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The present invention relates to the synthesis
of hydrocarbons, oxygenated hydroecarbons and
the like by the catalytic reduction of carbon oxide
with hydrogen, and is more specifically concerned
with conducting s2id reaction through the agency
of an active catalyst effective to yield high con-
versions of reactive feed material into normally
liguid hydrocarbons without undesirable catalyst
disintegration.

The present application is a division of my prior
application Serial No. 783,064, filed October 30,
1647, and issued November 4, 1952, as U. S. Patent
No. 2,616,215,

In accordance with the present invention, the
synthesis of desired liquid products of reaction
is effected in the presence of a fluidized, iron-
containing catalyst possessing high resistance to
subdivision resulting from the chemical action of
the gases and vapors with which it comes in
contact in the reaction zone. To this end, the
catalyst is composed of its intimately associated
cemponents physically bonded into solid particles
of proper size for fluidization under the reaction
conditions prevailing in the synthesis operation,
the components thereof maintaining their physi-
cal integrity under reaction conditions at which
high yields of predominantly liquid, desired prod-
ucts of reaction are realized.

The invention is particularly applicable to hy-
drocarbon synthesis operations wherein the active
catalytic component comprises iron and iron-
containing compounds effective at temperatures
within the range of about 550 to 700° ., for ex-
ample, and preferably under superatmospheric
pressure, as for example, 150 to 300 p. s. i.

In the synthesis of hydrocarbons, the extent of
conversion of ihe reactant feed, expressed, for
example, as the percentage conversion of the feed
carbon monoxide into desired products contain-
ing net less than three carbon atoms in the mole-
cule, has been in the past relatively low. At
first, this was primarily due to the difficulty of
removing the exothermic heat at a rate at which
the necessary narrow optimum range of operating
temperature can be sustained. With the advent
of the fluid catalyst technique, temperature con~
trol was Improved to the extent where the extent
of reaction could be materially improved. Thus
the catalyst, in a state of dense phase fluidization,
may be held substantially at a predetermined
temperature level hy provision of adequate cool-
ing surfaces in contact therewith. So also, by
adjusting the reaction conditions and particularly
the compesition of total feed to the reactor, and
by selection of active catalysts, a substantial ap-
proach to theoretical yield was made available,
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In particular, a material improvement in the
degree of conversion to Cs and higher hydrocar-
bons may be realized by recycling normally gase-
ous products of reaction or selected components
thereof. One such method, disclesed in my -co-
pending application Serial No. 630,521, filed No-
vember 23, 1945, now U. S. Patent No. 2,585,981,
contemplates maintenance of g relatively high
carbon dioxide recycle which suppresses net car-
bon dioxide formation and induces high yields of
desired liquid hydrocarbons with ultimate dis-
posal of the oxygen largely as water.

However, during extended operation under con-
ditions of high conversion, the usual initially
reduced catalyst progressively tends to disinte-
grate or spall into progressively finer particles.
As conversion increases above about 70 percent
on the basis of the carbon monoxide converted
into desired liquid products containing at least
three carbon atoms, there is a corresponding
endency toward catalyst disintegration, which
causes reduction in density of the fluid catalyst
bed and lessened turbulence. These result in
decrease in the heat transfer rate desirable for
good heat control. More significant, however, is
the fact that the finely divided particles of spalled
catalyst are carried out of the reaction zone as
fines, requiring the addition of fresh catalyst
makeup at an uneconomical rate. In short,
under conditions of high yield of desired products,
the catalyst becomes subdivided to a condition
where it cah no longer be effectively maintained
in dense fluid phase in the reaction zone.

The present invention overcomes this effect by
prroviding a catalyst which is adapted to conform
with equilibrium catalyst chemical composition
without physical degeneration and thus may be
subjected to continuous use under conditions re-
quired for maximum yields without excessive sub-
division. To this end, the catalyst is composed
of physically bonded, integral solid particles of
suitable physical hardness and strength and of
proper size for fluidization, comprising a major
proportion of FesOs and a minor proportion of
the iron percarbide, Fe2Cr, in which n is at least
20 and may be in the range of about 20 to 100.

