁared on the second support. However, a ruthenium-

free catalyst was also prepared on this support. It was activated and tested in a similar fashion to
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the two ruthenium-contzining catalysts (Run 123). It was more active and more stable than either
of these catalysts. It is possible that something, as yet not understood, went wrong during
preparation of the Run 122 catalyst. It is also possible that the initial activity of the Run 122

cataiyst was very high but that it suffered a very rapid deactivation.

The ruthenium-free catalyst was evaluated in Run 123. Temperature profilés during this run are
summarized in Figure 140. The initial catalyst activity was so high that the catalyst bed maximaum
teraperature was at the inlet with beat being transferred back to the incoming feed. A little
deactivation occmrred at the beginning of the run causing the maximum temperature to move.a bit
down from the inlet. A slight increase in the catalyst bed maximum temperature was noted,
perhaps due to slight upward adjustinents in the reactor heaters to maintain the target inlet
temperature which previously had been maintained, in part, by the reaction heat. However, after
the slight change at the beginning of the run the catalyst bed maximum was stable. It was higher
and more stable than the corresponding temperature during the two runs with the ruthenium-

containing catalysts; it was 232° C at 21 hours on stream.

The two best runs (110 and 123) are compared in summary fashion in Figure 141. The conversion
and methane selectivity were higher in Rum 123. Normally with cobailt catalysts the methane
selectivity decreases at higher conversion. That the opposite is true in the present comparison is
probably at least in part due to the higher effective temperature during Run 123; methane selectivity
increases with increasing temperature. The higher temperature during Run 123 also partially
accounts for the higher conversions noted during this run. Conversions and selectivities as a

function of hours on stream are summarized in Figures 142 to 145.
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The Run 122 and 123 catalysts were evaluated in slurry autoclave tests. In both cases the catalysts
were activated at 350° C in a fixed-bed reactor prior to loading into the autoclave reactor. Catalysts
were moved to the autoclave under a nitrogen atmosphere. The Run 123 catalyst was activated by
a somewhat different procedure than was used for any of the other catalysts. During its activation
there was a calcination and second reduction with hydrogen after the first bydrogen reduction.
However, in both casnsthemlalyslswmmedmuingbound. In the earlier slurry autoclave
evaluation of a lower cobalt catalyst, the catalyst was bound with silica before being evaluated.
Both of the autoclave runs with the very high cobalt cataiysts were disappointing. In both cases
very low conversions were obtained, although the ruthenium-free catalyst seemed to line out at a
better conversion than the ruthenium-containing one. Conversions, selectivities and operational

condiﬁonsvs.hom-sonsu-mnforthesetwonmsaresummarizedinﬁgm-slﬁmlss.

The second slurry autoclave evaluation ('Run. 74) provided information that was unexpected but
ealightening from the standpoint of further catalyst development. The catalyst was very active
initially at 200 C operating temperature. The initial high conversions decayed rapidly over a ten
hour period. At twenty-five hours on stream the operating temperature was increased to 210* C.
Normally such a temperature increase would provide am increase in conversion. In this case it
didn’t, probably due to the continuing high rate of activity loss. It is possible that binding would
have provided a more activity stable catalysts under the conditions of liquid phase processing. For
instance, the powdery catalyst could have been splashed to the sides of the autoclave during use.

Obviously, the high initial activity of the Run 74 catalyst was close to that expected.
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5.2.9 STEM ANALYSIS OF A REDUCED VERY HIGH COBALT CATALYST

STEM-wise, reduced and pre-reduced catalysts were similar. For instance, STEM analysis of a
reduced high cobalt catalyst similar to the ruthenium-free catalyst of Run 123 showed the same wide
range of crystallite sizes as earlier such analyses of pre-reduced catalysts. The reduced catalyst
contained small erystallites within a zeolite matrix (dark spots in light gray, zeolite, particle mid-
center of Figure 156) and large amorphot_s mb.alt particles (entire Figure 157). The latter particles
were extraneous to the zeolite. Both types of cobalt were also present in pre-reduced (high) cobalt

catalysts.

Atomic analysis of the crystallites by STEM showed most of the zirconium associated with the large
rather than small cobalt crystallites (Figure 158). This was also observed with pre-reduced catalysts
analyzed by STEM earlier in this work. Zirconimm is added to the catalyst composition to promote
activity stability, therefore, it is possible that the activity ioss noted with Figh cobalt catalysts is due
to deactivation of the large crystallites.
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6. CONCLUSIONS

Cobalt-based F-T catalysts from a reverse micelle impregnation route have, so far, exhibited low
activity and excessive methane selectivities. Various compositions of metals have been tried, some
with cobalt and others with cobalt and ruthenium. Three supports have been used. The reverse
micelle approach was abandoned when it appeared that nothing attempted had promise of
producing a catalyst supetior to the one which resulted from two previous contracts to the Union

Carbide Corporation. This catalyst was prepared on a modified Y zeolite support.

