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(57) ABSTRACT 

A method for the production of a hydrogen-containing gas 
composition, Such as a Synthesis gas including hydrogen and 
carbon monoxide. The molar ratio of hydrogen to carbon 
monoxide (H:CO) in the Synthesis gas can be well-con 
trolled to yield a ratio that is adequate for the Synthesis of 
useful products Such as methane or methanol, without the 
need to remove carbon oxides from the gas Stream to adjust 
the ratio. 
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METHOD FOR THE PRODUCTION OF 
HYDROGEN-CONTAINING GASEOUS MIXTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 10/085,436, filed on Feb. 28, 
2002, which is a continuation-in-part of U.S. patent appli 
cation Ser. No. 09/800,769 filed Mar. 6, 2001; U.S. patent 
application Ser. No. 09/800,423 filed Mar. 6, 2001, U.S. 
patent application Ser. No. 09/800,421 filed Mar. 6, 2001 
and U.S. patent application Ser. No. 09/800,434 filed Mar. 6, 
2001. Each of the foregoing are incorporated herein by 
reference in their entirety. 

Statement Regarding Federally Funded Research 
0002) None 

BACKGROUND OF THE INVENTION 

0003) 1. Field of the Invention 
0004. The present invention is directed to a method for 
the production of valuable hydrocarbon products by reacting 
a carbonaceous material and Steam in a molten metal to form 
a Synthesis gas that can be used to produce high-value 
hydrocarbon products. More particularly, the present inven 
tion is directed to a method for the production of a Synthesis 
gas that includes a controlled ratio of hydrogen to carbon 
monoxide by contacting a carbonaceous material and a 
reactive metal with Steam, wherein a portion of the Steam 
reacts with the carbonaceous material and a portion of the 
Steam reacts with the reactive metal. The Synthesis gas can 
be used to form high-value hydrocarbon products, Such as 
methane or methanol. 

0005 2. Description of Related Art 
0006 Recently, the United States and other countries 
have experienced a shortage of natural gas and as a result, 
natural gas prices for consumerS have increased Substan 
tially. Accordingly, there is a pressing need for economic 
methods for the manufacture of a high-value heating gas that 
can be used in place of natural gas. Natural gas has a 
composition that includes from about 80 percent to 93 
percent methane (CH), the balance including ethane 
(CH), propane (CHs), butane (CHo) and nitrogen (N). 
Methane, the primary component of natural gas, has a 
heating value of about 21,520 Btu/lb. Thus, an economic 
method for the production of methane would Supplement the 
use of non-renewable natural gas. 
0007. There are many natural resources in addition to 
natural gas that are utilized to produce energy. For example, 
coal can be burned in conventional boilers to generate Steam, 
which is converted to energy through Steam turbines. 85 
percent of the electricity in the United States is generated by 
combusting fossil fuels, namely coal, oil and natural gas. 
Coal however, because of its high carbon content, generates 
large quantities of carbon dioxide (CO), and the use of coal 
for electricity generation is a major contributor to the 5.5 
billion tons of CO emitted by the United States per annum. 
The 5.5 billon tons of CO amounts to one-fourth of the 
World emissions. Coal combustion is also responsible for 
other pollution, most notably sulfur dioxide (SO) and 
nitrogen oxides (NO), both of which are now regulated. 
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0008 Furthermore, only 30 percent of the heat generated 
by burning coal is converted into electricity and 70 percent 
is wasted to the atmosphere. In contrast, electrical genera 
tion in modern plants burning natural gas is about 50 percent 
efficient and natural gas produces only about 60 percent of 
the CO that coal produces. 
0009. As an alternative to simply burning high carbon 
containing materials, Such as coal, the materials can be 
converted to a Synthesis gas in a gasifier. Synthesis gas 
includes five major gaseous components-carbon monoxide 
(CO), hydrogen (H2), methane, carbon dioxide and steam 
(HO). These gases are derived from the carbon (C), hydro 
gen, and oxygen (O2) molecules found in the high carbon 
containing material and Steam used to convert the high 
carbon containing material to Synthesis gas. Other elements, 
designated impurities, typically found with carbonaceous 
materials include Sulfur (S), nitrogen (N), chlorine (Cl-) 
and fluorine (F). These impurities can form minor amounts 
of other gaseous species. Taken together the major and 
minor gases constitute a "raw' Synthesis gas Stream. AS used 
herein, Synthesis gas refers to the gas mixture after the minor 
gases have been removed. Nitrogen, Steam and carbon 
dioxide do not contribute to the heating value and therefore 
typically are reduced or eliminated from the gas Stream. The 
term "syngas” refers to a gaseous mixture that includes only 
hydrogen and carbon monoxide. 
0010) Synthesis gas has numerous applications, including 
the conversion of the Synthesis gas into valuable hydrocar 
bons. In one application, the synthesis gas can be converted 
to methane, which is burned in a combined cycle power 
plant to generate electricity. The combined cycle gas tur 
bines can be located at coal-fired generating Stations thereby 
taking advantage of existing coal-handling infrastructure 
and electrical transmission lines. Most importantly, com 
pared to coal-fired electrical generators, the conversion 
efficiency of thermal to electrical energy increases by about 
67 percent. Concomitantly, there is a reduction in carbon 
dioxide emissions per unit of electricity. 
0011 For a gas turbine, gas is input to the turbine and the 
output is thermal energy. For increased efficiency, a gas with 
a high thermal energy per cubic foot is desirable. The net 
heating value (heat of combustion) of the three major 
components of Synthesis gas are illustrated in Table 1 below. 
These values assume that the heat contained in the Steam, the 
combustion product of hydrogen, is not recovered. 

TABLE 1. 

Net Heats of Combustion 

Synthesis Gas 
Component Btu/Ibs Btufft 

Carbon Monoxide 4,347 322 
Hydrogen 51,623 275 
Methane 21,520 913 

0012 AS is illustrated in Table 1, methane releases more 
than three times the amount of heat that hydrogen releases 
on a per cubic footbasis. The reason for this is that hydrogen 
occupies more cubic feet on a per pound basis, even though 
hydrogen has more Btu on a per pound basis. Due to its clean 
burning nature and high heat content, methane is the pre 
ferred fuel. Consequently, Syngas (H and CO) is more 
economically burned after it is converted to methane. 
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0013 Syngas can be used to form other hydrocarbons in 
addition to methane. Since 1955, SASOL, a South African 
entity has been producing a waxy Synthetic crude from 
Syngas. Some transportation fuel, about 11 percent gasoline, 
is extracted from the synthetic crude. However, due to the 
large portion of hydrocarbons having a high molecular 
weight and oxygenated organics that are also produced, 
other approaches have been investigated for making Specific 
materials from Syngas. 

0.014. There are well known processes for producing 
methanol (CHOH) and acetic acid (CHCOOH) from syn 
gas, for example. Typically, methanol is produced using 
Syngas derived from natural gas, which exerts further pres 
Sure on the price and availability of natural gas. At least-one 
major US oil company has developed a family of catalysts 
that produce a mixture of hydrocarbons in the gasoline range 
with high Selectivity from methanol. Because methanol can 
be readily made from Syngas, and catalysts are available for 
converting methanol into gasoline with great Selectivity, 
coal-derived Syngas affords the US an opportunity to 
achieve energy independence. 

0.015 Methanol is also a chemical building block for 
manufacturing a wide array of other products, including: 
MTBE (methyl tertiary butyl ether) used in reformulated 
gasoline; formaldehyde resins, used in engineered wood 
products and products Such as Seat cushions and SpandeX 
fibers; acetic acid used to make PET (polyethylene tereptha 
late) plastic bottles and polyester fibers; and windshield 
wiper fluid. Additionally, methanol is relatively environ 
mentally benign, is leSS Volatile than gasoline and is a 
leading candidate to power fuel cell vehicles. 

0016. There are known processes for converting coal into 
gaseous products. Hydrogasification converts coal and 
Steam into a raw synthesis gas. Gasification, a companion 
process, employs coal, Steam and oxygen and produces 
hydrogen, carbon monoxide and carbon dioxide, but no 
methane. Pyrolysis, which utilizes heat alone, partitions coal 
into Volatile matter and a coke or char. The volatile matter 
includes hydrogen, oxygen, Some portion of the carbon 
(volatile carbon), organic Sulfur and trace elements. The 
coke or char includes the balance of the (fixed) carbon and 
the ash derived from the mineral matter accompanying the 
organics. 

0017 Heat by itself disproportionates gaseous volatile 
matter, derived from coal, into methane and carbon as is 
illustrated by Equation 1. 

CH->(xf4)CH+1-(x4)IC (1) 

0018 (where the value of X must be less than 4) 
0019. The hydropyrolysis reaction combines hydrogen 
and volatile matter to form methane and carbon. This 
reaction, illustrated by Equation 2, is exothermic. 

CH+mHI(x+2m)/4ICH+{1-(x+2m)/4C (2) 

0020 (where the sum of X plus 2m must be less than 
4) 

0021. The following Solid-gas chemical reactions are 
applicable to the hydrogasification of organics at tempera 
tures above 1200° C. The highly exothermic reaction of 
carbon and oxygen illustrated by Equation 3 can be a 
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primary Source of proceSS heat, producing about -394 
MJ/kg-mole of heat. 

0022. The hydrogasification of carbon is also an exother 
mic reaction, illustrated by Equation 4, yielding -75 MJ/kg 
mole of heat. 

C+2H->CH (4) 

0023 The steam-carbon reaction illustrated by Equation 
5, is highly endothermic, requiring +175 MJ/kg-mole of 
heat. 

0024 Gas phase reactions, applicable to the formed fuel 
gases at temperatures below 1000 C. include the mildly 
exothermic (2.8 MJ/kg-mole) water gas shift reaction, illus 
trated in Equation 6. 

0025 The highly exothermic methanation reaction is 
illustrated in Equation 7 (-250 MJ/kg-mole). 

0026. Gasification is the process step that converts a solid 
(or liquid) fuel into a gaseous fuel by breaking (disassem 
bling) the fuel into its constituent parts (molecules). When 
gasified with Steam and oxygen, organic material is con 
verted into a Synthesis gas that may include five gaseous 
components: carbon monoxide, hydrogen, methane, carbon 
dioxide and steam. 

0027. The concentration of the individual product gases 
(all reactions above) all move in the direction of thermody 
namic equilibrium, limited by kinetics, which is Strongly 
related to temperature. The temperature of the gasifier, 
therefore, is the predominate factor that determines which 
gaseous species will form and in what amount. FIG. 1 
illustrates the influence of temperature on a mixture of gases 
(four parts hydrogen and one part each carbon monoxide and 
methane) allowed to come to thermodynamic equilibrium. 
This mixture was thermodynamically equilibrated at various 
temperatures, over a range from 200 C. to 1200° C. In 
addition to temperature, the type of gasifying equipment 
(moving bed, fluidized bed or entrained flow) also exerts a 
Strong influence on the resulting Synthesis gas mix. 
0028. Equation 8 illustrates the ideal coal hydrogasifica 
tion reaction. 

