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This invention réla.tes to the synthesis of or-

ganic compounds. In one aspect this invention
‘relates to the hydrogenation of carbon monoxide
in the presence of a hydrogenation catalyst under

- conditions such that hydrocarbons having more.

~than one carbon atom per molecule and oxygen-
~ated organic compounds are produced. In an-
other aspect this invention relates to an inte-
grated process involving the production of hy-
" drogen and carbon monoxide and the subsequent
interaction of the hydrogen and carbon monoxide
in the presence of a hydrogenation catalyst to
- produce organic compounds as products of the
process. ,
It has been known for some time that a gase-
“ous mixture comprising hydrogen aid carbon
‘onoxide in relatively large proportions may be
“produced by the reaction of steam and/or carbon
" dioxide with methane, by the partial combustion
of methane and by the reaction of steam and
oxygen with solid carbonaceous materials, such
as coal or coke. Each of the above methods for
- producing hydrogen and carbon monoxide is
characterized by particular conditions of reac-
“tion, such as temperature, pressure and catalyst.
- The synthesis of hydrocarbons and oxygenated
organic compounds from such a gaseous mixture
comprising hydrogen and carbon monoxide has
" been effected in the presence of a catalyst, such

" as a metal or metal oxide of group VIII of the .

- periodic table. As in the production of the syn-
thesis gas comprising hydrogen and carbon mon-
_oxide this latter reaction has particular condi-
‘tions of temperature and pressure, etc., appropri-
“ate for the maximum yield of desired organic
compounds. Generally, the ratio of hydrogen
* to carbon monoxide in the feed mixture for the
" synthesis of organic compounds is between about
1:1 and about 4:1, preferably a ratio of about
92:1. When excess hydrogen is present in the
synthesis feed gas, as is usually the case, con-

siderable amounts of unreacted hydrogen to-

:.gether with methane and carbon dioxide by-
-products are removed with the reaction efiluent
- of the synthesis reaction, especially with an iron
: synthesis catalyst. It has been proposed previ-
- ously to recycle at least a portion of these gase-
-~ ous components to the synthesis gas-make step
. to augment the production of the synthesis gas.
- However, recycling of the gaseous components
from the synthesis reaction step to the gas-make
step is accompanied by certain disadvantages.
" For example; in the production of hydrogen and
carbon monoxide by the reforming of methane
- with steam and the subsequent conversion of
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the synthesis gas to organic compounds, recy~

_cling of the gaseous components of the synthesis

effluent requires the reduction of pressure, since,
usually, the reforming step is operated at sub-
stantially lower pressure than the synthesis step.
As is evident, the reduction of pressure results
in the considerable loss of efficiency -and economy
because the gaseous components of the recycle
must be repressured prior.to returning to the
synthesis reaction zone.. Furthermore, the pres-
ence of large quantities of hydrogen in the re-
eyele gases tends to shift the equilibrium in the
synthesis gas reaction zone -and decreases the
conversion of methane to hydrogen and carbon
monoxide. It is known that.in the case where
the recycle gas contains carbon dioxide that a
portion of the carbon dioxide is.converted to
carbon monoxide by.the reverse shift reaction
represented by the equation, COz+Hz>CO+Hz20,
as well as by direct reaction with methane ac-
cording. to the equation, CO2+CHs->2CO--2Hoa.
However, the conditions appropriate for methane
reforming are usually. not those suitable for the
maximum conversion of carbon dioxide to carbon
monoxide by the reverse shift reaction and con-
sequently only a small proportion of the carbon
dioxide is-converted in this manner. The pres-
ence of steam in high concentrations in the re-
forming zone is also known to be unfavorable
to conversion of -carbon dioxide to carbon mon-
oxide by the reverse shift reaction. The con-

_ version of carbon dioxide in the reforming zone

35

is generally accompanied by a relatively large
deposition of .carbon therein, which deposition
of ecarbon is of obvious disadvantage. For any
one. of the above reasons it is undesirable to re-

. eycle gases from the synthesis reaction unit to

40

the gas-make unit regardless of the type of gas-
make reaction being effected.
According to this invention, recycle of the

. gaseous - components - from the synthesis gas
effluent is eliminated or at least minimized and

45

these gaseous .components including carbon di-
oxide and hydrogen are passed.through a sepa-
rate reverse.gas shift reaction zone under condi-
tions.such that hydrogen and carbon dioxide are
converted to water and carbon monoxide, and

 the resulting reverse shift effluent is combined

-HY

with the synthesis gas feed to the synthesis unit.

In this manner the gas-make step may be car-

_ ried out under: conditions particularly appropri-
.-ate for the production of hydrogen and carbon
. monoxide -from -the raw material and the con-

b8

version of carbon dioxide and hydrogen to water

.and carbon monoxide may be effected in a sepa~
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rate zone under conditions appropriate for that
reaction. The resulting effluent from the reverse
gas shift is combined with the synthesis gas feed
to alter the ratio of hydrogen to carbon monoxide
the desired amount and to supplement the feed
to the synthesis unit.

It is an object of this invention to provide
a process for the synthesis of organic compounds.

It is another object of this invention to- pro-
vide an integrated process for the conversion
of normally gaseous hydrocarbons into normally
liguid hydrocarbons.

Another object of this invention is to provide
a more economic process for the synthesis of
organic compounds from methane.

Still another object of this invention is to
provide g method for utilizing-the gaseous com-
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ponents of the synthesis reaction effluent more ‘

fully.

It is still another object of this invention to
provide a process for the production of organic
compounds by the hydrogenation of carbon mon-
oxide in the presence of a catalyst comprising
iron.

Various other objects and advantages of the
present invention will be apparent to those
_skilled in the art from the accompanying de-
_scription and disclosure.

For the best understanding of the present in-
vention a description of the process according
to the accompanying drawings will be under-
taken. Fig. 1 of the drawings comprises a di-
agrammatic illustration of an arrangement of
apparatus for the manufacture of hydrocarbons
having more than one carbon atom per molecule
and oxygenated organic compounds from meth-
ane. The principal apparatus of Fig. 1 com-
prises a synthesis gas unit 7, a synthesis unit
16 for the interaction of hydrogen and carbon
monoxide and a reverse shift reaction wunit 31
for the conversion of hydrogen and carbon di-
oxide components of the synthesis efluent to
water and. carbon monoxide.

