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1

This invention relates to the method and appa-~
ratus for manufacture of & gas rich in hydrogen.
In one aspect this invention relates to manufac-
ture of a gaseous mixture of hydrogen and-carbon
monoxide. In another aspect - this - invention
relates to an integrated broeess.involving the pro-
duction of hydrogen and an oxide of carbon and
the subsequent interaction of the hydrogen and
oxide of carbon to produce organic compounds as
products. of the process.

It has been known for some time that a gas-
eous mixture comprising hydrogen angd carbon
monoxide in relatively large proportions may be
produced by the reaction of steam and/or carbon
dloxide with methane and by the partial combus-
tion of methane. The partial combustion of
methane with oxygen as well as the reaction of
methane with carbon dioxide to produce hydro-
gen and carbon monoxide produces these compo-
nents in g relatively low ratio with Tespect to
each other; usually in g mol ratio less than about
2:1 at a temperature between about 1800 and
about 2500° F. The production of hydrogen and
carbon monozide by the reaction between meth-
ane and steam produces these components in a
moi ratio above about 3:1 at a temperature be-
tween about 1250 ang about 2400° ¥. Rither of
the above reactions may be effected with or with-
out a catalyst. The synthesis of organic com-
pounds from such a gaseous mixture comprising
hydrogen and earhon monoxide has been effected
in-the presence of g catalyst, such as a metal or
2 metal oxide of group -VIII of the periodic table.
Generally, the mol ratio of hydrogen to carbon
monoxide ‘in the feed gas for the synthesis of
organic compounds in the Dresence of such g
catalyst is between 1:1 and about 4:1, preferably
a ratio of about 2:1,

Each of the above methods for broducing hy-
drogen and carbon monoxide. in relatively. large
proportions have certain inherent disadvantages,

In the partial combustion of ‘methane with
0xygen, excess.oxygen, which goes to water, is
required to prevent or minimize earbon forma-~
tion: High temperatures are also required and
temperature controi is extremely difficult as ac-
curate observation of the 'exact temperature is
substantially impossible.

In the reforming of methane with steam, heat
mmust be’ supplied to the endothermic reaction,
This is accomplished Ty Jneans  of externally
supplied heat, such as by a conventional reform-
ing furnace in which a suitable fuel is burned.
The use of a furnace in the reforming operation
has its obvioys disadvantages. One of these dis-

1

<

16

20

U

35

40

45

65

advantages is the fact that relatively low pres-
sures must be used in the reforming furnace
because of limitation in the strength of construc-
tion materisls at an economic temperature, such
economic temperature being that temperature at
which equilibrium ig favorable to & high vield of
hydrogen and carbon monoxide; Moreover, the
indirect. application of heat to the reforming
reaction reduces the efficiency of the reforming
operation.

It is an object of this invention to avercome
such inherent difficulties in the reforming oper-
ation and to provide a method for producing
& gas comprising hydrogen and carbon monoxide
in a mol ratio of about 2:1.

Anocther object of this invention is to provide
& more economic process for the production of g
synthesis feed gas having relatively large pro-
portions of hydrogen and an oxide of ecarbon,

Still another object of this invention is to pro-
vide a method and apparatus for pbroducing g
synthesis feed gas at relatively high pressures by
the reforming of methane.

It is another object of this invention to pro-
vide an integrated process for the conversion of
a normally gaseous hydrocarbon juto hydrogen
and an oxide of carbon and the Subsequent con-
version of the oxide of carbon and hydrogen to
hydrocarbons having more than one carbon atom
per molecule ang oxygenated organic compounds.

Various other objects and advantages of the
bresent invention will become apparent to those
skilled in the art from the accompanying de-
gcription and disclosure.

It is believed that this invention may be best
understood and described by reference to the
atcompanying drawing which shows a diagram-
matic arrangement of abparatus in elevation and
partly in cross-section for the manufacture of a
gas rich in hydrogen and carbon monoxide and
its subsequent use for the synthesis of organic
tompounds. . Although the invention, as described

unnecessarily limiting to the invention.