Coal+HO->CH+CO, (8) 

0029. The ideal hydrogasification reaction illustrated by 
Equation 8 is slightly endothermic and is favorable for 
methane production only at low temperatures, where the 
kinetics are too slow to be commercially useful. To circum 
vent this thermodynamic dilemma, Various hydrogasifica 
tion processes have been proposed for coal. These processes 
conduct a Sequence of related chemical reactions Such that 
the Sum of the reactions is identical to the ideal reaction of 
Equation 8. One Sequence of reactions includes gasification 
to convert the Solid fuel, coal or other organic material, into 
a gaseous fuel by reacting it with Steam and usually oxygen 
at high temperatures and in an entrained flow gasifier. This 
gasification Step produces a gas comprised predominantly of 
hydrogen and carbon monoxide, with Some impurities. Typi 
cally, the resulting ratio of hydrogen to carbon monoxide 
(H:CO) for entrained flow reactors falls between 0.5 and 
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0.8. The water gas shift reaction can be used to increase the 
ratio of hydrogen to carbon monoxide by Subtracting carbon 
monoxide from the System. This is done by reacting carbon 
monoxide with additional Steam to produce carbon dioxide. 
Sulfur and other impurities can also be removed from the 
raw Synthesis gas. The resulting carbon dioxide can be 
removed by pressure Swing adsorption or amine Scrubbing. 
Finally, the Scrubbed Syngas, with the proper H.CO ratio, is 
passed over appropriate catalysts to produce, for example, 
methane (3:1 ratio) or methanol (2:1 ratio). 
0030 The H:CO ratio produced by other gasifying sys 
tems varies, as shown below in Table 2. (Data taken from 
Perry's Chemical Engineers' Handbook, 7" ed., 1997, Table 
27-11) 

TABLE 2 

Gasifying Systems 

COMMERCIAL GASFYING SYSTEM H:CO RATIO 

Moving Bed Type Lurgi 1.77 
BG Lurgi O.58 

Fluid Bed Type KRW (Air) O.63 
KRW (Oxygen) O.51 

Entrained Flow Shell O.42 
Texaco O.77 

0031) The Ha:CO ratio for the above gasifiers is less than 
1.9. The Lurgigasifying proceSS has the highest H2 to CO 
ratio, however, it can only utilize coal in the size range of 2 
mm to 50 mm. The resulting requirement for disposal of 
material Smaller than 2 mm imposes an onerous economic 
burden on the Lurgi process. An example of a gasifier having 
a rotatable grate is disclosed in U.S. Pat. No. 3,930;811, by 
Hiller et al. The H:CO ratios for all other gasifiers listed in 
Table 2 is less than 1. These ratios are established primarily 
by the reactor type and the type of coal. This fixed ratio, 
unique to each gasifier-coal combination, occurs because all 
of the gasifiers above use oxygen to Supply adequate input 
heat to Secure a process heat balance for a specified coal and 
Steam rate. Any change in coal rate or Steam rate, for the 
intended purpose of affecting the H:CO ratio, would 
destroy the heat balance. Prabhakar G. Bhandarkar in an 
article entitled Gasification Overview Focus on India, 
Hydrocarbon Asia, November/December 2001, discusses 
various gasification Systems including Some of those listed 
in Table 2. 

0.032 Molten metal gasification is one technique for 
gasifying coal. An example of a molten metal gasification 
process is disclosed in U.S. Pat. No. 4,389,246 by Okamura 
et al. issued Jun. 21, 1983 and assigned to Sumitomo Metal 
Industries. Okamura et al. discloses an example (Example 1) 
wherein coal and Steam was fed into a furnace containing 
molten iron at 1500 C. The coal was fed at a rate of 3.5 tons 
per hour and the steam was fed at a rate of 400 kg/hr (0.44 
tons/hr). The steam and coal were blown onto the surface of 
the molten metal along with oxygen at high Velocities to 
produce a depression of a specified geometry. The average 
gas production was 7500 Nm/hr. The actual composition of 
the gas as reported by Okamura et al. was: 
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Carbon Monoxide 62.5% 
Hydrogen 33.9% 
Oxygen O.O2% 
Nitrogen 1.4% 
Carbon Dioxide 2.0% 
Total Sulfur <80 ppm 

0033. The Okamura et al. example is typical of oxygen 
blown Slagging gasifiers. The critical parameter from the 
example is the H:CO ratio, which is only 0.54:1 (33.9/ 
62.5). In contrast, a 3:1 or 2:1 ratio is necessary to produce 
methane or methanol, respectively. 

0034. In addition to the Okamura et al. patent there are 
other known processes for producing Synthesis gas from 
steam and carbon. For example, U.S. Pat. No. 1,592,861 by 
LeonarZ discloses a method for the production of water gas 
(primarily H2 and CO) by contacting Steam with uncom 
bined carbon in a bath of molten metal. The steam is 
dissociated into its constituent elements by carburetion at 
temperatures of 900° C. to 1200° C. The carbon combined 
with the oxygen of the gas is Sufficient in quantity to produce 
carbon monoxide but not to make an appreciable quantity of 
carbon dioxide. 

0035 U.S. Pat. No. 2,953,445 by Rummel discloses the 
gasification of fuels and decomposition of gases in a molten 
Slag bath. It is disclosed that a water gas composition is 
obtained composed primarily of hydrogen and carbon mon 
oxide wherein the ratio of hydrogen to carbon monoxide is 
about 0.38:1. 

0036 U.S. Pat. No. 4,187,672 by Rasor discloses an 
apparatus for converting carbonaceous material into fuel 
gases. For example, raw coal can be gasified in a molten 
metal bath Such as molten iron at temperatures of 1200° C. 
to 1700 C. Steam is injected to react with the carbon 
endothermically and moderate the reaction. 

0037 U.S. Pat. No. 4,388,084 by Okane et al. discloses 
a process for the gasification of coal by injecting coal, 
oxygen and Steam onto molten iron at a temperature of about 
1500 C. A gas product is produced having a ratio of 
hydrogen to carbon monoxide of about 0.5:1. 

0038 U.S. Pat. No. 5,645,615 by Malone et al. discloses 
a method for decomposing carbon and hydrogen containing 
feeds, Such as coal, by injecting the feed into a molten metal 
using a Submerged lance. 

0039) Donald B. Anthony, in a 1974 Thesis entitled 
“Rapid Devolatilization and Hydrogasification of Pulverized 
Coal, found that rapid heating of coal in the presence of 
hydrogen can increase the amount of Volatile matter Signifi 
cantly. Under thermal decomposition, different chemical 
bonds rupture at different temperatures. The rupturing bonds 
release volatiles and initiate char-forming reactions. Short 
lived (<1 second) intermediaries in the char-forming 
Sequence can react with hydrogen to form additional volatile 
matter. It was also found that freshly devolatilized coal is 
more reactive than pretreated coal. Further, the carbon that 
is residual from freshly devolatilized coal may possess 
exceSS free energies. The equilibrium constant for the hydro 
gasification reaction may be larger by a factor of 10 or more. 
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0040. A significant limitation of the foregoing methods 
for producing Syngas is that the Synthesis gas must be treated 
to remove carbon oxides before the gas product can be used 
to produce high-value products Such as methane or metha 
nol. ProceSS Steps to eliminate carbon oxides from the gas 
Stream are relatively costly. It would be advantageous to 
provide a method that can provide a Synthesis gas having a 
controlled ratio of hydrogen to carbon monoxide, and in 
particular where the molar ratio of hydrogen to carbon 
monoxide is at least about 1:1, Such as at least about 2:1, for 
the Subsequent formation of high-value hydrocarbons. 

BRIEF SUMMARY OF THE INVENTION 

0041 According to one embodiment, the present inven 
tion provides a method for the conversion of a carbonaceous 
material, Such as coal, into a valuable Synthesis gas that can 
be converted to high-value hydrocarbons Such as methane or 
methanol. The ratio of hydrogen to carbon monoxide in the 
Synthesis gas can be well controlled to enable the economi 
cal production of hydrocarbons, Such as methane or metha 
nol. 

0042. The present invention allows coal, an abundant 
resource, to be converted to Synthesis gas, which is then 
available for conversion to clean burning methane and 
methanol, thereby relieving demand on the natural gas 
Supply and reducing CO2 emissions. Also, Synthesis gas 
from coal according to the present invention can Serve as the 
basic component from which synthetic gasoline can be 
manufactured. 

0043. According to one embodiment of the present inven 
tion, a method is provided for the production of a gas Stream 
including hydrogen and carbon monoxide wherein the molar 
H:CO ratio is at least about 1:1. The method includes the 
Steps of providing a molten metal in a reactor that includes 
at least a first reactive metal, contacting Steam with the 
reactive metal to react a first portion of the Steam with the 
reactive metal and form hydrogen gas and a metal oxide and 
contacting a carbonaceous material with the molten metal in 
the presence of Steam to react the carbonaceous material 
with a Second portion of the Steam and form carbon mon 
oxide gas. A gas Stream can be extracted from the reactor 
which has a molar H:CO ratio of at least about 1:1, such as 
at least about 2:1. 

