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PRODUCTION OF GAS MIXTURES CONTAINING
CARBON MONGXIDE AND HYDROGEN

Homer Z. Martin, Cranford, and Frank T. Bar, Surnmit,
N. J., assignors to Esso Researchk and Engineering
Company, 2 corporation of Delaware

Original application April 2, 1946, Serial No. 659,041.
Divided and this application December 15, 1951, Se-
rial No. 261,896

4 Claims. (Cl. 48—196)

This application is a division of Serial No. 659,041,
filed April 2, 1946, and now abandoned, for “Oxidation
Process.”

This invention relates to the oxidation of gaseous
hydrocarbons such as natural gas, methane, or the like.
More particularly, the invention is concerned with the
oxidation of such gaseous hydrocarbons by means of me-
tallic oxides to form mixtures of hydrogen and carbon
monoxide suitable for the catalytic synthesis of hydro-
carbons.

The use of metallic oxides as the source of oxygen in
the oxidation of gaseous hydrocarbons has been proposed
before. Experience has shown that when the reaction
is conducted by passing the hydrocarbons through a fixed
bed of the heated metallic oxide, the extent of the reac-
tion is difficult to control as a result of the excess of
oxygen which is available for reacting with the incom-
ing feed and the poor distribution and transfer of heat
throughout the solids bed. The reaction usually proceeds
until the oxidation reaches its farthest stage to form ex-
ciusively carbon dioxide and water instead of the desired
lower oxidation products such as oxygenated organic
compounds or mixtures of carbon monoxide and hydro-
gen. This difficulty can be avoided by the use of certain
metal oxides such as zinc oxide which have relatively low
OoXygen vapor pressures. However the use of these oxides
generally involves other serious disadvantages such as
low sublimation or melting temperatures. Attempts have
been made to overcome these difficulties by suspending
controlled amounts of finely divided metal oxides in a

specific volume of gaseous hydrocarbon to be oxidized .

and passing this suspension through a reaction zone at
controlled reaction conditions. While this method avoids
some of the drawbacks of fixed bed cperation new diffi-
culties arise particularly in the manufacture under pres-
sure of mixtures of carbon monoxide and hydrogen suit-
able for the hydrocarbon synthesis.

The hydrocarbon synthesis, particularly its high pres-
sure modification carried out in the presence of iron
catalysts has assumed considerable importance in recent
years because of its relatively high yields of anti-knock
motor fuels. An efficient and economic operation of this
process requires the production and supply of the syn-
thesis feed gas at about the pressure at which it is con-
verted in the synthesis reaction. Production of syn-
thesis gas by the oxidation of methane with metal oxides
under pressure involves the regeneration of the reduced
metal oxide by oxidation with air. When metal oxides
suspended in the reacting gas are used for this reaction
they must be separated from the gaseous reaction product,
reoxidized in a separate regenerction zone and returned
to the reaction zone. The regeneration zone must either
be operated at the same pressure as the reaction zone or
finely divided solids must be conveyed from a low pres-
sure zone to a high pressure zone. In the first case,
large volumes of air required for regeneration have to
be compressed to the reaction pressure which is a highly
expensive procedure. In the latter case special pressur-
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ized means of conveyance are required which, particular-
ly when pressures of about 100 pounds per square inch,
or above are used, involve high investment cost and con-
siderable operating difficulties. The present invention
overcomes these difficulties and affords various additionai
advantages, as will appear from the following descrip-
tion thereof read with refereace to the accompanying
drawing which shows semi-diagrammatic views of ap-
paratus adapted to carry out preferred embodiments of
the invention.

It is therefore the principal object of our invention
to provide an improved process for oxidizing hydro-
carbon gases with the aid of finely divided metal oxides
at a controlled rate of reaction.

A further object of our invention is io provide an im-
proved method of converting methane with the aid of
finely divided metal oxides into gas mixtures containing
carbon moncxide and hydrogen.

A more specific object of our invention is to provide
a process of the type specified which will permit oxidation
of the hydrocarbons. and regeneration of the metal oxide
at different pressures without requiring substantial com-
pression of air or complicated conveying means for pow-
dered solids.

Other and further objecis and advantages will appear
hereinafter.

In accordance with one embodiment of the present
invention, finely divided metal oxide of a suitable OXygen
partial pressure is maintained within a treating zone in
the form of a dense bed of solids fluidized by small
amounts of an aerating gas to form a well defined upper
lIevel and to exert a pseudo-hydrostatic pressurs on its
base. Controlled amounts of finely divided metal oxide
of a suitable oxygen partial pressure are passed under
the pseudo-hydrostatic pressure of -said dense bed to a
reaction zene through which the gases to be oxidized fiow
continuously at a superficial veiocity sufficient to carry
the metal oxide particles introduced into the reaction
zone along in the form of a solids-in-gas suspension of
a density substantially lower than the density of said
dense bed. The temperature, pressure and residence time
of this low density suspension in the reaction zone are
so controlled as to accomplish the desired degree of
oxidation. The suspension of reduced metal oxide in
reaction products is passed into a separation zone from
which the desired oxidation products are recovered and
reduced metal oxide is returned to said dense bed.