Fig. 2 is a modification of the present inven-
tion with respect to synthesis unit 16 and re-
verse shift unit 31 of Fig. 1 and is a diagram-
matic illustration, in' elevation, partly in cross-
_section, of an arrangement of apparatus for the
manufacture of organic compounds by means of

‘a finely divided hydrogenation catalyst in a °

_fluidized condition. .
According to Fig. 1 of the drawings, methane
or a methane-containing gas from any suitable
_ source, such as natural gas, is passed under
_ pressure through conduit 4 to a synthesis gas
unit 7. Synthesis gas unit T comprises in this
embodiment of the invention a conventional
reforming furnace for the conversion of meth-
ane with steam, introduced through conduit 6,
to hydrogen and carbon monoxide. Heat is sup-
plied to reforming unit T by the combustion of
a fuel in indirect heat exchange with the mixture
~ of steam and methane to raise the temperature
of the mixture to between about 1400° F. and
~about 1600° F. and to supply the endothermic
heat of reaction. Reforming unit T comprises a
conventional tubular reforming furnace of the
type known to those skilled in the art with cat-
" alyst in the reaction tubes. The pressure of the
reaction mixture of methane and steam in the
" tubes of the reforming furnace T is usually below
~ about 100 pounds per square inch gage and is
_ preferably between about 15 and about 50
_ pounds per square inch gage. A ratio of steam
‘to methane in the feed ‘mixture to reforming
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unit T is about 2 mols of steam per mol of meth-
ane, although higher or lower ratios may be
used without departing from the scope of this
invention. Recycle gas containing methane is
introduced into the reaction mixture in conduit
4 through conduit 29, which procedure will be
discussed more fully hereinafter. A typical
equation for the reaction of methane with steam
is shown. below.

CH4+H20-CO-+3Ha

The interaction of methane with steam or
carbon dioxide is effected in the presence of a
suitable catalyst in reforming unit 7. A suitable
reforming catalyst comprises nickel or nickel
oxide supported on alumina or other support-
ing material, such as, for example, a catalyst
containing in parts by weight 1NiO, 0.2Cr20;s,
1.6Si02, 0.9MgO. Other reforming - catalysts
comprise. molybdenum, cobalt and chromjum
and their oxides and sulfides, The catalyst is
contained in the stationary bed of granular or
shaped material in the tubes. A regenerative
type reforming furnace -constructed of ceramic
material may be used instead of the aforemen-
tioned tubular type furnace. With a regenera-
tive type furnace heated at intervals by direct
contact with combustion gases, a temperature
as high as 2400° F. is possible, thus obviating
the necessity for the use of a catalyst.

Although the embodiment of the present in-
vention described with reference to Fig. 1 spe-
cifically referred to the conversion of methane
by reforming with steam, other methods of pro-
duecing hydrogen and carbon monoxide may- be
employed without departing from the scope. of
this invention. For example, methane may- be
partially combusted with oxygen or air at a
temperature between about 1800° F. and about
2500° F,, with or without a catalyst, to produce
hydrogen and carbon monoxide, In the partial
combustion of methane, the temperature of re-
action is obtained by means of the exothermic
heat of reaction. Also, coal may be reacted with
steam at a temperature between about 1200° P
and apout 2300° F. to produce & gaseous mix-
ture comprising hydrogen and carbon monoxide.
The temperature of reaction for the gasifica-
tion of coal is obtained either by combustion
of part of the coal with oxygen or by the in-
direct application of heat to the gasification
zone.

A gaseous effluent comprising hydrogen and
carbon monoxide in a mol ratio greater than
about 2:1 is removed from reforming unit T
through conduit 8. Such a gaseous effluent has
approximately a composition as shown in Table
I below when natural gas is a source of methane
and the oxidizing gas consists substantially of
steam.

Table I

Mol per cent

N e 0.3
He o 735
CO e 185
CO% e 6.0
CH4 oo e 1.7
Total (dry basis) _________________ 100.0

H2:CO ratio, 4:1.

It will be understood that the composition of
the effluent will depend upon the reforming
operating conditions, such as temperature, space



2,568,053

5

velocity, steam to methane ratio, pressure; cab-
alyst, ete. _ ,

" The reforming effuent in' conduit 8 is passed
‘through a cooler-separator 9 for cooling the
effluent to a temperature below about 200° F. to
condense unconverted steam. Condensate is
‘withdrawn from cooler separator 9 through con-

duit {1. From cooler-separator 9.the reforming .

effluent is continuously passed through conduit
12 to a single or series of compressors {3 where
the gaseous effluent is compressed to the desired
synthesis reaction pressure, usually between
“about 150 to 500 pounds per square inch gage.
“However, lower or higher pressures may be used
without departing from the scope of this inven-
tion, and, in the case where the synthesis reac-
tion pressure is substantially the same or lower
‘than the pressure existing in.reforming unit T,

10

‘are removed from condensation unit {8 through
conduit 21 and may be recycled directly to.syns
thesis ‘unit - 16 through: conduit: 28 by means of
a compressor 36 in order to supplement the com-
position of the synthesis feed as to any com-
‘ponent and to alter the ratio of hydrogen to
‘carbon monoxide in reactor 16.. The water-rich
phase in primary condensation unit 18 is removed
therefrom from conduit 19 and.is passed to sub-
sequent - conventional separation and recovery

. ‘equipment (not shown) for the removal and re-

15

compressor 13 may be omitted. When a series

‘of compressors is used for multistage compres-
sion, coolers and condensate separators are used
"between the compression stages. The compressed
“gaseous mixture is passed from compressor 13
through conduit 14 to synthesis reaction unit 16.
Synthesis reaction unit 16 comprises any of
“several types of conventional reaction chambers,
such as fixed-bed or fluid reactors, known to
“those skilled in the art and may comprise severa!
reactors in series or in parallel. S
feed in conduit 14 comprises hydrogen and carbon
“monoxide in a mol ratio between about 1:1 and
about 4:1, preferably about 2:1, and is contacted
with a suitable catalyst in synthesis unit 16. A
- suitable catalyst comprises iron or other metal
or metal oxides of group VIII of the periodic
table effective for the conversion of hydrogen
and carbon monoxide to the hydrocarbons having
: more than one carbon atom per molecule and
oxygenated organic compounds.
. ¢f reaction in synthesis unit {6 is usually be-
-tween about 300 and about 700° F. When em-
ploying an iron or iron oxide catalyst, a tem-
perature between about 450° F. and about 650° F',
is appropriate. When employing a catalyst com-
prising cobalt a temperature below about 450° F.
.is appropriate. Sufficient contact time of the
reactants and reaction products with the catalyst
material is afforded in reactor 21 to produce the
_desired product of the process. A contact time
‘ of ‘gases and catalyst between about 2 and about
' 60 seconds has been found to be appropriate for
*the production of normally liquid organic
‘compounds. )
A reaction efluent comprising hydrocarbons,

‘oxygenated organic compounds, steam, carbon.

