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EXECUTIVE SUMMARY

In the fifth quarter of the Air Products and Chemicals, Inc./United States
Department of Energy Contract, "Novel Fischer-Tropsch Shuirry Catalysts and
Process Concepts for Selective Transportation Fuel Production", work continued
on the two major tasks: Task 2 -- Development of Improved Supported Catalyst
Compositions and Task 3 -- Slurry Reactor Kinetic Studies.

Four catalysts were prepared during this quarter. A Co/Zr/SiO, catalyst
was prepared from a more conventional cobalt source (cobalt nitrate) to
establish a comparative basis for the silica-supported, cobalt carbonyl based
catalysts. A Zr-promoted Ru catalyst was prepared on silica, since the sflica
support provided enhanced performance for the cobalt catalyst. TiOg was
examined in a dual purpose support/promoter role for the Co catalyst by
preparing Cog(CO)g on TiOy. A Zr-promoted, Fe3(CO)jp on silica
catalyst was prepared to establish the inherent water-gas shift activity of
this type of Fe-based catalyst.

During this quarter five gas phase screening tests were performed. The
effect of Ti as a promoter for the silica-supported cobalt carbony! catalyst
was investigated by a test of 4.4% Co/4.0% Ti on silica. The activity of the
Ti-promoted catalyst was lower than the Zr-promoted catalyst with a significant
shift in hydrocarbon selectivity to lighter products, particularly C3-s
olefins. Combining the support properties of MgO and SiOy was examined by
testing a Cog(CO)g/Zr(OPr)4 on magnesium silicate catalyst. Activities
were similar to the alumina-supported Co/Zr catalyst rather than to the silica
catalyst. Hydrocarbon selectivity was also shifted to lighter produncts with
high C3_g olefin selectivity and Cqgt selectivity that was never greater
than 15%. The cobalt nitrate derived, zirconated silica catalyst mentioned
above was tested. It was 20 to 50% less active than the carbonyl based
catalyst and produced a greater amount of wax. The
Ru3(C0O)19/Z2r(OPr) 4/Si09 catalyst discussed earlier was tested and
showed Y}:e highestﬁm.[k and specific activities of any catalyst to date.
Generally, the hydrocarbon selectivity of this catalyst was shifted toward
higher molecular weight products. Finally, the TiOg-supported cobait
catalyst was tested and showed moderate activity similar to that of the
Ti-promoted, Co on silica catalyst and was 35 to 50% more active than the
Ti-promoted, Co on alumina catalyst. The total liquid fuels selectivity
(C5_23) was in the 60-67% range. .

During this quarter, slurry screening tests were performed on three
catalysts and an extended test was initiated on a fourth catalyst. The results
are summarized as follows:

) Coz(CO)8/Fe3(C0)12/Zr(OPr)4ISi02 -- This catalyst was prepared
in another attempt to incorporate water-gas shift activity into the cobalt
catalyst. It was hoped that the silica support would also enhance the
activity of the Fe. Compared to the mixed Co/Fe catalysts on alumina, this
catalyst was substantially more active with similar hydrocarbon
selectivity. It was not quite as active as the Co/Zr/SiOg catalyst and
did not show enhanced water-gas shift activity.




» Cog(C0)g/Zr(OPr)4/Mg0-2.65i09 -- Examination of alternate supports
was continued with this screening test of 2 magnesium silicate-supported
catalyst which was directed at combining the properties of MgO and S5iOq.
The activity and hydrocarbon selectivity were both low compared to previous
catalysts activated with Hg. Bulk and specific activities were never
greater than 22 mols synges/kg cat/hr and 0.14 mols Co/mol Co/min,
respectively. Total fuels selectivity was generally between 50-62%.

® Co9(CO)g/Ti(OPr)4/Si0g =~ This catalyst was prepared and tested to
examine the effect of the silica support with the Ti-promoter. Throughout .
this test the syngas conversion ranged from 11 to 41% compared to 21 to 62%
for the Zr-promoted catalyst, indicating the lower activity obtained by
using Ti. The total fuels selectivity was fair at between 60-70%.

e Co9(CO)g/Zr(OPr)4/SiOg -- This catalyst was chosen for an extended
shirry test because it had given the best performance of any catalyst to
date in the slurry reactor. Besides determining catalyst life, other
objectives of the test were to collect liquid products for fuel property
characterization, to obtain data for kinetic studies and to collect wax
product for DOE-funded wax-upgrading studies zt UOP/Signal Co. For the
initial 350 hours on-stream during this quarter, catalyst performance was
stable with bulk activity between 47-33 mols syngas/kg cat/hr at 240°C.

Catalyst characterization during this quarter centered around surface area
determination and Hg chemisorption on the Co/Zr/SiOg catalyst. The surface
area was 316 m4/g, which was 50% greater than the goerlAlzos catalyst
and likely accounts for some of its enhanced activity. The Co/Zr/SiOg
catalyst had an active metal surface area which was an order of magnitude
larger than that of the alumina catalyst, indicative of improved dispersion.
The chemisorption data was similar to literature values reported for Co on
silica.

Data from the slurry test of the Hg-activated Co/Zr/AlgO3 basecase
catalyst was fitted to two kinetie expressions. At a high Hg/CO feed ratio
and high space velocity, the data was best described by the following rate
equation:

-R CO+H2 =k.P£:2, where n=1.1

The data at low Ho/CO feeds were best fit by the following expression,
which incorporates HoO inhibition:
kPH2 PCO
-‘RCO‘{'HZ:PCO-*.IQHZO’ where k=0.349, l\=0-425

The activation ener'gy was relatively low for Fischer-Tropsch catalysts,
being in the range of 33-44 kJ/mole.

The Co/Zr/Si0O9 data was best described by the second expression also, with
k=0.328~0.775 and K=0.466-0.302 for the 240°C~-280°C range. The activation
energy was slightly higher at 51 kd/mole.
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1.0 INTRODUCTION

The future use of coal as a transportation fuel will
depend on the development of an economical and energy efficient
liquefaction process. The two most advanced processes are the direct
liguefaction route involving the dissolution of coal in a solvent aided by
a mild bydrogenation and the indirect route in which coal is first
gasified to synthesis gas followed by the Fischer-Tropsch reaction. The
indirect liquefaction process is the only one currently practiced
commercially and, in this respect, has a firm data base of practical
experience.

The Fischer-Tropsch reaction, in which carbon monoxide is reduced by
hydrogen and polymerized, produces hydrocarbons with s broad range of
‘molecular weights, from methane to paraffin waxes. This creates the need
for further downstream processing such as hydrocracking and light olefin
oligomerization to maximize the yield of liquid fuel product. Since the
discovery of the Fischer-Tropsch reaction, extensive research has been

aimed at controlling the product selectivity in order to minimize
downstream refining and still remains a prime target for innovation.
Previous research has shown that selectivity is mainly controlled by
catalyst composition and process conditions. Despite the vast effort in
catalyst research, no catalyst has been developed that yields a narrow
product distribution of only gasoline or diesel fuel. Because of this,

pProduct selectivity has been more successfully controlled by manipulating
process condidons.

