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c~ T ENTION

The United States Government has rights in this invention pursuant to contract

number W-3 1-109-ENG-38 between United states Government and Argonne National

Laboratory or pursuant to the employer-employee relationship of the U.S. Department

5 of Energy and the inventor(s).

~

The present invention relates to a method for producing hydrogen from the

simultaneous reactions of naturally-occurring or biomass-derived hydrocarbons (HCs)

with oxygen and steam. In particular, hydrogen is produced by reacting HCS with

10 oxygen to form synthesis gas (a mixture of carbon monoxide and hydrogen), followed

by a water gas shiil (WGS) reaction with steam, wherein both reactions occur in a single

reaction zone, within a predetermined temperature range, and with a multi-fimctional

catalyst ardor a combination of catalysts. The hydrogen product is separated from

other reaction products by membrane-assisted transport or by pressure-swing adsorption.
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Membrane-assisted transport may occur via proton transfer or molecular sieving

mechanisms.

BACKGROUND OF INVENTION

The conversion of naturally-occurring or biomass-derived hydrocarbons

5 (HCS), such as methane, the major component of natural gas, to usefui products of

potentially higher value has been the focus of extensive research efforts. The

development of hydrogen as a clean source of energy is currently an important

environmental objective, especially in the transportation and petro-chemical

industries. Hydrogen is being used to power fiel cells, which combine hydrogen

10 with oxygen to produce electricity without generating any air-borne pollutants, the

common by-products of traditional combustion processes. In addition, petroleum

refineries need increasing quantities of low-cost hydrogen to meet increasingly

stringent current and anticipated environmental regulations.

Conventional methods for producing hydrogen from HC sources include

15 steam reforming and partial oxidation. Steam reforming is highly endothermic,

requiring an external energy supply to sustain the reaction between methane and

water to form synthesis gas. Steam reforming is an energy and capital intensive

process. Partial oxidation, a potential alternative to steam reforming, involves

reacting HCS with pure oxygen to form synthesis gas. The oxygen stream generated

20 by cryogenic oxygen plants is the most significant cost associated with partial

oxidation processes. Hydrogen can also be produced horn water by electrolysis,
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however, the energy required to sustain the electrolysis does not make the process

commercially attractive from an energy efllciency point of view. Until the

photovoltaic technology evolves as a viable state-of-the-art method, electrolysis of

water to generate hydrogen cannot be commercially practiced.

Ceramic membranes are being developed to permit the selective transfer of

oxygen into synthesis gas and hydrogen forming reactions. For example, U.S. Patent

Nos. 5,580,497 and 5,573,737 disclose oxygen ion and electron conducting ceramic

membranes having the requisite stability for use under methane conversion reaction

conditions. U.S. Patent No. 5,580,497 describes an oxygen anion and electron

10 conducting ceramic membrane of a mixed-metal oxide composition including

strontium, cobalt, iron, and oxygen, whereby a gaseous mixture containing methane

is fed into a reaction zone, oxygen is selectively transferred through a ceramic

membrane into the reaetion zone, and methane and oxygen react in the reaetion zone

to produce a synthesis gas product. U.S. Patent No. 5,573,737 similarly discloses a

15 ceramic membrane for converting methane gas into value-added products. Use of

these ceramic membranes decreases the cost of partial oxidation by eliminating the

need for a pure oxygen source.

A need continues to exist in the art for an efficient method for producing

hydrogen from natural gas and other HC sources, including biomass.

The present method for converting methane to hydrogen includes

simultaneously conducting partial oxidation and water gas shift reactions in a single

4
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reaction zone containing oxygen and steam using a multi-functional catalyst or a

combination of catalysts. The method combines the partial oxidation reaction of

methane, represented by the chemical equation CHq+ %Oz+ CO+ 2H2, and the

water gas shift (WGS) reaction, represented by the chemical equation CO + H20 +

5 C02 + H2, to provide a one-step method which is self sustaining at temperatures in

the range of between about 750 “C to about 950 “C, and preferably at 800”C. This

temperature range is fi.uther required for thermal excitation of ceramic membrane

10

materials to initiate oxygen ion and electron conduction, where oxygen is supplied to

the reaction zone by selective transfer through a ceramic membrane.

Therefore, in view of the above, a basic object of the present invention is to

provide an improved, commercially attractive method for generating low-cost, high-

volume hydrogen gas from naturally-occurring resources, such as the vast domestic

reserves of hydrocarbons (including natural gas comprised of hydrocarbons), with

increased energy efficiency.

