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ABSTRACT )
FEB 191085 1382809
A catalyst for the synthesis of hydrocarbons from carbon monoxide
and hydrogen composed of palladium or platinum and cobalr supported on
o solid phase s disclosed. The catalyst is prepared by heating a
heterogencous component of the palladivm or platinum deposited on the
solid support in a soluticn of cobalt carbonyl or precursors thereof.
The catalyst exhibits excellent activity, stability in air, and
produces hlghly desirable product fractiona even with dilute gascous
reactants. The catalyst is preferably used ir dilute slurry form,

v i~h is desirable from a heat transfer standpoint.
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HYDROCARBON SYNTHESIS CATALYST AND METHOD
OF PREPARATION AND USE THEREOF

This invention relates to the synthesis of hydrocarbona by the
reaction of carbon monoxide and hydrogen in the presence of a catalyst,
commonly known as the Fischer-Tropsch synthesis. More particularly,
this invention relates to novel catalysts for use in such process,
methods for preparation of such catalyste, and methods for use of such
catalysts.

The so-called Fischer-Tropsch synthesis wherein liquid aliphatic
hydrocarbons, alcohols and minor amounts of aldehydes, fatty acids and
ketones are produced by the hydrogenmation of carbon monoxide has been
known for about 60 years, Initially, alkalized iron turnings were
utilized as the catalytic material, Typical effecrive catalysts are
supported cobalit~thoria or supportad iron catalysts. The reaction
temperature 1s about 250-300°C and pressures range from 1 atm. to about
20 atm. A large commercial plant using iron catalysts is in operation
in South Africa. Additionally, various methods for conducting the
specific contacting of the reactants with one another and the catalytie
material have been utilized, e.g., fixed bed, fluidized bed, ete. A
thorough discussion of the chemistry of this immensely important
reaction is set forth in "The Fischer-Tropsch and Related Syntheses" hy
Henry H. Storch, Norma Golumbic, and Robert B. Anderson, published by
John Wiley & Sons, Hew York, 1951.

Numerous attempts have been made to refine this synthesis in terms
of dimproved effectiveness of the catalyst, preduct yield, improved
production of more desirable product fractions, control of the product

distribution, etc. Additionally, efforts have been made to achieve more

%
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stable catalysts. As a general rule, the materials which have been
known to be effective as Fischer-Tropsch catalysts are extremaly
sensitlve to air and moisture and consequently, must be used either
shortly aftrer preparation or prepared In gitu.

In more recent years, the catalysts used for such reactlons were
composed of cobalt, sometimes in conjunction with nickel on a support,
such as a clay., These catalyats have generally been characterized by
Instability and low activity. Additionally, such catalysts required
the use of either a fixed or fluldizad bed type system. Such contacting
methods often produce severe heat transfer problems which place an
additional burden upon the process as well as affect the uniformity
of the products obtained.

We have discovered a novel catalytic material which can be used for
the synthesis of hydrocarbons from carbon moncxide and hydrogen. This
catalyric wmaterial is unique in both its physiochemical constitution as
well as the properties which It exhibits. Thus, the caralytic composition
of the present invention exhibits superior activity as compared to
conventional Fischer-Tropsch type catalysts. In addition, such activity
can be obtained in dilute slurry form which substantially improves the
heat transfer factors Involved in the Fischer-Tropsch synthesis. Further-
more, the catalytic composition of the present invention exhibits
auperlor stability and can be stored for lomg periods of time in either
a dry or slurry form. TFinally, the catalytic composition of the present
invention produces a very desirable product composed of a fraction of
linear hydrocarbons ranging from C1 to C4p with & low degree of branching.

The catalyst composition of the present invention 1s easily prepared
by a new process which also comprises a part of the present invention.
This’ process allows the composition to be prepared and separated for use
at a later time.

The method and use of the present invention is also unique as
compared with conventional Fischer-Tropsch catalysts. Of great
Importance is the fact that this catalyst can be used in dilute slurry
form and with dilute concentrations of gaseous reactants to obtain high
yvields of desirable product fractlons. This aveids the heat transfer

problems commonly encountered with alternative contacting systems.
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More particularly, the catalyst composition of the present
invention 1s composed of palladium or platinum and cobalt supported on
a solid phase. The solid phase material, commonly referred to as a
support or carrier, may be chosen from any appropriate material such as
tale, dolomite, limestone, clay, activated carbon, zeolite, pumice,
oxldes, hydroxides or carbonates of aluminum, sillcon, zine, chromium,
magnesium, calcium, titanium, or zirconium, alumina, silica gel,
kieselguhr, barium sulfate, or any inert material. Thils catalyst
produces improved yields significantly greater than cenventlonally
known systems. Additionally, the catalyst is able to operate effectively
under wider ranges of pressure and temperature than the previously known
catalysts and can also operate effectively under dilute feed gas
conditions, that is in the presence of synthasis gas dliuents or
Impuxities such as nitrogen, s¢ long ae the ranges of carbon monoxide
and hydrogen are within the ranges set forth below. _

