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1

- (CL 23—212)

The novel features of my invention are fully

disclosed in the following specification and
claims read in connection with the accompanying
drawings.

The preduction of hydrogen from natural gas
or refinery gases by reformation in the so-called
“tube process” is well known in the art. In this
process catalyst is contained in a'group of high
alloy tubes which operate in parallel within a
furnace. The amount of heat and temperature
level required are thus obtained by transfer from
the combustion gases within the furnace. Cata-
lysts made from nickel metal or nickel on a sup-
porting material have been found o be particu-
larly useful in carrying out this process which
may be illustrated by the following eguation for
methane:

CH4+-H20=C0O+3H2 ! (¢9)

‘When used for the production of hydrogen,
the reformation furnace is followed by a con-
version step in which additional steam is used
to convert the carbon monoxide to hydrogen as
illustrated by the following equation:

CO-+H20=CO2+He @

The reformation process may also be used to
prepare Hz~-CO mixtures having definite ratios
of Hz to CO, by supplying CO2 as well as steam
to the reformer. Using methane as a typical
hydrocarbon, the following equation illustrates *
the production of gas containing Ho to CO of
2t01:

3CH:+-2H20+-CO2=4CO--8H2 3

For the preparation of gas containing an 2 to
CO ratio of 1 to 1, methane may be reformed
with COz as in the following equation.:

CH:4-CO2=2C0O+-2H2 4

The above reactions are all endothermie, and
the equations are merely simple il‘ustrations of
the main reactions performed. In actual prac-
tice, complete conversion c¢f methane is not ob-
tained nor is the selectivity toward CO formation
1009 as indicated by the eguations. Uncon-
verted methane, some COz and water appear as
end products and hence the feed quantities of
CO2 and H20 must be adjusted accordingly.

In order to obtain a high degree of conversion
of the hydrocarbons used in the process, it is
necessary o operate commercially at catalyst
temperature levels of, say, 1400-1600° ¥, The

. tubes are 0bv10usly at somewhat hlvher tempera-

1This reaction is called “reformatmn
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tures and hence it is impossible to operate at
pressures very much above atmospheric because
of the strength characteristics of the alloys em-
ployed. The high temperature required for the
reaction also limits the amount of heat which can
be transferred and thereby limits the production
capacity of the tube furnace.

To overcome these difficulties and permit the
production of hydrogen or hydrogen-containing
gases under pressure thus being enabled to take
advantage of several favorable factors, which are
described further on, I propose to operate the tube
furnace followed by and in combination with an.
oxidizing step. The tube furnace will operate at
a lower temperature level than is usually em-
ployed in order that the tubes will satisfactorily
withstand the pressure employed. Under these
conditions the degree of conversion of the hydro-
carbon gas used in the process is, however, lower
than desirable and considerable unconverted
methane is contained in the hot gases leaving the
furnace. The lower temperature does, however,
increase the heat transfer capacity and thereby
the production capacity of the furnace. .

In the oxidizing step the partial combustnon ]
of methane may be illustrated by the following
reaction: -

CH¢4-02=CO+Hz-+H20

This reaction is, of course, exothermic.

The combination of the partial combustlon
reaction with the reformation reaction may be
illustrated for the production of gas containing
a ratio of Ha to CO of 1 to 1 by combining Reac-
tions 4 and 5. If (F) signifies the moles of oxygen
used per mole of methane, the following is
obtained:

CH4+-F(02) 4 (1-F) CO2= .
(2-F) CO+ -F)He-{-(F)H20  (6)

Here again the reaction is idealized, since in-
practice unconverted methane, CO2 and more
water than indicated appears.in‘the end products
and to obtain the equal molal ratio of CO-Ha2
shown requires a proper adjustment of CO: and
H20 in the feed gases. It will be observed that
when F equals 1 in Equation 6, the reaction
reverts to Equation 5 and conversion is entirely
by partial combusticn. If F equals 0, the reaction
reverts to Equation 4 and the conversion is en-
tirely by reformation. By the proper use of
oxygen I have found that it is possible to obtain
a, combination of reformation and oxidation
which is more economical than either alone. -

Although the above reactions illustrate the use

(8)
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of reformation-oxidation in the production of
gas having an Hz to CO ratio of 1 to 1, similar
equations may be used to illustrate the produc-
tion of gases having a 2 to 1 ratio. The ratio is,
however, not limited to 1 to 1 or 2 to 1 but may
be adjusted widely to cover and exceed these
limits. .

