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(57) ABSTRACT

A process for conversion of coal in a reaction vessel com-
prises steps of: admixing coal and powdered alumina clay to
form reactants; injecting the reactants with a high-pressure
steam jet into the reaction vessel; and producing aluminum
oxalate ash and hydrogen. Preferably, the reaction vessel is
pressurized to maximize the production of aluminum oxalate
and hydrogen. Optionally, the process includes adding cal-
cium carbonate if not present in the clay. The reactants in the
reaction vessel are typically maintained a temperature of
about 2,000 degrees Kelvin and a pressure of about 1 mega
Pascals. To save energy, the process may include preheating
water with the aluminum oxalate ash to aid in creating pres-
surized steam. The hydrogen may be mixed with air and
burned in a combustion chamber, such as is found within a gas
turbine-generator unit to produce electricity. Optionally the
reactants may include an aqueous sodium hydroxide.

11 Claims, 2 Drawing Sheets
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1
PROCESS FOR CONVERTING CARBON
DIOXIDE FROM COAL UTILIZATION TO A
SOLID ASH

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 61/143,781, filed 10 Jan. 2009, which is
hereby incorporated by reference herein.

TECHNICAL FIELD

In the field of chemistry of inorganic compounds, a process
of zero carbon dioxide emission in coal use by producing a
solid ash from carbon dioxide gas by a chemical reaction.

BACKGROUND ART

Carbon dioxide is a greenhouse gases produced during the
combustion of coal power plants. Its effect on climate change
has led to international political action aimed at limiting the
amount of carbon dioxide produced around the world. The
United States is presently considering a national emission
trading program, under which industries with higher emis-
sion levels of greenhouse gases can buy “emission credits”
from others that are not emitting their allotted levels of green-
house gases.

Thus, there is growing political will to reduce the levels of
carbon dioxide produced by coal-fired power plants. New
methods that to reduce the emissions of carbon dioxide are
needed.

The present invention chemically converts the carbon diox-
ide to a solid, eliminating its emission during the process of
converting coal to steam or electricity. It is different from
most if not all existing methods, which treat the carbon diox-
ide after it is emitted from the conversion process. For
example, one well known process involves sequestration of
the gaseous carbon dioxide produced by coal-fired and other
power plants by injection in underground reservoirs.

Post process solidification by a different process is also
known. For example, one existing method of carbon dioxide
sequestration involves reacting the carbon dioxide discharged
from the combustion process with large quantities of calcium
oxide and magnesium oxide, then burying the resulting car-
bonates. Treating carbon dioxide after it is emitted from the
process eventually leads to releasing some of it to the envi-
ronment during compression, transportation, treatment and
disposal.

The prior art includes conversion of the coal to methane in
a gasification process followed by capturing the produced
carbon dioxide with calcium oxide. The calcium oxide is
calcined from mined mineral. However, one of the key tech-
nical development issues with this proposed method is a fuel
cell that is tolerant of sulfur compounds released by the coal
gasification, and, as such, the fuel cell may be more difficult
to develop than fuel cells fired with methane, i.e., natural gas
(although natural gas also contains minute quantities of sul-
fur). The present invention minimizes the sulfur compounds
and other contaminants by forming solid ash.

Another issue with this prior art is the possibility of inef-
ficient heat transfer between many steps in this complex
system, which may sharply reduce the feasibility of this cycle.
Additionally, since no large central station power plants with
methane fuel cells are in existence, the probability of devel-
oping even a full scale prototype plant for this much more
complicated coal fired system in the near future is very small,
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and the possibility of building enough power plants of this
type to meaningfully reduce carbon dioxide emissions is even
smaller.

SUMMARY OF INVENTION

A process for conversion of coal in a reaction vessel com-
prises steps of: admixing coal and powdered alumina clay to
form reactants; injecting the reactants with a high-pressure
steam jet into the reaction vessel in a reducing environment;
and producing aluminum oxalate ash and hydrogen. Prefer-
ably, the reaction vessel is pressurized to maximize the pro-
duction of aluminum oxalate and hydrogen. Optionally, the
process includes adding calcium carbonate if not present in
the clay. The reactants in the reaction vessel are typically
maintained a temperature of about 2,000 degrees Kelvin and
a pressure of about 1 mega Pascals. To save energy, the
process may include preheating water with the aluminum
oxalate ash to aid in creating pressurized steam. The hydro-
gen may be mixed with air and burned in a combustion cham-
ber, such as is found within a gas turbine-generator unit to
produce electricity. Optionally the reactants may include an
aqueous sodium hydroxide.

