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3. EXPERIMENTAL SUMMARY

This section summarizes ali of the experimental work done during this contract. Partial summaries

of this work appear in the thirteen previous quarterly reports.

3.1 CONTRACT TASK 1.2. PRECIPITATED CATALYST PREPARATION

METHOD DEVELOPMENT

3.1.1 INTRODUCTION : .

Section 3.1.2 describes the catalyst preparation method. including the pilct plant used to prepare
iron/copper oxide and iron/copper/silicon oxide catalyst precursors, and the subseaneni steps to

furnish a properly-sized, potassium-containing oxide.

3.1.2 CATALYST PREPARATION METHOD

Caltalysts were prepared by precipitation. Drawings of the precipitation plant and an enlargement
of the precipitation reactor are in Figures 4 and 3 respectively. Photographs of the plant are in
'Figure 6. A small, but high throughput, reactor was used to mix two aqueous solutions, one
containing iron and copper nitrates and the other either sodium carbonate or sodium carbonat_e and

sodium silicate. The driving force for the precipitation was the pH change due to sodium carbonate.
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In addition, water was added at two places near the bottom of the reactor to facilitate removal of

precipitate.

Two pH probes were provided, one in and one below the reactor. The initial plan was to control
the amount and quality of the precipitate by maintaining constant pH by frequent changes in the
Teed rates. Most of the precipitation runs were performed this way. Feedback control of this
nature did not work because the rate of the feedback control loop was too long compared to the run
length. Runs had to be short since the feed rates were very high, even though the reactor was
small. resulting in a larpe mass of precipitate going to a very slow filtration unit. This unit
consisted of a bag filter with means to coilect and recycle overflow liguors. Typically about one half
ol the precipitate was coilected on the bags during and just after the run and the remzining one hall

on the next day when all of the overflow liquors were filtered.

In the final mode of plant operation the feed rates were adjusted to ievels known to produce near
quantitative precipitation of iron, these rates were maintained during the run. Runs 30, 32 and 33
were the final runs performed during this contract and all were performed with constant feed rates.
Previous runs provided material suitable for catalyst preparation even though they were not
performed under conditions which allowed consistently high yields of precipitaie. Figu;'e 7 briefly
outlines the conditions used for these three runs. The rate of formation of precipitate on a dry basis
was 500 g/hr. Sodium silicate was only added to the sodium carbonate solution during Run 33.
Plots of actual feed rates and pH’s vs. time on stream for Runs 32 and 33 are in Figures 8 and 9.
Throughout both runs the actual feed rates were quite steady. The reactor pH was lower and less

constant than the outlet pH. The reactor pH in both runs was quite low at the beginning, perhaps
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due to a line out problem with the pH meter. The outlet pH was about 5.5 in both Runs 32 &33.

Mass balance data for Runs 30, 32 and 33 are in Figure 10. The rdirect filtered” and "overflow
filtered" solids are separately reported. The total weight of iron and copper recovered increased
over the three runs as the operators gained experience running, the plant. Large losses can resuit
from spiills and overflows during filtration. Only small amounts of iron and copper but possibly
larger amounts of silicon were lost due to solubility in the aqueous liquors. The low solubility of
iron and copper are obvious from the experiment outlined in Figure 11 which reveals that 3 and 4

wt ppm, respectively, of iron and copper are sclubie. These concentrations amount to losses of 0.05

wt% and 1.8 wi% of the iron and copper.

Figure 12 is the X-Ray diffraction pattera of the solid material removed as part of the experiment
outlined in Figure 11. It reveals an amorphous iron oxide material, this is not surprising since the
materia! was only dried, not calcined. As in other X-Ray specira of materials made during this
contract. the copper oxide pattern was missing. it is likely, therefore, that copper is weil-dispersed

throughout the iron oxide.

After sodium removal, the precipitates were further processed according to the scheme outlined in
Figure 13. The final product was a matenal sirmilar in size to the nominally 70 micron diamneter
cemmercial catalyiic cracking catalyst.  Cracking catalyst is a bound Y zeolite used for fluid
catalvtic cracking (not a liquid full reactorl}, therefore, it is not clear whether the LPFT catalyst
has to have exactly the same size. However, some lower limit on particle size will probably be

needed since separation of cataiyst from product wax must be done and particle size will affect the
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ease of this separation.

Losses were taken at each step in Ficure 13, those from Runs 30, 32 and 33 are summarized in
Figure 13. The overall recoveries in Runs 32 and 33 were zbcut 53% based on the amounts of iron,
copper and silicon fed to the precipitation reactor. A miajor loss occurred during the final sizing
to 140-400 mesh particles. Commercially, means would probabiy have to be found to recycle the

through 400 mesh particles which account for the losses during sizire.

Potassium is the historic metal of choice to coniro} activity and alpba in F-T lprocﬁsing. It was used
iz ail of the catalysts of this work with the exception of one catalyst prepared during the study of
the affect of the activation procedure on catalyst performance. Several ways of adding potassivm
were used in this work. One method used was impregnation of potassium carbonate from an

aqueous solution. This is also a common method used by otker F-T experimenters.

Figure 15 is a tabular summary of the on filter and cverflow oxide properties from Runs 39, 32 and
33 after the work-up outlined in Figure 13. The cenditions during Runs 30 and 32 were the same,
and the elemental analyses of the direct and overflow filtered materials were about the same.
However, there were difTerences in the surface area and pore volumes, the Run 32 materials having
higher surface areas and lower pore volumes. Szmples from Runs 30 and 32 samples were also
analyzed by STEM (scanning transmission electron microscopy). Photographs resulting from these
analyses are reproduced in Figures 16 and 17. The Run 32 samples contained smaller crystallites
than those from Run 30. This is consistent with the higher surface area observed for these sarnples.
Oxide samples from Runs 30 and 32 were converted to F-T catalysts and their performance in a

standard slurry autoclave test were determined (Section 3.5.4, this report).
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3.2 CONTRACT TASK 1.3. NOVEL CATALYST PREPARATION METHODS

INVESTIGATION

3.2.1 INTRODUCTION

Two novel catalyst types are discussed as well as dévelopmenl of 2 method 1o prepare oil-dropped
iron oxide s;‘:nhere:s. One of the two catalyst types resulted from use of oreano-potassium compounds
to replace potassium carbonaie as a source of potassium activator. The second type resalted from
direct formaticn of high surface area potassium/iren/copper and iren/copper carbides from the
corresponding oxalates followed by addition of potassium from an organo-potassium compound.
Pilot plant performance data for these catalysts are in Section 3.5. The sphere forming experiments
involved bvdrolysis and gelation of an organo-iron compound dissolved in bubbles of mineral spirits

suspended in an essentially aqueous forming liquid.

3.2.2 USE OF ORGANO-POTASSIUM COMPOUNDS

Organo-potassium compounds are soiuble in organic media such as the hot oil present during LPFT.
It is. therefore, possible to add such compounds to the oil and jron/copper oxide before start up or
as a solution during a run. The effect of these compounds on the catalyst performance i3 different
than expected based on work during this cortract with potassium carbonate activated catalysts.
Specifically, catalysts resulted which were less selective to methane + ethane. Furthermore, organo-
potassium compounds are zasier to employ than potassium carbonate which requires aqueous

impregnation;/calcination.




Three different organo-potassium compounds were used: potassium laurate, potassium benzoate and

potassium nonylphenolate. Potassium laurate was the most extensively studied of the three, and

produced the low selectivities mentioned abeve.

In some runs potassium laurate was added to the reactor with the metal oxide and start up oil
before the start of a run and in other coses it was added intermittently as a so'ution in isoprop-
anol’heptane during 2 run. Potassium laurate was 2lso used in combination with potassinm
carbonate impregnation. In this case it was added as a solution to a catalyst containing potassinm

from potassium carbonate impregnation.

