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REDUCTICN OF IRON OXIDE FOR USE IN THE
SYNTHESIS OF HYDROCARBONS

Henry G. McGrath, Umon, and Louis- C. Rubin, West
Caldweli, N. J., assignors to The M, W, Kellogg Com-
pany, Jersey City, N. J., a corporation of Delaware

Original application December 16, 1948, Serial No.
65,707. Divided-and this appluahon March 30, 1951,
Serlal No. 218,362

6 Claims. (Cl. 260——449.6)

This invention relates to the reduction of finely-divided
metal oxides suspended in the gaseous reducing medium.
In one aspect the invention relates to the reduction of
metal oxides, particularly iron oxides, for use as catalyst
in the hydrogenation of carbon monoxide in which the
catalyst is suspended in a finely-divided form in. the
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temperatures above about 1100° F., usually about 1400°
F. Under such conditions, substantlally complete reduc-
tion of the metal oxide was impossible or impractical
because of deaeration or the prolonged length of time
required for reduction. No completely satisfactory ex-
planation has been submitted for the deaeration of the
metals during their reduction except that at the relatively
high temperatures required the metals tended to sinter
as they neared complete reduction, causing sticking or
agglomeration of the finely-divided particles. It was also
noted that when using relatively high temperatures for
reduction the catalyst activity was lower, probably be-
cause of the sintering of the catalyst during reduction.
It is much to be desired, therefore, to provide a method
for reducing ﬁnely-d1v1ded metal oxides, particularly iron

_ oxide, substantially completely by suspending the metal
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gaseous reactants under coanditions such that normally .

liquid organic compounds are produced in optimum
quantity, In another aspect the invention relates to the
method of producing an active catalyst for the hydro-
genation of various carbon oxides including. carbon
dioxide and organic compounds containing the carbonyl
group, such as ketones, aldehydes, acyl halides, organic
acids and their salts in esters, acid anhydndes, amides,
etc. This application is a division of my prior and co-
pending application Serial No. 65,707, filed December
16, 1948, now Patent No. 2,671,765.

Various reduced metals, principally the metals of group '

VIII of the periodic system, such as iron, cobalt, nickel
and ruthenium, may be employed in finely-divided form
suspended in the reactants, hydrogen and carbon oxides,
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under conditions to produce organic compounds there- .-

from. For maximum act1v1ty, these metalsare substan-
nally completely reduced prior to use and are employed
in finely-divided form in suspension in the gaseous. re-
actants. The metals themselves are difficult to pulverize
into finely-divided form in their reduced state. For this
reason it is desirable to puverize or grlnd the oxides of
the metals prior to their reduction, since the oxides are
more easily pulverized than the reduced metals which
are relatively malleable. . Several methods have been
proposed to reduce the oxides. One proposed method
is to grind or pulverize the oxides to the desired size
for use in suspended systems, pelleting the finely-
divided material and reducing the pellets in a stationary
bed in a reactor and subsequently repulverizing the pellets,
Another proposed method is to pulverize or “grind the
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oxides in the gaseous reducing medium, thus eliminating
pelieting and repulverizing of the material or pulverizing
of the material after reduction.

It is an object of this invention to reduce finely-divided
metal oxides substantially completely -

Another object of this invention is to provide a
process for reducing.finely-divided iron oxxdes such as
magnetite.

A further object of this invention is to provide a
method for preventing deaeration of metal oxides during
reduction thereof by the suspended technique. ;

It is yet a further object of this invention to reduce
finely-divided metal oxides without sintering thereof.

Another object of this invention is to increase the

- reduction rate of finely- d1v1ded metal oxides when reduced

with hydrogen.

Another object of this invention is to provide a method
for producing a highly active catalyst for the hydrogena-
tion of carbon oxides. k

- Various other objects and advantages of this invention
will become apparent to those skilled in the art from an
accompanying description and disclosure.

According to this invention we have discovered, much to
our surprise, that finely-divided metal oxides, particularly
iron oxides, are rapidly reduced at an elevated temperature
when the finely-divided metal oxides are suspended in a
reducing gas at substantial superatmospheric pressures
without any difficulty encountered as to deaeration and
agglomeration of the finely-divided metals. In effecting
the reduction by suspending the finely-divided catalyst in

- a reducing gas,'such as hydrogen, a substantially com-
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oxides and then directly reduce the ﬁnely—d1v1ded oxides -

by suspending the finely-divided material in a reducing
gas under conditions effective to substantlally cornpletely
reduce the oxides.

The former method of reduction is somewhat cumber-
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some and requires a considerable amount of handling and * °

equipment for pelleting and repulverizing the metallic
material. This has its obvious disadvantages. - From the
standpoint of equipment and handling, the latter method
is much preferred; however, reduction of finely-divided
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metal oxides at elevated temperatures has encountered -

considerable difficulty because of the tendency of the
fluidized or suspended mass to agglomerate or deaerate
after partial reduction. Thus, it is substantially impos-
sible to obtain a completely reduced metal oxide by sus-
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pending the metals in a reducing gas at elevated tem- ©~

peratures. Conditions previously proposed for the reduc-
tion of finely-divided metal oxides by the suspended
technique were substantially atmospheric préssures and
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plete reduction is effected at relatively low temperatures
and in a reasonable period of time. Our invention resides
in the use of the elevated pressures during the reduction . .
operation when the metal oxide is suspended in the reduc-
ing gas, such pressures being above about 100 pounds per
square inch gage and as high as 600 pounds per square
inch gage or higher. We prefer to use pressures between
about 250 and about 500 pounds per ‘square inch gage