In accordance with the llustration in the draw-
ing, methane or g methane-containing gas from
any suitable source, such as natural gas, after re-
moval of hydrogen sulfide and other defrimental
sulfur - compounds therefrom by conventional

duits 1,
tion chamber & positioned substantially verti-

~eally. Although methane is referred to specifi-

cally as the feed, the use of other gaseous hydro-
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carbons, such as ethane and propane, is within

the scope of this invention. Cxygen of suitable
purity, preferably of about 85 to about 85 per cent
purity, is passed to reactor § through conduits i1
and. 2. Reactor § contains a mass of finely-
divided contact material such s a nickel or nickel
oxide catalyst, or-a suiteble heat carrying re-
fractory material such as Alundum. The oxygen
and methane gas streams intimately mix and pass
upwardly in reactor § through the mass of finely—

divided contact material at o linear gas velocity

gufficient to suspend the finely-divided- contact:

material in a pseudo-liquid condition. 'The cal-
alyst mass may be qaid to be suspended in the
gas stream but not entrained therein in the sense
that there. is-movement of the catalyst mass as

such in the direction of flow of.the gas stream..

In this pseudo-liguid condition it is preferred {o
maintain the upward velocity of the gag stricam
suficiently high to maintain the finidized catalysh
mass in 2 highly turbulent condition in which the
particles circulate at a2 high .rate within the
pseudo-liguid mass.

With the contact material in.a pseudo-~liguid
condition in reactor 8, the -gize ‘0f the réactor- is
substantially longer than. that required by the
contact or catalyst mass in the fluidized condi-
tion. In-this manner of operation all but &
minor proportion of the eatalyst mass is.con-
tained in the dense fAnidized pseudo-liquid mass,
which may be designated. as the dense phase of
the catalyst. . This dense ‘phase of catalyst or
heat carrying material occupies the lower part
of -the reactor while that part of the reactor
above the dense phase is occupied by a mixture
of gases and powdered catalyst in which the cata-
1yst concentration is much lower, and of a differ-
ent order of magnitude than-the concentration
of the catalyst in the dense phase. This diffuse
phase may be said to be a disengaging or setiling
sone in which solids lifted above the dense phase
by the gas stream are disengaged therefrom and
returned to the dense phase-to the extent that
such. solids are present in the diffuse phase in

excess of the carrying capacity of the gas stream 4
- 3% the linear velocity thereof. In the dense phase

the-concentration of catalyst in the gas stream

. varies from a maximum- near the gas inlet of

reactor § to a minimum in the upper part of this
dense phase. Likewise, the concentration of the
catalyst in the diffuse phase varies from a maxi-
mum near the upper surface of the dense phase

to a minimum in the upper part of reactor §.

Between the dense phase of high'average concen-

tration and the diffuse phase of low average con- ;

centration, there is a relatively narrow zone in
which the concentration’ of  solids in the gas

~ stream changes'in a short space from the high

concentration of the ~dense phase to the low
concentration of ‘the - diffuse.phase. This zone
has the appearance of an interface between two
visually distinct phases.and is designated by nu-
meral- {4,

_ This dense phase or pseudo-liquid method oi
operation’ ordinarily involves employment of
solid powders and linear gas velocities such that
a relatively small proportion:of the fluidized ma-

terial is carried away by entrainment-and it s -

nscessary, therefore, to provide reails in reac-
tor §, such as a cyclone separator {8, for separat-

 ing entrained material and returning it to the

dense phase, and/or to provide means external-
1y of Teactor 6, such as a Cottrell precipitator or
a liquid scrubber 38, to separate entrained- con-
tact material from the gaseous effiuent and re-
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turn it to reactor 6, or otherwise to recover solid
material from the gaseous effluent.

The contact material is employed in a fine state
of subdivision. . Preferably, the powdered con-
tact material initially contains no more than-a
minor proportion by weight of material whose
particle size is greater than- 250 microns: The
greater proportion of the catalyst mass comprises
material ‘whose particle size IS smaiter than 100
microns, including at least 95 weight per cent
of material in particle size smaller than 40 mi-
crons.. The specific fineness of the contact ma-
terial required for any operation is determined
by such factors as operating pressure and specific
gravity of the solids. o

The linear velocity of the gas stream passing
upward,throughrthe-dense phase is in the range
between about 0.1 to about 6 feet per second.
The dexnsity or concentration of the contact ma~
terial in the dense phase: will vary and depend
upon-such factors as density -of the particles of
contact -material ‘which. in turn depends -upon
the support used to carry the catalytically active
material, the linear gas velocity; ete.  General-
ly, the density or concentration of the contact
material in:the dense phase is between about. 20
and about 120 pounds per cubic foot of gas.