- gioxide and unreacted reactants including some

methane is removed from synthesis’ unit = 16
--through conduit 171 and is passed to a primary
- condensation -unit 18. Condensation unit 18

“¢omprises a single or a series of condensation-

‘units and accumulators. The temperature of the
- efffuent in condensation unit 18 is reduced to
.- about. 300° F. or lower and the gaseous effluent
in condensation unit I8 is maintained at sub-
- stantially the same pressure as that existing in
~synthesis unit 6. The cooling of the gaseous
- effiuent from synthesis unit 16 results:in the
- formation of two liquid phases in. the primary
condensation unit 18. These liquid phases com-
prise a lighter hydrocarbon-rich phase: and a
. heavier water-rich phase containing dissolved
- therein the major proportion of the oxygenated
-organic compounds. - Gases comprising hydrogen,
. carbon monoxide, carbon dioxide, methane and

. some organic.compounds. heavier than methane:

‘20

The synthesis

‘30
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A temperature
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60.
‘such. gaseous mixtures directly to synthesis gas

covery of dissolved oxygenated organic com-
pounds therefrom as products of the process.
Uncondensed components of the efluent and
the liquid hydrocarbon-rich phase are removed
from condensation unit 18 through conduit 22

-and are passed to a second cendensation or re-
_covery unit 23, which unit comprises a lean oil

circulating system or other recovery system
known to those skilled in the art for the removal
and recovery of uncondensed hydrocarbons and
oxygenated organic compounds. Recovery unit
23 also comprises suitable condensers and ac-

‘cumulators for condensation and . accumulation
95 -

of the synthesis reaction products. The effluent
in condensation or recovery unit 23 is cooled
below about 100° F. and a pressure substantially
equivalent to the pressure existing in synthesis
unit 16 and condenser 18 and/or. refrigeration
may be employed in connection with: Trecovery
unit 23 without departing from the scope of this
invention. In recovery unit 23, condensation of
gaseous components is effected and an organic
condensate is removed therefrom, such as
through a conduit 217, to be passed to subsequent
conventional separation and recovery equipment,
such as fractional distillation units (not shown),
for recovery of products of the process. Water
conderised in recovery unit 23 is withdrawn there-
from through conduit 24 and may be combined
with the water-rich phase in conduit (9 since
this water also contains dissolved oxygenated

‘organic compounds. Uncondensed components of

the reaction effluent comprising hydrogen, carbon
monoxide, carbon dioxide, methane and unre-
covered -oxygenated organic compounds and hy-
drocarbons heavier than methane are removed
from recovery unit 23 through conduit 26. '
Since a considerable amount of carhon dioxid
is formed in synthesis unit 16, as well as in.re-

.forming unit 1, the gaseous mixture in conduits

21 and 26 will comprise between about 15 and
about 60 mol per cent carbon dioxide accompanied
by ‘a relatively large proportion of hydrogen
which has passed unreacted through synthesis

unit 16. In many instances substantially no car-

bon monoxide will be present in the gaseous mix-
tures in conduits 21 and 26, depending of course
upon such factors as the degree.of CO conver-
sion effected in unit 16. Rather than return

unit 1, it has been found according to this in-

_vention that better and more economic overall

results can be obtained by subjecting such mix-
tures to a reverse shift reaction to convert ex-

.cess ‘hydrogen and -carbon dioxide to water. and

carbon monoxide and recycling the reverse shift
effluent to the synthesis reaction. Moreover, since
the reforming of methane may produce a syn-
thesis gas having a relatively high ratio of hydro-

gen to carbon monoxide, separate conversion. of

hydrogen and carbon dioxide components of the
synthesis effiuent to water and carbon monoxide
provides an ideal method of .reducing the above

475.Tatio.. Combining fresh synthesis, gas with. the
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effluent . from the reverse shift reaction produces
a ratio of hydrogen to carbon monoxide within
the preferred range, such as a mol ratio of -about
2:1.

-. Table II below illustrgtes the results obtained
in conventional synthesis processes in which
gaseous components of the synthesis effiuent are
recycled to the reforming unit used for the pro-
duction of the synthesis feed gas and in which
steam and carbon dioxide are reacted with
methane in the reforming unit to produce hydro-
gen and carbon monoxide:

Table II
Case 1 2
Hy.CO ratio: .
-~ Fresh synthesis gas. oo oooeeeeaes 1.4 1.8
Totalfeed, ... ... .. 2.0 1.8
CO Conveérsion (Basis Fr, Fd.), Per Cenf.._______... 90 81
Tail gas, vol. per cent:
Recycled to reforming unit 75 99
Vented tofuel - ... ...l . 25 1
Composition, Dry B
Ni 2.7 2.4
3.7 | 47.4
9.2 6.3
44.11 323
7.3 8.5
5.04{ 3.1
0 7 100.0- | 100.0
Extraneous COs added to reformer, Mol per cent of
" tail gas Recyeled. oo oo .. 24.8 9.2

Case 1 illustrates an operation in which an in-
ternal recycle of a. portion of the. gaseous com-
ponents from the synthesis unit is effected, such
as recycling gases through conduit 28 to syn-
thesis unit 16 of Fig. 1 of the drawings, and in
.which a portion of the tail gas is recycled to the
reforming unif, such as unit 7 of Fig. 1. If should
be noted that recycling tail gas to the reforming
unit and the internal recycle results in a hydro-
gen to carbon monoxide ratio of the total gasés
-introduced into the synthesis unit of approxi-
mately 2:1. In cdse 1 approximately 75 per cent
of the tail gas (gases from conduit 26 of Fig. 1
of the drawings) is recycled to the reforming
-unit and approximately 25 per cent of the tail
gas is vented or used as fuel. In case 1 it is nec-
essary to supply to the reforming unit approxi-
mately 24 volume per_cent extraneous carbon di-

oxide based on tail gas recycled in order that a

gaseous effluent of hydrogen and carbon monoxide
lower than about 2:1 is produced and such that,
after the internal recycle gases are added, the
total feed mixture contains a hydrogen to carbon
monoxide ratio of about 2:1.

