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(57) Abstract

The invention provides an improved method for producing synthesis gas from lower alkanes (10) which utilizes molten baths (24) as
reactors. A molten metal oxide bath delivers oxygen to a feed stream containing lower alkanes and enhances oxidation of the lower alkanes
to produce carbon dioxide and a molten elemental metal. In a molten metal bath, the metal is regenerated to metal oxide by contact with a
regenerant such as air. Heat evolved in the molten baths is transferred to an endothermic reactor (36) where a portion of the carbon dioxide

is converted to a mixture of carbon oxides and hydrogen.




applications under the PCT.

AT
AU

BB

BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
cM
CN
cs
(o7
DE
DK
ES
FI
FR
GA

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international

Austria
Australia
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus
Canada

Central African Republic
Congo
Switzerland
Cote d’Ivoire
Cameroon
China
Czechoslovakia
Czech Republic
Germany
Denmark

Spain

Finland

France

Gabon

GB
GE
GN
GR

IE
IT
JP
KE
KG

L1
LK
LU
LV
MC
MD
MG
ML
MN

United Kingdom
Georgia

Guinea

Greece

Hungary

Ireland

Italy

Japan

Kenya

Kyrgystan
Democratic People’s Republic
of Korea
Republic of Korea
Kazakhstan
Liechtenstein

Sri Lanka
Luxembourg
Latvia

Monaco

Republic of Moldova
Madagascar

Mali

Mongolia

MR
MW
NE
NL
NO
NZ
PL

RO
RU
SD
SE
SI

SN
TD
TG .
TJ

UA
Us
Uz

Mauritania

Malawi

Niger

Netherlands
Norway

New Zealand
Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Slovenia

Slovakia

Senegal

Chad

Togo

Tajikistan

Trinidad and Tobago
Ukraine

United States of America
Uzbekistan

Viet Nam

-

[



WO 96/0 1228 PCT/US95/07805

-

Method for Producing Synthesis Gas

Background of Invention

l Field of the Invention

The invention relates generally to the utilization of lower alkanes and the
synthesis of hydrocarbons. More specifically, the invention relates to conversion of a

low molecular weight alkane such as methane to carbon oxides, hydrogen, and water.

Il Description of the Prior Art

The conversion of low molecular weight alkanes (lower alkanes) to synthetic
fuels or chemicals has received increasing consideration as such low molecular
weight alkanes are generally available from readily secured and reliable sources.
Attention has focused on nétural gas as a source of low molecular weight alkanes.
Low molecular weight alkanes are present in many coal deposits and may be formed
during mining operations, in petroleum production and refining processes, and in the

gasification or liquefaction of coal, tar sands, oil shale, and biomass.

Accessibility is a major obstacle to effective and extensive use of remotely
situated natural gas. Consequently, methods for converting low molecular weight
alkanes to chemical feedstocks and to more easily transportable liquid fuels are
desired. A number of such methods have been reported which can be conveniently
categorized as direct oxidation routes or as indirect syngas routes. The direct
oxidation routes convert lower alkanes to products such as methanol, gasoline, and
relatively higher molecular weight alkanes. in contrast, the indirect syngas routes

involve the production of synthesis gas (syngas) as an intermediate product.
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The direct oxidation routes include oxidative coupling, electrophilic oxidation,
oxychlorination, and direct partial oxidation. For example, an article by»G.E. Keller and
M.M. Bhasin published in the Journal of Catalysis, 73, 1982, 9-19, states that methane
can be converted to C, hydrocarbons in the presence of reducible metal oxides. The
Keller article outlines a reaction method involving the steps of: (1) charging the
catalyst with oxygen by passing an oxygen-containing gas over the catalyst; (2)
replacing the oxygen in the gas chamber of the catalytic reactor with an inert gas; (3)
feeding methane over the catalyst, which partially produces the desired reaction; and
(4) supplanting the residual methane and resulting product in the reactor with an inert

gas before the sequence of steps is repeated.