Since the Fischer-Tropsch reaction is exothermic, control of the
reaction heat plays a major role in determining product selectivity.
Suspending the catalyst in a liquid medium offers the best meens of heat
transfer and temperature control. Thus shirry phase operation has been
shown to give improved Lquid product selectivity mainly by lowering the
light gas yield. The amount of data from slurry phase operation, however,
is limited to only a few studles and significant differences have been
reported in yields, catalyst life and ease of operation. One consistent
observation is the lower gas yields and improved gasoline and diesel
product selectivity. The improved temperature control has allowed this
technology to be useful in converting carbon monoxide-rich synthesis gas
from the latest coal gasifiers.

Shurry phase operation also appears to be more amensable to scale-up.
Muchrsenrchrenninstobedonetofu]lydetemﬁxethepotenﬁalof
shurry phase Fischer-Tropsch processing and its further development is an
Important paert in our country's program to establish viable technology for
converting coal to conventional hydrocarbon fuels.




Under prior contract number DE-AC22-80PC30021 with the Department of
Energy, Air Products and Chemicals, Inc. developed several new
slurry-phese Fischer-Tropsch catalyst systems that provided enhanced
selectivity to liquid fuel products. One group of these catalysts
included Co or Ru carbonyls on a specially promoted/modified support. To
further develop and improve these catalyst systems, Air Products, by the
current contract to DOE, has begun a program to reproduce, evaluate and
characterize these catalysts in detail. Examination of the catalyst
Iineties in the slurry phase, along with fuel product characterization
will be used to improve process design. Knowledge gained from these
studies will provide a basis for the development of novel improved
catalysts and process concepts for the selective production of liquid
transportation fuels from synthesis gas. Work accomplished in the fifth
quarter is described in this report.




2.0 OBJECTIVE

- The major goal of this project is to thoroughly investigate the
preparation, characterization and performance of metal carbonyl
cluster-based catalysts for use in slurry phase Fischer-Tropsch
technology. As this understanding of catalyst behavior increases,
improved catalysts will be designed and process concepts developed toward
increasing catalyst activity, lifetime and selective production of liquid

fuel product. The objectives will be addressed by the following four
tasks:

Task 1 == Develop a project work plan which presents the detailed
activities to be performed in achieving the objectives of this project.
This task has been completed in the first quarter.

Task 2 -- Develop improved supported cobalt and ruthenium carbonyl
cluster-based catalysts by utilizing the promising leads discovered during
prior work at Air Products under DOE contract number DE-AC22-B0PC30021,
which has shown that metal carbonyls supported on modified aluminas
exhibit high activity, stability, and good selectivity to liquid fuels in
the slurry phase Fischer-Tropsch process. New catalyst compositions
designed to give enhanced selectivity to liquid fuels will also be
developed.

In this task, catalysts will be evaluated and tested for their
potential to convert synthesis gas into liquid hydrocarbon fuels.
Catalysts will be studied by a combination of tests in stirred and
fixed-bed reactors and will be evaluated on the basis of activity,
selectivity, stability and aging. In addition, catalysts will be
characterized by surface and bulk analyses.

Improvements in these catalysts will focus predominantly upon:
¢ Increasing catalyst activity

e Improving product selectivity for liquid fuels and
reducing the yield of methane

® Developing catalyst systems active at high CO:Hy ratios

® Incorporating water-gas shift activity, either directly
in the catalyst or utilizing a mixture of catalysts in the
sharry




Task 3 == The baseline catalyst compositions derived from
both cobalt and ruthenium carbonyl clusters will be used to
establish baseline slurry Fischer-Tropsch rate constants and
activation energies. Then the more active and selective sturry
catalyst compositions, identified under Task 2, will also be
used in deviving slurry FT kinetic parameters. An existing
backmixed CSTR model will be used in fitting the kinetic
parsmeters. The kinetic parameters obtained will then be input
to a three-phase bubble column computer model in order to
predict conversions and space time yields in ecommercial seale
bubble column units under a range of operating condidons.

An attempt will be made to determine kinetic expressions
that describe the rate of formation of individusl products or
oroduct fractions. This will be used {o predict space time
vields of individual product components or fuel fractions in a
commercial scale bubble column.

Finally, mechanistic concepts will be examined, such as
olefin reincorporation into growing chains, by adding small
amounts of olefins to the feed and determining the effect on
product selectivities.

Task 4 -~ In this task, hydrocarbon product fractions,
accumulated from some of the longer slurry tests of the improved
catalysts, will be collected under constant process conditions
and subjected to a series of tests to evaluate their properties
as specification fuel.




3.0
3.1

RESULTS AND DISCUSSION

Task 1 -- Project Work Plan

This task was completed and reported on in the first quarter report.

3.2 Task 2 -- Developient of Improved Supported Catalyst Compositions

(a) Catalyst Preparation

Co(NO3)9/Zr(OPr),/Si0g (Catalyst #8466-28)

This catalyst was prepared from a more conventional cobalt
source to establish a comparative basis for the
silica-supported, cobalt carbonyl based catalysts. This
catalyst composition was also similar to that described in a
patent by Shell Oil Company (1), except that our catalyst had a
lower cobalt loading. This composition will thus provide for a
comparison between low-oxidation state cobeit carbonyl and
conventional cobalt salts as active metal precursors. Cobalt
and zirconium loadings were kept at a level similar to our
basecase cobalt carbonyl/Zr/SiO; catalyst (#8466-18) to
facilitate performance comparisons.

Ruz(C0O)19/Zr(OPr)4/Si0s (Catalyst #8466-37)

Our previous gas phase test of the alumina-supported,
Zr-promoted, Ruz(CO);s catalyst showed some of the highest
specific activities for any of the alumina-supported catalysts
(see gas phase run #7977-32-478 in Oct-Dec 1984 Quarterly
Report). It did perform poorly, however, in the slurry
reactor. Since the silica support improved the cobalt catalyst
performance, it was worthwhile to try it as a support for the
ruthenium catalyst. It was prepared with a slightly higher Ru
loading than the alumina supported catalyst. The Ru-to-Zr atom
ratio was kept the same as the Co-to-Zr atom ratio in the
basecase composition.

Co9(CO)g/TiQy (Cetalyst #8466-38)

A titanium-promoted Co on alumina catalyst was previously
studied in both the fixed-bed and slurry reactors and showed a
trend toward producing larger quantities of C; and C4
olefins. This unusual selectivity might be enhanced further by
using TiO9 as the support, as well as the promoter. Thus,
this catalyst was also prepared as part of our effort in
examining alternate supports.