. for the reduction” operation. In.using the elevated pres-

sures for reduction, temperatures as low as 500° F. are
suitable . for reducing iron oxides to elementary iron.
The use of temperatures below 1050° F. at substantially
all times is completely satisfactory for the reduction of
iron oxides and we prefer to use a temperature above
600° F. and below 700° F. at the preferred pressure
range. The temperatures are chosen to correspond fo the
pressure employed to cobtain substantially complete reduc-
tion in a period of time less than about 72 hours with-
out using excess temperatures which cause sintering and
agglomeration, relatively low temperatures being used
with relatively high pressures within the above ranges,
and vice-versa. The temperature of reduction is usually
several hundred degrees below that temperature which
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would ‘be required for reduction of the metal -oxide at
atmospheric pressure under otherwise similar conditions.

In practice, substantially pure hydrogen is employed
as the reducing medium; small amounts of carbon mon-
oxide and methane may accompany the hydrogen without
detrimental effect upon the reduction piocedire. The
ihgoreﬁcal amount of hydrogen regquired for comipléte
reduction per pass is employed but, due to inicompléte
reduction per pass, hydrogen is recycled after renioval -of
water formed during the reduction treatment, fresh hy-
drogen being added to make up for that consumed by the
reduction.

In preparing a substantially completely reduced iron
catalyst for the synthesis process containing various
amounts of an alkali metal or alkaline earth oxide, it is
preferred to maintain the temperature below about 950°
F. during reduction of a high alkali catalyst containing
about one per cent alkali (calculated as a metal oxide)
xnd a temperature below about 1050° F. for a low alkali
iron catalyst containing below about 0.8 per cent alkali
(calciilated as the metal oxide). As to the corfipositiofi
of iron synthesis catalyst containing various amounts of
alkali and to their preparation, attention is directed to
application Serial No. 725,835, filed February 1, 1547,
now Patent No. 2,598,647, by Henty G. McGrath, one
of the co-inventors of this application.

In general, the time of reduction of iron oxide will
range from about ten hours to about sixty hours, but
will depend -on such factors as the completeness of reduc-
tion required, the temperature -of reduction and the pres:
sure employed. - Reduction periods less than or greater
than the ‘above range may be employed without depart-
ing from. the scope of this invention. This period of
reduction will also depend upon th¢ particle size of the
metal ‘oxide being reduced. Considerable attention should
be directed to obtain a relatively fine particle siz& of the
metal oxide prior to reduction. It is prefeired, thérefore,
that substantially all of the metal oxide be of a particle
size less than about 250 microns, to be discussed moieé
Substantially complete teduction is
evidenced by the cessation of the formation of water and
its absence from the reduction effluent gases.

According to ‘one embodiment of this invention wutiliz-
ing the suspended teéchnique, substantially pure hydrogen
is passed through a reaction zone in cositact Wwith a sus:
pended mass of finely-divided iron oxides, such as natut-
ally occurring magnetite which may have been impreg-
nated with -suitable promoters. In this smbodinveiit the
hydrogen is passed through the mass of finely-divided
catalyst at a linear gas velocity sufficient to sutspend the
iron oxide mass in a fluidized pseudo-liquid dense phase
condition. It is preferred to maintain the upward ve-
tocity of the hydrogen sufficiently high to maintain the
fuidized metal oxide mass in a highly turbulent condition
in’ which the catalyst particles circulate at a high' rate
within the pseudo-liquid dense mass. The concentra-
tion ‘or density of the iron oxides expressed as potinds
per cubic foot is between about one-quarter and abotit
thrce-quarters  of the density of the metal oXide in a
freely settled condition when in the finely-divided form.
For “example, with finely-divided iron oxide; the freely
settled density is about 100 to about 150 pounds per cuibic
foot and the density of the pseuido-liquid dense phas¢ is
generally in the range between about 30 and about 90
pounds per cubic foot, depending upon the gas velocity,
particle size, state of oxidation, ete.

With the metal oxide present in the pseudo-liquid con:
dition, the powdered metal oxide mass is maintained: in
a reactor substantially larger than the volume occupied
by the mass in the fluidized condition. In this type of
operation all but a minor proportion of the metal oxide
mass is contained in the dense fluidized pseudo-liquid
miss, which may be designated as the dense phase.  This
dense phase occupies the lower portion of the réactor
while that portion of the reactor above the dense phase

-is -occupied by hydrogen and finely-divided powdered
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metal oxides and reduced metals in which the solids con-
centration is much lower and of a different order of
magnitude than the concentration of solids in the dense
phase. This upper phase may be designated as the dif-
fuse phase and acts like a disengaging zone in which sol-
ids are elevated above the dense phase by the flowing gas
and are disérigaged therefroin -and returned to the dense
phase to the extent that such solids are in excess of the
cartying capadity of the gas stigam at the gas velocity
thereof. In thé densé phase the concentration of cata-
Iyst in the gas stréai varies from a maximum mear the
gas inlet to a minimum in the upper part of this phase.
Likewise, the concentration of catalyst in the diffuse phase
varies from a maximum near the upper surface of the
dense phase to a minimum in the upper part of the re-
actor. Between thé dense phase of high average con-
centration and the diffuse phase of low average concen-
tiation there is a relatively narrow zone in which the
conceniration of solids in the gas stream changes in a
short space from the high ‘concentration of the dense
phase to thé low conceittration of the diffuse phase. This
intermediate zoné Hhas the appearance of an interface
betweén two visually distinct phases. The diffuse phase
generally has a conceritration of solids less than about
0.01 pound of solids per ciibic foot of gas.