The treating zone containing the dense bed and the
connecting lines between the treating and the reaction
zones may be maintained substantially at the pressure of
the reaction zone. This procedure may be continued until
the bulk of metal oxide in the dense bed has lost most of
its oxidizing strength, whereupon the flow of solids from
the dense bed to the reaction zone is interrupted, the pres-
sure on the systu is released, and air is passad upwardly
through the dense bed at a temperature adapted to regen-
erate the metal oxide to its original state of oxidation.
The superficial velocity of the air is preferably so con-
irclied that the dense phase is maintained in a state of
high turbulence resembling a boiling liquid retaining a
well defined upper level from which only minor portions
of the solids are entrained and carried out of the dense
phase by the air stream. When the regeneration is com-
pleted the system is placed back on stream and under
pressure for a new reaction cycle. Two or more systems
of this kind may be provided to insure a continuous fiow
of the desired oxidation products. It will be appreciated
that in this manner the oxidation reaction may be carried
out at any desired elevated pressure without requiring the
compression of large amounts of regeneration air or pres-
surized solids-conveying means.
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We prefer to maintain relatively large amounts of metal
oxide in the dense bed as compared with the amount of
metal oxide suspended in the reaction zone at any one
time in order to extend the duration of the reaction period
between periods of regeneration. In general, the diameter
of the reaction zone will be susbtantially smaller than that
of the dense phase zone, say about ¥g to %5, preferably
about 5 the diameter of the latter to facilitate the forma-
tion of the low density suspension at technically feasible
space velocities. The metal oxide and the gas to be oxi-
dized are carried through the reaction zone at such a ve-
locity that both materials are continually moving in the
same direction with little or no back-mixing of the gas,
and the conditions should be such that the oxidizable gas
moves forward at least as rapidly as the oxide.  In this
manner it is possible to definitely limit the amount of
oxygen which is supplied to a given quantity of the hydro-
carbon gas within the reaction zone. ~Thus, the oxidation
reaction may be controlled by simply controlling the

amount of oxide which is reacted with a given amount of “

gas to be oxidized.

The heat balance of our process depends largely on the
heats of formation of the metal oxide and hydrocarbon
used as compared with the heat of formation of the de-
sired oxidation products. For example, in the production
of carbon monoxide and hydrogen from methane the heat
generated by the exothermic formation of carbon mon-
oxide is in general theoretically deficient to decompose the
methane and reduce the metal oxide. Additional heat
may supplied to this reaction by controlling the oxida-
tion reaction so that small amounts of carbon dioxide
and water are formed in a more strongly exothermic side
reaction. However, a more preferred meéans of supplying
additional heat of reaction is given by the strongly ex-
othermic regeneration reaction whose heat may be trans-
ferred to the reaction zone as sensible heat of the metal
oxide or by any other conventional means of heat recov-
ery and transfer.

Tt is a particular advantage of our invention that the
reaction and regeneration temperatures may be controlled
with the greatest of ease. The reaction temperature may
be maintained at an optimum level by controlling the
amount of solids supplied to the reaction zone while the
regeneration temperature may be readily kept within the
desired range by controlling the amount of air supplied,
and if necessary, by conventional cooling means contact-
ing the dense solids phase. The oxygen content of the
solids circulated to the reaction zone may be so controlled
that any desired proportion of these solids may act as
inert heat carriers.

According to a more specific modification of this em-
bodiment of the invention we may use the separate re-
action zone merely during the earlier stages of the produc-
tion period until the oxygen concentration of the bulk

of metal oxide in the dense phase zone is reduced to a *

level at which the danger of over-oxidation of the hydro-
carbon gas is susbtantially diminished or entirely re-
moved. Thereafter the feed gas to be oxidized may be
passed directly through the dense bed of metal oxide at
a rate adapted to accomplish the desired oxidation. Our
invention also includes the introduction of small amounts
of hydrocarbon gas into the dense phase during the re-
generation period to supply additional heat or preheat
for the regeneration reaction, if desired. For example,
the depressurized gas obtained from the reaction zone at
the end of the production period is suitable for this pur-
pose.