The Union Carbide catalyst resulted from impregnation of about 8 wt% cobalt on a steamed, acid-
washed Y zeolite. This support is unique in a way that makes it a good fit as a F-T catalyst
support. Steaming produces 50-100 A amorphous pores or "cages” linked by crystalline channels.

Metal crystallites, 50-100 A in diameter and stable to agglomeration, may formed in the.e pores.

It has now been found that catalysts more active than the reference catalyst may be formed by the
simple expedient of impregnating more cobalt. Catalysts with cobalt levels as high as 27 wt% have
been prepared. Activity gains going from 8 wt% to 16 wit% and from 16 wt% to 27 wt% have been

docnmented.

Although more active, the high cobalt catalysts were not as stable as the Union Carbide one. This
is possibly due to a maldistribution of zirconium which was added to the original composition as a

stabilizing agent. STEM analysis indicates that the zirconium tends to remain associated with cobalt
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that is actually within the pores of the zeolite. Some of the cobalt in the high cobalt catalysts is

external to the zeolite pores.

Small amounts of ruthenium have been added to the high activity compositions. However, the
ruthesiium rate enhancement expected from earlier work by Gulf/Chevron and Exxon could not be
docmmented. Additional experiments are warranted because Gulf/Chevron and Exxon have
employed special activation procedures to insure good ruthenium distribution and these techniques

have not yet been evaluated.

Quite a bit of characterization work has been done. STEM has proven to be a particularly useful
method of analysis. For instance, with the high cobalt, zeolite-supported, catalysts it has shown that
some of the cobalt is present external to the pores of the zeolite as fairly large crystallites with a

porous or "Raney™ type of structure.




7. FUTURE DIRECTIONS

Experimental evidence that a2 small amount of ruthenium can promote Y-zeolite-supported cobalt
F-T catalysis is lacking. Forinstance,tbecatalyst;forkmn]ﬂandlﬂmsimﬂarin
composition except the Run 122 catalyst contained a low level of ruthenium. The Run 122 catalyst
lost activity fastest. Because of the very high initial activity of these catalysts it was not possible to
tell which was initially more active. Additional work with ruthenium-promoted catalysts is

warranted.

STEM analysis of a reduced high cobalt catalyst similar to the ruthenium-free Run 123 catalyst
above showed a wide range of crystallite sizes (Figures 164 and 165). Earlier STEM analyses before
reduction had given same resuit. This is a different observation than expected from the previously-
developed low cobalt level catalyst of Union Carbide. In this catalyst the cobalt exists mainly as 50-
100 A crystallites within the pores of the steamed Y-zeolite support. The high cobalt catalyst had

particles that were definitely too big to be within the pores of the steamed zeolite.

Atomic analysis of the crystallites (by STEM) showed that most of the zirconium was associated with
the small rather than large cobalt crystallites (Figure 166). This was also observed with pre-reduced
catalysts analyzed by STEM earlier in this work. Zirconium is added to the catalyst compeosition
to prornot-e activity stability, therefore, it is possible that the activity loss noted with high cobalt
catalysts was due to deactivation of the large crystallites. Future work should be directed toward
obtaining a better zirconium distribution, perhaps by simply adding more zirconium to the

composition. Interestingly, STEM analysis showed that the other trace metal, manganese, was more
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evealy distributed through the small and large particles.

Once the stability issue has been addressed, the ruthenium vs. ruthenium-free problem shounld be
settled. Initially high space velocity data will be required in order to reduce initial conversions and
allow an assessment of whether or not the rutbenium catalyst is more active. If not, methodology
similar to that described by Gulf/Chevron®* and Exxon“ € should be used, i.e. multiple
oxidation/reduction cycles to enhance ruthenium distribution.

Additional attempts should be made to develop a method for low temperature catalyst reductions.
Reasonable approaches would be longer reduction times at the lower temperatures and/or

incorporation of a reduction promoting metal into the catalyst composition.

Finally, additional experiments with surfactant salts are warranted. The initial experiment reported
herein was similar to ;Jnes performed during development of a precipitated iron catalyst under
Contract No. DE-AC22-90PC90055 (final report pending). In such experiments potassium
surfactant was added during shurry processing and startling changes in the activity and selectivity
of the iron catalyst were noted. Similar changes were not noted with a similar addition to a cobalt
catalyst (above experiment). However, potassium is known to be a better promoter for iron than
cobalt whereas manganese, ruthenium and zirconium are among those useful for cobalt, perhaps

surfactant salts of these metals would promote the cobalt catalyst.

It is also possible that suitable surfactants, perhaps even metal-free ones, might be useful to
accelerate the rate of the Fischer-Tropsch reactions during slurry processing by accelerating the rate

of mass transfer from the gas bubbles to the wax/catalyst surface.
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