Case 2 of Table II illustrates a typical opera.-
tion in which no internal recycling of separator
gases, such as through conduit 28, is employed
and approximately 99 per cent of the tail gas is
recycled to the reforming unit, such as through
c¢onduits 26 and 29 to reforming unit T of Fig. 1.
In this manner of operation only about 9.2 mol
per cent of extraneous carbon dioxide based on
tail gas recycled is added to the reformer and the
resulting synthesis feed mixture has a hydrogen
to carbon monoxide ratio of about 1.8:1. When
recycling tail gases to the reforming unit, con-
version of methane is frequently about 85 to about

90 per cent complete.

As previously discussed it is undesirable to re-
cycle tail gases to the reforming unit;, for one
reason because of the loss of energy by reduction
of the pressure of the recycle gases to the pre-
vailing reforming pressure, and for another rea-

- son- because the conditions of reforming are not:
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those .considered appropriate for a reverse shift
reaction whereby carbon dioxide is converted to
carbon monoxide. Higher conversions of meth-
ane, such as conversions above about 90 per cent,
are obtained by not recycling the tail gases to
the reforming unit for otherwise comparable
operating conditions. Therefore, according to
the present invention the tail gases are subjected
to a.reverse shift.reaction in a separate reaction
zone at a temperature between about 800° F. and
about 1600° F., preferably at a temperature at
least 200° P. higher than the temperature used
for the synthesis reaction, in the presence of a
suitable. contact material, such as iron, nickel,
cobalt, and their oxides, or any metal or metal
oxide of group VIII of the periodic table. Since
pressure does not adversely affect the reverse shift
reaction, pressures. substantially the same or
higher than the synthesis reaction pressure may
be used with advantage. Elevated pressures de-
crease the volume of catalyst required per stand-
ard cubic foot of feed gas to the reverse shift re-
actor. Pressures lower than the synthesis re-
action pressure may be used, if desired, without
departing from the scope of this invention.
Table- III below illustrates a typical composi-
tion of feed gas to the reverse shift reaction and
composition of the effluent prior to water re-
moval for various temperatures of conversion.

Table IIT
Reverse Shrli‘ft Effiuent Conversion
Composition, Mol emrerature
Per Cent Feed
985° F. | 1160° F. | 1190° F. | 1485° F.
2.4 2.4 2.4 2.4
34.5 31.3 29.3 26.9
19.2 22. 4 21.4 26.9
28.6 25.4 23.4 2.9
1.6} 11.6 11.6 1.6
12.9 16.1 18.1 20.6
Total.coo.ooooo 109.2 | 109.2 109.2 109.2 109. 2
Per Cent CO; Shifted:|........ 3L1 38.8 43.6 40.5
Hz:CO Ratio_._...... 7.5 1.8 1.4 1.2 L0
CO in Synthesis
Feed, Pér Cent !. . 8.9 27.2 3.8 34.6 38.1
Methanation Tend- X
[ 035 USURI PRI strong | strong slight | negative

1 Per cent of total CO in feed produced by reverse shift.

When carrying out the reverse shift reaction
with an iron oxide shift catalyst, it is preferred
to use a reaction temperature below 1600° F.
‘When nickel is used as the reverse shift catalyst,
it is preferred to use a temperature above about
1300° F'. in order to prevent the formation of
methane. Nickel promotes the shift reaction at
temperatures below 1300° F. but also promotes
the formation of methane at such temperatures.
Almost any surface catalyst or refractory mate-
rial may be used as the reverse shift catalyst at
temperatures between about 1000° F. and about
1500° P, preferably above about 1300° F. to mini-
mize methanation. The reverse shift reaction is
only moderately endothermic and only a small
amount of heat is necessary to effect the reac-
tion, which heat may be easily obtained by pre-
heating the tail gases to a temperature above
the reaction temperature prior to effecting the
reverse shift reaction.

According to this invention, therefore, tail
gases from conduits 21 and 26, preferably gases
from: conduit 26 because such gases are relatively
free from hydrocarbons heavier than methane,
are passed fto a reverse shift unit 31 which in-
cludes ‘a preheater or heat exchanger for pre-
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heatinig the tail gas feed thereto, a single or
series of reaction chambers, and a cooler or heat

exchanger for cooling the reaction efffuent there-

from. An efluent comprising carbon monoxide,
methane, and some unconverted hydrogen and
carbon dioxide is removed from reverse shift unit
31 and passed through conduit 33 by means of
compressor 34 to synthesis unit {6. Conveniently,
the efluent stream in conduit 33 may be heat
exchanged with the feed stream in conduit 26.
Also compressor 34 may be positioned on conduit
26, if desired, without departing from the scope
of this invention. Extraneous carbon dioxide, in
an amount sufficient to supply the desired amount
of carbon monoxide after conversion and reduce

the hydrogen to carbon mionoxide ratio in the ~

synthesis feed, is supplied through condult 32
when required. Water formed during the reverse
shift reactlon is condensed by a cooler (not
shown) and removed from the process by means

ticularly advantageous to carry oub the reverse
shift reaction in stages by passing the reverse
shift feed gas through a first reverse shift re-
actor, cooling the effluent therefrom and sepa-

20
not shown. Frequently, it is desirable and par- ~
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25

rating water, subsequently converting the re- ’

maining hydrogen and carbon dicxide in a second
reverse shift reactor, and subsequently cooling
the latter efluent to remove water therefrom.
Since methane and other hydrocarbons, such
as ethylene and ethane, tend to build-up in the
system and in those cases where these hydro-
carbons are not decomposed in reverse shift unif
31, a portion of the tail gases are recycled
through conduit 29 to synthesis gas unit 7. Of
course, where the reverse shift unit 31 is operated
at a sufficiently high temperature and under con-
ditions such that methane is converted or re-
formed to carbon monoxide and hydrogen, re-

duit 29 may be eliminated entirely.

