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The present invention relates generally to a nano-dispersion of coal in water that is

essentially a pseudo-fluid, and optionally other additives. The present invention also relates to
the methods of making the nano-dispersion of coal in water, which can be used in several
15  applications such as a fuel in boilers, secondary fuel for re-burning applications, as a feed for
gasification and Oxycoal units, coal cleaning processes, diesel engines, gas turbines and fuel
cells. The nano-dispersion of coal in water can also contain another water-soluble fuel such as
methanol, ethanol, propanol, butanol and glycerol. An organic immiscible phase, such as spent
oil engine or lube oil, hydrocarbons as heavy crude oils and bitumen, diesel, biodiesel, petroleum
20 coke and/or biomass, can also be incorporated into the water in the form of nanodroplets or

nanoparticles that enhance coal heat of combustion.

BACKGROUND OF THE INVENTION

Coal comprises a mixture of hydrocarbons and carbohydrates, with small amounts of
25  nitrogen, sulfur, water, and minerals. Coal burns in air with a yellow, smoky flame, leaving ash
behind. The energy content of coal depends upon its type. The heat of combustion of brown
coal or lignite, for example, is about twenty-five kJ/g, and the heat of combustion of bituminous
coal and anthracite is about thirty-two kJ/g. When coal burns, it mainly produces water and
carbon dioxide, however it also produces harmful sulfur dioxide, carbon monoxide,

30 hydrocarbons, particulate matter and soot, and oxides of nitrogen (hereinafter “NOx™).
Boilers are closed vessels in which water or other fluids are heated. The heated or
vaporized fluids exit the boiler for use in various processes or heating applications. In particular,

utility boilers, which are typical drum-type boilers, are widely used in power plants, oil
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15 Atlanta, GA, August, 1999). It is important to note, however, that currently commercial
pulverized coal is typically ground to sixty micrometer average diameter. Further, commercial
micronized coal has about fifteen microns average particle size, which means that a significant
portion of the particles sizes are above the eighteen micron size, therefore contributing to the
carbon in ash content. The Davis et al. study in view of the present invention is incorporated

20 herein by reference.

Decreasing coal particle size implies increasing specific surface area, thereby increasing
reactivity. Reducing particle size and obtaining a more reactive coal, opens many other
applications, namely, as a feedstock for conventional but less polluting boilers; as a reburn fuel
to reduce NOx emissions; as a feedstock of gasification and Oxycoal units; and as a feed in

25  diesel and gas turbines. Further, coal cleaning processes are greatly enhanced by increasing
specific surface area, facilitating the extraction of polluting minerals and solid compounds.
Hereafter follows a description of these applications and the way they would benefit by using a
micronized coal.

Boilers are closed vessels in which water or other fluids are heated. The heated or

30  vaporized fluids exit the boiler for use in various processes or heating applications. In particular,
utility boilers, which are typical drum-type boilers, are widely used in power plants, oil

refineries, and petrochemical plants for steam generation to drive large turbines, producing
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NOx burners operate to nini mat i on by introducing coa
fifty to about sixty percent.
15 An example of a low NOx combustion system, such as a boiler with a low NOx burner,

available from GE Power Systems is illustrated in Figure 1. Such a system can include a reburn
zone including reburn fuel injectors. The reburn zone is a technology that utilizes fuel and air
staging to reduce the NOx emissions by integrating low NOx burners and over-fire air systems.
Reburning is defined as reducing the coal and combustion air to the main burners and injecting a
20  reburn fuel, such as coal, gas or oil, to create a fuel-rich secondary combustion zone above the
main burner zone and final combustion air to create a fuel-lean burnout zone. The formation of
NOx is inhibited in the main burner zone due to reduced combustion intensity, and NOx is
destroyed in the fuel-rich secondary combustion zone by conversion to molecular nitrogen. A
summary of GE Power System’s technology is included in its publication entitled “Reburn

25  Systems” having reference number GEA-13207, which is incorporated herein by reference.
However, the use of low NOx burners increases the carbon content, or unburned coal, in
the boiler ash. Figure 2 depicts measurements taken from a utility boiler firing a ten percent ash
coal. The results show the increase of carbon in ash content after retrofitting the boiler with low
NOx burners. Although the increase of the amount of unburned carbon can also be boiler and
30  coal dependent, Table 1 shows a common trend toward the increase of carbon in ash data from

several boilers fitted with low NOx burners.
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The disposal of boiler ash with increased carbon content is becoming a pressing issue
within the power utilities markets and will continue to be more so in the future, as the cost of
coal and other fuels continue to rise.

10 One method of utilizing coal as a fuel for utility burners is to create a slurry or dispersion
of the coal. For example, the coal is pulverized and mixed with an amount of water in order to
form a dispersion or slurry of coal in water at a low enough viscosity so as to enable
transportation of the fuel via pipeline or the like. However, because the pulverized or
micronized coal is only available at the particle sizes described above, the pulverized coal does

15 not completely burn, and therefore the coal in water slurry does not solve the issues of high
carbon content in boiler ash as described above.

Gas turbines can also utilize coal as fuel. A gas turbine is a rotary machine, similar in
principle to a steam turbine. It consists of three main components - a compressor, a combustion
chamber and a turbine. Air, after being compressed into the compressor, is heated either by

20  directly burning fuel in it or by burning fuel externally in a heat exchanger. The heated air, with

or without combustion products, is expanded in a turbine resulting in work output, a substantial
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is compressed to a high degree, its temperature will increase to a point where fuel will burn upon

contact. Following intake, the cylinder is sealed and the air charge is highly compressed to heat

it to the temperature required for ignition. As the piston approaches top dead centre (TDC), fuel

oil is injected into the cylinder at high pressure, causing the fuel charge to be nebulized. Owing

20 to the high air temperature in the cylinder, ignition instantly occurs, causing a rapid and

considerable increase in cylinder temperature and pressure. The piston is driven downward with

great force, pushing on the connecting rod and turning the crankshaft. If commercially available

coal-in-water slurries are used as the fuel, the presence of unburned coal particles after

combustion of these fuels can cause damage to the cylinders, such as damaging the tolerances

25  between the piston and the cylinder. This in turn may cause damage or failure to the seal of the

cylinder, resulting in a lack of pressure to increase the temperature to ignite the fuel, for
example.

Coal can also be used as a combustion fuel for a gasification process. Gasification is a

process that converts carbonaceous materials, such as coal, petroleum, or biomass, into carbon

30 monoxide and hydrogen by reacting the raw material at high temperatures with a controlled

amount of oxygen. The resulting gas mixture is known as synthesis gas or syngas, which can in

turn be used as a fuel. The syngas product can be burned directly as a fuel in internal

combustion engine, processed into high-purity hydrogen, ammonia, methanol, and other
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of the invention, a nano-dispersion of coal in water creates a relevant colloidal fraction slurry

15  that can include from about fifty to about eighty weight percent, and more particularly about
sixty to about seventy weight percent of coal. In one embodiment of the invention, the coal
slurry has a relatively narrow particle size distribution with virtually no particles above 100
microns, about forty percent of the coal having a particle size of at least less than ten microns,
and at least ten percent of the coal having a particle size of one micron or less. The total coal

20  content of this kind of relatively narrow particle size distribution has an upper limit of sixty to
sixty two weight percent and the viscosity of the coal slurry is about 1000 centipoise (cP) or less
at 120 degrees Fahrenheit.

