EXECUTIVE SUMMARY

The preparation, characterizatinn, and performance of a range of metal
catalysts for use in slurry phase Fischer-Tropsch technology was investigated
with the objective of developing new compositions with improved selectivity
for gasoline and diesel fuel range hydrocarbons.

A series of conventional catalysts was identified for testing in both gas and
slurry phases. A gas phase screening protocol was set up to allow reasonably
rapid determination of each catalyst's syntnesis gas conversion characteristic
over a range of operating conditions. The catalysts selected represented a
range of catalytic metals known to promote conversion of synthesis gas to
hydrocarbon liquids. Both precipitated and supported variations of these
metals were studied. On the basis of these gas phase studies, a set of
conver.tional catalysts was chosen for further testing in the slurry phase.

Because of the excellent tempgrature control achievable in the slurry phase,
it was anticipated that some of the promising catalysts would show even better
selectivity behavior than in the gas phase. However, it was found that while
a number of catalysts showed apparent deviations from the normal Schulz-Flory
gistribution, in general, only low conversions were observed.

A series of catalysts was also prepared by supporting molecular metal cluster
compounds on a variety of supports. Clusters were targeted as appropriate
precursors based on the premise that supported clusters should decompose at
high temperature to controiled particle size fragments. Cluster: derived from
a variety of catalyfic metals were utilized, and a range of supports was
studied, providing variation in both surface area and support acidity. In
general, ruthenium-baseu catalysts had a tendency to produce large amounts of
methane and oxygenates, while catalysts containing osmium showed poor activity
with high methane selectivity. A number 2f cobalt-derived catalysts were also
studied. Cobalt carbonyl supportec on zirconia promoted alumina produced
substantial amounts of hydrocarbons predominantly above carbon numper 10. On



the basis of a preliminary slurry phase test, which showed an apparent
deviation from-normal Schulz-Flory behavior, a cobalt carbonyl on zirconia
promoted a'umina catalyst was targeted for further extended testing.

On the basis of initial slurry phase tests of both conventional and supported
cluster catalysts, one type from each category was chosen for extended
testing.’ A co-precipitated iron/copper/potassium-derived catalyst gave
apparent deviatiors from the normal Schulz-fFlory distribution. A cobalt
carbonyl on zirconia promoted alumina composition also gave apparent
deviations from the Schulz-Flory distribution. HWhile inconclusive, the
extended slurry phase testing of both these materials indicated there is still
much to be learned about the—influence of catalyst composition on the observed
Schulz-Flory distripution.
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INTRODUCTION

Several technologies are available or are under development for conversion of
coal-derived synthesis gas to liquid transportation fuels or fuel precursors.
Technologies that have been commercially proven or that are close to
commercialization include fixed- and fluidized-bed Fischer-Tropsch synthesis,
methanol synthesis (fixed-bed and slurry phase), and the Mobil me:hanol-to-
gasoline (MTG) -~rocess. Of these technologies, Fischer-Tropsch hydrocarbon
synthesis proc .es the widest slate of products and has been in operation for
the longest period. Fischer-Tropsch hydrocarbon synthesis was first developed
and practiced in Germany during the 1930s and 1940s. Subsequently, the
process wis commercialized on a large scale by SASOL in South Africa. The
SASOL process includes both fixed-2¢d and entrained-fluidized-bed

operation [11.

Of the various indirect liquefaction technologies. Fischer-Tropsch synthesis
offers many advantages. While hydrocarbon production is generally
norselective and is governed by the so-called Schulz-Flory distribution, the
Fischer-Tropsch proress has the ability to produce a range of gaseous and
Tiquid hydrocarbon products easily upgraded via conventional refining
operations. The fluidized-bed reactors at SASOL, for example, maximize
gasoline yields, while the fixed-bed process produces predominantly diesel
fuel and hydrocarbon waxes. Representative product distributions from SASOL's
fixed-bed (Arge) and entrained-fluidized-bed (Synthol) reactors are summarized
in Table 1. Thus, deperding upon reactor design, the process can produce both
gasoline and diesel range products.

In contrast, the MTG process produces only gasoline range mater ial and may not
be as attractive in areas where demand for diese! fuel is high. While Mobil
nas also been developing a process for converting methanol to both gasoline
and diesel [2], the so-called MOGD protess (methanol + dimethyl ether +

light olefins + gasoline + dlesel), many steps are involved and it is
difficult to envisage economical competition with the Fischer-Tropsch option.
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Table !

Selectivity of SASOL Commercia) Fischer-Trcpsch Reactors

Product

CH4
C2H4
C2H6

C3f

C3fg
C4fg

CaMio
CS'C11 (gasoline)

C]Z-C18 (diesel)

C197Co3
C24—C35 (medium wax)

>C35 (hard wax)
Oxygenates

1390G

Fixed Bed (Arge) at 220°C

Syntho! at 325°C

(%)

(%

10

40




The final processing of gasoline range Fischer-Tropsch products is
straightforward, especialiy if the fracticn is olefinic; 1ight olefins carn be
easily oligomerized to high-quality gasoline. The diesel range
Fischer-Tropsch product is of excellent qualtity and requires minimal
upgrading. Diesel yields can be further optimized by a simple hydrocracking
of the almost ubiguitous wax produced in the process. Thus, while the
Fischer-Tropsch procéss lacks the selectivity of the MTG process for gasoline
production, its versatility may more than compensate in some economic
scenarios. Unfortunately, c¢urrently available data do not allow an adegquate
comparison of Fischer-Tropsch synthesis to competing indirect liquefaction
technologies tn a hypothetical U.S. synthetiz fuels industry. Unequivocal
tomrarisons will become possible only when Fischer-Tropsch and competing
processes have been demonstrated on a sufficiently large scale. Present
research and development efforts need to build confidence in the ability to
scale up new indirect liquefaction technologies and indicate the economic
incentives for further development and scale-up.