The efforts of a number of other researchers in the area of oxidative coupling
have been reported. For example, Jones et al., U.S. Patent Nos. 4,443,664-9 describe
processes for synthesizing hydrocarbons containing as many as seven carbon atoms
from methane. In the processes, methane is contacted with a reducible oxide of
antimony, germanium, bismuth, lead, indium, or manganese. The aforesaid patents
describe ranges of reaction temperature from a lower limit of 500°C. to an upper limit
of 1000°C. After reduction, the reducible oxide is reportedly regenerated by oxidation
with molecular oxygen. The oxidation may be conducted in a separate zone or by
alternating the flow of methane-containing gas with the flow of an oxygen-containing

gas.

Additionally, U.S. Patents No. 4,665,260 and 4,560,821 issued to Jones et al.
describe an oxidative coupling process in which moving beds of particles containing a
‘reducible oxide of a metal are recirculated between a methane contact zone and an
‘oxygen contact zone. However, efforts at oxidative coupling have bogged down in

recent years because of disappointing yields.
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Broadly stated, the indirect syngas routes operate by dehydrogenating and
oxidizing methane to produce the mixture of hydrogen and carbon oxides known as
syngas. Although the ratios of hydrogen and the carbon oxides in syngas may vary
widely, all indirect syngas routes require a source of oxygen. For example, U.S.
Patent No. 5,112,527 issued to Kobylinski describes a process for converting natural
gas to synthesis gas which utilizes ambient air as a source of oxygen. In the described
process, a homogeneous mixture of lower alkanes and air is subjected to partial
oxidation and steam reforming reactions in the presence of a first catalyst and water.
The product stream from the first catalyst reportedly reacts with water in the presence
of a second catalyst having steam reforming activity to produce carbon monoxide and
hydrogen. The Kobylinski patent states that the use of air as an oxygen source may
result in up to about 45 volume percent nitrogen as an inert component in the

gaseous, syngas-containing product.

European Patent Application No. 0399833A1, describes a reactor equipped
with separation membranes to exclude nitrogen gas when the reactor is charged with
atmosphen‘é air. The reactor reportedly comprises first and second zones separated by
a solid multi-component membrane. The '833 application states that such reactors can
be used to conduct the partial oxidation of methane to produce unsaturated

compounds or synthesis gas.

Researchers have long been intrigued by the prospect of conducting oxidation
and reduction reactions within a molten metal bed. An apparatus relating to a process
for pyrometallurgically refining copper by passing a reducing hydrocarbon gas through
an oxygen-containing motten copper bed is described in U.S. Patent No. 3,650,519
issued to Vogt et al. The hydrocarbon gas can reportedly be methane, ethane,
propane, butane, pentane, or natural gas. The '519 Patent states that injection of

methane into a melt of copper containing 0.55 weight percent oxygen produced a gas
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mixture which, after reacting with the copper melt, was analyzed as having 24 percent

CO,, 13 percent CO, 14 percent Hp, and 3.3 percent CHy. The ‘519 Patent does not

record any recovery of the gas so produced.

U.S. Patent No. 4,062,657 issued to Knuppel et al. is directed to a process and
an apparatus for gasifying sulphur-bearing coal in a molten iron bath. Reportedly, hot
liquid slag is transferred from the iron bath to a second vessel in which the slag is
desulfurized by contact with an oxygen containing gas, and then returned to the iron
bath for reuse. The '657 Patent notes that under favorable processing conditions a
molten iron bath can gasify finely divided coal to produce a combustible gas having an
approximate composition of about 70 to 80 percent carbon monoxide and about 15 to

about 25 percent hydrogen.

An article by L. Meszaros and G. Schobel in British Chemical Engineering,
January 1971, Volume 16, No. 1 describes a moiten-bed reactor having a molten lead
bath which facilitates the simultaneous oxidation and decarboxylation of furfurol to
produce furan. Furfurol and air were reportedly bubbled through molten lead in
stoichiometric ratio from a common furfurol-air inlet system and, alternatively, from a
separate furfurol inlet and air inlet system. The article states that the method is useful
for the partial oxidation of hydrocarbons, alcohols, aldehydes, and for the

decomposition of natural gas and gasoline.