In another embodiment of the invention, the heat derating can be decreased significantly
by increasing the coal content up to seventy to seventy two weight percent. This can be achieved

25 by combining the relevant colloidal fraction coal slurry with dry large coal particles or slurry of
large coal particles that can be at least one hundred times larger than the colloidal coal particles.
By this means, coal content may be increased up to seventy to seventy two weight percent with
virtually no increase in slurry viscosity creating a pseudo-fluid. The mass fraction of the large
particle size coal is about 25 to 35 % of the total coal in the slurry.

30 In another embodiment of the invention, the heat of combustion can also be increased by
adding to the coal in water slurry a volatile or water-soluble fuel such as methanol, ethanol,
propanol, butanol and glycerol. The component can also be an organic immiscible phase such as

spent oil engine, hydrocarbons as heavy crude oils and bitumen, diesel, petroleum coke,
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significantly g§ I"Act easing the doal ‘content up to seventy to seventy two
wei ght pehariosl. adlitives.CHire beteaphaseueay contain miscible and volatile components such as
15  methanol, ethanol, propanol, butanol and glycerol or inmiscible oil nanodroplets or nanoparticles
from biomass. The slurry is mixed in a chamber with a slit channel that spins a film of the slurry
components and creates a centrifugal field in excess of thirteen thousand gs. Stagnation regions
in the mixing flow field concentrate the coal, and then mill it in a wet-communication process.
Cooling agents, in order to maintain water temperature below evaporation, control the mixing
20  temperature.

In another embodiment, the coal in water slurries having nano-dispersions of coal can be
used in low NOx burners as a main fuel, reburn fuel or both, as fuel in gasification and oxycoal
processes, as a fuel in diesel engine applications, and/or as fuel in gas turbine applications and
fuel cells.

25
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a schematic of a utility boiler having a low NOx burner;,

Figure 2 is a graph of the NOx emissions and the carbon-in-ash percentage in a
conventional utility boiler and a utility boiler retrofitted with a low NOx burner using a coal in

30  water fuel of the prior art;

Figure 3 is a graph of the particle size distribution of coal-in-water slurries according to

embodiments of the invention.
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quat éP nadgscaRRIhanP R grrarrtigyasly cremplly thess gadbeiing¥e or bet ai nes. The
i norgani c and organic salt cations can include sodium calcium or
magnesium | n yet another enbodi nent of the invention, a method for

preparing a coal in watRETAILED PESGRIRIAEN @HTHEANMBNTHOR ng t he conponents
o B eoenSgel RO TR e s ST e R Cel e
met hanol acerdened emppdprnolof thetamolt invedtigh peleesothe mbovarmiestainiod alebiibncies.
nanocfg OplT?xE Roalin-RALY %gr%/iggrlle%ﬁly comprises a colloidal suspension or nano-dispersion of milled
coal particles in water, the coal particles having a large particle population of sub-micron size.
The coal-in-water slurry can further comprise a surfactant system that is particularly formulated
depending on the type and source of coal. The coal-in-water slurry can be used as a fuel for not
only the reburn and/or main fuel in a low NOx burner, but also has potential applications in
20  gasification processes, gas turbines, and diesel engines. Because of the coal’s small particle size,
and therefore larger surface area compared to commercially available coal-in-water slurries, a
burning efficiency of the coal is near one hundred percent, leaving virtually no coal particles in
the ash or the resulting gases.
In one embodiment of the invention, a coal-in-water slurry comprises from about fifty to
25  about seventy two weight percent of coal dispersed in water, and more particularly from about
sixty to about seventy weight percent of coal. The coal can comprise suitable coals to be used as
fuel, such as, for example, lignite, sub-bituminous, bituminous, and anthracite. The coal particle
size distribution can include, for example, between about thirty and fifty weight percent particles
having a particle size of about ten microns or less, and at least about twenty weight percent to
30  about eighty weight percent particles having a particle size of about one micron to about 100-150
nm of measurable particles or less, with the mode of the sub-micron size being about 200
nanometers to about 300 nanometers. A person of ordinary skill in the art will recognize that

ranges and subranges within these explicit ranges are contemplated and are within the present
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present disclosure. A viscosity at the lower end of this range allows for standard fuel
transportation means, such as, for example, pipelining, tanker trucks, and ships and barges.
Further, by virtue of the coal’s small particle size, the suspension is relatively stable, with very
little sedimentation.

15 In certain embodiments, nano-dispersions of coal in water according to the present
invention have a maximum amount of dispersed coal, which when surpasses causes the nano-
dispersion to lose its pseudo-fluid characteristic. This has to do with coal particles running out
of space in the bulk of the water as more coal is added. The upper bound of coal content
depends on the way coal particles arrange among themselves which, in turn, depends on the

20  geometry of the entire coal particle assembly. This non-unique upper bound is known as the
maximum packing fraction. When the coal content approaches this mass fraction, particle
interactions are greatly increased because particles virtually touch each other; once the slurry
surpasses the maximum packing fraction, the slurry no longer behaves like a fluid but rather as a
wet solid or paste. As a consequence, slurry fluidity diminishes significantly. Besides, colloidal

25  interactions also contribute to paste like behavior. However, modifying particle size distribution,
in such a way as to reduce local interactions, can increase the maximum packing fraction. This
can be achieved by combining large particles with much smaller particles, at least 100 times
smaller. The smaller particles, along with the continuous phase, become a pseudo-continuous
fluid to the large particles. The resulting macroscopic effect is a significant reduction of

30  viscosity, as long as the size ratio of large particles to small particles is greater than 100.

In one embodiment of the present invention, about fifty eight to about sixty two weight
percent nano-dispersed coal in water slurry, as described above, is manufactured followed by the

addition of dry large coal particles or a concentrated slurry of large coal particles, having
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15 Coal slurries of the present invention in which the coal content is greater than sixty two
percent are of interest in gasification and oxy combustion processes. In these applications, boiler
temperatures are very high thus allowing corﬁplete coal burning while gaining thermal efficiency
associated with less boiler de-rating owing to the reduced water content in the slurry fuel.

In yet another embodiment of the invention, a volatile water miscible component, that

20  also has combustion properties, can be added to increase heat of combustion. The volatile
component can be methanol, ethanol, butanol and glycerol, or a combination thereof. While the
optimal amount of volatile component is dependent upon the volatile being added, in certain
embodiments the preferred weight percent of the volatile component is less than 10%, and
optimally 3-6%. A person of ordinary skill in the art will recognize that ranges and subranges

25  within these explicit ranges are contemplated and are within the present disclosure. Methanol,
ethanol and butanol are water soluble and volatile, and they can be obtained as sub-products of
biomass fermentation. Biodiesel production from vegetable oils transesterification implies, in
some cases, the generation of high volumes of glycerol solutions that can be combined with coal
to produce a higher heat value for the fuel slurry.