As mentioned above, current Fischer-Tropsch technology involves both fixed-
and fluidized-bed variants. Dissipation of the reaction exotherm is a major
technical and engineering problem, with the result that a rather large capital
investment in reactor equipment is required. In additton, inefficiencies in
heat dissipation result in high methane yields and, particularly in the fixed
bed, catalyst deactivation resulting from coke deposition. In the late 1940s,
slurry phase Fischer-Tropsch technology was developed in Germany [3]. Slurry
processing provides the ability to more readily remove the heat of reaction,
minimizing temperature rise across the reactor and eliminating localized hot
spots. As a result of the improved temperature control, yield losses to
methane are reduced and catalyst deactivation from coking is significantly
decreased. This, in turn, allows much higher conversions per pass, minimizing
synthesis gas recycle, and offers the potential to operate with CO-rich
synthesis gas feeds without the need for prior water-gas shift. Because of
the simpier reactor design, capital investment in a slurry phase
Fischer-Tropsch reactor is expected to be -ubstantially smalier than in
conventional fixed- or fluidized—bed systems. Further economies should be
realized from lower recycle compressor requirements and higher conversions per
unit volume of reactor.
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Improved heat transfer would also be expected to have a major beneficial
effect on product seluctivity. Higher selectivity through improved
temperature control provided the impetus for research to deveiop a ligquid
phase process. These efforts began in Germany in 1938 and continued until
1953, culmirating with a demcnstration plant in Rheinpreussen  Much of this
work is summarized by Kolbel and Ackerman (3,4,5). During the pericd 1944 to
1955, the Bureau of Mines also evaluated liquid phase processes as part of
their synthetic liquid fuels program, and a summary of this work appears in a
Bureau of Mines report (6). Finally, Hall, Gall, and Smith (7). working at
the British fuel research station, Department of Scientific and Industrial
Research,‘compqred Fixed-bed, liquid phase, and fluidized-bed processes. [ron
catalysts were used by all of these workers, and it does not appear that much
effort was devoted to cetalyst modification for improved activity and
selectivity. The results and conclusions reported by these workers are
generally but not always in agreement. Liguid phase operations always
resulted in improved selectivity to liquid products, usually through lower
methane production. However, considerable differences were reported in the
space-time yield, catalyst life, and ease of operation of liquid phase
reactors.

Despite the utility of the broad product slate obtainable from Fischer-Tropsch
processing, product selectivity of the reaction continues to be the focus of
extensive research and a prime target tor technical innovation. In_soite of
such extensive efforts, a suitahle catalyst has not been developed for
producing a narrow-range hydrocarbon product such as gasoline or diesel fuel
without the coproduction of lighter and heavier products. Development of a
highly selective catalyst certainly has the largest potential impact on the
desired product distribution.

The full potential of the liquid phase Fischer-Tropsch process has clearly not
yet been realized; in addition to improved product selectivity, liquid phase
operation offers the advantagec of ease of scale-up and the ability to
directly utilize the carbon monoxide-rich synthesis gas produced by coal
gasifiers. Thus, its further development is an important part of our
country's program to establish viable technology for converting coal to
hydrocarbon fuels.
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" OBJECTIVE

The overall objective of this contract was to evaluate catalysts and slurry
reactor systems for the selective conversion of synthesis gas into
transportation fuels via a single-stage, liguid phase process

Task 1 - To establizh a detailed Project Work Plan.

Task 2 - To evaluate anu test catalysts for their ﬁotential to convert
synthesis gas to gasoline, diesel fue!, or a mixture of transportation fuels
suitable for domestic markets, and to quantify catalyst activity selectivity,
stability, and aging with a target process concept involving a single-stage,
']iquid phase reactor system.

Task 3 - To evaluate through the use of cold-flow reactor simulators the flow
characteristics and behavior of slurry reactors for the production of
hydrocarbons from synthesis gas. This includes (1) defining heat, mass, and
momentum transfer parameters which affect the design of siurry reactors,

(2) establishing operating 1imits for slurry reactors with respect to system
physical parameters, (3) developing or confirming correlations for predicting
the flow characteristics and heat/mass transfer of slurry reactors, and

(4) defining the necessary requirements for the design of larger scale
reactors.

Task 4 - To develop a process design for construction of a bench-scale slurry
phase Fischer-Tropsch reactor.

This report summarizes results of the Task 2 program. Tasks 3 and 4 are
covered in separate reports.
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RESULTS

1. Gas Phase Testing: Conventional Catalysts

A series of conventional catalysts was identified for testing in the gas
phase to obtain a preliminary determination of activity for synthesis gas
conversion and selectivity to hydrocarbon products. The gas phase
screening protocol was set up to allow reasonably rapid determination of
each catalyst's synthesis gas conversion characteristics over a range of
operating conditions. Further cdetails are available in the appropriate
quarterly reports [8-221.