15 Another object of the present invention is to provide a one-step method which

combines the partial oxidation of methane and the water gas shift reaction of

synthesis gas in a single reaction zone, whereby the system is substantially self

sustaining at temperatures in the range of between about 750”C to 950”C.

Additional objects, advantages and novel features of the invention will be set

20 forth in part in the description which follows, and in part will -e apparent to
‘i

those skilled in the art upon examination of the following or may be learned by
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practice of the invention. Theobjects andadvantages of theinventionmaybe

realized and attained by means of instrumentation and combinations pointed out in

the appended claims.

IUF~ NTION

The present method relates to an improved method for the production of

hydrogen from hydrocarbon (HC) feedstocks. The method combines partial

oxidation and water gas shift (WGS) reactions in a single reaction zone having

supporting catalysts for partial oxidation and WGS reactions; at temperatures in the

range of between about 750 “C to about 950 “C.

A mixture of a HC gas, such as methane, water (steam) and oxygen is

combined in a single reaction zone having both partial oxidation and WGS catalysts

present either separately or in combination or as a single multi-fimctional catalyst to

produce hydrogen. The partial oxidation reaction of methane is an exothermic

reaction represented by the chemical equation CH~+ %02 + CO+ 2H2, and the water

gas shifl (WGS) reaction is also an exotherrnic reaction represented by the chemical

equation CO + HZO+ COZ+ Hz. The reactions are self sustaining at temperatures in

the range of between about 750 “C to about 950 “C. This temperature range is

required for thermal excitation of the membrane materials to initiate ion and electron

conduction. Carbon dioxide is a by-product of the WGS reaction.

Preferably, a dense ceramic membrane that is both oxygen ion and electron

conducting is used to transfer the required oxygen into the reaction zone containing

6
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methane and steam. The multi-functional catalyst or a combination of catalysts may

be deposited on the reactive surface of the dense ceramic membrane, the surface in

contact with the reaction zone. Alternatively, other reactor cor@urations where the

catalyst(s) are not deposited on the membrane reaction surface maybe used,

5 including fixed-bed, fluidized bed, and pressurized fluidized bed membrane reactors,

the membrane reactor serving the purpose of separating the oxygen from air and

transporting the oxygen to the catalytic bed.

PETAILED DESC RIPTION OF THE INVENTION

The present method relates to an improved method for producing hydrogen

10 by combining the partial oxidation reaction of hydrocarbons (HCS) with a water gas

shift (WGS) reaction in a single reaction zone having appropriate catalysts, which

may include multi-functionally active catalysts or a combination of partial oxidation

and WGS catalysts. Advantageously, the method combines the partial oxidation of

methane and the water gas shift reaction of synthesis gas, such that the system is

15 substantially self sustaining at temperatures in the range of between about 750°C to

950°C, and preferably at about 800°C. This temperature range is fbrther required to

maintain the thermally-excited state of an oxygen conducting and electron

conducting membrane which transports oxygen into the single reaction zone.

In the prefared embodiment a HC, such as methane (natural gas), is reacted

20 withoxygen and water in the form of steam, in a single reaction zone and at a

temperature in the range of between about 750 ‘C to about 950 ‘C. The single

7
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reaction zone includes a multi-functional catalyst or a combination of catalysts for

catalyzing either or both of the partial oxidation and WGS reactions.

The hydrocarbons are naturally-occurring or biomass-derived low to high

range hydrocarbons, represented by the chemical formula CXHY,where x may vary

from 1-3 and y may vary from 4-8. The partial oxidation reaction of methane is an

exothermic reaction represented by the chemical equation CHq + %02 + CO+ 2H2,

and the WGS reaction is also a mildly exothermic reaction represented by the

chemical equation CO+ H20 + COZ+ Hz. The reactions are self sustaining at

temperatures in the range of between about 750 “C to about 950 “C, and preferably at

about 800°C.

Carbon dioxide is a by-product of the WGS reaction, and the hydrogen

formed by the method is separated from the by-product C02 by conventional

processes, including proton transfer membrane separation, molecular sieving, or

pressure swing adsorption. The C02 can fi.uther be reacted with methane to form

synthesis gas by the chemical reaction C02 + CH4 + 2C0 + 2H2 in a second reactor

supporting a dry methane reforming catalyst.

The catalytic reaction surface of the reaction zone may contain rnuhi-

fimctional or combination catalysts for simultaneous partial oxidation and steam

reforming reactions. Suitable catalysts include a combination of commercial

catalysts for partial oxidation of methane (natural gas) and the WGS reaction of

synthesis gas, or available or developed multi-functional catalysts for promoting the

8

.,..



