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This invention relates to the hydrogenation
of carbon oxides to preduce hydrocarbons having
more than one carbon atom per molecule and
oxygenated organic compounds. In one aspect
this invention relates to the hydrogenation of
carbon monoxide in the presence of a finely
divided hydrogenation catalyst under conditions
such that organic compounds are produced.
The process of this invention is applicable also
in reacting hydrogen with carbon dioxide. In
the following description of the invention the
hydrogenation of carben monoxide will be
referred to specifically. It will be understood,
however, that the invention is of wider applica~
tion including within its scope the hydrogena-
tion of any oxide of carbon.

It has been known. for some time that hydro-
gen. and. carton monoxide may be made. to react
exothermically in the presence of a. catalyst
under specific reaction conditicns.to form hydro-
carbons and oxygenated compounds. In. general,
the synthesis of these organic compounds by
the hydrogenation of carbon monoxide is ac-
complished in the presence of a metal or an
oxide of a metal chosen from group VIIT of
the periocdic table as a catalyst at. pressures
below  about 500 pounds per square inch gage
and at. temperatures helow about 750° F.

The synthesis féeed gas or reaction mixture
comprises a mixture of about 1 to 2'mols.of hydio~
gen per mol of carbon maonoxide..

An. object. of. this invention is to provide an

improved. process for the synthesis of. organic.

compounds.. .

it is also an cbject of this inventien. ta. pre-
duce a gas rich in hydrogen and an oxide of
carbon, such as carbon: menoxide: -

Another object. of this invention is to provide
an integrated process for the preparation of
the. feed gas and the synthesis of organic. com=-
pounds therefrom. '

Stilll another object of this. invention is to
provide a method. for hydrogenating carbon
monoxide. in. the. presence. of a. finely divided
hydrogenation catalyst.

Still. another. object of this. invention is. to.

provide a. method. for manufacturing. a. hydre- .

genation catalyst: useful in the hydrogenation:of.

carbon. monoexide. to produce - organic compounds-

therefion.
1t-is still another ebject ofi this. invention. to.
provide a-method for controlling the temperature.
of:reantion in the synthesis.of organic.compounds.
by the: hydrogenation. of. carbon monoxide..
Yet a. further object: of this: invention. is. to
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provide a method for the regeneration of a
partially- deactivated catalyst for use in the hy-
drogenation of carbon monoxide.

Another object of this invention is to pro-
vide a process for the hydrogenation of' carbonr
monoxide by the use of a relatively cheap and
inexpensive hydrogenation catalyst. )

Various other cbjects and advantages will be-
come apparent to those skilled in the art from
the accompanying description and" disclosure:.

It is believed that the invention may be best
described by reference. te the accompanying
drawings which show' a process. for the hydro-
genation of an oxide: of carbon fo produce
organic compounds. Figure 1 of. the. drawings
is a- diagrammatic illustration. in elevation,
partly in cross section, of an arrangement of ap-
paratus for the synthesis of hydrocarbons with
a finely divided hydrogenation catalyst suspended
in a gaseous reaction mixture. Element 29 is
a catalyst oxidizer in which the hydrogenation
catalyst is oxidized, Element if is a methane
oxidizer in which methane is oxidized by means
of the oxidized catalyst from element 29 to
produce hydrogen and an oxide of carbon. Ele-
ment 84 is a synthesis reactor for the conversion
of the hydrogen and.the oxide of carhon fromy
methane oxidizer 16 to organic compounds.
Figure 2 of the drawings is a diagrammatic
illustration in elevation of a modification of.
element 298 of Figure 1. Figure 3 of the drawing.
is a modification of the. process and arrange-
ment of apparatus shown in Figure 1 and dia-
grammatically illustrates in. elevation an ar-

. rangement of apparatus, partly in cross section,.

for the reaction between an oxide of carbon
and hydrogen. to produce organic compounds in
the presence of a. finely divided hydrogenation
catalyst suspended in a liquid. Element (13 of
Figure 3 represents a synthesis reactor corre-
sponding to element 34 of Figure 1 but in which
the. finely divided hydrogenation catalyst. is
suspended in. a liquid rather than a gas. The
use of catalyst oxidizer.28 and methane oxidizer
{6 is contemplated for the preparation of the
catalyst and the gaseous feed stream to synthesis:
reactor 113. of Figure 3.

In Figure 1 of the drawings, pure methane;
ot o~ methane-containing gas from any suitable
source, such. as.natural gas. or petroleum refinery
waste. gases, passes: continuously through con-
duits: 9. and . {4 to- a preheater 33, which com=
prises a single or series of conventional heat.
exchangers and/or gas. fired. furnaces for pre-

* heating the methane-containing stream to. a
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temperature of about 800° F. to about 1700° F.,
and thence to methane oxidizer {6 comprising
an elongated cylindrical chamber internally in-
sulated with refractory material. A finely di-
vided solid catalyst comprising an oxide, such
as an oxide of iron or other metal oxide, at a
temperature of about 1850° F. is introduced
from conduit 12 into the gaseous stream in
conduit {4 and is carried thereby to methane
oxidizer 6. Fresh metal oxide may be iniro-
duced into the system through conduit {{ when
and if necessary. A gaseous mixture compris-
" ing methane passes upwardly and continuously
through reactor 16 at a velocity sufficient to
suspend, in the preferred embodiment, the metal
oxide in a pseudo-liquid fluidized condition in
methane oxidizer 16 whereby the metal oxide

particles attain a high degree of turbulence in,

a pseudo-liquid dense phase of finely divided
solids. In the formation of the pseudo-liquid
dense phase of metal oxide in reactor 16, an
interface designated as (7T exists between the
pseudo-liquid dense phase and a so-called upper
dilute phase. A very small amount of entrained
catalyst is present in the dilute phase, usually
less than about 0.01 pound of solid per cubic
foot of gas. In methane oxidizer 16 methane
is converted to an oxide of carbon and hydrogen
as exemplified by the following typical reaction
equations for iron oxides:

Fe3044-CH3;=CO-}2Hz2--3FeO
3Fe0+43CHs=3CO+6H24-3Fe
Fe304_+4CH4=4CO+33Hz+3Fe

Generally, the temperature of methane oxida-
tion zone 16 will be between about 500° F. and
about 1700° F. and the actual operating tem-
perature will depend upon such factors as the
composition of the effluent desired and the partic-
ular metal catalyst used.

The reactions of the metal oxides with methane
to produce hydrogen and carbon monoxide or
carbon dioxide are equilibrium reactions each
of which reactions are favored by certain con-
ditions of temperature. At relatively high tem-
peratures within the ranges disclosed, the pro-
duction of carbon monoxide and hydrogen is
favored. At relatively low temperatures with-
in the ranges disclosed, the production of car-
bon dioxide and water is favored. At substan-
tially all temperatures both carbon dioxide and
carbon monoxide as well as water will be present
to some extent in the effluent from the methane
oxidation zone. Therefore, the temperature
employed in the methane oxidation zone will
often be determined by the amount of carbon
dioxide permissible in the synthesis feed gas.

The metal oxide catalyst may be present in
any one of several forms, such as FeO, Fe20s,
and Fe3Os, and the reaction of the metal oxide
with methane reduces the catalyst to a lower
oxide or to the elementary metal; under the
preferred operating conditions and when using
an iron-containing catalyst the iron oxide is
reduced to the elementary iron. When using an
iron oxide as the source of oxygen, the tem-
perature of reaction in methane oxidizer (6 is
between about 1100° F. and about 1700° F., for
example about 1650° F. when it is desired to
produce carbon monoxide and hydrogen as the
main products of the effluent. Temperatures of
reaction in methane oxidizer 1§ ahove about 1700°
F. (and in catalyst oxidizer 29 above about 2000°
F.) are undesirable in most instances because
of the proximity to the welding temperature of
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the metal of the catalyst, such as iron, and
the weakening of the ferruginous structural ma-
terial because of grain growth at high ftem-
peratures. Another factor in limiting the tem-
perature is the difficulty of fluidization of the
catalytic material at high temperatures.
Sufficient contact time should be aliowed be-
tween methane and the metal oxide for sub-
stantially equilibrium conditions to be achieved.
An average contact time of methane and the
products of reaction of the methane with the
finely divided oxide in oxidizer (6 of between
about 10 and akout 60 seconds is sufficient. pref-
erably between about 15 and about 30 seconds,
when employing a ferruginous catalytic material.
The velocity of the upwardly flowing methane
containing stream is between about 0.5 and about
6 feet per second, preferably about 1.5 feet per
second, when the metal oxide or metal is main-
tained in the pseudo-liquid fluidized condition.
A pressure from about atmospheric to about 500
pounds per square inch gage is appropriate,
preferably the pressure is between about 50 and
about 300 pounds per square inch gage and will
correspond substantially to the pressure main-
tained in synthesis reactor 954 and catalyst
oxidizer 29. When converting methane with an
iron oxide catalyst, a pressure of about 80 pounds
per square inch gage is generally employed.
The presence in the catalytic material of minor
proportions, usually between about 0.1 and about
5.0 weight per cent, of promoters, such as copper,
manganese, or an alkali metal or alkaline earth
compound is recommended in order to promote

5 the oxidation of methane and also because of

their beneficial effect in the subsequent hydro-
genation of carbon monoxide in reactor 54.

Since the oxidation of methane is endothermic,
heat must be supplied to the methane oxidation
reaction in oxidizer 16. Necessary heat is sup-
plied to the methane oxidation reaction accord-
ing to this invention from the sensible heat of
the solid material from catalyst oxidizer 29 and
by preheating the methane feed stream. The
application of the source of heat supply to oxi-
dizer 16 will be more fully discussed hereinafter.

When the methane-containing stream in con-
duit 14 contains carbon dioxide, which may ac-
company the methane in conduit 9 or may be
introduced into conduit 4 as a component of the
recycle gas from conduit 86, the carbon dioxide
may react with methane in the presence of the
metal oxide to produce carbon monoxide and
hydrogen in accordance with the following typi-
cal equation:

CHi++C02=2C0+2Hz2

The reaction effluent from methane oxidizer 16
passes therefrom through conduit {9, a conven-
tional heat exchanger 21, and finally to an upflow
fluid bed synthesis reactor 54. The reaction effiu-
ent contains carbon monoxide, carbon dioxide,
hydrogen, water, and small amounts of uncon-
verted gases, such as methane, as well as a small
amount of entrained metallic material. This
entrained metallic material comprises reduced
catalyst resulting from the reduction of the metal
oxide to a lower oxide or the elementary metal.
By heat exchange with air in heat exchanger 21,
the effluent from methane oxidizer 16 is rapidly
cooled to a temperature of about 1000° F. or lower,
preferably to about 600° P, Cooling or quenching
of the effluent as rapidly as possible is highly -
desirable when operating at relatively high tem-

3 peratures in methane oxidizer 16, such as when



employing an. oxide of iron to produce carbon
monoxide; in order to prevent or minimize the
formation of methane and carbon dioxide during
the cooling process. At a linear velocity of about
1.5 feet per second in oxidizer 16, the carry over
of solid material of finely divided form is about
0.002 to about 0.01 pound per cubic foot of flowing
gas. The actual carry. over of solids- will depend
ultimately on the physical characteristics of the
solid material, such as density and sxze and upon
the gas velocity.