U.S. Patent No. 4,406,666, issued to Paschen et al., is directed to a device for
the gasification of carbon-containing material in a molten metal bath process to obtain
the continuous production of a gas composed of carbon monoxide and hydrogen. The
'666 Patent states that gaseous carbon materials as well as gases containing oxygen
can be introduced into the reactor below the surface of the molten metal bath. The

moklten metal reportedly consists of molten iron, silicon, chromium, copper, or lead.
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A method for converting carbon-containing feed, such as municipal garbage or
a hydrocarbon gas, to carbon dioxide is described in U.S. Patent No. 5,177,304 issued
to Nagel. The carbon-containing feed and oxygen are introduced to a molten metal
bath having immiscible first and second molten metal phases. The ‘304 Patent states
that the feed is converted to atomic carbon in the bath, with the first metal phase
oxidizing atomic carbon to carbon monoxide and the second metal phase oxidizing
carbon monoxide to carbon dioxide. Heat released by exothermic reactions within the
molten bath can reportedly be transferred out of the molten system to power

generating means, such as a steam turbine.

U.S. Patent No. 4,126,668 issued to Erickson presents a process for producing
a hydrogen rich gas such as hydrogen, ammonia synthesis gas, or methanol synthesis
gas. In the process, steam, carbon dioxide, or a combination of the two is reportedly
reacted with a molten metal to produce a molten metal oxide and a gaseous mixture of
hydrogen and steam. The '668 Patent states that the steam portion of the gaseous
mixture can be condensed and separated to produce a relatively pure hydrogen
stream. The molten metal oxide is said to be regenerated for further use by contact
with a reducing gas stream containing a reformed hydrocarbon gas, such as reformed
methane. When methanol is a desired product, appropriate amounts of carbon dioxide
and steam are reportedly reacted with the molten metal, whereby CO, is reduced to
CO and H,0 is reduced to H, to produce a methanol synthesis gas: Alternatively, the
'668 Patent states that the relatively high purity hydrogen stream can be subsequently
reacted with CO, in a reverse water shift reaction to produce a methanol synthesis

gas.

Although the efforts of prior researchers have produced many notable advances
in the manutacture of synthesis gas, a need still exists for a new and better process for

producing synthesis gas from lower alkanes. Desirably, the process utilizes airas a
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source of oxygen but also minimizes nitrogen dilution of the synthesis gas product
while avoiding entirely the dangers of handling high-purity oxygen. In the interest of
safety, the desired process keeps the lower alkanes separated from air at all times.
Additionally, the process should be continuous in operation and capable of producing
relatively high conversions of methane while maintaining good selectivities for carbon
oxides and hydrogen. The process should include opportunities for integrating heat

transfer between exothermic and endothermic portions of the process.

Summary of the Invention

The invention is an improved method for producing synthesis gas from lower
alkanes which utilizes two distinct molten baths as reactors. The first of the two baths is
a motten metal oxide bath which delivers oxygen in a relatively safe and controlled
manner to a feed stream containing lower alkanes. The metal oxide bath additionally
enhances oxidaﬁon of the lower alkanes to produce carbon dioxide and a molten
elemental metal. The metal is regenerated to metal oxide by contact with airin a
second moklten bath which is a molten metal bath. Heat evolved by exothermic
reactions in the molten baths is transferred to an endothermic reforming reactor where
a portion of the carbon dioxide is converted to a mixture of carbon oxides and

hydrogen, widely known as synthesis gas.

In one aspect, the invention is a process for producing synthesis gas which
comprises passing a feed stream and an influent oxidant stream through a combustion
zone. The feed stream contains a lower alkane such as methane, ethane, propane, or
butane. The influent oxidant stream contains a molten metal oxide. The lower alkane
and the motten metal oxide react to produce an oxidized product stream containing
carbon dioxide and water, as well as an effluent oxidant stream which includes

relatively less of the metal oxide. The effluent oxidant stream and a regenerant stream
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including oxygen are passed through a regeneration zone where the two streams
react exothermically to produce a regenerated oxidant stream and an exhaust stream.
The oxidized product stream is passed to a reforming zone in which a catalyzed
reforming reaction endothermically produces a synthesis gas stream which includes
carbon monoxide and hydrogen. At least a portion of the heat liberated by exothermic
reactions in the regeneration zone is transferred to the reforming zone to sustain the

endothermic reforming reaction.