Preferably, the catalyst comprises FesO« in sub-
stantial excess over the percarbide, -advanta-
geously above about 90 to 95 percent, on the basis
of 5 mixture of the two. In fact, it has been
found that in the usual sifuation where high
degrees of conversion to Cs and higher are real-
ized, that is to say, for example, above 90% (on
the bhasis of CO consumed), only small quantities
of the iron percarbide may be sufficient, amount-
ingto as little as 1% or less. Satisfactory results
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are achieved at very high conversions where this
ingredient comprises less than 0.1% of the mix-
ture. FHowever, within the range disclosed, the
relative proportioning of the FesOs and percar-
bide does not critically affect the physical stability
of the catalyst. Therefore, it is usually prefer-
able to combine the ingredients in convenient
proportions, as for example, 90% hy weight of
Fe304 and 10% of percarbide. :

Accordingly, the present invention contem-
plates formation of the catalyst particles by
physically bonding an intimsate admixture of
the foregoing ingredients into suitably sized par-
ticles. The intimate admixture of active in-
gredients is prepared by intimately associating
separately Dprepared TFe:O:s and percarbide.

When bonded into particles capable of Auidiza-
tion under reaction conditions, thev exhibit a
marked compatibility with the reactants such
that chemical subdivision is prevented. The
FesOs may be derived from any conventional
source which delivers a product free from gny
material contamination by undesired constifu-
ents capable of impairing the process.

The percarbide may be readily prepared by
carbiding . finely divided iron with any suitable
carbiding agent, such for example, as earbon
moenoxide or carbon dioxide. Advantageously,
this step is earried out simply by passing car-
bon monoxide through a filuidized iron powder
at any suitable elevated temperature, as for
example, a temperature in the range of synthesis
temperatures mentioned sbhove, and preferably
less than the temperature of the opseration in
which the catalyst is to be used, until the re-
quired degree of carbiding has taken place.

Physical bonding of the catalytic. ingredients
into particles of the indieated composition may
be effected by cementing, sintering, or otherwise
agglomerating an intimately associated mixture

thersof by any suitable mesans, thereafter com-

minuting or subdividing the agglomerated mass,
and then grading to the required mesh size.
Alternatively, the mixture may be directly
bonded into particles of the required size, as
for example, by pelleting.

In any event, it is desirable that the FeiCa
and iron percarbide be as intimately associated
as posgible; and, therefors, these ingredients
are advantageously subjiected to complete ad-
mixing in as finely divided form as feasible,
preferably in a state of subdivision less than
400 mesh, and in the form of an impalpable
powder,

Agglomeration of the mixed powder into a
solid mass may be easily effected through the
agency of a suitable refractory cement, such,
for example, as any of the typical calcium alu-
minate hydraulic cements. Any other cement-
ing material substantially free from substan-
tial impairing effect upon the synthesis re-
action and resistant to the temperatures em-
ployed may, however, te substituted. Silicates
such as zirconium silicate provide a somewhat
less effective binding agent.

Alternatively, integration of the powder may
be accomplished by baking at an elevated tem-
perature, preferably after compacting or ag-
glomerating it with an adherent material such
as asphalt dissolved in naphtha. It will be
understood that compacting is followed by dry-
ing and baking, preferably under a vacuum or
under a neutral atmosphere and at tempera-
tures such that the mass possesses the neces-
sary hardness and strength. - Similarly, in the
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preparation of a fired, sintered or calcined
product, the asphalt binder may be substituted
by an aqueous suspension or slurry of a re-
fractory material such as zirconia or magnesia,
produced by prolonged grinding in a ball mill
or the like. It will be understood that the slurry
is admixed with the powder just in sufficient
proportion to permit ready compacting or ram-
ming into a highly compacted mass suitable for
drying and firing.

The final integrated composition may bhe
sized and graded by a combination of grinding
followed by screening or any other conventional
separation.  The product thereby produced
possesses a physical strength and resistance to
abrasion dependent upon the method of inte-
gration employed. Where the aforementioned
calelum aluminate cément is employed in a
typically effective proportion such as one vol-
ume of cement for each four volumes of catalyst
bowder, thereafter permitted to set and then
dried, the resulting composition possesses phys-
ical resistance to abrasion ideal for fuid cata-
lytic conversion processes, and moreovsar, is not
subject to subdivision by chemical attack in
the reaction zone.