The catalyst of the present invention is prepared by first heating
a heterogeneous component. As used herein, the term heterogeneous
component means a component formed from two different materials, i.e., a
metal and a support. Typically, the heterogeneous component would be
palladium or platinum on a solid phase support. This heterogeneous
component 1s heated in a homogenecus phase which is composed of a metal
carbonyl or metal precursor compound. As used herein, the term metal
precursor compound means a compound, which, on heating, forms the metal
carbonyl in situ. This metal carbenyl or precursor is in a suitable
solvent and the heating takes place in a gaseous stream of hydrogen
and carbon monoxide, The heating time and temperature as well as the
pressure of the hydrogen and carbou monoxilde can be varied, but in any
event, must be sufficient to form the catalyst. The completion of the
catalyst preparatlon is indicated by a disappearance of the color of the
metal carbonyl. Alternately, or simultaneously, the process can be
monitored by infrared analysis to detect the metal carbenyl absorption.
When this absorption no longer exists, the preparation of the catalyst

is complete.
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The catalyst of the present invention can be used tp synthesize
hydrocarbons from a mixture of hydrogen and carbon monoxide by centacting
the gaseous mixture with a solvent and an effective amount of the

catalyst in a slurry form.

Thus, according to the present invention, there is provided
a catalyst suitable for use in the synthesis of high linear paraffinic
hydrocarbons from carbon monoxide and hydrogen which comprises cobalt,
and palladium or platinum or mixtures thereof, supported on a solid phase
selected from the group consisting of alumina, silica gel, kieselguhr,
and zinc oxide. The catalyst is stable for long periods in the dry

state and possesses relatively high activity in slurry form.

The invention also encompasses the novel method for synthesizing
principally normally liquid linear paraffinic hydrocarbons in an organic
solvent which comprises contacting a mixture of hydrogen and carbon
monoxide with a slurry of. a catalyst prepared by the process of immersing
a heterogeneous component, composad of palladium or platinum or mixtures
thereof deposited on a solid phase, into a solution of cobalt carbonyl
oxr cobalt carbanyl precursors which on heating form the cobalt carbonyl,
and heating the resulting mixture at a temperature from about 100 to

350° € under pressure.

In a further embediment, the invention coutemplates a method
for producing a catalyst suitable for use in the synthesis of higher
linear paraffinic hydrocarbouns from carbon monoxide and hydrogen con-
sisting essentially of immersing a heterogeneous cemponent, composed of
palladium oxr platinum or mixtures thereof deposited on a solid phase
selected from the group consisting of alumina, silica gel, kieselguhr,
and zinc oxide, into a solution of cobalt carbonyl or cobalt carbonyl
precursors which on heating form the cobalt carbonyl, and heating the
tesulting mixture at a temperature from about 100° to 350° C under the
pressure of gaseous carbon monoxide and hydrogen for a period of time

sufficient to form the catalyst.
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Flg. 1 1s an X~ray diffraction pattern of a catalyst in accordance
with the present dnvention.

Fig., 2 is an X-ray diffraction pattern of a catalyst not In
accordance with the present invention.

Fig. 3 1is an X-ray diffraction pattern of a catalyst In accordance
with the present invention.

Fig. &4 is a cross-sectional dlagram of a solld solution catalyst
not in aceordance with the present invention.

Fig. 5 is an "idealized" cross-sectional diagram of a catalyst
particle of the present invention. _

Fig. 6 is 2 gas chromatographic analysis of the product obtained
with the process of the inventiom.

Fig. 7 is a gas chromatographic analysis of diesel fuel.

Fig. B is an nmr spectra for the product obtained with the process
of the present invention.

Fig. 9 1s an ner spectra for cetane.

More particularlﬁ, the catalyst of the present invention is formed
from palladium or platinum on a sclid phase having cobalt supported
thereon wherein the amount of palladium or platinum is in the range from
about 0.1 to.10 weight percent based on the total weight of the catal&st.
The cobalt may be present in the range from about 10 to 70 weight percent
based on the total welght of the catalyst.

A variety of supports may be used and these are well known in the
art: Typically, such supports would include alumina, silica gel,
kieselguhr and zinc oxide.

The catalytic ecomposition of the present invention possesses a
unique structure which can be characterized by the X-ray diffractiom
patterns of the catalytic composition. In particular, reference is made
to Figs. 1 and 2. Fig. 1 is an X-ray diffraction pattern of a catalyst
in accordance with the present invention composed of cobalt and palladium

on an aluminum oxide carrier. In contrast, Fig. 2 is an X-ray diffractfon
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patternof a cobalt/alumlnum oxide catalyst prepared by standard
precipitation techniques. It is clear that as a result of the
unique structure of the present catalyst, the aluminum oxide peak
between 65 and 70 does not appear. (In X-ray diffraction patrerns
of this type, 2 © equals around 65-70, where © equals the angle of
refraction.) Thus, because of the actual physical structurs of the
present catalyst, the aluminum oxide pattern is completely masked.
In each case, however, it is clear that the cobalt peaks at about
45 come through.