0044 According to another embodiment of the present 
invention, a method for the production of a gas Stream 
including hydrogen and carbon monoxide is provided 
wherein the H:CO molar ratio is at least about 1:1. The 
method includes providing a molten metal in a reactor 
including at least a first reactive metal, contacting Steam 
with the molten metal to react a first portion of the Steam 
with the reactive metal to form hydrogen gas and a metal 
oxide, contacting a carbonaceous material with the molten 
metal to react the carbonaceous material with a Second 
portion of the Steam and form carbon monoxide, extracting 
a gas Stream from the reactor having a molar H:CO ratio of 
at least about 1:1. After a period of time, the Steam flow is 
terminated and the metal oxide is reduced with a reductant 
back to the metal. By operating two Such reactors in parallel, 
a gas stream containing H and CO can be produced Sub 
Stantially continuously. 
0.045 According to another embodiment of the present 
invention, a method for the gasification of coal is provided. 
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The method includes the Steps of injecting coal into a molten 
metal contained a reactor, injecting Steam into the molten 
metal and extracting a gas Stream from the reactor including 
hydrogen and carbon monoxide wherein the molar ratio of 
H:CO is at least about 1:1. A sufficient excess of steam is 
injected into the molten metal to react the first portion of the 
Steam with the coal and form carbon monoxide and to react 
a Second portion of the Steam with the molten metal to 
produce hydrogen gas and a metal oxide. 
0046) The present invention is also directed to a method 
for the production of hydrocarbon products. According to 
one embodiment, a method for the production of methane 
gas is provided. The method includes the Steps of providing 
a molten metal including at least a first reactive metal in a 
reactor, injecting Steam into the molten metal to react a first 
portion of the steam with the reactive metal to form hydro 
gen gas and a metal oxide, injecting a carbonaceous material 
into the molten metal to react the carbonaceous material 
with a Second portion of the Steam and form carbon mon 
oxide, extracting a gas Stream from the reactor including 
hydrogen and carbon monoxide and reacting the gas Stream 
in the presence of a catalyst to form methane gas. The 
methane gas can then be burned to produce electricity, Such 
as in a combined cycle generator. 
0047 According to another embodiment of the present 
invention, a method for the production of methanol is 
provided. The method includes the Steps of providing a 
molten metal having at least a first reactive metal in a 
reactor, injecting Steam into the molten metal to react a first 
portion of the steam with the reactive metal to form hydro 
gen gas and a metal oxide, injecting a carbonaceous material 
into the molten metal to react the carbonaceous material 
with a Second portion of the Steam and form carbon mon 
oxide, extracting a gas Stream from the reactor including 
hydrogen and carbon monoxide, and reacting the gas Stream 
in the presence of a catalyst to form methanol. 
0048. According to another embodiment of the present 
invention, a method for the production of ammonia is 
provided. The method includes contacting Steam with the 
reactive metal in a reactor to reduce at least a portion of the 
Steam and form hydrogen gas, contacting air with the 
reactive metal to combust oxygen contained in the air and 
form a nitrogen gas Stream, and extracting a gas Stream from 
the reactor comprising hydrogen gas and nitrogen gas. The 
hydrogen gas and nitrogen gas can then be reacted in the 
presence of a catalyst to form ammonia. 
0049 According to another embodiment of the present 
invention, a method for the formation of a gas Stream 
including hydrogen and at least a Second gaseous component 
is provided. The method includes contacting Steam with a 
reactive metal in a reactor to oxidize the reactive metal and 
form hydrogen gas. At least a Second material is contacted 
with at least one of the Steam and the reactive metal in the 
reactor to form a Second gaseous component. A gas Stream 
is then extracted from the reactor that includes hydrogen gas 
and the Second gaseous component. The Second gaseous 
component can be, for example, a carbon compound or a 
nitrogen compound. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0050 FIG. 1 illustrates the thermodynamic equilibrium 
of hydrogen, carbon dioxide and methane at various tem 
peratures. 
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0051 FIG. 2 illustrates a binary phase diagram for a 
tin-iron metal mixture that is useful in accordance with the 
present invention. 
0.052 FIG. 3 illustrates the production rate of hydrogen 
as a function of iron content in the reactor according to an 
embodiment of the present invention. 
0.053 FIG. 4 illustrates the production rate of hydrogen 
as a function of iron content and reaction temperature 
according to an embodiment of the present invention. 
0.054 FIG. 5 illustrates a reactor that Is Useful according 
to an embodiment of the present invention. 
0055 FIG. 6 illustrates a process flow for continuous 
hydrogen production. 

0056 FIG. 7 illustrates a process flow for continuous 
Synthesis gas production according to an embodiment of the 
present invention. 

0057 FIG. 8 illustrates the use of the steam/coal ratio to 
control the H:CO ratio according to an embodiment of the 
present invention. 
0.058 FIG. 9 illustrates a process flow for the production 
of a Synthesis gas for methanol production according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0059. According to the present invention, steam is con 
tacted with both a reactive metal and a Second material 
within a reactor to form a gas composition that includes at 
least hydrogen and a Second gaseous component. In one 
embodiment, the Second material is a carbonaceous material 
and the Second gaseous component is carbon monoxide. 
Oxygen contained in a first portion of the Steam preferen 
tially reacts with the reactive metal to oxidize the reactive 
metal to a metal oxide and reduce the first portion of the 
Steam to form a hydrogen-containing gas. A Second portion 
of the Steam reacts with the carbonaceous material to form 
carbon monoxide and hydrogen. In one embodiment, pro 
duction of the Synthesis gas continues until the concentration 
of the reactive metal in the reactor is reduced to a minimum 
concentration that is dictated by economics, at which point 
the injection of the Steam is terminated. Then, a reductant is 
introduced into the reactor to reduce the metal oxide back to 
the reactive metal. By Switching between a flow of steam 
and carbonaceous material and a flow of reductant between 
two or more reactors, Synthesis gas can be produced Sub 
Stantially continuously. 

0060 According to the present invention, syngas can be 
produced and extracted from the reactor having a controlled 
ratio of hydrogen to carbon monoxide. Advantageously, the 
Syngas can have a higher ratio of hydrogen to carbon 
monoxide than Synthesis gas produced in the prior art, 
particularly by the gasification of coal, and does not require 
the removal of carbon oxides from the Synthesis gas to 
produce a Syngas with the appropriate H2 to CO ratio prior 
to forming high-value hydrocarbons Such as methane and 
methanol. In addition, the Synthesis gas can have a relatively 
low concentration of carbon dioxide. 

0061 According to the present invention, at least a por 
tion of the Steam is contacted with a reactive metal, prefer 
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ably a molten metal, disposed in a reactor. The reactive 
metal is reactive with Steam to form hydrogen gas and a 
metal oxide in accordance with Equation 9. 

0062) The reactive metal preferably has an oxygen affin 
ity that is Similar to the oxygen affinity of hydrogen and 
reacts with the Steam to form the metal oxide. For example, 
the reactive metal can be Selected from the following metals 
or their alloys: germanium (Ge), iron (Fe), Zinc (Zn), tung 
sten (W), molybdenum (Mo), indium (In), tin (Sn), cobalt 
(Co) and antimony (Sb). A particularly preferred reactive 
metal according to the present invention is iron and accord 
ing to one embodiment the reactive metal is molten iron. 
0063. According to one preferred embodiment, the reac 
tive metal is at least partially dissolved within a Second 
metal or mixture of metals. The metal into which the reactive 
metal is dissolved is referred to herein as the diluent metal. 
The diluent metal may also be reactive with steam, in which 
case it can be Selected from the group of reactive metals 
disclosed hereinabove, provided that the diluent metal is leSS 
reactive than the reactive metal. Alternatively, the diluent 
metal may be Selected from the metals wherein the oxygen 
partial pressure (pO) in equilibrium with the metal and 
oxides together is relatively high. These include nickel (Ni), 
copper (Cu), ruthenium (Ru), rhodium (Rh), palladium (Pd), 
Silver (Ag), cadmium (Cd), rhenium (Re), osmium (OS), 
iridium (Ir), platinum (Pt), gold (Au), mercury (Hg), lead 
(Pb), bismuth (Bi), selenium (Se) and tellurium (Te). More 
than one diluent metal can be utilized in the molten metal 
mixture. The diluent metal should not be a metal wherein the 
oxygen partial pressure in equilibrium with metal and metal 
oxide together is extremely low. 

0064 Preferably, the diluent metal should: (1) combine 
with the reactive metal to be liquid in the temperature range 
of about 400° C. to 1600° C.; (2) have a very low vapor 
pressure over this temperature range; and (3) have the 
capacity to hold the reactive metal in Solution. According to 
a preferred embodiment of the present invention, the diluent 
metal is tin and in one embodiment, the diluent metal 
consists essentially of tin. However, the molten metal mix 
ture can also include additional diluent metals, particularly 
copper and nickel. 

0065. A particularly preferred molten metal mixture for 
Steam reduction to form hydrogen according to the present 
invention includes iron as the reactive metal and tin as the 
diluent metal. Iron has a high Solubility in molten tin at 
elevated temperatures and the melting temperature of the 
mixture is Substantially lower than the melting temperature 
of pure iron (1538 C.). Although tin is also reactive with 
Steam, it is less reactive than iron. The tin-iron System is 
disclosed in detail in co-pending U.S. patent application Ser. 
No. 10/085,436 entitled “Method for the Production of 
Hydrogen and Applications. Thereof which is incorporated 
herein by reference in its entirety. 

0066. Due to thermodynamics, steam reduction reactions 
to form hydrogen gas from a metal require an excess of 
Steam well above the Stoichiometric requirement. This 
excess of Steam according to the present invention enables 
the formation of hydrogen gas and thereby increases the 
ratio of hydrogen to carbon monoxide in the Synthesis gas 
extracted from the reactor. 
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0067. The total steam requirement for hydrogen produc 
tion (the mass ratio of Steam required to hydrogen produced) 
using iron is much less than for tin at all temperatures. 
Additionally, iron will preferentially oxidize in the molten 
metal mixture. While not wishing to be bound by any theory, 
it is believed that Some reactive tin is oxidized to tin oxide, 
but is immediately reduced back to tin: 

(10) 
2H2O + Sn -- SnO2 + 2H2 

(11) 
SnO2 + 2Fe -- 2FeC) + Sn 

(12) 
Net: 2H2O + Fe 

0068 The thermodynamic steam requirement for tin at 
660 C. is approximately equal to the thermodynamic Steam 
requirement for iron at 1200° C. However, the production of 
hydrogen using tin as a reactive metal at 660 C. is not 
practical since the kinetics (i.e., the reaction rate) are very 
poor and therefore very long residence times (i.e., the time 
that the Steam is in contact with the tin) are required. 
0069. At 1200° C., the kinetics for both tin and iron are 
excellent. The Steam requirement for tin, however, is much 
greater than for iron. The residence time that the Steam is in 
contact with the reactive metal is increased by the use of a 
diluent metal. For purposes of illustration, a comparison of 
the thermodynamic Steam requirement and the nominal 
residence times at a temperature of 1200° C. and various 
pressures for dissolved iron (50 wt.% iron in tin) compared 
to pure tin is illustrated in Tables 3 and 4. Table 3 illustrates 
the total Steam required to produce one ton of hydrogen at 
1200° C. 

TABLE 3 

Steam Requirement for Hydrogen Production 

Stoichiometric Thermodynamic 
Steam Steam Total Steam 

System pH/pHO (tons) (tons) (tons) 

Pure Tin O.118 8.94 76.O1 84.94 
Tin from 1732 8.94 12.21 21.15 
(50:50 by 
weight) 

0070 Table 4 illustrates the nominal residence times of 
the Steam at a production rate of 4.439 tons of hydrogen per 
hour. 

TABLE 4 

Nominal Steam Residence Time 

Nominal Residence Time 
Total Steam Melt Volume seconds 

System (m/hr) (m) 1 atm. 5 atm. 10 atm. 

Pure Tin 2.51 x 10 17.93 O.O26 O.13 O.26 
Tin from O.625 x 10° 24.41 O.141 0.70 1.41 
(50:50 by 
weight) 
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0071. It is evident from the data in Tables 3 and 4 that 
pure tin Systems require Substantially more Steam to produce 
hydrogen than the dissolved iron Systems in accordance with 
the present invention. Table 4 also shows that the nominal 
residence time available for tin to react with the Steam is 
considerably less than the nominal residence time available 
for iron dissolved in tin to react with the steam. Nominal or 
apparent residence time is the time available for the Steam 
(reactant of the process) to traverse the Space occupied by 
the quantity of reactive metal employed. In Table 4, the melt 
Volume is the quantity of metal required by Stoichiometry at 
the hydrogen production rate of 4.439 tons of hydrogen per 
hour. During this time, ideally, hydrogen will be produced in 
an amount corresponding to the thermodynamic pH:/pH2O 
ratio. An amount of reactive metal greater than the Stoichio 
metric amount may be used to increase nominal residence 
time, but the consequence is increased reactor Size and cost. 
Increased preSSure also increases the reaction time available 
between the Steam and the reactive metal, however, this also 
adds to cost. 

