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This invention relates to the manufacture of
a gaseous mixture rich in hydrogen. In one of
its particular aspects, this invention relates to a
method for the manufacture of hydrogen and
carbon monoxide from hydrocarbons. In another
aspect this invention relates to a process for the
synthesis of normally liquid organic compounds
from normally gaseous and liquid hydrocarbons.

It has been known for some time that hydro-
gen and carbon monoxide can be produced by
the reaction of hydrocarbons with steam and/or
carbon dioxide.

In the production of mixtures of hydrogen and
carbon monoxide by reaction of steam with hy-
drocarbons these reactants are contacted at ele-
vated temperatures between about 1250 and about
2400° F. Carbon dioxide may be added to the
reaction mixture in order to decrease the hy-
drogen to carbon monoxide ratio in the gaseous
product and in order to utilize carbon dioxide in
the generation of the gaseous product., The
process may be carried out with or without the
presence of a contact material which exerts a cat-
alytic effect on the reaction. In prior processes
the reaction has been carried outf in conventional
reforming furnaces using baiks of tubes through
which the reactants flow and in which they are
heated by indirect heat exchange with a burn-
ing fuel in the furnace. Such gaseous mixtures

containing hydrogen and carbon monoxide are |

useful as a source of hydrogen, as fuel, and as a
feed gas for the synthesis of organic compounds.
This invention has particular applicability to the
synthesis of organic compounds. The synthesis
of. organic compounds from a gaseous mixture
containing hydrogen and carbon imonoxide in
relatively large proportions is effected in the
“presence of a catalyst, such as a metal or metal
oxide of group VIII of the periodic table, at ele-
vated temperatures and relatively high superat-
mospheric pressures. Generally, the mol ratio
of hydrogen to carbon monoxide for the synthe-
sis reaction for maximum production of normally
liquid organic compounds is between about 1:1
and about 3:1, normally a ratio of about 2:1.
The selection of reaction conditions and the
proportion of reactants for producing gaseous
mixtures of hydrogen and carbon monoxide has
been governed largely by the necessity for avoid-
ing conversion of the hydrocarbons to carbon
and for maintaining the carbon monoxide to car-
bon diexide ratio in the product gas at a suitable
value, and by mechanical limitations of the
equipment. In treating any hydrocarbon or mix-
ture of hydrocarbon and carbon dioxide, it is
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necessary to supply steam in a mol ratio in ex-
cess of the theoretical required to convert all the
hydrocarbon, in order to prevent the formation
of carbon which has its obvious disadvantages.
The lower the temperature in the range of oper=
able temperatures at which the reaction is carried
out, the greater is the excess of steam over the
theoretical which is required to prevent the for-
mation of carbon. Aside from the cost of op~
erating the process attributable to the use of a
large excess of steam, a high steam to hydrocar~
bhon ratio promotes the conversion of the hydro-
carbon to carbon dioxide. The production of car~
bon dioxide decreases the production of carbon
monoxide and requires the removal, in most in-
stances, of the carbon dioxide from the product
gases. Therefore, in order to minimize the
amount of steam necessary in the process to
prevent carbon formation it has been customary
to operate at a relatively high temperature. This
represents a compromise, since the high tempera-
ture increases operating costs and limits the op-
erating pressure, usually below about 100 pounds
per square inch gage, because of the mechanical
limitations of the construction materials at the
high temperature. While any hydrocarbon may
be converted to carbon monoxide and hydrogen
by reaction with steam, carbon forms more readily
in the reaction of hydrocarbons having less than
the maximum ratio of hydrogen to carbon in the
molecule. Consequently, the prior process has
been limited practically to the treatment of hy-
drocarbon mixtures consisting entirely or prin-
cipally of methane which produces a gaseous
product having a mol ratio of hydrogen to carbon
monoxide greater than about 2:1.

When the reforming of methane is integrated
into a synthesis process for supplying the feed
gas thereto, the low pressure necessary in the re-
forming operation lowers the efficiency of the in-
tegrated process as it is necessary to compress the
reformed product to the synthesis pressure and
to depressure recycle gases of the synthesis reac-
tion being returned to the reforming furnace.

It is much to be desired, therefore, to provide
a method and apparatus for overcoming the above
inherent difficulties and limitations of the con~
ventional reforming process, particularly when it
is used as a source of feed gas for the synthesis
of organic compounds. )

An object of this invention is to provide a
flexible hydrocarbon reforming process.

Another object of this invention is to provide
a process for the production of a gaseous mix-
fure comprising hydrogen, carbon dioxide, and
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carbon monoxide having a maximum ratio of
carben monoxide to carbon dioxide.

Still another object of this invention is to main-
tain the steam requirements of a methane re-
forming process at a minimum.

Another object of this invention is to provide
a process for the reforming of methane at rela-
tively high pressures and at relatively low tem-
peratures in the range of operable conditions.

Yet another object of this invention is to pro-
vide a process for the reforming of hydrocarbons
of substantially greater molecular weight than
methane with steam to produce hydrogen and
carbon monoxide.

Still another object of this invention is to pro-
vide an integrated process for the reforming of
hydrocarbons to produce hydrogen and carbon
monoxide and the subsequent interaction of the
hydrogen and carbon monoxide to produce nor-
mally liquid organic compounds of greater eco-
nomic value than the original hydrocarbons.

Various other objects and advantages of the
present invention will become apparent to those
skilled in the art from the following description
and disclosure.