The partially reformed gas leaving the furnace
under pressure will be collected in a suitable mani-
fold and led into a well-insulated vessel con-
taining catalyst which may be similar in compo-
sition to that used in the reformer tubes. The
vessel may contain s series of separated catalyst
beds or, if desired, a numker of vessels may be used
in series, each vessel comprising a singie catalyst
bed. The gas will be introduced to the vessel by
means of a special burner te which oxygen-con-
taining gas is supplied. Additional oxygen may
be added at the varicus catalyst beds or to the
inlet of the vessels if a series arrangement is em-
ployed. The oxygen coutent of this gas may vary
between that of air and 100% oxygen depending
on the degree to which the elimination of diluent
nitrogen from the gas produced is desirable. Oxy-
gen introduced in this manner, in the proper
amount, raises the temperature of the gases by
partial combustion. Because of the high tem-
perature obtained, the methane content of the
final gas leaving the oxidizer may be maintained
satisfactorily low.

Pollowing the oxidizer or in the upper section
of the oxidizer, I instal: a waste heat boiler which
will reduce the gag temperature and thereby
“freeze’ the composition of the gases at the high
temperature level used in the oxidizer. Heat ex-
changers and coolers are employed after the waste
heat boiler or in case the process is for the pro-
duction of hydrogen alone, a carbon monoxide
converter may be installed before the gas is finally
cooled.

The carbon dioxide in the final gas may be
removed by means of a scrubber employing con-
ventional means.

For the production of hydrogen-carbon mon-
oxide mixtures used in the synthesis of hydrocar-
bons, the process gas will be mixed with both car-
bon dioxide and steam and the excess (25-150%)
is based on both gases since it has been found
that carbon dioxide is equivalent o steam mole
for mole. The relative amounts of carbon dioxide
and. steam used will, of course, depend upon the
carbon content of the hydrocarbons in the proc-
ess- gas used together with ratio of hydrogen to
carbon monoxide desired in the final gas and the
extent to which oxygen is used in the-oxidizer. In
all of the above cases the reactant mixture may
or may not be preheated.

The gas throughput in the reformer tubes may
range from 500-4000 volumes of theoreticai Hs
plus CO per volume of catalyst per hour. Theo-
retical Hz plus CO is defined as the total moles
of H24-CO obtained by complete conversion of
the hydrocarbons with steam. Maximum re-
former catalyst operating temperatures ranging
from 1300-1500° F. are used in the preferred form
of operation of my process to chtain hydrocarbon
conversions of approximately 65-85%. At these
temperature levels the pressure of operation may
range between 15-150 p.s.i.g.2

The throughput in the oxidizer may also range
between 500-4000 V./V./Hr. (above basis) with a
minimum operating femperature ranging be-
tween 1500° F. and 1800° F'. at pressures of 15-150
D. s. 1. 2. as set by the reformer operation.
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Air or enriched air (preheated if desired) con-
taining befween 21 and 100% oxygen may be add-
ed to the oxidizer to effect satisfactory conversion
of the methane left in the gas leaving the re-
former. In the case of the production of hydro-
gen-carbon monoxide, the addition of oxygen-
containing gas may also be used to control, with-
in limits, the ratio of hydrogen to carbon mon-
oxide produced. I may use oxygen amounting to
0.1 to 0.6 mole per atom of carbon contained in
the hydrocarbons of the process gas fed to the
reformation oxidation unit but prefer to oper-
ate in the range of 0.25 to 0.45 mole oxygen per
carbon atom.