30 In another embodiment of the invention, the heat of combustion can also be increased by
adding to the coal water slurry, an organic liquid or oil that is immiscible in water. The organic
liquid or oil would also be a nano-dispersion, this is, an oil-in-water nanoemulsion. The organic

or oil phase can consist of spent engine oil or lube oil, crude oil and bitumen, diesel and
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15  comprising the solid combustible particles of biomass, petroleum coke, or a combination thereof.
A person of ordinary skill in the art will recognize that ranges and subranges within this explicit
range are contemplated and are within the present disclosure.

In yet another embodiment of the invention, the coal-in-water slurry comprises a
surfactant system. Not all sources of coal have the same properties, but rather the surface

20  properties of coal can depend on the type and/or source of the coal being used. Therefore,
surfactant systems can be carefully tailored to each type and/or source of coal. Further, if a
volatile or combustible component is added to the slurry, the surfactant system has to ensure the
dispersability and stability of the coal particles in an aqueous phase that may have soluble
components (methanol, ethanol, propanol, butanol, glycerol), or oil droplets (spent engine and

25 lube oil, diesel and biodiesel, crude oil or bitumen) or a second type of combustible solid
particles (biomass).

A surfactant system according to embodiments of the invention can comprise a single
surfactant, a mixture of two or more surfactants, or mixtures of one or more surfactants and an
inorganic and/or organic salt. Suitable surfactants can comprise one or more nonionic

30  surfactants and/or one or more ionic surfactants. Nonionic surfactants can include, for example,
primary or secondary ethoxylated alcohols having two to thirty ethoxylate oxyde molecules,
and/or ethoxylated nonylphenols having two to thirty ethoxylate oxyde molecules. Ionic

surfactants can include, for example, sodium alkyl sulfates, sodium alkyl sulfonates, alpha olefin
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cost in a.si gmifiti dlants,38ay84 entitled “Method Of, and Apparatus For, Agitating Treatment
Liquid”, which is incorporated herein by reference. The slurry is mixed in the chamber with a
slit channel that spins a film of the slurry components and creates a centrifugal field of about
thirteen gs or more. Stagnation regions in the mixing flow field then concentrate the coal and
20 mill the coal in a wet-comminution process, milling the coal into the micron and submicron
particles as previously disclosed. In a preferred embodiment, the wet-comminution process is a
continuous process with the source of coal having about 3 to about 20 seconds of residence time,
optimally about 9 seconds, with other ranges and subranges of these explicit ranges
contemplated and within the present disclosure. The formation temperature of the slurry is
25  controlled by cooling agents to maintain the water temperature below evaporation. Coal
particles micronized by milling according to commercially standard processes are shown in
Figure 4A. In contrast, coal particles milled to submicron particles as described above are shown
in Figure 4B.
This wet-comminution process also offers safety advantages over dry milling. Dry
30  milling coal, such as that done in a Fuller mill, to a micron or submicron size can cause the coal

particles to be released into the air. Often times, costly sophisticated systems, such as magnetic

fields, are used to control the release of the coal particles. However, the wet-comminution
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produce first the nanoemulsion or nanosuspension, and then used again to mill the coal into
micron and/or submicron size in the nanoemulsion or nanodispersion.
According to one embodiment of the invention, the coal-in-water slurry with nano-
dispersed particles can be used as the main fuel, the reburn fuel, or both, in a boiler, such as a
20  low NOx boiler. The small particle size of the coal particles in the coal-in-water slurry increases
the surface area available for firing or burning, as compared to commercially available
micronized coal-in-water slurry. The increased surface area results in increased flame times
twice as long or more compared to commercially available slurries, and virtually complete or
clean burning of the slurry and coal particles, even in low oxygen atmospheres. A graph
25  comparing the flame times of commercial slurries and the slurries of the present invention is
illustrated at Figure 5.
Because of the clean burning characteristics of the nano-dispersion of coal-in-water
slurry of the present invention, there is virtually no coal present in the ash in boiler applications.
This clean burning application can therefote reduce the amount of coal needed for power
30  generation than the current low NOx burners, producing a savings of upwards of millions of
dollars a year on coal supplies.
In another embodiment of the invention, the coal-in-water slurry with nano-dispersed

coal particles can be used in gasification processes, such as the Texaco Gasification Process



di scl osure. I n another enbodi nent of the invention, adding to the coal in
water slurry, finely dispersed solid particles that are conbustible, can

al so i ncreezeiwdesiheat of conbustion. The origin of theprcordse@viold2es sol i d
particles may be bionmass, or alternatively petrol eum coke. The solid

di spersion can be the base for the preparation of coal slurry, or the solid
particle slurry can be the base for the incorporation of the coal into the
slurry. In certain enbodi nents that cont@in the finely dispersed solid
conbusti bl e particles, the nano-di spersion of coal -in-water, contains about
fifty ei grEviQuslyapbirnced. xigue Relepisisghandadeasitication srafeslas digeadal The ionkat er

slurry, asydessiigtaabeyte ubitifhtbl @rdcefBhit: BE a9 BEntRAES BNErd& to thh&iuce
particles dispersed in water conprising the solid conbustible particles of
bi omass, qyality shedamn dek exangie, cogwrmstislit #veHabln slueisp oftan gaiiss SAkeT Inghgl SRRy

skill in fhe gd.ohd of GEQGANEZ gnéaéri;g%y Iraa&gﬁﬁ%@%%{ ﬁéma@@l%éf%kml attiQliStes

explicit range are contenplate are wt e present disclosure. In
yet adot ver cearbodiggmpa ! pirtictaed atWennpung the mesctiomthambenaliewevst, beeapscalithe | ses
a surfactant system. al | . sour coal ve .t he properti but
A T S O R RS e T R A e
of the coala fhednfpllused. a Thelr gftio ceatisgin feastiaatt isys tofpalcgntiddes wathe fredctiyn

tailored to each type and/or source of.coal, .Further, if a volatile.or
conbust | Bl EDmeth e e dndR b e ToF dPPY 1 Arueh ety SR it f8L <o
ensur e t hertidilaRer sabhiphdr uantg sgigbichd then 0F ubdietogRaducp didhef f@dity thedilcahgtieous
phase that may have sol ubl e conmponents (nethanol, ethanol, propanol,

but a8l , syrtisdust)end grodyets, agd Bgﬁéﬁ@a’c‘w@’i‘fﬁ%‘?%@é‘ﬁﬁ | ube oil, diesel and

bi odi esel , cr pyfige;Qhdth& entoliE@DDT BF iR eRRTONR bYIPE-Riter GRMUSTEH RIng-3Pbisel
particles (biomass). A surfactant system according to enbodi nents of the

| nvent i oRaighes ey i1s6@ immgastyhing agRlchERIB AT example xnethanobrethapg), gyceaselos any
surfactanhs, Bhidh Khr ﬁ!ﬁir&;ar&ﬂecefﬁr b& RGeS W ftl?é:tsﬁl%stoaegal%na water/alcohol or
polyalcohol mixture with coal particles for a fuel. Because the coal burns essentially completely,
15  there are no coal particles in the resulting gases from the combustion chamber. Therefore, there

is a little danger of damaging the turbine blades.