This psetido-liquid dense phase type operation ordi-
natily invelves the golid powders and linear gas veloci-
ties such that 4 relatively small portion of the dense fiuid-
ized solid mass is ‘cartied away by éntrainment, and it is
nécessary, therefore, to provide mieans in the reactor for
separating such entrained solids and returning them to
the dense phase, or to provide means external of the re-
actor t6 separite enttained solids fromi the gassous ef-
fluent and return ther to ‘the reactor, or otherwise to re-
cover solids from the gaseous efftuent.

The liesr velocity of the hydrogen passing upward
through the derse phase is conveniently expressed in ferms
of superficial velocity, which is the linear velocity the
ga§ stréam would assume if passed through the reactor
in the absénce of solids.  The supeificial velocity for the
dense phase pseudo-liquid type of operation is in the
tange of between about 0.1 and about 5 feet per second.

Another method of operating the suspended system is
the use of gas velocities sufficiently high such that the
heaviést particles of solids centindously move in the
directioti of flow of the gases by suspension or entraiiment
and the removal of the solids with the gaseous effuent
from the teduction Zote. In this method of operation the
so-called “psetido-liquid dense phase of solids” is not
formed because of the relatively high velocity of the gases
passitig through the redirction-zone. The solids are sep-
aiated from thé hydrogen effiient and recycled to the
snlet of the réduction Zoile by conventional means, such
s standpipes of Fuller-Kinyon pumps. The hydrogen, '
after removal of water therefrom, is also recycled to the
inlet of the reduction: zone. In this méthod of operation
the concentration or density of the solids in the reduction
zome is. considerably  less than that conventional dense
phase operations and the tendency for agglomeration and
sticking is corréspondingly minimized. The concentra-
tion- or density of thé finiely-divided metal oxides ufilizing
rélatively high velooities stich that the solid$ are continu-~
giisly moved i the direction of flow of the gases is about
ore-sixthof the freely settléd density of the metal oxides
and is usnally 1éss than aboit 25 pounds of solid per cubic
foot of gas and may bé as low 4§ 10'to 12 pounds per cubic
foot of gas-or less. The velocity employed in order to
schieve the continuous flow of the solids with the gases
is above about 5 or 6 feét per second, preferably above
about 8 feet per sedond, and iiay be ds high as about 50
féet per second: The solids are continuously recyeled
wuntil they afe substantially completeély reduced.

Suspension of the solids initially may be effected with
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the use of a substantially inert gas, such as carbon dioxide,
followed by the introduction of hydrogen at the desired
rate. The reduction zone may be heated in the conven-
tional manner. Preheating the hydrogen gas or the sus-
pending gas to the desired reduction temperature is an
effective way in heating the reaction zone. “The reaction
zone may be heated indirectly with a Dowtherm jacket
or the like. Indirect heating as well as preheating the
hydrogen may be used simultaneously if desired without
departing from the scope of this invention.

Various metal oxides may be reduced according to this
invention. However, the description and examples are
specifically directed to the reduction of iron oxide or
naturally occurring magnetite. The metal oxides prepared
for example as catalysts for synthesis reactions may be
impregnated with various promoters and supported on
various supports, such as alumina-silica. gel, bentonite
type clay, etc. In this specification and claims the catalyst
is described by reference to its chemical condition -subse-
quent to its reduction and may mclude vanous promoters
and supports.

The finely-divided solids are employed in'a fine state
of subdivision. Preferably, the powdered. solids initially
contain no more than a minor proportion by weight of
material whose particle size is greater than 250 microns.

Preferably also, the greater proportion of the solids being

reduced comprise material whose particle size is smaller
than 100 microns, including at least 25 weight per cent
of the material having a particle size smaller than 40
microns. A highly fluidizable powder comprises at least
75 per cent by weight of material smaller than 150 microns
in particle size and at least 25 per cent by weight smaller
than 40 microns in particle size. ,

This invention also has application to the regeneration
of a spent or used synthesis catalyst by the treatment of
the used catalyst with hydrogen at an elevated pressure,
in accordance with the previous discussion. As previously
stated, the invention applies to the preparation of a. re-
duced synthesis catalyst and in such: operation the reduc-
tion may be effected in the reaction zone itself followed
by introduction of the synthesis feed gas after reduction
of the catalyst. Alternatively, the reduction may be
effected in a separate reaction zone and the reduced cat-
alyst transferred to the main synthesis reaction zone. In
regenerating the catalyst after use in the hydrogenation
of carbon oxides, a similar procedure is followed as in
reduction of the metal oxides prior to their use as-a
catalyst. In regeneration the catalyst may be reduced in
the - synthesis reaction zone by -discontinuing- flow. of
synthesis gas therethrough- followed by the introduction
of hydrogen at an elevated temperature and. at superat-
mospheric pressures. Alternatively, a separate reduction
zone may be employed and, under such circumstances,
catalyst may be intermittently or continuously withdrawn
from the synthesis reaction zone and transferred to the
reduction zone. After reduction of .the spent catalyst,
the catalyst may be continuously or intermittently - re-
turned to the synthesis reaction zone. It may be desir-
able, after reduction, to activate the catalyst in accordance

- with the procedure taught ‘in application Serial No.

