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[57] ABSTRACT

A method of treating fine particles of solid carbona-
ceous fuel of the coal or coke type that comprises mix-
ing the fuel particles with a liquid aqueous solution
comprising essentially (a) sodium, potassium, or lithium
hydroxide together with (b) calcium, magnesium, or
barium hydroxide or carbonate, or a plurality thereof,
with a ratio of (a) to the fuel of about 0.04 to 0.70 (typi-
cally 0.10 to 0.35) by weight, a ratio of (b) to the fuel of
about 0.02 to 0.30 (typically 0.08 to 0.20) by weight, and
a ratio of water to the fuel of about 1 to 10 (typically 2
to 5) by weight; heating the resulting mixture, at an
elevated pressure, to a temperature of about 150° to 375°
C (typically 175° to 300° C) in such a manner as to
improve the usefulness of the fuel particles; and cooling
to below about 100° C. The cooled mixture either is
dried or filtered to separate the fuel particles from the
solution, the particles then being washed and dried. The
filtered solution is regenerated so that it can be again
mixed with unreacted fuel particles. The solution typi-
cally comprises essentially sodium hydroxide and cal-
cium hydroxide or carbonate, and may comprise also
magnesium hydroxide or carbonate.

39 Claims, 5 Drawing Figures
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1
TREATING SOLID FUEL

This is a continuation of our copending application
Ser. No. 563,837, filed Mar. 31, 1975, and now aban-
doned for Treating Solid Fuel.

BACKGROUND OF THE INVENTION

In many areas of the United States natural gas short-
ages are threatening to strangle industry to a degree that
could be much more severe than the widely publicized
Arab oil embargo. For example, this winter of
1974-1975 in many midwestern states industrial users
will receive only about one-half of last year’s allotment
of natural gas. Unfortunately, according to the most
credible projections available, the natural gas supply
situation will not improve. Therefore, for the intermedi-
ate and long term, synthesis gas, hereinafter SNG, will
have to play a larger role if anything near our present
industrial and general life style is to be maintained.

However, for SNG to provide a significant portion of
our total gas needs great amounts of capital will have to
be made available that would otherwise be used for
alternate purposes, requiring much higher costs to the
consumer.

To reduce the impact of an SNG industry on our fuel
costs will require the development of technology that
allows lowering capital and operating costs substan-
tially below that required for the current and heretofore
proposed systems for coal gasification. The present
invention comprises a method of treating coal which
permits conversion of coal to SNG under previously
unobtainable conditions that allow substantial reduc-
tions to be made in plant investment and operating
costs.

Work on coal gasification process development has
been going on for years. For example, the Lurgi process
was first operated commercially in 1936 and the Wink-
ler process was used on a commercial scale in the
1920’s. However, commercialization of synthesis gas-
from-coal processes never became important in the U.S.
because of the large Texas gas and oil fields coming into
production shortly after World War II.

It is well recognized that coal gasification technology
could benefit considerably by the development of suit-
able coal gasification catalysts. Numerous attempts
have been made since the beginning of this century to
catalyze the reaction of coal and other carbonaceous
matter with steam. A few attempts have also been made
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recently to catalyze the reaction of coal and other car- *

bonaceous matter with hydrogen, hereinafter termed
hydrogasification, because of the increased interest in
producing methane from coal.

In the 1920°s Taylor and Neville reported data on the
effect of several catalysts on the steam-carbon reaction
at 490°-570° C showing that the most effective catalysts
were potassium and sodium carbonate, and Kroger
found that metallic oxides and alkali carbonates or mix-
tures catalyzed the steam-carbon reaction.

While the catalytic and noncatalytic steam-carbon
reactions had been studied in fair detail before 1940,
little had been studied on the reaction of carbon with
hydrogen. In 1937, Dent was the first to report on meth-
ane formation by the reaction of hydrogen with coke
and coal, hydrogasification, at elevated temperatures
and pressures. Dent’s work did not involve the use of a
catalyst.
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Several studies have been conducted since 1960 on
the catalysis of hydrogasification reactions involving
carbonaceous matter and various oxidizing and reduc-
ing gases. Wood and Hill reported that the hydrogasifi-
cation of coals and cokes at 800°~900° C is catalyzed by
1-10 weight percent alkali carbonates. The increased
hydrogasification rates have been attributed to the pre-
vention of graphitization of the reaction surface due to
adsorption of alkalies. Le Francois has recently de-
scribed a process that uses molten sodium carbonate as
a catalyst for the steam-coal reaction. Very high ratios
of molten salt to coal are required since the molten salt
is the continuous phase.

Haynes, Gasior, and Forney have been working on
the high-pressure catalytic gasification of coal with
steam. In their bench-scale experiments at 850° C and
300 psig they found that alkali metal compounds in-
creased the carbon gasification the most, by 31-66 per-
cent. The catalyst concentration was 5 weight percent
of coal in all cases. The coal was high-volatile bitumi-
nous coal (Bruceton, Pennsylvania) that had been pre-
treated at 450° C with a steam-air mixture to make it
noncaking. They also found that 20 different metal
oxides, including CaO, increased carbon gasification by
20-30 percent.