(iv)

Fea(CO)19/Zr(0OPr)4/5i09 (Catalyst #8466-40)

One of our objectives has been to incorporate water-gas
shift (WGS) activity into the cobalt-based catalysts. This has
been attempted by adding Fe to the composition but with only
limited success at relatively low Fe loadings. It appeared
that an Fe-only catalyst with & standard metal loading should
be prepared from the metzl carbonyl to establish its inherent
WGS activity. This was prepared this guarter using a silica
support and the standard zirconium promoter.

(b) Gas Phase Screening

&)

All of the catalysts screened in the fixed-bed resctor this
quarter were activated using a pure Hq procedure as described
in Section 4.1 (b). Specific run conditions did vary somewhat
and are documented accordingly. Gas phase performance data is
summarized in Table 1.

Coo(CO)g/ Ti(OPr) ,/Si0s - Run #8413-51-27, Catalyst #8466-27

The effect of Hitanium as a promoter for the
silica-supported cobalt carbonyl catalyst was investigated by
this gas phase test of 4.4% Co/4.0% Ti on silica. The -
performance is compared in Table 2 with the zirconium=-promoted
catalyst that was examined last guarter. The activity of the
titanium-promoted catalyst was significantly lower than the
Zirconium-promoted catalyst. At 220°C, the specific activity
was only 0.072 moles CO/mole Co/min, which was 77% lower than
with zirconium. The difference became less with increasing
reaction temperature, but still, at 260°C the specifie
activity of the titanium-promoted catalyst was still 27%
lower. Bulk activity was alsa low with the titanium promoter
compared to the zirconium promoter. At 220°C the bullk
activity was 13 moles syngas/kg cat/hr, a 58% decline from the
zirconjum-promoted catalyst, while at 260°C it was 20% less
active than with zirconium.

A similar comparison of zirconium and titanium promoted
cobalt catalysts supported on alumina did not show such a large
difference in activity, although the titanium-promoted catalyst
showed the lower activity in that comparison also. It should
be noted that the titanium-promoted cobalt catalysts using
either silica or alumina supports had similar activities when
tested at similar conditions. Perhaps titanium interacts with
cobalt more strongly than does zirconiwn and inhibits the
cobalt activity. XPS and chemisorption studies may help to
explain this difference.




There was also a substantial shift in hydrocarbon
selectivity to lighter products with the titanium promoter,
which was meost prevalent at the lower temperatures. A
significant amount of C3, C4 and C&’ olefins was produced,

accounting for 39% selectivity at 220°C and 29% at 240°C.
The best liquid fuel (C5-93) selectivity was 71%, obtained at
260°C with the mejor portion being the lighter,
gasoline-range fuel. A high olefin selectivity was also
observed for the alumina-supported Co/Ti catalyst but it was
only half of what the silica catalyst produced.

Co9(CO)g/Zr(OPT) 4 /IMgO-3.65i09 -Run #8413-45-25, Catalyst #8466-25

An slternate support consisting of a commercially available
magnesium silicate (Florisil, MgO-3.6Si09) was examined for
the Cog(CO)g/Zr(OPr)4-prepared catalyst system. The
objective was to combine the properties of MgO and SiO9 as
discussed in the previous quarterly report.

The results for this 3.7% Co/7.2% Zr/MgO*SiOg catalyst
in Table 1 show that the bulk and specific activities were
similar to the basecase Co/Zr/AlyOj catalyst. At 240°C

the bulk activity was 24 moles syngas/kg cat/hr and specific
activity was 0.23 moles CO/moles Co/min.

Hydrocarbon selectivity, however, was quite different from
the basecase Co/Zr/AlgO5 catalyst but similar to the
titanium-promoted Co/silica catalyst. Selectivity was shifted
to light products with C;o+ selectivity never greater than
15%. ‘I‘he'bu.lkofthehydrocnrbonproductwasintheczto
Cjj range. The selectivity to C3 - Cg olefins was high
fozo this catalyst also and was 38‘% at 220°C and 28% at
240°C.

(iii) Co(NO3)9/Zr(OPr),/SiOy - Run #8413-58-28, Catalyst #8466-28

As previously done with the alumina-supported, cobalt
catalyst, a more conventional cobalt source was examined with
the silica-supported catalyst. Cobalt nitrate was used and the
resulting catalyst contained 4.6% Co and 7.5% zirconium.




(iv)

Table 3 compares the gas phase results of this
nitrate-derived catalyst with those of the carbonyl-based
catalyst. As with the alumina-supported cobalt catalysts, this
nitrate-derived, silica-supported catalyst was less active and
produced a greater amount of high molecular weight hydrocarbons
than the carbonyl catalyst. At 240°C, the nitrate catalyst
had a bulk activity of 31 moles syngas/kg catalyst/hr compared
to 55 moles syngas/kg cat/hr for the carbonyl catalyst. When
the temperature was increased to 260°C, differences in
activity were not as great. The bulk activity for the nitrate
catalyst was 62 moles syngas/kg cat/hr at 260°C, with a
specific activity of 0.43 moles CO/mole Co/min. This compares
to 74 moles synges/kg cat/hr and 0.62 moles CO/mole Co/min,
respectively, for the carbonyl catelyst. It is worth noting
that the silica-supported, nitrate~derived catalyst showed
higher activity and similar selectivity when compared to the
carbonyl-derived catalyst on alumina.

Liquid fuels (C5.93) selectivity was reasonably good with
the gasoline range predominating at 220°C and heavy diesel
product at 240°C and 260°C. For all three temperatures the
Cs-93 fraction was between 57 and 61%.

Initially at 240°C the wax selectivity (Cgq+) was low
at <1% but during the run at 260°C the wax selectivity .
increased substantially. Following the 260°C mass balance, a
sample was obtained at 240°C and showed 23% wax selectivity.
This compares ta 3% for the carbonyl catalyst. It is likely
that a certain amount of time was meeded for the heavy product
to build up and drain from the reactor.

Rug(CO)y9/Zr(OPr)4/Si09 - Run #8413-73-37, Catalyst #8466-37

Because ruthenium exhibited high activity with the ajumina
support, a 4.0% Ru/3.3% Zr on siliea catalyst was examined and
it gave the highest bulk and specific activities of any
catalyst to date. At 240°C, this Ru/Zr/sflica catalyst gave
49% syngas conversion with bulk activity of 71 moles syngas/kg
cat/hr and specific activity of 0.83 moles CO/mole Ru/min. At
260°C, syngas conversion increased to 56% with bulk activity
and specific activity increasing to 81 moles syngas/kg cat/hr
and 1.05 moles CO/mole Ru/min, respectively.




(v)

When compared at the same temperature of 260°C, this 4.0%
Ru/Zr/silica catalyst had triple the bulk activity and double
the specific activity of the 2.91% Ru/Zr/alumina catalyst. An
increase in catalyst surface area is at least partally
responsible for the enbanced activity but catalysts prepared
from different supports will have to be compared at similar
surface areas to rule out this factor.