Technical Problem

Past technology attempting to solve the problems associ-
ated with the emission of carbon dioxide involves processes
that initially produce the gas and then attempt to prevent the
release of carbon dioxide by flue gas treatment or sequestra-
tion of the gas, for example by underground injection. Exist-
ing processes that attempt to absorb carbon dioxide on cal-
cium oxide are seriously flawed since naturally occurring
calcium is already associated with carbon dioxide in the form
of'the carbonate, and the preparation of calcium oxide would
entail the emission of carbon dioxide in the first place. In
addition, these treatment methods are costly and can diminish
energy efficiency.

Various proposals utilize naturally occurring calcium car-
bonate to capture partially-combusted carbon in the form of
carbon monoxide, producing calcium oxalate. The calcium
oxalate is practically insoluble in water, and would make a
stable depository. However, compared to the complete oxida-
tion of carbon, the energy yield from these processes are
reduced to 45 percent.

Solution to Problem

The solution is the solidification by chemical conversion of
carbon dioxide into an ash during the coal conversion process.
The solidification process creates a stable, insoluble, and
non-toxic ash that can be deposited in a safe, controlled and
accessible manner, such as in backfills at coal mines. The
invention makes use of ubiquitously procurable clays of low
cost.

The solution eliminates the emission of carbon dioxide into
the atmosphere when coal is used as a source of energy, for
example in an electricity generating plant by capturing the
oxides of carbon together with other potential pollutants such
as sulfur and mercury in the form of a solid ash.

Advantageous Effects of Invention
This invention has advantages in energy production from

coal and other carbon containing fuels in a process that is not
only environmentally benign, but has intrinsic economic ben-
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efit since the ash formation is expected to enhance the energy
yield obtainable from coal by 15 percent.

In contrast to costly schemes that abandon large invento-
ries of sequestrated carbon dioxide in deep aquifers, the
present invention’s ash process is environmentally safe and
economical.

A preferred embodiment of the invention provides a tran-
sition to a future hydrogen economy, by producing hydrogen
via the reduction of water with coal. This embodiment not
only offers flexibility in applications but also optimizes ther-
modynamic efficiency and minimizes capital investment.

BRIEF DESCRIPTION OF DRAWINGS

The drawings show preferred embodiments of the process
comprising the invention.

FIG. 1 is a diagram of a preferred embodiment of the
process.

FIG. 2 is adiagram of a preferred embodiment of an energy
facility using the process.

DESCRIPTION OF EMBODIMENTS

In the following description, reference is made to the
accompanying drawings, which form a part hereof and which
illustrate several embodiments of the present invention. The
drawings and the preferred embodiments of the invention are
presented with the understanding that the present invention is
susceptible of embodiments in many different forms and,
therefore, other embodiments may be utilized and structural,
and operational changes may be made, without departing
from the scope of the present invention. For example, the
steps in the method of the invention may be performed in any
order to produce the products.

A preferred embodiment of the process is shown in FIG. 1,
which illustrates the principles of the process. For brevity, in
the chemical reactions quoted below, coal is equivalent to
carbon. Dashed lines in the figures indicate optional steps or
components.

A reaction vessel (123) is fed powdered coal (91), pow-
dered alumina clay (92); and pressurized steam (10). Alumi-
num oxalate ash (16) in solid form and hydrogen (12) gas are
produced.

Thus, the process for conversion of coal includes steps of
providing a reaction vessel (123) with a reducing environ-
ment; admixing powdered coal and powdered alumina clay
(92) to form reactants; creating pressurized steam (10);
injecting the reactants with the pressurized steam (10) into the
reaction vessel (123); and, producing aluminum oxalate ash
(6) and hydrogen (12).

A preferred step is pressurizing the reactants in the reaction
vessel (123) to a temperature and pressure that maximizes the
production of aluminum oxalate ash (16) and hydrogen (12)
at the operating temperature within the reaction vessel (123).
This is achieved by maintaining a pressure within the reaction
vessel (123) at about 1 mega Pascals while maintaining a
temperature within the reaction vessel (123) at about 2,000
degrees Kelvin.

The powdered alumina clay (92) found in most deposits
will typically include calcium carbonate, which can capture
the sulfur contaminants in the coal and increase the efficiency
of the chemical reaction in the process. To optimize the pro-
cess for clays that have little or no calcium carbonate, the
process may include a step of adding calcium carbonate (93)
to the reactants.