The specific size of ths ultimate particles pra-
pared will vary somewhat, depending upon the
specific reaction conditions and particularly the
rate. of gas flow which will be encountered.
Normally, however, the particle size will range
ketween about 60 and 400 mesh, usually finer
than about 100 mesh and larger than about
325 mesh.

In use, the catalyst is disposed within a re-
action zone &s a dense phase fluid mass con-
tacting adequate cooling surfaces supplied in-
ternally with a coolant such as water maintained
at appropriate temperature. The upflow of
gaseous reactants may be relied upon to main-

‘tain the particles in a uniform state of dense

fluidization, although mechanical adjuncts may
be also employed. As above indicated, the re-
action zone is held under reaction . conditions,
as for example, at a temperature of about G60°
F. and elevated pressure. The efiluent from
the reactor is withdrawn from contact with
the catalyst at the upper portion of the re-
action zone and subjected to condensation and
separation of the normally liquid constituents,
after which the normally gaseous constituents
are recycled as desired to the reaction zone
inlet.

As intimated above, the surprising resistance
of the present catalyst to spalling during pro-
longed operation is believed to result from the
fact that its composition is unsusceptible to the
disintegrative chemical change which the ususal
catalysts normally tend to undergo during op-
eration. In this respect, it is to be particulariy
contrasted with the commonly proposed meth-
od of catalyst preparation wherein an iron com-
pound is reduced to metallic iron and may he
subjected to a conditioning or carbiding treat-
ment, and thereafter undergoes subdivision in
a progressive process involving chemical action
analogous to surface rusting of iron or steel
exposed to the atmosphere.

In accordance with the present invention,
however, the composition comprises iron oxide in
essentially equilibrium form and the iron per-
carbide in a form physically compatible with the
equilibrium conditions. 'The physical compati-
bility of the percarbide is believed to follow from
the fact that the iron percarbide contains a sub-
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stantial proportion of carbon above final equi-
librium limits, and moreover, may adjust itself to
such equilibrium without adverse physical effect.
In short, decarbiding to a degree effective to con-
form with a condition of carbide equilibrium in
the reaction zone may occur without material loss
of physical properties, whereas the reverss would
not be frue.

The foregoing statement of theory is under-
stood to he presented solely to facilitate compre-
hension of the invention, and not by way of
limitation.

It is particularly important to note that sepa-
ration of the fines occurs readily from fluid cata-
lyst beds at reactant flow rates usually proposed.
Thus, in a typical case, fine powder less than
about 400 mesh formed by chemical alteration
of an ordinary reduced iron catalyst bhecomes
promptly entrained in the efluent product
stream and may be reacily separated outside the
reaction zone. While the particle size of the
separated solids may vary somewhat depending
on reaction conditions and particularly the ve-
Iocity of gas flow in the reactor, such entrain-
ment in any event affords a separation of par-
ticles too fine for effective dense phase fluidiza-
tion, thus automatically retaining within the re-
action zone a catalyst mass effective for contact-
ing the reactants in the desired dense phase state.
So also, the particle size of the dense phase with-
in the reaction zone affords a suitable measure or
approximation of the particle size range to which
the physically bonded prepared catalytic particle
should he graded for fluidization. In general,
therefore, the prepared particles will be in range
of coarser than about 400 mesh, with an appro-
priate increase in size as gas velocities increase.
Likewise, as indicated above, the maximum size
which determines the other limit of the particle
size range, is that which can be caused to become
a part of the turbulent fluid phase, by the gas
flow or other fluidizing influences encountered in
operation.

In accordance with one specific example of the
present invention, a catalyst is prepared by thor-
oughly and completely mixing Fe3;04 in the form
of a finely ground, impalpable powder with a so-
called iron percarbide produced by treating fluid~
ired, finely powdered iron in an atmosphere of
caribon monoxide at a temperature of 600° F. and
a pressure of 200 p. s. i. until withdrawn samples
indicate a composition of substantially FeaCigo.
The mixture contains about 95% by weight of
FesOs and about 5% by weight of the carbide.
The mixture is impregnated with a solution con-
taining about 1% of potassium hydroxide on the
basis of the weight of the mixed powders. The
FeaOs contains about 2% alumina (Al2O3). The
resulting mix is further mixed with about 259
by weight of calcium aluminate refractory ce-
ment and sufficient water to form a mortar and
the entire mix permitted to set. After setting,
the resulting concrete mass is thoroughly dried
and then ground and graded to 2 mesh size of
approximately 150 to 300.