783,382, filed October 31, 1947, by Henry G. McGrath,
one of the co-inventors of this apphcauon, now Patent No.
2,542,422,

"The two modes of operation, using the pseudo-liquid
dense phase type of operation and the high velocity cir-
culating operaticn, may be best described by reference to
the drawings in which Figure 1-is a view in elevation,
partly in cross-section, of a relatively small reactor suit-
able for reducing metal oxides by the fluidized dense phase
type of operation, and in which Figure 2 is a view in ele-
vation, partly in cross-section, of a reactor suitable for
carrying out the reduction of metal oxides employing the
high velocity circulating system. The reactor of Figure 1
was employed for the reduction effected in- accordance

9,728,786
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with Example 1 hereinafter. The reactor of Figure 1
was employed for the reduction of metal oxide in accord-'
ance with Example 2 hereinafter.

Referring to Figure 1, reactor 11 consists of a length
of extra heavy standard 2-inch steel pipe which is about
153 inches long and has inside and outside diameters of
1.94 inches and 2.38 inches, respectively. - Reactor 11 is
connected, by conical section.12, to an inlet pipe 13 made
of extra heavy standard half-inch steel pipe having an
inside diameter of 0.55 inch. Reactor 11 is connected at
the top, by means of conical section 14, with an enlarged
conduit .35 comprising a length of 6-inch extra heavy
standard steel pipe having an inside diameter of 5.76
inches. Conical section 14 and conduit 15 constitute an
enlarged extension of reactor 11 which facilitates disen-
gagement of catalyst from the gas stream after passage
of the latter through a dense catalyst phase.

Conduit 15 is connected by means of manifold 16 with
conduits 17 and 18 which comprise other sections of
extra heavy 6-inch standard steel pipe. Conduits 17 and
18 contain filters 19 and 20 which are constructed of
porous ceramic material which ‘is permeable to the gas
and "vapors emerging from the reaction zone but unper-
meable to the catalyst particles carried by entrainment in
the gas stream. Filters 19 and:20 are cylindrical in shape
and closed at the bottom ends. - They are dimensioned in
relation to conduits 17 and 18 to provide a substantial
annular space between the filter and the inner wall of the
enclosing conduit for the passage of gases and vapors
and entrained catalyst upwardly about the outer surface
of the filter. The upper ends of filters 19 and 20 are
mounted in closure means 21 and 22 in a- manner whereby
the gases and vapors must pass through either filter 19 or
filter 20 to reach exit pipes 23 and 24. Each of filters
19 and 20 is approximately 36 inches long and 4% inches

* in outside diameter, the ceramic filter walls being approxi-
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mately 34 of an inch thick.

The greater part of reactor 11 is enclosed in a jacket
25 which extends from a point near the top of the reactor
to a point sufficiently low to enclose the 3 inch length of
conical section 12 and approximately 5 inches of pipe 13.
Jacket 25 comprxses a length of extra heavy 4-inch stand-
ard steel pipe having an inside diameter of 3.83 inches.
The ends of jacket 25 are formed by closing the ends of
the 4-inch pipe in any suitable manner, as shown, and
sealed by welding. Access to the interior of jacket 25 is
provided by an opening 26 in the top thereof through a
2-inch steel pipe. Jacket 25 is adapted to contain a body

-of liquid for temperature control purposes, such as water,

or “Dowther.” “The vapors which are evolved by the

‘heat of reaction in reactor 11 are withdrawn through con-

duit- 26, condensed by means not shown, and returned
through conduit 26 to the body of temperature control
fluid" in ]acket 25. The temperature . control fluid. in
jacket. 25 js maintained under a pressure at which the
liquid boils at the temperature desired in jacket 25. Elec-
trical heating means (not shown) is provided in connec-
tion with jacket 25 to heat the temperature control fluid
therein to any desired temperature.

In order to show all the essential parts of the reactor
and associated catalyst separation means on'.a single sheet,
a large proportion of the apparatus has been eliminated by
the breaks at 27 and 28. For a clear understanding of the
relative proportions of ‘the apparatus reference may be
had to the over-all length of the apparatus, from the bot-
tom of jacket 25 to exit pipes 23 and 24; which is about
224 inches. In each of breaks 27 and 28 the portion of
the apparatus eliminated is identical with that portion
shown immediately above and below each break.

. In the operations carried out in the apparatus of the
drawing the catalyst recovery means comprising filters 19
and 20 is: effective to separate substantially completely
entrained catalyst from the outgoing stream of gases and
vapors. - The disengagement of solids from the gas
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stream is promoted by the lowered velocity of the gas
stream in conduits 15 and remaining solids aré separated
on the outer surfaces of filters 19 and 20. The latter are
employed alternately during the operation so that the
stream of gases and vapors and entrained solids passes
from conduit 15 through either the left or right branches
of manifold 16 into either conduit 17 or conduit 18.
During the alternate periods the filter which is not in use
is sub]ected 16 a back pressure of gas which is introduced
af a rafe sufficient to dislodge catalyst which has accu-
mulatéd on the outer surface of the filter during the active
period. Such “blowback” gas and dislodged catalyst flow
downwardly i the c¢onduit enclosing the filtér and into
manifold 16 in which the “blowback” gas is combined
with the réaction mixture flowing upwardly from corduit
15.° The greateér part of the catalyst thus dislodged gettles
downwardly int the reactor and is thus retiurned for fui-
{Hér use. The “blowback” gas conveniently comprises re-
¢ycle gas, such as from conduit 34.