To further optimize energy efficiency of the process, a step
may include preheating water (95) with the aluminum oxalate
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ash (16) to aid in creating pressurized steam (10). A heat
exchanger (93) may be used for this purpose.

Once hydrogen (12) is produced, the process optionally
includes further steps of: providing a combustion chamber
(97); admixing air (98) with the hydrogen (12) in the com-
bustion chamber (97); and, igniting the mixture to produce
energy (99). Optionally, the process includes a step of pro-
viding a gas turbine wherein the combustion chamber (97) is
within the gas turbine (90). Optionally, the process includes a
step of providing an electric generator (89) attached to the gas
turbine (90); and, producing electricity (88). A hydrogen fuel
cell may also be used to produce electricity instead of a
combustion chamber, or the hydrogen may be used for other
processes well known in the art.

Optionally, the process includes a step of adding aqueous
sodium hydroxide (96) to the reactants. This is an alternative
to solid-gas reactions involved in the gasification of the coal,
and the formation of aluminum oxalate are gas-solid reac-
tions. This alternative makes it possible to invoke differential
solubilities in a ‘wet’ chemistry version of the ash process.
This alternative would be suitable for retrofitting existing
utilities. Basic to such a configuration are alkaline leaching
facilities capable of dissolving alumina, and the recycling of
the sodium inventory. An example of ash precipitation from
solution would entail the capture of carbon oxides in aqueous
sodium hydroxide:

NaOH+CO,+CO—NaHC,0,

At 100° C. the solubility of sodium hydrogen oxalate is
21% by mass. Addition of soluble alumina at elevated pH
shifts the equilibrium towards precipitation of insoluble alu-
minum oxalate:

3NaHC,0,42A1(0OH);—AL,(C50,); | +3NaOH+
3H,0

As noted above for the preferred embodiment, both the
gasification of the coal, and the formation of aluminum
oxalate are gas-solid reactions, which are promoted by maxi-
mization of the solid surface areas. This preferred process
represents the reaction with alumina to capture carbon diox-
ide in the form of aluminum oxalate:

6C+4Y50,+A1L,0,—> AL, (C,0,),+2724.3 kl/mol (R1)

The number in parenthesis in the equation is the equation or
reaction number for concise reference. For this reaction (R1),
based on the calculated free energy of formation of aluminum
oxalate AfH°:—4400 kJ/mol (see below), the energy yield per
mol of carbon is 2724.3/6=454.1 kJ, representing a net gain of
15 percent over what can be attained when gaseous carbon
dioxide is vented.

This process is viable on the scale required for worldwide
coal utilization because alumina is a major constituent of
clays, and is cheap and globally in abundant supply. Alumi-
num itself constitutes more than 8% of the earth’s crust, and
is not naturally associated with carbon dioxide.

Itis desirable to carry out reaction (R1) with oxygen rather
than air, because heat losses and the escape of pollutants
through a stack via the nitrogen returning to the atmosphere,
are then eliminated. This approach would, however, add costs
for the separation of oxygen from air.

A better way is to use the carbon to reduce water:

OH,O+6C+ALO;— AL (C0,),+9H,+548.1 k/mol R2)

Subsequent combustion of the hydrogen with atmospheric
oxygen yields:

OH,+4450,—9H,0+2176.2 kJ/mol (R3)
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Summing (R2) and (R3), yields the 2724.3 kJ/mol of reac-
tion (R1).

Reaction (R2) represents a combination of the well known
steam-carbon and water-gas shift reactions,

9H,0+6C—+9H,+3CO,+3CO-664.2 kI/mol (R4)

carried out in the presence of alumina. An immediate advan-
tage apparent in this approach is that gas-from-gas separa-
tions are not required since only solid ash (aluminum oxalate)
and hydrogen are formed. It should be noted that while reac-
tion (R4) is endothermic, reaction (R2) liberates hydrogen
exothermally. Optimal energy efficiency can be attained if
pressurized hot hydrogen from the reaction vessel is directly
co-injected with air into the combustion chamber of a gas
turbine that drives an electric generator. As noted above,
process water for reaction (R2) can be preheated by contact
with expelled hot ash.

FIG. 2 is a diagram of a preferred embodiment of a zero-
emission coal-utilization plant. Incoming water (20) is
injected into a pre-heater (7) to create a superheated entrain-
ment jet of steam (10), which flows into a gasification reactor
(1). The gasification reactor (1) preferably operates at about
2,000 degrees Kelvin at about 1 mega Pascals pressure.