The resulting catalyst particles are placed in a
synthesis reactor and subjected to upflow of the
fresh feed reactant gas comprising essentially
hydrogen and carbon monoxide gas. in the molar
ratio of 2:1. The fresh feed gas is supplemented
by a recycle of the normally gaseous products of
reaction in a proportion equal to about 2.5 times
the rate at which the fresh feed gas is supplied
on a standard volume basis. Temperature is
maintained at about 625° F. and pressure at
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about 200 pounds p. s. i. The internal upflow of
total feed gas in the lower portion of the reactor,
neglecting the  volume occupied by the catalyst
particles; amounts to approximately two feet per
second whereby the catalyst is maintained in a
dense phase of fluidization.

The gasiform reaction products are withdrawn
from the upper pseudo-liquid surface of the
catalyst, condensed to 70° F., and the liquid con-
stituents separated from residual gases. The re-
sidual, normally gaseous stream in excess of the
recycle stream is vented. Under the foregoing
conditions, the net conversion of carbon monox-
ide to desired liquid products amounts to about
959, on the basis of the net carbon monoxide
supplied the fresh feed gas, being hydrocarbons
heavier than Cs’s. Of great significance, how-
ever, is the fact that after operation for several
hundred hours, the catalyst bed density remains
substantially constant with immaterial loss of
fines.

It is contemplated;, as intimated in the above
example, that the present catalyst may contain
any of the conventional activating or promoting
agenvs such as the oxides of the alkali or alka-
line earth metals, titania, zirconia, alumina and
many others which are usually employed in minor
portions as, for example, from 0.5 to 5%. I pre-
fer, however, to include potassium oxide (Ka0),
usually in the range of about 0.5 to 1.5%, and
alumina, usually in the range of about 1.5 to 5%.
The potassia, or the other ingredients, may be
incorporated in any convenient manner as indi-
cated above;

In practicing the present invention, provision
is advantageously made for effecting contact he-
tween reactants and the catalyst for a contact
time and under-conditions of good turbulence
where the reactants effectively scrub the surface
of the catalyst. To this end, relatively deep
catalyst beds are to be preferred and high linear
veloeity of gas flow, above 1.5, preferably above
akout two feet per second, in an upward direc-
ion is best. Thus, stagnation of the gaseous

- film on the catalyst surface is avoided, with bet-

ter overall yields. As shown above, however, the
rate of gas flow fixes the necessary range of cata-
lyst particle size necessary to attain good dense
phase fluidization with characteristic high cata-
lyst turbulence or vibration, efficient surface con-
tact, and high rates of heat transfer.

The present invention, while broadly applizcable
to any typical synthesis gas, particularly conem-
plates the use of a fresh reactant feed coniain-
ing carbon monoxide and hydrogen in a pro-
portion which approximates that reguired for
exclusive reaction with the production of olefins
and water. Where the feed is essentially hydvro-~
gen and carvon monoxide the preferred vropor-
tions are therefore, about 2:1, that is, in the
range of about 1.5:1 to 2.5:1. However, since,
as. shown above, high yields of desived liguid
produets result when substantial proportions of
carbon monoxide are included in the feed to the
reaction zone, the fresh feed as well as the recycle
streain may include substantial proportions of
carbon dioxide for consumption in the product of
the liquid hydrocarbons.

If is to he noted that the terms “normally
liquid hydrocarbons” or “desired products of
veaction” are intended to include, in genersl,
hydrocarbons containing at least three carbon
atoms, and incidental oxygenated hydrocarbons
which are liquid under normal conditions, not-
withstanding that the lower molecular constitu-
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ents of this group may be liquid only as absorbed
in higher hydrocarbons, or as subsequently sub-
jeeted to polymerization or the like.

The term, iron percarbide of the composition
corresponding to FesCn where n is greater than
about 20, as used herein, means specifically the
product formed by carbiding iron to such an ex-
tent that the product has the composition indi-
cated. Such carbiding may be effected by any
of the numerous methods previously disclosed in
the specification as, for example, by contact with
carbon monoxide at elevated temperature. How-
ever, as ‘also disclosed, the carbiding may be
effected by any equivalent carbiding agent capa-
ble of adding carbon to the iron.