Potassium laurate-derived catalysts were less active at a given potassium leve! than those from
potassium carbonate. However, thev continued to g2ain activity at high potassium levels which levels
resulted in activity Joss when potassium carbonate was used. Methane <+ ethane selectivity

continued to decrease at high potassium levels regardless of the potassium source,

Potassium nonylphenolate was evaluated in just one run. It was added intermittently as a soiution
in isopropanol/heptane to a catalyst which contained some potassium from potassium carbonate.
In this case the effects on conversions and methane -+ ethane selectivity were directionally the same
as with potassium laurate. However, the amount of change in these two was much less per gram

cf potassium than with potassium laurate. -

Potassium benzoate was also evaluated in one run. In this run potassium lanrate was added to the
iron oxide at start up to furnish the initial potassium. Later an isopropanol solution of potassium

benzoate was added. Addition of potassium benzoate produced a slight increase in the carbon
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dioxide selectivity but no change in conversions or light ends selectivities.

The actual tests of the organo-potassium-derived catalysts are outlined in Section 3.5 along with

tabular comparisons to a potassium carbonate-derived reference catalyst.

Koebel in his seminal LPFT studies used organo-potassium compounds as well as inorganic ones.'”
Claim ! of the above referenced patent is to an improved process “which comprises continuously
passing a synthesis gas into a hydrocarbon oil product suspension of carbon monoxide hydrogenation

caralyst having g CORCETMTation. ... cccvvvevnnne 7 Clearly this is a process description of LPFT.

A subsidiary claim of the Koebel patent describes the alkali component of the catzlyst for this
process: "Improvement according to clgim 9 in which said suspension within said reacior possesses a
predetermined alkali content, and in which said alkali content is maintained substantially consiant by
adding together with said replacing oxtdic compound a catalyst based percentage of alkeli material
higher than that of said predetermined alkali content." Another subsidiary claim describes use of
surface tension modifving agents; potassium stearate is a specific example given in the body of the

patent,

Although Koebel describes the use of potassium stearate, and makes a comment in the body that
the surface tension modifying agent mizht be one which increases or decreases the surface tension,
he dges not describe a special effect on conversion and/or selectivity. The use of an organo-
potassium compound to facilitate low methane + ethane selectivity at high conversion seems unique
to the current work. Furthermore, it has been found that all organo—porta.ssium cempounds do not

behave in the same way when added to the catalyst system in solution during a run.
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3.2.3 NOVEL METAL OXALATE-DERIVED CATALYSTS

Preparation of F-T catalysts via decomposition of metal complexes is known but has not been
extensively developed™ '™'™, Howerer Soong, et. 2i.® did decompose Mn¥e(C.0)); to form an
tron/manganese F-T cataivst. Th's method was used during this contract to convert a mixture of
potassium, copper and iron ur copper and iron oxaiates into high surface area mixtures of i=on

carbides by the steps below:

Heat, Vac

K. Cu. FeC.O, - HHO————>K, Cu, FeC,0, + H.O (g)

250-300° C, Atm. Pressure

K. Cu. Fe.O, + H. >K, Cu Fe(0) + CO + CO, ~ H.O

65 psig, 250-300° C

K. Cu, Fe(C) + CO + H. >K, Cu, FeC (various stoichiometries)

The preparation above was accomplished in a modified Mettler TA-2 thermal analytical balance.
This allowed careful measurement of the mass changes as the various steps of the synthesis were
performed. The oxalate decomposition step was performed with pure hydrogen. To accomplish
the third step the pressure was first raised to 65 psig with hycrogen, then the carbon monoxide was
added to the gas flow. The change in mass indicated that carbides wr- formed within less than
a1 hour. Thereafter, F-T activity was demonstrated by the accumulation of wax in the analvtical

balance, as witnessed by a weight gain and actual wax accumulations in the apparatus.
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Furthermore. carefu! analysis of the gas exiting the analytical halance showed the presence of typical

F-T product gases such as methane and ethane. Several such carbide preparations were performed
and the products werc ailowed to operate as F-T catalysts in the thermal balance for extenc>d
periods of time. It was thus found that the oxalate-derived carbides were stable at 250° C during
100-120 hour runs with either 2: 1 or1:1 molar hvdrogen : carbon monox:ide. However, at

300° C the catalvst fost 21! activity after fifty hours. An X-Rav diffraction analysis of 2 wax/catalyst
sample was removed from the analytical balance is attached as Figure 18. This analysis indicates

the presence of Fe.C; anc Fe [l and possibly several nthers as well.

A report summarizing this work more fully is attached as Appendix 3. A large sample of 2
copper/iron carbide was prepared in a sirriiar fashion and evaluated in the autociave pilot plant

with potassium added as potassium Izurate: its performance is outlined in Section 3.5.

3 2.4 NIL-FORMED IRON OXIDE SPHERES FROM A SOL-GEL ROUTE

The sol-gei method of preparing iron oxide catalysts is a desirable approach for improving catalyst
mechanical strencth because thi. method allows formation of spheres which are the most attrition

resistant shape for catalyst particles.

The preparation of binderless iron oxide spher=: hzs been achieved by tne development of a2 .ovel
sol-gel forming procedure. The stz—ing material is u solution of Fe(IIT} 2-ethylhexanoate in mir.eral
spirits which is added dropwise to an ammoniacal solution of methanol. The low viscosity of the
methanol canses the formation of small droplets of the iron solution. The immiscibility of the

mineral spirit solution in the methanol. and the difference in surface tensions berween the two
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solutiens, causes the droplets to assume a sphericai shape. Low levels of ammonia and water in the

methanol promote the hydrolysis of the Fe(I1l) 2-ethylhexzanoate causing the spherical particles to
gel (harden). The iron containing spheres can then be isolated by filtration. These are the first
reporied spheres of 100% iron oxide phase, prepared without a binder. Initial preparations have

resulted in 160-200, diameter spheres.

Some as yet insurmountabie mechanica! difficulties were encountered in the scale-up of this new
method. The principal problem results because the current method for introducing aporopriate size
liquid droplets of the Fe(I1I) 2-ethylhexanoate into the forming liquid is inadequate. This method
does not coniro! the associated formation of "powder" material, which consists of very tiny (1-10z),
but spherical particles. Several alternate methods of addition were tried. These included several
sizes of eye droppers and a vanety of air brush fittings. The droplets formed using the eye
droppers were too large to be supported by the low viscosity methanol and broke up into smaller
droplets. This left a trail of the aforementioned powder. The air brush was used in an attempt to
break up the solution into a finer stream of particles before entering the methanol solution. This
method reduced the number of particles having a spherical shape, presumable due to loss of too
much solvent from the Fe(II) 2-ethylhexanoate solution prior to contact with the ammoniacal
methanol forming solution. It might be possibie to overcome this problem by increasing the dilution

of the Fe(IIl) 2-ethylhexanoate prior to passing it through the air brush assembly.

Optimization of the level of ammoniz in the methano! solution depended on the size of the Fe(IID
2-ethylhexanoate droplets. A range of 2.5—> 5.0 wi% aqueous ammonium hydroxide worked best
when an eye dropper was used to form the droplets. The use of higher levels of ammonia with the

eve dropper, did not permit the droplets to break up. This resulted in incomplete hvirolysis
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throughout the, now very large, spheres. The introduction of smaller izitial droplet sizes permts

the use of a higcher ammonia concentraton and speeds up hydrolysis. An upper limit on the
aquecus ammonia addition is reached when the density of the ammoniacal methano! becomes too
high, relative to that of the mineral spirit solution of Fe(III) 2-ethylhexanoate, and the droplets no

longer sink through the forming medium.