10

“As g result of the conversion of methane to -

carbon monoxide and hydrogen, iron oxides, for
example, are reduced and the reduced iron oxides
in the form of a lower oxide or elementary iron
is: removed from ‘the dense phase of methane
oxidizer 16 through conduit 18 and introduced
intoconduit 27. Air:is continuously introduced
into the system.:through conduit 22 and:com-
pressed by means of -a. conventional compressor or
blower 238 and passed through conduits 24 and 2§
to catalyst oxidizer 29 which also comprises an
elongated cylindrical chamber of .steel. Catalyst
oxidation chamber 29 is internally insulated with
a- suitable refractory material, such as fire clay
or alumina, which refractory material may be
internally lined with .a relatively thin sheet of
heat and corrosion resistant alloy, such as Inconel
which contains about 80% nickel with 15%: chro-
miumr and 5% iron in.solid solution. At least
a portion of the air in conduit. 26, according to
the preferred operating technique, is by-passed
through conduit 27 tos heat exchanger 21 to re-
move a-portion of the heat from the effluent from
methane oxidizer 16 and thereby also-preheating
the air to a temperature as highas about 600° F

or 700° F. Air from preheater 21
through conduit 27 to. conduit 28.  Frem-conduit
18, finely divideéd solid material containing cata-
lyst'and at a temperature corresponding approxi-
mately to the temperature prevailing in reaetor
18 is picked up by the air passing through:con-
duit 27 and is carried to conduit 26-and thence
to catalyst oxidizer 29. In catalyst oxidizer 29
the reduced oxide of a-metal -or-an elementary
metal, such as iron, is oxidized to-a higher oxide
or to an oxide therein, as the case may be. Pref-
erably, when the metal is iron, a temperature
between about 1200° F. and about 2000° F. is
maintained in catalyst oxidizer 29. "As in methane
oxidizer 16, the solid material containing catalyst
is suspended in‘an upward flowing stream of air
such that a pseudo-liquid dense phase of -finely
divided solid material is formed therein having
an interface 3! betwéen the pseudo-liquid dense
phase in the lower portion and 2 dilute phase-in
the upper portion of reactor 28. The'pressure in
catalyst oxidizer 29 is between about atmoespheric
and 500 pounds per square inch gage and will
generally correspond to the pressure in- methane
oxidizer 16 and synthesis reactor 54.

As previously discussed, the finely divided schds
eomprising a. metallic oxide is withdrawn from
catalyst oxidizer 29 through standpipe: 12 and
introduced into conduit. {4 through  which the
methane screen isipassing. The solids-are main-
tained in g fluidized condition and stripped of
nitrogen in standpipe 2 by introducing steam; or
recycle gszs. or other gas, through conduif 3
Fresh metallic oxide or catalytic material may be
introduced. into conduit: {2 through conduit. .

Instead of air- substantially pure oxygen or
other. oxidizing. gas. may be used: for oxidizing
the-catalytic material in catalyst oxidizer 29 with~
out departing from the scope: of this invention.
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Air, however, is the preferred: oxidizing gas both
because it is.the most inexpensive source of oxy- -
gen and hecause the nitrogen present serves.asa
diluent which fact results in better control of the
oxidation reaction. -
- A gaseous: effluent: is” continuously ‘withdrawn
from  catalyst oxidizer 2§ through conduit 32.
This gaseous effluent contains nitrogen, oxXygen,
and finely divided entrained metal oxides or
other. solids. The effluent is passed through
mmethaxie preheater: 33, as. previously. described,
which results in cooling the effiuent to a tempera-
ture as-Tow as about 400° B, or lower, and thence
through conduit 22 to steam generator or waste
heat boiler 36 and to catalyst separator 31. Sep-
arator 3T may comprise a cyclone separator, &
Cottrell ~precipitator, or: other conventional
means known' to those skilled in the art for sep-
atating themetal oxides fromy the gaseous efffuent: -
Gases comprising nitrogen and substantially free
from entrained finely divided solids are removed
from separator 31 through conduit 38 and may be
vented to the atmosphere. -Separated solids: or
metal oxides are. collected in standpipe 39 and
introduced by gravity into-a.stream. of air: flow-
ing through conduit 28 for transfer back to cata-
lyst oxidizer 29; as shown

The operation of catalyst 0X1dlzer 29 is sunllar

- in many respects to the operation of methane
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oxidizer 18. From the standpoint of heat trans-
fer, catalyst oxidizer: 28 must.be operated at:-a
temperature above thiat which is maintained in
the methane oxidizer (6.  When iron, for-ex-
ample;: is” oxidized, heat is liberated and' it is
desivable that sufficient catalyst:be circulated to
absorh this heat within the temperature limits set
for methane oxidizer 18 and catalyst oxidizer 29.
Since, for regsons given previously, & tempera=
ture of about 1650° F. would be as high as neces-
sary’ or .desirable in the methane oxidizer, it is
unlikely that it would be necessary to:maintain
a temperature of much above 1850 F. in thecat«
alyst -oxidizer. 29. These temperatures would
give a spread of 200° F. which is- usually ample
for ‘heat absorption. and transfer purposes. It is
desirable to' maintain the temperature "in- the
catalyst.oxidizer as low as possible; as mechani-
cal difficulties: decrease the lower the tempera-
ture in the system. Sufficient solid material
should be circulated to absorb the heat evolved
in the catalyst oxidation between the desired tem-
perature levels and sufficient metal should be
present in the catalyst or solid material to ab-
sorb the oxygen which is required later in the
methane oxidation step:

" For example;, the heat liberated in the ox1da-
tion-of the irou will depend upon the condition
in which the iron enters the oxidizer and:on the
particular oxide which is formed in the: oxida~ .
tion; thus, if the iron is oxidized from metallic
iron to FeO, less heat would be evolved than if it
were oxidized” to FesOs or Fex03. - Similarly;
more- heat would be-evolved if the- iron-entered
the oxidizer as' FeO and was oxidized o FeiOs
and Fe203. For operation of thi§ system, it is
not necessary to reduce the iron completely to
metallic iron in methane oxidizer 1§. However,
the preferred conditions gre such in the methane
oxidizer {8 that the iron oxide will be redliiced
completely or alimost corapletely to metallie iron:
before Dbeing returned to catalyst oxidizer 28
The spent catalyst, which is returned to’ cata-
lyst oxidizer  2& from the synthesis reactor 54
and spent catalyst separator 63, will usually be
in the form of iron or iron carbide and will also
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contain-a certain amount of wax or heavy car-
bonaceous material, which material will be re-
moved by oxidation in catalyst oxidizer 29. . The
oxidation of iron to iron oxide or of a lower
oxide to a higher oxide will be a rapid reaction
and it is also probable that at the high tempera-
tures maintained in catalyst oxidizer 29, the car-
hon on the spent catalyst will be oxXidized very
rapidly, 10 to 15 seconds average contact time of
the gas being ample for both these purposes.
The superficial gas velocity will preferably be of
the order of about 1 to about 1.5 feet per second,
so as to reduce the carry-over of catalyst to the
solids separator 31 as much as possible.

‘A gaseous mixture of the products of methane
oxidizer 16 and recycle gas containing entrained
hydogenation catalyst is continuously passed
through conduit 51, a cooler 52, and conduit 53
to a conventional upflow type synthesis reactor
54. In cooler 52 the gaseous mixture, which con-
tains suspended hydrogenation catalyst, is cooled
to a-temperature of about 600° F. to about 300°
P. by indirect contact with a varporizable liquid,
such as water. The mol ratio of hydrogen to car-
bon monoxide of the effluent of oxidizer 16 is
about 2:1 which corresponds to the ratio of hy-
drogen to carbon monoxide produced by the con-
version of methane with the metal oxide. This
ratio of hydrogen to carbon monoxide may be
somewhat lower than 2:1 as a result of the con-
version of CO2 and methane to carbon monoxide
and hydrogen, since hydrogen and carbon mon-
oxide are produced in a mol ratio of about 1:1
in this reaction. The ratio of hydrogen to car-
bon monoxide in synthesis reactor 54 may be al-
tered to values above or below the aforemen-
tioned ratios by recycling unconverted hydrogen
and carbon monoxide, such as through line 86.
If desired, also, hydrogen, and/or carbon monox-
ide may be introduced into conduit 51 from an
outside source (not shown) without departing
from the scope of this invention.

When using a reduced iron catalyst in reactor
54 for the conversion of the carbon monoxide and
hydrogen to organic compounds, a temperature
between about 350° F. and about 750° F. is used,
preferably a temperature between about 400° F.
and about 600° F. The velocity of the gaseous
mixture passing upward through reactor 54 is
between about 0.5 and about 6 feet per second,
preferably about 1.5 feet per second, in order to
maintain the finely divided catalyst therein in a
pseudo-liquid condition. Numeral 5§ indicates
the interface between a pseudo-liquid dense phase
and a dilute phase of catalyst in reactor 54 simi-
lar to that described with reference to methane
oxidizer (6. The reaction pressure is between
about atmospheric and about 500 pounds per
square inch gage, and preferably substantially the
same as or lower than the reaction pressure in
catalyst oxidizer 29 and methane oxidizer (6.
From mechanical considerations, pressures lower
than about 250 pounds per square inch gage are
desirable, such as 80 or 100 pounds per square
inch gage. The space velocity in reactor 54 is
equivalent to a charging rate of at least 1 stand-
ard cubic foot of carbon oxide, per hour, per
pound of synthesis catalyst in the dense.phase.
At the preferred gas velocities and when employ-
ing an iron catalyst, the minimum space velocity
may be defined as 100 volumes of carbon monoxide
(measured at standard conditions), per hour, per
volume of the dense phase of catalyst when fluid-
ized in the fresh condition. The absolute space
velocity of the charge gas is determined by divid-

10

ing the carbon monoxide space velocity by the
volumetric fraction of the charge gas repre-
sented by carbon monoxide.
Catalyst may be withdrawn continuously or in-
termittently from the pseudo-liquid phase of syn-
thesis reactor 54, such as by means of standpipe
51, and may be passed to conduit 26 through con-
duit 58 for regeneration by oxidation, or catalyst
may be passed direcily to conduit 51. In the
latter manner, at least a sufficient amount of cat-
alyst is withdrawn from reactor 54 and cooled in

. cooler 52 such that the temperature of reaction in
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reactor 54 may be maintained substantially con-
stant. In other words, sufficient sensible heat is
removed from the catalyst in cooler 52 to at least
partially compensate for the exothermic heat of
reaction in reactor 54.

If insufficient catalyst is supplied to reactor 54
in the synthesis gas stream passing through con-
duit 9 to conduit 51, additional catalytic ma-
terial may be withdrawn continuously or inter-
mittently directly from the catalyst dense phase
of methane oxidizer 16 through aconduit or stand-
pipe 60 and introduced by gravity into conduit 51.

When catalyst is introduced into conduit 5f
through conduits 60 and 57, the quantity of syn-
thesis feed and recycle gas passing through line
51 may be insufficient to maintain a velocity suf-
ficient to suspend or entrain the catalyst and
pass the catalyst through cooler 52. In order to
eliminate the difficulty of carrying the catalyst
through conduit 51 and to minimize the tendency
of the catalyst or other finely divided solid ma-
terial to agglomerate and settle in conduit §f or
cooler 52, according to a modification of this in-
vention, a vaporizable liquid is introduced into
conduit 51 through inlet conduit 55 at a point
preceding or adjacent to the introduction of the
catalyst from conduits 57 ‘and 60. Such a va-
porizable liquid comprises water or a hydrocar-
bon fraction or any suitable liquid which is not
detrimental to the hydrogenation reaction under
the conditions in reactor 54. A suitable liquid
for this purpose is the aqueous condensate recov-
ered as a reaction by-product. Another suitable
liquid is a normally liguid hydrocarbon fraction;
such as light naphtha fraction boiling in the range
between about 80° F. and about 195° F. Other
normally liquid hydrocarbon fractions comprise
either a butane or a pentane fraction or may even
comprise an oxygenated organic fraction, such
as an alcohol fraction. The injection of a va-
porizable liquid into the effluent in conduit 51 also
aids in cooling the efiluent to a sufficiently low
temperature prior to entry into reactor 54. If
sufficient cooling is effected in this manner cooler
52 may be omitted entirely.

Synthesis reaction effluent comprising organic
compounds, unreacted carbon monoxide and/or
hydrogen, and entrained finely divided solids are
removed from the upper portion of synthesis re-
actor 54 through conduit 61 and are passed to a
catalyst separator 63. Catalyst separator 63 may
comprise a cyclone separator or a Cottrell pre-
cipitator or any conventional means for sepa-
rating finely divided entrained solids from the
reaction effluent. Finely divided catalyst which
has been separated from the reaction effluent in
separator 63 is collected in standpipe 65 and is
introduced into conduit 26 for return to catalyst
oxidizer 29 where it is re-oxidized. A portion of
the reaction effluent prior to condensation may
be recycled directly through conduit 62 to con-
duit 5t by means of a compressor or blower (not
shown) and thence back to reactor 54, if desired.
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Reecycling 'a portion of the reaction efffuent prior
to ‘condensation may aid in the control :of thie
temperature in reactor-54-as well ‘as the mol ratio
of .hydrogen to carbon monoxide in the reaction
mixture therein. .