The virtual elimination or mass reduction of coal particles in the combustion of the coal-
in-water slurries of the present invention also allows one to use them as fuels in diesel engines,
such as marine diesel engines, independent power producers (IPP) diesel engines, and standard

20  diesel engines. The occurrence of damage to the cylinder and/or piston is greatly reduced due to
the clean burning of the particles.

In yet another embodiment of the invention, the coal-in-water slurry of the present
invention can be used in any application employing a Rankine cycle. The Rankine cycle is a
thermodynamic cycle which converts heat into work. The heat is supplied externally to a closed

25  loop, which usually uses water as a working fluid. There are four processes in the Rankine
cycle, each changing the state of the working fluid: 1) the working fluid is pumped from low to
high pressure, as the fluid is a liquid at this stage the pump requires little input energy; 2) the
high pressure liquid enters a boiler where it is heated at constant pressure by an external heat
source to become a dry saturated vapor; 3) the dry saturated vapor expands through a turbine,

30 generating power - this decreases the temperature and pressure of the vapor, and some
condensation may occur; and 4) the wet vapor then enters a condenser where it is cooled at a
constant pressure and temperature to become a saturated liquid - the pressure and temperature of

the condenser is fixed by the temperature of the cooling coils as the fluid is undergoing a phase-



i norgani ¢ and/or organic salt. Suitable surfactants can conprise one or
nore noni oni ¢ surfactants and/or one or nore ionic surfactants. Nonionic
sur f act anwe 208wm3p3161 ude, for exanple, primary or secondaCy/ustévonydzas ed

al cohols having two to thirty ethoxyl ate oxyde nol ecul es, and/or

et hoxyl at ed nonyl phenols having two to thirty ethoxyl ate oxyde nol ecul es.
lonic surfactants can include, for exanple, sodium al kyl sulfates, sodium
al kyl sul fonates, al pha ol efinsul fonates, al pha olefin sulfates, alkyl
benzene sul fonates, sodi um sul phosucci hates, sodi um | auryl ether,sukﬁpate,
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person of ordinary sKki Inthe art w recogni ze t hat ranges and

subr afgesebmint fuelhofithd wilex pf the Renkizengyeleaasalissossedapsivat ed and are within the
present disclesure. . |ln another enbodi f rese ' ' -
CurTactant syStenpisiorsBet € 5mep Rl B t8 bt AERERe! QAP LA fuo
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t echnol ogy piodu& e karh® apoastuFene@alprqresd kil ©8ay Napplieatsinb- MirtkeQnhd afgaly | n
one enbodi nent of the invention, pulverized or non-pul verized coal ter,
and Pt i epraplee purnieg ofifhe eqpd tedseatle st ofergal Messnich dippugsteiireams am%ﬁ@

m xer, sygvfaboilkor exanple, the Filmcs Mxer, available fromthe Primx
Cor poration of Osaka, Japan. The Filmcs M xer and acconpanyi ng technol ogy
is set forth in U S Patent No. 5,582,484 entitled "Method O, and

Appar at ug; pifgitating Treatment Liquid", which is incorporated herein by
reference. The slurry is mxed in the chanber with a slit channel that
spins a fil m @bmbhwios|charngterizatipn sedics werrdpafosmee somparigt qollpidglatoal-inepafeiof

abOUt1 S th is 'ﬁ;[érleeg %gcq)z%igé tog‘%rlé@ddié&%;%g Udrf glv%l?oni 0 atsnﬁry%écier\gitﬁ L. ggﬁvfeﬁt%ngl then

concentra
coal grind. The slurries were used in pilot-scale reburning tests to highlight any performance

advantages to using a micronized coal water slurry product in terms of NOy reduction and carbon
burnout as a reburn fuel compared with conventional coal water slurry. Nine reburn tests were
conducted. Test variables included reburn zone residence time, reburn heat input, and initial
20 NO, concentrations. The complete study is set forth in “NDT Combustion Characterization
Studies,” October 27, 2008, which is incorporated herein by reference in its entirety. In the
study, the nano-dispersion of coal in water was referred to as “micronized.”
1. Equipment, slurry preparation, and test parameters
The reburning tests were conducted in a boiler simulation furnace (BSF) test unit that is
25  designed to simulate a coal-fired boiler. The BSF used has a firing rate range of 200,000 to
1,000,000 Btuw/hr. The atomization air flow rate was held constant and the air-to-liquid mass
ration ranged from approximately 1.0 to 0.5 as reburn heat input varied from about 10-20%.
The conventional coal water slurry used as the reburn fuel for the test included a
conventional grind with a size distribution such that approximately 70% of the material passed
30  through a US 200 mesh sieve, typically used in US pulverized coal-fired boilers. The coal used

as the base for the conventional coal water slurry is shown in the table below:



mll the coal in a wet-comm nution process, mlling the coal into the
m cron and subm cron particles as previously disclosed. In a preferred
enbodi menwQ 2010398E5- conmi nut i on process i S a conti nuous PprTase@s/ ow2eh t he
source of coal having about 3 to about 20 seconds of residence tine,
optimally about 9 seconds, with other ranges and subranges of these
explicit ranges contenplated and within the present disclosure. The
formati on tenperature of the slurry is_gpntrolled by cooling agents to
mai ntain the water tenperature bel ow evaporation. Coal particles mcronized
by milling according tpimemmeashatdyostantdandipmeessasare shown in Figure
4A. I n contrast, coal particles mlled to submcron particles as described
above are shown in Figure 4Baaii s wet - commUmut i onVipr ocess al so offers
saf ety advantages over dry mt+mg—Dry—nitting—coal; such as that done in
a Fuller mill, to a mcron owmﬁﬁﬁﬁﬁﬁﬁbﬁ“%T%gwpan cause the coal particles
to be released into the air. O tengfimes, cosily saphisticated systenms,
such as magnetic fields, are used gQ.Gontrol .t he release of the coal
particles. However, the wet-conm nuti:onprocess allows the coal particles to
remai n suspended in the water, redugdng or eki m natisng the introduction of
coal particles into the air In yetaanother enmbodi nerit of the invention, if
a volatile or conbustible conponent“ij' requi‘ed to ‘décrease heat derating,
whi ch may be an ignition probl em witth the additiod®1” di vi dend of reduced
derating, the slurry preparatsikonempying@gui revbwo mx#ng steps In the first
step, water is conbined wthysalyble aligahols (i e , nethanol, ethanol
and/ or butanol) and/or glycerol andsthen coak.and agueous phase are mni xed
and processed mthe wet-commuti onnapgpar at uswAl terrrati vely, the sol uble
al cohol s and/or glycerol are addedvitect he coal sluriry after the
wet - conmi nuti on process Regardi ng #He conbi hati on With an organic or oi

H H s AONaer G gx 8.0 . ; .
phase, or a finely dispersed solld‘ﬁﬂbnass,”fhe meg;&onn1nut|on process is
used to produce a nanoemul sion (orPﬁ or oi'I" phasg), or nanosuspension
(di spersed solid biomass) that is later conbined W th

Dry Heating Value Btu/lb 13,292

The water content of both the nano-dispersion and the initial conventional coal slurry was
40% by weight. However, it was readily apparent that the conventional slurry had different
handling, pumping, and atomization characteristics than the nano-dispersion slurry. Specifically,

5  the conventional slurry with 40% water had poor atomization quality and tended to plug the
injection system.  Therefore, to qualitatively simulate the handling and atomization
characteristics of the nano-dispersion slurry, most conventional slurry reburning tests were
performed with slurry containing 45% water. It was observed that even after shipment and
storage for several weeks of the nano-dispersion slurry, the slurry did not setile in the containers

10  and maintained good condition. On the other hand, the initial conventional coal slurry with 40%
water by weight settled in the bottom of the storage container within a few hours.