In another aspect, the invention is a continuous process for producing synthesis
gas which comprises passing a feed stream which includes a lower alkane and an
influent oxidant stream which includes a molten metal oxide through a combustion
zone. The streams interact to produce an oxidized product stream which contains
carbon dioxide and water. The interaction also produces an effluent oxidant stream
which includes relatively less of the metal oxide. The effluent oxidant stream and an
air stream are mingled to promote an exothermic reaction which yields heat, an
exhaust stream, and a regenerated oxidant stream. Heat is transferred from the
regenerated oxidant stream to the oxidized product stream through a heat exchanger.
in a reforming zone which contains a reforming catalyst, the oxidized product stream is
converted endothermically to produce a synthesis gas stream. The regenerated

oxidant stream is retumed to the combustion zone.
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Brief Description of the Drawing

"Fig. 1 is a process flow diagram depicting an improved process which utilizes
an improved oxygen concentration and delivery system for converting lower alkanes to

synthesis gas.

Detailed Description of Preferred Aspects of the Invention

The invention is an improved process for producing synthesis gas from lower
alkanes. Herein, synthesis gas is defined as a gaseous mixture of hydrogen (Hz) and
carbon monoxide (CO) which can also contain relatively minor amounts of 6arbon
dioxide (CO,), water (H,0) and diatomic nitrogen (N,). Preferably, the product
- synthesis gas will have a desirably low molar ratio of hydrogen to carbon monoxide of

less than about 3:1, preferably less than to about 2:1.

While the invention is applicable to conversion of alkanes generally, it finds
special utility in the conversion of natural gas which is rich in methane. Typically,
natural gas contains about 85 to about 95 volume percent methane, about 2 to about
10 volume percent ethane, and smaller amounts of propane and butane. Reterence
below to the use of methane as a gaseous feedstock is understood to be exemplary
only. Similarly, although chemical equations relating to lead and lead oxide are
provided below for clarity, it is understood that the present invention can be practiced

with a variety of metals and metal oxides.

According to the invention, methane, for example, is introduced at or near the
bottom of a molten metal oxide bath. Methane reacts exothermically with the molten

metal oxide bath according to the reaction:

CH, + 4PbO — CO; + 2H,0 + Pb AH = -11.8 kcal/mol (1000°C)
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Gaseous carbon dioxide and steam exit the moiten metal oxide bath and are
mixed with additional methane prior to introduction into a reforming reactor.
Alternatively, the molten metal oxide bath can be operated such that methane is only
partially converted, and unreacted methane is carried into the reforming reactor. In
either case, a mixture containing carbon dioxide, water, and methane is
endothermically reformed in the presence of a catalyst to produce a mixture containing

carbon monoxide and hydrogen by the following reaction:

3CH, + CO, + 2H,0 — 4Hy + 2CO AH = +171.4 kcal/mol (1000°C)

Additionally, a portion of the molten metal oxide bath which has been at least
partially reduced by contact with methane is passed to a molten regenerating bath for
oxidation by contact with a regenerant, such as air. Relatively inert gases, such as
nitrogen, pass out of the regenerating bath unreacted. Oxygen from the air, for

example, reacts to regenerate the metal oxide according to the formula:

4Pb + 20, — 4PbO AH = -179.8 kcal/mol (1000°C)

In order to better communicate the invention, a preferred aspect of the invention
is now described in some detail. This preferred aspect is not the only manner in which
the invention can be applied, and it is understood that such a description does not limit

the scope of the invention in any way.

Referring to Fig. 1, a feed stream containing natural gas is passed from a source
10 through a junction 14 and conduits 12 and 16 to an optional gas preheater 18
which heats the feed stream to a temperature appropriate for operation of a

combustion zone 22. The preheater 18 is, for example, a fossil fuel-fired heater.