3.3 CONTRACT TASK 3.3. CATALYST ACTIVATION

3.3.1 INTRODUCTION

During use the iron-based F-T catalyst is known to consist of oxidic as well as carbidic iron. In
addizion. several iron carbides have been characterized in the working F-T catalyst. Therefore, :t
might be possibie to alter the performance of the catalyst by changing the types and/or amounts of
the various iron species present during operation. One way to do this might be by changing the
composition of the catalyst through activation procedure changes. Two activation procedures have
been used in this work. In the first the catalyst was pretreated with the 0.7 molar hydrogen :
carbon monoxide ratio synthesis gas which was also the piant feed. In the second the catalyst was
pretreated with carbon monoxide. The catalyst performance was affected by the activation

procedure.
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3.3.2 ACTIVATION WITH SYNTHESIS GAS

The feed gas in all of this work was a simulated coal-derived synthesis gas with a H. : CO molar
ratio of 0.7. In most of the catalyvst evaluations during this contract the feed itself was used to
activate the catalysi. Performance results with catalysts activated in this fashion are in Sections

3.5->3.7. In these cuses the pretreatment occurred after the iron/copper oxide and start up oil
were loaded into the autoclave reactor. The activation procedure was fifteen hours long during
which time the feed was processed at 2.0 NL/hr - g Fe and the reactor was maintained at 280° C
and 153 psig. After this the noﬁnal processing conditions of 2.4 NL/hr - g Fe, 265° C and 290 psig
were established. During and after catalys? aciivation the stir rate was 1100 RPM. Wheu: activated
in this fashion the iron/copper oxides prepared during this work produced catalysts that were
moderately aciive and exhibited low methane + ethane selectivity. Carbon monoxide conversions
with some of the better catalysts were about 70% at line out. Since the objective of this contract
is a low methane -+ ethane catalyst, this activation procedure was used while other aspects of the
catalyst which might give improved conversion and/or even lower methane -+ ethane selectivity were
evaluated. For instance, this activation procedure was used with a series of catalysts which were
similar in all regards except in the level of potassium promoter (Section 3.5.6 below). OF all the
catalysts so~activated in this work, including a reference catalyst from Ruhr Chemie, the best one
from the standpoint both of high conversion and low methare + ethane selectivity was the one
resulting from a novel addition method of the polassium promoter. This catalyst was evaluated in
Run 49 which is described in Section 3.5.7 (particularly see Figure 19). With this catalyst the
carbon menoxide conversion at the standard conditions was 70% and the methane + ethane

selectivity was 3.4 mole%.




3.3.3 ACTIVATION WIiTH CARBON MONOXIDE

Two runs were performed with catalysts resulting from carbon monoxide activation; cataiyst
performance resulis are reviewed in Section 3.5.11. In both runs the same iron/copper/silicon oxide
catalyst precursor was used, the properties of which are in Figure 20. In the first run potassium
was added io the catalyst composition at start up and in the second run il was added during the
rur. Both times the source of potassium was potassium laurzte which has proven during this

contract to be 2 wayv of transferring potassium to the catalyst (Section 3.5.7).

In the first run 72.7 g of iron/copper/silicon oxide along with 6.7 g of potassium laurate and 290
e of Cy, oil were !oadgd into the autoclave reactor. The calculated potassium : iron weight- ratio was
2.4 :100. A carbon monoxide flow was established after the metal oxide and start up oil were
added to the autoclave reactor. The activation took twenty-six hours. However, the carbon
monoxide was fed 1o the reactor beginning at room temperature whereas in the shorter synthesis
gas activations above the reactor was brought to the activation temperature under nitrogen prior

to starting the svnthesis gas. The reactor temperature and pressure during activation were the same

as during the subsequent run, namely 265° C and 200 psig.

During activation carbon dioxide was produced by reaction of carbon monoxide with the metal oxide

catalysl precursor and possibly by the Boudouard reaction as weli:

If too much carbon is formed from the Boudouard reaction, catalys! deactivation could result,
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therefore, excessive activation times were avoided.

Product gas analyses duripg .o first run’s activation period are summarized in Figure 21. The
amount of carbon dioxide increased as the temperature increased, but then declined shortly after
the target temperature was reached, probabl y due to pear full reduction of the iron oxide to iron
carbides. A small amount of carbon dioxide was noted, however, even at the end of the activation

period, possibly from the Boudouard reaction.

The second carbon moﬁoxide activation run employed 290 g of C,, start up oil and a fresh 72.3 e
sample of the same iron/copper/silicon oxide used in the first run. This time no potassium laurate
was added at start up, but it was added as a solution in isopropanol/heptane during the run. The
activation procedure was the same used in the first run;‘ product gas analyses during the activation
are summarized in Figure 22, TZ';e amount of carbon dioxide formed and the rate at which it was

formed were approximately the same as in the first carbon monoxide aciivation run.

Independent work by Burt Davis and co-workers at the University of Kentucky as part of their
current Fischer-Tropsch contract has shown that no iron oxide is left after an activation of this type.
However, they find that some iron oxide is reformed during F-T synthesis. Therefore, from the

standpoint of the gross structure of the operating catalvst, there do seem to be similarities regardless

~ of the mode of activation. However, the two activation procedures do not produce catalysts which

exhibit similar performance. During this work and that at the University of Kentucky more active
catalysis have resulted from carbon monoxide activation than synthesis gas activation. However,
carbon monoxide activation has also resulted in high methane + ethane selectivities. This selectivity

resulted in part because the catalvsts were so active (light ends selectivities increase at high
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conversions). However, since the selectivity couid not be effectively controlled by potassium the

carbon monoxide method of catalyst activation was not pursued bevond these two ruas.

3.4 CONTRACT TASK 1.5. CATALYST CHARACTERIZATION

3.4.1 INTRODUCTION

Various techniques were used to characterize fresh oxide catalvst precursors and used catalysts
including scanming transmission electron microscopy (STEM). Moessbauver, X-Ray diffraction,
magnetic measurements, nitrogen porosimetry and elemental analysis. Section 3.4.2 outlines
experiments done with catalysts withdrawn at various times during a fifty hour run. Section 343

covers work performed to find a way to determine differences in fresh oxide mechanical strength.

3.4.2 CHARACTERIZATION OF CATALYSTS WITHDRAWN DURING FIFTY

HOUR RUN

Samples of catal}-sl suspended in wax were withdrawn at 4, 12, 24 and 50 hours during Run 32 (a
50 hour run). These samples were analyzed by Moessbauer, X-Ray diffraction and magnetic
susceptibility. The results of these tests are summarized in Figures 23-27. The Moessbauer data
show the rapid conversion of Fe O, to Fe,0, and a slower conversion to carbidic iron species. These

changes began during the catalyst activation pericd and continueg thereafter. These resulis
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correlate well with the X-Rav and magnetic measurements.

The X-Ray data show, in addition, that the original Fe,O, had crystallites on the order of 16 nm

whereas the Fe,0, had crystailites of 15-25 nm.

The magnetic susceptibility data suggests that the iron carbide is accompanied by a more complex
type magnetic material which could be a mixture of iron carbides and oxides. Continued reduction
in magnetism as the run progressed could be indicative of formation of more highly carbonized

material.