The reaction efluent substantially free from
entrained catalyst is removed from s€parator &3
through conduit ‘84 and passed through 4 con-
yentional 'steam generator or a wasbe heat boiler
66 and a condenser 67 to accumulator 68. Con=
denser b7 may comprise a ‘single-or ‘a series of
condensation units and is maintained 2t a tem-=
‘perature of abet 206° F.or lower. inaccumula-
tor 68 which is at :a temperature corresponding
substantially to the outlst temperatire in con=
denser 67, an agqueous-rich liquid phase T4 and
@ lighter hydrocarbon-rich liquid phase 68 afe
formed. The agueous liquid phase is with=-
drawn from accumulator §8 through eonduit 12
for disposal or recovery ©f dissolved -oXygenated
organic compounds by means not shown. Un=
condensed vapors and . the hydrocarbon-rich
liquid phase are withdrawn from accumulator 68
through conduits 73 and 714, respectively, -and
after compression (not shown) are passed
through conduit 76 and & conventional cooler 17
to a ‘second accumulator 18 maintained -at ‘a
pressure -higher than that existing in reactor §4.
Cooler 71 cools the mixture in conduit 76 to
about ‘atmospheric temperature. Condensate is
removed from accumulator T8 through conduit
18. Condensate in conduit 79 comprises hydro-
carbons having more - thae about 3 carbon atoms
per molecule and some oxygenated organic com-
pounds. The mixture is passed through con-
duit 19 to a conventichal .separation and puri-
fication system (not shown) for the recovery :of
the components of the mixture as products -of
the ‘process by such unit processes as distilla=
tion, absorption, extractioh, ete. A .gaseous
phase comprising hydrogen and/or carbon mon-
oxide, methang, Cs hydrecarbons, -and some Ci
hydrocarbons is removed from aeccumulator T8
through conduit 81 and is ‘passed to an absorber
82. In absorber £2 the -gastous mixture passes
upward countercurrent to & dowhward -flowing
fiquid, such as mineral seal-oil, at a témperature
of about 100° F. and a pressure substantially
equivalent to that prevailing in -accumulator 18
under conditions such thai substantially all of the
propylene, propane, and heavier hydrocarbons-dre
absorbed and removed from the gasesus Siream.
The absorption oil rich inh propane is removed
from absorber 82 through conduit-84 and 18 passed
to a stripping chamber (hot-shown) for stripping
of the sbsorbed hydrocarbons from ‘thé absorp=
tionoil. The stripped absorption oil is regycled 1o
absorber 82 through conduit 83. A gaseous mix~
ture comprising unreacied hydregen oy carbon
monoxide, or both, together with thethane, ethyl-
sne, and ethane -is removed from absorber 82
through conduit 83 and according to a modi-
fieation of this invention is recycled to synthesis
reactor 54 ‘through conduit §4 and. to methane
oxidizer 1§ through conduit 4.

Any remaining recyele gas not returned to units
18 and-54 from conduit 86 may be passed through
conduit 87 to combustion chamber 84, where
methane, ethane, and any carbon monoxide and
hydrezén are oxidized with air entering through
conduit 88. The heat generated by this combus-
tionis carried as sensible heat in the cocmbustion
effluent -from chamber 91 1o ‘catalyst oxidizer 28
through eonduit g2, . The heat thus broduced

aids in maintaining the temperature in catalyst

&

24

30

40

50

b5

60

T

"
4D

10
‘oxidizer 29 at the-desired level and .providesan
effective means for utilizing-excess recycle gas by
recovering its heating value. When starting up
{hie system, a substantial pertion:of the methane
stream ‘must ‘be burned in combustion -chamber

81 in order to bring the -catalytic material in

catalyst oxidizer 29 to the -desired temperature.
Methane may be intreduced into combustion
chamber 84 by by=passing a.portion-of the meth-
ane feed in conduit € through-conduit 88 to-con-
duit 81, as shown. Afier the catalytic material
in -oxidizer 29 -has been brought to the :desired
temperature, the amount ‘of :recycle gas -and/or
methane buried in -combustion -chamber 91 :may
be reduced or even eliminated entirely. '

Preferably, the powdered solid material used as
the catalyst or the heat carrying material in the
various reaction zones initially contains no -more
thahn a minor propertion by weight of material
whose. parti¢le size is greater than about 250
microns. Preferably,also, the greater proportion
of ihe solid mass -comprises material whose par-
ticle size is.smaller than 100 microns, including at
least 256 weight per cent-of the material in par-
ticle sizes smaller than 40 microns. -A highly
desivable ‘powdered solid 'material which ean be

_suspended :in o fluidized condition in -a gaseous

mixture -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. L

The catalyst employed in the present-invention
is a finely -divided powder comprising a metal
and/ocr:metal okide, such asa metal-of:group VIII
of the periodic table, which is-or becomes in the
synihesis reaction zone a catalyst for the hydro-
genation of the oxide of carbon. The preferred
catalyst of -this invention for the reaction-of ‘car-
bon monoxide and hydrogen comprises eleren=
tary iron but it may comprise:a mixture of -ele-
mentary iron and the various oxides of iron-in-the
various ratios. . It may also comprise one of the
lower oxides of iron alone or in mmixture with
other materials, such as conventional promoters
and supports. Cobalt and nickel in either the
form of ‘an oxide-or in the form of :an elementary
metal may also beused as a eatalyst in'the present
invention. Thus, in catalyst oxidizer 28 the co-
balt and nickel will be in the form of an oxide
and will be reduced in methane oxidizer 16 to-a
lower oxide or to the elementary metal which is
then passed to reactor 54.

-Anoxide of .copper, such as CuO, may also be
used as the .oxygen supplying material for the
methane ‘oxidation. reaction in oxidizer 16. When
ah oxide of ¢opper is used for ‘this purpose sub-
stantially lower temperatures may be used than
with such oxides as iron oxide. With & copper
oxide, -a temperature -as low as 500° F., - prefer-
ably not lower than about 600° F. or about 760°-F.,
may be employed for the oxidation -of methane.
Reduced copper-containing material is removed
from methane oxidizer {6 and passed to -cata-
lyst oxidizer 29 in which the material is oxidized
at a temperature as low-as about 600° F. Finely
divided reduced :copper-containing material -ear-
ried -overhead in the efiluent from. methane
oxidizer 16 passes through conduits {9 and &1 to
synthesis reactor 54 where it acts as a -catalyst
or as & promoter for the hydrogenation reaetion.
Copper oxide may conveniently be used in ad-
mixture with other metals or metal oxides, such
as iron-or an iron oxide: When a mixture ef
copper oxide and..iron or an iron oxide is em=

5 ployed, the icopper oxide may serve-as the ehief
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source of oxygen for the oxidation of methane
in oxidizer 16 and the iron or iron oxide may serve
as the catalytic material for the hydrogenation
of carbon monoxide in synthesis reactor 94.
When operating with a copper oxide at the rela-
tively low temperatures, it may be unnecessary
to cool the effluent from reactor 16 prior to intro-
duction into synthesis reactor 54. Copper-con-
taining material is recycled from reactor 54 or
separator 63 to catalyst oxidizer 28.

Since as. previously indicated a considerable
amount of heat must be supplied to methane
oxidizer i6, this heat is conveniently supplied
from catalyst oxidizer 29 by absorbing the bulk
of the exothermic heat liberated therein in the
solid material and by transferring this heat as
sensible heat in the solid material to the methane
oxidizer (6. This is accomplished by passing
finely divided solid material from catalyst oxidizer
29 through conduits 12 and {4 to methane oxidizer
16 wherein the solid material liberates a portion
of its sensible heat. Part of the heat contained in
the gases leaving reactor 24 can also be recovered
by heat exchange with the incoming methane
and recycle gas in exchanger 33. The amount of
solid material which must be circulated from re-
actor 29 to reactor 16 to furnish oxygen for the
oxidation of the methane is relatively small com-~
pared with the amount of solid material which
must be circulated to furnish heat. This latter
amount will depend to a great extent on the tem-
perature differential between reactor 29 and re-
actor 16, and is at least 5 times and may be 40
times as great as the weight of that material
which must be circulated to supply oxygen. In
view of this fact, a substantial portion of the cata-~
lyst material may conveniently comprise solid
inert material, such as a carrier upon which the
catalytic material may be precipitated or with
which the catalytic material may be fused, or the
catalytic material may be admixed with a sub-
stantially inert material in finely divided form,
such as alumina, silica, magnesia, bauxite, bento-
nite type clays, sand, or other heat carrier ma-
terials. The desirability of having a large pro-
portion of diluent or carrier present in the cata-
lytic material renders the process suitable for the
use of cheap natural catalysts which contain
originally a major proportion of inactive material.
Such a catalyst comprises a natural montmoril-
lonite type clay, such as Ittawamba clay, which
contains about 5 weight per cent Fe:Oz and about
1.3 weight per cent TiO2. A montmorillonite type
clay may also be used as a support for impreg-
nated or precipitated catalytic material, since it
is suitable as a heat carrier and has desirable
flow characteristics for use in systems of the type
described.

In order to render the ferruginous material in
the natural montmorillonite type clay particu-
larly active as a catalytic agent for the synthesis
of hydrocarbons, the montmorillonite type clay
may be treated with hydrogen sulfide under at-
mospheric conditions of temperature and pres-
sure to convert the ferruginous material to the
sulfide. The treated clay is then roasted in air
at atmospheric pressure or higher and at about
1000° F. to about 1400° F. at which temperature
the sulfide is converted to the oxide. The cata-
lyst is then introduced into the system through
conduit 11 and becomes reduced to the metallic
iron or one of the lower oxides in methane oxi-
dizer 16. If desired, the roasted clay may be re-
duced with hydrogen at a temperature of about
1400° P, and then introduced directly into syn-
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thesis reactor 54 as a catalyst. The use of such
iron containing clays as a catalyst is made pos-
sible by the fact that the process of this inven-
tion requires either the use of a catalyst contain-
ing a large proportion of inert material or the
use of an excess quantity of catalyst as a heat
carrier. The use of such clays as a source of
catalytic material constitutes a substantial eco-
nomic advantage of the present process over con-
ventional processes for the synthesis of hydro-
carbons, since the ferruginous material in the
clay, which is normally considered to be an un-
desirable impurity, is catalytically active for the
hydrogenation reaction and the methane oxida-
tion step of the present process. .

A gaseous mixture is passed upwardly through
the mass of finely divided material in catalyst
oxidizer 29, methane oxidizer 16, and synthesis
reactor 54, at a velocity sufficient to suspend or
entrain the mass of finely divided solids in the
gaseous stream. Preferably, the velocity of the
gas stream flowing upwardly in the aforesaid
reaction zones is sufficiently low to maintain the
mass of finely divided solids in a dense fluidized
pseudo-liquid condition. However, the velocity
may be sufficiently high to entrain at least a
substantial portion of the finely divided solid in
the gaseous stream to form a continuous fluid-
ized solids phase which circulates with the flow-
ing gas stream without departing from the scope
of this invention. In the former condition the
mass of solids may be said to be suspended in
the gas stream but not entrained or carried
therein in the sense that there is movement of
the mass as such in the direction of flow of the
gas stream. When operating with the finely di-
vided solids in the pseudo-liquid condition, it is
preferred to maintain the upward velocity of the
gaseous stream sufficiently high to maintain the
fluidized mass of solids in a highly turbulent
condition in which the finely divided solid par-
ticles circulate at a high rate in a stationary
pseudo-liquid mass. In this pseudo-liquid condi-
tion of operation a small proportion of the finely
divided solids may become entrained in the gas-
eous stream emerging from the upper surface of
the pseudo-liquid mass whereby material thus
entrained is carried away from the mass with
the efluent gas. Such finely divided solids car-
ried away with the efluent must be recovered
from the effluent and recycled or fresh finely di-
vided solids added to the system to make up for
the loss by entrainment.

As used herein, suspension of the finely di-
vided solids refers to the condition of the mass
either when it is in a pseudo-liquid condition
above described or when it is entrained in the
gaseous reaction mixture such that the finely
divided solid is carried along with the gases in
the reaction zone.