The feed stream passes through a conduit 20 and enters the combustion zone

22. Preferably, the combustion zone 22 operates in the range of about 600 to about
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1200°F, more preferably about 800 to about 1000°F. The operating pressure of the
combustion zone 22 is preferably in the range of about one atmosphere to about 2000
pounds per square inch (psig), more preferably from about 200 to about 600 psig. it is
contemplated that the operating pressure of the combustion zone 22 is maintained at a

slightly greater value than that of a downstream process which receives synthesis gas.

Located within the combustion zone 22, is a combusting bath 24 substantially
composed of a molten metal oxide. Preferably, the metal oxide is the oxide of a metal
selected from the group consisting of lead, antimony, bismuth, copper, zinc, indium,
and mixtures thereof. The oxides of lead, antimony, and bismuth are especially
preferred, as are eutectic mixtures of the oxides of the aforementioned metals.
Mixtures of antimony, bismuth, and lead and, alternatively, mixtures of copper, zinc,

indium, and lead in appropriate proportions form particularly useful eutectic mixtures.

The combusting bath 24 includes a moiten elemental metal portion 25. The
combusting bath 24 is preferably stratified by buoyant forces arising from a difference
in density so that the oxide portion 26 floats above the elemental portion 25. However,
it is also contemplated that the process is operated at relatively great space velocities
such that the feed stream agitates the combusting bath 24 to an extent that causes the

oxide portion 26 to blend with the elemental portion 25.

In the combustion zone 22, the feed stream is chemically converted to produce
an oxidized product stream including carbon dioxide and water. The oxidized product
stream emerges from the combusting bath 24, preferably into a disengaging vapor
space 27 of relatively low superficial velocity, and exits the combusting zone 22 via a

conduit 28.

The conduit 28 extends to a junction 32. A second portion of the feed stream

travels from junction 14, described above, through a conduit 30 to augment the
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oxidized product stream at the junction 32. The augmented oxidized product stream
passes through a conduit 34 to a reforming zone 36. The reforming zone 36 includes
a reforming catalyst 37, preferably a catalyst containing nickel,kcopper, zinc, noble
metals, or mixtures thereof. For the present purposes, the noble metals are goid,

silver, platinum, palladium, ruthenium, iridium, rhodium, and osmium.

For the present purposes, reforming is defined as a catalyzed reaction between
water and a hydrocarbon which produces carbon monoxide and hydrogen. For
example, catalytic steam reforming of methane, refinery gas, or naphtha is a common
source of hydrogen used in petroleum refineries. Hydrocarbons treated with steam in
the range of about 1200°F to about 1600°F and at pressures in the range of about 400
psig to about 2000 psig in the presence of a suitable catalyst yield hydrogen and
carbon oxides. Typically, a nickel-based catalyst is employed, often packed in tubes
within a fumace. It is important to distinguish catalyzed reforming from the uncatalyzed

steam pyrolysis of hydrocarbons.

In addition to the reforming reaction, other chemical reactions take place
simultaneously within the reforming zone. Methane reacts with carboﬁ dioxide to
produce carbon monoxide and hydrogen. Hydrogen reacts reversibly with carbon
dioxide to produce carbon monoxide and water. The ratio of carbon monoxide to
hydrogen in the product synthesis gas stream can be varied to some extent by
adjusting the relative amounts of oxygen, methane, and water entering the reforming
zone. Because the reversible reaction of hydrogen with carbon dioxide has an
equilibrium constant which is temperature-dependent, the temperature of the

reforming zone can also affect the ratio.

Preterably, the reforming zone 36 is surrounded by a pressure vessel 38 having

a heat transfer surface 40 exposed to the oxidized product stream. The heat transfer
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surface 40 and a relatively warmer heat transfer surface 42 constitute a heat
exchanger 44. Heat energy to sustain the endothermic reforming reaction is
preferably transported into the reforming zone 36 by the heat exchanger 44. As the
oxidized product stream passes through the reforming zone 36, at least a portion is
chemically converted to produce a synthesis gas stream which exits the reforming

zone 36 by a conduit 62.