In accordance with the improved process of
this invention, hydrocarben and steam, and any
available carbon dioxide, are reacted in the pres-
ence of a circulating mass of finely divided con-
tact material which may exert a catalytic effect
on the reaction. The mol ratio of steam to hy-
drocarbon charged to the reaction zone is main-
tained at a low value whereby the conversion of
hydrocarbon to carbon dioxide is substantially
minimized and the carbon monoxide to earbon
dioxide ratio in the product gas is relatively high.
At relatively low operating temperatures the
ratio of steam to hydrocarbon in the charge gas
may be either above or below the theoretical
minimum required for the conversion of all the
hydrocarbon to carbon monoxide, while at rel-
atively high operating temperatures the ratio of
steam to hydrocarbon charged to the reaction
zone ordinarily will be below the theoretical re-
quired ratio.

These conditions of operation result in the con-
version of a portion of the hydrocarbon to carbon
and hydrogen, the carbon being deposited on or
admixed with the circulating finely divided con-
tact material.
terial, having associated therewith the carbon
formed in the reaction zone, is separated from
the reaction product gas and passed to a separate
second reaction zone. In the second reaction
zone the contact material and associated carbon
are contacted with an oxygen-containing gas at
a temperature and in a carbon to oxygen ratio
such that carbon is converted to a gas consisting
principally of carbon monoxide. The second
reaction zone preferably is operated at a relative-
Iy high temperature to favor the formation of
carbon monoxide, and the contact material thus
is heated to a temperature substantially higher
than .that required in the first reaction zone.
The heated contact material is continuously with-
drawn from the second reaction zone and re-
cycled to the first reacition zone for repassage
therethrough, in order to supply contact material
to the first reaction zone and in order to supply
at least a substantial part of the endcthermic
heat of reaction to the first reaction zone. The
gas products of both reaction zones are combined
as the product of conversicn cf the hydrocarbon.

The reaction conditions imposed on the first
reaction zone and the relative proportions of re-

The finely divided contact ma- .
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actants charged thereto are controlled primarily
with the purpose of maintaining the carbon
monoxide to carbon dioxide ratio in the product
gas at a high value and with the purpose of
operating at as low an operating temperature as
is practicable, while minimizing the steam re-
quirement of the process. These conditions re-
sult in the conversion of a porticn ¢f the hydro-
carbon reactant to carbon which is deposited in
the reaction zone. While the production of car-
bon, as an end product, is not in itself a desired
object of the present process, the improved
process has the advantage of the beneficial re-
sults of the operating conditions which produce
carben and the carbon formed is utilized to pro-
duce additional produet gas and to supply heat
of reaction. Thus the operating conditions and
the proportions of reactants which characterize
the operation in the first reaction zone may be
designated simply as those which produce carbon
in the reaction.

It is believed that the present invention may
be best described by reference to the accompany-
ing drawings which show the inventive features
of the present invention as applied, for example,
to the synthesis of organic compounds.

Fig. 1 of the drawings is a diagrammatic il-
lustration in elevation, partly in cross-section, of
an arrangement of apparatus for the synthesis
of organic compounds embodying the present in-
vention, having as its principal pieces of appa-
ratus a reforming chamber 7, a partial com-
bustion chamber 18, a synthesis reaction cham-
ber 31, and a product recovery unit 38. Fig. 2 of
the drawings is an elevational view diagrammati-
cally illustrating a modification of the reforming
cperation of the present invention.

In Fig. 1 of the drawing methane, or a meth-
ane-containing gas, from any suitable source,
such as natural gas, and preferably after the
removal of H2S by conventional methods, is
passed under pressure through conduit 4, heat
exchanger {2 and conduit § to reforming cham-
her 1. Although methane is referred to specifi-
cally as the feed to reforming chamber 7, the use
of other normally gaseous hydrocarbons, such as
ethane, propane and butane, and normally liquid
hydrocarbons, is within the scope of this inven-
tion. As will be later pointed out, this inventicn
has particular applicability to the use of hydro-
carbons of higher molecular weight than meth-
ane. Steam is introduced into conduit 6 for ad-
mixture with the methane stream therein and
passes together with methane to reforming
chamber 1. The mixture of methane and steam
passes upward, in the preferred embodiment of
this invention, through a mass of finely divided
contact material, such as supported or unsup-
ported nickel, under conditions such that the
finely divided contact material is suspended in a
fluidized pseudo-liquid condition in reforming
chamber 7. Gases are passed upward through
the mass of contact material at a velocity ef-
fective to suspend the catalyst mass in the gas
stream. The velocity of the gas stream passing
through the reaction zone, however, is sufficient-
1y low to maintain the contact mass in a so-called
dense fluidized pseudc-liquid condition. In this
condition the contact mass may be said to be
suspended in the gas stream, but not entrained
therein in the sense that there is movement of
the contact mass as such in the girection of flow
of the gas stream. It is preferred, however, to
maintain the upward veloeity of the gas stream
sufficiently high to assure a highly turbulent con-



2,618,542

5
dition ‘of the fluidized contact mass in which the
solid particles circulate at a high rate ‘within the
pseudo-liquid mass.