In the preferred form of the invention with
the catalytic material present in a pseudo-liquid
condition, the powdered catalyst mass is main-
tained in a reactor substantially larger than the
volume occupied by the catalyst mass in the
fluidized condition. In this operation all but a
minor proportion of the catalyst mass is con-
tained in the dense fluidized pseudo-liquid mass,
which may be designated as the dense phase of
the catalyst. The dense phase of the catalyst
occupies the lower part of the reactor while that
part of the reactor above the dense phase is oc-
cupied by a mixture of gases and powdered cata-
lyst in which the catalyst concentration is much
lower, and of a different order of magnitude,



2,677,668

~ 13

than the concentration of the ‘catalyst in ‘the
dense phase. This diffuse phase may be said to
be a disengaging zone in-which the solids lifted
above the dense phase by the gas stream .are
disengaged therefrom and returned to: the dense
phase to ‘the extent that such solids are present
in-the diffuse phase in excess-of the carrying ca-
pacity of the gas stream at the superficial veloc-
ity of the gas stream. This superficial velocity is
the velocity at which the gas stream would flow
 through the reactor in the absence of catalyst.
In the dense phase the concentration of the
catalyst in the gas stream varies from a maxi=-
mum near the gas inlet fo a2 minimum :in the
upper part of this phase.
centration of solids 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 reactor. Between the dense phase of -high
average concentration .and the diffuse phase of
low-average concentration there is a relatively
narrow zone in which the concentration of solids
in the gas stream changes in a short space from
the high concentration of the dense phase:to the
low - concentration of the diffuse phase.- This
zone has the appearance of an interface between
two visually distinet phases.

This operation ordinarily involves employment
of catalyst powders and gas velocities such that
a relatively small proportion of the dense fluid-
ized catalyst mass is carried away by enfrain-
ment, and it is necessary, therefore, to provide
means in the reactor for separating. such en-
trained solids and returning them to the dense
phase, or to provide means-externally of the gas
reactor to separate entrained solids from the gas
stream and return them to the reactor, or other-
wise to recover ‘finely divided solids from the
product gas stream.

When catalyst is permitted to pass. out of the
reactor by entrainment in.the gas stream in
either the pseudo-liquid operation or the con-
tinuous phase operation, it is necessary to re-
turn such catalyst to the reactor, or replace it
with fresh or revivified catalyst, in order to
maintain the desired volume of fluidized catalyst
in the reaction zone.

The pseudo-liquid operation in which the finely
powdered catalyst is employed in a form com-~
prising ferruginous material and containing at
most minor proportions of promoting agents, such
as potassium oxide or other alkali metal or alka-
line earth compounds, provides.very high con-
centrations of solids-in the reaction zone, The
employment of the finely powdered solids in a
fluidized bed with efficient direct or indirect cool-
ing means also is a factor in permitting a high
rate of reaction and concentration of reactants,
since it facilitates the rapid removal of heat from
all portions of the reaction zone. The pseudo-
liquid operation, employing the finely divided
solids, results in concentrations of solids-of at
least about 15 pounds per cubic foot of the fluid«
ized dense phase, while the preferred gas. veloc=
ities result in initial concsntrations of 40 to 120,
or more, pounds per cubic foot of dense phase.
It will be understood that these figures refer to
the initial average concentration in the denhse
phase. The accumulation of reaction products
on ‘the solid particles as the operation -proceeds
reduces the density of the solids and increases
the bulk of the dense fluidized mass.

The linear velocity of the gas stream passing
upwardly through the dense phase is conveniently
expressed in terms of the superficial velocity,

Likewise the:con~-
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which is the ]mear velocity the charge gas stream
would assume if passed through the reactor at
operating conditions in the absence of. catalyst
and takes into account the shrinkage in .volume
caused by the reaction, and is, preferably, in the
range of from 0.1 to 6 feet per second. When
operating. with a continuous catalyst phase in
which the catalyst is entrained in the flowing
gaseous mixture, velocities as high -as-40 or 50
feet -per second may he used without- aepartmg
from the scope of this invention.

The syathesis reactants are passed mto a,nd
through the synthesis reaction zone 54 at a space
veloeity -equivalent to a charging rate of ‘at least
0.5 standard cubic foot of the carbon oxide, per
hour, per pound of metal catalyst in the dense
catalyst phase. In the hydrogenation of -carbon
monoxide with a catalyst comprising reduced
iron, it is preferred to operate at a space velocity
equivalent to a charging rate of at least 2.0
standard cubic feet of carbon menoxide per hour,
per pound of reduced iron in the dense catalyst
phase. The charging rate is defined by reference
to the carbon monoxide reactant, since the ratio
of the hydregen reactant to the carbon monoxide
reactant in the charge gas may vary within wide
limits.

As - used hel-em, pressures are expressed; as
pounds per sguare inch gage and -volumes ‘are
expressed as cubic feet at standard condi th"lS
of 60° F. and 760 mm. pressure

According to the preferred: embodxment of: thls
invention a synthesis feed gas containing hydro-
gen and carbon monoxide in a mol ratio.of about
2:1 is processed under conditions effective “to
react ‘oll or a major proportion of the . carbon
monoxide, and a portion of the product mixture
after removal of the greater part of the lguid
product, is recycled in a volumetric ratio to the
fresh feed gas of about 0.5:1 t0 about 10:1, asa
result of which the mol ratio of hydrogen to
carbon monoxide in the rpactlon zone itself - may
be substantially higher than 2:1, and as high‘as
about 5:1 or higher.

It is preferred to operate synthesis reactor 54
at whatever temperature level, in the range of
about 350° F. to about 750° ¥., is necessary to
effect high conversion of carbon monoxide when
treating a gas charge containing at least ghout
1:1 ratio of hydrogen to ‘carbon monoxide ‘&t ‘&
space velocity equivalent to a -charging rate-at
least about 1.0 standard -cubic foot of carbon
monoxide, per hour, per pound of iron catalyst in
the dense phase. Similarly, it is preferred to-op-
erate the methane ‘oxidizer at whatever ‘tem-
perature level in the range of 500° F. to-about
1700° F. is necessary to effect high-conversion
of methane to carbon: monoxide and hydrogen.
The oxidation of the ferruginous material in the
catalyst oxidation zone is carried out at as high
a temperature as is permissible and at a tenipera-
ture above the temperature of the :methane
oxidizer. .Usually, a temperature of at least sbout
200° F. to about 500° ¥. or higher above the
temperature in the methane oxidizer is mam
tained in the catalyst oxidizer.

In high velocity continuous phase: systems in
which the reactant gas is passed through ths
reaction zones at a linear velocity in excess of
6 to 10 feet per second; additional means mustbe
supplied for removing the bulk of the ccatalyst-or
solid material from the reaction effluent.” Thus;
a settling zone (not shown) may be located in
conduits 19, 32, and 61, in which setiling ZONES

the bulk of the entzamed solid-material-is sepa~
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rated from the effluent and recycled to the re-
spective reaction zones. Of course, means must
still be provided when necessary to remove the
small proportion of entrained fine solids after
separation of the bulk of the solid material from
the efluent, such means being illustrated in Fig-
ure-1 by separators 37 and 63. The solids sepa-
rated in separators 37 and 63 are circulated as
previously described and shown.

Since the catalytic material undergoes treat-
ment in catalyst oxidizer 29 at a relatively high
temperature, the loss of promoters, such as
potassium oxide, from the catalyst by vaporiza-
tion may be considerable, additional promoter
may be injected directly into reactor 54 by means
not shown. For example, potassium carbonate
is dissolved in water and the resulting solution
is injected into conduit 51 or reactor 54 in an
amount sufficient to compensate for the loss of
potassium promoter from the catalyst in catalyst
oxidizer 28. Conveniently, potassium carbonate
may be dissolved or suspended in the vaporizable
liquid intreduced into conduit §f through con-
duit 55. The vent gases leaving catalyst oxidizer
29 can be cooled and scrubbed with water to
recover the volatilized potassium oxide, which
can be returned to reactor 8.

‘Although the present invention has been de-
scribed specifically with reference to the oxida-
tion of methane to produce a suitable synthesis
feed gas, other hydrocarbons may be oxidized to
products, such as carbon monoxide and hydrogen,
which are subsequently interacted to form hydro-
carbons and oxygenated organic compounds hav-
ing more carbon atoms per molecule than the
feed hydrocarbons. Such feed hydrocarbons
comprise ethylene, ethane, propylene, and pro-
pane.

Although the conditions of reaction in the
various reaction zones are those which are pre-
ferred, using the catalytic materials indicated,
other reaction conditions and other catalytic ma-
terials may be employed in the process without
departing from the scope of this invention.

Figure 2 diagrammatically illustrates a modi-
fication of the present invention in which the
catalyst is oxidized in a high velocity continuous
phase reactor. According to the modification of
Figure 2, which will only be discussed briefly,

methane is passed through conduit {4 and heat 5

exchanger 33 to methane oxidizer 16 in a similar
manner as described with reference to Figure 1.
Pinely divided contact material comprising a
metal oxide is maintained in a pseudo-liquid
fluidized condition in reactor 16 and forms an
interface i1 between a lower dense phase and an
upper dilute phase of contact material. The
methane oxidation effluent is removed from re-
actor 16 through conduit 19 and passed through
heat exchanger 21 to synthesis reactor 54 of
Figure 1.

Finely divided contact material comprising re-
duced catalytic material is withdrawn from the
dense phase of methane oxidizer 16 through
standpipe 8. Preheated air from conduit 21
picks up the finely divided contact material from
standpipe (8 and the resulting mixture passes
to a catalyst oxidation chamber 94 where the re-
duced contact material is oxidized. Catalyst
oxidation chamber comprises an elongated cham-
ber of such cross sectional area that the velocity
of the gases passing therethrough are sufficient-
ly high that the contact material is carried or
entrained in the flowing gases. Section 95 of
the reactor 94 comprises a chamber of increased
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cross sectional area for the purpose of allowing
a sufficient residence time of catalyst and gases
to effect the desired reaction. Section 85, how-
ever, is of such size that the gas is at a velocity
sufficient to entrain the contact material there-~
in. The velocity of the upward flowing gases
in reactor 94 and reactor 95 is above about 6 feet
per second, usually about 10 feet per second, suf-
ficiently high such .that the so-called pseudo-
liquid dense phase of finely divided solids is not
formed. The temperature of reactor 94 is with- -
in the ranges previously disclosed, usually about
1850° F. Additional heat may be supplied to re-
actor 94 by passing gases at a high temperature
into reactor 94 through conduit 92 as described
with reference to Figure 1. The oxidation re-
action may be accurately and conveniently con-
trolled in reactor 94 by regulating the velocity
of the gases passing therethrough, since the re-
sidence time of the contact material in reactor 94
is a function of the gas velocity. The gaseous
mixture containing the entrained oxidized con-
tact material passes from reactor 94 to a sepa-
rator 96, which may comprise a cyclone separator
or other means for separating the entrained con-
tact material from the gases. Separated contact
material from separator 96 is collected in stand-
pipe 91 through which it is returned to methane
oxidizer {6.

The gaseous efffuent from catalyst oxidizer 94
is passed from separator 86 through conduit 32,
heat exchanger 33, and cooler 36 to a second
separator 31. Separator 37 may comprise & Cy-
clone separator or a Cottrell precipitator. En-
trained finely divided contact material is sepa-
rated from the effluent in separator 31. The ef-
fluent substantially free from solids is vented to
the atmosphere through conduit 38. Separated
contact material is returned to reactor 94 through
conduits 39 and 28 in a similar manner as de-
scribed with reference to Figure 1.

Additional air may be introduced into reactor
94 through conduit 26. The only mechanical
control necessary for regulating catalyst flow
between the catalyst oxidation chamber 94 and
methane oxidation chamber {6 is a valve on
standpipe 8. Instead of a cyclone separator, a
water scrubber may be used to remove entrained
finely divided solids from the gases in conduit
32. Water containing the solids recovered from
the gases in conduit 32 may be returned direct-
ly to oxidizer 94 where the water is vaporized.
The vaporized water is condensed from the oxida~
tion efluent by means of cooler 36 and is then
returned to the scrubber.