Returning now to the combustion zone 22, an effiuent oxidant stream is
withdrawn from the combusting bath 24 through a conduit 23. The effluent oxidant
stream includes relatively iess of the metal oxide as compared to an influent oxidant
stream which enters the combusting bath 24 through a conduit 21. The effiuent

oxidant stream travels through the conduit 23 to an exothermic regeneration zone 46. |

A regenerant stream, such as an air stream, passes from a source 47 through
conduits 48 and 50 and a compressor 49 to the regeneration zone 46 where the
regenerant stream mingles with the effluent oxidant stream. The mingling may be
accomplished by mixing the streams together. However, it is preferred that the effluent
oxidant stream be atomized prior to contact with the regenerant stream to provide
more surface area for interaction between the streams and to reduce compression

costs.

It is especially preferred that droplets of the effluent oxidant stream be permitted
to fall through the regenerant stream while periodically coming into proximity with one
or more transfer surfaces, such as the heat transfer surface 42. In this manner, heat
liberated by an exothermic chemical reaction between the effluent oxidant stream and
the regenerant stream is passed to the heat exchanger 44 and utilized to sustain the
reforming reaction. Additionally, a portion of the heat liberated can be recovered by

heat exchangers, such as a heat exchanger 82 which heats boiler feed water routed
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from a source 70 through a junction 74 via conduits 72 and 80. The heated boiler feed

water leaves the exchanger 82 via a conduit 84 and a junction 88.

The regeneration of the effluent oxidant stream produces a regenerated oxidant
stream having a proportion of the above-described metal oxide which is approximately
equal to the proportion of the metal oxide in the influent oxidant stream. Preferably,
the regenerated oxidant stream is collected as a regenerating bath 51. Although it is
preferred that the regenerating bath 51 be composed predominantly of molten metal
oxide, the present invention may be practiced with some amount of elemehtal metal
oxide present. For example, the metal oxide and the metal may be blended
throughout the regenerating bath 51. Alternatively, the metal oxide may be present as

a separate molten phase 52 floating on a distinguishable molten metal phase 54.

The present invention can be practiced by injecting the regenerant stream
directly into the regenerating bath 51. However, if the regenerant stream is merely
injected under the surface of a molten metal bath and permitted to rise as bubbles
under the influence of gravity, an injection pressure in excess of 400 psig may be

required to overcome the relatively high densities exhibited by motten metals.

Accordingly, it is preferred to reduce compression costs by introducing the
regenerant stream from the conduit 50 into the regeneration zone 46 at a pressure no
higher than is absolutely necessary. To this end, the regeneration zone 46 is
preferably operated at approxi_mately atmospheric pressure with the effluent oxidant
stream falling counter-currently as droplets, sheets, or rivulets through a rising stream

of gaseous regenserant.

Preferably, baffles and redistributors (not shown in Fig. 1) are located in the
path of the counter-current streams so as to improve contact. For example, the

reforming zone 36 and the regeneration zone 46 may be constructed as a horizontal
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shell and tube exchanger, wherein the reforming catalyst is packed in horizontal tubes
and the effiuent oxidant stream drips downward across external surfaces of the tube,
including the heat transfer surface 42, while the regenerant stream rises through the
shell side of the exchanger and interacts with the effluent oxidant stream. The
regenerated oxidant stream exits the regeneration zone 46 by means of a conduit 56,
preferably under the influence of a pump 58, and returns to the combusting bath 24
through the conduit 21.

The exothermic reaction between the regenerant stream and the effluent
oxidant stream in the regeneration zone 46 produces an exhaust stream which,
averaged over time, is relatively depleted in oxygen as compared to the regenerant
stream drawn from the source 47. Operation which depletes the oxygen from the
regenerant stream entirely is within the scope of the present invention. However, it is
also contemplated to operate the present invention so that the exhaust stream

contains a substantial amount of diatomic oxygen.

After leaving the regeneration zone 46 by a conduit 66, the exhaust stream is
preferably cooled by exchange with boiler feed water in a heat exchanger 68. The
boiler feed water is withdrawn, for example, from the conduit 72 through junctions 74
and 76 and is delivered to the heat exchanger 68 by conduits 76 and 92. Steam
pfoduced in the heat exchanger 68 exits by a conduit 94. Cooled exhaust gas is
conducted from the heat exchanger 68 by a conduit 102 leading to a destination 104,

such as a vent to atmosphere.