In the embodiment:shown in Fig. 1, the contact
mass of finely divided solid particles is main-
tained in g reactor substantially larger than the
volume occupied by the contact mass in the fluid-
ized -condition. In this manner all but a minor
proportion of the catalyst mass is contained in a
dense fluidized pseudo-liquid mass which may be
designated as a dense phase. 'The dense phase of
contact material occupies the lower part of re-
actor 1 while that part of the reactor above the
dense phase is occupied by a mixture of gases:and
finely divided contact material in which the con-
centration of contact material is much lower, and
of -a different order of magnitude, than the ccon-
centration of the contact material in the dense
phase. This phase in the upper portion of re-
‘actor 1 may be designated as the diffuse phase
and may be considered a disengaging zone in
which the solids lifted above the dense phase by
the gas stream are disengaged therefrom and re-
turned to the dense phase to the extent that
such solids are present in the diffuse phase in
excess of the carrying capacity of the gas stream
at the linear velocity thereof. Inthe dense phase,
the concentration of the contact material in the
gas stream varies from a maximum at the gas
inlet to a minimum in the upper part of this
phase. Likewise, the concentration of the con-
tact material in the diffuse phase varies from a
maximum near the dense phase to a minimum af
the upper part of reactor 3. Between the dense
phase of high average concentration and the dif-
fuse phase of low average concentration -of solids,
there is a relatively narrow zone in which the con-
centration 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 dif-
fuse phase. This zone has the appearance of an
interface between two visually distinct phases
and is designated by numeral 8.

Such operation ordinarily involves contact ma-
terial of such size and gas velocities that a rela-
tively small propertion of the fluidized contact
‘material is carried away by entrainment and it
is necessary to provide means within the reactor,
such as a cyclone separator 9 and attached stand-
pipe, for separating such entrained contact ma-
terial and returning it intoe the dense phase, or to
provide externally of the reactor means, suchas a
cyclone separator and standpipe terminating in
thereactor (not shown) , to separate entrained con-
tact material from the gas stream and return it to
the reactor, or otherwise recover contact material
from the product gas stream in conduit 11. “When
the contact material is permitted to pass out of
‘the reactor by entrainment in the gas stream, it
is necessary to return such contact material to
the reactor or replace it with fresh or additional
contact material, in order to maintain the de-
sired volume of fluidized contact mass in reac-
tor 1.

To maintain the fluidized condition, the con- ¢

tact material is employed in a fine state of sub-
division. Preferably, the powdered -contact ma-
terial initially contains ne more than 4 minor
proportion by weight of material whose particle
size is greater than 250 microns. Preferably, also
the greater proportion of the contact material
comprises material whose particle size is smaller
than 100 microns, including at least 25 weight
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tact material required for :any operation is .de-
termined by such factors as pressure and spe-
cific gravity of the particles. When this mate-
rial is subjected to an upward linear gas velocity
between about 0.1 and about 5 or 6 feet per sec~
ond, the particles form the so-called pseudo-
liquid fluidized condition. The specific .density
or concentration of the:solids in the dense phase
will depend upon the particle ‘density and upon
the linear gas velocity. Generally, the density of
the dense phase is between about 15 and about
120 pounds per cubic foot of gas, the lower densi-
ties prevailing with the higher velocities-and with
lower particle densities, and the higher densities
prevailing with the lower velocities and with
higher ‘particle density. For a comparison, the
settled density of the contact mass is usually
about 1.5 to 3 times the density of the dense phase.

According to the present invention, reactor 1
is mgintained under operating conditions such
that methane is reacted with steam to produce
hydrogen, carbon monoxide and a minimum
amount of carbon dioxide accompanied by a sub-
stantial deposition of carbon upon the contact
material. Under the operating conditions pre-
ferred for chamber 7 at least 0.1 pound of car-
bon is deposited on each pound of contact mate-
rial charged to reactor 7. A temperature he-
tween about 1000 and about 1800° P is employed
in reactor 7. Temperatures below about 1400 or
1300° F. are preferred; the temperatutre being
chosen with regard to the reaction rate required
to obtain an efficient yield of hydrogen and car-
bon monoxide and a minimum yield of .carbon
dioxide. The steam to methane ratio is magin-
tained at a ‘minimum, usually -about .one mol of
steam per mol-of methane or less, whereby a sub-
stantial deposition of carbon is obtained. If car-
bon dioxide is added to the reaction mixture and
if a relatively low temperature within the oper-
ating range is used, larger proportions of steam
with respect to methane may be used. For ex-
ample, operating at a temperature of about 1150°
F. and a mol ratio of carbon dioxide to methane
above about 0.5:1, a mol ratio of steam to meth-
ane of about 1.5:1 may be employed. These con-
ditions result in a hydrogen to carbon monoxide
mol ratio in the product gas of about 3:1 or less.
Carbon dioxide may e introduced into the Sys-
tem through conduit 6 along with steam, or into
conduit 4 from conduit 42 to be discussed more
fully hereinafter. A residence time between
about 5 and about 60 seconds is appropriate. A
relatively long residence time of the reactants

5 Within reactor 7 is not detrimental to the process

even though carbon formation is increased and
is advantageous since the yield of desired prod-
uct is increased.

The composition of the contact material in-
fluences the tendency for the deposition of car-
bon and it is, therefore, permissible to select a
contact material which favors the formation of
carbon as wel as the formation of the desired
end products. Such contact material comprises
a highly active nickel catalyst with less than
a‘]oout 50 per cent supporting or diluting mate-~
}‘1a1s, such as alumina or silica. Cobalt and iron
in active forms may also be used as contact ma-
terials. ‘Various other contact materials may be
used. For example, finely divided coal or coke
can be used as the contact material without de-
parting from the scope of this invention.