Two series of reburning tests were performed, including one with nano-dispersion of coal
in water slurry and one with conventional coal water slurry. The slurry was the reburn fuel, with
natural gas as the main fuel. After stable emissions were verified during natural gas firing, slurry

15  was pumped and atomized into the BSF furnace zone. NOy emissions were measured throughout
the tests to determine the achievable NOy reduction, and for selected test conditions, ash samples
were collected from the convective pass of the BSF and loss of ignition (LOI) was measured.

Test variables included reburning heat input ranging from about 10% to about 20% and

varied by adjusting the reburn fuel flow rate, reburn zone residence time (240 to 590 ms) varied



coal water slurry that has al so been produced by the wet-comm nution
process In a variant of the present invention, the nanoemnul sion is produced
by a conwsotzoomeb3isi xer usi ng a speci al surfactant packag®/usesosloyszoeans of
t he wet-conm nution nethod and the special surfactant package In yet

anot her alternative enbodi nent, the wet-comm nution process is used to
produce first the nanoemnul sion or nanosuspension, and then used again to
mll the coal into mcron and/or subm cron size in the nanoenulsion or
nanodi spersi on Accordi ng to one enbodi nent_of the invention,

coal - m wayerovingtheypvellirhain AHesdersiositisrdnisig Ng P@%cee%losé%%@d‘*%spppﬁevaﬂﬁdn
fuel, t heo J}%ﬁl{s}; it co 1t1$}8t 511d §1LHTy3wQQ' dofifent @U%%@%S‘%)l W Mwﬁ?'téb?ersefrhe
smal | par i ze of t e coal particles in the coal-in-water urry
increaseéth@egurﬁ@@@-area avai l able for firing or burning, as conpared to
commercially available mcronzed coal -mwater slurry The increased surface
area results in increased flanFABLFES2 TIMSTMATRIONG or nore conpared to
comercially available slurries and virtually conplete or clean burning of
the slurry and coal partlcles eV BnHFNORAoW RoXY geh@%%( sphendy AKX graph
conparing the fFaH@“tﬂﬁ%@ of conn@?&ldrmgld??‘%s“7nd F msl&ﬁW?es of the
present inventi . t an burning
characteristics_af the nano-disper sion nf coal -in- \mf er cl urry of the
present inventi ofpnteheme s V|rtuaIIy no coal present in the ash in boiler
applications This cliéahrderfihg appli cat’ion €dn t hétef or'¢ reduce the anount
of coal needed for déﬂk*m ﬁ%?atlon“thaﬁ“%he’%urréﬁ{ | oW "NOX bur ners,
produci ng a savi ngs of i §§”© of mIligls oﬁ%doll‘}s a Year on coal
supplies In another & t”;u of the i ypntk the coal-in-water slurry
wi th nano- dlspersed,CQﬁmmp@r&gcles gan bg]usg In_@ﬁSIfLQatIOQ processes,
such as the Texaco Gasidi.atwon Processpievi asly xef erenced. Figure 6
depicts a standard gasiddngatwon process:sfd owzdi agrzam The i nput oxygen to
slurry ratio of the igasifigats on processsimustitbe cbosel yrcontKolled in
order to pr Oduc@amwmimul Shirry

2.1 Conventional CWS 10 2380 5641 4EH} Ant
2.2 Conventional CWS 15 2381 S50 00 Adr
2.3 Comventional CWS 0 2380 540 ELY Air X
2.4 Conventional TWS 10 2550 240 ECVH Al
2.5 Comventional CWS 15 2550 240 EU Al
2.6 Conventional CWS 2 25580 240 EH Alr X
2.7 Corwentional CW S 14 255G 244} 254 Air
2.6 Conventional CW S 13 2350 244 2513 Al
2.9 Conventional CWS 20 2530 2440 250 A X

BAF Coniditions:
Privmary Firing Rate; T12.500 BTl
SRI:AE SR¥:1.2
Primary Fuel: natural Cas
Reburn Fuel Location: Port 2.5, Injection Temperature: 2760 F

5 2. Test results
At high initial NO, concentration (400 ppm) and long reburn zone residence time (590 ms),
reburn performance of the micronized or nano-dispersion slurry at 10% and 15% reburn heat
input is measurably better compared to the conventional slurry, as illustrated in the following

graph:
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processes in N@ﬁléﬁaﬁiﬁaﬂﬁox concentration (400 ppm) and short reburn zone residence time (240

ms), the reburn performance for micronized slurry is slightly better compared to that of

conventional slurry, as illustrated in the following graph:
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Faure -2, NOx reduction (53 at 400 ppm initial NOx and 240 ms residence time.

At low initial NOy concentration (250 ppm) and short reburn zone residence time (240

ms), the reburn performance of micronized 40% water slurry is comparable to that of 45%

conventional slurry, as illustrated in the following graph:.
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The effect of initial NOy concentration on reburn performance while keeping the same

reburn zone residence time (240 ms) was also measured. The reburn performance of 40% water

micronized slurry appears to be better compared to that of conventional 45% slurry at 15% and

20% reburn heat input.

Reburn performance for micronized and conventional slurry is

comparable and within the same range at 10% reburn heat input, as illustrated in the following

graph:
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Figure 4-4, NOx reduction as & function of initial NOX concentration at 240 ms residence

time.



burnout as a reburn fuel conpared with conventional coal water slurry. N ne
reburn tests were conducted. Test variables included reburn zone residence
time, rebworrotvespdisnput, and initial NOx concentrati onsPCThS2a0mpi2es e st udy
is set forth in "NDT Conbustion Characterization Studies,” October 27,

2008, which is incorporated herein by reference inits entirety. In the
study, the nano-dispersion of coal in water was referred to as
"mcronized." 1. Equipnent, slurry prepgyation, and test paranmeters The
reburning tests were conducted in_a boiler sipulation furnace (BSF) test
unit that is désicgiseidol GLYMNE tresideneoHmefqny BRI R loFmanth v IBSEeRIBY SHES a
Firing rahgara09&mtn%eOn g&fé Pofh) vaQ 8o ARABEL e re B8 pBEQTHARL dAicRhfzed | OW
rate was held constant and the air-to-liquid mass ration ranged from
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appr oXi neridliythzedmefanghet 1984 ebimalhegasmeds dhmonsthted iUBe 20D wiesgragh:eve,
typically used in US pul verized—coal-fired boilers—Fhe coal used as the
base for the conventional cpal.ateh.slurry is shown in the table bel ow The
wat er content of both the nafd“di"§peision and the initijal conventional coal
slurry was 40% by wei ght. However, it was readily appanent that the
conventional slurry had different handling, punping, ampd atom zation
characteristics than the ngpo-di spersion §LuﬁrgPASpecifically, t he
conventional slurry with 209 water h Gor atomikzation quality and tended
to plug the injection system 'Therefore,.-to qualitatively sinmulate the
handl i ng and atoni zation Eharfcteristics of the nano-dispersion slurry,
most conventional slurry reburning tests were. pegforned with slurry
containing 45% water. It wap

at ewen.afd.ee $hi pment and storage
for several weeks of the ndpo-di spersion sluﬁrﬁwéﬂmﬁmglurry did not settle
in the containers and maintai ned good condi tT.on. tn-the other hand, the

initial conventional coal s[urry with 40% waten«dy~wei ght settled in the
bottom of the storage contalner within a few h§iyrgsa™™
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Figaee 4-5. NOX reduction as a function of reburn zone residence tine ab 400 ppm nitial
NOx.