Directing attention again to the synthesis gas stream leaving the reforming zone
36 through the conduit 62, a significant amount of heat energy can be recovered by
passing the stream through one or more heat exchangers such as the heat exchanger

64. For example, boiler feed water from the conduit 72 is passed through junctions 74
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and 76 and through conduits 76 and 85 to the heat exchanger 64 where the boiler
feed water stream is vaporized to produce steam. The steam is conducted by conduits
86, 90, and 98 to a destination 100. A cooled synthesis gas stream leaves the heat

exchanger 64 by means of a conduit 106.

The cooled synthesis gas stream may be treated to remove components other
than carbon monoxide and hydrogen. When carbon dioxide removal is desired, the
cooled synthesis gas stream is washed with a basic aqueous solution in a wash tower
108. The basic aqueous solution typically comprises sodium carbonate and minor
amounts of diethanol amine, although many alkanol amines for carbon dioxide
removal are known. The basic solution is carried to the wash tower 108 from a source
110 by a conduit 111. Spent solution leaves the wash tower 108 by means of a
conduit 116 and is preferably conducted to a stripping tower 117 which produces a
carbon dioxide-rich stream that is directed through a conduit 118 to a destination 120.
The stripping tower 117 also produces a spent water stream which travels through a

conduit 122 to a destination 124 for disposal or recovery.

The cooled synthesis gas stream enters the wash tower 108 through the conduit
106, which was described above. A purified synthesis gas stream exits the wash
tower 117 through a conduit 112 to be stored or utilized at a destination 114. ltis
cdntemplated that the synthesis gas produced is utilized as a feed stock for methanol
synthesis. Alternatively, the synthesis gas can be utilized as a feed stock for dimethyl
ether synthesis or for the synthesis of olefins. Additionally, the synthesis gas may be
utilized as a feed stock for a Fischer-Tropsch reaction in order to produce, for example,

hydrocarbons having about five to about 11 carbon atoms.

The following examples are presented in order to better communicate the

invention and are not intended to limit the scope of the claims in any way.
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Example 1

Methane was passed through a bed of molten lead oxide held at 1000°C. Off

gas was monitored by gas chromatograph. The results are presented in Table 1

below.
Space Selectivities, %
velocity
Flowsccm min-1  CH4conv,% CO; CO C,+ %Hpin gas
3.41 1.71 78.2. 93.8 3.8 2.4 3.3
7.33 3.68 49.7 83.3 4.2 12.5 5.7
15.15 7.63 24.5 65.4 14.6 20.0 9.2

Inspection of Table 1 reveals that a relatively high methane conversion was
obtained at a space velocity of 1.71 per minute. By extrapolation, it is likely that
complete conversion of methane could be obtained at still lower space velocity.
Conversely, methane conversion was lower and the production of carbon monoxide
and C,+ hydrocarbons was greater at relatively higher space velocities. As a
hypothesis, it is possible that the carbon monoxide and C,+ hydrocarbons were
produced by pyrolysis of methane in a vapor space which existed above the molten
bed. If this hypothesis proves true, minimizing the vapor space above the molten bed

should reduce the amount of carbon monoxide and Co+ hydrocarbons produced.

Example 2

An air stream was injected into a bed of molten lead metal at 1000°C, and a
resulting exhaust gas was analyzed by gas chromatography. Nearly complete

consumption of oxygen was observed at all air flow rates up to the limits of the
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experimental apparatus. Specifically, an air stream was passed through the bed at a
space velocity of 46.9 per minute. Only a negligible amount of oxygen was detected in
the exhaust stream until a relatively abrupt breakthrough occurred indicating that

substantially all of the molten lead had been oxidized.