Rhile operating conditions in a gas phase reactor cdn he changed relatively
rapidly, Satterfiald [23] “as pointed out that catalysts producing
reasonable amounts of higher boiling point hydrocarbon products require a
substantial perfod of time to attain equilibrium. The inittally observed
product distributions are not necescarily representative of the actual
distribution in the catalyst pores. The heavier molecular weight materials
tend to accumulate in the catalyst pores, and hence, their rea)
concentrations are not initially observed in the reactor effluent stream.
Thus, while gas phase testing generally provides a reasonable comparison of
conversion activity, selectivity patterns are not generally definitive.

The conventional catalysts selected represent a range of catalytic metals
known to promcte conversion of synthesis gas to hydrocarbon liguids,
particularly iron, ruthenium, cobalt, copper, and manganese. Both
precipitated and supported variations of these metals were studieg.

Table 2 summarizes the major catalyst categories tested, with a total of

87 gas phase tests being performed during the course of the contrac’. Each
test has already been summarized in detail in the previously publisned
quarterly reports [8-22]; these are referenced in Table 2. 1In addition,
some brief comments on each catalyst Family are offered.
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The initial baseline test was performed with a standard catalyst, namely a
fused iron oxide-based ammonia synthesis catalyst. A typical hydrocarbon
product distribution following a standard Schulz-Flory distribution was
obtained.

Of the other catalyst familles testad, several were selected for further
testing in the slurry phase based on either good activity or apparent
deviations from the standard Schulz-Flory distribution in the gas phase
test. In particular, a precipitated iron/copper/potassium composition
showed significant apparent deviations from the standard distribution,
altaough much of the distribution was wax-like product. The best results
were observed with an uncalcined material, which is contrary to the
standard practice normally reported in the Fischer/Tropsch literature. In
the case of a precipitated iron/manganese/ potassium combination, the
calcined catalyst was found to be quite active but nonselective, whereas
the uncalcined material showed an apparent deviation from Schulz-Flory
behavior.

A ruthenium-on-alumina catalyst prepared with a variety of ruthenium salt
precursors generallv gave high methane yields. A composition prepared from
ruthenium chloride yielded the best hydrocarbon production.

A series of zeolite impregnated catalysts was also studied. 1In general,
these types of materials gave relatively high methane yields often
accompanied by bimodal product distributions probanly resulting from
zeolite-catalyzed hydrocarbon oil cracking. Addition of potassium
promoters to the zeolite-based catalysts generally resulted in improved
hydrocarbon selectivities.

Several compositions were prepared utilizing zirconium-promcted alumina as
a support with iron or ruthenium as a catalytic metal. The ruthenium-based
material showed good activity with apparent deviation from Schulz-Flory
behavior, whereas the iron-derived material appeared to have a standard
Schulz-Flory distribution with a high methane selectivity and also produced
large amounts of oxygenates.
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Several compositions containing iron, zirconium, and titanium were
evaluated. Most of these produced standard Schulz-Flory distributions. 1In
addition, a number of iron/cobalt/potassium compositions were studied,
several of which demonstrated excellent activity for synthesis gas
conversion. Finaily, a novel composition containing iron, niobium, and
cesium, was studied. Standard Schulz-Flory distributions were observed.

On the basis of the gas phase studies, a set of conventional catalysts was
chosen for further testing in the slurry phase.

2. Gas Phase Testing: Cluster Catalysts

A series of catalysts prepared by supporting molecular metal cluster
compounds was tested in the gas phase. Clusters were targeted as
appropriate precursors based on the premise that the supported clusters
should decompose at high temperature, under testing conditions, to
controlled particle size fragments. Clusters derived from catilytric metals
such as vuthenium, iron, cobalt, rhocdium, platinum, iridium, osmium, and
mixtures of some of these metals were utilized. 1In general, a range of
supports was studied, providing variation in both surface area and supoort
acidity. Table 3 summarizes the various catalysts tested by cluster type,
and also contains a refarence to the appropriate quarterly report, in which
each of the tests is discussed in detaii. In addition, Table 3 provides a
brief comment on each material studied.

Ruthenium carbony] [Ru3 (CO)]ZJ wes studied on a variety of supports.

Two of the supports, namely magnesium oxide and cerium oxide, had
relatively poor activity, with the magnesia prnducing predominately methane
and methanol, while the cerium oxide-supported material had a high olefin
selectivity. Of the supports tested, alumina proved to be the best with
barely average activity. An apparent deviation from the standard
Schulz-Flory distribution was observed. However, the catalyst deactivated
very rapidly during testing.
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In general, the ruthenium-based catalyst studied had a tendency to produce
large amounts of methane and oxygenates such as methanol and cdimethyl
ether.

Catalysts containing osmium had generally poor activity with high methane
selectivity This was also true of catalysts derived from mixed clusters
of rhodium and platinum.

A number of cobalt-derived catalysts were also studied. Cobalt carbonyl
supported on zirconium-promoted alumina produced substantial amounts of
hydrocarbons predominately above carbon number 10. An analogous material
using a mixture of cobalt and manganese carbonyls on zirconium—prgmoted
alumina showed extremely high activity and again produced a
high-molecular-weight product.

Further detail on the above tests can be found in the appropriate quarterly
reports [9-151. On the basis of these gas phase %tests, a number of cluster

compositions were chosen for further testing in the slurry phase.