A comparison of the X~ray diffraction patterns of the catalyst
of Tilg. 1 and a simllar catalyst having a lower cobalt loading
(catalyst of Fig. 1 is 55% by weight cobalt while the catalyst iIn
Fig. 3 1s 28% by weilght cobalt) is shown in Fig. 3. This compariscn
indicares that while the cobalt peaks sti]l appear around 45, the
aluminum oxide peak present in the standard catalyst between 65 and
70 stdi1l 1s not seen.

It 15 belisved that the reason for this is that the structure
of the présent catalyst is one wherein the ecobalt and palladium or
platinum coats the support in a manner which completely shields the
support from the X-ray analysis as compared to the prior art materials
vherein the deposited metal was sufficiently diffused to allow the
support to be reached by the X-ray beam, What is of particular
interest, however, is the fact that even at relatively low cobalt
loadings, the support is still not seen in the X-ray diffraction
pattern. The ecoating of the support that takes place in the prepa-
ration of the catalysts of the present invention could theoretically
pccur in such a way as to produce structures as depicted in Figures
4 and 5.

In particular, as shown in Fig. 4, the catalyst of the present
invention may comprise particles of a catalytic support which are
surrounded by an X-ray impermeable layer of a solld solution of platinum
or palladium with cobalt. The same effect may be achieved by the
structure shown in Fig. 5 wherein a first inner layer of platinum or
palladium surrounds the support in a manner to be X-ray impermeable and

a second layer of cobalt is superiumposed thereon. However, as the



10

20

30

=

AAEHL D

o

¢

palladium pesks are clearly visible in Fig. 3 but not in Fig, 1,
reflecting the shielding effect of cobalt, Fig. 5 would appear to best
represent the ldealized structure of this catalyst.

The unigue catalytic composition of the present invention is
obtained by a novel process. The flrst step of the process involves
the conventional deposition of palladium or platinum or mixtures thereof
on to a solld phase.

Typically, this is accomplished by impregnation of the support with
an aqueous solution of a salt of the particular metal. TFor example,
such preparations are shown in U. S. Patent 3,988,334.

In the usual process, the support, such as alumina, silica, zir-

conia, silica-alumina, kieselguhr, and the like, in particulate

form is immersed in an aqueous solution of a salt of the particular metal.
After sufficlient time for impregnation of the support, the mixture is
dried at temperatures between 80 - 200°C, usually in air, and ultimately
caleined in ailr for a period from one-half to one and one-half hours at
temperatures between 300 -~ 600°C. Those skilled in the art will readily
recognize that other methods are available, such as the known techniques
of sputtering, other methods of precipitation, vapor deposition, elec-
trical deposition and electrochemical deposition.

In accordance with a novel aspect of the present invention, the
thus prepared platinum or palladium on the support is then immersed into
a solution of cobalt carbonyl, or hydride cobalt carbonyl precursors
thereof, in an appropriate solvent. The forms of the cobalt can be
selected from either the metallic forxrm, the complexed form, or the salt
form. TIn the latter, the salt can be any Inorganic salt or organic salt
capable of being converted into an organic solvent soluble form under
reacfion conditions. Of course, it is understood, that any cobalt
compound which might be known to inhibit the ultimate action of the
catalyst 1s to be avoided.

One of the interesting characteristics of cobalt carbon&l is that
solutions containing cobalt carbonyl generally have a dark color,
usually brown. This 1s important in determining when the reaction of
the cobalt carbonyl with the other components of the catalyst is

complete.
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The cobalt carbonyl or the precursor thereof and the support
carrying the platinum or palladium are placed in an appropriate organic
solvent which can be selected from a wide varlety of known materials.
Sultable solvents include, for example, saturated hydrocarbons, such as
n-hexane, and cetane, slack wax, aliphatic alcohols, such as butanol
and isooctancl, aldehydes, and the like or the zlcohol or ether by-
products of the oxo process, such as, iscoctanol, 1sobutanol, and ethers,
either taken alone or mixed. Those skilled in the art may readily
recognize that the use of less inert solvents, such as olefins, is
possible, resulting in their incorporation into the preduct. Particu-
larly preferred solvents are cyclohexane, xylene, decalin, and tetra-
hydrofuran.

The mixture of the support carrying the platinum or palladium with
the cobalt carbonyl or its precursor in the solvent is placed under an
inert atmosphere and then subjected to pressure using "syngas", i.e.,
carbon monoxide and hydrogen. The procesa can be carried out under
either a static pressure or in a continuous manner. Typically, the
partial pressure of syngas utilized is between about 3 to 3,000 psi and
the mixture is agitated at a temperature from about 100 to 350°C. 1If
the carbon monoxide pressure is too high, the cobalt tends to go back
into the solution. '

In the static type situation, the entire mixture is placed into a
pressure bomb which is agitated, as by shaking. Alternately, an internal
mixlng or stirring device can be utilized.