I have also found that the production capacity
of a definite-sized reformer unit may be increased
substantially by providing for a greater use of
oxygen in the oxidation step. For example, a ref-
ormstion-oxidation unit using a 4-section re-
former containing one hundred seventy-six 4-inch
tubes has a capacity of 24.0 mm. C. F. D.3 of
CO-+H: produced at an 82.5%. concentration from
natural gas at about 50 p. s. i. g. when the re-
formed gas plus air amounting to 0.175 mole oxXy-
gen per atom of carbon in the natural gas is
passed through the oxidizer. With the same size
furnace, the production may be increased to 44.0
mm. C. F. D. of CO-+-H2 at the above concentra-
tion and pressure by using enriched air containing
37.1% oxygen, to the extent of 0.35. mole per
atom of carbon. In this case, an oxygen plant. is
necessary to provide the enriched air. The
amount of gas handled in the reformer is sub-
stantially the same in both cases. However, in
the case wherein enriched air is used, natural gas
equivalent to that fed to the reformation fur-
nace is merely preheated to 1000-1200° F. by heat
exchange and this preheated gas is fed together
with the partially reformed gas plus the enriched
air to the oxidizer. The amount of oxygen sup-
plied to the oxidizer is insufficient tc burn all of
the methane but nevertheless unduly high com-
bustion temperatures may be obtained if proper
means for the addition of the oxygen is not pro-
vided. As mentioned earlier, and depending upon
the extent to which oxygen is used, the oxidation
vessel may contain separate beds. with provision
for mixing the gases passing through with addi~
tional oxygen at the inlet of each bed or a series
of oxidation vessels may be employed with means
for addition and mixing at the inlet of each
vessel.

In addition to the above methods for control-
ling the maximum temperatures in the oxidizer
to a range of 1800-2500° F: and preferably 1800-
2260° F., T may employ the use of powdered or
finely dispersed caialyst in a fluid type oxidizer.
In this type of reactor the exothermic combus-
tion reactions proceed with the endothermic re-
formation reactions and a satisfactory balance is
obtained between them. This is possible beeause
of the “fiy wheel” action of the fluid catalyst in
quickly dispersing combustion heat to all parts
of the reactor wherein reformation which re-
quires heat, is taking place. Satisfactory tem-
perature control is thereby obtained.

In the example cited, half the natural gas was
passed through the reformer and half was merely
preheated before entering the oxidizer. Ob-
viously, other combinations may be used depend-

ing on the extent to which oxygen is. used.

2P, s, i, g.=pounds per square inch gauge. pressure..
3 Cubic feet per day.
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In the accompanying drawings, I have shown
in Pigure I diagrammatically an apparatus lay-
out in which my invention may be carried into
effect, and in Figure II, a modification thereof.
Similar reference characters refer to similar
parts throughout the views.

Referring in detail to Figure I, I introduce in

the present system natural gas, CO2 and steam’

through lines {, 3, and 5, respectively. Instead
of using natural gas, I may use methane or any
normally gaseous hydrosarbon containing 1 to 4
carbon atoms in its molecule and which is of
satisfactorily low sulfur content, If necessary, I
may employ a desulfurization step in the process
gas. These gases may also contain carbon di-
oxide, hydrogen, nitrogen, and carbon monoxide,
none of which is objectionable.
it may be econorical to use a narrow boiling gaso-
line fraction. In this case, special catalysts may
be employed which are more resistant to coke

-depositions from the higher boiling hydrocarbons.

A confluence of these streams (hydrocarbon, COg,
and steam) is effected in line § and the mixture
is passed fthrough a preheateér I8 where it is
heated to a temperature of about 1000° ¥. and
thereafter it is withdrawn through a pipe 12 and
thence discharged into a reformer furnace {3
containing a plurality of pipes or tubes 4. A
preferred form of furnace is one which, as pre-
viously indicated, consists of four sections, each
containing forty-four tubes, 4 inches in internal
diameter. Since the reaction of reforming
methane to form hydrogen and CO is endother-
mie, it is necessary that heat be supplied, and
to the accomplishment of this, I introduce a fuel
through line {5 and by means of manifold {8
supply the fuel to a series of gas burners indi-
cated as 35a,-35b, 3b¢c, and 35d. I may, of course,
take advantage of the heat in the flue gas leaving