The metal oxides which may be used in the present
process are quite generally such oxides as have such an
affinity for oxygen at the temperatures of our process
that their oxygen partial pressures at equilibrium with
both higher and lower stages of oxidation present are less
than about 0.10 atmosphere and preferably less than 0.01
atmosphere so that substantially all the oxygen of the air

used for regeneration can be bound by the lower stage of 7
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oxidation. The metal oxides should also be capable of
oxidizing the hydrocarbon gas at least to carbon mon-
oxide and hydrogen at the temperatures and pressures of
the operation.

They may also have a catalytic activity for the oxida-
tion reaction. While certain oxides which are reduced to
metals, such as ferrous oxide, cuprous oxide, and the like,
are useful for our process, other suitable oxides are the
higher oxides of metals which are capable of forming
both higher and lower oxides. Typical of these other
suitable oxides are: cupric oxide, vanadium. pentoxide,
ferric oxide, and stannic oxide. Suitable also are mix-
tures of these oxides and mixtures with a suitable carrier
such as kieselguhr. The use of carriers consisting of
adsorbent materials for the oxide is especiaily advantage-
ous in that it helps to bring the oxidizable substance and
the oxide into close contact and to maintain such contact
throughout the reaction zone. Suitable carriers are alu-
mina or silica gels, bentonites, kieselguhr and the like.
In addition to the pure oxides, mixtures of oxides with
finely divided metal catalysts may also be used, such as a
mixture of nickel with vanadium pentoxide, which may
have reforming activity to convert methane with COz
formed in the process into carbon monoxide and hydro-
gen.,

Whenever mixtures of metal oxides and reforming
catalyst are used for the conversion of gaseous hydro-
carbon into carbon monoxide and hydrogen in any
process involving the reoxidation of the metal oxide-
catalyst mixture with air, it is desirable that the solids in
the methane reaction zone contain little or no reformer
catalyst in the inactive oxidized state. We have found
that this condition may be complied with if the oxygen
bearing metal has a lower vapor pressure of oxygen than.
that of the oxidized reformer catalyst. For example if
CusO is the oxide used to carry oxygen to the methane
reaction zone, operation with mickel reforming catalyst
will be satisfactory. The Cu20 has a vapor pressure of
oxygen equal to 2.5X10—% atmospheres. This vapor
pressure is sufficiently high to carry out the oxidation
reaction required in the methane contactor. The nickel
oxide, if formed, has a vapor pressure of about 0.001
atmosphere or greater at conditions in the reoxidizer
which may be around 1700° F. for example. Thus, if
nickel oxide is formed in any part of the reoxidizer it
would tend to give up its oxygen to the copper metal
which may be present in excess. - Another metal: oxide
which may be used successfully in this manner is Fe30s.
In general we contemplate the use of those metal oxides
whose vapor pressures of oxygen are lower than that of
nickel oxide or the oxidized state of any other reforming
catalyst used. A pressure of steam in the oxidizer and
solids return leading to the methane reaction zone may be
helpful; it may react with the reduced metal to form Ha
and Cuz0 and the former reduces the reforming catalyst.
Good results have also been obtained with mixtures of
copper oxide with about 5-50% of iron oxide, to which
a reforming catalyst such as mickel is added.

For the purpose of maintaining the required velocity
of the oxide in the reaction zone it is desirable that the
oxides be used in a powdered or granular form and that
the granules be at least as small as 100 mesh. It is also
desirable that not more than 25% of the mass of the oxide
consist of material finer than 325 mesh. In general, it is
preferred to use material within the range of 200 to 400
mesh. When using oxide particles of such dimensions
the velocity within the reaction zone should be from 1to
30 ft./sec., preferably about 2-5 ft./sec., in order to
maintain a continuous forward flow of both oxide and
oxidizable material without permitting extensive back-
mixing of the gas. The dense metal oxide phase may
be sufficiently fluidized during the reaction period by
small amounts of an inert aerating gas, preferably steam.
The superficial velocity of the air blown through the dense
phase during the regeneration period is generally main-
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tained between the approximate limits of 0.3-3 ft./sec.,
preferably about 1-2 ft./sec.

In accordance with ancther embodiment of the present
invention a portion of the total amount of gaseous hydro-
carbon used may first be reacted with a metal oxide such
as copper or iron oxide to form substantial proportions
of carbon dioxide and water, and, possibly also carbon
menoxide and hydrogen, and the exit gas of this reaction
may be reacted with the remainder of the gaseous hydro-
carbon in 2 reforming zone in the presence of a reforming
catalyst such as nickel to complete the conversion of the
feed gas into carbon monoxide and hydrogen by reforma-
tion. In this case, as in the embodiment described before,
the reoxidation of the metal oxide may be carried out in
a separate vessel at a pressure substantially lower than
that of the oxzidation and/or reformation of the feed gas.