In any event, the reaction is continued until the color of the
cobalt carbonyl disappears from the solution which can be determined
either visually or by infrared spectroscopy by measuring the disap~
pearance of the characteristic metal carbonyl absorptions in the range
of 2100 - 1600 cml,

Insofar as the gaseous composition utilized in the preparation
process 1s concerned, one can use a ratic of hydrogen to carbon monoxide
in the range from about 11:1 to 1:4, and preferably iIn the range from
2:1 to 1:1. Hydrogen gas alone may be used In place of syngas for the

preparation of the catalysc.
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After the reaction has been completed, the catalyst, still in
particulate form, can be separated from the soclvent by standard
geparatien techniques, e.g., magnetic techniques, precipitation,
filtration, centrifugation, and the like. The catalyst can then be
stored elther in the meist form or after having been dried at relatively
low teﬁperatures, i.e., under 300°C, and preferably under 120°C, for
extended perilods of time without any additional prccautions being taken.
Thus, the catalyst of the present invention does not lose its activity
as a result of contact with air, even after long periods of time on
the shelf.

The catalyst thus prepared exhiﬁits the ¥-ray diffraction charac-
teristies as exhibited 1n Fig. 1. Of particular interest, however, is
a comparison of the X-ray diffraction patterns of a catalyst prepared
in accordance with the present Invention as shown in Fig. 1 and that
wherein cobalt carbonyl is deposited solely on an aluminum oxide support
without having any palladium or platinum deposited thereon. The X-ray
diffraction of this latter catalyst is shown in Fig., 2. As can be seen,
the single sharp peak found im Fig. 1 at around 45 ghows that the cobalt
in the catalyst of the present lnvention has a highly structured
crystalline form which 1is belleved to be face centered cubic in contrast
to the multiple diffuse peaks of Flg. 2, which shows a mixture of cobalt
crystalline forms.

The method of use of the present catalyst 1s alsoc novel and advan-
tageous. Not only can the present catalyst be used in the conventional
go=-called fixed bed or fluldized bed reactions, but 1t can also be used
in a slurry type reactor, The conventlonal ceantacting techniques, i.e.,
fixed or fluidized bed, suffer from the disadvantages that localized hot
spots can develop due to poor heat transfer and the relatively high
concentration of catalyst. This can affect both the efficiepcy or the

process and the product distribution and uniformity. When the catalyst

of the present luvention is used 1n rhe slurry type reactor, the

catalyst can be used in relative dilute form and can also be used

efficiently with dilute gaseous mixtures.
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In contrast, with a relatively dilute slurry of the catalyst in a
solvent, the heat transfer within the system is more efficient than with
the other techniques and these problems can be avoided. Additionally,
the synthesis reaction with the present catalyst can be carried out at
a wide variety of temperatures and pressures.

In particular, the catalyst of the present invention can be utilized
in slurry form in the conventional solvents used for such reactions. The
slurry concentration can generally be in the range from about 0.3 to 30
percent by volume. This can, of course, be varied depending on the
desired results. Slurry concentrations of from about 1 to 300 g/l are
preferred.

Suitable temperatures for carrying out a synthesis reaction with
the present invention range from about 30° to 400°c, and, preferably,
are in the range from about 130° to 250°C.

As noted, relatively dilute concentrations of gaseous reactants,
i.e., hydrogen and carbon monoxide can be used. Conditions for use are
essentially the same as conditions for preparation; however, as the
syngas pressure increases, the product distribution begins to favor
oxygenates such as alcohols, ketones, and the 1ike. Overall partial
pressures of hydrogen in the total mixture from about 2 to 2500 psi can
be emploved, with pressures from about 100 to 1000 psi being preferred;
and of carbon momexide pregsures from about 1 to 2000 psi, and preferably,
from about 60 to 600 psi can be used.

Of particular importance is the fact that despite the wlde range of
pressures and temperatures which can be used as well as the diluteness
of the gaseous feed streams, the product obtained 1s composed of highly
degdirable fractions of hydrocarbons. Typically, for example, the product
obtdined with the present invention would have an analysis as shown by
gas phase chromatography exemplified in Fig. 6. The distribution for
diesel fuel is shown in Fig. 7. 1In particular, analysis of typical
reaction products indicate a broad distribution of ) to Cyup paraffins.
Only small amcunts of C}-Cs alcohols have been detected with the catalyst
of the invention. For example, a reaction employing 3 g of the present
catalyst in 100 ml of xylene carried out under three separate synthesis

gas chargings yielded a light yellow sclution and water. The xylene was
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distilled under vacuum, a yellow oil resulted. Infrared analysis of the
reacticon solution and oil indicated only a small amount of oxygenated
product and clefins and no metal carbonyl. Integrated nuclear magnetic
resonance gspectra of the yellow oil, shown in Fig. 8, indicated highly
linear paraffinic products of an average chain length of 18 with little
or ne aromatics, unsaturates, oxygenates or branched products. Gas
phase analysis of the gaseous components from the cooled reactor, as
determined by gas~solid chromatography employing a thermal conductivity
detector, indicated methane (generally less than 10 weight percent of
hydrocarbon in the product), ethane, propane, butane, and only small
amounts of unsaturated hydrocarbons.