0072 Thus, one advantage of utilizing a reactive metal 
dissolved in a diluent metal in accordance with the present 
invention is that the residence time of the steam within the 
reactor is increased with respect to the mass of the reactive 
metal. That is, a given mass of iron will occupy a first 
Volume as pure iron, but the same mass of iron will be 
distributed over about twice the volume if the iron is in a 50 
weight percent mixture with a diluent metal Such as tin. 

0073 FIG. 2 illustrates a phase diagram for iron and tin 
adapted from Hari Kumar, K. C., et al., Calphad, 20, 2, 
139-149 (1996). It can be seen from FIG. 2 that one effect 
of adding iron (the reactive metal) to tin (the diluent metal) 
is to Substantially lower the melting temperature of the iron. 
The liquidus of the metal mixture decreases from 1538 C. 
(pure iron) to about 1134 C. at a melt composition of about 
48.7 weight percent tin and 51.3 weight percent iron. 

0074 According to one embodiment of the present inven 
tion, it is preferred that the metal mixture be maintained at 
a temperature above the liquidus line AC of FIG. 2 (e.g., 
above 1134 C.). A metal-steam reaction temperature that is 
too high, however, adds Significantly to the operating costs. 
For the completely molten iron/tin system illustrated in FIG. 
2, the melt should be maintained at a temperature above the 
liquidus temperature of about 1134 C., more preferably at 
a temperature of at least about 1200° C. For the purpose of 
reasonable economics, the temperature should not be greater 
than about 1500 C. and more preferably is not greater than 
about 1400° C. A particularly preferred temperature range 
for the completely molten tin/iron metal mixture is from 
about 1200° C. to 1300° C. At 1200° C., about 50 weight 
percent iron dissolves in tin with Sufficient Superheat and the 
mixture Stays in the molten State as iron is oxidized. Also, 
the reaction between Steam and liquid iron dissolved in tin 
to form pure hydrogen at 1200° C. is also quite vigorous and 
the reaction kinetics are excellent. Furthermore, the thermo 
dynamics for the steam/iron system at 1200° C. are rela 
tively good, requiring an excess of only about 12.2 tons of 
Steam to produce each ton of hydrogen (1.37 moles of Steam 
per mole of hydrogen). 
0075 According to this embodiment, it is preferred that 
that the metal mixture initially include at least about 3 
weight percent iron in the molten metal mixture, more 
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preferably at least about 10 weight percent iron, even more 
preferably at least about 20 weight percent iron and most 
preferably at least about 50 weight percent iron in the molten 
metal mixture. Further, the amount of iron in the molten 
metal mixture should preferably not exceed about 85 weight 
percent and more preferably should not exceed about 80 
weight percent. The balance of the metal mixture in a 
preferred embodiment consists essentially of tin. Accord 
ingly, the amount of tin in the System is preferably not 
greater than about 97 weight percent, more preferably is not 
greater than about 90 weight percent and even more pref 
erably is not greater than about 80 weight percent. The 
molten metal mixture preferably includes at least about 15 
weight percent tin and more preferably at least about 20 
weight percent tin. 

0.076 According to another embodiment, insoluble 
phaseS Such as in the form of particles can be dispersed 
within the molten metal. This assembly of a molten metal 
and an insoluble phase is termed a slurry. According to one 
embodiment, a portion of the Steam is contacted with a 
Slurry that includes a molten metal mixture and a Solid 
Second phase, wherein the Solid Second phase includes 
reactive metal-containing particles and is adapted to Supply 
additional reactive metal to the molten metal mixture. Pref 
erably, the particles are metallic particles (e.g., not oxide 
particles). For example, the slurry could include iron-rich 
metallic particles within an iron/tin melt that is Saturated 
with iron. AS the Steam reduction proceSS proceeds, dis 
solved iron is removed from the molten metal mixture by 
oxidation of the iron and additional iron from the iron-rich 
particles dissolves in the molten metal to keep the molten 
metal portion of the Slurry Saturated with iron. 
0.077 Referring again to the phase diagram in FIG. 2, the 
composition within the two-phase region defined by point A 
(83.3 wt.% Fe at 1134° C), point B (84 wt.% Fe at 1134° 
C.), point C (12 wt.% Fe at 895° C) and point D (3 wt.% 
Fe at 895° C) includes an iron/tin melt with about 3 wt.% 
to 84 wt.% total iron, with a portion of the iron as iron-rich 
metallic particles dispersed in the melt. At a given tempera 
ture between about 895 C. and about 1134 C., as iron is 
removed from the molten metal due to iron oxidation, 
additional solid iron from iron-rich particles will dissolve, 
thereby maintaining the level of iron in the melt at bulk 
Saturation until the Solid iron is depleted. This replacement 
of iron that is lost to oxidation by iron originating from the 
iron-rich particles keeps the activity of the iron high, which, 
in turn, maximizes the production of hydrogen. For 
example, at a temperature of about 950 C. and about 50 wt. 
% total iron, the molten metal mixture will include about 4 
wt.% dissolved iron in the system. As the dissolved iron is 
oxidized, additional iron metal from the iron-rich particles 
will dissolve to maintain 4 wt.% dissolved iron in the melt. 
The activity of the iron, therefore, remains unchanged as a 
consequence of dissolution of iron-rich particles. 

0078 Thus, according to this embodiment, the slurry, 
comprised of the molten metal mixture and iron-containing 
particles, is maintained at a temperature below the liquidus 
temperature of 1134 C. and is at least about 895 C., more 
preferably from about 900° C. to about 1134° C. 
0079. One advantage of such a method is that the activity 
of the iron remains constant and in fact is close to one, and 
therefore the production rate of hydrogen due to the reduc 
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tion of Steam remains constant and maximized throughout 
the process. The desired effect of constant activity of the 
reactive metal would also be observed if the process were 
carried out within the miscibility gap region of FIG. 2; 
however, the activity of iron would be somewhat less than 
OC. 

0080 A thermodynamic relationship exists between the 
partial preSSure of hydrogen in the off-gas, the reaction 
temperature and the weight percent iron in the molten metal 
composition. The thermodynamic quantity, referred to as the 
“activity” of iron, varies as a function of iron concentration 
and Strongly influences the ratio of hydrogen to water in the 
off-gas. The production of hydrogen is maximized by oper 
ating within phase regions that establish a high iron activity 
over a wide composition range through the use of a Second 
phase in equilibrium with the reacting phase. This applies 
both to the liquid-liquid region, above the line AC in FIG. 
2, as well as the Solid-liquid region, below the line AC and 
to the right of the line AB. However, the present invention 
does not exclude operation in the iron-rich liquid phase. 

0081 FIG.3 illustrates the relationship between the level 
of hydrogen in the off-gas as a function of iron content in the 
molten metal mixture and ignoring the reaction of the 
carbonaceous material. FIG. 3 was calculated based on 
thermodynamics of the steam/metal reaction at 1225 C. It 
is evident that the hydrogen production rate rapidly 
decreases as the iron content drops from 20 weight percent 
to 10 weight percent. FIG. 4 illustrates the hydrogen 
production as a function of temperature and iron content, 
again ignoring hydrogen production due to reaction of the 
carbonaceous material. 

0082. At levels below about 20 weight percent iron and 
temperatures above about 1134C., the production capacity 
for hydrogen is impaired since: (1) the pH/pHO drops 
Significantly; and (2) only short periods of time are available 
before gas flows (i.e., Steam and metal oxide reductant) have 
to be Switched. 

0083. The reactor temperature can be controlled to main 
tain a Substantially constant temperature by controlling the 
incoming Steam temperature and quantity and/or by adding 
oxygen to the reactor, as is discussed in more detail below. 
0084. The reactor can be maintained at an elevated pres 
Sure if necessary for adequate Steam residence time in the 
reactor. For example, it may be desirable to maintain an 
elevated pressure, Such as about 2 atmospheres (about 29 
psi). Syngas typically requires several stages of compression 
to Secure the high preSSures required for either transmission 
by pipeline or as a first Step in the Subsequent Synthesis of 
hydrocarbons (a methane Synthesis loop for example). Oper 
ating the reactor at slightly elevated pressure (2 atmo 
spheres, for example) significantly reduces the capital and 
energy cost associated with the first stage of compression. 
The high cost of the first Stage of compression is related to 
the low density of the hydrogen-rich Syngas. However, 
Significantly increased pressure in the reactor adds to capital 
cost and therefore the preSSure in the hydrogasification 
reactor is preferably not greater than about 3 atmospheres 
(about 44 psi). 
0085. According to the present invention, a slag layer is 
maintained over the molten metal mixture. A Slag layer 
provides a number of advantages, including preventing the 
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metal oxide, e.g., iron oxide, from exiting the reactor. The 
temperature in the hydrogasification reactor should be Suf 
ficient to maintain the Slag layer that forms over the metal 
mixture in the molten State over a range of compositions. For 
a mixed metal System, as the reactive metal is oxidized a 
decrease will occur in the concentration of the reactive metal 
in the metal mixture and the metal mixture should remain 
molten as the reactive metal is oxidized. Similar to the range 
of compositions for the molten metal discussed previously 
with respect to FIG. 2, the range of Slag compositions 
required to ensure adequate Slag fluidity and reactivity, and 
prevent foaming can be adjusted, as necessary, for a given 
temperature. For example, fluxes can be added to the reactor 
to adjust the properties of the slag. One flux System is 
indicated by the liquid surface of SiO, Fe0, CaO, MgO, 
NaO and KO. However, Sulfur and other cations may be 
incorporated in this or other Slags to Secure Satisfactory slag 
chemistry. 

0.086 The metal oxide (e.g., wistite and/or magnetite) 
that is generated by Steam reduction can advantageously be 
trapped (dissolved or Suspended) in a slag layer within the 
reactor. At the preferred temperatures, the metal oxide is 
incorporated into the slag, which is lighter than the metal 
mixture. Therefore, as the dissolved metal is depleted from 
the molten metal mixture, the metal oxide rises through the 
molten metal and contributes to the Slag layer on top of the 
molten metal. It is an advantage of this embodiment of the 
present invention that the oxide formed upon reaction of the 
reactive metal with the Steam has a density that is less than 
the density of the molten metal, whereby the metal oxide 
rises to the Slag layer. Preferably, the metal oxide is at least 
about 10 percent less dense than the molten metal. This also 
enables the metal to Sink from the Slag layer to the molten 
metal mixture upon reduction of the metal oxide. This 
accumulation of iron oxide in the Slag may require the 
addition of a flux such as SiO, Fe0, CaO, MgO, NaO, KO 
or mixtures thereof to maintain the Slag in the preferred 
condition with respect to Viscosity, reactivity, foaming, and 
the like. 