The water-gas shift activity of this Ru/Zr/silica catalyst
was low as indicated by comparing the feed ratio, which was 1,
to the observed usage ratios of 0.45, 0.39 and 0.46 at 220°,
240° and 260°C, respectively. This was similar to the
shift activity observed on the alumina-supported Ru catalyst.

In general, the hydrocarbon selectivity of this
Ru/Zr/silica catalyst was shifted toward higher molecular
weight products. At 240°C, the C18+ fraction was 54% of
the hydrocarbon product and at 260°C it decreased to 39%.
This enhanced selectivity to wax is not unusual since Ru

" catalysts are used for the polymethylene synthesis (2). In

this process, CO is hydrogenated over Ru metal at low
temperature (100°-140°C) and high pressure (1000 atm) to

give 50-55 wt% solid wax having an average molecular weight of
15,000-20,000. Methane selectivity was low, especially for the
gas phase reactor, and never was greater than 5.3%. The Cg_4
cut was also small and at most accounted for 6.4% of the
hydrocarbons. Total liquid fuel (C5.93) selectivity was
between 59 and 64% with the major portion being in the diesel
range.

Cog(COC)g/TiO9 - Run #8413-82-38, Catalyst #8466-38

Research by Bartholomew's group on supported Co catalysts
for CO hydrogenation has shown that TiO4 as a support yields
catalysts having superior activity (3). As one of our
Objectives to examine alternate supports, we prepared a 3.5% Co
on titania catalyst using Co9(CO)g. This catalyst would
alsotesttheeffectofveryhigh? i of titenium as a
promoter and in effect, examine the use of titanium as both a
promoter/support combination.




{e)

Shurry

This catalyst had moderate activity similar to that of the
Ti-promoted Co/silica catalyst and was 35 to 50% more active
than the Ti-promoted Co/alumina catalyst. At 240°C, this
Co/titania catalyst gave 30% syngas conversion with 32 moles of
syngas converted/kg cat/hr and 0.31 moles of CO converted/mole
Co/min. At 260°C, there was a modest increase in syngas
conversion to 39%, while bulk activity incressed to 45 moles
syngas’kg cat/hr. Specific activity increased 23% to 0.38
moles COfmole Co/min. Overzll, the activity was substantially
lower than that of the Co/Zr/silica catalyst, which had given
the best performance to date in the currsnt contract, until the
Ru/Zr/silica catalyst just tested.

The enhanced light olefin selectivity observed with the
Ti~promoted, silica and alumina-supported Co catalysts was not
obtained with this Co/TiOg catalyst. This resulted in an
increase in the Cg_p3 liquid fuel selectivity to the 60-87%
range at 240°C and 260°C. Also, the distribution of liquid
fuel products was more evenly spread-out between the gasoline,
diesel and heavy diesel range. Wax (Cgg+) selectivity was
substantial at >19% for all temperatures. This may be the
result of low cobalt dispersion on the low surface ares titanis
(50 m?/g).

Reanctor Tests

During this quarter, slurry screening tests were performed
on three catalysts and an extended test was initiated on a
fourth catalyst, all in the l-liter reactors. In the screening
tests, the operating parameters were varied to determine the
conditions necessary for optimum catalyst performance. Since
pure Hg activation was previously shown to improve catalyst
performance {see April-June 1985 Report), it was used for all
subsequent catalyst tests, including this quarter's tests and
will be used for all future tests. The following four
catalysts were tested:

e A Zr-promoted, cobalt carbonyl catalyst supported on silica
and containing some Fe in another attempt to incorporate
water-gas shift activity. The use of silica, which is less
reasctive toward metal carbonyls, may allow the activity of
Fe to be observed.

e A Zr-promoted, cobalt carbonyl catalyst supported on a
magnesium silicate to examine an alternate support that
combines the properties of magnesium oxide and silica.
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e A silica-supported, cobalt carbonyl catalyst promoted with
Ti to examine the use of an alternate promoter with the
more active silica-supported system.

e The Co/Zr/silica catalyst was selected for study in an
extended slurry test since it's performance was the best to
date of any catalyst examined during this contract. The
objectives of the test were twofold: (1) to examine
performance stability and (2) to study the reaction
kinetics in more detail.

In gas phase testing, all four catalysts were as active or
more active than the basecase Co/Zr/AlgOg3 catalyst.
Selected results from the slurry tests are listed in Table 5,
along with representative results of all previous slurry tests
from this contract for comparison.

C%Eg CO)g/Fe3(C0O)72/Zr( OP!')%/SiOg -- Test
70-12-23, Catalyst #8466-22

The inclusion of Fe into the basecase Co/Zr/Al903
catalyst did not improve the water-gas shift activity as was
hoped. Since the use of a silica support resulted in enhanced
catalyst performance, perbaps the water-gas shift activity of
Fe would also be enhanced. Thus this catalyst was prepared,
containing 3.7% Co and 0.72% Fe on silica with the standerd Zr
(7.3%) promoter. The catalyst activation procedure is
described in Section 4.1. The activity, conversion and
selectivity data of this screening test are summarized in Table
6. The data for each mass balance sample are listed in Tables

7-34 and hydrocarbon distributions are illustrated in Figures
1-14.

The catalyst was brought on-stream at 240°C and the first
3 mass balances were done at this temperature. Initially the
Co/Hy feed ratio was high in CO at 1.6 and the space velocity
(SV) was at 2.0 l/g cat.hr. For the first 3 samples, the
CO/Hy ratio and space velocity were varied as follows:

Sample CO/Hy sV
6 1.8 2.0 l/g cat.hr
14 1.7 1.0
17 1.0 1.0
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Compared to the previously tested Co/Fe catalysts on
alumina, this catalyst showed roughly twice the bulk activity
and 50-100% greater specific activity at 240°C. Sample 6
showed good bulk activity at 34 mols syngas/kg cat/hr, which
decreased by half as the space velocity was lowered by 50%.
Total fuels selectivity (Cg.g3) was quite good for Sample 6
at 73%, due to low methane selectivity (<5%) but with a fairly
high wax make (13%). Surprisingly upon lowering the space
velocity from 2.0 to 1.0, the light gas make increased to 14%
Cq and 24% Co.4 (Sample 14). Then, while keeping the space
velocity at 1.%, the Ho concentration was increased (Sample
17) and the hydrocarbon selectivity returned to heavier
products. Both of these selectivity trends are opposite what
would be expected. Compared to the previous Co/Fe/AlyQ3
catalysts at 240°C the selectivity was similar or slightly
better for the current catalyst.