An additional experiment was carvled out to determine the efficacy
of the catalyst in accordance with the present invention in dilute
synthesis gas feed conditions. In particular, a catalyst was prepared
from 3.4 grams of dicobalt octacarbonyl and 1.0 grams 5% palladium on
aluimlna in cyclohexane under 400 psi of nitrogen and 1200 psi of hydrogen,
The reactor was heated to about 180°C. However, no pressure drop was
observed. On coeling the reactor, ammenia could not be detected in
either the gas or liquid phases. Upon venting the gases and recharging
with 500 psi of nitrogen and 500 psi of synthesis gas (2 Hy: 1 CO) and
thereafter heating, the catalyst exhibited normal activity for hydre-
carbon synthesis. This is to be contrasted wlth ordinary Fischer-
Tropsch catalysts which show a marked decrease in activity in the
presence of a dlluent.

That the catalyst of the present invention is substantially more
reactive than conventionally known Fischer-Tropsch catalysts, is shown
in Table 1.
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TABLE 1

REPRESENTATIVE HYDROCARBON PRODUCTION RATES OF
FISCHER TROPSCH CATALYSTS

Activity
Catalyst Temperature g prod. per
o Kg metal per hour
Catalyst of Example 4 2250 3000
Catalyst of Example 9 2250 1080
Catalyst of the Present 1250 40
Invention®
Lurgi catalyst (10Fe:10Cu:
2KC03:9A1705:308109)b 2250 24
Brabag catalyst (100Fe:20Cu:
20zn: 1¥pc03)b 2250 10
Bureau of Mines 2A catalyst
{100Co:18Th07:100 kieselguhr)® 195° 50
Pichler acid-promoted Ru/AlgO3
catalyst for polymethylene 1200 120
Kolbel slurry catalyst
{100Fe:0.1Cu:0.05K,0)® 2689 450
Vannice (5% Fe on glassy .
carbon) 2350 4

42,2 p catalyst, containing 1.2 g metal on low surface area
{80-10D wesh) Al303, 100 mb cyclohexane, 1200 psi charpe 2.1
¢yngas, 300 mlL AE reactor, catalyst prepared in situ.

bH H. Storch, N. Golumble, and R. B. Anderson,
The Fischer-Tropsch and Related Syntheses, p. 308 (Table 86),
Wiley, New York, 1951,

CIbid.,, p. 132 (Table 5).
dH, Pichler and F. Bellstedt, Erdol u., Kohle 26, 560 (1973).

€. Kolbel, P. Ackermann, and F. Engelhardt, Erdol u. Kohle 9,
153, 225, 303 (1956).

fM.A. Vannice, paper presented at 1Blst Am. Chem. Soc. Meet.,
Atlanta,. GA, March 29-April 3, 198l
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Table 1 shows rate comparisons of a number of conventional Fischer-
Tropsch catalysts with catalysats of the present invention under iso-
thermal conditions. The activity of the present catalysts as expressed
in conversions per catalytic volume per unit time or of conversions per
iwole of metal atoms per unit time are superlor by about two orders of
magnitude as compared to those catalysts studlied by the Bureau of Mines.

Of particular interest is the fact that the conventional catalysts
for hydrocarben synthesis are generally used at about atmospheric
pressure. In contrast, the catalysts of the present invention have
their best activity at pregsures between about 300 to 500 psi. An
experiment utlliizing a conventional Fischer~Tropsch catalyst, such as,
100 Co : 18 ThOp : 100 kieselguhr, under comparable conditions to those
used with the present catalyst {(cyclohexane slurry, 225°C, 1200 psi
cold synthesis gas pressure), show that the rate of gas consumption
was more than 10 times faster with the present catalyst, while the
product of the present catalyst contained less of the undesired
oxygenates.

Table 2 shows a comparisen of several other types of catalysts with
that of the present invention under the slurry conditions preferably

employed when using the catalysts of the present invention.
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While it is possible to prepare the present catalyst In the manner
noted above and isolate the catalyst for storage and subsequent use, it
is alsc possible to utilize the catalyst after it has been prepared in
situ. In such a case, the catalyst would be prepared in the manner
described hereinabove and one would simply continue to maintain the
temperature and pressure conditions along with the appropriate amount
of agitation to produce reaction of the gaseous materials and synthesis
thereof into the desired hydrocarbons. The reaction is normally
followed by continuous measurement of the pressure. When the pressure
ceases to decrease, l.e., remains constant or decreases only slowly,
it is apparemt that the reaction is ceasing. Upon cooling, the hydro-
carbons obtained ave normally liquid and, in particular, dissolve in
the solvent used. These can be isolated in the normal manner.

The catalysts of the present invention, their method of preparation

and use are shown in the followlng examples:

EXAMPLE 1

The reactor configuration employed in most experimencs is as
follows. The reactor system consists of a 300 ml Autoclave Engineers
Magne-Drive reactor, equipped with liguid and gas sampling valves. The
heater is controlled by a Love Controls proportloning temperature
controller, employing an iron-constantan thermocouple. Fine control of
the temperature 1s achieved by means of alternating heating and cooling
cycles in the vicinity of the set point. Cooling is controlled by the
flow of compressed air through a sclenoid-actuated internal, spiral
cooling coll. Temperature may be readily controlled to within 2°C,
Ordinarily, 100 ml of slurry solvent is employed, allowing for 200 mi
of gés space. The system is normally purged with synthesis gas before
final charging.