. In the operation of the reactor of Figure 1 of the draw-
ings the desired quantity of powdered metal oxides is in-
troduced directly into the reactor through a suitable con-
nection not shown in conduit 15. The temperature of
the fluid in-jacket 25 is adjusted by the heating means
mentioned above and by the pressure control means to a
temperature of about 650° F. The hydrogen gas is pre-
heated to a temperature of about 650° F. and is then
passed through pipe 13 into reactor 11. The velocity of
the hydrogen gas passing upward through reactor 11 is
about 1%4 feet per second such that the finely-divided
solids form a pseudo-liquid dense phase in the lower por-
tion of reactor 11. Gases and entrained solids pass from
reactor 11 thiough conduits 14, 15 and 16 to both of
conduits 17 and 18. Entrained solids are removed by
filters 19 and 20 and the gas substantially free from
solids is removed from conduits 17 and 18 through heat-
ers 21 and 22 réspectively and are passed through con-
duits 23 and 24 to-conduit 31, The gaseous ¢ffluent from
the reduétion reaction contains steam formed by the re-
duction of the metal oxides with hydrogen. This effluént
is passed thtough conduit 31 to a cooler condenser 32 in
which ‘the éffluent is cooled to an approximately atmos-
pheric temperature. Under such conditions and at the
operating pressure all ‘of the water is condensed from the
efftvent and is removed from cooler condenser 32 through
conduit 33. The effluent comprising hydrogen and sub-
stantially free from entrained solids and water is passed
from cooler condenser 32 through conduit 34 to inlet con-
duit _13.. The recycled hydrogen in conduit 34 may be
preheated if desired; by a heater not shown or preheat-
ing may be effected by heat exchange in section 12 of
reattor 11 with jacket 25.

A ball chéck valve (not shown) is provided to prevent
solids froin passmg downward out of the reactor when
the gas stream is hot being introduced into pipe 13.

According to F1gure 2 of the drawings showing the
high velocity niéthod of -operation, hydrogen preheated
10 ‘4 -desired tempeiature of about 700° F. or higher is
introduced into conduit 4%, In conduit 41 the gas stream
picks ip finely-divided solids from a standp1pe 79. Con-
‘duit 41 is-a standard 2' steel pipe and is about 2%5 feet
in-length  from thé ‘point of introduction of the solids
therein. . The -solid loading rate into conduit 41 i§ regu-
lated by a ‘conventional slide valve 81. At a minimum
velocity of about 28 feet per second in conduit 41, inti-
mate - mixing ‘'of finely-divided metal oxides and hydrogen
is- achieved and the reduction reaction started immedi-
ately at a mixing temperature of about 650° F. to 700°
F. The gaseous fiixture of hydrogen and entrained solids
is ‘passed through conduit 41 to a first heat exchanger 46
tbrdugh -a standard 4 t6 2 inch reducer 42 and a stand-
urd 4 inch diatheter p1pe 43. Standard 4 inch -diameter
pipe  #3 iprovides A ‘minifaum velocity of about 6 feet
per. second it the réaction ‘conditions. THeat exchanger
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46 compnses a cylmdncal ¢hell Surrounding a 4 inch
standard pipé F7. Cooler 46 is connected to conduit
43 by means of a standard reducing fitting 44 and to
conduit 52 by reducing fitting 51. Reducer 52, conduit
43, and fitting 44 together are about 10 feet 8 mches in
length Heéat excharger 46 is approximately 12 feet in
tength.. A heat éxchange inedium, such as Dowtherm,
i§ introdiiced into the annular space between pipe 47 and
the shéll of cooler 46 by means of an inlet conduit 48.
The heat exchange mediufi flows downward in indirect
contact with thé upward flowing gaseous reaction mix-
tufe ifi pipe 47 and is removed from the lower pertion
of héat exchanger 46 by meéais of an outlet conduit 49.
The heat éxchaiigé. medium i3 maintained in heat ex-
changer 46 at a temperature approximately equivalent
to the desired téduction tempeiature of about 650° F,
The reaction mixture of hydrogen and solids is passed
from heat exchaiiger 46 through reducer 51 into stand-
afd 4 inch diametef pipé 52 and thence through pipe 52
and fitting 53 ‘to a second heat exchanger 54 similar in
construction and design to heat exchanger 46. The tength
of condiiit 52 is stich that the temperature change of the
reactioi mixturé is small prior to introduction into a sec-
oird ‘heat exchanger 54.- Conduit 52 may contain a re-
stricted section of about 2 inches in diameter to aid in
mixing the solids and gases therein. In the present design
the length of conduit 52, including reducing fittings 51
anid 53, is about 7 feet 8 inches.