Having set forth the general nature and objects, our
invention will be best understood from the more detailed
description hereinafter, in which reference will be made
to the accompanying drawing in which:

Figure 1 is a semi-diagrammatic view of apparatus suit-
able to practice a preferred embodiment of the invention.

Figures 2 and 3 are diagrammatic views of apparatus
for treating the product gases and

Figure 4 is a diagrammatic view of an apparatus
adapted to carry out another specific embodiment of our
invention.

Referring now in detail to Figure 1, the system illus-
trated therein essentially comprises two dense phase cham-
bers, 19 and 58, each connected to a dilute phase reaction
chamber, 38 and 79, respectively, and each including a
reaction tube or tubes, 49 and 80, respectively, the func-
tions and cooperation of which will be forthwith ex-
plained. While the conversion of natural gas to a mix-
ture of carbon monoxide and hydrogen suitable as a feed
gas for the catalytic synthesis of hydrocarbons will be
described for purposes of illustration, it should be undesr-
stood that the system is readily adaptable to other con-
trolled oxidations of gaseous hydrocarbons.

To start up the process, air of substantially atmospheric
prassure, which may be preheated to a temperature as
high as about 1800° F. during the starting period is sup-
plied by blower 1 through line 3 and valve 5 to the lower
portion of chamber 1 which it enters through a per-
ferated distribution plate or grid 8. A limited amount
of a combustible gas, preferably natural gas from line 7
is added to the air to be burned and produce hesat within
chamber 38. A bed of finely divided metal oxide, for
example, FesOu or an iron ore such as hematite, having a
particle size of about 100-200 mesh is arranged above
grid & and fluidized by the upwardly streaming gases
having a superficial velocity of about 1.5 ft./sec. to form
in zone 12 a dense turbulent fluidized mass of solids
resembling a boiling liguid and forming a well defined
upper level 14, Residual air and combustion gases are
withdrawn overhead from dense phase zone 12 to lose
most of their entrained solids in the free space 16 above
level 14 and to be vented through valve 18 and line 28.
If desired, a conventional gas solids separator 17 of the
centrifugal and/or electrical type may be arranged in
the path of the cutgoing gas and separated solids may
be returned to the dense phase 12 through line 19. The
amount of combustible gas introduced into chamber 19
is 30 contiolled that the desired amcunt of heat is pro-
duced without appreciable reduction of the iron oxide,

When the temperature of the dense phase 12 has
reached a level between about 1400° and 1800° F., pref-
erably about 1709° F., the gas flow is halted by closing
valves 5 and 9 and the gas to be oxidized, in this case
natural gas, available at a high pressure, is fed through
lines 24 and 26 to reaction chamber 36 which may have
about ¥4 the diameter of dense phase chamber 19. The
oxidation reaction of the natural gas may be carried
out under an elevated pressure such as 50 to 400 Ibs. per
say at about 380 Ibs. per sq. in. For this purpose,

sq. in.,
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valves 5, 9, 18, and 36 remain closed until the desired
pressure has been built up in the system whereupon
valve 36 is opened sufficiently to release gaseous products
at the operating pressure. The flow of natural gas
through chamber 3¢ is adjusted to a space velocity of
about 50 to 500 v./v./hr. and a superficial velocity of
about 2-5 ft./sec. Hot fluidized Fes3Os is permitted to
flow under the pressure of the dense fluidized bed in zone
12 through line 33 and control valve 34 into line 26 where
it is picked up by the natural gas to form a dilute suspen-
sion which is passed upwardly through chamber 39 and
returned through line 32 into chamber 16 above dense
phase level 14. !

The flow rate of FesOs through valve 34 is so con-
trolled that an amount of oxygen is made available which
is required for the conversion into carbon monoxide and
hydrogen of the amount of methane passing with the
solids through chamber 38, and that the reaction temper-
ature is kept within the approximate limits of 1400-2000°
F., preferably 1500-1800° F. In general, solids flow
rates of about 5.0 to 25.0 lbs. per cu. ft. of natural gas
supplied at standard conditions are adequate for this pur-
pose, using increasing rates as the cycle proceeds, so as
to make up for the decreased concentraticn of oxygen
on the fluid solids in zone 2. The flow condition in
chamber 38 may be so controlled that the solids have a
slightly longer residence time in chamber 38 than the
gas to establish the phenomenon of mild hindered settling.

A relatively dilute suspension of reduced Fe3Os in a
mixture of carbon monoxide, hydrogen, steam and uncon-
verted natural gas enters the free space 16 of chamber
10 wherein the superficial velocity of the gas is so dras-
tically reduced that most of the suspended settle out and
drop back into zone 12. Any solids remaining entrained
may be removed in separator 17 and returned to zone 12
through line 19. Product gas is withdrawn through line
35 and valve 36 and passed through line 38 to any de-
sired further treatment or the synthesis process.