 The accumulation and build-up of nitrogen in
the system also may oceur and, in order to pre-
vent excessive increases in volume, efc., as a re-
sult of nitrogen,
duits 26 or 21 may be vented from the system
through conduit 31. The vented gases from con-
duit 37 may be used as fuel or may be passed
through a conventional carbon dioxide absorp-
‘tion system for the removal and recovery of the
carbon dioxide in the gaseous mixture. The re-
- covered carbon dioxide may then be recycled to
conduit 32 by means not shown or to synthesis
-gas unit T by means not shown without depart-

ing from the scope of this invention. A portion:

" of the tail gases in conduit 26 may be internally
‘recycled by passing such gases through conduits
26, 21, 28 and 33 to synthesis unit {6. .
Fig. 2 of the drawings is a modification of the
. present invention in which a common contact
_material is used for the synthesis reaction and
the reverse shift reaction. Such contact material
.may conveniently comprise a reduced iron cata~
lyst or an iron or iron oxide catalyst. Fig. 2 is
a diagrammatic illustration of an arrangement of’
apparatus for the above modification using a
. fluidized catalyst and will be only briefly dis-
. cussed since some of the apparatus and most of
“the reaction conditions are similar to those dis-
_cussed with respect to Fig. 1 of the drawings.
A synthesis gas comprising hydrogen and car-
_bon monoxide obtained by reforming of methane
with steam or by partial combustion of methane
. or other hydrocarbons is passed through conduit
_51_to synthesis reactor 52. Recycle gases com-

o, portion of the gases in con-

30

35

cycling a portion of the tail gases through con- 40~

50

ticles of finely divided catalyst
“particles fall back into the relatively dense phase
‘through a standplpe from cyclone separator 54.

"58.
-as a liquid in accumulator 58 and may be ‘with-

18 and 23 of Fig. 1 of the drawings.

10

prising carbon monoxide from a reverse shift re-
actor 12 are introduced info conduit 51 through
conduit 82. Finely divided “catalyst from re-
verse shift reactor 12 at an elevated temperature,
usually at least 200° " F. above the temperature
existing in’ synthes:s “reactor 52, is introduced
into the synthesxs gas feed of conduif 51 through
conduit 84.  'The resultmg mixture of hydrogen,
carbon monox1de and entrained finely d1v1ded
catalyst is passed to synthe51s reactor 52. Theé

) ﬁnely divided catalyst is preferably of such fine-

ness that about 95 per cent of the catalyst : passes
through a 200 mesh screen. With stich a catalyst
the upward ﬂowmg veloclty ‘of the gases in syn-'
thesis reactor 52 causes the catalyst to form. &

" so-called pseudo-liquid dense phase of catalyst

havmg charactenstws of a liquid phase and hav-

ing an interface 53 as indicated between the

dense phase in the lower port10n of reactor 52
and a relatively dllute phase in the upper por-
tion of reactor 52. The linear gas veloclty in

synthesis reactor 52 is between about 0.1 to about

6 feet per second in order to maintain the cata-

lyst in the pseudo-hquld dense phase cond1t1on
and under such conditions the finely d1v1ded par-

ticles are in a high degree of turbulence.
The gaseous mixture of unconverted hydrogen

‘and carbon monoxide, and reaction products are
passed through the dense phase of reactor 52

into the dilute phase and through a cyclone
separator 54 to separate thérefrom entrained par-
The entrained -

Various other means within or without reactor
54 may be used for separatmg entramed catalyst

from the gaseous effluent such as a Cottrell pre-

c1p1tator, ete., w1thout departmg from ‘the scope
oi th1s mvent1on The reaction efiiuent substan—
tlally the same_as that descrlbed ‘with respect
to line 17 of Flg 1 is passed’ through conduit 58
to a condenser 51 and thence to an accumulator
Hydrocarbons and/or _water are separated

drawn therefrom through condult 61. In thls
embodunent condenser 51 and accumulator 58

Gases
comprising hydrogen, . carbon monox1de, carbon
dioxide, methane and uncondensed hydrocar-

“bons and oxygenated organic compounds are re-

. moved from accumulator 58 through condult 59

and may be passed to subsequent condensatlon

_and recovery equlpment not shown, such as frac-

60

- desired pressure.
_operated substantially at the same ‘pressure, only

tional distillation columns, ete. A portion or all
of the gases in condu1t 58 is passed through
conduit 62 to condu1t 63 in which it is comblned
with carbon dioxide introduced through conduit
63 as previously explained w1th reference to Fig.
1. The resulting mixture of carbon dioxide and
hydrogen is compressed in compressor 64 to the
When units 52 and 172 ate

. that amount of compression necessary to over-

70

come the pressure drop due to friction is neces-
sary in compressor 64. The compressed gaseous
effluent is heated in heater 66 to a tempeérature
at least 200° higher than that existing in syn-
thesis reactor 52, usually to a temperature be-
tween about 900° F. and about 1300° F. for this
embodiment of the invention.

The preheated gaseous mixture contammg
carbon dioxide and hydrogen is passed through
conduit 67 to a reverse shift reactor 12. Catalyst

76 from synthetic reactor 52 is removed therefrom
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through conduit ‘or standpipe 68 and intreduced
into conduit 61. Thé weight of the catalyst in
standpipe 68 is usually sufficient to pass the
catalyst directly into conduit 671 without the use
of a' pump or screw conveyor especially when sub-
stantially the same pressure is used in both re-
actor 52 and reactor 712:. The catalyst is main-
tained in an aerated condition in conduit 68
by means of introducing -a gas, such as steam,

hydrogen, carbon dioxide, etc., through conduit j

69. The gas introduced into conduit 68 through
conduit 69 may serve not only to maintain the
catalyst in an aerated condition in conduit §3
but also to purge the catalyst of volatile organic
‘compounds.