The above reactor was purged, 1 g of commercially obtained 5%
palladium on alumina was added, followed by 3.4 g of commercially
obtained octacarbonyldicobalt. While purging is continued, 100 ml of
cyclohexane is added. The reactor is then sealed, purged with 500 psi
synthesis gas, and after venting, charged with 1200 psi synthesis gas
{(nominally 2 Hy + 1 CO). The reactor is checked for leaks. Stirring

and heating are commenced with the temperature controller,
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Approximately 18 minutes are required to bring the reactor to set
temperature. As the temperature is increased, the pressure increases
due to thermal expansion of the pases; however, in the range of 200~-225°C,
the pressure levels off, then decreases, indicating that hydrocarbon
synthesls has commenced. The veaction was carrled out For a total
elapsed tiwe of 40 minutes, during which the pressure dropped from 2200
to 1590 psi at 225°C, affording an average pressure drop of 28 psi/min
which corresponds to an average activity of 1200 g prod-{Kg metal)~1
hr-1 neglecting the formation of volatiles. The reactor was cooled to
Yoom temperature, at which the pressure was found to be 790 psi. Thus,
taking into account those volatile materials which substantially
condense at ambient pressure, the gross activity 1s 1300 g prod-{(Kg

metal)~! nr-i, Theoretically, 2,2 g of the catalyst was formed.

EXAMPLE 2

The reaction mixture from Example 1 was allowed to stand overnight,
The gases were vented, the solvent was drawn off, and the catalyst
washed with cyclohexane, While purging with argon, 100 ml fresh
ryclohexane was added. During the solvent removal and washing, approxi-
mately 0.3 g catalyst was lost. The reactor was again recharged with
1200 psi synthesis gas and brought to 225°C, During the 50 minutes of
use the pressure dropped from 2080 to 1526 psi, affording an activity
of 840 g prod-{Kg metal)}~1l nr—1, Upon cooling, the pressure was found
to be 610 psi. Thus, using the pressure drop at room temperature, the
activity is found te be 1490 g prod-(Kg metal)~1 hr1,

The cooled reaction mixture was subjected to gas analysis. This
is accowplished by injecting 0.500 ml of reaction gas into a gas
chroﬁatograph equipped with dual thermistor-type thermal conductivity
detectors. Gas analysis foxr hydrogen is achieved with a 6 foot x
1/4 inch glass column, packed with Linde 13x% molecular sieve, and
employing nitrogen as carrier gas at ambient temperatures. Gas analysis
For carbon monoxide and methane 1s achleved with a 1 meter x 1/4 inch
polyethylene column, also packed with Linde 13x molecular sieve and

employing helium as carfier gas at ambient temperature. Gas analysis
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for carbon dioxide, ethylene and ethane 1s achieved with a 4 1/2 foot
x 1/4 inch polyethylene column packed with CHROMOSORB*102 apd. alse
employing helium as carrier gas at ambient temperature. Gas analysis
for higher volatile hydrocarbons 1s achleved on a gas chromatograph
equipped with hot wire-type thermal conductivity detectors by means of
a gas sampling value, and using a 12 foot x 1/8 inch PORAPAK Q@ stalin-
less steel column at 150°C, emploving helium as carrier gas.

The areas of the respective peaks are integrated digitally and
compared to the areas of corresoponding Injections of the pure components.
For the instant example, the gas phase was found to consist of 59% Ho,
35% €O, 5% CH,, 0.5% €Oy, 0.4% CyHly and 0.03% CoMly. The ideal gas law
is then employed to estimate the quantity of each gas present in rthe gas
phase. In this particular case, the gas phase consisted of 202 mmol Hjp,
119 mmol CO, 18 mmol CHy, 1.6 mmol COy, 1.5 mmol CoMy and 0.1 mmol CpHy.
The consumption ratic 1s them 2.3, with 247 mmol Hp and 106 mmol CO
having been consumed. The methane fraction corresponds to approximately
4.5% by weight of the hydrocarbon product.

The bulk of the solution, containing dissolved hydrocarbons is
transferred to a botfle by means of the llquild sampling wvalve. The
remainder of the solution is removed by pilpette after the reactor is
vented and opened. Ordinarily, coplous amounts of water are present at
the bottom of the reactor, near the catalyst. The catalyst 1s then
removed from the reactor by use of a magnet and transferred to a petri
dish, in which it is dried in an oven at 100-120°C; 1.86 g of catalyst

was so recovered.

EXAMPLE 3
. 1.35 g of the catalyst recovered in Example 2 was packed into a
stainless steel tube of 1/2" nominal diameter. The catalyst was
retained by glass wool plugs at each end of the bed. Synthesls gas
(66%Z Hy, 34%Z CO) at 5 psi was passed through the catalyst bed, affording
a flow rate of 0.16 ft3/hr. The gas passed through the column was
analyzed periodically by gas chromatography {(He carrier gas) by means

of a metering gas sampling valve.