When the oxygen content of the oxide in zone 12 has
fallen beneath an operative concentration or the reaction
temperature drops below the desired level, valves 34 and
36 are closed, valve 18 is opened to release the pressure
to atmospheric, the flew of natural gas through chamber
39 is halted and air is again admitted through line 3, if de-
sired, admixed with small amounts of natural gas from
line 7 to reoxidize and reheat the iron oxide to the desired
degree at atmospheric pressure. If the temperature dur-
ing this regeneration period rises too high, heat may be
withdrawn by means of cooling coil 42, to be used in
any desired stage of the process. When the regeneration
is complete the system is ready for a new reaction cycle
asoutlined above.

In accordance with another modification of our inven-
tion the reaction chamber may have the form of one or
more draft tubes 49 arranged within dense phase zone
12 of chamber 18, to be used in place of chamber 36 in
the following manner. Tube or tubes 48 having a di-
ameter of from about ¥y to 14 the diameter of chamber
19 extend from a point close to the bottom of zone 12 to
a point above level 14. The upper end of the tubes is
open while their lower end is provided with fixed or ad-
justable orifices 41 admitting only a controlled amount of
fluidized solids into tubes 48. During the production
period natural gas is passed through line 39 into the lower
end of tubes 48 and is contacted only with the solids
which are induced to flow into the draft tubes as a result
of the lower suspension density in these tubes as com-
pared with that of the dense phase 12. In all cther re-
spects the operation of tubes 49 is the same as that of re-
actor 30 as will be readily understood by those skilled in
the art.

In order to insure a continuous flow of product gas a
second system similar in construction and operation to
that described above is provided to be run on produc-
tion and regeneration in periods alternating with the pro-
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duction and regeneration periods of the system described.
For this purpose air is supplied from line 3 through line
45 and valve 47 to chamber 50 during the production
period of chamber 16. Natural gas may be added through
lines 51 and 53 and valve 55. Chamber 50 is provided
with a grid 57 which supports a dense phase 59 of finely
divided oxide having an upper level 60. Gas solids sepa-
ration takes place in space 62 and/or separator 64 pro-
vided with solids return line 65. Spent regeneration gas
is withdrawn through line 67 carrying valve 68 and lead-
ing into line 26. Heat may be withdrawn from zone 5§
by means of cooling coil 86. The operation conditions
during the regeneration period are the same as those out-
lined in connection with the preheating and regenerating
periods. of chamber 19.

During the regenerating period of charaber 18, chamber
50 is switched to production by closing valve 47, 55 and
68, admitting natural gas through line 69 to chamber 78,
adjusting the pressure within the system with the aid of
valve 72 on line 74 and admitting controlled amounts of
oxide from dense phase 58 through line 76 and control
valve 77 to chamber 7. As an alternative, draft tube
or tubes 86 provided with orifices 82 may replace cham-
ber 76 using natural gas supply line 84 instead of line
69. Operation during the production period is as outline
above in connection with chamber 19 and its accessories.

The embodiment of our invention illustrated by the
drawing permits of various modifications. A preferably
inert fluidizing gas, preferably steam, may be introduced
in small amounts into zones 12 and 59 during the pro-
duction periods by way of line 88 via lines 99 and 92,
respectively, in order to maintain the flow and hydraulic
characteristics of the dense phases. A brief purging
stage may follow each regeneration and production period
using an inert gas such as steam, flue gas, etc., to prevent
the formation of explosive mixtures in a manner known
per se. The heat generated during the regeneration period
in one chamber may be utilized to supply heat to the
reaction taking place in another chamber, using any
conventional heat transfer means not shown. ‘

Cooling means may be provided to cool the hot exit
gases leaving chambers 10 and 50 ahead of valves 18,
36, 68, and 72 and also ahead of separators 17 and 64
which in that case may be arranged outside chambers 16
and 50 to prevent damage to these elements by over-
heating and to permit the use of less expensive construc-
tion materials therefor.

It may also be desirable to scrub the gases leaving
the gas-solids separators 17 and 64 from any further
entrained solids fines for which purpose liquid scrub-
bing zones using water or any other suitable scrubbing
liquid may be arranged on the path of the exit gases sub-
sequent to the dry separation zone. Cooling and scrub-
bing of the exist gases may be accomplished simultane-
ously in these scrubbing zomes. A scrubbing system
particularly well adapted to this purpose as well as to re-
cover solid fines from hot gas streams quite generally is
illustrated in Figure 2.