Since the amount of catalyst circulated from
synthesis reactor 52 to reverse shift reactor 12
may be comparatively small, a major proportion
of the gas from heater 66 may be by-passed di-
rectly to reverse shift reactor 12 without picking
-up catalyst from conduit 68.  The same method
-of operation may be applied to the synthesis gas
feed being passed to synthesis reactor §2. By
such method of operation only that portion of
‘the gases necessary to entrain catalyst is passed
through conduits 51 and 61.

Reverse shift reactor 12 is operated in a similar
‘manner as- synthesis reactor 52 such that the
finely divided catalyst is maintained in a so-
‘called pseudo-liquid phase condition character-
ized by an interface 13 between a dense phase
and an upper dilute phase. The upward linear
velocity of the gaseous stream is between about
0.1 and 6 feet per second in reverse shift reactor
12. The dense phase of catalyst in reactor 72
resembles in some respects a liquid and is char-
acterized by the particles having a high degree
of turbulence. In reverse shift reactor 712 hydro-
gen and carbon dioxide are converted to water
and carbon monoxide and the reaction products
are passed through a cyclone separator 14, con-
duit 16, condenser 7t to accumulator 18 in much
the same manner-as discussed with respect to
"the condensation and auxiliary equipment of
‘reactor 52. The reaction efluent in conduit 78
is cooled to about 300° F. or lower by condensa-
tion unit 77 and under the prevailing pressure
substantially all of the water vapor is condensed
-and accumulates in- accumulator 78. Oil and
wax stripped from the catalyst will also con-
dense and accumulate in accumulator 18, fromn
where it may be returned to the recovery sys-
tem. Condensate is removed from accumulator
18 through conduit-81. Carbon meonoxide and
unconverted carbon dioxide and hydrogen: are
removed from accumulator 78 through conduit
19 and are passed all or in part through conduit
82 to conduit 5f for recycling to reactor 52- as
previously described.

Conduit 82 corresponds to conduit 33 of Fig. 1
of the drawings when only a single reverse shift
reactor is used. In a similar manner conduit
62 may correspond to either conduits 21 or 26 of
Pig. 1 of the drawings depending upon whether
a single or a plurality of condensation units are
employed.

Although in the particular modification shown
in Fig. 2, reactors 52 and 12 were operated under
conditions such that the finely divided catalyst
is suspended in the reaction zones in a pseudo-
liquid dense phase condition, it is within the
scope of this invention to pass the gases through
reactors 52 and 12 at such a linear velocity, usu-
ally above about 10 feet per second, that the
catalyst is entrained in the gases flowing through
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the reactors By this method of operatlon addis
tional equipment for separating the catalyst n om
the entr ained gaseous stream from the reaction
zone must be provided, such as in conduits 58
and 76. ‘Such equipment may comprise an en-
larged settling zone or a single or series of con-
ventional cyclone separators, etc. The bulk of
the catalyst in this method of operation is re-
cycled to the respeéctive reaction zones while a
umaller portion of the catalyst is passed to con-
duit 67 or 51, as the case may be. )

The use of a common fiuidized catalyst for both
the synthesis reactor -and the reverse shift re-
detor is particularly advantageous because at the
higher temperatures of operation of the reverse
shift reactor relatively heavy hydrocarbon de-
posits on the catalyst are stripped therefrom.
In this respect the reverse shift reactor has two
functions, one being the effecting of the reverse
shift reaction and the other being the regenera-
tion or stripping of the synthesis catalyst. By
use of such a method the conventional regenera-
tion of the catalyst by stripping and oxidation
to remove carbonaceous deposits therefrom may
be omitted. However, even if the conventional
regeneration procedure is not omitted, the pres-
ent process will reduce the load on the regenera-
tion system and reduce the quantity and time of
regeneration necessary to maintain the catalyst
in a suitable condition of activity and fluidability.

As in Fig. 1, the reverse shift reaction may be
effected in two or more stages in the apparatus
of Fig. 2 of the drawings. In this modification
of Fig. 2, reactor 12 comprises successive cham-
Yeérs with -interstage cooling and separation of
water from the effluent.

Various medifications and alterations of the
arrangement of apparatus of the drawings may
‘become apparent to those skilled in the art with-
out departing from the scope of this invention.

Having described our invention, we claim:

1. An improved process for the hydrogenation
of carbon monoxide to produce oxygenated or-
‘ganic eompounds and hydrocarbons which com-
prises introducing hydrogen and carbon mon-
oxide into a first reaction zone in contact with a
“hydrogenation catalyst, maintaining said first re-
action zone under conditions of temperature be-
tween about 300° F. and about 700° F. and of
pressure below about 500 pounds per square inch
“gage such that hydrogen and carbon monoxide
are converted to organic compounds, water, and
carbon dioxide, withdrawing from said first re-

“action zone an effluent comprising organic com-

pounds, water- vaper, carbon dioxide and un-
reacted hydrogen, cooling said effluent from said
first reaction zone to a temperature below about
-300° F. to-condense water vapor therein, recycling
a portion of-the uncondensed components of
said effluent to said first reaction zone, subse-
quently cooling another portion of said effiuent
to a temperature below about 100° F. to condense

‘oxganlc‘ compounds produced in said first reac-

tion zone, recovering said condensed organic com-
pounds as products of the process, from the sec-~
ond coohng step mtroducmg uncondensed com-

'ponents ‘of said effluent comprising carbon di-

70

oxide and unreacted hydrogen as the principal
1eactants into a second reaction zone in contact
with a catalyst sulta.ble under the following con-
ditions to promote the reverse shift reaction,