Figure 3 of the drawings diagrammatically il-
lustrates a modification of the present inven-
tion when the hydrogenation of carbon monoxide
is carried out at a pressure higher than the pres-
sure existing in methane oxidizer 16 of Figure 1.
In this modification the synthesis feed mixture
from methane oxidizer 16 of Figure 1 is passed
through conduit 51 to a catalyst-scrubber 101,
in which scrubber finely divided entrained cata-
lyst, such as reduced iron, is removed from the
feed mixture by washing or scrubbing the gaseous
mixture with a liquid medium introduced into
scrubber 101 through conduit 102. The liquid
medium comprises any suitable liquid scrubbing
medium which is capable of removing solid mate-
rial from the gaseous effluent and is substantially
non-reactive with the reactants in the gaseous
mixture. Such a medium may conveniently com-
prise a hydrocarbon fraction recovered as &
product of the hydrogenation reaction. The
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‘synthesis feed gas; which is ‘efluent gas from
methane oxidizer 16 and recycle gas, is usually
at a pressure below about 100 pounds per square
inch gage when this modification is used and
must be compressed to a pressure between about
300 and about 600 pounds per square inch gage,
preferably, about 400 pounds per square inch
gage. In order to compress the feed gas mixture
containing hydrogen and carbon monoxide, the

entrained catalyst must be removed from the !

feed gas. This is accomplished ‘in scrubber 1681.

Synthesis feed gas comprising hydrogen and
carbon monoxide in a mol ratio of about 2:1
and substantially free from entrained catalyst is
removed from scrubber 101 through: conduit 95
and is continuously passed to synthesis. reactor
{13 by means of compressor {if. . .

Scrubber 191 comprises -an elongated cylmdn-
cal chambetr having baffles or plates 103 therein
for diverting the flow cf the liguid scrubbing
medium and the upward flowing. gas mixture
thereih. The scrubbing medium introduced
through conduit §02 in the upper portion of
scrubker (01 continuously passes downward and
countercurrent to the upward. flowing synthesis
gas mixture and collects in the lower portion
thereof as indicated by numeral 164. The liquid
scrubbing medium, preferably in this case a hy-
drocarbon fraction recovered as a product of the
process, contains substantially all ‘of the en-
trained catalyst and is. withdrawn from. scrub-
ber 681 through conduit. i81. The scrubbing
medium containing the éntrained catalyst may be
recycled to scrubber (01 through conduit 108
and cooler 109. Scrubber 101 also cools the syn~
thesis gas to the desired temperature of synthesis
reactor §13 or lower. Sensible heat removed
from the synthesis gas in scrubbker 101 by the
scrubbing liquid is removed by cooler {08 from
the scrubbing liquid prier to reintroduction. into
scrubber 101, Fresh scrubbing medium may be in-
troduced into scrubber {0f through conduit 102,
when necessary. A portion of the scrubbing medi-
umis diverted from conduit 107 and passed through
conduits §40 and 114, and cooler 122, to synthesis
reactor {43. The passage of at least a portion of
the serubbing liquid from scrubber 181 to syn-
thesis reactor 113 supplies make-up catalyst in
reactor 113 since the scrubbing liquid contains all
of the entrgined catalyst from the synthesis gas
in addition to the catalyst introduced from line
60. Scrubbing medium is introduced into the
upper. portion of reactor {13 through conduit 114
and flows downward against bafiles {16 counter-
current to the. upward flowing mixture of hy-
drogen and carbon monoxide. The scrubbing
liquid or hydrocarbon fraction collects in the
lower portion of reactor 113, as indicated by
numeral {i{7. This scrubbing liguig or hydro-
carbon fraction comprises the heavier products
of the process which condense in reactor i3 un-
der: the. conditions of temperature and préssure
maintained therein. Synthesis feed gas is in=
troduced into the liquid phase {17 of reactor 113
through conduit: 105 and  dispersion means (12
which may comprise a suitable perforated con-
duit or nozzles. If desired, a portion or all of
the synthesis gas may be introduced above the
liquid phase through conduit {0§6; as shown.
‘When introduced through conduit 108, the syn-
thesis gas is absorbed in the hydrocarbon frac-
tion 1T and the synthesis reaction is catalyzed
by the suspended cstalyst in the liquid: A tem-
perature between about 250° F. and about 500° F.
is.maintained in reactor 13. For effective cata~-
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lyzation of - the carbon -monoxide 'and -hydrogen

-reaction, the liquid phase (17 should contain be-

tween about 0.5 and about 3 pounds of suspended
catalyst per gallon of liquid, preferably, 1 pound
of suspended catalyst per gallon of hydrocarbon
liquid.

Hydrocarbon liquid is removed from reactor | l3
through conduit {18 for continuous recycling to
the upper portion of reactor 1i3 through con-
duits (10, 114, and cooler 122. Cooler 122 removes
sensible heat -from: the hydrocarbon liquid -and
thereby aids in the control of the temperature in
reactor §i3. A portion of the catalyst may be
withdrawn through conduit 146 and ‘passed ‘to
filter 147 in which suspended catalyst is removed
from the liquid medium. - Filter {47 comprises
any conventional type of separating means- or
filter press for separating suspended solids from
a liquid. Filtered catalyst is removed from filter
{47 through conduit i49-and is introduced into
catalyst oxidizer of Figure 1 by means of conduit
26 through which air is flowing. Catalyst may
be introduced into-conduit- 26 by any suitable
means, such as a standpipe or a Fuller Kinyon
pump- (not shown). The catalyst in catalyst
oxidizer 28 is oxidized as previously discussed with
reference to Figure 1 and. eventually it is recycled
with the synthesis feed gas to Teactor 113. A
liguid hydrocarbon fraction substantially free
from suspended catalyst is removed from filter
{47 through conduit {48 and may be recovered
as a-product of the process through-conduit: 44.
A portion of the liquig phase 117 of reactor 113
must be continuously or intermittently with-
drawn from the system as a product of the
process since the quantity of liquid in:reactor 13
increases as a result of the reaction of carbon
monoxide and hydrogen fo produce liquid hydro-
carbons therein. )

A gaseous eflluent. is- continuously withdrawn
from reactor 113 through conduit {19 and is
passed to an accumulator (24 after passing
through a condenser 123. Condenser i23 may
comprise any suitable heat exchange or cooling
means, either as a-single unit or as a series of
units. - The gaseous effluent in conduit 19 is
cooled to about 150° F. or lower by cooler l23
preferably to a temperature of about 100° F. Two
liquid phases are formed in accumulator (24
which. is at substanmally the same pressure as
reactor 113; one liquid phase 12§ comprises a
hychocarbon-nch phase and the other liquid
phase 127 comprises an aquecus-rich phase. Af
least a portion of the hydrocarbon-rich liquid
phase 126 is removed from accumulator 124
through conduit i28 and is continuously or in-
termittently recycled to the upper portion of re-
actor 113. In this manner, the recycled oil is
vaporized which vaporization aids in the con-
trol of the reaction temperature in reactor us
The return of the llquxd hydrocalbon phase from
accumulator 124-also results in a substantlal in-
crease in the amount of higher b0111ng hydro-
carbons produced and creates an equilibrium in
reactor 143 in the production of the hydrocar-
bons represented by the composition of the frac-
tion returned through conduit 128 such that a
minimum amount of relativelylow boiling hydro~
carbons are produced. If desired, a portion of
the light hydrocarbons from accumulator 124
may be withdrawn therefrom through conduit
128 and recovered as a product of the process by
a subsequent purification and separation: system
(not shown).. The aqueous-rich liquid phase 127
of accumulator 124-is withdrawn through conduit
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131 and may be passed to a conventional separa-
tion and purification system (not shown) for the
recovery of water soluble oxygenated organic
chemicals, which may comprise valuable products
of the process. Such water soluble oxygenated
organic compounds produced by the hydrogena-
tion of carbon monoxide in the present process
comprise alcohols, ketones, aldehydes, etc.

In a modification of the liquid phase process
described in Figure 3, preferably at least a por-
tion of the liquid phase in reactor (i3 is with-
drawn therefrom through conduit 136 and passed
through a conventional cooler 137 to a settler
138 which is at a slightly higher pressure than
serubber 161 which in turn is at substantially the
same pressure as reactor i6 of Figure 1. In set-
tler 138 the liquid separates from the uncon-
densed gases which are released as a result of the
reduction in pressure from reactor {3 to settler
138. The liquid phase 139 of settler 138 com-
prises a slurry of solids and liguid organic com-
pounds. On standing in settler 138, the solids
settle to the bottom as a heavy slurry in liguid
hydrocarbon and are withdrawn through conduit
142 and introduced into conduit 1i6 for return
to the reactor {13 through conduits ({0 and §i4.
Liquid withdrawn from the upper level of the
liquid phase 139 through (43 will be relatively
free of suspended solids and is either passed to
scrubber 103 through conduit (43 or removed
from the system through conduit 144. Uncon-
densed gases are withdrawn from settler 138
through conduit (41 and introduced into the
synthesis feed gas in econduit 105 for return to
reactor (13. This modification may be omitted,
if desired; however, it does comprise a convenient
method for supplying and regulating the com-
position of the scrubbing medium to serubber {91,

In the liquid phase process of Figure 3 the
catalyst is substantially the same in composition
and in size as that used in the vapor phase process
described with reference to Figure 1 and further
discussion thereof is deemed unnecessary. Pref-
erably, the space velocity of the gaseous feed

mixture introcduced into reactor 113 is between

about 25 and about 250 volumes per hour per
volume of catalyst suspended in the liquid me-
dium of reactor 1i3.

Although a reduced iron catalyst was speci-

fically described in the discussion of Figures 1, ;

2, and 3, another suitable catalyst comprises a
cobalt-thoria catalyst. Using a cobalt catalyst
in the vapor phase of Figure 1, the synthesis re-
action is carried out at a temperature below
about 450° F. In the liquid phase process of Fig-
ure 3, using a cobalt catalyst, the synthesis re-
action is carried out at a temperature between
about 300° F'. and about 450° F'., usually at a tem-
perature above about 400° F. In both vapor and
liquid phase processes for the synthesis of hy-
drocarbons, 90 to 100 per cent conversion of
carbon monoxide is realized with the production
of high yields of hydrocarbons having more than
ohe carbon atom per molecule and oxygenated
organic compounds.

In the operation of the modification shown
in Figure 3, the flow of liquid through conduit
136 may be maintained constant and the quan-
tity of liquid withdrawn from the system through
conduit 146 may be regulated by a conventional
flow control valve responsive to the ligquid level
in reactor 113 in order to maintain a constant
liquid level therein. Alternatively, the amount
of liquid withdrawn from the system through
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conduit (46 may be maintained constant and the -
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amount of liquid flowing through conduit 136
may be responsive to the ligquid level in reactor
{13. The rate of circulation of liquid through
conduit {14 depends on the amount of heat re-
quired to be removed from reactor 1i3 to control
the temperature therein.

Example

The following example is offered as a means
of better understanding the present invention,
particularly as to the catalyst oxidation step and
the methane oxidation step. The example illus-
trates specific operating conditions for the pro-
duction of approximately 1,000,000 cubic feet per
hour of synthesis feed gas.

Approximately 14,860 pounds per hour of
methane is passed to a methane oxidation zone.
Simultaneously, approximately 63,780 pounds per
hour of air is passed to a catalyst oxidation zone.
The methane at a temperature of about 80° F.
is heat exchanged with the effluent from the
catalyst oxidation zone and is thereby pre-heated
to a temperature of about 1650° F. prior to intro-
duction into the methane oxidation zone. In the
methane oxidation zone iron oxide, such as Fes3Os4,
is reacted with methane according to the fol-
lowing typical equation to produce carbon mon-
oxide and hydrogen:

Fe3Os-4CHs=3Fe4-4CO+-8Hz

Since the oxidation of methane is an endothermic
reaction, approximately 100,100,000, B. t. u.’s per
hour are required for this reaction which heat
is supplied from the sensible heat of the incom-
ing methane and solid material. The reaction
efluent containing carbon monoxide and hydro-
gen at a temperature of about 1650° F. is removed
from the methane oxidation zone and heat ex-
changed with the air entering the system. The
heat exchange with the air cools the reaction
effluent from about 1650° F. to about 600° F. with
the removal of about 21,570,000 B. t. u.’s of heat
per hour. In this manner the air which enters
at a temperature of about 110° F. is preheated
to about 1435° F. prior to introduction into the
catalyst oxidation zone. Iron oxide and heat
carrier material of a finely divided form are
maintained in a pseudo-liquid dense phase con-
dition in the methane oxidation zone at an up-
ward linear gas velocity therein of about 1.5 feet
per second.