The temperature was then increased to 260°C for the next
series of samples which are outlined as follows:

- Sample CO/Hq sV

20 1.0 Lig cat/hr
23 1.5
26 2.0
39 1.5
35 1.0
38 1.1

Increasing the temperature from 240°C to 260°C resulted
in a slight improvement in total fuels selectivity to 67% by
lowering the light gas and wax selectivity. The activity
increased only very slightly, however, as the temperature was
raised. Perhaps catalyst deactivation was beginning to
accelerate. CO-rich feeds were examined in the next two
samples and, as expected, the C;_, selectivity decreased to
give the best Cg.g3 selectivity of this test at 74-76%

(Samples 23 and 26). The highest straight-run diesel
(C19-1g8) selectivity was also obtained at these conditions at
30%. = Surprisingly the wax selectivity did not increase. Bulk

gctiv:ity, however, was at its lowest level with these CO-rich
eeds.




From this point the effect of increasing the Hy
concentration was examined in the next two mass balance periods
(Samples 32 and 35, Tables 19-22, Figures 7 and 8). The result
was a doubling of bulk activity from 14 to 30 moles syngas/kg
cat/hr upon decreasing the CO/Hy ratio from 2.0 to 1.0.
Specific activity also increased by 70%. The hydrocarbon
selectivity shifted as expected to lighter products with
methane at 13% and wax (Co.+) at <5%. The straight run
gasoline fraction became preaominnnt at 40%. The final mass
balance point in this set at 260°C (Sample 38, Tables 23 and
24, Figure 8) had only a slightly higher CO concentration than
the previous sample (CO/Hyp=1.1 vs. 1.0) but a doubling in
pressure. Activity continued to rebound from the CO-rich
conditions and the catalyst performed nicely at higher
pressure. Total fuels selectivity was slightly improved from
the previous sample as the selectivity shifted back slightly
toward heavier product. This shift was greater than expected

for such a slight increase in CO concentration and was probably
more influenced by the pressure increase.

The temperature was further increased to 280°C for the
following three samples:

Sample CO/Hy sV
41 1.1 2.0 L/g cat/hr
44 1.5 2.0
47 2.0 2.0

The highest bulk and specific activities for this catalyst
were achieved with this temperature increase but the poorest
total fuels selectivity (50%) resulted as well, with methane
selectivity at 23% (Sample 41, Tables 25-26, Figure 10). The
CO/Hy ratio was increased to 1.5 and then 2.0 for the next
two samples. The previous observation that the catalyst
prefers CO-lean feeds was reconfirmed by these two mass balance
points. Bulk and specific activities declined and Cs.93
selectivity increased with the increase in CO concentration
(Samples 44 and 47, Tables 27-30, Figures 11-12). This third
sample at 280°C showed a bulk activity of 24 mols syngas/kg
cat/hr compared to 21 mols syngas/kg cat/hr for the
Co/Fe/AlgO3 catalyst at the same conditions. Total fuels
selectivity was also similar for both catalysts. Apparently
the silica-supported catalyst had deactivated.
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The degree of deactivation was determined by the next sample
point in which conditions from earlier in the test (see Sample 35)
were repeated as follows:

Sample Temp. CO/Hg sV Same as Sample
50  260°C 1.0 2.0 l/g cat/hr 25

Bulk activity declined 14% from the middle part of the test,
while specific activity dropped 9%.: Total fuels selectvity
glso declined from 62 to 54% (Sample 50, Tables 31-32, Figure
13). The exposure to 280°C was a likely reason for the
accelerated deactivation and seleetivity change.

Finally, with no change in CO/H?braﬁo and space velocity,
the temperature was lowered to 240°C. Activity was quite low
at 18 mols syngas/kg cat/hr with no change in selectivity from
the previous 260°C sample. It was now showing similar
activity to the Co/Fe/AlgOg catalyst with even poorer
C5-93 selectivity, indicating that the Zr promoter was baving
little effect on catalyst performance once deactivation had
become too extreme. The main objectve of incorporating
water-gas shift -activity into the cobalt catalyst was not
achieved as indicated by the low usage ratios compared to their
corresponding feed ratios. The usage ratios were in the same
range as those for the Co/Fe/AlyO3 catalyst. The water-gas
shift activity of the Fe was still iniibit » perbaps by not
including enough Fe in the composition. To address this an
Fe-only catalyst on silica will be examined in the future.

C05(CO)g/Zr(OPr)4/Mg0-3.6S5i05 -~ Test #8670-60-25, Catalyst #8466-25

Examination of altermate supporis was continued with this
screening test of a magnesium silicate-supported catalyst. As
discussed in the previous quarterly (July-September 1985), it
was hoped that magnesium silicate would combine the favorable
properties of MgO and Si09. The catalyst contained 3.7% Co
and 7.2% Zr which were similar loadings to the basecase alumina
and silica catalysts. The ectivation procedure is described in
Section 4.1 and the activity, conversion and seleetivity data
of this screening test are summarized in Table 35. The data
for each mass balance sample are listed in Tables 36-61 and
hydrocarhon distributions are illustrated in Figures 15-27.
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The first series of conditions were at 240° and a space
velocity of 2.0 1/g cat.hr. The CO/Hgp ratic was varied from
1.0 to 2.0 as shown:

Sample CO/Hy sV
3 1.0 2.0 1/g cat.hr
6 1.9 2.0
] 2.0 2.0

The initial sample showed relatively low activity at 22
mols syngas/kg cat.hr which became worse as the CO/Hs ratio
was increased (Samples 3-3, Tables 36-41, Figures 15-17). The
hydrocarbon selectivity changed unexpectedly toward lighter
Products as the CO concentration was increased in this series
of samples. The straight run gasoline fraction (Cs-11)
incressed from 29 to 41%. At the same conditions as Sample 3,
the Co/Zr/silica catalyst had 67% greater bulk activity and a
total fuels selectivity of 70%.

While maintaining the temperature at 240° and decreasing
the space velocity to 1.0 1/g cat.hr, the CO/Hy ratio was
varied as follows:

Sample CO/B sV
12 2.0 1.0 Ug cat.hr
15 1.0 1.0
18 1.5 1.0

Bulk activity continued to be poor for these 3 mass balance
periods and the total fuels selectivity declined to 60% or less
(Samples 12-18, Tables 42-47, Figures 18-20). The slight
decline in fuels selectivity could be attributed to an increese

inwuselecﬁvityatthelowerspaceveloc‘rtyandﬂmslonger
residence time.