‘ According to a modification of this invention,
ethane and propane are used as the feed con-
stituents to reforming zone 1; thus ethane and
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propane may be used in combination with
methane or natural gas, or gases containing a
relatively high percentage of ethane and propane
may be used. It is permissible in the present
process to use large proportions of ethane,
propane and butane even though these hydro-
carbons have a much greater tendency for the
deposition of carbon than methane since carbon
deposition is advantageous to the process. The
use of higher molecular weight hydrocarbons is
a means for lowering the ratio of hydrogen to
carbon monoxide in the product gas when that
is desired.

This process is applicable to normally liquid

hydrocarbons, especially low grade crude Ooils, 1

such as Santa Maria crude which contains a
very high sulfur content. The high sulfur con-
tent of some crudes make their conversion to
motor fuels by conventional methods uneconomi-
cal. A Santa Maria crude may be economically
converted to valuable motor fuel by vaporizing
the crude, reforming the vapors to hydrogen and
carbon monoxide according to this invention,
and subsequently converting hydrogen and car-
bon monoxide to valuable liquid organic com-
pounds useful as motor fuel. Sulfur of the crude
is converted to HzS at the reforming conditions
and may be removed from the reforming product
by conventional scrubbing methods known to
those skilled in the art.

In view of the preceding discussion the re-
forming reaction is effected in reaction chamber
7 under conditions of operation, such as tem-~
perature, feed composition, catalyst, residence

time of reactants, etc., such that carbon deposi- :

tion is favored in order to obtain the beneficial
results of these conditions, such as a high carbon
monoxide to carbon dioxide ratic, minimum
steam requirements, high thermal efficiency, low
fuel costs, flexibility of operation, ete.
eral, relatively low temperatures within the
aforementioned range favor carbon formation
when relatively low ratios of carbon dioxide
and/or steam to methane are employed.

Typical equations for the reactions effected in
reforming chamber 7 are shown below:

(1) H204-CHs+>CO-+3Hz
(2) CO2+CHs—»>2H24-2CO
(3) CO4-H20-»>H24CO2
(4) 2C0->CO24-C

(5) CHs+>2H:-}+-C

(6) CHe+2H20->4H24-CO2

An effluent is removed from reforming chamber
7 through conduit (1. Generally, the mol ratio
of hydrogen to carbon monoxide in the effluent
from reforming chamber 7 is between about 1:1
and about 3:1. This efluent also contains carbon
dioxide, steam, and unreacted methane.

Contact material containing carbon is removed
from reforming chamber 7 through conduit or
standpipe 13 and is introduced into conduit 16
through which relatively pure oxygen or an oxy-
gen-containing gas is passed. The contact ma-
terial is suspended in the oxygen~containing gas
stream in conduit t6 and is passed to partial
combustion chamber {8 in which carbon is re-
acted with oxygen under conditions to produce
carbon monoxide accompanied by the liberation
of heat. It is within the scope of this invention
to transfer contact material from standpipe (3
to combustion chamber 18 with a relatively non-
reactive or substantially inert gas, such as steam
or methane, and separately introduce the oxygen
into combustion chamber (& The contact ma-
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terial may also be passed directly to combustion
chamber 18 by means of a standpipe, Fuller Kin-
yon pump, or the like.

Any conventional means known to those skilled
in the art, such as a standpipe, Fuller Kinyon
pump or pressured hoppers, may be used to trans-
fer contact material from reforming chamber 1
to partial combustion chamber 18 without de-
parting from the scope of this invention. An
aerating or stripping gas, such as steam or meth-
ane, may be introduced into standpipe {3
through inlet conduit (4. The aerating gas
maintains the contact material in standpipe 13
in a fluidized or aerated condition which allows
free flow of the contact material downward
through standpipe 13 by virtue of its weight in
the standpipe which must be sufficient to over-
come the pressure drop due to friction and the
differences in pressures in vessels T and (3. In
some circumstances the aerating gas may be used
to purge the contact material of water vapor and
carbon dioxide and strip the contact material of
volatilizable compounds. Although relatively
pure oxygen is preferred as the oxidizing agent
for the reaction effected in combustion chamber
i8 to avoid contaminating the product gas and
to reduce heat losses, enriched air may be used
when purification of the gas product is unneces-
sary or is not a problem. Steam may be used
together with oxygen to convert a part of the
carbon to hydrogen and carbon monoxide, if de-
sired.

Oxygen-containing gas from conduit (6 is
passed upward through combustion chamber 18
through a mass of finely divided contact mate-
rial at a velocity sufficient to suspend the mass
in a pseudo-liquid condition similar to that con-
dition described with reference to reforming
chamber 7. Preferably, the linear velocity of the
gas stream passing upward through the contact
mass in combustion chamber {8 is sufficient to
maintain the particles of contact material in a
high state of turbulence causing circulation
throughout the dense phase. The velocity of the
gaseous stream is preferably sufficiently low as
to not entrain more than a minor proportion of
the contact material in the effluent from chamber
8. As in reforming chamber 71, a lower dense
phase and an upper dilute phase with an inter-
face (9 is maintained in combustion chamber 8.
To remove any entrained contact material a
cyclone separator (not shown), such as the
cyclone separator 9 of reforming chamber 1, may
be positioned within combustion chamber 18, or
the gaseous efiuent from chamber 18 may be
passed to the upper portion of chamber 7 through
conduits 20 and 2{ whereby entrained material
is separated in cyclone separator 9.