the furnace to supply the burners with preheated

air. The reformer furnace {3 is so operated that
the outlet temperature is about 1400° F. and a
pressure of about 50 pounds per square inch
gauge is maintained in the exit collecting mani-
fold from the reforming tubes {4. Under these
conditions only a portion of the hydrocarbons in
the natural gas fed to the reformer is converted
to CO and hydrogen. Unconverted material ap-
pears as methane in the gas leaving the tubes.
The material exiting from the reformer, therefore,
is conveyed to an oxidizer 29 via a manifold 9.
The oxygen-containing gas necessary for the
“clean up” or essentially complete conversion of
the methane is supplied through a line I8 which
passes through reformer furnace {8 for the pur-
pose of preheating this gas to a temperature of
about 500-1000° F'. whereupon the heated gas is
withdrawn and discharged into a manifold 22,
carrying branch pipes which discharge the pre-
heated gas into oxidizer 29 at spaced points as
indicated in the drawing. A portion of the gas
may be mixed with the product gases from the
reformer before the latter enter the oxidizer. In
the oxidizer 28 which contains a catalyst which
may ke the same as that employed in the re-
former, or any other suitable catalyst the oxygen-
containing gas converts the unchanged methane
to CO and hydrogen, a minimum temperature of
about 1600° F. prevailing in the oxidizer. The
product gases are withdrawn from the oxidizer
through a waste heat boiler 38, where the gases
are cooled to a temperature of about 800° F
whereupon they are withdrawn through a line 3{,
cooled if necessary, and eventually delivered to a
plant where they are used as feed gases in. the

In some cases -
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manufacture of hydrocarbons, If air is employed
as the oxidizing gas entering in line 18, the prod-
uct gases in line 3{ will, of course, contain nitro-
gen but will also, of course, contain Hz, COsz, CO,
steam, and possibly small traces of oxygen. The.
art is familiar with the method of removing
steam, COz, and converting the CO to hydrogen
and CO2 with steam, and it will not be necessary
for me to describe these purification-processes in
detail, It will be necessary to limit the amount of
nitrogen introduced with the oxidizing gas to
the amount tolerable in the final gas—which gas
may be employed directly in the synthesis or may
be cooled to remove water and, if necessary, the
COz may be removed. In theevent that the prod-
uct gases are to be high in CO plus Hz concen--
tration, substantially pure oxygen may be used
as the oxidizing agent in reactor 28.

For an economical layout the skilled engineer
will appreciate that nuinerous engineering acces-
sory apparatuses, including heat exchangers, flow
control means, pumps, compressors, and the like
will be necessary to conserve heat, o control tem-_

perature, flow rates, and the like.

All such accessory apparatus I have. omitted
from the drawing for purposes of simplicity but
more particularly to direct attention to the real
heart of my invention. However, it is to be
understood that my invention is intended to in-
clude the use of all known engineering aids, pro-
cedures, and equipment which will enable the per-
formance of my invention in a practical and eco-
nomical manner from an engineering standpoint.

In Figure II, I have shown a modification in
which a portion of the hydrocarbon process gas
is passed directly into the oxidizer. Thus, for -
instance, a portion of this gas, which may be
methane or natural gas, enters the systzam
through line l¢, then passes through preheater
{0¢ and thereafter is passed through line {2¢
into line {8 thereby by-passing the reformer
furnace 13. Another portion of the mixture of
process gas, steam, and COz may be passed via
line 7 through a heat exchanger in the top of the
oxidizer 26 and then withdrawn through line
{2b and discharged into the manifold in com-
munion with the tubes {4 in the reformer, the
purpose of passing a portion of the material
through the upper portion of oxidizer 28 being,
of course, to abstract heat from the top of the
oxidizer. I prefer to limit the gas which is heat
exchanged in. the oxidizer to the stzam and CO2
required by the reformer, charging the remain-
ing portion of process, methane, or natural gas
mixed with any additional CO2 and/or steam if
necessary, via line 6 through the preheater 10
and thence into the reformer {3 just as in the
process of Figure I. Otherwisz, the process of
Figure II is ocperated in the same manner as that
shown in Figure I. With respect to the oxidizer
26, it may be pointed out that instead of using
the stationary bed or beds of catalyst shown in
Figure I, I may use a series of such vessels or a |
fluid reactor as shown in Figure II. That is to
say, the reactor 20 in Figure II may contain a
dense suspension of powdered catalyst in the
gasiform material. For instance, by flowing the
gases upwardly through a grid G located in the
bottom of the oxidizer at a velocity of from 1% to
10 feet per second, preferably from 1 1% to 3 feet
per second where the catalyst size is from 100-
400 mesh, I form a dense, turbulent fluid mass
of catalyst which, because of its turbulence, will
tend to have a uniform temperature throughout
and provide good temperature -control. I
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should be remembered that the temperatures in
the oxidizer 20 are fairly high and it is desir-
able, of course, to prevent hot spots and to main-
tain a uniform temperature and as: indicated, a
fluid mass of catalyst is particularly adapted to
provide this type of control.