. .
,.

S-84~87

reactions simultaneously. For example, it is known to convert methane into carbon

monoxide and hydrogen by partial oxidation over catalysts, including but not limited

to iro~ cobalt, nickel, ruthenium, rhodium, palladhun, iridium, platinum, and

cerium, which are supported on materials including but not limited to ah.unin~ silica,

5 magnesia, zirconia, yttria, caIcium oxide, zinc oxide, perovskites, and Ianthanide

oxides. Similarly, known catalysts for water gas shift reactions include iron oxide

promoted by an oxide of a metal, such as chromium, copper, thorium, uranium,

beryllium, and antimony. The catalyst(s) are deposited within the reaction zone by

any known technique, including vapor deposition and/or electrolysis plating, and the

10 particular location of the catalyst(s) is dependent upon the arrangement most suitable

for the particular application of the present invention.

Oxygen ion and electron conducting ceramic membranes, as disclosed in

Patent Nos. 5,580,497 and 5,573,737, and incorporated herein by reference, are

J.S.

preferably used to transport oxygen ions into the reaction zone. In this way, the cost

15 of providing a oxygen plant is eliminated. For example, a dense ceramic membrane

may be provided having an interior surface in contact with the reaction zone and an

exterior surface in contact with an oxygen-containing gaseous mixture.

Significantly, the oxygen-containing gaseous mixture has a relatively higher oxygen

pmtkd pressure than the oxygen partial pressure of the gases on the reactive side of

20 the membrane, which may contain no oxygen. The difference in the partial pres~e

of oxygen across the membrane is the driving force for the separation of oxygen from

9
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the oxygen-containing gaseous mixture and the subsequent selective transfer of the

oxygen into the reaction zone. Temperatures required for thermal excitation of the

membrane materials to initiate oxygen ion and electron conduction are in the range

of between about 750 ‘C to about 950 ‘C.

In a second embodiment, partial oxidation, WGS, and steam reforming

reactions are simultaneously conducted in the single reaction zone, containing

appropriate catalyst(s), at temperatures in the range of between about 750 “C to about

950 ‘C. In addition to the conversion of methane to synthesis gas (CHq + !4 Oz + CO

+ 2HZ)and the WGS reaction (HZO+ CO + COZ+ Hz) producing hydrogen, in this

embodnent, the methane fkrt.herreacts with water (steam) to produce carbon

monoxide and additional hydrogen, according to the chemical equation: CH4+ H20 +

CO+ 3H2. The exothermicity of the partial oxidation and WGS reactions sustain, to

some extent, the endothermic steam reforming reaction. Additional and suitable
.

catalysts for catalyzing the steam reforming reaction include palladium, ruthenium,

iridium on alumin% and nickel on alumin% which may disposed within the reaction

zone.

The foregoing description of a preferred embodiment of the invention has

been presented for purposes of illustrations and description. It is not intended to be

exhaustive or to limit the invention to the precise form disclosed, and obviously

many modifications and variations are possible in the light of above teaching. The

embodiments described explain the principles of the invention and practical

10
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applications and should enable others skilled in the art to utilize the invention in

various embodiments and with various modifications as are suited to the particular

use contemplated. While the invention has been described with reference to details

of the illustrated embodiment, these details are not intended to limit the scope of the

5 invention, rather the scope of the invention is to be defined by the claims appended

hereto.
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ABSTRACT

A method for the conversion of naturally-occurring or biomass-derived lower

to higher hydrocarbon (CXHY,where x may vary from 1-3 and y may vary from 4-8)

to low-cost, high-volume hydrogen. In one embodiment, methane, the major

component of natural gas, is reacted in a single reaction zone of a mixed-conducting

ceramic membrane reactor to form hydrogen via simultaneous partial oxidation and

water gas shift reactions at temperatures required for thermal excitations of the

mixed-conducting membranes. The hydrogen is produced by catalytically reacting

the hydrocarbon with oxygen to form synthesis gas (a mixture of carbon monoxide

and hydrogen), followed by a water gas shift (WGS) reaction with steam, wherein

both reactions occur in a single reaction zone having a multi-functional catalyst or a

combination of catalysts. The hydrogen is separated from other reaction products by

membrane-assisted transport or by pressure-swing adsorption technique. Membrane-

assisted transport may occur via proton transfer or molecular sieving mechanisms.