Appropriate reaction conditions are maintained
in combustion chamber 8 to oxidize the carbon
on the contact material to produce carbon mon-
oxide. Generally, a reaction temperature be-
tween about 1200 and about 2000° P, is used. A
pressure corresponding to the pressure in reform-
ing chamber T may be employed. Conveniently,
the pressure in combustion chamber (8 is in ex-
cess of that required to overcome the pressure
drop necessary to transfer contact material from
chamber (8 to chamber 7, which will be dis-
cussed more fully hereinafter. About 1 mol of
oxygen per mol of carbon is introduced into com-
bustion chamber 18. On the basis of pounds of
contact material transferred from chamber 7 to
chamber (8, about 0.001 to about 0.01 mol of
oxygen per pound of catalyst is employed. At
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the preferred operating conditions of the system,
between about 0.002 and about 0.008 mol of ox-
ygen per pound of contact material is used. Since
the temperature of chamber 18 is a function of
the oxygen to carbon ratio, this ratio is adjusted
within the above limits for any given circula-
tion rate of contact material between reforming
chamber T and combustion chamber {8 to con-
vert. carbon to carbon monoxide and to provide
sufficient heat for the endothermic heat being
effected in reforming chamber 7. The heated
contact material is removed from combustion
chamber i8 through a conventional standpipe 22
and is introduced into conduit 6 by means of
which it is passed to reforming chamber 1. In
reforming chamber 71, the heated contact mate-
rial gives up its sensible heat.

An aerating or stripping gas may be introduced
into standpipe 22 through conduit 23. Such
aerating or stripping gas may conveniently com-
prise steam, methane or carbon dioxide.

The heat requirement of the endothermic re-
forming reaction effected in chamber T is sup-
plied from the sensible heat of the contact mate-
rial transferred from combustion chamber 8.
Therefore, the temperature of chamber (8 will
always be above the temperature of chamber 7
and, from the standpoint of heat transfer pur-
poses and quantity of contact material trans-
ferred, the temperature difference should be at
least 200° . In case sufficient heat can not be
obtained by the oxidation of carbon on the con-
tact material for the partial combustion reaction
and the reforming reaction, additional earbon in
the form of coal or coke may be introduced into
chamber I8 through conduits {6 and 24 where it
is burned. Also methane may be intreduced into
chamber {8 through conduit 26 Burning of
methane and/or coal in chamber 18 provides ad-
ditional heat for heating the contact material to
the desired temperature level. Preferably, the
oxygen introduced through conduit 6 is pre-
heated prior to entry into chamber (8 in order
to aid in obtaining a relatively high temperature
therein. Preheating of the oxygen may be con-
veniently achieved by passing a portion or all of
the oxygen in indirect heat exchange with the
effuent in conduit I by means of conduit (T and
heat exchanger 2.

In the operation of units 7 and I8, a ratio of
oxygen to contact material introduced in cham-
Per {8 and a circulation rate between chambers
7 and 18 is chosen to maintain the desired tem-
perature level and to supply the endothermic heat
of reaction in reforming chamber T. Since the
oxygen requirements will vary within relatively
narrow limits, the temperature control of cham-
ber T may be effected almost entirely by the con-
trol of the quantity of contact material passed
through standpipes 13 and 22 by means of suitable
flow control valves.

In the preferred method of operation, combus-
tion chamber 18 is operated at a pressure in ex-
cess of the pressure in reforming chamber 7. In
this. manner a relatively short standpipe 22 is
sufficient to pass the contact material from com-
bustion chamber 18 to reforming chamber T.
The use of a short standpipe at this point is de-
sirable because it reduces the mechanical diffi-
culty of transferring the hot contaect material.
To pass the contact material from reforming
chamber T to combustion chamber (8 under such
conditions, a longer standpipe 13" is required in
order to overcome both the friction and the in-
creased pressure existing in chamber 18.
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In a modification of the present invention, hot
contact material may be transferred to chamber
1 by means of entrainment in steam alone and
the methane introduced separately into chamber
1 through conduit 25. By this method the hot
contact material may be mixed with water where-
by the water is converted to steam and the re-
sulting mixture of steam and contact material
is passed to chamber 1, such as through conduit 8.

A reaction efiuent comprising carbon monoxide
and small proportions of carbon dioxide and
steam is removed from combustion chamber 18
through conduit 21 and this effluent is combined
with the efuent from reforming chamber 7 in
conduit it as the product of the gas making
process. The combined streams from chambers
{8 and T which may contain entrained contact
material are passed through a conventional heat
exchanger 12, as previously discussed, for pre-
heating the hydrocarbon and oxygen feed
streams in conduits 4 and 17, respectively, After
heat exchange in heat exchanger 2 the effluent
is. cooled to a temperature below about 1000° F.
and is passed through conduit 7 to a second cooler
28. Cooler 28 comprises a conventional direct or
indirect cooling means for cooling the effluent
to a temperature below about 600° F. As an
example, the gases may be scrubbed with a liquid
medium, such as water, which cools the effluent
at. the existing pressure to the desired. temper-
ature and simultaneously removes any entrained
contact material which still remains therein., If
a. scrubber is used to cool the efluent, the con-
tact material is removed from the scrubbing
medium by settling or the like and subsequently
returned to chamber {8 or chamber T by means
not shown as a slurry or as any finely divided ma-
terial.