It should be further pointed out that oxidizer
20 in Pigure I may also be operated as a fiuid
reactor, as previously described, in connection
with oxidizer 26 in Pigure II. In other wozrds,
oxidizer 2§ in Figure I or Figure II may be oper-
ated as a stationary bed type of catalyst re-
actor or in either case, the oxidizer 26 may con-
tain a fluidized mass of catalyst. It will be un~
derstood that in conjunction with a fiuid mass of
catalyst it is necessary to employ centrifugal
separators and/or electrical separators to sepa-
rate entrained catalyst from the vapor; and:since
these are known to the art, I have not shown
them in the drawing.

I set. forth below operating conditions giving
good and best results:

Broad Preferred
Range Range:
Reformer:
Pressure (outlet)-.__p. s. i. go_ atm—300- 15-150
Temperature (maximum cata-
1yst) °F__| 1,600-1,000 [ 1,500-1,300
Excess HzO and/for CO;__percent.._ 25-150 25-100
Throughout v./v./hr. (CO + H
based on. total hydrocarbon fed
to reformer) -y 1-500-4,000 | L.1,000-3, 500

Ratio H20 to COzfed to reformer_.| Dependent on Hy/CO ratio
desired in final gas: to-
gether with C/H ratic of
process gas and amount
of oxygen used. Range

. - 0.25~6.0,.
Conversion of Carbon (fed to re- |
former) —oe o __ per cent_.| 50-90 $5-85
Per Cent of total H2-CO Produc-
[ 1031 S per cent__ 2085 30-75
Ozidizer .
Pressure (outlet) ..____..p.s. i, g__ atm—300 |- 15-150
Minimum Demperature.______°F._| 1,400-2;000 1, 500-1, 800
Maximum Tempe.ature__..__ OF_ 1,800-2, 500 1, 800-2, 200
Througaput v./v.fur. (B2 + CO :
based on total hydrocarbon feed
to reformer plus oxidicer) .. 1500-4,000 { 11,0003, 500
Conversion of Carbon (Overall)
per cent._ 50100 | 90-99
Oxygen, molesfatom C (In. total |
hydeocarbans). . __ . ____ 0.1-0.6 0.25-0. 45
Oxygea concentration._.per cent_. 21-100 21-95
Per Cent of Total He-CO pradue- ’
tion 80-15 70-25

L For example,. a.space velocity. of 1000 v./v./hr. of Ha4-CQ using
pure methane as the feed gas requires the use of

200550 v.jv. o

of methane; CHs 4 H20 —— CO +-3H:Q: Ifpureethane made
up the entire feed gas 000
1

- ~——143 v.jv./hr.

of ethane would be required; thus,
C:Hy 4 2H0 ———- 2C0 + 5Ha.

It will be appreciated that the feed rates given are based upon 1009
conversion of the hydrocarbon fed to the reformer, a circumstance
which will not ordinarily oceur. This method of expressing feed
rates is, however, conventional in the. present art. Since commer:
cially used hvdlocat bon gases are generally. mixtures of the normally
gaseous hy dorear rbons, the operator will fix the feed rate of'a given gas
responsive to its actual composition and the throughputs given
above.