Cooler 54 compnses a cylindrical shel! surrounding a
4 inch statidard pipe 56 through which the gaseous reac-
tion mixture and the entrained solids flow. A heat ex-
change miédium is introduced into the annular space be-
tween pipe 56 and the cylindrical shell of cooler 54 by
means of inlet conduit 57. The heat exchange medium
at a témperature of about 650° F. passes countercurrently
ini indirect heat exchange with the flowing gaseous mix-
ture ih pipe 56. The héat exchange medium is removed
from heat exchanger 54 through an outlet conduit 58.
Heat exchanger 54 is approximately 12 feet in length.
THe fedction mixture at the desired reduction tempera-
ture and containing -entrained solids is removed from
heat exchanger 54 and passed through a standard reduc-
ing fitting 59, a standard 4 inch pipe 61 to catalyst sepa-
rator ‘62. The horizontal section of conduit 61 may be
of smaller diaméter than the vertical section, for ex-
afhple #bout 2 inches in diameter, in order to minimize
or prevent ithé tendency of the solids to settle in the hori-
zontal séction. Separator 62 comprises an upper enlarged
cylmdrrcal section 63, an intermediate conical section 64
and & lower ¢ylindrical section 66. Enlarged section 66
comprises ‘a standard 24 inch diameter pipe in which
séetion the major proportion of the solids is separated
fiom the reduction effluent. A fluidized bed of solids is
maifitained in accumulator 66 at a level indicated by
numeral 73. Conduit 61 preferably terminates above or
adjacetit to level 73 such that the effluent gases issued
therefroin cause a hlghly turbulent action in the bed of
sollds ifi accumulator 66 Thls turbulent action caused
the ﬁnely-dwrded solids in accumulator 66. A conven-
tional cyclone separator 68 is positioned inside enlarged
section 66, Gases containing finely-divided entraified
solids pass into cyclone separator 68 where enttained
solids are ‘separated from the gases. Solids thus sepa-
rated pass from cyclone separator 68 downward through
a standard 69 ‘into the lower portion of accumulator 66
below interface 73. Standpipe 69 comprises a. 34 inch
standatd pipe. An effluent comprising hydrogen and
water vapor substantially free from entrained solids is
fetnoved fiom ‘cyclone separator 68 through conduit 71
and ‘gate valve 72. From conduit 71 the effluent passes
to ‘a cooler and condenser (not shown) for removal of
Wwater- vapor; thereafter, the hydrogen substantially free
trom ‘Water vapoer s tecycled to conduit 41,

»’w



htt p: / fww,Pat ent Gopher. com

2,728,786

Solids which have been separated from the gaseous re-
duction effluent are passed to a stripping and purging sec-
tion 76 by means of a standard reducer 74.. Section 76
comprises a standard 215 inch steel pipe. Hydrogen is
introduced into section 76 through conduit 77 for purg-
ing the recycled solids of water vapor contained in the
reduction effluent. Finely-divided solids comprising metal
oxides and elementary metal is passed from section 76
by means of a standard reducer 78 into a standpipe 79
comprising a 2 inch standard pipe. A standard 2 inch
slide valve 81 is provided in the lower portion of stand-
pipe 79 to regulate the flow of solids including metal
oxides and elementary metal into conduit 41. Recycling
of the solids and hydrogen is continued until the reduc-
tion of the metal oxides to the elementary metal is sub-
stantially complete. After reduction the solids may be
withdrawn from the reactor for use as catalyst or other
purposes, or may be retained in the reactor and synthesis
gas passed upwardly therethrough for effecting the hydro-
genation of carbon oxides to organic compotnds.

The following examples are offered as a means of bet- -

ter understanding the present invention, and the specific
recitation of certain limitations in the examples should
not be considered unnecessarily hmmng to the' present in-
vention:

EXAMPLE 1

A fused iron oxide catalyst containing approximately
0.6% potassium oxide based on Fe was reduced in the
apparatus of Figure 1 in accordance with this invention.
This catalyst was prepared by admixing potassium 'car-
bonate and concentrated Alan Wood ore and fusing the
resulting mixfure. After fusion the solids were pulverized
to a relatively fine powdered material within-the range
previously discussed in this specification.. ‘The average
temperature of reduction varied between about 610° F
and about 695° F. Substantially complete reduction was
completed after about forty-two hours.. Table I below
shows the reduction procedure for. this operation.  The
fluidized pseudo-liquid technique was employed for the
reduction and no difficulty was encountered in fluidizing
the material at a pressure of about 250 pounds per square
inch gage under reduction conditions;

Table 1

[Reduction of 40 pounds of fused Alan Wood ore at 250 p. s. i. g.] o

Outlet
- HofHa0

. | Average | Inlet. . | HiO Pro-
Hours of Reduction | Temp., -Hy, duced,
: - °F. 8.C.F.H gr./br, -

Figure 3 of the drawings is a plot of the hours of reduc—
tion versus the grams of water formed. during reduction
per pound of total iron oxide charged to the reduction
zone for the reduction operations of Example 1.

After reduction, the catalyst was activated in .accord-

10

15

20

25

30

35

40

45

50

55

60

65

ance with the procedure outlined in the aforesaid appli- -

cation Serial No. 783,382 and used for the hydrogenation -

of carbon monoxide to produce normally liquid organic
compounds. = The results obtained with this particular
catalyst were similar to the results in application Serial
No. 783,382, now Patent No. 2,542,422, for the.success-
ful operations shown therein. For.a more detalled dis-
cussion of the catalyst preparation and. Tesults obtained,
attention is directed to our prior and copendmg applica-
tion Serial No. 735,536, filed March 18, 1947, in which
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we were co-inventors, now Patent No. 2,543,327, The
results obtained with catalyst reduced in this manner are
also shown in our application Serial No. 690,820 filed
August 15; 1946, now abandoned, in which an iron syn-
thesis catalyst was reduced at 150 pounds per square inch
gage. After use, the synthesis catalyst may be re-reduced
in a similar manner as the fresh catalyst, as described in
this invention. :

EXAMPLE 2

This example relates to the reduction .of iron.oxide by
the high velocity technique. The catalyst reduced accord-
ing to this example consisted of concentrated Alan Wood
ore containing 1.5 potassium oxide based on Fe and which
had been previously fused and ground to a finely-divided
condition. ~ The potassium oxide was obtained by incoi-
porating the potassium carbonate with the Alan Wood
ore prior to fusion. The reduction was effected in the re-
actor of Figure 2 at a temperature of about 650° F.
and a pressure of about 250 pounds per square inch gage.
The reduction was completed in less than about 50 hours.
Table II below shows the operating conditions employed
with the reactor of Figure 2 in reducing Alan Wood ore
catalyst: .