0.087 Accordingly, a portion of the steam introduced to 
the hydrogasification reactor is reduced by reaction with the 
reactive metal to form a metal oxide. In addition to the 
Steam, a carbonaceous material is also injected into the 
molten metal and a Second portion of the Steam reacts with 
the carbonaceous material to form carbon monoxide and 
hydrogen. The carbonaceous material can include crude oil, 
tar Sand or a similar Substance, pet coke, municipal waste, 
hazardous waste, biomass, tires and/or any combination 
thereof. In a preferred embodiment, the carbonaceous mate 
rial includes coal and the following description refers to coal 
as the carbonaceous material, although it will be understood 
that the present invention is not limited thereto. The coal can 
be a low-grade coal as well as a high-grade coal. The coal 
can optionally be pre-treated Such as by comminuting the 
coal to reduce the particle size of the coal, although the 
particle size of the coal or other carbonaceous material is not 
critical to the practice of the present invention. 

0088. The reactants (e.g., steam, coal and molten metal) 
must be contained within a Suitable reactor and maintained 
under Suitable reaction conditions. Further, the reactants 
should be provided in a manner conducive to good mixing 
and high contact Surface area. High-temperature reactors 
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Suitable for establishing good gas/liquid contact are utilized 
in the chemical, and especially metallurgical industries. 
0089 For example, bath Smelting reactors can be used for 
carrying out the method of the present invention. Bath 
Smelters have been used for the efficient reduction of iron 
oxides (e.g., fine iron ore and iron-rich secondary materials) 
using carbonaceous materials, including those other than 
metallurgical coke, for reduction. The reactants are typically 
injected into a molten metal bath using a water-cooled lance. 
Examples include the Hismelt technology, Such as described 
in U.S. Pat. No. 3,751,019 by Phillips and the Ausmelt 
technology, such as described in U.S. Pat. No. 5,282,881 by 
Baldock et al. Each of these U.S. patents is incorporated 
herein by reference in its entirety. These Systems advanta 
geously utilize a Stationary lance, enabling the reactor to be 
Sealed for operations at elevated pressures, if necessary. 
0090. One reactor system that is useful according to the 
present invention utilizes a top-Submerged lance (TSL) to 
inject the Steam into the molten metal below the Surface of 
the molten metal. Such reactors have been used for the 
commercial production of tin from tin ore (cassiterite). 
Examples of reactors utilizing a top-Submerged lance to 
inject reactants are disclosed in U.S. Pat. No. 3,905,807 by 
Floyd, U.S. Pat. No. 4,251.271 by Floyd, U.S. Pat. No. 
5,251,879 by Floyd, U.S. Pat. No. 5,308,043 by Floyd et al. 
and U.S. Pat. No. 6,066,771 by Floyd et al. Each of these 
U.S. patents is incorporated herein by reference in their 
entirety. Such reactors are capable of injecting reactants 
(e.g., Steam) into the molten metal at extremely high Veloci 
ties, approaching Mach 1, thereby promoting good mixing 
of the reactants. Although the following description refers to 
the use of a reactor including a top-Submerged lance, it will 
be appreciated that other types of reactors can be utilized in 
accordance with the present invention. 
0091. The major function of the top submerged lance 
(TSL) furnace is to maximize contact between the Solids, 
liquids and gases. FIG. 5 is a schematic illustration of Such 
a reactor. The reactor 500 includes refractory sidewalls 502 
that are adapted to contain the molten metal 504. A side 
penetrating lance 518 penetrates the furnace near the bottom 
of the reactor and is provided for the optional introduction 
of oxygen for the purpose of heating the reactor 500. A 
top-submerged lance 508 is disposed through the reactor top 
wall 512 and is adapted to inject coal entrained by Steam into 
the metal 504 at a high velocity. Preferably, the top-sub 
merged lance 508 terminates and injects Steam and coal 
below the surface of the slag layer 506 and near the interface 
of the molten metal 504 and the slag layer 506. 
0092. The temperature of the steam-entrained, particulate 
coal increaseS rapidly from ambient temperature to the 
reactor temperature. Caking of the coal particles is not a 
Significant issue Since the particles have virtually no oppor 
tunity to coalesce before passing the temperature region 
where caking can occur. Rapid devolatilization of the coal 
particles occurs as the particles approach the reactor tem 
perature. 

0093. When the coal and steam come in contact with the 
molten metal 504, a Series of physical and chemical reac 
tions occur. According to the present invention, a portion of 
the Steam reacts with the reactive metal producing hydrogen 
and a metal oxide, and the metal oxide rises and is incor 
porated into the Slag, as is discussed above. 





US 2005/0042166 A1 

Steam is terminated and a reductant is introduced into the 
reactor containing the molten metal and the Slag to reduce 
the metal oxide back to the metal 

0105. In this regeneration step, which can be viewed as 
reductive cleaning of the Slag, the metal oxide in the Slag is 
reduced and returned to the melt as the reactive metal. This 
is achieved by lowering the Oxidation potential of the System 
through introduction of reductant to the reactor. The reduc 
tant can be carbon monoxide, which is preferable when 
operating at temperatures below 1000 C., or carbon derived 
from coal, petroleum coke, waste, other carbon Source, 
which is preferable above 1000 C. According to a preferred 
embodiment, operating at a temperature above 1000 C., the 
oxidation potential of the System is lowered by injecting 
particulate carbon, hydrocarbon or liquid hydrocarbon into 
the melt under conditions of intense mixing. The particulate 
carbon or hydrocarbon is preferably coke, but may include 
coal or other organic material. A liquid hydrocarbon, Such as 
#6 or other oil can also be used. Waste materials. Such as 
Scrap tires, biomass, animal waste, or municipal waste may 
also be used. 

0106 Prior to injection of a reductant, the reactor may be 
purged, Such as with Steam, to remove any gases from the 
reactor. After the reductive cleaning of the Slag is complete, 
the reactor may again be purged, with air or Steam, for the 
purpose of removing any carbon that may be dissolved in the 
metal and/or for the purpose of removing any other tramp 
elements that may be in either the melt or slag and that 
otherwise would contaminate the Synthesis gas. 
0107 FIG. 6 illustrates a process for continuous genera 
tion of hydrogen using two reactors as disclosed in the 
co-pending U.S. patent application Ser. No. 10/085,436 
entitled “Method for the Production of Hydrogen and Appli 
cations. Thereof, and incorporated herein by reference in its 
entirety. 

0108. The hydrogen generation process employs two 
reactors 602 and 604 wherein one of the reactors operates in 
Steam reduction mode while the other operates in metal 
oxide reduction mode. As illustrated in FIG. 6, the reactor 
602 is operating in Steam reduction mode and generates 
hydrogen, and reactor 604 is operating in metal oxide 
reduction mode, wherein the reactive metal is iron. 

0109 Steam, is provided by heating water in waste heat 
boilers 606 and 610. Prior to heating in the boilers, the water 
should be Subjected to purification 612 Such as by using 
reverse osmosis and de-ionization to remove contaminants 
that can affect boiler operation or introduce impurities into 
the hydrogen product gas. Steam is produced in the boilers 
and is provided to the reactor 602 at a Super-heated tem 
perature that is Sufficient to maintain isothermal conditions 
within the Steam reduction reactor 602 at the operating 
temperature, e.g., about 1200° C. 
0110. The steam is injected into the reactor 602 through 
a top-Submerged lance 608. The top-Submerged lance pro 
vides good mixing and a high contact Surface area between 
the Steam and the molten metal mixture to promote the Steam 
reduction/metal oxidation reaction. The reactor 602 is sealed 
to prevent egreSS of hydrogen and Steam from the reactor. 
Also, the reactor may be placed under modest pressure to 
provide a Sufficient contact time for the Steam and to deliver 
the hydrogen under pressure. 
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0111. Other materials can be added to the reactor if 
necessary. For example, fluxes 614 can be added to control 
the properties of the slag layer that forms above the molten 
metal mixture as the Steam reduction reaction oxidizes the 
metal. Possible fluxes include SiO, Fe0, CaO, MgO, NaO 
or KO. Additionally, other materials Such as tin compounds, 
casSiterite ore or other materials. Such as iron compounds or 
ore may be added to make-up for losses of metal values. 
According to a particularly preferred embodiment, cassiter 
ite ore (SnO) is injected into the reactor to make-up for tin 
losses. 

0112 A hydrogen-containing gas that includes hydrogen 
and excess steam is removed from the reactor 602. The 
hydrogen-containing gas can be passed through the waste 
heat boiler 606 to provide heat for additional steam, thereby 
conserving heat values. The hydrogen-containing gas Stream 
can also include Some contaminants, Such as the Sub-Oxide 
of tin oxide (SnO), the hydrated sub-oxide of tin (SnOH), 
and entrained particulates of (frozen) slag which are ejected 
from the molten metal bath and Slag, and Such contaminants 
can be removed in a baghouse 616. For example, the volatile 
tin compounds can be condensed from the gas Stream and 
along with particulate Slag can be captured either in the 
waste heat boiler or in the baghouse. After being captured, 
these materials can be pelletized 618 and optionally pro 
Vided to either reactor 602 operating in Steam reduction 
mode or reactor 604 operating in the metal oxide reduction 
mode for recovery of metal-Values and control of the slag 
chemistry. After removal of contaminants, if any, the hydro 
gen gas Stream is treated in a condenser 620 and/or chiller 
to condense the exceSS Steam from the hydrogen gas Stream 
and form a high purity hydrogen gas Stream 622. Water 
condensed from the hydrogen gas Stream can be recycled for 
additional Steam production. 
0113 Simultaneously, metal oxides are reduced in reactor 
604. The metal oxides are reduced by a reductant as is 
described above, Such as carbon or carbon monoxide accord 
ing to the following chemical equations: 

MeO-yC->yCO+Me. (13) 
MeO-yCO->yCO+Me. (14) 

0114 Carbon may be derived from virtually any carbon 
aceous material Such as coal, petroleum coke, biomass and 
organic waste materials, including municipal waste and 
hazardous waste. It is possible to add the carbonaceous 
material into the reactor 604 by simply dropping it in the 
reactor. Carbon monoxide can be formed by injecting coal 
624 or other carbonaceous material and oxygen 626 through 
a top-submerged lance 628. As with reactor 602, the top 
Submerged lance 628 provides good mixing and contact 
Surface area between the reactants. The Oxygen-containing 
gas is also preferably injected using a top-Submerged lance 
or Similar device. 

0115 Air is admitted above the metal/slag charge for the 
purpose of combusting any carbon monoxide that may be 
present. This combustion reflects heat back down into the 
melt where it is needed for the metal oxide reduction 
reaction. Further, the presence of a Small excess of air 
(typically 3 percent) precludes discharge of carbon monox 
ide into the atmosphere. 
0116. The ash-forming minerals that are typically part of 
the coal (or other carbonaceous material) used as a reductant 
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contribute to the slag layer within the reactor 604. When coal 
(or other carbonaceous material) is used as feedstock 624 
and there is adequate calcium oxide (CaO) in the slag, the 
Slag layer can be a Salable poZZolanic by-product. AS with 
reactor 602, other materials Such as fluxes can be injected 
into the reactor 604, for example to control the properties of 
the Slag. Such as Slag fluidity or tendency to foam. The 
off-gas from the metal oxide reduction reactor 604 can 
include carbon dioxide, nitrogen and Some contaminants 
from the coal Such as Sulfur. Heat from the off-gas can be 
conserved in the waste heat boiler 610 where steam is 
generated. The gas Stream can then be treated in a bag-house 
630 to remove particulate contaminants. The remaining 
gases can be treated in a limestone Scrubber 632 to form 
environmentally benign Stack gases and gypsum from the 
Sulfur that originates from the coal. Alternatively, the Sulfur 
can be Scrubbed with aqueous ammonia to form ammonium 
Sulfate, a useful compound for fertilizing Soil. 