The superheated entrainment jet of steam (10) is combined
with powdered coal and clay (9), typically using funnel (8),
and inputted into the gasification unit (1), which preferably
operates at 2,000 degrees Kelvin at about 1 mega Pascals
pressure. Reactive gas and solids (11) are formed in the gas-
ification reactor (1) and are delivered from the gasification
reactor (1) to a zero-emission coal-utilization reactor (2).

Water (19) is injected into the zero-emission coal-utiliza-
tion reactor (2), which lowers the temperature and raises the
pressure within the zero-emission coal-utilization reactor (2),
preferably to 600 degrees Kelvin and 22 mega Pascals pres-
sure. Hydrogen (12) is produced from the zero-emission coal-
utilization reactor (2) and preferably flows through a filter or
purifier (4), which removes contaminants (13) and produces
hydrogen (12) as a purified gas product. Contaminants (13)
removed from the hydrogen are delivered to an ash heat-
recovery unit (3) for recombination with ash. Aluminum
oxalate (15) and contaminants (13) are delivered from the
zero-emission coal-utilization reactor (2) to the ash heat-
recovery unit (3).

Water (14) is injected into the ash heat-recovery unit (3) to
create steam for a turbine (5) and generator (6). Ash (16),
which is reduced in temperature by the ash heat-recovery unit
(3), is emitted as a product from the ash heat-recovery unit (3).

The steam from the ash heat-recovery unit (3) flows to an
auxiliary turbine (5) and generator (6) to produce electricity
(18). Water (17) condensed from extraction of the heat energy
in the turbine (5) is produced. Electric power (21) from the
generator (6) is delivered to the pre-heater (7). Electricity (18)
produced by the generator (6) yields a net power out for the
plant.

Thus, the process shown in FIG. 2 is for conversion of coal
and comprises the steps of: injecting water (20) into a pre-
heater (7) to create a jet of superheated steam (10); flowing the
superheated steam (10) into a gasification reactor (1); admix-
ing the superheated steam (10) with powdered coal and clay
(9) to form reactants; injecting the reactants into the gasifica-
tion reactor (1); delivering reactive gas and solids formed in
the gasification reactor (1) to a zero-emission coal-utilization
reactor (2); injecting water (19) into the zero-emission coal-
utilization reactor (2); producing hydrogen (12) from the
zero-emission coal-utilization reactor (2); delivering alumi-
num oxalate (15) from the zero-emission coal-utilization
reactor (2) to an ash heat-recovery unit (3); injecting water
(14) into the ash heat-recovery unit (3) to create steam (22);
producing ash (16) as a product of the ash heat-recovery unit
(3); flowing steam (22) from the ash heat-recovery unit (3)
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through an auxiliary turbine (5) and generator (6) unit (also
referred to in combination as a turbine-generator unit) to
produce electricity (18); condensing the steam (22), which
produces liquid water (17), flowing out of the auxiliary tur-
bine-generator unit; and, using a portion of the electricity (21)
to power the pre-heater (7).

Optionally, this process for conversion of coal includes the
step of operating the gasification reactor (1) at about 2,000
degrees Kelvin at about 1 mega Pascals pressure.

Optionally, this process for conversion of coal includes the
step of limiting the water injected into the zero-emission
coal-utilization reactor (2) to a quantity that lowers the tem-
perature and raises the pressure within the zero-emission
coal-utilization reactor (2) to a temperature of 600 degrees
Kelvin and a pressure of 22 mega Pascals.

Optionally, this process for conversion of coal includes
step of flowing the hydrogen (12) through a purifier (4) to
remove contaminants (13).

Optionally, this process for conversion of coal includes
step of delivering the contaminants (13) to the ash heat-
recovery unit (3) for recombination with ash.

The powdered clay (9) requirement entails minimizing the
cost of procurement and transportation of the feedstock, the
cost of disposing of alumina oxalate (15) and contaminants
(13) waste produced, and the cost of maintenance and invest-
ment to build the plant.

The powdered clay (9) requirements for aluminum oxalate
ash formation in the process of the present invention are less
stringent than for aluminum production, since purity of the
end product is not at issue. Local sources of ordinary clays
containing both alumina and silica would serve as feedstock
for ash formation, minimizing procurement and transporta-
tion costs.