Referring now in detail to Figure 2, gases which con-
tain powdered solids in a finely divided state and which
may have a temperature of about 400°-860° F. enter
tower 210 through line 265. Water may be injected
through line 215 into the inlet gases, which by adiabatic
evaporation cools the gases to the neighborhood of about
200°-300° F. A small quantity of water is then fed
through line 228 to the top tray of a series of 2 or 3 vapor-
liquid contacting zones, such as bubble trays 238 and the
gases in passing countercurrently to this water are
scrubbed of the dust particles which they contain. It
is noted that of the water sent to the trays and into the
inlet pipe, all but about ¥4 vaporizes and this latter quan-
tity is used to form the slurry by which the solids are re-
moved from tower 21$ and in which they may be re-
turned to the process. The cooled gases leave the top
scrubber tray 230 and enter a cooling zone 240. Here
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a much larger quantity of water at about 80° F. supplied
from a cooling tower through line 245 is sprayed by
sprayer 250, preferably over packing material and the
gases are cooled and dehumidified leaving in a saturated
condition at 100°-200° F. at the top through pipe 255.
The large quantity of water used in this step is withdrawn
from a tray 269 through line 265 and recycled to the cool-
ing tower through line 266. A portion of this stream
may be recycled directly to tower 210 through line 288.
The relatively small quantity needed in the lower part of
the tower may be taken from the stream in 265, as indi-
cated at 228. Instead of the spray or spray plus packing,
bubble plates or other suitable contacting equipment may
be used in zone 249.

The main advantage of this scrubber arrangement is
the separation of the large amount of water needed for
the cooling job in the top part of the tower from the
small amount which is desired to use for slurry formation
in the lower part of the tower. The temperatures and
flow rates quoted are to be considered merely as ex-
amples and not as limitations of the invention.

The apparatus described produces from the hot dust
laden gases a large quantity of relatively cool and dry
gases which may be used in any desired process (for ex-
ample, it may be compressed conveniently) and a water
slurry of convenient concentration which may be with-
drawn through line 27¢ and returned to the process from
which the solids were recovered.

If it is desired to prevent the sedimentation or adsorb-
tion of solid water impurities on the process solids located
in number 21¢ a washer of the type illustrated in Figure
3 may be used to cooperate with scrubbing tower 21§
of Figure 2 in the following manner.

It will be appreciated that considerable makeup water
must be added to the system of Figure 2 to supply that
water which-is evaporated in the atmospheric cooling
towers. The heat of evaporation of this water must equal
the entire sensible heat removal between the hot feed
gas, the cooled exit gas, and the condensed water leav-
ing the scrubber. In accordance with the modification
shown in Figure 3, no water is injected into the hot fesd
gas in line 285 of Figure 2 and the gas is cooled from
say about 600° F. to about 230° F, by evaporation of
water in the bubble trays 236. The slurry is withdrawn
through line 270 as shown in Figure 2 and passed into
a cone bottom vessel 310 shown in Figure 3. 1In this
vessel the solid particles comprising the dust recovered
from the gas stream, are washed by an upward rising
current of pure condensate water supplied through mani-
folds 315. The slurry from the bottom of the cone-
shaped vessel 310 is fed into a stream of condensate
water in line 220 and this stream is sent back to the
process relatively free of solid impurities contained in the
water used in the cooling system. Sufficient makeup
water of the ordinary type may be used in the cooling
system to prevent deposition of dissolved particles in any
part of the apparatus. The makeup water may be heated
and passed through settling tanks for removal of tempo-
rary hardness if desired.

It has been mentioned above that the metal oxide used
may also act as a catalyst for the oxidation reaction. It
will be understood that the reaction may be further cat-
alyzed by the addition of extraneous oxidation catalysts
such as vanadium oxide, or reformation catalysts such
as nickel. Reformation catalyst may be admixed with

5 and circulated together with the metal coxide to the re-

action zones, 30, 48, 70, and 80 to cause therein re-
formation of any CQO: formed with methane to form
additional amounts of CO and Ha,

If appreciable amounts of CO2 are formed the prod-
uct gas may be contacted with unconverted or freshly
added quantities of methane or other gaseous hydro-
carbons in the presence of a reforming catalyst in order
to produce a mixture of carbon monoxide and hydrogen
by the well known reforming reaction. This reaction
may take place in spaces 16 and 62 above dense phase
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levels 314 and &%, the reforming catalyst being added to
the system in a relatively small particle size so that it wiil
remain above the bed of oxidation material, or it may
be carried out in a separate vessel, methane or the like
being supplied to these spacss in any suitable manner.