The fifty hour run was one of four, each with a fresh sample of the same catalysi. These runs
demonstrated thai the slurry autoclave plant could be operated in a reproducible fashion.
Performance results from these runs in Section 3.3.5 illustrate that the selectivity to Jight produocts
such as methane and ethane increased during the activaticn period. This increase cont}nued after
the activation period but at a decreasing rate. The conversions, on the other hand, increased during
activatien then decreased as the runs progressed. The selectivity changes thus do not seem to be tied
just to conversion. The increase in light product selectivities during the early stages of a run
probably are due instead to changes in the nature of the catalyst. Although these changas are
complex, it is tempting to speculate that more highly oxidized catalyst is less selective to figh:
preducts. If this is the case, ways might be discovered to maintain the catalvst in a more highly

oxidized state during a run wherein low light product selectivity is desired.
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3.4.3 SILICON VS. SILICON-FREE OXIDES: MECHANICAL STRENGTH

Oxigdes from precipitation plant Runs 32 (no silicon) and 33 (1.25 w1% silicon) were compared witil
respect to mechanical strength. Aguecus siurries of the two samples each with mean particic
diameter slightly less than 100 pm were subjected 10 sonic mixing. Particle size measurements were
made by a laser lizht scattering method a: 0.2, 5, and 10 minutes. The results summarized in

Figure 28 show that the silicon-containing oxide was mechanmically stronger.

3.5 CONTRACT TASK 2.0. CATALYST TESTING

3.5.1 INTRODUCTION

Section 3.5.2 describes :he method of testing the catalysts including tke slurry auioclave piant used
for the catalyst evaluations, and the standard catalyst activation procedure. The initia! runs were
performed with a reference catalyst prepared during this work, and arc outlined in Section 3.5.3.
These runs demonstrated the reproducibility of the slurry autociave catalyst evaluation test; durng
one of them catalyst samples were withdrawn intermittently between startup and fifty hours on
stream to determine changss in the catalyst properties as a function cf time on stream. Analyses of
these withdrawn catalyst samples are reported in Section 3.4, Catalyst Characterization. Evaluation
of a reference (formerly commervial) catalyst from Ruhr Chemie is outlined in Section 3.5.4. Two
identical precipitation plant runs from rear the end of this work provided iron/copper oxides for

the pilot plant runs outlined in Section 3.5.5. When these oxides were prepared the ran to run
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oxide yieid was high, but there were still some changes in the physical properties of the precipitates

{Section 3.1}, Section 3.5.6 describes evaluation of catalysts from the same lot of oxide precipitzte,
but with varying ievels of potassium from potassium carbonate impregnap'on. An alternate and less
time-consuming method of potassium additicn was used to prepare the catalvsts outlined in Section
3.5.7. Runs with additional catalysts prepared using a similar petassium additien method are
reviewed in Section 3.5.8. In Section 3.5.9 two catalysts from the same precipitation run, but
differing in mesh size are evaluated. The perfor nance of the novel metal oxalate-Gerived catalyst
is outlined in Section 3.5.10. Catalyst performance afler activation with carbon monoxide is
described in Section 3.5.11. Evaluation ¢l zn aliquot of the catalyst manufactured by United
Catalvst Inc. and evaiuated 2t the LaPorte, Texas slurry bubble reactor is outlined in Section

3.5.12.

3.5.2 THE CATALYST TESTING PROCEDURE

Since pilot plant-scale slurry bubble reactcrs are not reacily available it has been the custom to
screen LPFT catalysts in slurry autcclave reactors. A diagram of the siurry autoclave piant used
during this contract is in Figure 29. The reactor was contained in an insulated "hot box"
maintained at 130" C. Additional heat was supplied to the reactor to achieve the operational
temperature which was usually 265" C, although siightly higher temperatures were sometimes
desired. Figure 30 contains a sketch of the part of the pilant contained in the kot box, whereas
Figure 31 contains a detailed drawing of the autoclave reactor itself. The F-T reactions are very
excthermic. the liquid was, therefore, hotier than the gas this ailowed the liquid leve! to be

determined from temperature measurements up annd down the thermowell shown in Figure 31.
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F-T catalysts are easily deactivated by feed impurities, pa-ticularly sulfur. For this reason pure

carbon monoxide : hydrogen biends were purchszed from Scott Specialty Gases, Troy Michigan.
Furthermcre the autoclave plant contained a feed pretreatment section consisting of 1265 cc of
alumina spheres maintained at 210° ¢ and 515 cc of 13X molecular sieves maintained at room

temperature. The alumina and moiecular sieves were replaced by fresh material twice a vear.

Means were provided to remove gas and liquid from the autoclave. In both cases removal was
through cylindrical stainless steel filters (shown shaded in Figure 31). These filters were 1 172 in.
fong. by 3/8 in. outside diameter (1/4 in. inside diameter), they removed ali but the finest catalyst
particles. The filters plugged periodicaily, a positive pressure of feed usually served to unplug them,
however. when this failed redundant filters were available. The redundant wax filter is shown in
Figure 31. An unfiltered gas outlet was also mvailable for emergency venting. Some catalyst fines
were usually observed in withdrawn liquid (wax) from the first few pericds of the run. After that,

however. the wax contained very little catalyst by sight or analysis.

The F-T products were collected as both gases and liquids. Two of the traps used to collect liguids
were in the hot box. (Although only two are shown each had a backup as did the traps otside of
the hot box. This allowed one set of traps to be emptied while the second set was collecting
products.) One hot box trap contained condensate from the continuous removal of autoclave
overhead gas. The other contained the wax resuiting from intermittent removal of a part of the
autoclave liquid nhase which was done often enough to maintain the liquid level 6.5 = 1 inches from
the bottom of the autoclave. This materiai usually was 2 solid after the trap was removed from the

hot box anc cooled to room temperature.
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There was a second set of three traps outside of the hot box. The first was maintainac at & C and

ihe second and third at -70° C. It was found during this work that the third trap was needed to

collect material that would not condense in the first two.,

Two on line gas chromatographs anaiyzed slip streams of the hot box effluent. The first one (GC-1)
performed a boiling point analysis for molecuies with as many 25 20 carbon atoms. The sampling
vaive for this chromatograph was before the first of the tharee traps exterior to the hot box.
Unfortunately the concentrations reported by this instrument were erroneous. This was the case
even after attempts to adequately heat the line and samnpling vaive. Heavy molecules appeared to
condense inio the line and/or valve during the time between saraplings resulting in injection of a
heavies-rich sample into the GC. The sampling valve for the second GC (GC-2) was .between the
first and second exterior trap. This GC performed 2 gas analvsis and worked well. For purposes
of mass balancing the plant and caiculating Schulz-Flory data, this GC was used to obtain the
weights of C,-C, hydrocarbons. The amounts of these hydrocarbons in the first external trap were
added to the GC-2 amounts, but this was a small correction. Oxygenates are not available from

GC-2. in cases where selectivities to these products are reported GC-1 data were used. Most of the

oxygenates vere alcohols, aldehydes wers found but in low levels.

The products coilected in the traps were sometimes submitted for ofT line anafyses. In cases where
a Schulz-Flory plot was desired this had to be done. The sample from the hot box trap which
resulted from antoclave liquid withdrawals was analyzed by liquid phase chromatography. This
sample was usually a solid wax. The other hot box sample and the hydrocarbon samples in the
external traps were analvzed by a boiling point gas chromatographic method. The agueous

products. which were found only in the traps external to the ho! box, were analvzed for organic
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molecules by gas chromatography. A compicte breakdown of the products by carbon number was

obtained by these off line analyses combined with thie on line gas anatysis for C,-C, hydrocarbons

Conversions and selectivities were calculated with the aic of an argon internal standard in the 0.7
molar . : CO feed. Selectivities reported are on a carbon dioxide-free basis. In other words. since
about one half of the carbon monoxide was converted to carbon dioxide, the reported hydrocarbon
selectivities are about twice what they would be if carbon dioxide selectivity were taken into account

in their cajculation.

In this work 72.7 g of oxide were usually used, however, in some cases 25 ¢ were used. The high
oxide amount provides 20 wt% solids in the siurry which is the target of this contract. The lower
solids level was originally used for catalysts which were in short supply, however, reference runs
at this loaging were also performed. In all cases 290 g of a produc? from the Ethy] Corp. was
icaded with the oxide. It is called Ethyiflo 30 ard is essentially a C, oil. In most cases this worked
well as a start up oil to be replaced during a run by product wax. The exception occurring during
evaivation of catalysts which produced tow levels of wax, in such cases the Cy, oil exited with the

autociare vapors faster than it could be replaced by heavy reaction products.