0117 Thus, as iron is depleted from the molten metal 
mixture in the Steam reduction reactor 602, and as the iron 
oxide is reduced to metal in the metal oxide reduction 
reactor 604, their functions can be reversed by Switching the 
flows into the reactors and the flows of the cooled gases after 
the waste heat boilers. Prior to Switching gas flows, the 
reactors can be purged to remove residual gases and con 
taminates, if any. Accordingly, hydrogen gas can be pro 
duced in a Substantially continuous manner. 

0118 FIG. 7 illustrates a process flow for continuous 
Synthesis gas production according to an embodiment of the 
present invention to produce a tailored H.CO ratio Syngas. 
Hydrogen, added by the Steam-iron reaction, Supplements 
the hydrogen produced by gasification to increase the overall 
H:CO ratio. 
0119) A tailored synthesis gas can be produced if both a 
carbonaceous material and Steam are fed into the reactor that 
normally receives only Steam for the purpose of making 
hydrogen, i.e., reactor 602 in FIG. 6. For hydrogen produc 
tion, only the reactor operating in metal oxide reduction 
mode receives carbonaceous material, while for gasification 
according to the present invention, both reactors receive 
carbonaceous material. 

0120 Referring again to FIG. 7, the synthesis gas gen 
eration process employs two reactors 702 and 704 wherein 
one of the reactorS operates in Steam reduction and gasifi 
cation mode while the other operates in metal oxide reduc 
tion mode. As illustrated in FIG. 7, reactor 702 is operating 
in Steam reduction mode and generates tailored Synthesis gas 
722 and reactor 704 is operating in metal oxide reduction 
mode. 

0121 Steam is provided by heating water in waste heat 
boilers 706 and 710. Prior to heating in the boilers, the water 
should be subjected to purification 712 Such as by using 
reverse osmosis and de-ionization to remove contaminants 
that can affect boiler operation or introduce impurities into 
the Synthesis product gas. Steam is produced in the boilers 
and is provided to the reactor 702 at a Super-heated tem 
perature that is Sufficient to Support a heat balance about 
reactor 702. 

0122) A carbonaceous material 738 is provided to the 
reactor 702. If the carbonaceous material is a high Btu 
carbonaceous material, Such as comminuted Scrap tires or 
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high-rank coal, it is fed into the reactor 702 through the 
submerged lance 708. However, if the carbonaceous mate 
rial is a low to medium Btu feedstock, Such as municipal 
waste, animal waste, Sewage sludge, low-rank coals, biom 
asS or other medium to low Btu organic materials it must 
first be dried in a dryer 736. 
0123 Steam is injected into the reactor 702 through a 
top-submerged lance 708. The top-submerged lance 708 
provides good mixing and a high contact Surface area 
between the Steam, carbonaceous material and the molten 
metal to promote the Steam reduction/metal oxidation reac 
tion and the steam-carbon reaction. The reactor 702 is sealed 
to prevent egreSS of hydrogen, carbon monoxide and Steam 
from the reactor (see FIG. 5). Also, the reactor may be 
placed under modest pressure to provide a Sufficient contact 
time for the Steam and to deliver the Synthesis gas under 
preSSure. 

0.124. Other materials can be added to the reactor 702 if 
necessary or desired. For example, fluxes 714 can be added 
to control the properties of the Slag layer that forms above 
the molten metal mixture as the Steam reduction reaction 
oxidizes the metal. Possible fluxes include SiO, Fe0, CaO, 
MgO, Na-O or KO. Additionally, other metal-containing 
materials. Such as tin compounds, casSiterite ore or other 
materials. Such as iron compounds or ore may be added to 
make-up for losses of metal values. According to a particu 
larly preferred embodiment, cassiterite ore (SnO) is 
injected into the reactor to make-up for tin losses when tin 
is used as a reactive metal or a diluent metal. A Synthesis gas 
that principally includes hydrogen, carbon monoxide, car 
bon dioxide and exceSS Steam is removed from the reactor 
702. The Synthesis gas can be passed through a waste heat 
boiler 706 to provide heat for additional steam, thereby 
conserving heat values. 
0.125 The synthesis gas stream can also include some 
contaminants, such as the Sub-oxide of tin (SnO), the 
hydrated Sub-oxide of tin (SnO2H)., entrained particulates 
of (frozen) Slag and gaseous compounds that may be formed 
from trace constituents associated with the carbonaceous 
material. Such contaminants can be removed in a baghouse 
716. For example, the volatile tin compounds can be con 
densed from the gas Stream and, along with particulate slag, 
can be captured either in the waste heat boiler 706 or in the 
baghouse 716. After being captured, these materials can be 
pelletized 718 and optionally provided to the reactor 702 
operating in Steam reduction mode or, preferably, the reactor 
704 operating in metal oxide reduction mode for recovery of 
metal values and control of the Slag chemistry. Noxious 
gases derived from trace constituents in the carbonaceous 
feedstock can be removed by Scrubbing. 
0126. After removal of contaminants, if any, the synthesis 
gas Stream is treated in a condenser 720 and/or chiller to 
condense the exceSS Steam from the Synthesis gas Stream and 
form a high purity tailored Syngas Stream 722. Water con 
densed from the Synthesis gas Stream can be recycled for 
additional Steam production. The tailored Syngas can then be 
converted to methane or methanol in a catalytic conversion 
unit (not illustrated). 
0127. Simultaneously, metal oxides are reduced in the 
reactor 704. The metal oxides preferably are reduced by a 
reductant Such as carbon, which can be formed by injecting 
a carbon-containing feedstock 724 directly into the reactor 
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704, such as through a top-submerged lance 728. As with 
reactor 702, the top-submerged lance 728 provides good 
mixing and contact Surface area between the reactants. 
0128 Carbon and heat are required to regenerate the iron 
in the reactor 704. Feedstocks containing a large percentage 
of carbon are preferable. Petroleum coke, particularly petro 
leum coke including over 80 percent carbon is preferred. 
Char, the residue from coal or low-Btu organic feedstocks, 
can also be used. The organic feedstock (coal or other 
carbonaceous material) may be pyrolyzed in dryer/pyrolyzer 
736, with the volatiles from the pyrolysis directed to the 
reactor 702 to provide heat to reactor 702, resulting from 
their (volatiles) reaction with Steam, and to offset Some 
portion of the heat-consuming Steam-carbon reaction. Dryer/ 
pyrolyzer 736 may be for example a fluid bed combustor that 
uses oxygen and steam at about 1000 C. to supply the heat 
required to dry the coal and boil-off (expel) the volatiles. 
0129. That portion of the carbon in the carbonaceous 
material used to reduce the metal oxide is transformed into 
carbon monoxide. This carbon monoxide is burned with air 
above the molten metal, reflecting heat back to the interior 
furnace walls and the molten metal. A portion of the carbon 
feedstock can be burned to provide the requisite thermal 
energy. 

0130. Ash-forming minerals are typically part of the 
organic feedstock (or other carbonaceous material) that is 
employed along with oxygen to bring about the reduction of 
the reactive metal oxides. Such ash-forming minerals con 
tribute to the slag layer within the reactor 704. 
0131 AS is discussed above with respect to reactor 702, 
other materials can be injected into the reactor 704. For 
example, fluxes can be injected to control the properties of 
the Slag. Such as Slag fluidity or tendency to foam. The 
off-gas from the metal oxide reduction reactor 704 can 
include carbon dioxide, nitrogen and Some contaminants 
from the coke, Such as Sulfur. Heat from the off-gas can be 
conserved in the waste heat boiler 710 where steam is 
generated. The gas Stream can then be treated in a bag-house 
730 to remove particulate contaminants. The remaining 
gases can be treated in a limestone scrubber 732 to form 
environmentally benign Stack gases and gypsum 
(CaSO4.2H2O) from the sulfur that originates from the coal. 
Alternatively, the Sulfur can be Scrubbed with aqueous 
ammonia to form ammonium Sulfate ((NH4)2SO), a useful 
compound for fertilizing Soil. 

0132) To conserve heat it may be desirable to keep the 
Synthesis gas Stream exiting the baghouse at its elevated 
temperature (400° C. to 500 C.) prior to being converted 
into methanol or methane. To do So, anhydrous ammonia 
may be injected into the gas Stream to react with the acid gas 
components producing ammonium Sulfide ((NH4)2S), 
ammonium chloride (NHCl) and ammonium fluoride 
(NHF). The ammonium salts that are produced may be 
removed from the gas Stream, for example by pulsed 
ceramic filters. Thereafter, the purified gas Stream can pro 
ceed directly to a conversion Step without Significant reheat 
Ing. 

0.133 Thus, as iron is depleted from the molten metal 
mixture in the steam reduction reactor 702, and as the iron 
oxide is reduced to metal in the metal oxide reduction 
reactor 704, their functions can be reversed by Switching the 
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flows into the reactors and Switching the gas flows down 
Stream of the waste heat boilers. Prior to Switching gas 
flows, the reactors can be purged to remove residual gases 
and contaminates, if any. Accordingly, a Syngas with a 
pre-chosen H:CO can be produced in a Substantially con 
tinuous manner. 

0.134. A combination of factors is required to achieve a 
heat balance across both of the reactors 702 and 704. First, 
reactor 704 incurs an increase in temperature of about 125 
C. over the period of time that is required to reduce the iron 
oxide. Providing this increase only requires slightly increas 
ing the fuel and air sent to reactor 704. This means that at the 
start of its cycle, reactor 702 is Superheated by about 125 
C. Over the period of time that is required for the iron in 
reactor 702 to be oxidized by steam, the sensible heat of the 
charge in 702 is given up thereby Supplying heat to Support 
the hydrogasification chemistry. Second, the Steam is pref 
erably superheated to at least about 1000 C. to bring 
additional heat into reactor 702. Third, volatiles derived 
from the carbonaceous feedstock destined for reactor 704 
are diverted into reactor 702. This supplants some portion of 
the endothermic Steam/carbon reaction for producing hydro 
gen and carbon monoxide with the exothermic Steam-vola 
tiles reaction thereby lessening the heat requirement for 
reactor 702 and adding heat to that reactor. For heat balance 
reasons, organic feedstockS Such as municipal waste, animal 
waste, Sewage Sludge, low-rank coals, biomass and other 
medium to low Btu organic materials must first be dried by 
dryer/pyrolyzer 736. Steam is available from waste process 
heat and can be used as a drying medium. Steam will also 
carry odors, frequently a problem in drying materials. Such as 
animal waste, into the reactor 702 where organics are 
converted to simple non-malodorous molecules (H, CO & 
CO) as part of the gasification process. Various methods 
available for providing a heat balance are described below. 
0135) In a preferred embodiment according to the present 
invention, a reductant derived from the dryer/pyrolyzer 732 
is injected into the molten metal and Slag layer in the reactor 
704. The feedstock can be injected through the top-sub 
merged lance with the air, or can be added Separately. It is 
particularly advantageous to use coke pyrolized from coal as 
the reductant Source, because it is both abundant and rela 
tively inexpensive compared to oil and gas. The use of Scrap 
tires and other waste materials as feed for the reactor 704 can 
also Supply Some iron (e.g., from the steel belts). The metal 
oxide reduction proceSS is continued until a Sufficient 
amount of metal has been re-dissolved in the molten metal. 