3. Slurry Phase Testing: Conventional Catalysts

A series of conventional catalysts that had previously been tested in the
gas phase were selected for further testing in the siurry reactors.
Because of the excelient temperature control achievable in the slurry
.phase, it was anticipated that some of the promising catalysts would show
even better selectivity behaviur than in the gas phase. Various catalysts
tested are summarized in Table 4, along witiy a brief comment and a
reference to the appropriate quarterly report [12,13,17-22], wherein
extensive detai  on each test are available.

Sintered [ron Oxide

The slurry testing program was initiated with a commercial, sintered iron
oxide catalyst, promoted with alumina, potassium, and calcium. Prior gas

phase testing of this catalyst had indicated standard Schulz-Flory
behavior.
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A major objective of this baseline test was to fully characterize the
behavior of the slurry reactors and to perform a test of mass transfer
resistance in the Fisher-Tropsch synthesis reaction. The test was
Initiated by contacting the catalyst with a 2:1 H,/CO ratio syngas at a
pressure of about 450 psig. Stirring speeds were—var1ed from 800 up to
1600 min™', while temperature was varied from 220 to 300°C. The
hydrocarbon product distributions obtained were uniformly approximated by
straight-line Schulz-Flory distributions, as expected for this type of
catalyst. A number of operational problems were encountered during this
initial test, reducing the reliability of some portions of the data.

The data from the run were analyzed to distinguish mass transfer and
chemical rate resistance. With constant temperature and space velocity,
stirrer speed had littlie effect on overall conversion. A second test of
the same baseline catalyst was carried out, and again stir speed and space
velocity were systematically varied over a range of temperature O give
further information about mass transfer limitations, product distribution,
and catalyst activity. Unfortunately the mass transfer effects were
complicated by concomitant catalyst deactivation. All through the test, a
standard Schulz-Flory distribution was observed.

Unforturately both of these tests were carried out using Edwards No. 16 oi)
as an initial slurry medium. This of) was subsequently found to contain
traces of sulfur-containing compounds, which would be expected to
deactivate the catalyst. Thus the reliability of these two tests was
significantly reduced. '

Fe/Mn/K

Previous gas phase screening tests of a coprecipitated Fe/Mn/K catalyst
showed that one of the batches appeared to produce a significant deviation
from the standard Schulz-flory distribution. The particular catalyst batch
showing this behavior was not precalcined in air. A slurry test was
therefore carried out on this same batch in the slurry reactor.
Unfortunately this test also involved in Edwards No. 16 oil. once jain
raising the potential for sulfur poisoning. Slurry phase activity was
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extremely poor, with a synthesis gas conversion of less than 1% at 240°C.
At higher temperatures, the conversion could be increased to approach 20%,
but no deviations from a standard Schulz-flory behavior were observed.
When a high CO ratio syntnesis gas was used, severe deactivation of the
catalyst occurred, and it could not be reactivated even with a pure
hydrogen atmosphere.

Fe/Cu/K

Previous gas phase testing of a precipitated Fe/Cu/K catalyst indicated
that the uncalcined catalyst showed an apparent deviation from the
Schulz-Flory distribution. A continuous test of this catalyst over 21 days
was carried out in the slurry reactor. Conversions were only moderate all
through the test, with a maximum of 15%, and the catalyst deactivated with
time above 250°C. Although the data show apparent deviations from the
standard Schul2-Flory hydrocarbon distribution, the reliability of the data
has to be limited at such a low conversion level because of difficulty in
performing adequate mass balances in this conversion range. The catalyst
deactivated significantly at higher temperatures and it could not be
reactivated. Because of the apparent deviations from the Schulz-Flory
distribution in both the gas and slurry phase test and apparent selectivity
to liquia aydrocarbon products in the uncalcined catalyst, it was selected
for further extended testing in the slurry phase. This test is discussed
in a subsequent action of this report.

RuCl

IA1,0

3—2-3

In the gas phasé screening tests of catalysts derived from ruthenium
chloride supported on alumina, good apparent selectivity to hydrocarbon
products was observed. Hence, this catalyst type was chosen for further
slurry phase testing. Generally this type exhibited poor conversion levels
in the slurry phase, with only 3% conversion observed at approximately
240°C. It is extremely difficult to make conjectures regarding product

selectivity at such conversion levels. This catalyst was not studied any
further.
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Fe/Cu/K/Ai,0

2=3

In gas phase testing, this type of catalyst, derived from iron and copper
salts successively impregnated on alumina with added potassium as a
promoter, enhanced the production of higher molecular weight products.
This type of catalyst was therefore chosen for further testing in the
slurry phase. Conclusions derived from the slurry phase test are as
follows:

a. The catalyst showed significantly lower bulk and specific activities
than were measured in the gas phase test.

b. In the slurry phasé. the product distribution was of lower molecula
weight than was apparent in the gas phase with higher yields of
me thane.

¢. The product distribution was dependent on the CO partial pressure, as
is normally observed in slurry catalyst tests.

d. MWhen the CO/H2 ratio was increased from one to two at constant
temperature and pressure, the yield of methane increased and the amount
of liquid hydrocarbons increased significantly. The methane yield was
nrnomalously high and is not well understood.

e. This catalyst showed a lcwer bulk activity than the coprecipitated
Fe/Cu/K catalyst previously tested.

f.  Throughout the test, the observed produzt selectivity was close to a
straight-line Schulz-flory distributisn, again contrasting with the
apparent results with the coprecipitated version.