In accordance with one embodiment of this in-
vention, the cooled reaction efluent is passed
from cooler 28 through conduit 29 to a conven-
tional synthesis reactor 31 for the conversion of
the hydrogen and carbon oxides in the gas stream
to normally liquid organic compounds for use as
motor fuel, solvents, and chemical reagents. As
shown, reactor 3t is a fluid-bed reactor with a
lower dense phase of finely divided catalyst and
an upper dilute phase with an interface 32 be-
tween such phases. Synthesis reactor 3f may
comprise any of several types of conventional re-
action chamber, either fixed bed or fluid bed
reaction units, without departing from the scope
of this invention. Synthesis reactor 3{ may com-
prise a plurality of reactors in series or in paral-
lel. Since the synthesis reaction for the con-
version of hydrogen and carbon monoxide to
organic compounds is exothermie, a conventional
cooler 36 is provided for cooling finely divided
catalyst removed from reactor 31 through conduit
34. The catalyst is cooled in cooler 3% to a tem-
perature at least 200° P. below the reaction tem-
perature of reactor 31. Cooled catalyst is re-
cycled to reactor 31 through conduit 29. The
quantity and temperature of circulated catalyst
is regulated such-that adequate and positive con-
trol of the temperature of reactor 3f is main-
tained by means of cooler 35.. Cooler 35 can be
omitted if desired, and cooling effected by other
methods, such as direct injection of a cooling
medium into reactor 31. '

Gases comprising hydrogen and carbon mon-
oxide in conduit 29 are passed through synthesis
reactor 31 in- contact with a- suitable hydrogena-
tion catalyst, such as iron; or other metal or
metal oxide of group VIII of the periodic table;
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The temperature of reaction in synthesis reactor
31 is maintained between about 300 and about
700° F. and a pressure is maintained between
about atmospheric and about 500 pounds per
square inch gage, preferably between about 100
and about 300 pounds per square inch gage.
When employing an iron or iron oxide catalyst in
finely divided form, a temperature between about
450 and 650° P, is appropriate. When employing
a cobalt catalyst in finely divided form, a tem-
perature below about 450° F. is employed. Suf-
ficient contact time of reactants and reaction
products with the catalyst material is afforded
in the dense phase of reactor 31 to form the de-
sired products of the process. Generally, a con-
tact time of gases with catalyst between about 2
and about 20 seconds is appropriate.

During the synthesis reaction, carkonacsous
deposits form upon the catalyst and in the case
of reduced metal catalysts the catalyst becomes
partially oxidized. As a result of the carbon-
aceous deposits and partial oxidation of the re-
duced metals, it becomes necessary to revivify the
catalyst to restore its activity. Revivification
may be accomplished by removing the catalyst
through conduit or standpipe 37 and passing the
catalytic material to conventional oxidation
and/or reduction chambers (not shown) in which
the carbonaceous deposits are removed by burn-
ing and the oxidized catalyst is reduced. Oxida-
tion of the spent catalyst is effected at elevated
temperatures with oxygen, and reduction of the
partially oxidized catalyst is effected at elevated
temperatures with hydrogen. The revivified
catalyst is returned to reactor 31 by means not
shown.

A reaction efluent comprising hydrocarbons,
oxygenated organic compounds, steam, carbon
dioxide, and unreacted reactants including some
methane from the synthesis gas is removed from
reactor 31 through conduit 33 and passed to a
condensation and recovery unit 38. In case the
effluent contains entrained catalyst, a conven-
tional solids separator (not shown), such as a
cyclone separator, Cottrell precipitator, or liquid
scrubbing chamber, may be provided for removal
of the entrained catalyst.. The recovered en-
trained catalyst is then returned to reactor 31.
Recovery unit 38 comprises conventional recov-
ery equipment, such as condensers, accumulators,
fractionators, and extractors, together with aux-
iliary equipment necessary for their operation
known to those skilled in the art. The tempera-
ture of the efluent is usually reduced below about
300° F. in recovery unit 38 during the recovery
of the products of the process. Water is removed
from recovery unit 38 through conduit 88. Since
the water may contain considerable amounts of
soluble oxygenated organic compounds, the water
may be passed to conventional recovery equip-
ment (not shown) for removal of the oxygenated
organic compounds therefrom. Organic products
of the process, including normally liquid hydro-
carbons, are removed from recovery unit 38
through conduit 41. Normally gaseous compo-
nents of the synthesis reaction effluent are re-
moved from recovery unit 38 through conduit
42. These normally gaseous components com-
prising unreacted hydrogen and carbon monox-
ide, carbon dioxide, methane and, when air is
used as a source of oxygen in conduit 8, nitro-
gen will also be present. These gases may be
recycled to conduit 4 through conduit 42 as
shown to supplement the feed to the reforming
chamber 1. The carbon dioxide and methane in
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the recycle gases are converted to hydrogen and
carbon menoxide in reforming chamber 7. When
it is desirable to recycle only carbon dioxide
and/cr when it is desirable to prevent the build-
up of nitrogen in the system, a portion or all of
the gas stream in conduit 42 is passed to a scrub-
bing chamber 44 through conduit 43. Scrubbing
chamber 44 comprises a conventional carbon di-
oxide scrubhing chamber in which the gaseous
stream is scrubbed with an amine solution to re-
move the carbon dioxide. Gasecus components,
including methane and nitrogen, are removed
through conduit 48 and may be used as fuel or
vented to the atmosphere. The scrubbing me-
dium is stripped of carbon dioxide and the car-
bon dioxide is returned to conduit 42 through
conduit 41. The carbon dioxide is then recycled
to conduit 4 as previously discussed. Recycling
of the gaseous compcnents from reactor 31 is es-
pecially desirable when using an iron synthesis
catalyst since the efluent in such case will con-
tain relatively high proportions of carbon diox-
ide, usually above 20 per cent by volume of car-
bon dioxide and as much as 50 volume per cent.
The carbon dioxide formed can be utilized to sup-
plement the steam introdueed into reformer unit
1 by recycling through conduit 42.