in-the lower portion of reactor 8 -oxygen and
methane are combusted to produce hydrogen and
carbon monoxide and some carbon dioxide and
water. It is preferred to effect this combustion
at a temperature petween about: 1200 and about
1800° F.- depending on' the operating pressure.
The oxygen and methane are generally preheated -
0 a temperature of about:800° F. and 100%° ¥,
respectively. The jhtroduction of ‘both oxygen
and methane at a plurality of points longitudinal-
1y along reactor & aids.in minimizing local over-
heating and assures adequate mixing and distri=
bution - of the reactants.  As:the . gas stream
passes upward to the upper portion of the dense
phase in reactor g,  additional methane is ine-
troduced therein through conduit i ‘and ‘steam
is introduced therein through conduit i3.. .In"
the uppér portion of the dense phase of reactor
8, preferably the upper ‘one ‘third, steam and
methane are endothermically reacted to produce
hydrogen - and carbon monoxide. - Due: to: the
high ‘rate of internal circulation of the.contact
material in the :dense phase -of Teactor 6, the
temperature gradient between the upper portion
and the lower portion:of the dense phase will be
midimum. A pressure between: atmospheric
and about 300 pounds per square inch gage, pref- -
erably below 200 pounds to minimize the amount -
of methane in the product gas, is maintained on
reactor 6. The ‘upper pressure limit - depends
upon the product composition desired and-on the
mechanical limitations of -reactor 6§ which may
pe. internally insulated to® assure: maximum
strength-at a given temperature.

The present inventicn provides a ‘method of
using a:catalyst and heat transfer material, or
a heat transfer material, which absorbs heat
from- the . exothermic combustion of ‘methane
with oxygen in the lower portion of the dense
phase and transiers the -absorbed heat. to the
endothermic reforming reaction ‘between meth-
ane and steam -in the upper poriion of the dense
phase where the heat is utilized at a lower tem-
perature level, e. g.- 100 .o 300° ¥, lower than
the .combustion temperature . depending on the -

“rate of circulation: of .the catalyst particles.- In.:

this manner of operation temperatures may. be-

‘used which are as much as 500 or 1000° F. lower. .
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than. those temperatires used in conventional
methane  combustion brocesses - (combustion
alone) for producing hydrogen and carbon rmon-
oxide. The use of lower temperatures results
in greatly increased efficiency beeause substan-
tially 100 per cent efficient heat transfer is ob-
tained between the exothermic combustion re-
action and the endothermic reforming reaction.
However, higher temperatures up to the maxi-
mum dictated by the mechanical strength of
the reactor may be used without departing from
the scope of this invention.. The present system
is particularly adaptable to the use of a catalyst
which increases the capacity of the equipment
as the result of higher space velocities.,

The quantity of methane introduced into re-
actor 6 is determined by the carbon require-~
ment (carbon monoxide) of ‘the gas product
The relative quantities of oxygen and steam
and/or carbon dioxide introduced into resctor
6 are determined by -a heat: balance between the
methane-oxygen ' reaction and the methane-
steam and/or carbon dioxide reaction at a given
temperature level. Generally, the mol ratio of
oxygen to total methane introduced into reactor
§ is between zbout 0.48 and about 0.55. Carbon
dioxide may be employed to replace a portion of
the steam in the steam-methane reaction, such
a8 by recycling gases from recovery unit 42 to
be discussed more fully hereinafter,

As a means of controlling the temperatuie in
reactor § when .excess heat is liberateq by meth-
ane combustion, contact material is withdrawn
therefrom by means of standpipe 21 and intro-

duced into conduit 22 where it is entrained by a ¢

stream of steam or recycle gas and passed through
a conventional eatalyst cooler 23. The catalyst
may be.cooled in eooler 23 by either indirect or
direct contact with g cooling medium. For ex-
ample, the: catalyst may be indirectly heat ex-
changed with -water or steam or the catalyst may
be directly contacted with: a fluid, such a steam,
which is later separated from. the cgoled cata-
lyst. In cooler 23 the gas stream containing sus-
bended contact material is cooled to a tempera-
ture substantially lower than the temperature
existing in reactor §, preferably g temperature
at-least 300° ¥. lower than the temperature of
reactor 6. The cooled stream of gases and. en-
trained contact material is ‘then passed from
cooler 23 through conduit 24 and thence either
to separator 2§ or directly through conduit 28
to-the dense phase or through conduits 23 and
38 to the dilute phase of reactor 8. Separator
26 may be any type of conventional
for separating gases and finely-divided contact
material, such as a eyclone separator of g settling
chamber. Gases from the top of separator 2§
may be passed directly to reactor § through con-
duit 32 or may be passed to separate equipment,
such-as a condenser, when steam is used. Sep-
arated contact material is returned to the dilute
phase of reactor § through standpipe 23 or part
may be recycled through standpipe 27 for tem-
berature control of the hot contact material in
standpipe 21, If desired, separated contact ma-
terial in standpipe 28 may be. injected ints the
dense phase of reactor § by means of standpipe 31.