0.136 Preferably, the reaction conditions when operating 
in the mode to reduce the metal oxide to metal are Substan 
tially identical to the conditions during hydrogasification. 
That is, it is preferred that the temperature and pressure of 
the reactor 704 are the same or very similar to the tempera 
ture and pressure of the reactor 702. Thus, the temperature 
is preferably at least above the liquidus of the molten metal 
mixture (e.g., about 1134° C. for the tin/iron system) and in 
one embodiment is at least about 1200° C. Preferably, the 
temperature does not exceed about 1600 C. and more 
preferably does not exceed about 1400° C. In a particularly 
preferred embodiment, the temperature is about 1400° C. in 
reactor 702 and 1300° C. in reactor 704 at the start of their 
cycles, decreasing to 1300° C. in reactor 702 and increasing 
to 1400° C. in reactor 704 by the end of their cycles. The 
preSSure should be slightly above atmospheric pressure in 
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the reactor 702 and may be either slightly above or slightly 
below atmospheric pressure in the reactor 704. A preferred 
option is to operate both reactors at from about 1 to 2 
atmospheres. 

0.137 The steam-iron reaction in the reactor 702 produces 
hydrogen and a modest amount of heat. This heat of reaction 
is insufficient to offset furnace heat loSS and provide a heat 
balance in the reactor 702. Therefore, as noted above, 
Volatiles from the pyrolysis of organic feedstock of reactor 
704, are directed to reactor 702 to help maintain the heat 
balance. Further, steam is admitted to reactor 702 at as high 
a temperature as is practicable, Such as up to about 1000 C. 

0138. In the reactor 702 there are three reactions that 
produce hydrogen. The first two are operative all the time 
and include the modest heat-producing Steam-iron reaction 
(Equation 12) described above, and the highly endothermic 
Steam-carbon reaction (Equation 5). The third is the exo 
thermic Steam-Volatiles reaction. 

013:9) The benefit of the third reaction relative to heat 
balance depends upon the amount of volatiles being admit 
ted into reactor 702. To maximize the amount of volatiles, 
feedstock to the reactor 704 is pyrolyzed and the released 
volatiles are directed into the reactor 702. Pyrolysis of the 
feedstock disproportionates the feedstock into: (1) char, 
principally composed of carbon and ash, directed to the 
reactor 704 for reducing the metal oxide; and (2) volatile 
matter (volatiles) comprised predominantly of carbon, 
hydrogen and oxygen, directed into the reactor 702. When 
the volatile matter reaches the temperature in the reactor 702 
and Steam is present, it is immediately rendered into hydro 
gen and carbon monoxide with the release of heat. 

0140. The steam-carbon reaction (Equation 5) is the 
principal gasification reaction. To Sustain this endothermic 
reaction, a significant amount of heat must be furnished to 
the reactor 702. The required heat can be supplied to the 
reactor in at least four ways: 

0141 1. Oxygen can be added to the reactor 702 to 
react with carbon and iron and form their respective 
oxides. Both reactions are Strongly exothermic. 

0142. 2. The reactor 702 may be heated electrically 
by inductive coupling with an external Source of 
electricity. Electricity can be generated from process 
Steam raised by cooling the exit gases from reactor 
702. Other means of electrical heating are possible, 
Such as plasma torch heating. 

0143) 3. The molten metal and slag in reactor 702 
may be Superheated during the prior Stage regenera 
tion of the reactive metal from the reactive metal 
oxide. Additional fuel (724 into reactor 704) is 
required. The Sensible heat of the Superheated mass 
of molten metal and Slag that is available as the 
molten mass cools meets the endothermic require 
ment of the Steam-carbon reaction. 

0144. 4. Some portion of the steam-carbon reaction 
may be Supplanted by Supplying hydrogen and car 
bon monoxide derived from the volatile matter of the 
feedstock to the reactor 704. The reactions, which 
produce CO and H from volatile matter, are not 
highly endothermic like the Steam-carbon reaction. 
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The requirement for CO and H from the endother 
mic Steam-carbon reaction is effectively reduced, as 
is the required heat. 

0145 AS discussed in detail above, the addition of oxy 
gen can adversely affect the economics of Synthesis gas 
generation. Heating the reactor adds additional costs to the 
process. The preferred method of adding heat to the reactor 
702 is to Superheat the molten metal and add the volatile 
fraction of the feedstock of the reactor 704 to the reactor 
702. 

0146 In accordance with the foregoing, the Synthesis gas 
includes at least. He and CO. Other components can include 
H2O, CO and CH. It is generally preferred that the gas 
stream extracted from the reactor include at least about 50 
vol.% H and that the CO content be not greater than about 
15 vol.%, more preferably not greater than about 10 Vol.%. 
In addition, the carbonaceous material, particularly coal, can 
include impurities that form acid gas components in the gas 
Stream. Conventional approaches for removing the acid gas 
components Such as hydrogen Sulfide (H2S), hydrogen chlo 
ride (HCl) and hydrogen fluoride (HF) may be used to clean 
the gas Stream, if necessary. Alternatively, ammonia may be 
injected into the hot (400° C. to 500° C) gas stream to react 
with the acid gas components producing, respectively, 
ammonium sulfide ((NH),S), ammonium chloride (NHCl) 
and ammonium fluoride (NHF). The ammonium salts that 
are produced may be removed from the gas Stream, for 
example by pulsed ceramic filters. Thereafter, the purified 
gas Stream can proceed directly to a conversion Step, Such as 
methanation, as is discussed below. If a slight excess of 
ammonia is left in the gas Stream and the gas Stream is 
converted to methane, the ammonia will burn when the 
methane is burned yielding water and nitrogen. The net heat 
of combustion for ammonia is 365 Btu/ft. By comparison, 
the net heat of combustion for CO is 322 Btu/ft. 

0147 The mixed ammonium salts formed according to 
the foregoing have a number of uses. They may be Sold “as 
is,” may be reprocessed to produce pure ammonium Sulfate, 
an item of commerce, or may be employed in a "lime boil” 
to recover the ammonia for reuse and render the Sulfur 
benign. In the lime boil process, lime (CaO) reacts with 
ammonium Salts at or near the boiling temperature of water 
(e.g., about 80 C.) producing the corresponding calcium 
Salt. For example: 

0.148. After recovery of the ammonia for reuse, air can be 
used to oxidize the calcium Sulfide to calcium Sulfate 
(gypsum), which can be used to produce wallboard or can be 
Safely discarded. 

014.9 The ratio of steam to coal fed to the reactor has a 
linear relationship with the H:CO ratio of the synthesis gas 
extracted from the reactor and can be used to control and 
adjust the H:CO ratio. The linear relationship between the 
ratio of Steam to coal and H:CO of the present invention are 
illustrated in FIG. 8. A change of 6.06 percent in the ratio 
of Steam to coal results in a 5 percent change in the H:CO 
ratio (for example, from 2.0 to 2.1). The steep slope (about 
40 degrees) between these two linearly related parameters 
allows one ratio, the Steam-carbon ratio, to be used to 
establish the other, the target H:CO ratio. According to one 
embodiment of the present invention, the mass ratio of Steam 
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to coal fed to the reactor is at least about 0.5:1, more 
preferably is at least about 1:1 and even more preferably is 
at least about 2:1. 

0150. It is a particular advantage of the present invention 
that the Synthesis gas extracted from the reactor has a 
controlled molar ratio of hydrogen to carbon monoxide 
(H:CO) without requiring additional steps for the removal 
of carbon oxides to adjust the ratio prior to the Synthesis of 
useful products Such as methanol or methane. Accordingly, 
it is preferred that the molar ratio of H:CO in the gas stream 
extracted from the reactor is at least 1:1 and more preferably 
is at least about 1.5:1. In particular, the Synthesis gas can be 
extracted from the reactor and provided to a methanol 
production step with a H:CO molar ratio of at least about 
2:1 (theoretical Stoichiometric requirement), more particu 
larly about 2.1:1 (the preferred requirement established by 
practice). The Synthesis gas provided to a methane produc 
tion step can be controlled to have a H:CO molar ratio of 
at least about 3:1, the theoretical Stoichiometric requirement. 
Thus, according to one embodiment, the gas Stream 
extracted from the reactor has a H:CO molar ratio of from 
about 2:1 to 3:1. 

0151. After production of the synthesis gas, it can be 
converted to a hydrocarbon compound having either a 
gaseous, liquid or Solid form. According to one preferred 
embodiment of the present invention, the Synthesis gas is 
converted to methane. Methods for converting Synthesis gas 
to methane are known to those skilled in the art. Typically, 
the Synthesis gas is contacted with a catalyst at an elevated 
temperature. The catalysts can be, for example, nickel or 
molybdenum based catalysts Supported on a carrier Such as 
alumina. Examples of methanation catalysts and reaction 
conditions are illustrated in U.S. Pat. No. 4,540,714 by 
Pedersen et al., U.S. Pat. No. 4,525,482 by Ohaski et al. and 
U.S. Pat. No. 4,130,575 by JYm. Each of the foregoing U.S. 
patents is incorporated herein by reference in its entirety. 
0152 The methane formed from the synthesis gas can be 
burned directly in a combined cycle generator to produce 
electricity. Although the Synthesis gas can be burned 
directly, it is generally more economical to convert the 
Synthesis gas to methane. 
0153 Methods of converting synthesis gas to methanol 
are known in the art and involve the contact of the Synthesis 
gas, under preSSure, with catalysts Such as copper/zinc/ 
chromium oxide. Examples of processes for converting 
Synthesis gas to methanol and other alcohols are disclosed in 
U.S. Pat. No. 4,348,487 by Goldstein et al., U.S. Pat. No. 
4,843,101 by Klier et al., U.S. Pat. No. 5,703,133 by Vander 
spurt et al., and U.S. Pat. No. 6,248,796 by Jackson et al., 
which are incorporated herein by reference in their entirety. 
Synthesis gas can also be converted to Synthetic crude using 
known Fischer-TropSch processes. 
0154) To conserve heat it may be desirable to keep the 
Synthesis gas Stream exiting baghouse at its elevated tem 
perature (400° C. to 500 C.) prior to its being converted into 
methanol or methane. To do So, anhydrous ammonia may be 
injected into the gas Stream to react with the acid gas 
components producing ammonium Sulfide ((NH4)2S), 
ammonium chloride (NHCl) and ammonium fluoride 
(NHF). The ammonium salts that are produced may be 
removed from the gas Stream, for example by pulsed 
ceramic filters. Thereafter, the purified gas Stream can pro 
ceed directly to a conversion Step without Significant reheat 
ing. 
O155 In accordance with an alternative embodiment of 
the present invention, a precursor gas composition can be 
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formed in a reactor that can be converted to ammonia (NH). 
According to this embodiment, Steam introduced into a 
reactor containing a reactive metal to form hydrogen, Sub 
Stantially as is described above. In addition, air or another 
gas containing nitrogen and oxygen is introduced into the 
reactor Such that the gas extracted from the reactor has a 
molar ratio of H.N. of about 3:1 for the production of 
ammonia. The overall reaction is illustrated by Equation 14: 

0156 Control over the ratio of steam to air that is input 
to the reactor can be used to control the ratio of hydrogen to 
nitrogen and So that the complete combustion of oxygen 
from air will provide sufficient heat for isothermally bal 
ancing the chemical (iron oxidation by Steam) and environ 
mental heat losses incurred in the reactor. 