High ioading of caiaiyst into the siurry oil will be a key to the success of LPFT processing. At
72.7 g of oxide and 290 g of oil a 20 wt% loading is attained. This is now considered to be 2 high

enough loading to be a target for this contract.
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3.5.3 CERTIFICATION OF THE SLURRY AUTOCLAVE TESTING

PROCEDURE

Four runs were performed with separate fresh sampies of the same oxide to evaluate rur to run
reproducibility of the autoclave plant. Properties of this oxide are summarized in Figure 32. One
ol these was a short run (50 hours) from which catalyst samples were periodically withdrawn for

characterization, the results of which are summarized in Section 3.4 of this report.

The activation procedure for the four reproducibility runs was the one used subsequently for most
of the ciher runs during tnis wor k. It consisted of a fifteen hour pretreatment with the synthesis
gas feed at 2.0 NL/hr-g Fe, 280° C, and 153 psig plant pressure. The stir rate before and after
pretreatment was 1100 rpm. After pretreatment the operating cozditions were: 2.4 NL/mr-g Fe,

265° C and 290 psig.

Performance data for the three longer runs are compared in Figures 33-3%. The conversions, light
product selectivities and H/CO usage were all closely reproduced in each run. The data for the
short run were also virtually superimposable on that from the first fifty hours of the three !anger

runs. One reason for this was the extreme care taken 1o contro! the temperatore (Figure 33).

The conversions followed a patierm observed for many iron catalysts in this work: a rapid
cunversion :ncrease during the activation period followed by a line out period during which the
conversions {and selectivities) were ging—in this case the conversions decreased and the light
hydrocarbor selectivities increased. These changes were still taking place at the ends of the runs

albei* al ever slower rates.
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The selectivities changed due to the cztalyst aging procsss, not due to the change in conversion. For

instance. it will be shown below that the conversion/selectivity relation on 2 similar, but lined out,
catalvst was just the cpposite io tiat above—-lower conversions in that cas. resulted in lower methane
sejectivities. Conversion changes with the lined out catalyst resulted from feed rate changes. It is
possible that operating conditions can be found to maintain the low methane + ethane selective iron

phase(s) present during the earjy part of a run. This has not been done during the current work.

3.5.4 EVALUATION OF REFERENCE RUHR CHEMIE CATALYST

Ruhr used to furnish commercial quantities of an oxidic F-T catalyst precursor. Although no longer
available in large quantities, small samples are availabie for use a< a refereace. The properties of
this material as measured at UOP are in Figure 40. It was evaluated in the slurry autoclave plant
under the conditions used for most of the tests in this contract (Figure 41). The conversions from
this catalyst were £:ol exracrdinary compared to the catalysis developed during this contract {Figure
42). The selectivities to light products wer= high compared to the objectives of this contract and to
catalysts developed under it (Figures 43-47). For instance, at the end of the 250 hour run when the
catalyst appeared io be nearly lined out the methane + ethane selectivity was 7.7 mole % (72% CO

conversion),

3.5.5 COMPARISON OF CATALYSTS FROM IDENTICAL PRECIPITATION

RUNS

Four catalysts were evaluated, two each from precipitation Runs 30 and 32 oxides (one direct and
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one overflow filtered sample per run). In these runs 25 g of iron/copper oxide were used, with 29(

g of oil. Potassium was added as solid potassium laurate along with the oxide and oil. Enough
potassium laurate was used so that the iron : potassium wt. ratio was 100 : 1.8. The 0.7 molar
H.:CO feed was used. The operating conditions before anr after the aciivation were the same as
outlined in Section.3.5.2 except the feed rates were 5.8 and 7.0 NL/hr-g Fe respectivelv. Because
of the higher feed space velocity the conversions during these runs were lower than usuval,
Furthermore, the percent lcss of conversion during line out was high (Figure 48). This was
probably due to the first order nature of ihe conversion; a similar loss of achivity can cause 2
greater or lesser loss in conversion depending upon whether the initial conversion was in the

relatively flat or more steeply inflected nart of the conversion/contact time plot.

A u;bular summary of line out conversions and selectivities is in Figure 49. The catalysts from
precipitation plant Run 36 were less active than the ones from Run 32. In both cases the overflow
material produced a more active catalyst. Although the difference in conversion between the best
and worst catalyst was high. even the Run 30 overflow catalvst exhibited the high conversion
expected from work with other catalysts in this contract at the target feed rate of 2.4 NL/hr- Fe

(obtained by reducing the feed ratesee Figure 48).

3.5.6 COMPARISON OF CATALYSTS FROM THE SAME OXIDE BUT WITH

DIFFERENT LEVELS OF POTASSIUM

Five catalysts were evaluated, each from the same oxide but with different levels of potassium from

potassium carbonate impregnaticn/calcination. The properties of the potassium-free oxide and the

51



potassitm-containing oxides are in Figure 50. The catalysts were evaluated under the conditions

used for plant certification (Subsection 3.5.3). As in previous runs catalyst activities and selectivities
changed during activation and thereafter, but apparent line out performance was eventually

attained.

Carbon moroxide conversions and methane + ethane selectivities at line out are summarized in
Figure 51. A plot of carbon monoxide + hydrogen conversion vs. potassium level is in Figure 52.
Catalyst activity dropped for potassium levels just above 2 2/100 g Fe. Methane + ethane

selectivities dropped <continuously as the potassium level increased (see also Figure 53).

Olefin 1o parafTin ratios at 73% conversion are summarized in Figure 46 {(C.~>C). A space
velocity reduction was made during the run with the fow activity 2.7 g K/169 g Fe cazalyst so that

the conversion would be the same as with lower potassium catalysts.

Carbon dioxide selectivities were always high. even for the lower activity catalyst of Run 39 (Figure
§5). Alcohol selectivities (C —~>C)) are summarized in Figure 56, there was little difference as the

amount of potassium changed. The sum of the alcohol selectivities varied rom 2.5—> 3.2 mole %.

The 2.06 g K/100 g Fe catalvst (Run 37) was the best of the five from the standpoint of high 2ctivity

and low methane + ethane selectivity.

Praduct analyses of all trap products from three Run 37 periods were performed in order to
determine the complete product distributions. The heavy product present i the hot box traps was

analyzed by ge! phase chromatography with a correction to account for any residual (start up) C,,
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oil. The iiquids in the traps outside the hot box {aqueous and hydrocarbon) were analyzed by gas

chromatography. The on line gas analyzer (GC) data were used for C,~>C, hydrocarbons.
Because scme C.’s sand C,’s were lost during trapping/transferring. the on line boiling point GC
data were used to estimate the actual C. znd C; yields. Schulz-Flory plots were constructed. The
low carbon number end of these plots are in Figure 57; Figure 58 contains the full-range plots. The
plots are of the so-called doubie-alpha type. A non linear regression method similar to that of
Satterfield, was used to calculate o, = 9.67 ang o, = 0.92 (al! three plotsj. According to Satterfield

his non-linear regression a's are within 19% of the comparabic jinear regression «'s.

The total product anzlyses were also used to calculate the product distribution in each of the historic
fuel ranges (Figure 59). As the catalyst approached line out less gasoline and diesel, but more

heavies (C,,.) were produced.
3.5.7 EVALUATION OF POTASSIUM LAURATE-PROMOTED CATALYSTS

Potassium lauvrate is a readily available erzano-potassium salt which, because of its surfactznt
nature. enjoys solubility in organic solvents. The original idea was that potassium laurate added
at the start of the run would solubilize into the hot C,, oil and activate the oxide. This would
eliminate two steps of the previous catalyst preparalion, nasely aqueous impregnation of potassium

~ carbonate followed by calcination. The patent of Koebel suggested this might work.'> As outlined

below. it is possible to utilize potassium laurate in this fashion.