To recapitulate, my invention involves im-
provements in the formation of CO-4-Ha-con-
taining gas which may he adapted for use in hy-
drocarbon synthesis process wherein the ratio of
hydrogen to CO may be readily adjusted to 2 to 1
down to 1 to 1 and even lower and higher if de-
sired. The gist of the invention resides in the
following features:

1. A two-stage conversion in the first stage of
which steam, hydrocarbon-containing process
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8 .
gas: and €0z if desired, are reformed in the
presence of a suitable catalyst and under super~
atmospheric pressure to give a product contain~
ing CO, Hz, COz, Hz20, and some hydrocarbon gas.
and then: passing this product through an oxi-
dizing zone where it contacts a free oxygen-con-
taining gas to convert at least a portion of the
remaining: hydroearbon gas to CO and Ha at
higher temperatures than those employed in the
first stage and super-atmospheric pressure equal
or lower (due to pressure drop) than those in
the first stage.

2. Another feature which is supplementary to.
that immediately ahove involves splitting the hy-
drocarbon process: gas feed stream and forcing
merely a. portion of it through the reforming
stage with. steam. and/or CO: if desired, while
forcing the remainder of the gas directly to. the
oxidizing zone.

One of the chief advantages of the invention
is.the fact that by the combined use of reforma-
tion and oxidation it is possible to prodice Hz-CO.
and also H:-N2 mixtures under pressure and at
temperatures higher than can be obtained by in-
direct heat transfer (only using reformer fur-
nace). Oxygen reduces the amount of heat to-be
transferred in the reforming furnace thereby
effecting a saving in the expensive alloy tube sur-
face required in this apparatus. The higher
temperature obtainable by direct heating with
oxygen. favers complete conversion of methane
and lower carbon dioxide content in the gas
produced.

Since in. the oxidizer there is a combustion
or ordinary burning taking place, together with
reformation, fhere is some danger of attaining
excessive temperatures. In order to counteract
these excessive temperatures in the oxidizing
zone where a stationary bed or beds of catalyst
is: employed, it may be advisable to- use fluid
catalyst which would act as a sort of “fy-whesel”
or reservoir to-store-up heat released during the
oxidation to be employed in the endothermic
reaction of reforming the- residual hydroearbon
thus controlling temperature by counter-balanc-
ing-the two-types of reactions against each other.

What I claim:is:

1. A process for manufacturing & mixture of
€O and B: whieh comprises reacting together in
the-first stage in the presence of a suitable cata-
lyst a: mixture-of steam, normally gasecus hydro-
carbon and: carkon dioxide at temperatures with-
in the range of from about 1300°-1500° F. and
under pressures of from about 15-150 p. s. i.
gauge-to form a product containing CO, He and
€Oz and unchanged hydrocarben and then pass-
ing this product through an oxidizing zone in
which is- disposed a plurality of spaced beds of
catalyst and therein contacting the said CO, Hz,
COz and unchanged hydrocarbon with a free
oxygen containing gas, thus causing burning of
combustibles and liberation of heat whereby ihe
remaining portion of the unchanged hydrocarbon
is' Iargely converted to- €O and hydrogen, the
process being further characterized in that at
least a portion of the oxygen containing gas is in-
jected into the exidizing zone in the spaces be-
tween the beds of catalyst.

2. A process for the manufacture of CO-and Ha
which comprises resacting together in the first
stage in the presence of a suitable catalyst 2 mix-
ture of steam, methane containing gas and car-
bon- dioxide at temperatures within the range of
from gbout 1300°-1500° F. and under pressures
of from aboutf 15-150 p: s. i. gauge to form a prod-
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guct containing CO, Hiz, CO: and unchanged
o methane and then passing this product through
- an oxidizing zone in which is disposed a plurality
E of spaced beds of catalyst and therein contacting
c the said CO, Hz, CQO: and unchanged methane
Qwith a free oxygen containing gas, thus causing
burning of combustibles and liberation of heat

+— Whereby the remaining portion of the unchanged "

C methane is largely converted to CO and hydrogen,
the process being further characterized in that

}E at least a portion of the oxygen containing gas

Q. is injected into the oxidizing zone in the spaces

: between the beds of catalyst. -
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