The current coal-water slurry reburning results were also compared in the context of
other reburning fuels that have been tested at the BSF. Natural gas is the most reactive of these
fuels due to its ability to readily disperse and react. However, natural gas is also typically the

10  most expensive reburning fuel, and thus there is commercial interest in utilizing other fuels such
as coal for reburning. The micronized slurry was generated using a bituminous coal that on its
own would not be expected to be highly reactive. The results are illustrated in the following

graph.



Two series of reburning tests were perforned, including one with

nano- di spersion of coal in water slurry and one with conventional coal

wat er sl uwoo1ofizesisl urry was the reburn fuel, w th naturali/usa®omsozehie nai n
fuel. After stable em ssions were verified during natural gas firing,
slurry was punped and atom zed into the BSF furnace zone. NOx em ssions
wer e nmeasured throughout the tests to determ ne the achi evabl e NOx
reduction, and for selected test conditpans, ash sanples were collected
fromthe convective pass of the BSF and | oss of ignition (LO) was
nmeasured. Test variables included reburning heat input ranging from about
10% t o about 20% andig@r | , reburn
zone residence tinme (240 te—e90cmiedviaryi edby noving the overfirge air
injector position, indaigal _ngﬂog‘p@ﬁ%ngéna{.‘,gtg,n (250 to 400 ppm varied by
adj usting burner conditijons, and slurry water content (40% and 45% . The
following table set f&th tHe-Goas Bupaedh Water2. Test results At h gh initial
NOx concentration (400 ppmMecaiMhikdg reburn zone resi dencestinme| (590 ns),
reburn performancesof 7 he ni croni zed or . nano- di Mrry t 10% and
15% reburn heat input js neasut 4BMYS 58 Y8 conpe i
slurry, as illustréate nthefollovvlng gr aph
concentration (40@ ppM |and short reburn )
reburn performancé for  nicronized slur i i tter conpared to
that of conventiomal giurry, as ill ' ol | owi ng griaph: At |ow
initial NOx concergratlon (250 pp i
(240 ms), the reb&\n gerf ormance of mic
conparabl e to that of 45% conventi onal y, as illustrated in the

foll owi ng graph: . Thesegfifect of initial concentration on repurn
performance while keeping the sanme rebul n BEHEOY e¥irge@e:CEne (240 ns) was
al so nmeasured. The retwrln perfornance of 4BY%SREt Bre#tPoni zed s| urry
appears to be better conpared to that of conventional 45%slurry at 15% and
20% r eburn heat i nput .0 Reburnmpeérformante for—micronized—and ctonvent i onal

slurry is 0 5 10 15 20 25
Reburn heat input, %

40% water slurry|is

Figure 4-6. Comparison of slurry rebum performance vs. other fuels

Three fly ash samples were collected and measured for loss on ignition (LOI) at 20%
reburn heat input for both micronized and conventional slurry to determine if the micronized
slurry is different from the conventional slurry in terms of carbon content in ash. The LOI is

5  lightly lower for micronized slurry reburn tests for all test conditions, as illustrated in the graph

below:



conparabl e and within the same range at 10% reburn heat input, as
illustrated in the foll ow ng graph. The effect of reburn zone residence tine
on rebur wpenfoospmnce whil e keeping sane initial NOx comcentseavios?2g 400
ppm was al so neasured. The reburn performance of mcronized slurry appears
to be better conpared to that of conventional slurry at 15% and 20% reburn
heat i nput. Reburn performance for both m cronized and conventional slurry
is conparable and within the sane rangepjat 10% reburn heat input, as
demonstrated in the following graph: The current coal-water slurry
reburning results were al:sp—conpared—inthe—econtext—of—other reburning
fuel s that have been tested at the BSF. Natural gas is the nost reactive of
these fuels due to its ahility to readily di'Sperse an

se and react. However,
natural gas is also typicallysthe.apst expe%%?V@Q@ébﬁFnlng fuel, and thus
there is commercial interest i zi ng ot“HEP*fUE1"E sugch as coal for
reburni ng. The micronized’s S i iitum nous coal that
on its own would not be ex The results are
illustrated in the foll o#f were col |l ected and
measured for loss on ignitio
m croni zed and conventlgna»
different fromthe convéntio
The LA is lightly |ower for
conditions, as illustrated|irt
summary of all test result
reburn test conditions, th
perfornmed better than the
and that for all reburn te
wat er perforned at |east a 1ses better than, the
conventional coal water sk A / x lreduction perfornance of
m croni zed slurry appears to have nor e advantages at hi gher reburn heat
inputs and | onger reburn zone rgsiHencntiiiBSwudhe val ues of Loss on

Ignition results were slightly |lower for
The following table is a summary of all test results, in which it was observed that for all

icroni zed slurry is
carbon content in ash
M‘eburn tests for all test

ol lowijng table is a
servyed that for all the
glurry|with 40% wat er
gslurry|with 45% wat er,
iized coal water with 40%

Uy U D" U)

the reburn test conditions, the micronized coal water slurry with 40% water performed better
than the conventional coal water slurry with 45% water, and that for all reburn test conditions the
5  micronized coal water with 40% water performed at least as well as, and in some cases better
than, the conventional coal water slurry with 45% water. NOy reduction performance of
micronized slurry appears to have more advantages at higher reburn heat inputs and longer
reburn zone residence times. The values of Loss on Ignition results were slightly lower for

reburn tests with micronized slurry than with conventional slurry.



reburn tests with mcronized slurry than with conventional slurry. The

devel opnent of a super green coal to be used as a coal-in-water slurry
accor di ngvoeosniezismrent s of the invention has the potentcalusedoonmmrss ve
savings in the applications as described above, and particularly in the | ow
NOx burner applications because |l ess coal is needed to produce the sane
anount of energy produced in today's applications. Further, the virtually
conpl ete burning of the coal reduces thgyanmount of coal present in the
wast e streans, such as the ash of a boiler The invention therefore
addresses and resol ves many 6fBkihe! dEMMARRNERSESEARETOr awbacks previ ously
identified. The i nventionr—ray be—enrbodi-ed—tr—other—spesH+ec—forns Wt hout
departing fromthe essgnti al, aktlyri butes ttheéredh zont heref de, the illustrated
embodi ments shoul d be considered in &' M@8pedt's ' Hs | F§t'dt i ve and not
restrictive. The clains _provided hereinh ar& to ensur®madedquacy of the
present application hehiuessabl i shing foreign priority and for no other

pur poseCLAI M5 1. A col | oidadicesitetitwy ofsonano* di sper seduscoatrei n wat er
suitable for use as an efikiMsivgnt CBur nishg f el , ©“he starryisconpri si ng: coal
particles dispersed in wateérnighievcoal* par € cl e8Y conpfi si "f"g about 50 wei ght
percent to about 80 wei gHt “'{pé'i“f‘f?