Fe/2r/Ti/K

This type of precipitated catalyst had been studied in the gas phase.
Adding potassium as a promoter showed enhanced olefin selectivity. For
slurry phase testing, procedures used in the gas phase test were followed.
The main conclusions were as follows:
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a. Compa.ed with the previous jas phase test, the activity was reduced in
the slurry phase. This phenomenon may be due to prevention of surface
exotherms, which are known to occur in a fixed-bed reactor, by the heat
transfer properties of the <lurry oil.

b. Under analogous conditions (260°C and 300 psig) the bulk activity was
65% lower than in the gas phase.

C. An apparent positive deviation from straight line Schulz-Flory
~distribution was observed in the 1iquid hydrocarbon region.

d. Selectivity and activity were found to be dependent on the CO/H2
ratio. '

e. No significant amounts of products greater than C26 were observed.
However, it shoulcd be noted that conversions throughout the tests were
very low, with a maximum of 20% at approximately 340°C.

Fe/2rQ,/Ti0

2 2

Prior gas phase testing of this catalyst (see Section 1) had indicated
possible deviation from the Schulz-Flory distribution above CIS' Hence,
further testing was scheduled in the slurry phase. Once again, as compared
with *he previous gas phase test, this catalyst was considerably less
act.ve in tre slurry phase. Under similar conditions at 280°C, bulk
activ.t, in the slurry phase test was B0% lower, with much higher yields of
methane. As temperature and pressure were raised to increase conversion,
the yield of methane increased dramatically, approaching 50% at 330°C. It
was concluded that this catalyst was not suitable for further development.

Fe/Zr/A1,0

2=3

Once again the activity in the\slurry phase was considerably less than that
observed in the gas phase test, with bulk activities approximately 50%
lower. The methanation activity was very high, exceeding 40%, while
selectivity for liquid range products was significantly decreased.
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Fe/Mn/Al.,0

2=3

The activity of this catalyst in the slurry phase was also much less than
In the gas phase. for example, at 280°C and 300 psig, the activity was as
much as 80% lower. Also, yields of methane were much higher, with very
little liquid hydrocarbon product. It appears from several of these tests
on supported iron catalysts that the precipitated or sintered type are more
sultable for use in slurry reactor systems.

Fe-Y

Compared with the previous gas phase cest, this catalyst showed

significantly more activity in the slurry phase. For example, at 280°C and

300 psig, the bulk activity in the'slurry was 42% higher. However, the

product selectivity was dissimilar, with higher yields of methane (up to

30 wt % compared to 13 wt % in the gas phase) and lower concentrations of

liguic phase hydrocarbons. 1In this case, the dificrent selectivity

observed in the slurry.phase may have been due to oil cracking possibly ’“N
catalyzed by the acidic zeolite surface. Since this catalyst showed no

apparent selectivity for fuel range hydrocarbons compared with other

iron-based catalysts, no further testing was pursued.

Fe-Offretite

This catalyst was very similar to the Fe-Y zeolite reported on above.
Operating temperatures greater than 260°C were required to make the
activity comparable to other iron-baseo catalysts. At low pressure, a
bimodal proddct distribution resulted, indicating some cracking of the
slurry oil. Increasing the pressure to 700 psig alleviated this problem,
while the product selectivity shifted to the light end. The product
distribution was similar to that of Fe/Y at all operating conditions
Methanation activity was high, producing over 20 wt % of the tota!
hydrocarbon yield. Again this test indicated that supported iron catalysts
of this type are not particularly suitable for slurry phase processing.
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Fe/Co/X

0f the series of Fe/Co/K catalysts tested in the gas phdse, a 50-50 wt %
Fe/Co composition promoted with 0.1 wt % K was chosen for slurry reactor
testing. This catalyst exhibited appreciable activity, comparable to thc’
of Fe/Cu/K at 260°C, but poor selectivity for fuel range products.
Selectivity varied strongly with CO/H2 ratio, but even at high CO ratios,
the products were predominantly lower than CIO' with methane production
at over 20 wt % of the total hydrocarbon yield.

Fe/Nb/Cs

A 50/50 wt % Fe/Nb catalyst promoted with 0.1 wt % Cs was chosen from the
series of gas pnase screening tests for slurry testing. At 240°C this
catalyst was relatively inactive, but the activity increased appreciably
when the temperature was raised to 260°, with the bulk activity exceeding
that of the standard Fe/Cu/K composition. The selectivity for 1iquid range
hydrocarbons appeared to be most favorable, with CO/H2 ratios of 1.5 at
260°C. This was accompanied by a relatively low methane yield. As
temperature, pressure, and CO/H2 ratio were raised to improve activity
and selectivity, the catalyst performance was most affected by
temperature. The bulk activity was as high as 56.5 moles syngas/cat/h at
300°C, but with a shifting of products to the lighter molecular weight
end. The results of this test indicated that Fe/Nb/Cs type might be a
suitable candidate for further studies.