While the foregoing invention has been de-
scribed more specifically in connection with cer-
tain preferred embodiments, it is to be under-
stood that these are by way of illustration and
not by.way of limitation; and the invention
should not be limited thereto, except as dster-
mined by the scope of the following claims.

I claim:

1. The method of preparing a solid particle
catalyst of a range of particle size effective for
fluidization in contact with an upflowing stream
of synthesis gas comprising hydrogen and car-
bon monoxide, for the production of liquid hydro-
carbons, oxygenated hydrocarbons and mixtures
thereof, which comprises intimately admixing a
major proportion of FesOs with a minor propor-
tion of an iron percarbide having a composition
corresponding to FeaCrn; where 7 is greater than
about 20, and physically bonding the intimately
associated mixture without effecting any sub-
stantial chemical change in the said constituents
into physically abrasion-resistant particles with-
in the said range of size effective for fluidization.

2. The method according to claim 1 wherein
the intimately associated mixture of FesQs and
iron percarbide comprises at least 95 per cent
Fe3Oa.

3. The method according to claim 1 wherein
the physically bonded, abrasion-resistant par-
ticles are within a size range of from about 60
to 400 mesh.

4. The method according to claim 1 wherein
e said abrasion-resistant particles comprise
masses of said intimately-associated mixture of
fine powder physically bonded by an added ce-
mentitious material stable at temperatures with-
in the range of 550-700° F.

5. The method according to claim 1 wherein
the said abrasion-resistant particles comprise
masses of said intimately associated mixture of
fine powder physically bonded by a calcium alu-
minate hydraulic cement.

6. The method according to claim 1 wherein
the intimately associated mixture of FezOs and
iron percarbide comprises at least about 90 per
cent Fe;O4.

7. The method of preparing a -solid particle
catalyst of a range of particle size effective for
fluidization in contact with an upflowing stream
of synthesis gas comprising hydrogen and carbon
monoxide, for the production of liquid hydrocar-
bons, oxygenated hydrocarbons and mixtures
thereof, which comprises providing in the form
of a powder substantially finer than the said
range of particle size, an intimately associated
mixture comprising a major proportion of Fe3;Os
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and a minor proportion of an iron percarbide
of the composition corresponding to FesCn where
7 is greater than about 20, and physically bond-~
ing the intimately associated mixture without
cffecting any substantial chemical change in the
said constituents into abrasion-resistant parti-
cles within the said size range effective for fluid-
ization.

8. A solid particle catalyst of a range of parti-
cle size effective for fluidization in contact with
an up-flowing stream  of synthesis gas compris-
ing hydrogen and carbon monoxide, for the pro-
duction of liguid hydrocarbons, oxygenated hy-
drocarbons and mixtures thereof, each of said

5 catalyst particles comprising a mass of intimate-

ly assoclated, powdered mixture comprising a
major proportion of FesOs and a minor propor-
tion cf iren percarbide having a composition cor-
responding to FesCr where n is greater than
about- 20, physically bonded to form an - inte-
grated unit within said size range effective for
fluidization.

9. A catalyst according to claim 8 wherein the
said- physically bonded abrasion-resistant par-

5 ticles are essentially within the size range of

from about 60 to 400 mesh.

10.. In the synthesis of hydrocarbons, oxygen-
ated hydrocarbons, and mixtures thereof where-
in a stream of synthesis gas comprising hydrogen
and carbon monoxide is caused to flow upwardly
through: a dense fluid phase mass of solid-par-
ticle hydrocarbon synthesis catalyst in a range of
particle size effective for fluidization, the im-
provement which comprises effecting said reac-
tion in the presence of a solid particle catalyst
formed by intimately admixing a major propor-
tion of Fe30O+ with a minor proportion of an iron
percarbide having a composition corresponding to
FezCn, where 7 is greater than akout. 20--and
physically bonding said intimately admixed con-
stituents without effecting any substantial change
in the chemical composition of said constituents
into physically abrasion-resistant particles with-
in the said range of size effective for fluidizaiion.

11. The method according to claim 10 wherein
said intimate admixture of Pe3O4 and iron per-
carbide comprises at least 95% FeszOa.

12. The method according to claim 10 whe cin
said particles comprise masses of said admixture
physically bonded by an added cementitious ma-
terial.
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