J MBS 'p:P of #he #j urriﬁ‘;;: théﬁfwatﬁeg conpri si ng
about 20 weight percent t0 abaii ';_;\F:P wej ght Jpercent of, the, §lurry, between
about 30%to about 50% of ,{}ie Coal. particlgs hay,ng a,sizg,of about 10
m crons or |ess, and aboyt ,2Q0%.k e about, 80% of fhe cegal pasticles having a
size of one micron to abqut;dQRinm W t:h a si ze mpde ofi abput 200 nmto

about 300 nm 2 . Thg,kcolall -water slurry according to claim1, wherein the

coal particles conpri$e q_p@ﬁtt,lﬁggcxwi ght pergcent o ahgut £Q wei ght percent
of the slurry, and the watefr..GopLd sessabowt 30swei ght, pesseent to about 40
wei ght percent of the sl unrkynuddcalhe ceal - wat ersvsl ursoy acearding to claim
1, the slurry further ‘Cl(qulrs'}uﬁj ng at |east one surfactant system sel ected

U

fromthe group consisting,Ql.a&.neRioni,e sugfactant, ap ionic surfactant,

2.2 Conventionat CW5 43 15 540 440 455
2.3 Conventional CWS 43 20 5680 ELEN 4.5
2.4 Conventional £WS 43 10 2401 B E 234
2.5 Conventional WS 45 13 244} 400 338
2.6 Conventional CW5 43 20 RET] i 305
2.7 Conventional CWS 43 G 24} 250 5.6
2.% Conventionat CWS 43 15 2481 250 153.3
2.4 Conventional CWS 43 Bk 240 250 I8!

Repeat 2.1 wnd 2.2
2.1 Conventional CWS i 1 5400 4K 185
2.2 Conventional CW5 44} 13 346 4G 376

The development of a super green coal to be used as a coal-in-water slurry according to
embodiments of the invention has the potential of massive savings in the applications as
described above, and particularly in the low NOx burner applications because less coal is needed

5  to produce the same amount of energy produced in today’s applications. Further, the virtually
complete burning of the coal reduces the amount of coal present in the waste streams, such as the
ash of a boiler.

The invention therefore addresses and resolves many of the deficiencies and drawbacks
previously identified. The invention may be embodied in other specific forms without departing

10  from the essential attributes thereof’ therefore, the illustrated embodiments should be considered
in all respects as illustrative and not restrictive. The claims provided herein are to ensure

adequacy of the present application for establishing foreign priority and for no other purpose.



an inorganic salt, an organic salt, and conbinations thereof. 4. The

coal -water slurry according to claim3, wherein the at | east one surfactant
system i swpresansp3isn the slurry in the anount of about PO@/USeo@bezes 3000
parts per mllion. 5 . The coal-water slurry according to claim1l, the
slurry further conprising |large coal particles having a size of about 150
mmto about 400 nm 6. The coal -water sPdrry according to claim5, wherein
a size ratio of the |large coal partiq@ggghﬁ the coal particles is greater
than 100. 7. The coal -water slurry ac g to claim6, wherein the coa
particles conprise about 58 wei ght percent to about 62 wei ght percent of
the slurry, and the coal particles and the |arge coal partlcles conprlse
about 68 wei §trolleistat gntry o nansodispersedgoalyin Wiser eiable §or ys§@s ap gHigjers-buries
coal - g Lgheﬁpordbnglgp claim7, wherein at |east a portion of the water
is repl (4 HYEOVBIEE e conponent, the volatile conponent selected from
the group cogsdl phitidls @flspﬁﬁb@ anehter, elid@rad partipled panptising ub@n o wegghﬁ(pero@ht tor
conbi nati ons thereof. 9. coal -water slurry accor

wher ei nabpuir&Q svef gha PETCHR fothtt Hemy dhg évaﬁéwmev@n% pbeut ga’relg%t P&%@m tO?g%“t%?
about 3§/e( ol pérP&tto(Pg%l G2 betwe hrﬁg?ﬁl 3604 Yo ab%gt SOA%E ﬂféaéoal"ﬁérﬁﬂé hér'\flﬁg/ a size

accord|ng ereln t ge coal particles are suspended in a
r el evansf about b datrofis acléso ancba’tbduhéO%dalabqnatfiD%dﬁébe cddl paftedesdwaingwetiarof

slurry accordin to c m 1,. wherein.the sl has viscosity at 120
degreesmﬁéﬁFﬁﬂhg1%°Ph @L@nﬁﬁﬂb%ﬁngﬁﬂﬁﬂf %%%EQ%H?ﬁBS$@%f§@IE%OUt 1000
centipoise. 12. The coal -water slurry according to claim1, wherein the
coal particles have a size less than 100 m crons. 13. The coal -water slurry
accordi hg toThé¢ aq)ahvslatewsllmrwawoaiupgmqlmhel,sﬁzeeeld ithet goabparfielgs edmpige abori 60
particl

t f th 2
Dpout 386 shRHeLes B8 70 bt pRiseh Sapd oM RS iR s B Tp M- PO oG gt
M Cr onSperadif t@abdiic #d W ppehi &fitke SuZe. great er

3. The coal-water slurry according to claim 1, the slurry further comprising at least one
surfactant system selected from the group consisting of a nonionic surfactant, an ionic surfactant,

an inorganic salt, an organic salt, and combinations thereof.

4. The coal-water slurry according to claim 3, wherein the at least one surfactant system is

present in the slurry in the amount of about 500 to about 3000 parts per million.

5. The coal-water slurry according to claim 1, the slurry further comprising large coal

particles having a size of about 150 pm to about 400 pm.

6. The coal-water slurry according to claim 5, wherein a size ratio of the large coal particles

to the coal particles is greater than 100.