Examples have been presented and hypotheses advanced in order to better
communicate certain facets of the invention. The scope of the invention is determined
solely by the intended claims and is not limited in any way by the examples or the
hypotheses. Moreover, practitioners who study the teachings set forth above will |
undoubtedly receive suggestions which bring to mind additional aspects of the
invention. Such obviously similar aspects, whether or not expressly described herein,

are intended to be within the scope of the present claims.
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What is claimed:

1. A process for producing synthesis gas, which comprises:

passing a feed stream which includes a lower alkane having from about one to
about four carbon atoms and an influent oxidant stream which includes a molten metal
oxide through a combustion zone to produce an oxidized product stream which
includes carbon dioxide and water and an effluent oxidant stream which includes

relatively less of the metal oxide as compared to the influent oxidant stream;

passing the effluent oxidant stream and a regenerant stream includihg oxygen
and nitrogen through an exothermic regeneration zone to produce a regenerated
oxidant stream having a proportion of the metal oxide which is approximately equal to
the proportion of the metal oxide of the influent oxidant stream and an exhaust stream;

and

passing the oxidized product stream to an endothermic reforming zone
containing a reforming catalyst to produce a synthesis gas stream which includes

carbon monoxide and hydrogen;

wherein at least a portion of the heat liberated in the regeneration zone is

transferred to the reforming zone.

2. The process of Claim 1 wherein the lower alkane in the feed stream is
partially reacted in the combustion zone and an unreacted portion of the lower alkane

is passed to the reforming zone.

3. The process of Claim 1 wherein an additional quantity of the lower
alkane is mixed with the oxidized product stream and the resulting mixture is passed to

the reforming zone.
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4. The process of Claim 1 wherein the reforming zone is adjacent to a heat
exchanger having two heat transfer surfaces, the regenerated oxidant stream is
passed into proximity with one of the heat transfer-surfaces, and the effluent oxidant

stream is passed into proximity with another of the heat transfer surtaces.

5. The process of Claim 1 wherein the molten metal oxide is the oxide of a
metal selected from the group consisting of lead, antimony, bismuth, copper, zinc, tin,

indium, and mixtures thereof.
6. The process of Claim 1 wherein the regenerant stream is air.

7. The process of Claim 1 wherein the exhaust stream contains a

substantial amount of diatomic oxygen.

8. The process of Claim 1 wherein the reforming catalyst contains a metal
selected from the group consisting of nickel, copper, zinc, noble metals and mixtures

thereof.

g. The process of Claim 1 wherein steam is injected into the reforming

zone.

10. The process of Claim 1 wherein the combustion zone is at a temperature

in the range of about 600°C to about 1200°C.

11.  The process of Claim 1 wherein the synthesis gas stream is essentially

nitrogen-free.
12. The process of Claim 1 wherein the lower alkane is methane.

13. A continuous process for producing synthesis gas which comprises:
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passing a feed stream which includes a lower alkane and an influent oxidant
stream which includes a molten metal oxide through a combustion zone to produce a
substantially oxidized product stream which contains carbon dioxide and water and an
effluent oxidant stream which includes relatively less of the metal oxide as compared

to the influent oxidant stream;

mingling the effluent oxidant stream and an air stream which reacts
exothermically with the effluent oxidant stream to produce heat, an exhaust stream,

and an at least partially regenerated oxidant stream;,

transferring heat from the regenerated oxidant stream to the oxidized product
stream through a heat exchanger having a relatively warmer heat transfer surface
exposed to the regenerated oxidant stream and a cooler heat transfer surface exposed

to the oxidized product stream;

passing the oxidized product stream to a reforming zone which contains a
reforming catalyst to produce a synthesis gas stream by an endothermic chemical

reaction; and
passing the regenerated oxidant stream to the combustion zone.

14. The process of Claim 13 wherein an additional quantity of the lower

alkane is mixed with the oxidized product stream.

15.  The process of Claim 13 wherein the molten metal oxide is the oxide of a
metal selected from the group consisting of lead, antimony, bismuth, copper, zinc, tin,

and mixtures thereof.

16. The process of Claim 13 wherein steam is injected into the reforming

zone.
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17. The process of Claim 13 wherein the synthesis gas is essentially

nitrogen-free.

18. The process of Claim 13 wherein the effluent oxidant stream is atomized

and sprayed into the air stream.

19. The process of Claim 13 wherein the feed stream is preheated before

being passed to the combustion zone.

20. The process of Claim 13 wherein the lower alkane is methane.
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