'mamtammg said second reaction zone under

5

.condltlons ‘of tempera,ture between about 1000°
“F. and’ about 1500° F. and of elevated pressure
such that carbon dioxide and- hydrogen are cone
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Zonie at.a linear velocity sufficient to suspend said
catalyst in a pseudo-liquid fluidized condition,
maintaining said sSecond reaction zone at a tem-
perature between about 1000 and about 1500° F.
under conditions -such that hydrogen and carbon
dioxide are converted to carbon monoxide and
water as the principal products of the reaction,
withdrawing an effiuent comprising carbon mon-
oxide and water vapor from said recond reaction
zone, cooling said latter efluent from said second
reaction zone to condense water vapor therein
and removing same therefrom, passing uncon-
densed components of said latter efluent com-
prising carbon monoxide directly to said first
reaction zone to supplement the feed thereto,
and introducing finely divided catalyst from said
second reaction zone into said first reaction zone.
..9. An improved process for the hydrogenation
of carbon monoxide to produce organic com-
pounds which comprises passing a mixture com-
prising hydrogen and carbon monoxide to a first
reaction  zone, passmg said mixture upward
through a mass of finely divided hydrogenation
catalyst suitable under the conditions hereinafter
recited to promote the reverse shift reaction in
said first reaction zone at a linear velocity suffi-
cient to -suspend said catalyst, maintaining said
first reaction zone under conditions such that hy-
drogen and carbon monoxide are converted to or-
ganic compounds and carbon dioxide, removing
an effiuent comprising organic compounds, un-
reacted hydrogen and carbon dioxide from said
first reaction zone, passing normally gaseous
components of said .effluent to a second reaction
zone, introducing finely divided catalyst from said
first reaction zone into said second reaction zone,
passing said normally gaseous components up-
ward through a mass of finely divided catalyst in
said second reaction zone at a linear velocity suf-
ficient to suspend said catalyst, maintaining said
second reaction zone at a temperature between
about 1000 and about 1500° F. under conditions
such that hydrogen and carbon dioxide are con-
verted to carbon monoxide and water as the prin-
cipal products of the reaction, withdrawing an
effluent comprising carbon monoxide and water
vapor from said second reaction zone and cooling
same to condense the water, separating condensed
water from the efluent, after removal of water
passing normally gaseous components comprising
carbon monoxide of said latter efluent d1rect1y to
said first reaction zone to supplement the feed
thereto, and introducing finely divided catalyst
from said second reaction zone into said first re-
action zone.

. 10. An improved process for the hydr ogenation
of carbon monoxide to produce organic com-
pounds which comprises passing a mixture com-
prising hydrogen and carbon. monoxide to a first
reaction zone, passing said mixture upward
through a mass of finely divided hydrogenatlon
catalyst suitable under the conditions hereinafter
recited to promote the reverse shift reaction in
said first reaction zone at a linear veloeity suffi-
cient to suspend said catalyst, maintaining said
first reaction zone under conditions such that hy-
dro?gen and carbon monoxide are converted to or-
ganic compounds and carbon dioxide, removing
an effluent comprising ‘organic compounds, unre-
acted hydrogen and ‘carbon dioxide from said
first reaction zone, passing normally gaseous
components of said efluent to a second reaction
zone, introducing finely divided eatalyst from
said first reaction zone into said second reaction
zone, passing said normally gaseous components

[
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upward through a mass of finely divided catalyst

in said second reaction zone at a linear velocity . -

sufficient to suspend said catalyst, maintaining
said second reaction zone at a temperature be-
tween about 1000 and about 1500° F. and under

" conditions such that hydrogen and carbon dioxide
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are converted to carbon monoxide and water as
the principal products of the reaction, withdraw-
ing an effluent comprlsmg carbon monoxide from
said second reaction zone, passing normally gas-
eous components of said latter effluent comprising -
carbon monoxide directly to said first reaction’
zone to supplement the feed thereto, and intro-
ducing finely divided catalyst from said second
reaction zone into said first reaction zone. )

11. An improved process for the hydrogenation
of carbon monoxide to produce oxygenated or-
ganic compounds and hydrocarbons which com-
prises introducing hydrogen and carbon monoxide
into a first reaction zone in contact with a hy-

" drogenation catalyst, maintaining said first re-
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action zone under conditions such that hydrogen
and carbon monoxide are converted to organic
compounds, water and carbon dioxide, withdraw-
ing from said first reaction zone an effluent com-
prising organic compounds, water vapor, carbon
dioxide and unreacted hydrogen, cooling said
efluent from said first reaction zone sufficient to
condense water therein, after cooling to remove
water passing uncondensed components of said
effluent comprising carbon dioxide and unreacted
hydrogen as the principal reactants into a second.
reaction zone in contact with a reverse shift cata-
lyst suitable under the conditions- ‘hereinafter re-
cited to promote the reverse shift reaction, main-
taining said second reaction zone under condi-
tions of temperature between 1000 and about
1500° F. such that carbon dioxide and hydrogen
are converted to carbon monoxide and water as
the principal products of the reaction, cooling the
latter - efluent from said second reaction zone te
remove water therefrom, and after cooling pass-
ing the efluent comprising carbon monoxide from
said second reaction zone directly to said first re-
action zone to supplement the feed thereto.
12. An improved process for the hydrogenatlon
of carbon monoxide to produce organic com-
pounds which comprises hydrogenating carbon
monoxide - with excess hydrogen in a first reac-
tion zone under conditions such that organic
compounds and carbon dioxide are produced, re-
moving .from said first reaction zone an efuent
comprising organic compounds, carbon dioxide
and unreacted hydrogen, separating carbon diox-
ide and hydrogen from said effuent from said
first reaction zone and passing hydrogen and car-
bon dioxide thus separated as the principal re-
actants to a second reaction zone, introducing ex-
traneous carbon dioxide to said second reaction
zone, maintaining a temperature between about
1000° P, and about 1600° F. in said second reac-
tion zone such that hydrogen and carbon dioxide
are converted to carbon monoxide and water as
the principal ‘products of the reaction, removing
an efluent from said second reaction zone com-
prising carbon monoxide and water vapor, re-
moving water from said effluent from said second
reaction zone, and passing said efluent compris-
ing carbon monoxide after removal of water
therefrom directly to said first reaction zone.
" 13. In the synthesis of normally liquid organic
compounds by a step including the hydrogenation
of .carbon monoxide in the presence of a hydro-
geénating catalyst wherein the reaction effuent in-

76 cludes carbon dioxide and unreacted hydrogen,
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vérted to cdrbon monoxide and water as-the
principal products of the reaction, and removing
an effluent comprising carbon monoxide from
said second redction zone, and passing carbon
monoxide of said effluent from said second reac-

tion zone directly to said first reaction zone-to

supplement the feed thereto: -

2. An improved process for the 'hydrogenatlon
of carbon monoxide to produce oxygenated or-
ganic compounds and hydrocarbons which com-
prises introducing hydrogen and carbon monoxide
into 4 first reaction zone in contact with a hy-~
drogenation catalyst, maintaining said first re-
dction zone under conditions such that hydrogen
and carbon monoxide are converted to organic
compounds, water, and carbon dioxide, with-
drawing from said first reaction zone an effluent
comprising organic compounds, methane, water
vapor, carbon dioxide and unreacted hydrogen,
cooling said effluent from said first reaction zone
to condense water vapor therein, recycling a por-
tion of the uncondensed components of said efflu-
ent to said first reaction zone, introducing an-
other portion of the uncondensed components of
said effluent comprising carbon dioxide and un-
reacted hydrogen as the principal reactants into
a second reaction zone; maintaining said second
reaction zone at a temperature between  about
1000° F. and about 1600° F. such that carbon
dioxide and hydrogen are converted to carbon

monoXxide and water as the principal products -

of the reaction, removing an effluent comprising
carbon monoxide from said second reaction zone,
and passing carbon monoxide of said effluent from
said second reaction zone directly to said first
reaction zone.