Approximately 38,910 pounds per hour of iron
and approximately 1,802,670 pounds per hour of
inert heat carrier material are removed from the
methane oxidation zone and passed to the cata-
lyst oxidation zone. This finely divided solid
material removed from methane oxidation zone
is at a temperature of approximately 1650° F.
and is passed from methane oxidation zone to
the catalyst oxidation zone by means of the pre-
heated air. In the catalyst oxidation zone the
iron is oxidized with a liberation of approximate-
ly 106,500,000 B. t. u.’s per hour of heat. The
reaction temperature in the catalyst oxidation

5 zone is about 1850° F. The iron is oxidized ac-

cording to the following typical equation:
3Fe+4202=Fe304

A reaction effluent comprising 48,960 pounds
per hour of nitrogen at a temperature of 1850°
P, is removed from the catalyst oxidation zone.
This effluent is heat exchanged with the incom-
ing methane whereby the effluent is cooled to a
temperature of about 307° F. with a transfer of
about 20,450,000 B. t. u.’s of heat per hour. The
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finely divided iron-containing material and inert
heat carrier are maintained in a pseudo-liquid
fluidized condition in the catalyst oxidizer at
an upward linear gas velocity therein of about
1.5 feet per second.

Approximately 53,770 pounds per hour of Fe3O«
and approximately 1,802,670 pounds per hour of
heat carrier material are removed from the
pseudo-liquid dense phase of the catalyst oxida-
tion zone at a temperature of about 1850° F. and
introduced into the methane feed stream. The
resulting mixture of heat carrier, iron oxide and
methane is then transferred to the methane
oxidation zone and the cycle is repeated.

Under the above specific conditions of opera-
tion, 1,000,000 cubic feet per hour of synthesis
feed gas is produced containing approximately
26,000 pounds per hour of carbon monoxide and
about 3,720 pounds per hour of hydrogen. This
gaseous efluent at a temperature of approxi-
mately 600° F. is then passed to a synthesis re-
action zone under conditions suitable for the pro-
duction of hydrocarbons and oxygenated organic
compounds. The effluent contains finely divided
entrained solid material comprising iron in
amounts sufficient to supply the make-up cata-
lytic material for the synthesis reaction zone.
The synthesis reaction is effected at a tempera-
ture of about 600° ¥. using a finely divided iron
catalyst present in the reaction zone in a fluid-
ized condition. A portion of the catalytic ma-
terial of the synthesis reaction zone is removed
therefrom and passed to the catalyst oxidation
zone from where it passes through the system,
previously described, and back to the synthesis
reaction zone.

Several distinct advantages of the present
combination process for the oxidation of methane
and the subsequent hydrogenation of the earbon
monoxide produced thereby should be empha-
sized. These advantages comprise the use of the
same catalytic material throughout the system
for use both as a heat fransfer medium and as
a catalytic agent for the oxidation of methane
and the hydrogenation of carbon monoxide. An-
other advantage constitutes the use of the cata-
lyst oxidation zone for oxidation of the catalyst
for subsequent use in the methane oxidation step
and for the regeneration of the used or spent
catalyst from the synthesis reaction zone by the
removal of carbonaceous deposits therefrom.
Still another advantage is found in the accumu-
lation of the heat of oxidation of the catalytic
material for supplying at least a portion.of the
heat necessary to oxidize the methane to a suit-
able synthesis feed. Such advantages render the
present process a highly economical one and
makes it adaptable to the use of low grade cata-
lytic materials which otherwise could not be used
to advantage in the synthesis of organic com-
pounds.

Certain valves, coolers, heat exchangers, heat-
ers, pumps, ete., have been omitted as a matter
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will' become obvious to those skilled in the art;
consequently, the drawings should not be con-
strued to be unnecessarily limiting to the pres-
ent invention.

Having described my invention, I claim:

1. A process for the synthesis of organic com-
pounds which comprises passing a methane-

. containing gas stream upward through a first
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of convenience and their use and location in

the arrangement of apparatus will become ob-
vious to those skilled in the art without depart-
ing from the scope of this invention. The size
and length of certain conduits of Figures 1, 2,
and 3 of the drawings are not proportional to
the amount of fluid passing therethrough, nor
the distance travelled, but are merely diagram-
matical. It is not intended to limit any par-
ticular location as shown in the drawing, but
various. minor modifications and -alterations, as
well as omissions of certain-pieces -of equipment;
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reaction zone in the presence of a finely divided
solid material comprising a reducible metal ox-
ide which in its reduced form is active as a
catalyst for the hydrogenation of carbon monox-
ide suspended in said gas stream under con-
ditions such that methane is oxidized to car-
bon monoxide and hydrogen, maintaining a
temperature of reaction in said first reaction
zone between about 1100° ¥. and about 1700° F,,
withdrawing finely divided solid material com-~
prising reduced metal'ic material from said
first reaction zone and passing same to a sec-
ond reaction zone, suspending said finely di-
vided solid material in an upward flowing oxy-
gen-containing gas under conditions such that
the reduced metallic material is oxidized, main-
taining a temperature of reaction in said sec-
ond reaction zone between about 1200° F. and
about 2000° F. and above the temperature of
reaction in said first reaction zone, removing
finely divided solid material comprising oxidized
metallic material from said second reaction zone
and returning same to said first reaction zone
to supply oxygen for the oxidation of the meth-
ane therein, the weight of said finely divided
solid material circulated between said first and
said second reaction zone being at least five
times the weight theoretically required for sup-
plying oxygen for the oxidation of methane such
that a major proportion of the heat required
in said first reaction zone is supplied from the
sensible heat of the solid material circulated
from said second reaction zone, withdrawing
from said first reaction zone a gaseous eflluent
containing carbon monoxide, hydrogen, and be-
tween about 0.001 and about 0.01 pound per cu-
bic foot of gas of finely divided solid material
comprising reduced metallic material, introduc-
ing said gaseous eflluent containing said finely
divided solid material from said first reaction
zone into a third reaction zone, in said third
reaction zone reacting hydrogen and carbon
monexide to produce organic compounds, main-
taining the temperature of reaction in said third
reaction zone bhetween about 350° F. and about
750° F., removing finely divided solid material
comprising metallic material from said third
reaction zone and recycling same to said sec-
ond reaction zone, removing from said third
reaction zone a gaseous effluent comprising or-
ganic products of the process and separating
same from said effluent, maintaining an upward
linear velocity of the gaseous streams in the
aforesaid reaction zones between about 0.5 and
about 6 feet per second under conditions such
that the finely divided solid material is suspended
in the upward flowing gaseous stream in a
pseudo-liquid fluidized condition whereby the
finely divided solids achieve a highly turbulent
condition in & pseudo-liquid dense phase, and
maintaining the aforesaid reaction zones at sub-
stantially the same pressure between about at-
mospheric and about 500 pounds per square 1nch

»gage

‘2. The process of claim 1 in which add1tional
finely -divided solid material is -passed -directly
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from the pseudo-liquid dense phase of said first
reaction zone: to said third reaction zone.

3. The process of claim 1 in which said finely
divided solid material comprising a reducible
metal. oxide which in its reduced form is ac-
tive as a catalyst for the hydrogenation of car-
bon. monoxide is a montmorillonite type clay
containing iron in an amount effective to pro-
mote  the reaction of hydrogen and carbon
monoxide to produce organic compounds.

4. The process of claim 1 in which said finely
divided solid material comprises in addition to
said. reducible metal oxide a finely divided in-
ert material.

5. A process for the synthesis of organic com-~
pounds which comprises passing a methane-con-
taining gas strearn upward through a first reac-
tion zone in the presence of a finely divided solid
material . comprising a reducible metal oxide
which in its reduced form is active as a catalyst
for the hydrogenation of an oxide of carbon sus-
pended in said gas stream under conditions such
that methane is oxidized to produce hydregen and
an.oxide of carbon, maintaining a temperature of
reaction in said first reaction zone between about
500° F. and about 1700° F., withdrawing finely
divided solid material comprising reduced metal-
lic material from said first reaction zone and
passing same to a second reaction zone, suspend-
ing said finely divided sclid material in an up-
ward flowing oxygen-containing gas under con-
ditions such that the reduced metallic material
is oxidized, maintaining a temperature of reac-
tion in said second reaction zone at least 200° F
above the temperature of reaction in said first
reaction zone, removing finely divided solid ma-
terial comprising oxidized metallic material from
said.second reaction zone and returning same to
said first reaction zone tc supply oxygen for the
oxidation of the methane therein, withdrawing
from said first reaction zene a gaseous effluent
containing hydrogen and an oxide of carbon and
betiveen abcut 0.001 and about 0.01 pound per
cubic foot of gas of finely divided sclid material
compriising reduced metallic material, introduc-
ing said gascous effuent containing said finely-
divided solid material from said first reaction zone
into a third reaction zone, maintaining the tem-
perature of reaction in. said third reaction zone
between about $50° F. and akout 750° F., removing
finely divided solid material comprising metallic
material from said third reaction zone and re-
cycling same to said second reaction zone, remov-
ing from said third reaction zone a gaseous ef-
fluent comprising organic products of the process
and separating same from said efffuent, maintain-
ing an upward linear velocity of the gaseous
streams in the aforeszid reaction zones between
about 0.5 and about 6 feet per secend under cen-
ditions such that the finely divided sclid material
is suspended in the upward flowing gaseous
stream in a pseudo-liquid fluidized condition
whereby the finely divided solids achieve a highly

turbulent condition in a pseudo-liquid dense

phase, and maintaining the aforesaid reaction
zones at substantially the same pressure between
about atmospheric and about 500 pounds per
square inch gage.

6. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream upward through a first reac-
tion zone in the presence of a finely divided solid
material comprising a reducible metal oxide
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for. the hydrogenation of carbon monoxide sus+
pended-in said gaseous mixture under conditions
such that methane is oxidized to carbon monoxide
and hydrogen, maintaining a temperature of re-
action in said first reaction zone between about
1100° F. and about 1700° F'., withdrawing finely
divided solid material comprising reduced metal-
lic material from said first reaction zone and
passing same to a second reaction zone, suspend-~
ing said finely divided solid material in an up-
ward flowing oxygen-containing gas under condi~
tions such that the reduced metallic material is
oxidized, maintaining a temperature of reaction in
said second reaction zone at least 200° ¥'. above the
temperature of reaction in said first reaction zone,
removing finely divided solid material comprising
oxidized metallic material from said. second re=
action zone and returning same to said first re-
action zone to supply oxygen for the -oxidation of
the methane therein, the weight of said finely
divided solid material circulated between said first
and said second reaction zone being at least five
times the weight theoretically required for sup-
plying oxygen for the oxidation of methane such
that a major proportion of the heat required in
said first reaction zone is supplied from the sens-
ible heat of the solid material circulated from
said second reaction zone, withdrawing from said
first reaction zone a gaseous effluent containing
carbon monoxide, hydrogen, and finely divided
solid material comprising reduced metallic ma-
terial, introducing said gaseous efluent contain-
ing said finely-divided solid material from . said
first reaction zone into a third.reaction zone in
which Hydrogen and carbon monoxide react to
produce organic compounds, suspending finely
divided solid material in said third reaction zone,
maintaining the temperature of reaction in said
third reaection zone between about 350° F. and
about 750° F., removing finely divided solid ma-
terial comprising metallic material from said
third reaction zone and recycling same to said
second reaction zone, removing from said third
reaction zone a gaseous effluent comprising or-
ganic products -of the process and separating same
from said effluent, and maintaining a pressure
within the aforesaid reaction zones between about
atmospheric and about 500 pounds per square
inch gage.

7. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream upward through a first reac-
tion zone in the presence of finely divided solid
material comprising a reducible metal oxide which
in its reduced form is active as a catalyst for the
hydrogenation of an oxide of carbon suspended
in said gaseous mixture under conditions such
that methane is oxidized to an oxide of carbon
and hydrogen, maintaining a temperature of re-
action in said first reaction zone between about
500° F. and about 1700° F., withdrawing finely
divided solid material comprising reduced metallic
material from said first reaction zone and passing
same to a second reaction zone, suspending said
finely divided solid material in an upward flowing
oxygen-containing gas under conditions such
that the reduced metallic material is oxidized,
removing finely divided solid material compris-
ing oxidized metallic material from said second
reaction zone and returning same to said first
reaction zone to supply oxygen for the oxidation
of the methane therein, withdrawing from said
first reaction zone a gaseous efffluent containing

which in its reduced form is active as a catalyst 1 anonde oi carbon, hydrogen, and entrained ﬁnely
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divided solid material comprising reduced metallic
material, passing said gasecus effluent and said
entrained solid material from said first reaction
zone to a third reaction zone in which the hydro-
gen and oxide of carbon products of said methane
oxidation are reacted with each cther, said gas-
eous efluent withdrawn from said first reaction
zone and passed to said third reaction zone being
substantially the sole source of the principal re-
actants to said third reaction zone, suspending
finely divided solid material in a gas stream in
said third reaction zone, removing finely divided
solid material comprising metallic material from
said third reaction zone and recycling same to
said second reaction zone, removing from said
third reaction zone a gaseous effluent comprising
organic produects of the process, and maintaining
a pressure within the aforesaid reaction zones be-
tween about atmospheric and about 500 pounds
per square inch gage.

8. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream at a linear velocity between
about 0.5 and about 6 feet per second upward
through a first reaction zone in the presence of
a finely divided reducible metal oxide which in
its reduced form is active as a catalyst for the
hydrogenation of an oxide of carbon suspended
in a pseudo-liquid fluidized condition in said gas~
eous mixture under conditions such that methane
is oxidized to produce hydrogen and an oxide of
carbon, maintaining a temperature of reaction in
said first reaction zone between about 1100° F.
and about 1700° F., withdrawing finely divided
reduced metallic material from a pseudo-liquid
phase of said first reaction zone and passing
same to a second reaction zone, entraining said
metallic material in an upward flowing oxygen-
containing gas under conditions such that the re-
duced metallic material is oxidized, the linear
velocity of said gas in said second reaction zone
being about 6 feet per second and sufficient to
carry the entrained metallic material with the
gas, maintaining a temperature of reaction in
said second reaction zone between about 1600° F.
and about 2000° F. and at least 200° F. above the
temperature of reaction in said first reaction zone,
withdrawing from said second reaction zone a
gaseous effluent containing entrained oxidized
metallic material, removing finely divided oxi-
dized metallic material from said gaseous ef-
fluent from said second reaction zone and return-
ing same to said first reaction zone to supply oxy-
gen for the oxidation of the methane therein,
withdrawing from said first reaction zone a gas-
eous effluent containing hydrogen and an oxide of
carbon and finely divided reduced metallic ma-
terial, introducing said gaseous effluent contain-
ing reduced metallic material from said first re-
action zone into a third reaction zone in which
the products of the oxidation of methane are con-
verted to hydrocarbons and oxygenated organic
compounds, maintaining in said third reaction
zone ‘a temperature between-about 350° F. and
about 750° F., suspending finely divided metallic
material in a fluidized condition in said third re-
action zone, removing finely divided metallic ma-
terial from said third reaction zone and recycling
same to said second reaction zone, removing from
said third reaction zone a gaseous effluent com-

prising organic products of the process, and main-

taining a pressure within the aforesaid reaction
zones between about atmospheric and about 500
pounds per square inch gage.
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9. A process for the synthesis of organic comi=
pounds which comprises passing methane up-
ward through a first reaction zone in the presence
of a finely divided solid material comprising a
reducible metal oxide which in its reduced form
is active as a catalyst for the hydrogenation of an
oxide of carbon suspended in said gaseous mix-
ture under conditions such that methane is oxi-
dized to produce hydrogen and an oxide of car-
bon, withdrawing finely divided solid material
comprising reduced metallic material from said
first reaction zone and passing same to a second
reaction zone, in.said second reaction zone sus<
pending said finely divided solid material in an
upward flowing gas comprising oxygen under con-
ditions such that the reduced metallic material is
oxidized, maintaining a temperature of reaction
in said second reaction zone at least 200° F. above
the temperature of reaction in said first reaction
zone, removing finely divided solid material com-
prising oxidized metallic material from said sec-
ond reaction zone and returning same to said first
reaction zone to supply oxygen for the oxidation
of the methane therein, withdrawing from said
first reaction zone a gaseous effluent containing
hydrogen, an oxide of carbon and entrained finely
divided solid material comprising reduced metallic
material, passing said gaseous effluent and said
entrained finely divided solid material from said
first reaction zone to a third reaction zone, in said
third reaction zone reacting the hydrogen and
oxide of carbon products of said methane oxida-
tion with each other, suspending finely divided
solid material in & gas in said third reaction zone,
removing finely divided solid material from said
third reaction zone and recycling same to said
second reaction zone, removing from.said third
reaction zone a gaseous effluent comprising or-
ganic products of the process, and maintaining
the pressure of said third reaction zone not higher
than the pressure prevailing in the other reaction
ZOnes. o . . .
10. A process for the synthesis of organic com-~
pounds which comprises passing methane
through- a first reaction zone in the presence -of
a finely -divided reducible metal oxide which in
its reduced form is active as a catalyst for the
hydrogenation of an oxide of carbon suspended in
said gaseous mixture under conditions such that
methane is oxidized to produce hydrogen and an
oxide of carbon, withdrawing finely divided re-
duced metallic material from said first reaction
zone and passing same to a second reaction zone,
suspending said finely divided material in flowing
oxygen under conditions such that the reduced
metallic material is oxidized, removing finely
divided oxidized metallic material from said sec-
ond reaction zone and returning same to said
first reaction zone to supply oxygen for the oxi-
dation of the methane therein, withdrawing from
said first reaction zone a gaseous effluent con-
taining hydrogen, an oxide of carbon and en-.
trained finely divided reduced metallic material,
passing said gaseous effluent and said entrained
finely divided material from said first reaction
zone to a third reaction zone in which the hydro-
gen and oxide of carbon products of the methane
oxidation are reacted with each other, suspend-
ing finely divided reduced metallic material in
said third reaction zone, removing finely divided
metallic material from said third reaction zone
and recycling same to said second reaction zone,
and removing from said third reaction zone a
gaseous efiluent comprising organic products of
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the process and separating same from said ef-
fluent. ’

11. A process for the synthesis of organic com-
pounds which comprises passing methane upward
through a first reaction zone in the presence of
finely divided solid material comprising a reduc-
ible metal oxide which in its reduced form is ac~-
tive as a catalvst for the hydrogenation of carbon
monoxide susvended in said gas stream under
conditions such that methane is converted to
hydrogen and carhon monoxide, removing finely
divided solid material comvrising reduced metal-
e material from said first reaction zone, sus-
pending said finely divided solid -material ecom-
prising reduced metallic material in a second re-
action zone with an upward flowing oxygen-con-
taining stream under conditions such that the
reduced metallic material is oxidized to an oxide,
removing finely divided solid material comprising
a metal oxide from said second reaction zone, in-
troducing said finely divided solid material from
said second reaction zone into said first reaction
zone.to supvly oxygen to the methane reaction
therein, removing a gaseous effluent containing
carbon monoxide, hydrogen, and entrained finely
divided solid material comprisine reduced metallic
material from said first reaction zone, rapidly
cooling said reaction effluent from said first re-
action zone to a temverature below about 700° ¥,
introducing the cooled reaction effluent info a
scrubbing zone, scrubbing the reaction effiuent
with an oreanic liouid fraction eomvrising hvdro-
carbons under conditions such that substantially
all of the entrained solid material is removed
from the effluent, comoressing the scrubbed efflu-
ent which is substantially free from finely divided
solid material and vassing same to a third reac-
tion zone, in said third reaction zone converting
hydrogen and carbon monoxide to hydrocarbons,
oxygenated organic comnounds, and water, re-
moving from said scrubbing zone a liouid organic
serubbing medium containing suspended solid
madterial comprisine reduced metallic material re-
moved from said effluent, passing said serubbing
medium containing suspended solid material to
said third reaction zone, maintaining intimate
contact between organic liquld containing sus-
pended metallic material and hydrogen and car-
bon monoxide in said third reaction zone, remov-
ing a vaporous effluent comprising hydrocarbons,
water and oxygenated organic compounds from
said third reaction zone, cooling and condensing
said vaporous effluent to form a hydrocarbon-rich
- Hauid phase and an aqueous-rich liquid phase
containing oxygenated organic compounds, recov-
ering oxygenated organic compounds from said
aqueous-rich phase as products of the process, re-
cyeling substantially all of said hydrocarkbon-rich
liquid phase to the upper portion of said third
reaction zone, removing an organic liquid phase
from the lower portion of said third reaction zone,
cooling a portion of said organic liquid phase
withdrawn from said third reaction zone and re-
cycling same to the upper portion of said third re-
action zone, removing finely divided solid ma-
terial from another portion of said organic liquid
phase from said third reaction zone, returning
the recovered solid material to said second re-
action zone, recovering organic liquid substan-
tially free from solid material as a product of the
process, maintaining a pressure in said first and
second reaction zone below about 100 pounds per
square inch gage, and maintaining a pressure in
said third reaction zone between about 100 and
about 500 pounds per square inch gage.
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12. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining stream upward through a first reaction
zone in the presence of finely divided solid ma-
terial comprising a reducible metal oxide which
in its reduced form is active as a catalyst for the
hydrogenation of an oxide of carhon suspended
in said gas stream under conditions such that
methane is oxidized to hydrogen and an oxide of
carbon, removing finely divided solid material
comprising reduced metallic material from said
first reaction zone, suspending said finely divided
solid material comprising reduced metallic ma-
terial in a second reaction zone with an upward
flowing oxygen-containing stream under condi-
tions such that the reduced metallic material is
oxidized to an oxide, removing finely divided
solid material comprising a metal oxide from said
second reaction zone, passing said finely divided
solid material comprising metal oxide from said
second reaction zone to said first reaction zone to
supply oxygen to the methane reaction therein,
removing a gaseous effiuent containing an oxide
of carbon, hydregen, and entrained finely divided
solid material comprising reduced metallic ma-
terial from said first reaction zone, introducing
the reaction efiluent into a scrubbing zone, scrub-
bing the reaction effluent with an organic liquid
fraction comprising hydrocarbons under condi-
tions such that substantially all of the entrained
solid material is removed from the effuent, com-
pressing the serubbed effluent which is substan-
tially free from finely divided solid material and
passing same from said scrubbing zone to a third
reaction zone, in said third reaction zone con-
verting hydrogen and carbon monoxide to hydro-
carbons and oxygenated organic compounds, re-
moving from said scrubbing zone, a liquid or-
ganic scrubbing medium containing suspended
solid material comprising reduced metallic ma-
terial removed from said effluent, passing said
scrubbing medium containing suspended solid
material to said third reaction zone, maintain-
ing intimate contact hetween organic liquid con-
taining suspended metgliic material and hydrogen
and an oxide of carbon in said third reaction zone,
removing a vaporous effluent comprising hydro-
carbons, water, and oxygenated organic com-
pounds, cooling and condensing said vaporous ef-
fluent te form a hydrocarbon-rich liquid phase
and an aquecus-rich liguid phase containing oxy-
genated organic compounds, recoving said oxy-

 genated organic compounds from said aqueous-
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rich phase as products of the process, removing
an organic lquid phase from the lower portion of
said third reaction zone, removing finely divided
solid material comprising reduced metallic ma-
terial from said organic liquid phase from said
third reaction zone, and returning the recovered
solid material to said second reacticn zone, and
recovering the ligquid organic phase substantially
free from solid material as a product of the
process.