A, system adapted to carry out this latter type of process
is schematically illustrated in Figure 4. This system es-
sentially comprises 2 methane oxidizer 418, a metal re-
cxidizer 430 and a reformer 458. Ocxidizer 418 con-
tains a dense bed 412 of metal oxide such as iron oxide
fluidized by the gaseous hydrocarbon to be oxidized, such
as msthane, supplied through line 4i4. Reoxidizer 438
is arrangsd in an elevated position with respect to oxi-
dizer 41¢ and contains a dense bed 432 of reduced metal
oxide in the state of reoxidation and fluidized by air sup-
plied through line 434. Reformer 459 may be in an in-
termediate position and holds a dense bed 452 of finely
divided reformer catalyst such as nickel or nickel sup-
ported by vanadium pentoxide or a carrier such as kaolin,
kieselguhr, magnesia or the like, fluidized by hydrocarbon
gas supplied through line 433 and gaseous oxidation
products from oxidizer 410, supplied through line 456.
Oxidizer 410 and reformer 450 may be maintained at
an elevated pressure of say about 75-200 Ibs. per square
inch, preferably about 100-150 Ibs. per square inch, while
reoxidizer 439 is preferably kept at a lower pressure, pref-
erably at about atmospheric to 50 Ibs. per square inch
pressure.

Reoxidized metal oxide flows under the pressure of
dense phase 432 and standpipe 43¢ provided with 2 bot-
tom control valve 438, substantially at the temperature
of bed 432, into oxidizer 410, is reduced therein by the
gaseous hydrocarbon and returned through the reverse
standpipe 416 provided with a top control valve 418
under the pressure of oxidizer 410 to reoxidizer 430.
Control valve 418 may also be placed lower in reverse
standpipe 41$6, in which case aeration gas is supplied to
416 through one or more taps ¢ above such lower valve,
particularly during the starting period.

About 25% or more of the hydrocarbon gas to be used
in the entire process of synthesis gas production may be
charged to oxidizer 410 through line 414 to react with
the metal oxide furnished through standpipe 436. When
copper oxide is used substantially complete reaction to
form COz and water vapor results. With iron oxide some
CO and H: will be formed as well. The overhead gases
from oxidizer 410 are then passed into the reformer 459.
In addition to the gases from vessel 410 the rest of the
methane to be used in the process is also charged to ves-
sel 459 through lines 453 and 454. Reaction between the
water vapor and COz from oxidizer 410 with the added
methane results in the production of the desired synthesis
gas.

One of the problems in this process is to remove the
heat of oxidation from oxidizer 410 and to supply the
heat required in the reformation in reformer 450. To
accomplish this, oxidizer 410 is operated at a temperature
higher than reformer 456, say higher by about 50-100° F.
or more, and spent metal powder from oxidizer 410 may
be circulated to reformer 450 to supply heat to this vessel
and returned to oxidizer 410 where it absorbs the heat
released in the latter vessel. Asshown in Figure 4, a with-
drawal well 428 and standpipe 422 for reduced metal
oxide to be transferred from oxidizer 410 to reformer
450 through line 453, is located as far as possible from
the end of standpipe 436 which charges the oxidized pow-
der from the reoxidizer 430. 1t is one of the objects of
this invention to provide a method of transferring the
heat between vessels 410 and 4590 while at the same time
transferring as little oxidized metal as possible from 418
to 456 where combustion of CO and Hz would occur. The
feed to a standpipe 458, by means of which solids may
be returned from reformer 450 to oxidizer 410, through
line 460, may be elutriated by a stream of methane as
indicated in the drawing at 454. In this way the transfer
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of reformer catalyst from 450 to 410 may be minimized.
This transfer, while not fatal to the process in small
amounts, is to be avoided so that the reformer catalyst
may be kept as active as possible.

The amount of reduced metal oxide transferred from
oxidizer 410 to reformer 450 should be as small as pos-
sible and should not exceed the amount required for the
desired heat supply to reformer 456. In many cases, the

- extent of reforming to be done in reformer 450 may be

relatively so small that the heat supplied by the exit gases
from oxidizer 410 may be sufficient and a solids circula-
tion from oxidizer 410 to reformer 450 may be substan-
tially or completely dispensed with.

Operating temperatures may be about 1500°-1900° F.,
preferably about 1700° F., in reoxidizer 430; about
1400°-1800° F., preferably about 1600° F., in oxidizer
4198; and about 1300°-1700° F., preferably about 1500°
F. in reformer 450. If desired fresh metal or metal oxide
may be supplied to reoxidizer 43¢ through line 435 and
metal oxide fines of undesirably small size may be dis-
carded through line 417. Similarly, fresh reforming cata-
lyst may be fed through line 451 to reformer 45@ and spent
material withdrawn from ‘the system through line 457.
The solids flow through standpipe 436 and 458 may be
facilitated by the supply of small amounts of suitable
fluidizing gases through taps ¢ as indicated.