In order to decrease the cost of .internally
lining standpipe 2] and the use of expensive high
temperature valves, means must. be provided for
lowering the temperature of the eatalyst imme-

iately upon removal from the dense phase of
reactor 6. This is accomplished according to a
modification of this invention by injecting cooled

separator .
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contact material at g temperature substantially
lower than the contact material withdrawn from
reactor § directly into standpipe 2{ at or adja-
cent the outlet from reactor 6. By continuously
recycling a portion of the contact material from
reactor & through cooler 23, adequate and full
control of the temperature in standpipe 2{ ang
reactor € is effected. Suitable aeration gas, such
as steam, is introduced into the various stand-
pipes to provide free flow of the solids therein.

A gaseous effluent comprising hydrogen, earbon
monoxide, unreacted steam, methane and carbon
dioxide, andg containing a small proportion of
entrained contact material is passed from reacior
§ through conduit 17 to 4 waste heat boiler $3.
In waste heat boiler 33 the reaction effuent is
ccoled t0 a temperature below about 60¢° ¥. gen-
erating steam. for subsequent useas power and
as heat. From waste heat boiler 33 the reaction
efffuent is then passed to solids separator 38 as
previously mentioned. Separator 3§ May comi-
prise a Cottrel] brecipitator or liquid serubbing
column for removal of entrained contact mate-
rial. If a liquid serubbing column is used for
removal of entrained solids, the reaction effuent
is cooled still further, usually to g temperature
below about 200° P, depending on the pressure.
When a Cottrell precipitator is employed, recov-
ered contact material from separator 8§ is passed
through conduit or standpipe 37 to conduit 22
which returns it to reactor 8.

A% this point the reaction effluent has approxi-
mately the composition shown in the table below
when natural gas is the source of methane and
when normally gaseous components of synthesis
reactor 48 are recycled to conduit 7. It will be
understood. that the composition of the effijent
will depend upon the operating conditions, the
composition of the contact material, space veloc-
ity, ete.

Table

Mol Percent

NG T 1.0
N 65.0
CO T 25.9
CO9 oo T 4.5
CHY e T 4.5
1000

From separator 3§ the reaction efffuent com-
prising hydrogen and carbon monoxide in a moi
ratio of about 2:1 is passed to a conventional
synthesis reactor 46. Synthesis reactor 48 com-
prises any of several types of conventional reac-
tion chambers, such as g fixed bed or g fluid-beg
reaction chamber, and Necessary auxiliary eqguip-
ment known to those skilled in the art. Syn-
thesis unit 48 ay comprise a plurality of re-
actors in series or in parallel. The synthesis zZag
feed from conduit 29 is passed through synthesis
unit £8 in contact with a suitable catalyst, such
as iron or other metal or metal oxide of group
VIIT of the periodic table, under conditions of
reaction known to those skilled in the art such
that hydrocarbons having more than one zcarbon
atom per molecule and oxygenated organic com-
pounds are produced as products.of the process.
The temperature of reaction in synthesis unis 49
is generally between ahout ‘300 and about 758° 7.
and a pressure is maintained between about at-
mospheric and about 500 pounds per sguare inch
gage. When employing iron or an iron oxide
catalyst, a temperature between about 450 angd
about 650° . is appropriate. When employing
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a cobalt catalyst 2 temperature below about 450°
. is ‘employed.’ Stfficient -contact-time of reae-~
tants ang reaction:products with the catalyst ma~

terial iz afforded in synthesis unit 48 to produce’

the desired products. Usually a contact time of
gases with catalyst of about 2 to 20 seconds i3
appropriate. : :