O157. In a typical ammonia production method, a gas 
including hydrogen and nitrogen is compressed to about 200 
atmospheres of pressure and passed over an iron catalyst at 
a temperature of from about 380° C. to about 450° C. The 
production of ammonia from hydrogen and nitrogen is 
illustrated in: U.S. Pat. No. 4,600,571 by McCarroll et al.; 
U.S. Pat. No. 4,298,588 by Pinto; and U.S. Pat. No. 4,088, 
740 by Gaines. Each of the foregoing U.S. patents is 
incorporated herein by reference in their entirety. 

0158. The resulting ammonia can be used in a number of 
applications. For example, the ammonia can be converted to 
urea for use in fertilizers. The ammonia can also be used to 
reduce NO emissions from coal-fired power plants and for 
the manufacture of various ammonium-containing com 
pounds. 

0159. It is particularly noteworthy in accordance with the 
foregoing description that essentially the same plant equip 
ment can be utilized to produce different gas streams (e.g., 
hydrogen gas, Sythesis gas or an ammonia precursor gas) by 
Simply changing the reactants that are admitted to the reactor 
that is converting the reactive metal to a metal oxide. Thus, 
a single plant can readily produce a variety of valuable gas 
Streams and the type of gas Stream can be Switched rapidly. 

EXAMPLES 

Example 1 

0160 In this Example 1, a synthesis gas with a target 
molar H:CO ratio of about 2:1 was produced. This is the 
H:CO ratio that is required to make methanol. 

0.161. A reactor was fabricated using an alumina closed 
ended tube (2" IDx19" long) placed inside a stainless steel, 
closed-ended three-inch diameter pipe. The open end of the 
pipe was Sealed with a flange. A one-inch exhaust line was 
provided to carry the Synthesis gas from the reactor through 
a port on the flange. After exiting the reactor, the Synthesis 
gas proceeded through a water-chilled condenser. Immedi 
ately after exiting the condenser, the Synthesis gas was 
Sampled using TEDLAR bags. The Synthesis gas proceeded 
through an ice-chilled condenser, where it was Scrubbed of 
particulates. Finally, the Synthesis gas entered a floating 
drum, where the Volumetric flow was measured. 

0162 A/2"OD stainless steel lance was inserted through 
a Second port in the flange and extended into the reactor. A 
flow of either Steam or inert gas could be injected into the 
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reactor through the lance. Coal was injected into the Steam 
flow, thereby using the Steam to carry the coal into the 
reactOr. 

0163 The reactor was charged with 0.7 kg of tin metal 
and 0.7 kg of iron powder and heated to 1200° C. Ten grams 
of coal were loaded into a Series of valves attached to the 
lance and adapted to inject: the coal into the Steam flow. A 
total of five individual charges of coal (2 grams each) were 
injected into the flow of Steam. Analysis of the coal is shown 
in the Table 4 below. 

TABLE 4 

Coal Analysis 

Component Percentage 

Carbon 74.48% 
Hydrogen 5.34% 
Oxygen 8.85% 
Nitrogen 1.31% 
Sulfur 1.95% 
Ash 8.07% 

Total 100.00% 

0164. The total heating value of the coal was about 
13,496 Btu/lb. The heated reactor was purged using a flow 
of helium through the lance at 1.25 standard liters/minute 
(Slpm). The lance was not in contact with the molten bath at 
this time. Helium flow was terminated, the lance was 
inserted in the molten bath, and Steam was injected through 
the lance into the moltenbath at 7.5 Slpm. Hydrogen gas was 
produced for four minutes by the reaction of Steam oxidizing 
iron in the bath. 

0.165. After four minutes, coal was injected into the steam 
lance, thereby injecting both coal and Steam into the molten 
bath. The coal was injected at 1.33 g/min by injecting 2 
grams of coal into the Steam line every 1.5 minutes. In 
off-reactor tests, the coal was observed to continuously eject 
from the bottom of the lance during this 1.5 minute time 
frame at the Steam rate used in this experiment. 

0166 Fifteen to thirty seconds after each injection, a /2 
liter Synthesis gas Sample was taken using a TEDLAR bag 
and the Sample was analyzed using gas chromatography at 
a later time. The average gas composition is shown below in 
Table 5. 

TABLE 5 

Synthesis Gas Composition 

Synthesis Gas Average Composition 
Component (vol. 96) 

Hydrogen 6O2 
Carbon Monoxide 26.5 
Carbon Dioxide 11.2 
Methane 2.1 

Total 1OO.O 

0167 The H:CO molar ratio calculated from the above 
data is 2.27:1, slightly above the 2:1 target. The flow of 
Synthesis gas from the reactor was 4.75 literS/minute, cal 
culated by measuring the change in gas Volume in the 
exhaust collection drum over time. 
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Example 2 
0168 10 grams of coal were injected with steam into a 
molten tin-iron bath (50 wt.% tin and 50 wt.% iron) having 
a temperature of 1200°C. The steam flow rate was 1.5 lbs/hr 
(141/min at standard conditions, 70 l/min at tubing) and the 
coal was injected in 2 gram charges, 5 charges total (10 
grams) at a rate of 1 charge every 1-2 minutes. 
0169. After injecting steam for 7 minutes into the molten 
metal (to stabilize H production), coal was fed into the 
reactor in 2-gram charges. The coal and Steam were then 
injected into the molten metal through the lance. A new 
charge of coal was fed into the line every 1.5 to 2 minutes. 
In this manner, from the initial charge, 10 grams of coal were 
fed into the reactor over 6.5 minutes. Gas chromatograph 
Samples were taken of the exhaust gas flow 10 to 30 Seconds 
after each charge was injected. On average, a gas flow of 6.7 
liters/min was obtained. Previously, a blank run of 1.5 lb/hr 
of Steam by itself through the process created 2.2 literS/min 
of hydrogen (no tin, iron or coal in the process). Therefore, 
it was calculated that 4.5 liter/min of gas was produced from 
the reactions of the Steam and coal in the tin/iron melt. 

0170 Of the 4.5 liter/min of gas, the average gas com 
position was measured and the results are illustrated in Table 
6. 

TABLE 6 

Synthesis Gas Composition 

Quantity 
Gas Component (vol. 96) 

H 66.2 
CO 18.1 
CH 3.5 
CO, 12.1 

0171 AS is illustrated in Table 6, the gas composition had 
an average H.CO molar ratio of 3.66:1. 
0172 If the data from Example 1 and Example 2 are 
extrapolated, it is possible to project that a Steam flow 
requirement of about 6.24 Standard literS/min is necessary to 
produce a 2:1 (H:CO) ratio for the production of methanol. 

Example 3 
0173 The following Example 3 is an evaluation of a 
process for making Syngas Suitable for methanol Synthesis 
that was performed using METSIM, a computer program for 
complex chemical, metallurgical and environmental pro 
ceSSes available from ProWare, Tucson, Ariz. 
0.174. The carbonaceous material was coal from Ohio 
(Ohio #6, Carroll County, Ohio) with ASTM rankhvBb. The 
analysis of the coal is summarized in Table 7. 

TABLE 7 

Analysis of Ohio #6 Coal 

Proximate Analysis Moisture 5.25 
(%, As Received) Volatile Matter 37.19 

Fixed Carbon 48.19 
Ash 9.37 

Total 1OO.OO 
Heating Value 12,388 
(Btu/lb As Received) 
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TABLE 7-continued 

Analysis of Ohio #6 Coal 

Ultimate Analysis Carbon 71.95 
(%, Dry) Hydrogen 5.10 

Oxygen 7.77 
Nitrogen 1.43 
Sulfur 3.86 
Chlorine Not reported 
Fluorine Not reported 
Phosphorous Not reported 
Ash 9.89 

Total 1OO.OO 
Sulfur Forms Pyritic 2.26 
(%, Dry) Sulfate O.12 

Organic 1.48 

Total 3.86 

0175 FIG. 9 illustrates the material balance that can be 
achieved using iron as the reactive metal in the Synthesis gas 
reactor at a temperature varying from 1200° C. to 1300 C. 
Specifically, the coal was fed to a pyrolyzer (750° C) at a 
rate of 47.75 tons/hr with oxygen (2.61 tons/hr) and steam 
at 1000°C. (38.65 tons/hr). The volatiles, steam, CO and N. 
are transferred to the Synthesis gas reactor and the fixed 
carbon and ash are transferred to the Fe0 reduction reactor. 
The resulting gas composition extracted from the Synthesis 
gas reactor included hydrogen at 5.33 tons/hour and carbon 
monoxide at a rate of 35.27 tons/hr, for a H:CO molar ratio 
of about 2.1:1, which is ideal for conversion to methanol. 

0176 While various embodiments of the present inven 
tion have been described in detail, it is apparent that modi 
fications and adaptations of those embodiments will occur to 
those skilled in the art. However, it is to be expressly 
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understood that Such modifications and adaptations are 
within the Spirit and Scope of the present invention. 

1-100. (Cancelled) 
101. A method for the production of ammonia, comprising 

the Steps of: 
a) contacting Steam with a reactive metal in a reactor to 

reduce at least a portion of the Steam and form hydro 
gen gaS, 

b) contacting air with said reactive metal to combust 
Oxygen contained in Said air and form a nitrogen gas 
Stream, 

c) extracting a gas Stream from said reactor comprising 
hydrogen gas and nitrogen gas, and 

d) contacting said gas stream with a catalyst to form 
ammonia. 

102. A method as recited in claim 101, wherein said gas 
Stream comprises a molar ratio of hydrogen gas to nitrogen 
gas of about 3:1. 

103-110. (Cancelled) 
111. A method as recited in claim 101, comprising the Step 

of adjusting the ratio of Said Steam to Said air to adjust the 
ratio of Said hydrogen to Said nitrogen gas. 

112. A method as recited in claim 101, wherein said 
reactive metal comprises iron. 

113. A method as recited in claim 101, further comprising 
the Steps of: 

(e) terminating said injection of Steam; and 
(f) contacting a metal oxide in said reactor with a reduc 

tant to reduce Said metal oxide back to Said reactive 
metal. 