AnincrmseintempemturetozsooCandspmvelodty
followed for the next three mass balance periods as shown:

Semple CO/Hy sv
24 1.5 2.0 Ug cat.hr
2 2.0 2.0
30 2.0 2.0
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An improvement in bulk activity was observed which amounted
to a 32% increase above the activity at 240°C (Sample 24,
Tables 48-49, Figure 21). Methane selectivity jumped to 19%,
however, while C5.93 selectivity declined to 51% from 62% at
240°C. Increasmg‘ &e CO/Hg ratio to 2.0 resulted in a
bulk activity near 15 mals syngaslkg cat/hr for Samples 27 and
30 (Tables 50-53, Figures 22-23). Some deactivation had
occurred since the activity at 240°C earlier in the run was
also 15 mols syngas/kg cat/hr (see Sample 9). The hydroecarbon
selectivity continued to be shifted toward methane and lLght
geses. Three more samples at 260°C were obtained at a lower
space velocity as follows:

Sample CO/Hy sV
35 2.0 1.0 L/g cat/hr
38 1.5 1.0
40 1.0 1.0

The trend observed with other cobalt catalysts was also
evident in this series of samples in that as the Hy
concentration increased so did the catalyst performance, both
in terms of activity and fnels selectivity. Bulk activity
increased from 13 to 17 mols syagas/kg cat/hr and specific
actvity from 0.0989 to 0.14 mols CO/mol Co/min on proceeding
from Sample 35 through 40 (Tables 54-59, Figures 24-26). Total
fuels selectivity did not follow a simple trend but was best
for Sample 40, where the CO/H; ratio was lowest. Again,
comparing the 260°C data of Sampl&c 35-40 with the 240°C
date of Semples 12-18, there was only a slight improvement in
activity and a decline in fuels selectivity.

The final mass balance period was at the same conditions as
the initial sample from this test: 240°C, CO/Hy=1.0 and
space velocity=2.0 L/g cat/hr. Both bulk and specific activity
had declined by 50% from the initial results. Totel fuels
selectivity had improved slightly from 62 to 65% with the major
inerease oecurring in the Cs_j; range.

Overall this catalyst was significantly less active than

both the silica and alumina-supported Co/Zr catalysts and
yielded poorer fuels selectivity.
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(iii) Co9(CO)g/TiI(OPP),/Si0s -~ Test ¥ 8670-57-27, Catalyst £8466-27

The use of Ti as a promoter was examined previously for the
alumina-supported, cobalt catalyst, which showed improved
lquid fuels selectivity but lower activity compared to the
Zr-promoted basecase catalyst. The objective of this screening
test was to improve the Ti-promoted catalyst activity while
maintaining the selectivity enhancement by using a silica
support instead of alumina. The atom ratio of Co to Ti was
kept the same as the Co to Zr ratio in the basecase. The Co
loading was also kept similar to the basecase and thus a 4.4%
Co/4.0% Ti on silica catalyst was prepared. The gas phese test
showed reasonable activity, not as good as the Zr-promoted
catalyst but good enough to warrant this slurry screening test.

The catalyst was activated in the usual manner with pure
Hg as described in Section 4.1. The summary data from the
test are presented in Table 62 and individual mass balance
sample data and hydrocarbon distributions are found in
Tables 63-94 and Figures 28-43, respectively.

The catalyst was initially studied at 240°C with the
usual approach of varying the CO/Hy feed ratio and the space
velocity as outlined:

Sample CO/Hg SV
3 1.0 2.0 L/g cat/hr
6 1.9 2.0
9 1.5 2.0
12 2.0 1.0
15 1.0 1.0
18 1.5 1.1

In general, the activity of this catalyst was not good at
240°C. Bulk activity remained below 18 mols syngas/kg cat/hr
and specific activity below 0.09 mols CO/mol Co/min for all
samples at 240°C. The best activity was obtained with a low
CO/Hy ratio and high space velocity (Sample 3, Tables 63-64,
Figure 28) but this was only 50% of the activity obtained with
the Zr-promoted catalyst at the same conditions. As with the
other cobalt catalysts, increasing the CO/Hg ratio wes
detrimental to actvity, however total fuels fvi
improved (Samples 6 and 8, Tables 65~68, Figures 29-30).
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Decreasing the space velocity to 1.0 L/g cat/hr caused a
further drop in activity to the lowest levels observed for this
catalyst during the entire test (Samples 12-18, Tables 69-74,
Figures 31-33). There was a slight improvement in total fuels
selectivity to the 63-67% range which was quite similar to the
Zr-promoted catalyst. The Ti-promoted catalyst tended to make
less heavy product and conseguently more methane and light
gases. Compared to the Co/Ti/AlgOg catelyst at 240°C,
this catalyst showed the same range of activities and total
fuels selectivity.

The next seven mass balances were performed at 260°C with
the following variations in CO/Hj ratio and space velocity:

Sample Co/i, sV
24 1.0 2.0 L/g cat/br
27 1.5 2.0
30 2.0 2.0
33 2.0 1.0
38 1.5 1.0
40 1.0 1.0
42 1.0 3.0

Of all 260°C samples, bulk activity increased to its
highest level {39 mols syngas/kg cat/hr) with Sample 24, where
again the space velocity was high and CO/Hp ratio low. This
was greater than any activity achieved with the Co/Ti/Aly03
catelyst but still 34% lower than the Zr-promoted, silica
catalyst. As the CO/Hp ratic was increassed to 2.0, the bulk
activity declined to 20 mols syngas/kg cat/hr (Samples 27 end
30, Tables 77-80, Figures 35-36), while the Cs_gg selectivity
increased from 62 to 68%.

Upon decreasing the space velocity to 1.0 L/g cat/hr, the
bulk activity did not vary much with CO/Hy ratio, falling in
the 14-17 mols syngas/kg cat/hr range (Samples 33-40, Tables
81-86, Figures 37-39). This is only 10% below the activity of
the Zr-promoted catalyst at the same conditions as Sample 40.
Total fuels selectivity bad improved to its best level,
breeking 70% for Sample 33, putting it in the same range as the
Zr-promoted catalyst.
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A final mass balance at 260°C was performed at a high
space velocity of 3.0 L/g cat/hr (Sample 42, Tables 87-88,
Figure 40). The bulk activity was less than the initial
260°C sample, which was at a lower space velocity, indicating
that catalyst deactivation had occurred. During the entire
time at 260°C the methane selectivity varied over a narrow
range of 11 to 15%.

Two mass balance periods were then examined at 280°C as
follows:

Sample CO/Hy sV
44 1.0 2.0 L/g cat/hr
47 1.0 3.0

For Sample 44 (Tables 89-90, Figure 41) the bulk activity
bad increased to 37 mols synges/kg cat/hr compared to 53 mols
syngas/kg cat/hr for the Zr-promoted catalyst at analogous
conditions. Selectivities were similar for the two catalysts,
with CH4 >20% and total fuels <60%. Increasing the space
velocity for Sample 47 (Tables 91-92, Figure 42) boosted the
activity slightly without eny significant changes in
selectivity. The Ti-promoted, alumina catalyst had deactivated
to a much greater extent by this point since the bulk activity
was never greater then 17 mols syngas/kg cat/hr at 280°C,
albeit the CO/Hg ratio was 21.5 during that period.

A final sample was obtained at the initial run conditions
of 240°C, CO/Hy=1.0 and space velocity=2.0 L/g cat/hr
(Sample 50, T: 93-94, Figure 43). A 3T% decline in bulk
activity occurred, however, specific activity had actually
increased by 6% compared to the initial results (see Sample 3).
This was unusual and resulted ir an improved usage ratio. The
total fuels selectivity also improved slightly due to a large
drop in Co_4 selectivity, although CH4 selectivity was
fairly high at 18%.