7. The coal-water slurry according to claim 6, wherein the coal particles comprise about 58
weight percent to about 62 weight percent of the slurry, and the coal particles and the large coal

particles comprise about 68 weight percent to about 72 weight percent of the slurry.



than 4 mcrons. 14. The coal -water slurry according to claim1l1, wherein a
particle size distribution of the coal particles is binodal. 15. The

coal - wat ewogbuvasysiaccording to claim 1, further conpri siPOE/S2009/049225
nano- di spersion of an organic liquid or oil. 16. The coal-water slurry
according to claim1, further conprisi ng at | east one alternative fuel
source sel ected fromthe group consisti®g of bi omass, petrol eum coke, and

conbi natj ons -t her eof,, wherei.n the 50,wei ght rcent i e
percent Sor 't nasePRR Py B el SpPL aFhelth R B E boriGh BB suBt S RABERY soue
coal paniiticd esla@le@ompotiént 4880 batiRoUipoaBosaletd fidhi the drtig] cowistiagofl7. The
use of the coal-water slurry according to claim1l1l as the efficient-burning
li qui d fegshanoh eghangl pronaael g‘ﬁta%‘éll greasl ercomnpatiogs BisEodonsi sting of a | ow
NOx burner, a gasification process, a gas turbine, a diesel engine, and a
Ranki ne cycle. 18. The coal-water slurry according to claim1, wherein the
coal paiticl &eave-sateedted alconding e clgmo dpwhensi smbssgragfioh ofthetlarge particle

sub- bi t um nous, bitum nous, d apthracjte, 19. slurry of coal-in-water
conpri siS’ri‘ﬁ:CO"PdF@@“E§ o9 P&%e/éo itﬁ’l"éf %9%1“2@68 "Xbout * 150 microns to
about 400 m crons suspended in a colloidal fraction of a nano-di spersion of

coal in water, the nano-dispersion of coal in water having nano-sized coal
parti cl 8. andhaicoalewateeslucpatcopding itelen Swivbereinrthe kegeretadpartiolep pieswispeabodit

28 wei ght rcent .to,ghout 32 i ght _percent of the slurry, between about
30%t 0 élbggﬁe\ga@?/g%ﬁo@aﬁgraﬁl%q 8%&?8%]@8§fc%arti cles have a size of about 4
mcrons or |less, at |east 20% of the nano-sized coal particles have a size

less than 1 micron with a node size of about 200 nmto about 300 nm the
nano- si 2éd ardespelrvaerddry sedordias (¢ elpes | cohgieindhe glugtidas a sgcoBiyditl2per cent

to ab.OUtde 6r%esb A QItE]BRelII; ﬁleeﬂr%ngg oftarl]a%utsg SL(l)rJe}/ltip(ﬁgedtota%%uﬂ ﬁfo%eceﬁf?&lisep articles
conpri si abou WwWel g
12. The coal-water slurry according to claim 1, wherein the coal particles have a size less

than 100 microns.

13. The coal-water slurry according to claim 1, wherein a particle size distribution of the coal
particles is multi-modal, with a first mean particle size of about 200 to about 350 nanometers, a
second mean particle size of about 1 to about 2 microns, and a third mean particle size greater

than 4 microns.

14. The coal-water slurry according to claim 1, wherein a particle size distribution of the coal

particles is bimodal.

15. The coal-water slurry according to claim 1, further comprising a nano-dispersion of an

organic liquid or oil.

16. The coal-water slurry according to claim 1, further comprising at least one alternative
fuel source selected from the group consisting of biomass, petroleum coke, and combinations
thereof, wherein the 50 weight percent to about 80 weight percent of the slurry comprised of coal
particles is about 50% to about 60% coal particles and about 40% to about 50% alternative fuel

source.



percent to about 14 wei ght percent of the slurry. 20. The coal-water slurry
according to claim 19, further conprising at |east one surfactant system
sel ect ed Wwoamwdsesigr oup consi sting of a nonioni c surfactramus2e/osens c
surfactant, an inorganic salt, an organic salt, and conbi nations thereof.
21. A nethod for preparing a continuous nano-dispersion slurry of

coal -in-water suitable for use as an ef-Eécient-burning liquid fuel, coa

parti cl inthe n -dispersion slurry o oal s Lnwater .c ri.si R t 50
hel ot por cont® faf SRBE Ao A5RE (e psbidting o FOR L E 1R e SRR BuRAGH, o
about 2¢h meagiicatiner Lestted foord BRlirobP coiging of 8162 NMO0burh&ie a gheifitationgebéesn
about 30%to about 50% of the coal particles having a size of about 10

i cr ons a@ps uglige, agieschengiaq end adtmnkmecyelecoal particles having a size of
less than 1 micron with a size node of about 200 nmto about 300 nm the
met hod conprising: providing a source of water to a chanber with a slit
channel 18.pr oTheicodg-watsadireea@brdingto ¢laint hewlehenhks cdad pantiekets ercaseldcreidtficah
slurry of coal-in-water:; spinning the initial slurry of coal-in-water in a
Cent 1 f (G0 eisiihe ak bigale, 6‘1‘%'%%%’@8“@ Pippin3eand BHPER of the initial
slurry of coal-in-water; andmlling the coal that has been concentrated in
stagnation regions in a wet-conmm nuti on process for about 3 seconds to
about 209.secdéndsrry of ¢aal-m-water camprisingper si on of coal in water slurry. 22.

The met hod according to, clai.m 21, further conprisin iding a surfactant
yst om sel eclEeF FbAPERS SRR 2 ctrnel ebeiig SFmerons it Ghlt AU Pt SniningRe
ioni ¢ syed@siliatactiah of RAASRMIsEersiBh bf céd) iIPHARR) the AR J-disFésios OBt hvaRks
thereof, and m xing the surfactant systemw th the source of water before

t he souh@énghanposired eappatitigednd miarprizedhenabparticlzs, whnneintkg Wagr eempHisng t o
o 2 A PIR G hPal By S I, PPy iy ool o
50% of the micronized coal particles have a size of about 4 microns or less, at least 20% of the
nano-sized coal particles have a size less than 1 micron with a mode size of about 200 nm to
about 300 nm, the nano-sized and microsized coal particles comprising about 58 weight percent
to about 62 weight percent of the slurry, and the large coal particles comprising about 10 weight

percent to about 14 weight percent of the slurry.

20. The coal-water slurry according to claim 19, further comprising at least one surfactant
system selected from the group consisting of a nonionic surfactant, an ionic surfactant, an

inorganic salt, an organic salt, and combinations thereof.

21. A method for preparing a continuous nano-dispersion slurry of coal-in-water suitable for
use as an efficient-burning liquid fuel, coal particles in the nano-dispersion slurry of coal-in-
water comprising about 50 weight percent to about 80 weight percent of the slurry, water
comprising about 20 weight percent to about 50 weight percent of the slurry, between about 30%
to about 50% of the coal particles having a size of about 10 microns or less, and at least 20% of
the coal particles having a size of less than 1 micron with a size mode of about 200 nm to about
300 nm, the method comprising;:

providing a source of water to a chamber with a slit channel;

providing a source of coal to the chamber to create an initial slurry of coal-in-water;

spinning the initial slurry of coal-in-water in a centrifugal field in excess of 13,000 gs to

create a film of the initial slurry of coal-in-water; and



tenperature of the slurry to mnimze the anount of water evaporation.
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milling the coal that has been concentrated in stagnation regions in a wet-comminution

process for about 3 seconds to about 20 seconds to form the nano-dispersion of coal in water

slurry.

22. The method according to claim 21, further comprising providing a surfactant system
selected from the group consisting of a nonionic surfactant, an ionic surfactant, an inorganic salt,
an organic salt, and combinations thereof, and mixing the surfactant system with the source of

water before the source of coal is provided to the chamber.
23. The method according to claim 21, wherein the provided coal is in a pulverized form.

24. The method according to claim 21, further comprising controlling a formation

temperature of the slurry to minimize the amount of water evaporation.