Table I

Temperature, ° F.:

Recycle catalyst . ______ . __ 655

Inlet gas.. o 740
Catalyst rate, 1b./hr oo 3230
Catalyst loading, P. C. B 1.3
Catalyst density, P. C. F.: -

In reactor . o e 33

In recycle standpipe.. . 92

After reduction the catalyst was activated at a pressure
below about 85 pounds per square inch gage and subse-
quently used as a synthesis catalyst for the hydrogenation
of carbon monoxide to produce normally liquid organic
compounds at 250 pounds per square inch gage. Table
I shows the analysis of the catalyst prior to and after
reduction and during the activation and synthesis opera-
tions. “Table IV below shows the conditions of operation

" and results obtained during the activation treatment and

during the synthesis proper at 250 pounds per square
inch gage. The activation treatment was effected in ac-
cordance with the disclosure of the aforesaid application
Serial No. 783,382 and the catalyst was. prepared in
accordance with the. teachings of the aforesaid applica-
tion  Serial No. 735,536. .

Table IIT
BN NO e 2,263 2,266
Operating Hours______.___.___. o | 8 | 52| 20| 47| 65
- Reduction ’ Activation

0.5
15.4
K

Iron Distribution (X-Ray),

Wt. ercent
Free Iron... oo ooooooooo|nncis 80 | 100 4 4
Iron Carbrde (€137 ) NG U SRR, FROR 91 95 94
Iron Oxide (Fe30s) o vouneoo|aneann 20 foeeoo 2 1 2
Roller Analysts, Wt. Pereent

14 w17 18
21 12
19 17
a4 7
S22 2
61 4.8
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Table IV
Hours on Condition......_.. 12 6 12 18 18
Opeérating Hors (Total)_.__ 29 47 65 95 119
Operating Conditions:

. Reagtor: .

Max, Temp., ° ... 650 625 625 620 610

Pressure, . S.i._...- 82 120 150 252 247

Density, POF.._.... 30 29 28 27 27

Velocity, FPS...... 5.7 5.8 5.0 4.9 4.8

Cat. Holdup, 1b..... 119 123 124 123 121
Standpipe: Density,

. POF. .coiosan ie 70 65 66 71 73
Prehéater Temp., ° Fooo___ 680 530 500 410 310
8lide - Valve pressure

inches of HiO 80 76 70 105 125
Fresh Feed, SCFH__ 2,940 | 3,420 | 5,070 5,820
Recyas; SCFH. ... 4970 | 5610 83 7,420
Total Inlet, SCFH.. 7,010 | 9,030 | 13,430 | 13,240
Produet, SCFH____._______. 380 510 740 990

%aé’yc‘%:Ratio (Recycle/FF.).| 1.62 1.69 1.64 1,65 1.28

esults:
Percent CO Dis./Pass._.| 83.0| 832} 8.1 80.2 014
Pércent CO; Dls./Pas's__ 37.0{ 38.0| 301} 47.0 30.4

SCFHCOConv,, Lb.Fe. 4.1 4.7 5.1 9.2 11.7
Percent CO COz_....... ~30.7 | —80.8 | —28.4 | —34.1 | —32.4
Bbl. Cohd. OI/MMCF
R T S gy 11.4 14.9 16.5 17.2 16.7
Bbl. Cond. Oil/MMCF
i tb ot i 4.3 5.5 6.2 6.5 7.4
Bbl. HiO/MMCFE FF._.. 41 45 46 48 - 49
BbL H:0/MMCF TF...| 15.8 16.6 17.3 18.3 21.5
Bbl. Cond. Oil/Day..__. 0.7 L1 1.4 211 23
Inlet Gas Orsat, Vol. Per-
cent:
(010 7 S 5.7 5.0 4.8 4.9 6.6
CO.._... 7.8 7.5 7.8 7.6 8.8
Unsats - 7.7 9.5 9.3 9.5 8.0
. (Hz—remainder)
Fresh Feed Orsat, Vol. Per-
cent:
CO2e 6.6 6.6 7.0 6.9 7.6
O 0 S 21.7 21.7 21.5 21.7 21.2
i (Hz—remainder)
Product Gas Orsat, Vol.
percent:
co 5.3 4.6 4.3 3.9 6.3
1.4 1.9 1.7 1.2 1.2
10.9 13.3 13.7 13.6 12.7

The catalyst was considered highly active and pro-
duced large yields of normally liquid organic compounds.

The alkali reduced iron synthesis catalysts of Examples
1 and 2 were extremely active due to their pyrophoric
nature. ‘The finely-divided particles of the reduced cata-
lyst burned with a red giow when exposed to the at-
mosphere.