4. Slurry Phase Testing: Supported Cluster Catalysts

Eleven of the supported cluster catalyst compositions examined in the gas
phase testing program were chosen for further testing in the slurry phase.
The catalysts tested are identified in Table 5, along with a reference to
the appropriate quarterly report [13-16], wherein significant detail on the

test may be found. Summary siatements on each of these cluster slurry
tests are as follows:
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vRu/Zr(OPr)4iAIZQ3

In contrast to the gas phase screening tests of this type of catalyst, the
ictivity measured in the slurry phase was very low, with conversions of
only 2 to 6% at comparable conditfons in the temperature range of 260 to
350°C. The product distributions obtained showed apparent deviations from
d standard Schulz-Flory distribution, with a buildup of C]0+

hydrocarbons, but also included high yields of methane (a minimum of
21.5%). This combination of low ccnversion with an observed bimodal
product distribution increased significantly the experimental error in
obtaining ‘accurate mass balgnces, Hence, at this low conversion level with
poor mass balances, it is very difficult to draw reasonable conclusions
relative to observéd product distributions,

Ru1(CO) | ,/A1,0

2=3

A slurry test of this cluster catalyst was carried out in the liquid phase
reactor. Throughout the tesi, conversions were low, with a maximum of 6.5%
at 350°C. For example, at 340°C and 500 psig, slurry phase activity was .
only 10% of that observed in the gas phase at 224°C and 300 psig. At
temperatures up to 300°C, the product was mainly methane. At 350°C, *he
conversion increased to approach 6%, and the observed hydrocarbon product
appeared to show a deviation from the standard Schulz-Flory distribution.
Analysis of the Edwards No. 16 oil used in the test showed the presence of
0.14 wt % sulfur, which may have poisoned the supported ruthenium cluster.
A second slurry phase test of this supported cluster was therefore carried
out using Fisher white paraffin oil. However, use of this sulfur-free oil
increased catalyst activity by at most a factor of 2, indicating that this
was not the primary cause of the low activity ok-erved previously.

Fe

(CO)] /Ce0

3 2 2

This catalyst was tested in the slurry phase without prior activation, and
once again the activity was significantly lower than in the previous gas
phase test. While the catalyst was being slurried in oil before reaction,
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it was observed that some of the iron complex dissociated from the support
and dissolved 'n the oil, indicating a loss of metal from the catalyst and
a possible reason for the low activity. To prevent this occurrence in
future tests, it was decided that impregnated cluster catalysts would be
activated in the gas phase before slurrying in oil.

Ru;(CO),,/Zr(QPT) /A1 ,0

2 3

To prevent dissolution of the cluster from the support, as reported above,
‘this supportied ruthenium cluster catalyst was activated with synthesis gas
in the gas phase before slurrying in oil. This procedure resulted in
hetter conversions and an appavent indication of Schulz-Flory deviations,
although the product selectivity reported in the previous gas phase test
was not reproduced. A low level of water-gas shift activity was observed
for this catalyst, which 1s consistent with ruthenium-based compositions.
This slurry cataiyst gave conversions of approximately 20% at 300 psig and
250°C. A significant amount of methane, apprcaching 30%, was observéd in
the product distribution.

Ru,(CO),,/Ce0,

This catalyst was also preactivate .. he gas phase before being slurried
in oil for slurry phase testing. The specific activity was higher in the
slurry phase and at a lower temperature than in the previous gas phase
screening test. Deactivation was temperature-dependent: no significant
loss in activity occurred at 280°C, but a decrease was noted once the
temperature exceeded 300°C. The product seiectivity observed in the slurry
phase was similar to that in the gas phase test and was notable for a high
1-alkene content and a high propylene selectivity. However, in the slurry
phase the methane selectivity was higher and increased with time. Some
apparent deviations from the standard Schulz-Flory distribution were
observed in the C10+ region, and no product was apparently produced above
approximately CZB'
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Feq(C0),,/Zr(OPr),/A1,0

2=3

This catalyst was testad using gas phase preactivation. Catalyst bulk
activity was very low, leading to conversions in the 2 to 4% range. At
this low level of conversion, it is virtually impossible to draw any
conclusions relative to the efficacy of the test. There was some evidence
that iron carbonyl was desorbed from the catalyst during the test. This
may be due to the ease of formation of iron carbonyis and their hydrocarbon
solubilitv.

C0, (€0 g/Lr(OPr) ,/A1,0,

This catalyst was preactivated in the gas phase and again showed much
better activity in the slurry phase as a result. A high metal loading was
used, and hence, high bulk activities were observed with good conversion
levels. Contrary to the gas phase screening test, little water gas shift
activity was observed in the slurry phase. Under constant conditions, a
slow overall deactivation rate was observed that corresponded to a shift in
selectivity to higher molecular weight products. The slurry phase test
generally gave lower methane yields and higher apparent liquid hydrocarbon
yields than were observed in the gas phase test. Apparent deviations from
the Schulz-Flory distribution were observed in the hydrocarbon product,
and, as a result, this catalyst was selected for further extended testing
in the slurry phase.

€0, (€0 T10

8 2

This catalyst was tested in the slurry phase after preactivation in the gas
phase. In the middle of the test, after about 156 hours of operation, the
behavior and selectivity changed significantly, apparently resulting from
experimental problems with wax continually plugging the reactor outlet
lines. The activity was considerably less than that observed for the sq1
cluster supported on zirconium-promoted alumina, as reported above.

Product selectivity was lowe- and the methane yield was higher than on the
alumina-based catalyst. Product gistributions were similar to the -elated
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gas phase test, but displayed higher ylelds of liquid hydrocarbons.
Methane yields were also relatively high, approaching 20 wt %. This

catalyst was not considered to be as promising as the alumina-supported
version.

5. Extended Slurry iesvts

On the basis of the slurry phase tests of both conventiona! and supported
cluster catalysts, one type from each categorj was chosen for extended
testing in the sturry phase. Detailed reports on these exrended tests are
contained in quarterly reports numbers 9§, 10, 11, and 12 [16-19].