The association of alumina with silica in naturally occur-
ring clays entails bonds comprising a binding energy. Break-
ing such bonds would diminish the energy yield resulting
from ash formation by a small amount. Andalusite offers a
typical example of powdered clay (9) composition:

AlL0,.8i0,—AL0,+8i0,-165.5 kJ/mol

While this energy deficit is of little consequence in the first
place, the process of the invention enables it to be recouped
under conditions that lead to a comparable bonding between
the alumina oxalate (15) and silica in the ash (16) formed in
the process. In an analogous way to what occurs with silica,
the association of alumina with water yields hydrated com-
pounds, such as those making up bauxite minerals. Here too,
an energy penalty is incurred as a result of binding the water.
However, this energy is also recouped in the ash (16) final
product, with the alumina oxalate (15) typically forming the
tetrahydrate.

Published values of the physical properties of alumina
oxalate (15) are incomplete. This is so despite the commercial
availability of the material, which finds application, for
instance, as a dental adhesive. Its insolubility in water is
important for stable deposition of the ash (16). In the absence
of data for the free enthalpy of formation of alumina oxalate
(15), the following is an estimated interpolation:

AHC[AL(C,04)3]=AH[ALO; [+3AHNayCo0,4]-
3AH[Na,0]

AHO[ALO,]=-1675.7 kl/mol
AHC®[Na,C,0,]=-1322.3 kl/mol
AHC[Na,0]=-414.2 kJ/mol

=P=A HO[AL(C,0,);]=-4400 kl/mol

It is recognized that current methods available for the cal-
culation of free energies are inherently unreliable. The tar-
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geted interpolation is considered a more reliable estimate
than attempts to obtain fits in terms of generalized descrip-
tors, using large tabulations of experimental values for unre-
lated compounds.

The above-described embodiments including the drawings
are examples of the invention and merely provide illustrations
of the invention. Other embodiments will be obvious to those
skilled in the art. Thus, the scope of the invention is deter-
mined by the appended claims and their legal equivalents
rather than by the examples given.

INDUSTRIAL APPLICABILITY

The invention has application to the energy industry.

What is claimed is:

1. A process for conversion of coal comprising the steps of:

providing a reaction vessel with a reducing environment;

admixing powdered coal and powdered alumina clay to
form reactants;

creating pressurized steam;

injecting the reactants with the pressurized steam into the

reaction vessel;

maintaining a temperature within the reaction vessel at

about 2,000 degrees Kelvin; and,

maintaining a pressure within the reaction vessel at about 1

mega Pascals;

producing aluminum oxalate ash and hydrogen.

2. The process of claim 1, further comprising the step of
adding calcium carbonate to the reaction vessel.

3. The process of claim 1, further comprising the step of
preheating water with the aluminum oxalate ash to aid in
creating pressurized steam.

4. The process of claim 1, further comprising the steps of:

providing a combustion chamber;

admixing air with the hydrogen in the combustion cham-

ber; and,

igniting the mixture to produce energy.

5. The process of claim 4, further comprising the steps of:

providing a gas turbine wherein the combustion chamber is

within the gas turbine;

providing an electric generator attached to the gas turbine;

and,

producing electricity.
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6. The process of claim 1, further comprising the step of
adding aqueous sodium hydroxide to the reactants.

7. A process for conversion of coal comprising the steps of:

injecting water into a pre-heater to create a jet of super-

heated steam;

admixing the superheated steam with powdered coal and

clay to form reactants;

injecting the reactants into the gasification reactor;

delivering reactive gas and solids formed in the gasification

reactor to a zero-emission coal-utilization reactor;
injecting water into the zero-emission coal-utilization
reactor;

producing hydrogen from the zero-emission coal-utiliza-

tion reactor;

delivering aluminum oxalate from the zero-emission coal-

utilization reactor to an ash heat-recovery unit;
injecting water into the ash heat-recovery unit to create
steam;

producing ash as a product of the ash heat-recovery unit;

flowing steam from the ash heat-recovery unit through an

auxiliary turbine-generator unit to produce electricity;
condensing the steam flowing out of the auxiliary turbine-
generator unit; and,

using a portion of the electricity to power the pre-heater.

8. The process of claim 7, further comprising the step of
operating the gasification reactor at about 2,000 degrees
Kelvin at about 1 mega Pascals pressure.

9. The process of claim 8, further comprising the step of
limiting the water injected into the zero-emission coal-utili-
zation reactor to a quantity that lowers the temperature and
raises the pressure within the zero-emission coal-utilization
reactor to a temperature of 600 degrees Kelvin and a pressure
of 22 mega Pascals.

10. The process of claim 7, further comprising the step of
flowing the hydrogen through a purifier to remove contami-
nants.

11. The process of claim 10, further comprising the step of
delivering the contaminants to the ash heat-recovery unit for
recombination with ash.