The high pressure Jow temperature reduction technique
is -applicable to various metal oxides which are-difficult
to teduce when suspended in a reducing gas. Although
iron ‘oxide has been described throughout the application
as the metal oxide being reduced, the invention has ap-
plication to other metal -oxides, such as nickel, cobalt
and ruthenium oxides. The invention is also applicable
to the reduction -of metal sulfides and ores, particularly
iron sulfides and iron ores. The essence of the inven-
tion resides  primarily in the use of elevated pressures
and relatively low temperatures in combination with a
suspended technique for reducing oxides and sulfides of
metals. The parent application Serial No. 65,707, filed
December 16, 1948, now Patent No. 2,671,765, is a
continuation-in-part of our prier and copending applica-
tions Serial No. 612,282 filed August 23, 1945, mow
abandoned; Serial No. 690,820 filed August 15, 1946,
now- abandoned, and Serial No. 735,536 filed March 18,
1947, now Patent No. 2,543,327,

Having described our invention, we claim:

1. In a process for hydrogenating a carbon oxide ‘in
which a gaseous reaction mixture comprising hydrogen
and carbon oxide is contacted with a finely ‘divided con-
tact material comprising iron containing an alkali com-
pound, ‘the steps comprising continuously flowing hydro-
gen upwardly through a reduction zone in ‘contact with
iiron oxide containing an alkali compound having a fluidiz-
#ble particle size, maintaining the linear gas velocity in
said re‘é_ludtion zone sufficient .to suspend the particles of
jron ‘oxide containing alkali compound in the gas stream
in the-reduction zone, reducing iron oxide to elementary
metal at a temperature above 500° F. and below 700° F.
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and at a pressure of at least 100 pounds per square inch
gage for a period of time of at least 10 hours sufficient
to reduce iron oxide to elementary metal, whereby sinter-
ing and agglomeration of iron oxide is prevented during
reduction, and thereafter contacting the iron contact ma-
terial thus subjected to reducing treatment with an up-
wardly flowing reaction mixture comprising hydrogen
and a carbon oxide at a gas velocity effective to suspend
said fluidizable contact material in said stream of re-
actants at a temperature level effective to produce the
desired catalytic reaction.

2. In a process for hydrogenating a carbon oxide in
which a gaseous reaction mixture comprising hydrogen
and a carbon oxide is contacted with a finely divided
contact material -comprising iron containing an alkali
compound, the steps comprising continuously flowing
hydrogen upwardly through a reduction zone in contact
with an iron oxide containing an alkali compound having
a fluidizable particle size, maintaining the linear gas ve-
locity in said reduction zone sufficiently low to suspend
the finely divided particles in a pseudo-liquid dense phase
condition and sufficiently high to produce rapid circula-
tion of the particles throughout the dense phase, reduc-
ing iron oxide to elementary metal at a temperature above
500° F. and below 700° F. at a pressure between about
100 and about 500 pounds per square inch gage for a
period of time of at least about 10 hours sufficient to re-
duce iron oxide to elementary metal, whereby sintering
and agglomeration of iron oxide is prevented during re-
duction, and thereafter contacting the iron contact ma-
terial thus subjected to reducing treatment with an up-
wardly flowing reaction ‘mixture comprising hydrogen
and a carbon oxide at a gas velocity effective to suspend
said finely divided contact material in said stream of
reactants at a temperature level effective to produce the
desired catalytic reaction.

3. In the process of claim 2 in which said iron contact
material contains less than 0.8 weight per cent alkali
compound.

4. In a process for reacting hydrogen and carbon
monoxide in which a gaseous mixture comprising said
hydrogen and carbon monoxide is contacted with a finely
divided contact material consisting essentially of reduced
iron and containing an alkali compound, the steps com-
prising continuously flowing a reducing gas consisting es-
sentially of .hydrogen upwardly through a reduction
zone in contact with an iron oxide containing an alkali
compound having a fluidizable particle size, maintain-
ing the linear gas velocity in said reduction zone.suf-
ficiently low to suspend the finely divided particles in
a pseudo-liquid dense phase caondition but sufficiently
‘high to produce rapid circulation of the particles through-

.out the dense phase, reducing iron oxide to elementary

‘metal at & temperature above 560° F. and below 700° F.

at a pressure of at least 100 pounds per square inch gage

for a period of time of at least 10 hours sufficient to
reduce iron oxide to elementary metal, whereby sinter-
ing and agglomeration of the iron oxide particles is pre-
vented -during reduction, and thereafter contacting the
finely divided iron contact material thus subjected to re-
duting treatment with an upwardly flowing reaction mix-
ture comprising hydrogen -and carbon monoxide at -a gas
velocity effective to suspend finely divided contact ma-
terial in said stream of reactants at a temperature level
effective to produce the desired catalytic reaction.

5. Tn a process for reacting hydrogen and carbon
monoxide in which a gaseous mixture comprising said
hydrogen and carbon monoxide is contacted with a
finely divided contact material consisting essentially of
reduced iron containing an alkali compound, the -steps
comprising continuously flowing a reducing gas consist-
ing essentidlly of hydrogen upwardly through a reduction
zone in contact with an iron oxide containing an alkali
compound ‘having a particle size less than @bout 250
microns, maintaining ‘the ‘linear ‘gas ‘velocity in-said re-
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duction zone sufficiently low to suspend the finely di-
vided particles in a pseudo-liquid dense phase condition
but sufficiently high to produce rapid circulation of the
particles throughout the dense phase, reducing substan-
tially all of the iron oxide completely to elementary metal
at a temperature above 500° F. and below 700° F. and
at a pressure between about 100 and about 500 pounds
per square inch gage for a period of time between about
10 and about 60 hours, whereby sintering and agglomera-
tion of the iron oxide particles is prevented during re-
duction, and thereafter contacting the finely divided iron
contact material thus subjected to reducing treatment
with an upwardly flowing reaction mixture comprising
hydrogen and carbon monoxide at a gas velocity effec-
tive to suspend finely divided contact material in said
stream of reactants at a temperature level effective to
produce the desired catalytic reaction.

6. In the process of claim 5 in which the flowing re-
action mixture comprising hydrogen and carbon monoxide
is at a gas velocity effective to suspend said finely di-
vided contact material in said stream of reactants in a
dense fluidized pseudo-liquid condition.

14
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