Fe/Cu/K Coprecip!tated Catalyst: Extaended Test

Slurry phase tests indicated that this class of catalyst showed an apparent
deviation from the normal Schulz-Flory distribution, and this type was
therefore chosen for further testing over an extended period. The actual
extended test on this class of catalyst was conducted on thfee separate
batches in three phases. Detailed reports on these extended tests are
available in quarterly reports numbers 9, 10, and 11 [16-18). in this
summary, each of the three phases will be reviewed separately. Elemental
analyses of the catalyst batches used are listed in Table 6 A summary of
process conditions, conversions, activities, product distributions, and the

feed and usage ratios for mass balances run during the three test ohases is
contained in Table 7.

Phase ! - Previous 21-day slurry tests of this class of catalyst showed an
apparent enhancement in product selectivity around the C]0 region, when

the catalyst was nct calcined in air before reduction. For this reason,
coprecipitated Fe/Cu/K prepared without air calcination was selected for an
extended slurry phase test. Slurry phase activation was carried out in
situ with a 1:1 CO/H2 mixture by first slowly increasing the temperature
and then the pressure to the operating conditipns. Large apnarent
deviations from a Schulz-Flory distribution were observed subsequently, but
at a higher carbon number range than before, with product peaking at
approximately CZS'
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In the initial phases of the test. activity appeared to be about 66% higher v»wm
than in the initial 21-day test. Most of the observed product was in the

C18-C35 region, with Jow methane yields of about 6%. This product

distribution resulted in a comparatively rapid increase in slurry level in

the reactor because of the production of relatively involatile hydrocarbon

wax. This wax was regularly withdrawn through a S-micron filter to

maintain a constant slurry level that enabled continuous operation. In al)

cases the filtered wax samples were weighed and analyzed and included in

the material balance to give an overall hydrocarbon product analysis.

'After about 250 hours onstream, the operating pressure was reduced to

150 pstg at constant temperature in an attempt 'to move the hydrocarbon

distribution to a lower molecuiar weight range. The apparent deviation

from the Schulz-Flory distributici 1n the C18 - C35 region remained,

with Tow ylelds of methane. No significant deactivation was observed in

this phasa of the test. Overall conversions never exceeded 20% based on

the synthesis gas supplied. Because of the difference in the product

selectivity from the initial 21-day test, this first phase of the extended

test was halted after 476 hours onstream and subsequently restarted with a N
fresh catalyst batch.

Phase 2 - A new batch of coprecipitated catalyst was prepared, and after
the standard activation procedure, a second phase of the extended test was
run for 478 hours at 240°C and 300 psig. Although the product disfribution
initially contained more methane and a higher amount of CS-C]]

hydrocarbon, the methane yield decreased with time, and the yield of
high-molecular-weight material appeared to increase, giving an apparent
significant deviation from straight-line Schu'z/Flory distribution. The
bulk activity was consistently higher than the prior phase, and little
evidence of deactivation was observed over the 478-hour period.

Toward the end of this period of operation, the filter on the sturry
withdrawal line became partially blocked; this resulted in a progressively
‘onger period for wax withdrawal to maintain a constant slurry level, and
on day 52, a carry-over of slurry into tre gas phase product outlet line
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occurred. For this reason the reactor was maintained under nitrogen purge
for several days while the system was cleaned up. Following restart of the
test, an initial effort was made to reestablish the selectivity and
activity observed before the nitrogen purge. Comparable yields of the main
product fractions were again produced, and after an initial decrease, the
buik activity level was regained. Following this restart, the CO/H2

ratio was increased to 1.5:1 at 240°C and 300 ps1g. Initiilly this led to
decreased amounts of CS'CIT and increased yields of C9-C25

hydrocarbons. The distribution appeared to move to higher molecular weight
products, .and the buildup of product in the C]8—C35 region became more
marked. This higner amocunt.of C26+ hydrocarbons was reflected in a

greater amount of accumulated high-molecular-weight material withdrawn from
the reactor via the filter.

However, further problems rasulting from clogging of the filter and a leak
in an alternative open pipe slurry withdrawal line led to outlet biockages
and the loss of 236 grams of slurry from the reactor on day 84. The
reactor was shut down under nitrogen while the blockage was cleared, and
the slurry lost through leakage was returred to the reactor {this slurry
was deposited on the floor of the reactor cell and was at least partially
exposed to air oxidation).

Subsequently, an effert was made to reestablish the selectivity and
activity observed before loss of catalyst. At this stage the initial
methane level was high with an anomalously high C5 - C1] fraction. The
bulk activity observed before the spill was not regained and was 30% less.

The operating temperature was then increased to 260°C at the same pressure
and synthesis gas ratio. During this period, higher molecular weight
hydrocarbons were removed from the reactor using an open pipe to avoid
removal via the clogged filter. Although this higher temperature resulted
in consistently higher bulk activity, tha overall conversion remained in
the range of 20%. The net effect of operating at this higher temperature
was to increase the product fraction in the C,-C, range, while the

2 74
apparent deviations fiom Schulz-Flory distributions wer» maintained. As

1319G-1A 21



slurry was withdrawn from the reactor through an open pipe, some catalvst
was alsc inadvertently removed, reducing the catalyst loading in tne
reactor.

On day 130, the total amount of withdrawn catalyst was dewared by hot
toluene extraction under nitrogen and was returned to the reactor as a dry
powder. The testing was continued with a higher hydrogen to carbon
monoxide ratio, and the product moved to a higher molecular weight range.
On cay 156 the reactor was shut down to begin the third phase of the
extended test.