Since reforming chamber 7, combustion cham-
ber 18, and synthesis reactor 31 may be operated
substantially at the same elevated pressure, the
recycling of carbon dioxide formed in synthesis
unit 31 is economical. A compressor may be pro-
vided in conduit 42 for compressing the recycle
gases to overcome the pressure drop of the sys-
tem.

Figure 2 of the drawings is an elevational view
of an arrangement of apparatus for a preferred
modification of the present invention in which
contact material is continuously -circulated
through reforming zone 82 in the direction of
flow of the reactant gases. Since the operating
conditions employed in the illustration of the
embodiment of Figure 2 are similar to those de-
scribed and discussed with respect to Figure 1,
only a brief discussion of the apparatus of Fig-
ure 2 and its operation will be undertaken. Ac-
cordingly, methane or other hydrocarbons is
passed through conduit 61, heat exchanger 67, to
reforming chamber 62. The preheated gases in
conduit 61 pick up contact material from stand-
pipe 83 and pass the contact material by entrain-
ment to reforming chamber 62. The gases and
contact material are continuously passed upward
though reforming chamber 62 into transfer line
63 to a solids separator 64.

The cross-sectional area of reforming cham-
her 62 and the linear velocity of the gases passing
therethrough is such that the contact material
is moved in the direction of flow of the gaseous
reactants. Preferably, a velocity above about 6
feet per second is employed to carry the contact
material with the gases. However, with a rela-
tively small cross-sectional chamber, such as a
chamber having less than about 2 inches in di-
ameter, lower velocities may be used. It is pre-
ferred that the velocity and the cross-sectional
area of chamber 62 be such that the particles of
contact material do not cireulate materially
within chamber 62 but continuously move in the
direction of flow of the gaseous reactants. The
operation may be such, however, that circulation
of the contact material within chamber 62 is per-
mitted within a relatively short longitudina] dis-
tance while the entire mass of contact material
moves in the direction of flow of the gases. Con-



‘tial combustion chamber 6€8.

2,618,542

13
duits 61 and $3 should be of substantially less
cross-sectiondl area than vertical chamber 62 in
order to prevent settling of the contact material
in the horizontal sections thereof. In other
words, the velocities in conduits 61 and 63 should

be substantidlly greater than the velocity of the

gases within chamber 62.

The operating conditions employed within
chamber 62 are substantially the same as those
with regard to reforming chamber 7 of Figure 1.

-Contact material and gases are separated from
each other in separator 64. Separator 64 may
comprise an enlarged settling zone, a cyclone sep-
arator or other like means known to those skilled
in the art for separating sclids from gases. The
separated solids containing deposited carbon
thereon settle to the lower portion of separator 84
and are passed therefrom into an elongated par~
The contact ma-
terial passes downward in combustion chamber
68 countercurrently to an upward flowing stream
of oxygen or oxygen-containing gas introduced
therein through conduits 71 and T12. It is pre-
ferred to introduce the oxygen-containing gas at
a plurality of spaced points longitudinally along
combustion chamber 68 to aid in the control of
the partial combustion process and to obtain 3
relatively uniform temperature therein without
the formation of hot spots, or local overheating.
The conditions of partial combustion are substan-
tially the same as those described with regard to
partial combustion chamber I8 of Figure 1.
Steam may also be introduced into partial com-
bustion chamber 68 through conduit 73. The
steam and carbon are converted to hydrogen and
carbon monoxide. Gases issuing from the upper
portion of partial combustion chamber 68 con-
tain carbon monoxide and, when steam is in-

‘troduced therein through conduit 73, these gases

will .also contain hydrogen. 'The gases from

chamber 68 are admixed with the gases from

reforming chamber 62 and pass from separator
‘64 through conduit 68 to heat exchanger §1. The
gases contain hydrogen and carbon monoxide in
a mol ratio between about 1:1 and about 3:1,and
may be used as a feed-gas for the synthesis of
organic compounds as described with regard to
Figure 1.

Contact material having at least a portion of
the carbon removed therefrom is passed to com-
bustion chamber 68 by means of stand pipe 69
and conduit 61 for recirculation through reform-
ing chamber 62. The sensible heat of the con-
tact material from combustion chamber 68 sup-
plies the nhecessary endothermic heat of reac-
tion for the reforming reaction being effected in
chamber 62. In some instances it may be neces-
sary to cool the heated contact material passing
from a combustion chamber 68 to reforming
chamber 62. The requirement for cooling will
arise when the temperature with relation to the
particular quantity of contact material passing
between the two zones is above that required to
give the desired reforming temperature. Cooling
may be effected by indirect or direct means, such
as a conventional catalyst cooler (not shown) im-
posed in standpipe 69 in which indirect heat
exchange is made between a suitable eooling me-
dium and contact material, or by direct injection
of a relatively cold reactant, water, or saturated
steam into the contact material in standpipe €9
or conduit 6{. The carbon monoxide produced by
the partial combustion of the carbon in combus-
tion chamber 68 supplements the carbon mon-
oxide content of the product gases in conduit 66.
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As used herein, the term “fluidized condition”
refers to the condition of the contact material
both when it forms a fiuid bed or dense phase as
described in Figure 1 and when it is entrained in
the gaseous mixture and passes through the re-
action zone therewith as described with regard
to Figure 2.