*trade mark
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The temperature was gradually increased, and at 125°C, only a
small portion (0.04%) was found to have been consumed. At 150°C,
approximately 1% of the carbon monoxide was converted to products.
Increasing the temperature to 225°C led to very high conversions
{initially about B0% after 5 min and 98% after 15 min). However,
the aétivity gradually dropped (78% after 1 hour, 72% after 2 hours,
49% after 3 hours, 54% after 4 hours, and 37% €O conversion after
6 hours). Flushing hydrogen over the catalyst at 225°C failed to
restore the high acrivity, although a medest improvement in activity
was observed. At the end of the reaction the material in the cold
trap was found to weigh 1.7 g and consisted almost exclusively of water;

that is the products were predominately low-boiling.

EXAMPLE 4

The 0.3L autoclave was purged with argon, One gram of commercially
obtained 5% platinum on alumina hydrogenation catalyst was added,
followed by 100 ml cyclohexane. After further purging, 3.4 g of
commercially obtained octacarbonyldicobalt was added, The reactor was
then sealed, purged two times with 200 psl syngas and then charged
with 1200 psi of syngas, consisting of two partse hydrogen to one part
carbon monoxide. The reactor was checked for leaks. Approximately
18 minutes were required to achieve an operating temperature of 225°C.
During the warm-up cycle, the pressure increased to 2075, after which
time the pressure decreased at an average rate of 39.5 psi/min
(see Table E~4 which follows).
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TABLE E-4
RATE OF SYNGAS CONSUMPTION
Time, min Temp, °C Pressure, psi
0 25 1200
15 200 1950
18 225 2075
20 225 2000
22 230 1825
25 ’ 225 1625
28 225 1500
30 225 1425
32 225 1375
35 225 1300
40 225 1210

The reactor was cooled to room temperature, at which the pressure
was found to be 540 psi. The pas phase was analyzed and contained
39.9% hydrogen, 50.1% carbon monoxide, 8.3% methane, 0.03% ethylene,
0.45% ethane, 0.34% propane, and 1.0% carbonr dioxide. The consumption
ratlo was found to be 2.2; when corrected for the methane produced, the
consumption ratlo was calculated to be 2.0.

Upon opening the reactor, the liquid phase was clear and slightly
yellow. A small amount of black liquid consisting of water and suspended
catalyst;'was found at the bottom of the reactor. The catalyst was
renoved magnetically and dried overnight at 120°C. The sample of
recovered catalyst weighed 1.5 g. Gas chromatography analysis of the
liquid phase indlicates predominately linear aliphatic hydrocarbons are

formed.

EXAMPLE 5
A sample of 7.2 g commercial zinc oxide was suspended in 15 ml
distilled water. A solution of 0.5 g palladium (II) chloride, 8 ml
concentrated hydrochloric acid and 10 ml water was added. The siurry
was heated to dryness with constant stirring by means of a glass rod,

yielding a red-brown solid. This solid was dried for 20 hrs at 120°C
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in an oven. Reduction In a stream of hydrogen at 220-240°C for 3 hrs
afforded 7.55 g of 4% palladium on zinc oxide.

One gram of said 4% Pd/Zn0 was added to the 0.3L reactor purged
with argon and containing 100 ml cyclohexane as slurry solvent. 3.4 g
of octacarbonyldicobalt, containing considerable amounts of the purple
contaminant familiar to those acquainted with this reagent was added.

The reactor was purged two times with 200 psi syngas, then pressurized
to 1200 psi with syngas consisting of 67% W, ana 33% Co.

The reactor was warmed to 2£5°C, at which time a liquid sample
indicated little soluble cobalt specles. Over an hour period little
activity for syngas consumption was observed. The reactor was cooled
to BO°C and maintained at this temperature for 3 hours, A liquid sample
indlcated the presence of Coz(CO)S. The reactor was cooled to room
temperature.

On the following day, the reactor was heated again to 225°C.

During the followlng hour, the pressure decreased at = rate of 8 psi/min.
Upon cooling the pressure was 560 psi. Cas analysis indicated the
following mmol quantities of gaseous products:

16 CcH,, 0.1 CoHy, 0.3 CoHg, and 16 CO3. The consumption
ratio was 1.7,

The solution removed from the reactor was slightly yellow, Washing
the reactor and catalyst with tetrahydrofuran led to a blue solution.
Addition of water to this blue éolution led to a pale pink color,
suggesting thaé gome cobalt was not tightly bound to the heterogeneous
catalyst. The catalyst was washed with tetrahydrofuran until the
washings were colorless. 1.9 g of catalyst was recovered magnetically;
approximately 0.2 g of material was non~magnetic, and this is ascribed

to impurities in the octacarbonyldicobalt starting material,

EXAMPLE 6
A 250 wl three neck round bottom flask was purged with argon. One

cram of 5% Pd/A1203 and a magnetic stirring bar was added. With

continued purging, 100 ml of decalin was added, followed by 3.4-g Coz(CO)s.