Phase 3 - Because of the probable effects of air exposure on the catalyst
in Phase 2, a third pnase of the extended test was carried out with a fresh
catalyst batch in which the reactor was heated directly to 260°C after
activation.

Initially with 1:1 CO/H2 at 260°C and 300 psig, the activity incraased
gradually over a period of almost 200 hours with an increase in conversion
from 27 to 45%. Associated with this increase in activity was an apparent
increase in product selectivity for Cg-C25 hydrocarbons. The yield of
methane remained relatively constant at about 7%, and the selectivity for
CS-C]] hydrocarbons increased during the period. Al) product .profiles
obtained showed some apparant deviation from the Schulz-Flory
distributicn. When the CC:H2 ratio, was increased to 1.5, conversion and
activity increased furiner. With this higher ratio the methane decreased
to approximately 5%, and the Cg-C25 fractions also increased. .  this
stage there was an apparent substantial deviation from the Schulz-rlory
distribution.

Throughout this period of operation, the level of slurry was maintained
constant by withdrawal of wax through the internal filter. However, toward
the end of this period, the filter became blocked and carry-over of slurry
into the gas phase product line occurred. At this stage the reactor was
accidentally left under a carhon monoxide and nitragen atmospherg tor
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approximately 24 hours. After cleanup of the reactor, the test was
continued at the same operating conditions, namely 1.5:1 CO/H2 at 260°C
and 300 psig.

Following the accidental CO exposure, bulk activity decreased by 45%1 with a
decrease in overall conversion to about 25%. Product selectivities also
varied during this period. However, the yield of methane continued to be
very low at about 4%, while the yield of waxy material increased, making a
greater rate of withdrawal of higher molecular weight hydrocarbons
necessary.

Because of the carbon monoxide exposure and resulting change in activity
and selectivity, the reactor was shut down after about 500 hours of
operation in Phase 3.

Extended Test: Co,(C0)g/7r(OPr)4/A1203

Phase 1 - Following the behavior observed in the 21-day slurry test, a new
batch of tnis type of cataiyst was prepared for testing in an extended
sturry phase test. The catalyst was treated in the same manner as in the
previous short test, with preactivation in a gas phase reactor. Table 8
contains a summary of the elemental analyses of the various batches of this
form of catalyst screened in the gas and slurry phase reactions. It can be

readily seen from the data that all the batches had different cobalt and
zirconium contents.

A summary of process conditions, conversions, activities, product
distributions, and the feed and usage ratios for the mass balances run
during the 1950 hours on stream are given in lable 9. While the results at
250°C with CO/H2 ratios of 1.5 and pressures of 300 psig indicated good
catalyst stability, the current batch was not as active or selective as the
batch used in the prior slurry test.
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In terms of product selectivity, the distribution obtained at 250°C, under
steady-state conditions, was approximately intermediate between those
obtatned in the prior slurry test at varying synthesis gas ratios, except
for a higher methane yield.

The differences observed in activity between this batch and the prior one
could be attributable to the zirconium content, which was significantly
lower in this particular batch.

During thiﬁ extended test, attempts were made to increase both activity and
selectivity for fuel range hydrocarbons by raising temperature and pressure
and increasing the CO/H2 ratjo. When the CO/HZ ratio wag changed'to

two while temperature was maintained at 250°C and pressure at 300 psig, the
net result was an increase in the Cg-C25 hydrocarbons, a small increase

in the amount of wax, and a small decrease in methanation activity. When
the operating pressure was raised to 600 psig while the temperature was
maintained at 250°C and the CO/H, ratio at two, the bulk activity was

lower and a pronounced reduction occurred in the Cg—C25 fraction, while —
methanation activity remained high at 18 wt % of the total product.
Finally. temperature was raised to 280°C in an attempt to improve

activ .y. The bulk activity increased, but i“ere was an accompanying
increase in methane yield to 26%.

As all attempts at improving activity and selectivity failed, a decision
was made to stop the run at 1950 hours on-stream and to begin a second
phase of testing with a new catalyst batch.

Phase 2 - Table 10 contains the data on this second phase of the extended
slurry test. For Phase 2, a considerable improvement in activity was
observed, making this batch nearly twice < active as in the prior tests.
Rowever, the product selectivity was not attered. This phase of the test
was terminated after a total of 618 hours on-stream. Hax production was
generally cbserved to be low tnroughout the run.
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6. Contract Modification: Tasks 5, 6, 7

Following the apparent observation of significant geviations from the
Schulz-Flory distribution in the iron/copper/potassium coprecipitated
catalysts, a contract modification was made, adding tasks to search for an
optimum catalyst of this type with both good activity and further enhanced
éelectivity to liquid fuels. To this end, coprecipitated
iron/copper/potassium catalysts were prepared utilizing varying levels of
copper and potassium. Detailed results of this phase of the contract are
contained in quarterly reports numbers 14 and 15 [21,22). Initially,
anomd\ous}y good results were obtained with some compositions showing very
high apparent activity. However, this was later traced to problems in the
slurry reactor operation, and the results of this phase of the contract are
not adequate to allow any definitive conclusions to be drawn on the effects
of promoter levels on coprecipitated iron catalyst behavior. However, this
is a topic that definitely merits significant further study. since an
understanding of both surface chemistry and activity effects related to the
levels of promcters should be very useful in enhancing fundamental
ungerstanding of this type of catalyst.
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