Throughout this screening test the syngas conversion ranged
from 11 to 41% compared to 21-62% for the Zr-promoted catalyst,
again indicating the lower activity obtained by using Ti. As
discussed for the gas phsse results, which showed the same
behavior, the Ti meay interact more strongly with the Co,
inhibiting its activity.

The enhanced selectivity to C3.5 olefins observed during
the gas phase test of the Ti-promoted silice catalyst was not
as pronounced in this slurry test. The Cz.5 olefin
selectivity was still double that of the Zr-promoted catalyst,
at lea:t during the initial period at 240°.
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(iv)

Co9(CO)g/Zr(OPr) 4 /Si09 ~- Extended Test #8862-1-31,
Catalyst #8466-31

The silica-supported, Co/Zr catalyst was chosen for an
extended slurry test because it had given the best performance
of any catalyst studied to date in this contract, and, for that
matter, In the previous contract. There were several other
objectives for this test besides determining catalyst life.

These included collecting Liquid products for fuel property
characterization, collecting wex for DOE-funded wax-upgrading
studies at UOP/Signal Co., and to obtain the necessary data for
kinetic studies.

The test was begun in December and achieved over 350 hours
on-stream by the end of the quarter. The following conditions
were chosen for the initial 1000 hour test peried: 240°C,
CO/Ho=0.5, space velocity=1.8 L/g cat/hr and 300 psig. The
low CO/Hg ratio was chosen due to the poor water-gas shift
activity of these cobalt catalysts. Because of a slightly
higher catalyst charge and the maximum fiow rate limitation of
the mass flow controller, a space velocity of 2.0 L/g cat/hr
could not be used with a CO/Hg ratio of 0.5.

A summary of the performance data obtained during this
quarter is found in Table 95. Tables 96-105 list the mass
balance process conditions and hydroecarbon product
distributions for each sample point, while the hydrocarbon
weight distributions are shown graphically in Figures 44-48.

During the first 200 hours on-stream the performance was
good. Bulk activity and syngas conversion was steady at 53
mols syngas/kg cat/hr and 86%, respectively. Methane
selectivity was fairly high at 21 wt%, while total liguid fuels
selectivity was only 52 wt%. On day 12 (262 hours on-stream,
Sample 14) unexpected low activity was observed but by day 16
(359 hours) the activity had begun to return to its original
level. No changes were made and the test was.continued at the
initial conditions. '




(d)

Catalyst Characterization

Hydrogen chemisorption experiments and B.E.T. surface area
analysis were carried out on the 3.5% Co (ex ca.rbonyl)/ZrlSiO2
catalyst (#8466-18) that had been prepared and tested in the
previous quarter (see July-September 1985 Quarterlg Report).
This catalyst had a 50% greater surface area (316 m%/g) than
the basecase Co/Zr/Al,O; catalysts (209 mZ/g). The
increased surface area may be partially responsible for the
increase in activity observed with the silica-supported
cata.ly%t The silica prior to loading had a surface area of
339 m“/g. Thus a 7% loss of surface aree occurred through
catalyst preparation. In the future a Co/Zr catalyst will be
prepared on this same silica after lowering its surface area to
that of the alumina. This will allow a more direct comparison
of the two supports in the absence of any surface area effect.

Hydrogen chemisorption on this silica catalyst was an
activated process, with the largest Hy uptake occurring at
100°C just as with the alumina catalysts. The data are
presented in Table 4, along with previous data from the alumina
catalysts and some literature data. The 3.5% Co/silica
catalyst had an active metal surface area nearly equal to that
of the 10.8% Co/alumina and an order of magnitude larger than
that of the 4% Co/alumina catalyst. Apparently, because of the
reactivity of alumina with cobalt carbonyl, at low cobalt
loadings nearly all of the cobalt had reacted with the alumina
leaving only smell amounts of active cobalt for Hy
chemisorption. As the loading was increased the reactive
alumina sites were used up thus allowing more cobalt to remain
active. Silica, however, does not show this reactivity toward

metal carbonyls and thus more cobalt remains active for
chemisorption.

In comparing our data with what Bartholomew (3) reported
for 3% Co on silica and alumina, we observed quite similar H
uptake values and percent dispersions. A 22% cobalt/0.5%
ruthenium catalyst reported in the patent literature by Gulf
showed high Hy uptake. This catalyst was prepared from
Co(NOg3)9 and the dispersion amounted to 8%.
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3.3 Task 3 -- Shurry Reactor Kinete Studies

The first set of slurry operation data to be analyzed by the Kinetic Analysis
Program (KAP) was from the basecase Co/Zr/Aly0O3 composition, which had been
activated using pure Hg (Test #8523-1-4, see April-June 1985 Quarterly
Report). Fitting the data to one of the five rate expressions outlined in the
previous querterly report was not straight-forward. The data at high He/CO
feed ratios and high space velocities (2.0 L/g cat/hr) was best described by
the familiar first order rate equation {eq. 1). .

n
“Reowm, Py, £

most cbmmonly found to fit Fischer-Tropsch data. In our case the exponent n
was equal to 1.1 and there was no dependence on CO. The data at low He/CO
feed ratios were better described by equation (2), where HoQO inhibition is
incorporated:
kPHE PCO
“Rco+H2=1’Eo+ H,O (2)

The rate constant k was 0.349 and the constant X, which relates to surface
reaction equilibria, was 0.425. The energy of activation, Ep, for this
catalyst was determined to be in the range of 33-44 kJ/mole.

Data from the Co/Zr/SiOg catalyst, which has shown the best performance to
date (Test #8670-11-18, July-September 1985 Quarteriy Report), was analyzed
to derive a kinetic expression. None of the kinetic expressions were fully
able to describe all the data. The expression that came closest was the

same one that best fit the high CO feed data of the Ca/Zr/AlyO3 catalyst
(equation 2).

Equation 2 can be arranged as:

Py /R CO+H, ) = (K'Ik)(PHZOIPCO) + (1/k) (3) so that a plot of
2

PHsz'F.Co+H2) vSs. PHZOIPCO should be linear if this rate

expression is applicable. The data are plotted in Figure 49 for the
240°C, 260°C and 280°C samples. The limited set of daia appear to fit
the linear expression fairly well. From the intercept, the rate constant k
is derived with the values ranging from 0.328 to 0.775 ce/g cat/sec. K is
then determined from the slope and ranges from 0.456 to 0.302.