In the first run with it. 10 g of solid potassium laurate was added to 72.7 g of iron/copper oxide



{properties in Figure 60) and 290 g of C,; oil, the calculated Fe : K weight ratio was 100 : 3.2. The

activation and post activation conditions were the same used in the autoclave plant certification runs
(Section 3.5.3), the catalyst conversion performance is outlined in Figere 61. The CONVersion was
not as high as that of the best potassium carbonate-derived catalyst, however, when the conversion
was increased by reducing the feed rate a very low methane + ethane selectivity resulted (3.2 mole
< at 70% CO conversion, see Figures 62 and 63). Plots of C, and C, hydrocarbon and light alcohol

selectivities vs. hours on stream are in figures 64 and 65.

Schulz-Florv plots were made [rom three periods of this run. The results are summarized in
Figures 66 to 68 as the C,—>C,, part of the Schulz-Flory curves. These piols contain raw data as
well as the data resulting from the non linear regression analvses. The reported values for o, anc
a.. Xi and Phi are from the non linear regression-anaiy"sa. Xi is roughiy equivalent to the
intersection of the two "straight lines‘; defined by the legs of the parabolic Schilz-Flory curve. The

experimental values for C. and C, tend to be low when estimaied by the on line GC analysis.

A relatively high level of potassium laurate was used in the first run due to concern that some would
remain in sclution and be lost during the periodic withdrawals of wax from the plant. However,
this was nei the case, the amount of pota;ssium removed was very close to the amount one would
predict based on the small amount of iror/copper oxide (fines) known to be present in the
wi'.hdrawn wax. Figure 69 is a tabular summary of the iron and potassium levels in the product
wax. Thus nearly all of the potassiuzm laurate must have "found" the caialyst, resulting in a lower
activity catalvst exactly as was the case when a similar (high) potassiumn leve!l was present from

impregnation/calcination of potassium carbonate.
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In the following two runs a solution of petassium laurate in isoprapanol/heptane (50 ; 50 by weight)

was added after the activation period. During these runs evidence was gathered indicating that
potassium laurate promotion could lead i catalysts with lower methane + ethane selectivities. In
the first of the two runs potassivm laurzte was added to a potassium-free catalyst, and in the second
it was added to a catalyst containing 2 low level of potassium from potassium carbonate

impregration. The properties of the two iron/copper oxide precursors are in Figure 60.

In the first run intermittent addition of the potassium laurate solution began at 175 hours on stream
(Figure 98). The result was an immediate increase in the carbon dioxide selectivity indicating an
increase in the catalyst’s ability 16 oxidize carbon monoxide to carton dioxide. Somewhat later the
Fischer-Tropsch activity of the catalyst increased as well with a concomitant reduction of the light

ends sefectivities (Figures 99 10 104).

The F-T activity continued to increase for potassium levels up to 2.5 g potassium/100 g fron.
Thereafter, until potassium addition was terminated at 3.7 g/100 g iron there were further increases
in either the carbon monoxide or hydrogen conversion. The H./CO wsage ratio also decreased until ‘
the 2.5 g of potassium level was attained, but not thereafter. The carbon dioxide selectivity reached
its maximum value at this potassium level. The changes in carbon monoxide conversion and
methane, ethane and carbon dioxide selectivities 2s a function of potassium level are summarized
in Figure 105. The immediate response of the carbon dioxide selectivity to potassiumn addition
compared to the retarded response of carbon mtonoxide conversion and methzne and ethane
selectivities might mean that the active sites for carbon monoxide oxidatirn and resduction are
fundamentally different, with the reduction sites requiring more thun one potassivm. If there is

more than one F-T site the more active ones might require multiple potassium atoms. Multiple
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potassium sites would accumulate more slowiy than one potassium sites during the initiai phase of

potassium addition. If multiple potassium sites are more active for the F-T reactions, they might
also be intrinsically less selective for light hydrocarbons since as the catalyst activates through

addition of potassium these sciectivities decrease.

The maximurr: conversions at the 2.5 g potassium level were less than either of the 2.1 g potassium
catalysts previously described: potassium carbonate impregnated and solid notassium laurate at
startup. For instance, the carbon monoxide conversion was 42% compared to about 70% for the

two 2.1 g potassium catalysts.

Near the end of the run the operational femperature was increased in stages 1o obtain selectivities
at higher conversions. Space velocity changes would probably have been a better way (0 achieve
higher conversions since the catalyst is expecied to be intrinsically more selective to licht products
at higher temperatures. However, the C, + C; selectivity at 290° C and 68% carbon monoxide

conversion was only 3.4 mole%:! This is a very low selectivity at this conversion even at 265" C.

In the second run the potassium laurate solution was added to a catzlyst whici had 1.0 g of
potassium carbonate-derived polassium/ 100 g of iron on it at startup. This catalyst was initially
more active than i!-_:e one vsed in the previous run (Figure 106). For instiace, the carbon monoxide
conversion was 40% at seventy hours on stream just before potassium laurate addition began at
seven'ty-ﬁve hours on stream. This addition was again intermittent. As in the previous run
potassium laurate produced an immediate increase in the carbon dioxide selectivity (Figure 106).
Activity gains were noted until the addition of enough potassium laurate to bring the foial amount

of potassium up to 2.0 g/100 g of iron. Further potassium laurzte additions produced no activity
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The second potassium laurate run was identical to the first except 6.5 ¢ of potassium laurate was

used (Fe : K wt. ratic = 100:2.1). A catalyst resulted which was close in activity to the 100 : 2.1
catalyst (Section 3.5.6) from potassium carbonate (Figures 70 and 71). From (90-120 hours on
stream the wrong feed was used, however, after reintroduction of the right one the conversions
returned to values similar to what they had been before. At 150 hours on stream the catalyst
appeared to be lined out and condition changes w;zre made to determine the affect of contact time
on conversions and selectivities (Figures 72 t0 75). At the end of the run the or:ginal plant
operating conditions were re-established; at this time the coaversions and selectivities Were close to
what they were at 150 hours on stream. At this time the carbon monoxide conversion was 73% and

the methane + ethane selectivity was 5.2 mole 5.

Samples of the wax withdrawn during the first three periods were again anzlvzed for iron 2nd
potassium. The amount of potassium was again about what cne would expect based on the
assumption that ali of the potassium laurate had "found" the iron and was being removed as part
of the trace amount of iron catalyst fines known to pass through the wax filter svstem during the

early stages of a run,

Selectivity/conversion plots for mathane and ethane are in Figures 76 and 77. These clearly show
that a probiem in achieving the target low C, + C, selectivity at high conversion is the rapid
increase in this selectivity at high conversion. The H, to CO usage is less than 0.7 (Figure 78, the
shape of this plot is typical for all iron catalysts operated at less than 280° C."), bat increases to
approach 0.7 at high conversions. The result is that at high conversions the H, to CO usace
increases this, in turn, can faver formation of high hyvdrogen products such as methane and ethane

are favored.




Contact time/vield plots are in Figures 79 to 89. Methane is formed even at lov temperatures and

contact time indicating it to be a direct product of F-T processing, ethylene also seems to be 2 direct
product. However, whereas methane does not seem to be consumed once formed, ethylene appears
to be (curve bends down at higher contact times). Ethane appears to be a product of secondary
syvnthesis (zero or near zero yield at low contact times, but rapid, non linear, yield increase at high
contact times). Most logically ethane comes from hydrogenation of ethylene. Ethano! seems, at
least in part, to result from direct synthesis. Propylene and butyiene are direct products with some
indication that thev are consumed in secondary reactions. Propane and butane appear 1o be direct

products whereas prepanol and butancl appear to be products ef secondary synthesis.