3. An improved process for-the hydrogenatlon
of carbon monoxide to produce organic com-
pounds which comprises passing a mixture com-
prising hydrogen and carbon monoxide to a
first reaction zone, passing said mixture upward
through a mass of finely divided hydrogenation
catalyst suitable under the conditions hereinafter
recited to promote the reverse shift reaction in
said first reaction zone at a linear velocity suf-
ficient to suspend said catalyst in a pseudo-liquid
fluidized condition, maintaining said first reac-
tion zone under conditions such that hydrogen
and carbon monoxide are converted to organic
compounds, carbon dioxide and water, removing
an effluent comprising organic compounds, unre-
acted hydrogen, carbon dioxide, and water vapor
from said first reaction zone, cooling said efluent
from said first reaction zone to condense water
vapor therein and removing same therefrom,
passing uncondensed components of said efluent
to a second reaction zone, introducing finely di-
vided catalyst from said first reaction zone into
said normally gaseous components being intro-
duced to said second reaction zone whereby such
catalyst is transferred to said second reaction
zone, passing said uncondensed components up-
ward through a mass of finely divided catalyst
in said second reaction zone at a linear velocity
sufficient to suspend said catalyst in a pseudo-
liquid fluidized condition, maintaining said sec-
ond reaction zone at a temperature between
about 1000 and about 1500° F. under conditions
such that hydrogen and carbon dioxide are con-
verted to carbon monoxide and water as the
principal products of the reaction, withdrawing
an effluent comprising carbon monoxide and
water vapor from said second reaction zone,
cooling said latter effluent from said second reac- .
tion zone to condense water vapor therein and

10

15

20

25

30

35

40

45

50

55

60

70

75

14

removing samé therefrom; pasiing incondensed
components of said latter efluent comprising car-
bon monoxide directly to said first reaction zone
to supplement the feed thereto, and introducing
finely divided catalyst from said second reaction
zone into the uncondensed components being
passed to said first reaction zone whereby such
catalyst is transferred to said first reaction zone.

4. An improved process for the hydrogenation
of carbon monoxide to produce organic com-
pounds which comprises passing a mixture com-
prising hydrogen and carbon monoxide to &
first reaction zone, passing said mixture upwarad
through a mass of finely divided hydrogenation
catalyst suitable under the conditions hereinafter
recited to promote the reverse shift reaction in
said first reaction zone at a linear velocity suf-
ficient to suspend said catalyst, maintaining said
first reaction zone under conditions such that
hydrogen and carbon monoxide are converted
to organic compounds and carbon dioxide, re~
moving an efluent comprising organic ‘com-
pounds, unreacted hydrogen and carbon dioxide
from said first reaction zone, passing normally
gaseous components of said effluent to a second
reaction zone, introducing finely divided catalyst
from said first reaction zone into said second
reaction zone, passing said normally gaseous
components upward through a mass of finely
divided catalyst in said second reaction zone at
a linear velocity sufficient to suspend said cata-
lyst, maintaining said second reaction zone at
a temperature between about 1000 and about
1500° F. under conditions such that hydrogen
and carbon dioxide are converted to carbon mon-
oxide and water as the principal products of
the reaction, withdrawing an efluent comprising
carbon monoxide from said second reaction zone,
passing normally gaseous components of said
latter efffuent comprising carbon monoxide di-
rectly to said first reaction zone to supplement
the feed thereto, and introducing finely- divided
catalyst from said second reaction zone into said
first reaction zone.

5. The process of claim 4 in which said cata-
lyst comprises iron.

6. The process of claim 4 in which said cata-
lyst comprises cobalt.

7. The process of claim 4 in which said cata-
lyst comprises nickel.

8. An improved process for the hydrogenation
of carbon monoxide to produce organic com-
pounds which comprises passing a mixture com-
prising hydrogen and carbon monoxide to a
first reaction zone, passing said mixture upward
through a mass of finely divided hydrogenation
catalyst suitable under the conditions hereinafter
recited to promote the reverse shift reaction in
said first reaction zone at a linear velocity suf-
ficient to suspend said catalyst in a pseudo-liquid
fluidized condition, maintaining said first reac-
tion zone under conditions such that hydrogen
and carbon monoxide are converted to organic
compounds, carbon dioxide and water, removing
an effluent comprising organic compounds, unre-
acted hydrogen carbon dioxide, and water vapor
from said first reaction zone, cooling said efluent
from said first reaction zone to condense water
vapor therein and removing same therefrom,
passing uncondensed components of said effluent
to a second reaction zone, introducing finely di-
vided catalyst from said first reaction zone into
said second reaction zone, passing said uncon-
densed components upward through a mass of
finely divided catalyst in said second reaction
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the improvement which comprises recovering
from said efiluent a stream comprising carbon
dioxide and hydrogen, passing a stream com-
prising carbon dioxide and hydrogen thus sepa-

rated to a reaction zone, reacting hydrogen and §

carbon dioxide as the prinecipal reactants in said
reaction zone by the reverse shift reaction at a
temperature between about 1000° F. and about
1600° F. to produce carbon monoxide and water
as the principal products, and passing carbon
monoxide thus produced from said reaction zone
directly to said hydrogenation step to supplement
the feed thereto.

NORMAN L. DICKINSON.-

EDWARD F. EVERETT.

LUTHER R. HILL.
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