The argon was replaced with a slow, steady flow of hydrogen. The

reaction mixture was heated with stirring and was malntained at
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135°C~140°C. After 3 hours, the infrared spectrum of the reaction
solution indicated the absence of any metal carbonyl specles. Om
cooling, it was found that a magnetlc catalyst, clinging to‘tha magnetic
stirring bar, was formed. Upon filtration and drying thils catalyst
displayed comparable activities for hydrocarbon synthesis as those

prepared by the method of Example 1.

EXAMPLE 7

The 0.3L puteclave was purged with argon. Two grams of 5% Pd/Al,03
was added, followed by 150 ml cyclohexane, then 6.8 g cobalt carbonyl.
The reacter was charged with 870 psi N5 and 430 psi CO. The reactor was
heated to 225°C, after which the pressure was found to decrease at an
average rate of 54 psi/min. Gas chromatographic analysis indicated the
followlng gas composition: 65.6% Ry, 27.6% CO, 4.54% CHy, 1.1% COp
and 0.17% CoHg.

EXAMPLE §

In this reaction, a 310 ml packed cone autoclave, manufactured by
Parr Instruments was employed. The reactor was purged with argon,
3.42 g Coz{(C0Y)g, 1.06 g 5% Pd/Al703 and 100 ml tetrahydrofuran were
added. The reactor was charged with 1300 psi eynthesis gas, congisting
of hydrogen and carbon monoxide in equal proportions, The reactor was
heated to 200°C. The pressure dropped from 1600 to 1100 psi over 3.5 hrs,
Upon cooling, the pressure wag 350 psi. Very little hydrogen was found
in the gas phase. A significant quantity of white, waxy, tetrahydro-
furan-insoluble material was observed.

Infrared spectra and toluene solubiliey indicate this to be higher

molécular weight paraffins.

EXAMPLE 9
Chromatographic alumina was sieved to be 80 to 100 mesh., Five
grams of this alumina was suspended in 5 g water. A golution of 0.44 g
PdCly, 7ml hydrochloric acid and 10 ml Hy0 was added. The slurry was
heated with stirring to dryness on a hot plate, then dried at 120°C
for 16 hra.
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The resultlng solld was carefully ground te achlieve approximately
the same dimensions as the starting support. It was then reduced for
2 brs at 220°-250°C under a stream of Hy.

One pram of the saild 5% palladium dispersed on alumina was added
to the 0.3L autoclave. The reactor was purged with argon and 100 ml
cyclohexane was added. 1.13 g cobalt carbonyl was then added. The
reactor was purged with syngas, then pressurized to 1200 psi (2H,:1C0).
The reactor was heated to 225°G. Durdng the fellowing 80 winutes, the
pressure dropped 310 psi.

Upon cooling, the final pressure was 800 psi. The gas phase
consisted of 55% Hp, 42% C0D, 2.8% CHy, 0.3% CoHg and 0.1Z COa.
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The embodiments of the invention in which an exclusive

property or privilege is claimed are defined as follows:

1, A method for synthesizing principally normally
tiquid linear paraffinic hydrocarbons in an organic solvent com-
prising contacting a mixture of hydrogen and carbon monoxide
with a slurry of a catalyst prepared by the process of immersing a hetero-
geneous component, composed of palladium or platinum or mixtures thereoct
deposited on a solid phase, into a solution of cobalt carbonyl or cobalt
carbonyl precursors which on heatiog form the cobalt carbonyl, and heating

the resulting mixture at a temperature from about 100 to 350°C under pressure.

2. The method of Claim !, wherein the amount of palladium
or platinum in the catalyst system is in the range from about 0.1 to

10 weight percent based on the total weight of the catalysc.

3. The method of Claim 1, wherein the amount of cobalt in
the catalyst system is in the range of from about 10 to 70 weight percent

based on the total weight of the catalyst.

4. The method of Claim 1, wherein the solid phase is selected

from the group consistingof alumina, silica gel, kieselguhr and zinc oxide.

5. The method of Claim 1, wherein the slurry concentration is

in the range from about 0.3 to 50 percent by volume.

6. The method of Claim }, wherein the reaction to synthesize

said linear paraffinic hydrocarbens is carried out at a temperature
from about 100 to 300°C.

7. The method of Claim 6, wherein the temperature 1s from

about 130 to 250°C.

8 . A method for producing a catalyst suitable for use in
the synthesis of higher linear paraffinic hydrocarbons from carbon monoxide
and hydrogen consisting essentially of immersing a heterogeneous component,
composed of palladium or platinum or mixtures thereof deposited on a solid

phase selected from the group consisting of alumina, silica gel, kieselguhr,

~dd”
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and zinc oxide, into a selution of cobalt carbenyl or cobalt carbenyl pre-
cursors which on heating form the cobalt carbonyl, and heating the resulting
mixture at a temperature from about 100° to 3507 € under the pressure of
gaseous carbon monexide and hydrogen for a period of time sufficient to form

the catalyst.

9, The method of Claim 8§, wherein the hcating is carried
put using a partial pressure of gaseous hydrogen and carbon monoxide in

the range of from about 3 to 3000 psi.

10. The method of Claim &, wherein the temperature is about

225° C.

11. The methed of Claim 8, wherein the solvent is selected

from the group consisting of cyclohexane, xylene decalin and tetrahydrofuran,
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