The Arrhenius plot of In k vs. 1/T is shown in Figure 50. An activation
energy of 51 kJ/mole was obtained from this plot. This is slightly higher
than the range found for the alumina supported catalyst. The literature
contains relatively few kinetic studies of the Fischer-Tropsch reaction
using cobalt catalysts (4-7), compared to the numerous studies with iron
catalysts. From this available literature, the range of activation energies
for cobalt catalysts was 67-117 kJ/mole. None of these catalysts were
prepared from metal carbonyls nor studied in a slurry phase reactor. Our
activation energies for metal carbonyl derived catalysts are significantly
lower.
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4.0 EXPERIMENTAL

4.1 Task 2 -- Development of Improved Supported Catalyst Compositions

(a) Catalyst Preparation

Unless

otherwise noted, all catalyst preparations were carried out

under a No atmosphere using standard Schlenk techniques and a Vacuum
Atmospheres dry box.

1

Co(NQO3)9/Zr(0OPr) 4/SiOg (Catalyst #8466-28)

The silica (117.7g, Davison 952) was pretreated in the same
manner as reported in the previous quarterly report
(July-September 1985). A 350-cc sclution of Zr(0C3H7)4'XC3H70H
(64.7¢g, 11.45g Zr) in hexane was impregnated onto the silica.
After thorough mixing the hexane was evaporated off in vacuo.
At this point the material was exposed to the laboratory air by
spreading it into a large crystallizing dish and allowing it to
stand overnight. A 350-cc aqueous solution of Zo(NO3)g
(31.73g, 6.42g Co) was added to the silica in 5 portions, with
thorough mixing between portions. The material was dried in a
vacuum oven at ambient temperature overnight, then at 50°C
for 7 hours. The light pink solid was then placed in a muffle
furnace at 115°C for 2 hours and finally calcined at 300°C
in static air for 5 hours. The resulting black solid (144.0g)

had the following elemental analysis: 4.6% Co and 7.5% Zr
(Col/Zr=0.61).

() Ruz(CO)79/Zr(OPr),/SiO, (Catalyst #8466-37),

The silica (99.8g, Davison 952) was pretreated in the same
manner as the previous catalyst. The silica was impregnated
with a 300-cc hexane solution containing Zr(0C3H7)4-XC3H7CH
(25.2g, 4.46g Zr) and the hexane was removed in vacuo. The
Ru3(CO);9 (8.22g, 4.37g Ru) was added to the silica in four
steps, with each impregnation using a 225-cc THF solution.
Solvent was evaporated off in vacuo between each step. 124.2g
of yellow solid was obtained and had the following elemental
analysis: 4.0% Ru and 3.3% Zr (Ru/Zr=1.2).

(iii) Co9(CO)g/Ti09 (Catalyst #8466-38)

The TiOg (132.6g, Degussa P-25) was pretreated in the
same manner as the silica was in the previous catalysts. The
TiO9 was impregnated with a 800-cc hexane/toluene (1:2)
solution containing Co9(CO)g (17.4g, 6.0g Co) in one step.
After thorough mixing the solvent was removed in vacuo to yield
141.0g of tan catalyst. The elemental analysis showed 3.5% Co.




(iv) Feq(C0O)y9/Zr(OPr)4/Si0o (Catalyst #8466-40)

The standard pretreatment was used for the silica (92.8¢g,
Davison 952), which was then impregnated with a 300-cc hexane
solution containing 61.58g (10.9g Zr) of Zr(0C3Hy7)4°XC3H70H.
The soivent was removed in vacuo. The Feg(CO)q9 (18.5g,
6.0g Fe) was added to the silica in four steps with each step
using a 250-cc THF solution. The resuiting purple catalyst
(148.8g) had the following metal loadings: 2.4% Fe and 7.3% Zr
(Fe/Zr=0.33).

Gas Phase Screening

A detailed deseription of the gas phase screening reactor and
procedure can be found in the Project Work Plan. The catalyst charge
was 10 cc for each test. Generally, only reactor temperature and CO
to Hy feed ratio were varied while pressure and space velocity were
kept at 300 psig and 1000 h-1 (v/v), respectively, for all the runs.
Hydrogen activation was used for all the tests as follows: Hydrogen
at 1000 to 3000 hr~l and 0-70 Dsig was passed over the catalyst as
it was heated to 300°C at 3°/min and maintained there for 16
hours. The temperature was then reduced to the desired reaction
temperature, CO was introduced to give 1:1 CO/H, at 1000 hr™! and
finally the total pressure was increased to 300 psig.

Slurry Phase Tests

1) Co9(CO)g/Feq(CO)q9/Zr(OPr) 4/Si09 -~ Test #8670~-12-23

This catalyst was activeted in the 150-cc fixed-bed,
tubular reactor using pure Hg as follows: The reactor tube
was charged with catalyst in a dry box to give approximately a
110-cc bed volume and transferred to the reactor manifold
sealed under No. The reactor was heated at 0 psig to 300°C
at a rate of 1%/min with a Hy flowrate of 1000 sccm. The
temperature was maintained at 300°C for 8 hours. After
cooling, the reactor was flushed with Ny, sealed and
transferred to the dry box for catalyst removal. In the dry
box the reduced/activated catalyst was slurried in deoxygenated
Fisher pareffin oil and transferred to the slurry autoclave
reactor under a Ng purge.

For this slurry test, 76.9g of reduced catalyst in a 459-ce
slurry volume was charged to the slurry reactor giving a 16.8
wt% catalyst concentration. The metal loadings before and
after activation were:

Fresh Activated
Co 3.7 Wt 4.9 wts
Fe 0.72 0.93
Zr 7.3 9.1
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(1) Coo(CO)g/Zr(OPT)4/Mg0-3.6Si09 -- Test #8670-60-25

This catalyst was activated and slurried in the same manner
as described in the previcus test. 450-cc of a 16.4 wt% slurry
containing 70.1g of activated catalyst was charged to the
reactor. Metal loadings before and after activation were:

Fresh Activated
Co 3.7 wt% 4.8 wt$
Zr 7.2 9.4

(i) Cos(CO)g/ Ti(OPr)4/Si0y -- Test #8670-57-27

This catalyst was activated and slurried in the same manner
as described sbove. The reactor charge was 450-cc of a 17.4
wt$ slurry containing 76.3g of activated catalyst. Elemental
analysis of the catalyst before and after activation was:

Fresh Actvated
Co 4.4 wty 5.2 wt$
Ti 4.0 4.8

(iv) Coo(CO)g/Zr(OPr)4/Si09 -~ Extended Test #8862-1-31

This catalyst was activated and slurried in the same inanner
as the previous 3 catalysts. The reactor was charged with
450-cc of a 21.1 wt% slurry containing 91.4g of activated

catalyst. Elemental analysis of the catalyst before and after
activation was: :

. Fresh Activated
Co 4.4 wt% 5.3 wtk
Zr 7.6 10.2

(d) Catalyst Characterization

Hg chemisorption experiments were conducted on a
Micromerities Chemisorb 2800 using catalyst samples prereduced
in the 10 cc reactor. After transfer of the samples to the
chemisorption sample tubes, they were treated with Hg at
300°C and 1 atmosphere prior to data acquisition. B.E.T.

surface areas were obtained using a Micromeritics Digisorb
2500.
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