13. A process for the synthesis of organic com-
pounds which comprises passing methane through
a first reaction zone in the presence of finely divi-
ded reducible metal oxide which in its reduced
form is active as a catalyst. for the hydrogenation
of an oxide of carbon suspended in said methane
under conditions such that methane is oxidized
to produce hydrogen and an oxide of carbon, re-
moving finely divided reduced metallic material
from said first reaction zone, suspending said re-
duced metallic material in a second reaction zone
in an upward flowing stream comprising oxygen
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iinder conditions such that the reduced metallic
material is oxidized, removing finely divided oxi-
dized metallic material from said second reaction
zone, introducing said finely divided solid ma-
terial from said second reaction zone into said
first reaction zone to supply oxygen to the meth-
ane reaction therein, removing a gaseous effluent
containing entrained finely divided reduced me-
tallic material from said first reaction zone, pass-
ing said gaseous efluent and said entrained finely
divided catalyst from said first reaction zone to
a third reaction zone, in said third reaction zone
converting the products of the methane oxidation
to hydrocarbons and oxygenated organic com-
pounds, maintaining intimate contact between an
organic liquid containing metallic material and
the products of the methane oxidation in said
third reaction zone, removing a vaporous efiluent
comprising hydrocarbons, water, and oxygenated
organic compounds from said third reaction zone,
cooling and condensing said vaporous effluent to
form a hydrocarbon-rich liquid phase and an
aqueous-rich liquid phase containing oxygenated
organic compounds, recovering oxygenated or-
ganic compounds from said agqueous-rich phase
as products of the process, removing a liquid or-
ganic phase from the lower portion of said third
reaction zone, removing finely divided solid ma-
terial comprising reduced metallic material from
said liguid organic phase from said third reaction
zone, and returning the recovered solid material
to said second reaction zone, and recovering the
liquid organic phase substantially free from solid
material as a product of the process.

* 14. The process of claim 7 in which said metal
oxide comprises an oxide of copper.

- 15. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream upward through a first reac-
tion zone in the presence of a finely-divided solid
material comprising an iron oxide suspended in
said gas stream under conditions such that meth-
ane is oxidized to carbon monoxide and hydro-
gen, maintaining a temperature of reaction in
said first reaction zone between about 1100° F.
and about 1700° F., withdrawing finely-divided
solid mafterial comprising reduced metallic ma-
terial from said first reaction zone and passing
same to a second reaction zone, suspending said
finely~divided solid material in an upward flow-
ing oxygen-containing gas under conditions such
that the reduced metallic material is oxidized,
‘maintaining a temperature of reaction in said
second reaction zone at least 200° F. above the
temperature of reaction in said first reaction zone
and not higher than about 2000° F., removing
finely-divided solid material comprising oxidized
metallic material from said second reaction zone
and returning same to said first reaction zone to
supply oxygen for the oxidation of the methane
therein, the weight of said finely-divided solid
material circulated between said first and said
second reaction zones being at least-five times the
‘weight theoretically required for supplying Oxy-
gen for the oxidation of methane such that a
major proportion of the heat required in said
first reaction zone is supplied from the sensible
heat of the solid material circulated from said
second reaction zone, withdrawing from said first
reaction zone a gaseous effluent containing car-
bon monoxide, hydrogen, and between about 0.001
and about 0.01 pound per cubic foot of gas of
finely-divided solid material comprising reduced
metallic material, introducing said gaseous ef-
fluent containing said finely-divided solid mate-
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rial from said first reaction zotte into g third reé~
action zone, in said third reaction zone reacting
hydrogen and carbon monoxide to produce or-
ganic compounds, maintaining the temperature
of reaction in said third reaction zone between
about 350° F. and about 750° F., removing finely-
divided solid material comprising metallic ma-
terial from said third reaction zone and recycling
same to said second reaction zone, removing from
said third reaction zone a gaseous effluent com-
prising organic products of the process and sep-
arating same from said effluent, maintaining an
upward linear velocity of the gaseous streams in
the aforesaid reaction zones between about 0.5
and about 6 feet per second under conditions such
that the finely-divided solid material is suspended
in the upward flowing gaseous stream in a pseudo-
liquid fluidized condition whereby the finely~divi~
ded solids achieve a highly turbulent condition in
a pseudo-liquid dense phase, and maintaining the
aforesaid reacticn zones at substantially the same
pressure between about atmospheric and about
500 pounds per square inch gage.

16. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream upward through a first reac-
tion zone in the presence of a finely-divided solid
material comprising an iron oxide suspended in
said gas stream under conditions such that meth-
ane is oxidized to carbon monoxide and hydro-
gen, maintaining a temperature of reaction in
said first reaction zone between about 1100° F.
and about 1700° ¥., withdrawing finely-divided
solid material comprising reduced metallic ma-
terial from said first reaction zone and passing
same to a second reaction zone, suspending said

-finely-divided solid material in an upward flow-

ing oxygen-containing gas under conditions such
that the reduced metallic material is oxidized,
mamtammg a temperature of reaction in said
second reaction zone between about 1200° F. and
about 2000° F. and above the temperature of reac-
tion in said first reaction zone, removing finely-
divided solid material comprising oxidized metal-
lic material from said second reaction zone and
returning same to said first reaction zone to sup-
ply oxygen for the oxidation of the methane
therein, withdrawing from said first reaction zone
a gaseous effluent containing carbon monoxide,
hydrogen, and between about 0.001 and about 0.01
pound per cubic foot of gas of finely~divided solid
material comprising reduced metallic material,
introducing said gaseous efiuent containing said
finely-divided solid material from said first reac-
tion zone into a third reaction zone, in said third
reaction zone reacting hydrogen and carbon
monoxide to produce organic compounds, main-
taining the temperature of reaction in said third
reaction zone between about 350° F. and about
750° F., removing finely-divided solid rnaterial
comprising metallic material from said third re-
action zone and recycling same to said second re-
dction zone, removing from said third reaction
zone o gaseous effluent comprising organic prod-
ucts of the process and separating same from said
efluent, maintaining an upward linear velocity
of the gaseous streams in the aforesaid reaction
zones between about 0.5 and about 6 feet per sec-
ond under conditions such that the finely-divided
solid material is suspended in the upward flowing

‘gaseous stream in a pseudo-liquid fluidized condi-

tion whereby the finely-divided solids achieve:a
highly turbulent condition in a pseudo-liquid
dense phase, and maintaining the aforesaid re-
action zones at a pressure between about atmos~
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pheric and about 500 pounds per-square inch gage..

17. A process for the synthesis of organic.com-:

pounds which comprises passing a methane-con-.
taining gas stream upward through a first reac~
tion zone in the presence of a finely-divided solid
material comprising an iron oxide suspended in
said gas stream under conditions such that meth-
ane is oxidized to carbon monoxide and hydrogen
and iron oxide is reduced, maintaining a temper-
ature of reaction in said first reaction zone be-
tween about 1100° F. and about 1700° ¥F., with-
drawing finely-divided solid material comprising
reduced metallic material from said first reac-
tion zone and passing same to a second reaction
zone, suspending said finely-divided solid ma-
terial in an upward flowing oxygen-containing
gas under ccnditions such that the reduced metal-
lic material is oxidized, maintaining a temper-
ature of reaction in said second reaction zone
between about 1200° F. and about 2000° F. and
above the temperature of reaction in said first
reaction zone, removing finely-divided solid ma-
terial comprising oxidized metallic material from
said second reaction zone and returning same to
said first reaction zone to supply oxygen for the
oxidation of the methane therein, the weight of
said finely-divided solid material circulated be-
tween said first and said second reaction zones
being at least about five times the weight theo-
retically required for supplying oxygen for the
oxidation of methane such that a major propor-
tion of the heat required in said first reaction
zone is supplied from the sensible heat of the
solid material circulated from said second reac-
tion zone, withdrawing from said first reaction
zone a gaseous effluent containing carbon mon-~
oxide, hydregen, and finely-divided solid material
comprising reduced metallic material, introduc-
ing said gasecus effluent containing said finely-
divided solid material from said first reaction
zone intc a third reaction zone, in said third re-
action zcne reacting hydrogen and carbon mon-
oxide to produce organic compounds, maintain-
ing the temperature of reaction in said third re-
action zone between about 350° F. and about 750°
¥, removing finely-divided solid material com-
prising metallic material from said third reac-
tion zone and recycling same to said second reac-~
tion zone, removing from said third reaction zone
a gaseous effluent comprising organic produets.of
the process and separating same from said effluent
as products of the process, and maintaining the
aforesaid reaction zones at a pressure between
about atmospheric and about 500 pounds per
square inch gage.
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18. A process for the synthesis of organic.com- ~

pounds which comprises passing a methane-con-
taining gas stream through a first reaction zone
in the presence of a finely-divided reducible metal
oxide which in its reduced form is active as a
catalyst for the hydrogenation of carbon mon-
oxide suspended: in 3 gaseous stream under condi-
tions such that methane is oxidized to produce
hydrogen and carbon monoxide and said metal
oxide is reduced, maintaining a temperature of
reaction in said first reaction zone between about
500 and about 1700° F., withdrawing finely-divi-
ded solid material comprising said metal oxide in
a reduced form and passing same to a second re-
action zone, passing an oxygen-containing gas
through said second reaction zone at a. velocity
effective to suspend said finely-divided -material
under -conditions such that reduced material is
oxidized, maintaining a temperature of reaction
in said second reaction zone substantially -above
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the temperature of reaction in said first reaction
zone, removing finely-divided metal oxide from
said second reaction zone and returning same to
said first reaction zone to supply oxygen for the
oxidation of methane therein, withdrawing from
said first reaction zone a gaseous effluent contain=
ing carbon monoxide, hydrogen and a substantial
amount.of said finely-divided material in reduced
form, passing said gaseous effluent and said finely-
divided material withdrawn with said gaseous ef=
fluent from said first reaction zone to a third re-
action zone, the gaseous efluent from said first
reaction zone passed to said third reaction zone
being substantially the sole source of the principal
reactants in said third reaction zone, in said third
reaction zone reacting hydrogen and carbon mon-
oxide to produce normally ligquid organic com-
pounds as products of the process, suspending said
finely-divided contact material in said third re-
action zone in a stream of gases passing there-
through, maintaining the temperature of reac-
tion in said third reaction zone between about
350. and about 750° F., removing finely-divided
material from said third reaction zone and re-
cycling same to said second reaction zone, and
removing from said third reaction zone a gaseous
effluent comprising normally liquid organic com-
pounds as products of the process.

19. A process for the synthesis of organic com-
pounds which comprises passing a methane-con-
taining gas stream upward through a first reac-
tion zone in the presence of a finely-divided solid
material comprising an iron oxide suspended in
said gas stream under conditions such that meth-
ane is oxidized to carbon monoxide and hydrogen
and iron oxide is reduced, maintaining a temper-
ature of reaction in said first reaction zone be-
tween about 1100 and about 1700° ., withdraw-
ing finely-divided solid material comprising re-
duced metallic material from said first reaction
zone and passing same to a second reaction zone,
passing air upward through said secend reaction
zone at a velocity effective to suspend said finely-
divided solid material therein under conditions
such that reduced metallic material is oxidized,
maintaining a temperature of reaction in said
second reaction zone substantially above the tem-
perature of reaction in said first reaction zone,
withdrawing finely-divided solid material com-
prising oxidized metallic material from said sec=-
ond reaction zone through a confined passageway
and returning the thus withdrawn finely-divided
solid material to said first reaction zcne to supply
oxygen for the oxidation of methane therein,
withdrawing from said first reacticn zone a gas-
eous effluent containing carbon monoxide, hydro-
gen and a substantial amount of said finely-divi-
ded solid material, quenching said efiluent to a
temperature below about 1000° F., passing the
quenched effluent containing finely-divided solid
material through a confined passageway to a
third reaction zone, passing gases upward through

said third reaction zone at a velocity effective t.o
suspend finely-divided solid material in the gases

in said third reaction zone under condmons such
that hydrogen and carbon monoxide introduced
therein are converted to normally liquid organic
compounds, maintaining the temperature of re-

-action in said third reaction zone between ahout

350 and about 750° F., removing finely-divided
solid material from said third reaction zone and
,recychng same to said second reaction zone, and

removing from said third reaction zone a gas-

eous effluent comprising normally liquid organic
compounds as products of the process.
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20. The process of claim 19 in which a strip-
ping gas is infroduced into the confined passage-
way used for withdrawing finely-divided oxidized
‘material from said second reaction zone in an
amount to strip nitrogen from the withdrawn
finely-divided solid material.

21. The process of claim 19 in which addi-
tional finely-divided solid material is introduced
directly from said first reaction zone into the
confined passageway containing the quenched ef-
fluent from said first reaction zone and in which
a vaporizable liquid is introduced into the efiiluent
from said first reaction zone in an amount suffi-
cient to cool the efluent and to aid in the passage
of finely-divided solid material through the con-
fined passageway to said third reaction zone.

ARNOLD BELCHETZ.
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