The effec: contact time changes had on carbon moenoxide and hydrogen conversion is expressed in

Figure 89.

Three perinds during this run were fully analyzed and Schulz-Flory plots were prepared (Figures
90 to 95). The values of o, varied from 0.65 to 0.62. The weight fractions of the 1otal product in

each of the historic fuel ranges appear in Figure 96.

At the end of the run the carbon monoxide conversion was 7¢% and the C, + C. selectivity was 5.2
mole %%. This was approximately the same as the line out performance of the Run 37 (Figure 5i)
potassium carbenate-derived catalyst which was 3.2 mole <% C, + C. selectivity at 73% carbon
monoxide conversion. Although the performance was not improved over the earlier catalyst,
potassium laurate did offer the promise of an easier catalyst preparztion and work was continued

on it. A tabular summary of the performance of the Runs 37, 42 and 43 cataiysis is in Figure 97.
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changes. However, slight decreases in both the methane and ethane selectivities were observed when

the total potassium level was increased from 2.0 to 3.0 g/100 g - Fe (Figures 108 and 109). A
summary plot of the response of conversions and selectivities to increases in potassinom level appears
in Figure 110. During the potassium laurate additions the ethylene selectivity decreased markedly
from 4% to 2% (Figure 111). At three hundred and twenty-five hours on stream a significant
amount of catalyst was lost from the reactor. This happened after hoth siurry filters plugged and
the wax level had to be controlled by removal from the non-filtered outlet. After the catalvs: loss
the feed rate was decreased in order to increase b : conversion back to the previous level. Although
not labeled on Figure 105, the feed rate before this change was the usval 2.4 NL/hr - g2 Fe. Just
before loss of catalvst the methane +~ ethane selectivity was 3.4 mole % at 70% carbon monoxide
conversion! This is 2 very low selectivity. if catalvst had not been lost space veiocity changes would
have been made to allow determination of methzne + ethane selectivities closer to the target CO
+ H. conversion of 88%. As with the previous run, high carbon dioxide selectivity was observed
at low levels of potassium, whereas the major carbon monoxide increase occurred at higher levels

of potassium.

The low methane + ethane selectivity and the fact that the conversion didn’t decrease at total
potassium levels greater than 2 g/100 g of iron indicate that use of potassium laurate during a run
czused at least a somewhat different catalvst to form than from potassium carhonate.

Propane/prepylene and butane/butylene selectivities are in Figures 112 and 113.

Comparisons are made of the C,—~> C, selectivities and olefin/paraffin ratios for the four potassium
laurate runs in Figure 19. The methane + ethane selectivity was reasonably consistent at about 3.3

mole % when the high potassium catalysts of Runs 42, 46 and 49 were operated to produce 70%
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carbon monoxide conversion. Extraordinary means were required to achieve this convesrsion during
Runs 42 and 46 but not during Run 49. The high activity with a high potassium catalyst in Run
49 is also unique when compared to the catalysts descrived in Section 3.5.6. These earlier catalysts

exhibited maximum conversion at about the 2 g/ 11 g irom level.

It is possible that potassium laurate is hydrolyzed to lauric acid and potassium hydroxide in the
reactor before interacting with the catalyst. If that is the case other soluble organo-potassium salts
should produce catalysts similar to the caes for potassiwin laurate. The runs in the next suzsection

were done with cataiysts activated with such salts.

3.5.8 EVALUATION OF ADDITIONAL ORGANO-PGTASSIUM COMPOUNDS

Potassium nonylphenolate and potassium benzoate were evaluated. In Run 63 potassium
nonviphenolate was added iniermittently as a solution in isopropanoci/heptane to 72.3 grams a
catalyst which contained 1.0 g of polassium carbonate-derived potassium/100 grams of iron (Figure
114). The catalyst appeared to have approached iine out before potassium ronylphenoiate addition
started at ninety hours on stream: at this time the carbon monoxide conversion was 35%, and the
methane and ethane selectivities were, respectively, 6.0 mele % (Figure 115) and 4.5 mole % (Figure
116). The metal oxide used was a fresh sample of the same one used in the previous Run 49. This
run was perforrned under the same conditions but a solution of potassium l[aurate was added
intermittently beginning ai seventy-five hours on stream. Prior 1o these additions the catalyst was
converting 40% of the carbon monoxide and exhibited methane and ethane selectivities of 6.8 and
3.5 moie % respectively (Figures 105, 108, and 109), although not exactly the performance in Run

63. it is close. Part of the difference is due to the selectivities not being completely lined out.
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The potassium nonylphenolate additions did not produce the immediate and dramatic affect on

performunce that the potassium laurate additions did during Run 49. However, the qualitative
zfTect of potassium nonylphenolate was in the same direction, ramely increased conversions and
decreased selectivities to light hydrocarbons. The catalyst did not appear to have fully lined out
before addition of the potassium nonyiphenolate. It is possible that the slow increase in activity
after the firs: potassium nonylphenolate addition was just a continuatior of the line out Drocess,
Both additions seemed to cause small decreases in methane selectivity. The firsi addition seemed

to reduce the ethane selectivity somewhat. the second addition did not reduce it any further.

The difference berween potassium laurate and potassium nonyiphenolate addition is best illustrated
by the following summary data. In Run 49, at 250 hours on siream and 2 total potassium leve! of
2.4 g/100 g of iron. the carbon monoxide conversion was 70%, and the methane and ethzne
selectivities were, respectively, 3.1 and 1.1 mole %. In Run 63, at 170 kours on stream and a total
potassium level of 2.3 /180 g of iron, the carbon monoxide conversion was only 50%, and the
methane and ethane selectivities were, respectively, 5.0 and 2.1 mole %. Clearly potassium laurate

was more effective.

The potassium laurate solution was added intermittentlv to Run 63 beginning at 230 hours on
stream. The first such addition produced an immediate effect, after it the total potassium addition
was 3.0 g/100 g of iren, the carbon monoxide conversion was 70%, and the methane and ethane
selectivities were, respectively, 2.7 and 1.9. This methane selectivity was about the same as in Run
49 at a potassium level of 3.0 2/100 g of iron. but the 1.9 mole % ethane selectivity was higher (Run
49 ethane selectivity = 0.7 mole %). A final potassium laurate addition was made but operational

difficulties forced the run to be stopped before the full affect of it could be ascertained. This
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addition brought the total potassium jevel to 3.9 g/ 100 g of iron, and appeared to cause additional,

but smaller, decreases in the methane and ethane selectivities which were 1.9 and 1.1 at rum’s end.
A tabular summary of Runs 49 and 63 including C,—> C, selectivities is in Figure 117. During Run
6> the potassium laurate additions also caused a Jowering of the pro- pane/propylene and

butzne/dutylene selectivities (Figures 118 and 119).

Potassium benzoate was added mear the end of Run 65. This run employed 25 grams of "direct
filtered” metal oxide from Run 32 of the oxide precipitation plant. Primarily, this run was part of
the study of catalyvsts from identical precipitation runs outlined in Section 3.5.5. The run conditions
are in this previous section, however, it should be reiterated here that solid poiassium laurate was
added 1o the reactor at start up. Catalyst performance before addition of poiassium benzoate was
earlier summarized in Figure 49. Thz autoclave runs are time-consurning to start and wheﬁever
possibie atiempts were made to obiain some extra knowledge after the primary run cbjectives were
ackioved. In this run one addition of potassium benzoate in isopropanoi solution was made
beginning at 270 hours on stream (Figure 12€). Althcogh the increase i total potassium was from
1.8 to 3.0 grams/100 grams of iron, the conversions were tarely affected (Figure 121). The
increases in light end selectivities (Figures 122 to 124) were Gue 1o the increased carbon dioxide
selectivity; the uncorrected light ends selectivities were unchanzed by the potassium benzoate
addition. The increased carbon dicxide selectivity coitld have been due to the potassium benzoate

catalvzing the Boudouard reaction to some extent.