While the operation of the systems illustrated by the
drawing has been described with reference to the produc-
tion of carbon monoxide and hydrogen from natural gas
or methane it will be understood that this system may be
readily adapted by one skilled in the art to other oxida-
tion reactions such as the production of alcohols, alde-
hydes, acids or other oxygenated compounds from gaseous
or vaporous hydrocarbons.

Our invention will be further illustrated by the follow-
ing specific example:

Example

For the production of about 3.50 million cu. ft. per
day of hydrogen and carbon monoxide in the approximate
ratio of 1.9 mols of hydrogen per mol of carbon monoxide
from methane using cupric oxide having an average par-
ticle size of about 350 mesh as the oxidizing agent in a
system of the type illustrated by Figure 1 the following
approximate conditions have been found suitable.

Feed gas composition.....____ CHs=96.0%; CO2=4.0%.
Reaction temperafure______ 1520° F.

Average reaction pressure_. 100 lbs. per sq. in.
Regeneration temperature___ 1620° F.

CHae fed rate_—___________ 1.7 million cu. ft. per day.
Air feed rate_ . .____ 4.5 million cu. ft. per day.
Solids circulation rate_____ 18,000 Ibs. per min.
Superficial gas velocity in re-

5 ft. per sec.

80-120 Ibs. per cu. ft.
Density of suspension in re-

generator______________. 200-220 1bs. per cu. ft.

The synthesis gas produced at these conditions has a
composition about as follows:

H2=51.0%
CO=27.5%
CO2=4.8%
CHy=7.6%
Hx0=9.1%

While the foregoing description and exemplary opera-
tions have served to illustrate specific applications and re-
sults of the invention, other modifications obvious to those
skilled in the art are within the scope of the invention.
Only such limitations should be imposed on the invention
as are indicated in the appended claims.

What is claimed is:

1. In the production of gas mixtures containing carbon
monoxide and hydrogen by the oxidation of gaseous hy-
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drocarbons essentially exclusively “with finely divided
metal oxides in an oxidizing zone and reoxidation of
metal oxide reduced in said oxidizing zone with air in a
reoxidation zone in a system-operated by the fluid solids
technique wherein a dense turbulent bed of finely di-
vided metal oxide fluidized by upwardly flowing gases to
resemble a boiling liquid having a well defined upper level
is maintained in said reoxidation zone, the improvement
which comprises supplying heat of reaction to said oxi-
dizing zone as sensible heat of reoxidized metal oxide
circulated from said reoxidation zome to said oxidizing
zone and operating said reoxidation zone at a higher tem-
perature and a substantially lower pressure than said oxi-
dizing zone. .

2. The method as claimed in claim 1 in which the gases
produced in said oxidizing zone are subjected to reforma-
tion with at least one mild oxidizing agent selected from
the group consisting of COz and steam in the presence of
a reformation catalyst.

3. The method as claimed in claim 1 in which said
metal oxide at the reoxidation temperature has an oxygen
partial pressure of less than about 0.10 atmosphere at
equilibrium with both higher and lower stages of oxida-
tion. :

4. In the method of producing mixtures of carbon
monoxide and hydrogen by oxidizing gaseous hydrocar-
bons in an oxidizing zone with metal oxides, reoxidizing
reduced metal oxide with air in a reoxidizing zone and
reforming gaseous hydrocarbons with gaseous products
of complete oxidation of gaseous hydrocarbons in a re-
forming zone in the presence of a reforming catalyst, the
improvement which comprises maintaining dense turbu-
lent beds of finely divided oxidized and reduced metal
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oxide fluidized by upwardly flowing gases to resemble boil-
ing liquids having well defined upper levels in said oxidiz-
ing and reoxidizing zones and a similar fluidized bed of
finely divided reforming catalyst comprising reduced
metal oxide in said reforming zone, operating said" oxi-
dizing zone at a pressure higher than that of said reoxi-
dizing zone and at conditions conducive to the formation
of substantial amounts of products of complete oxidation
including COz and water, maintaining a negative tem-
perature gradient from said reoxidizing zone to said oxi-
dizing zone to said reforming zone, supplying heat of re-
action to said oxidizing zone as sensible heat of metal
oxide circulated from said reoxidizing zone and heat of
reaction to said reforming zones as sensible heat of re-
duced metal oxide circulated from said oxidizing zone,
supplyving gaseous hydrocarbons to said reforming zone,
returning reduced metal oxide from said reforming zone
to said oxidizing zone and from said oxidizing zoxne to said
reoxidizing zone and recovering carbon monoxide and
hyvdrogen from said reforming zone.
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