Various coolers, condensers, pumps, valves and
heat exchangers have been omitted from the
drawings as a matter of convenience and clarity

-and their use and location will become apparent

to those skilled in the art without departing from
the scope of this invention. Various modifica-
tions of the invention and arrangement of the
apparatus will also become apparent to those
skilled in the art without departing from the
scope of this invention.

We claim: :

1. A process for producing hydrogen and car-
bon monoxide as the principal products which
comprises reacting steam and a hydrocarbon in a
first reaction zone at a temperature below 1300°

. in the presence of a finely divided contact ma-

terial under conditions such that hydrogen and
carbon monoxide are produced, the steam and
hydrccarbon being introduced into the first re-
-action zone in a relatively low mol ratio in rela-
tion to the temperature employed such that the
mol ratio corresponds to that of the mol ratio
of steam to methane not greater than about 1:1
and such that a substantial portion of the hydro«
carbon is converted to carbon which is deposited
in the first reaction zone in association with the
finely divided contact material, withdrawing
product gas and contact material and associated
carbon from the first reaction zone, introducing
the withdrawn contact material and associated
carbon into a separate second reaction zone,
simultaneously with the reaction in said first
reaction zone contacting carbon and contact ma-
terial in the second reaction zone with oxygen at
a higher temperature than said first reaction zone
and in a relatively low ratio of oxygen to carbon
such that carbon is exothermically converted to
gas comprising a substantial proportion of car-
bon monoxide whereby the mass of solids in the
second reaction zone is heated to a temperature
substantially higher than the temperature main-
tained in the first reaction zone, withdrawing
heated contact material and product gas from the
second reaction zone, combining product gas from
the second reaction zone with product gas from
the first reaction zone, reintroducing into the
first reaction zone heated contact material with-
drawn from the second reaction zone and cycli-
cally circulating contact material between said
first and second reaction zones in the above man-
ner whereby carbon deposited in the first reac-
tion zone is converted to carbon monoxide in the
second reaction zone and at least a portion of the
heat of reaction required in the first reaction
zone is supplied thereto by the passage of the hot
contact material from the second reaction zone
to the first reaction zone.

2. The process of claim 1 in which said contact
material comprises nickel.

3. The process of claim 1 in which said contact
material comprises coal.

4. The process of claim 1 in which said contact
material comprises iron.

5. A process for the production of a gaseous
mixture comprising hydrogen and carbon monox-
ide in relatively large proportions which com-
prises introducing steam and a hydrocarbon into
a first reaction zone, passing steam and normally
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gaseous hydrocarbons upward through a mass of
finely divided contact material in said first re-
action zone at a linear gas velocity sufficient to
suspend said contact material in a fluidized con-
dition under conditions of temperature below
1300° F. such that hydrogen and carbon monoxide
are produced and such that carbon is produced
in substantial amounts, controlling the mol ratios
of reactants introduced into said first reaction
zone in relation to the temperature employed
such that the mol ratio corresponds to that of the
mol ratio of steam to methane not greater than
about 1:1, removing from said first reaction zone
contact material associated with substantial
amounts of carbon and simultaneously with the
reaction in said first reaction zone passing same
to a second reaction zone, passing oxygen upward
through said contact material in said second re-
action zone at a linear gas velocity sufficient to
suspend the contact material in a fluidized con-
dition under exothermic conditions such that car-
bon monoxide is produced as the principal reac-
tion between the oxygen and carbon, maintaining
a temperature in said second reaction zone at
least 200° . above the temperature of said first
reaction zone, removing hot contact material
from said second reaction zone and passing same
to said first reaction zone to supply endothermic
heat of reaction to said first reaction zone, and
removing efluents from each of said reaction
zones and combining same as the product of the
Process.

6. A process for producing hydrogen and car-
bon monoxide as the principal products which
comprises reacting steam and methane in a first
reaction zone in the presence of finely divided
contact material at a temperature below 1300° F.
to produce hydrogen and carbon monoxide, the
steam and methane being introduced into said
first reaction zone in a mol ratio less than about
1:1 whereby a substantial portion of the methane
is converted to carbon which is deposited in the
first reaction zone on the finely divided contact
material in a quantity amounting to at least 1%
by weight of the contact material, withdrawing
product gas and contact material and associated
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carbon from the first reaction zone, introducing
the withdrawn contact material and associated
carbon into a second separate reaction zone,
simultaneously with the reaction in said first re~
action zone contacting carbon and contact ma-
terial in said second reaction zone with oxygen
at a temperature between about 1200 and about
2000° F'. and at least 200° F. higher than the tem-
perature of said first reaction zone, the amount
of oxygen being introduced into said second re-
action zone being between about 0.001 and about
0.01 mol per pound of contact material charged
thereto such that carbon is converted to a gas
comprising a substantial proportion of carbon
monoxide and the contact material in the second
reaction zone is heated to a temperature substan-
tially higher than the temperature maintained
in the first reaction zone, withdrawing heated
contact material and product gas from said sec-
ond reaction zone, combining product gas from
said second reaction zone with product gas from
said first reaction zone as the product of the
process, reintroducing into said first reaction
zone heated contact material withdrawn from
said second reaction zone and cyclically circulat-
ing contact material between said first and sec-
ond reaction zones.

7. The process of claim 6 in which the contact
material is a nickel catalyst containing less than
about 50 per cent supporting material.

CRUZAN ALEXANDER.
GEORGE H. PALLMER.
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