A synthesis reaction effiuent comprising hydro-
carbons, oxygenated organic compounds,. steam,
carbon dioxide, and unreacted reactants, includ-
ing sotme methane is removed from synthesis unit
48 by means of conduib. 41 and is passed 1o 2
conventional recovery unit 42, Recovery unis 42
comprises conventional equiment for cooling and

condensing  the synthesis. efluent and suitable b

fractionation. and/or extraction equipment for
separation and-recovery of the products of the
process.  'The synthesis reaction efffuent is usual-~
1y cooled to.a temperature below about 300° F.,

preferably belew 100 F., in recovery unit 42. The -

normally gaseous or uncondensed components of
the synthesis reaction effluent are removed from
recovery unit 42 through conduit 46 and may be
reeycled in whole or in part. to synthesis. unit &8

through conduit 47, or may be passed in whole or ;
in park through conduit 48 ‘to conduit 22 or

through conduit.#9 to conduit 1., Water contain-
ing dissolved oxygenated organic compounds 1s
removed from recovery unit 42 through. conduit
54, These oxygenated organic compounds may
be recovered from the water by  conventicnal
methods known to those skilled in the art. Hy-~
drogcarbons  are removed from recovery unit £2
through' conduit 43 for- further treatment or for
ase as motor fuel,:solvents, and chemical reac-
tants. . To prevent the build-up of nitrogen in the

system a portion of the gases in conduit 48 may-

be vented therefrom. .
The gases in:conduit 48 contain a large pro-

portion of unreacted methane and carbon dioxide .

which can be recycled to supplement the feed
5 reactor .6, such as through conduit 1. These
recycle gases -may also be introduced with the
steam in conduit 13, if desired.

.- -Contact material may be positively withdrawn <o
from the upper portion of the dense phase and ~

passed by external ‘means, such as a standpipe
or a Fuller-Kinyon Pump, to ‘the lowsr portion
of the dense phase in order to aid ecirculation of
the contact material between the zones of ex-
othermis and endothermic reaction without de-
parting from the scope of this invention.

Fresh or regenerated catalyst is introduced into
the system through conduit §1 or with the react-
ants in conduits T, H and 13.

Operations according to the preferred reaction
conditions of the ‘present invention produces &
gaseous effuent from reactor § containing hydro-

gen and carbon monoxide ifr-a mol ratio -between.

about 1.8:1 and:about. 3:1-and substantially free
from methane with'a saving of about 20 per censt
oxygen as compared with -conventional- partial
combustion processes. - The invention also pro-
vides o method for positive control of the hydio-
gen to carbon monoxide ratio in the product gas
which makes the process particularly adaptable
+5 the synthesis of organic compounds.

traricus other modifications and alterations of
the apparatus and flow may be practiced by those
skilled -in the -art without departing from the
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scope: of this. invention.: Certain ccolers, con=

- densers;, pumps -and valves: ‘have “been omitted

from the drawing as a matter of convenience and
clarity and their location -gnd -use will become
obvious to those skilled in the art.

I claim:

1. A process for. the. production of a gaseous:
mixture comprising hydrogen and carbon Monox-
ide in. relatively large:proportions which. com-
prises passing reactants and produetsof reaction
upward through a mass of finely-divided contact
material in a reaction zone at.a velocity sufficient
to suspend said mass in a pseudo-liquid: condi-
tion whereby ‘a dense phase of contact material
is formed, introducing oxygen and methane into
the lower portion of said dense phase of contact
material and reacting same to produce - hydro-
gen and carbon monoxide,  introducing methane
and steam. into the upper portion of said dense -
phase and reacting same to produce hydrogen.and-
carbon monoxide, removing an efflient from said
reaction zone comprising. hydrogen and carbon *
monoxide as the product of the process, withdraw-
ing a portion of hot: contact material from the:
dense phase of said reaction zone, cooling -said:
het contact material withdrawn from said re-
action zone to a temperature below the tempera-
ture of said dense phase, returning 2 portion of
the cooled contact material to said reaction zone
as a means of controlling the temperature of the -
dense phase of contact material therein, and-ad-
mixing ‘another ~portion of said cooled contact
material with said withdrawn: contact matlerial -
adjacent the point of withdrawal.

9. A process for effecting an exothermic chem--
ical reaction which ‘comprises. passing regctants

_and products.of reaction upward through a-mass

of finely divided contact material at an elevated
temperature in a reaction zone at a veloecity suffi-
cient to.suspend said mass in a pseudo-liguid
condition whereby a dense phase of contact mate~
rial is formed, removing an efluent from said
reaction zone comprising products of the reac-

‘tion; withdrawing: a portion of hot contact ma-

terial from the dense phase of:said reaction zcne,
cooling said hot contact material withdrawn from
said. reaction ‘zone to a temperature below: the
temperature of said dense phase, refurning a por-
tion- of ‘the cooled contact material to said re-
action zone as & means of controlling:the tem-
perature of the dense phase of contact material
therein and admixing another portion of said
cooled contact material with said withdrawn con-
tact material adjacent the point of withdrawal.
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