The differences in the way the three organo-potassium compounds effect the catalvst mus? be related
to the Jiiferent types of anions present. The simplest explanatien is that the berzoate and

nonyiphenolate solubilize the potassium to such an extent that it does not "find" the catalyst surface,
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and is. in fact, eventualiy iost into the withdrawn product wax. However, there are other

explanations such as effects of the anions on adsorbed potassium. These mechanisms can only be -

differeniiated with additional experiments.

3.5.9 EFFECT OF CATALYST PARTICLE SIZE ON PERFORMANCE

A sample of the through 400 mesh meta! oxide which resulted duering sizing of tite product from one
of the two identical precipitation runs was compared to the sized (through 140 on 400 mesh)
material. Summaries of oxide properties are in Figure 125 and performance data afier [ine out is

in Figure 126. The catalyst evaluation conditions are in Section 3.5.5.

The catalysts reached an apparent conversion line out after 125 hours on stream. At this time the
carbei monoxide was about 40% from the through 400 mesh catalvst and 20% from the other one.
Aithough selectivities from the coarse catalvs* reached apparent line out at this time also, those from
the through 400 mesh catalyst still were changing at the end of the 240 hcur run.The finer mesh
catalyst reachzd an apparent conversion line out after two hundred hours on stream wheit the
carbon monoxide conversion was 39%. The through 140 on 400 mesh material reached an apparent
conversion line out after 125 hours on stream when the carbon monoxide conversion was 20%
(Figure 127). Of the tvo catalysts, the finer mesh one was more selective for light hydrocarbons.

parhaps in part because the seleciivities wers obtained at a higher couversion.

The conversions from the two catalysts did not converge at line sut as might have been expected if
they were both attrited to the same mesh size by line out. The conversion difference between the

two catalysts might indicate some difTusion resistance.
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3.5.10 EVALUATION OF A METAL OXALATE-DERIVED CATALYST

One run was performed with a catalyst which resulted from decomposition of a mixture of iron and
copper oxalates (Section 3.2.2). It was a very powdery material, its perfermance, therefore, was
compared to that of the through 400 mesh oxide evaluated in Section 3.5.9. The physical properties
and performance of these two oxides can be compared in, respectively, Figures 125 and 126. The
performance data summarized in the latter Figure was after the oxalate-derived catalyst had lined
out. Performance of these two materials as a function of hours on stream is in Figures 128-134.
At the end of the run. the oxalate cataiyst was slightly less selective for licht products than the

reference catalyst.

3.5.11 EVALUATION OF CARBON MONOXIDE-ACTIVATED CATAL YSTS

Two runs were performed with carbon monoxide-activated catalysts. Each used a fresh 72.3 g
sample of the same iron/copper/silicon oxide catalyst precursor, the properties of which are in
Figure 20. In the first run the reactor was loaded with the oxide, 290 g of C,, oi! and 6.7 g of
potassium laurate (2.4 g K/100 g Fe). in the second run no potassiur: laurate was present at start
up but a solution of it was added later. Details of the catalyst activation procedure were outlined

in Section 3.3.3 and Figures 21 and 22.
Compared 1o synthesis gas activation, carbon monoxide activation produced a more active catalyst.

For instance. in the first run the carbon monoxide conversion appeared 10 have lined cut at 90%

at the end of the ninetv-six hour run (Figure 135). Plaml operational problems forced early
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termination of this run. At run’s end the carbon monoxide + hydrogen conversion was 85% which

is very close t the contract target of 88%. However, the methane and ethare sefectivities were very
high, although the methane selectivity had not yet lined out and was decreasing somewhat as the
catalyst aged (Figures 136 and 137). The propane and propylene selectivilies also had not reached
lize cut and were also decreasing as the catalyst aged (Figure 138). The on line gas chromatograph
Was nol separating the buiane and butyvlene during this run, therefore, these selectivities are not
available. The light alcokol selectivities were very iow as they were during runs with catalysts

resulting from synthesis gas activation (Figure 135).

The activation precedure for the second run was the same as the first. Potassium laurate was not
added at the beginning of the run, but it was added intermittently during the rw as a solution in
a 50 : 50 weight blend of heptane/isopropanol. The initial conversions were about the same as in
the first run. but after the addition of ;;otassium laurate started they increased slighily the decreased
{Figure 140). The performance of the two carbon monoxide activaied cataivsis are com]iared at
similar times on stream and conversions in tabular fashion in Figure 141. A complete set of
selectivities vs. hours on stream are in Figures 141 to 1a6. The potassium laurate al levels much
above 1.0 g/100 g Fe appeared to cause changes in selectivities. For instance, at a cumulative
potassium level of 1.5 g2/100 ¢ of iron the e.thylene selectivity began to increase, however, the ethane
selectivity stayed relatively constant until the potzssium level re «ched 2.1 2/100 g of iron after which

it decreased.

After the finat addition of potassium laurate the conversion decreased over about one hundred and
eighty hours. The nature of the catalyst was apparently changing very slowly; similar line outs were

noted during the first one hundred to two huadred hours of runs wherein synthesis gas activation
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was employved. At the end of the run the catalyst activity was apparently lined out and still fairly

high compared to catalysts from synthesis gas activation (82% vs. 69-73% for the best syntbes:s gas
activated catalysts). However, the methane + ethane selectivity was still unzcceptably high (Figure

141).

Although carbon monoxide activation produced very active catalysts, the methane -+ ethane
selectivities were unacceptable for the objective of this comtract which requires this seiectivity to be
< S mole %. The usual way of minimizing light hydrocarbon selectivity. namely the addition of
potassium to the catalyst con.'lposition, has, sc far, not caused sufficient lowering of the methane -

ethane selectivily.

3.5.12 EVALUATION OF A UCI CATALYST: CROSSOVER TO SLURRY

BUBBLE REACTOR

United Catalysts Inc. manufactured a large lot of metal oxide for the first sturry bubble reactor run
at the LaPorte. Texas plant. A fresh aliquot from zn 800 Ib composite of this material was
evaluated and compared to results from the run at LaPorte. The physicai properties of this metal
oxide are in Figure :47. The performance summary Is in Figures 148 to 152 as a series af

performance vs. hours an strezm plots.
The catalvst activation was e standard one with synthesis gas. The initial operating condiiions

were 2.5 NL/Hr - g of Fe, 2. \ psig and 265" C. The catalyst was quite active, for instance, the

carbon monoxide conversion was stable at 80% over the first two hundred hours of operaticn
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(Figure 148). Operational problems resulted in loss of all selectivity data from one hundred to two

hundred hours on stream, however at 100 hours the methane + ethane selectivity was a low 3.7
mole%. At two hundred hours the feed rate was doubled resulting in an immediate drop in the
conversions, for instance, carbon monoxide conversion fell 1o 41%. At two hundred and fifty hours
tnee pressure was increased to 400 psiz. This increased the conversion, but appeared to cause loss
ol catalyst activity. Directly afier the pressure increase the carbon monoxide conversion was 58%,
but after one hundred and fiity hours at this pressure it was 44%. At four hundred hours on
stream the initial operating conditions were restored; the conversions, however, did not recoup to
their values at two hundred hours on streamn, for instance, the carbon monoxide conversion was
only 41%. During the final one hundred hours of operation the conversion did appear to be

corstant. The methane + ethane selectivity was 4.5 mole % at the end of the run.
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