The latter works conducted some pilot plant experi-
ments in the Synthane gasifier at 907°-945° C and 40
atmospheres, and found that a 5-weight percent “addi-
tion” to the coal of either dolomite or hydrated lime
resulted in significant increases in the amount of carbon
gasified and in the amount of CH,, CO, and H, pro-
duced.

In all of the above-described prior art only two meth-
ods for impregnation of coal with a catalyst have been
used: (a) physical admixing of catalyst to coal, or (b)
soaking of coal in an aqueous solution of catalyst at
room temperature and then drying the slurry.

The present invention involves the chemical and
physical incorporation of a suitable gasification catalyst
in coal by hydrothermally treating the coal. Gasifica-
tion tests of coal treated according to the present inven-
tion indicate that this coal has a reactivity far above that
predictable from the results of the investigations de-
scribed above. Coal treated according to the present
invention is a much better feedstock for gasification
than either raw coal or coal impregnated with compara-
ble quantities of catalysts according to the prior art.

The following are the improved characteristics of
coal treated according to the present invention, which
can result in a number of advantages:

(1) A highly caking and swelling coal can be made
completely non-caking and non-swelling without any
significant loss of the volatile matter. This should result
in (a) simpler reactor systems, (b) higher system reliabil-
ity, and (c) more efficient coal utilization. (2) Hydrogas-
ification of HTT coal proceeds at lower pressures
which should result in (2) lowering of the investment
cost and (b) higher system reliability. (3) Hydrogasifica-
tion of HTT coal proceeds at higher rates which should
result in (a) high direct yield of methane, (b) a compact
reactor, and (c) in simplified gas purification.

(4) Steam gasification of HTT coal proceeds at a
lower temperature which should result in (a) lower
oxygen consumption for gasification, (b) increased
methane formation, and (c) simpler gasifiers with re-
duced refractory problems.

(5) If one of the catalysts in HTT coal is calcium (or
magnesium) oxide it acts as an efficient absorber of
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sulfur in coal which should allow the combustion of the
char, from gasification, without stack gas scrubbing and
should result in a reduced cost for the purification of the
synthesis gas.

These advantages will result in the following benefits
to the gas production industry:

(1) Reduced capital investment because of the lower
pressure at which direct hydrogasification occurs as
well as the simpler reactor systems possible.

(2) Reduced operating costs because of the lower
oxygen consumption, more efficient coal utilization,
and higher system reliability.

(3) Reduced time required to bring SNG plants on
stream. Because of the lower operating pressure, steel
plate availability will be higher, fabrication will be
faster, and quicker deliveries can be anticipated for
auxiliary plant equipment.

(4) Even the most highly caking eastern coals con-
taining high levels of sulfur can be used, thereby result-
ing in a considerable reduction in the SNG transporta-
tion costs and allowing the utilization of coal that could
not otherwise be used.

Coal is the major source of energy for the United
States and will continue to be for many years. However,
one of the problems with coal as the source of energy is
its high sulfur, nitrogen, and ash content which includes
significant quantities of toxic (hazardous) impurities
such as mercury, beryllium, and arsenic. These materi-
als find their way into the environment during the com-
bustion of coal and thus constitute a health hazard
through atmospheric and food chain consumption.

The three different classes of impurities—sulfur, ni-
trogen, and metal values—are found in coal in a variety
of forms.

Sulfur occurs in coal chiefly in three forms: (7) inor-
ganic, (2) sulfate, and (3) organic. A fourth form, ele-
mental sulfur, is rare. Of the inorganic sulfur com-
pounds, iron pyrite (FeS, with an isometric crystal
form) and marcasite (FeS, with the orthorhombic crys-
tal form) are the most common. Other inorganic sul-
fides, chalcopyrite-CuFeS,, arsenopyrite-FeAsS, and
stibnite-Sb,S;, have been found, but they are rare.

Of the two major inorganic sulfides, pyrite is the most
common. It is found in coal as macroscopic and micro-
scopic particles, as discrete grains, cavity fillings, fiber
bundles, and agregates. The concentration of pyritic
sulfur vary widely even within the same deposit. Nor-
mally, the concentration will vary from 0.2 to 3 percent
(sulfur basis), depending on the location.

The most common sulfur is calcium sulfate. Sulfates
of iron, copper, and magnesium may also occur, but
they are not abundant. Normally coal contains less than
0.1 percent sulfate sulfur, although in heavily weath-
ered coal it may be as much as 1 percent. Because of its
normally low concentration it is of little concern in air
pollution.

The third form of sulfur most prevalent in coal is
organic sulfur. Since this sulfur is part of and is linked to
the coal itself, positive identification of the organic
sulfur compounds has not been possible. However, it is
usually assumed that organic sulfur is in one of the
following forms:

(1) Mercaptan or thiol, RSH

(2) Sulfide or thio-ether RSR’

(3) Disulfide, RSSR’

(4) Aromatic systems containing the thiophene ring.

The sulfur could be present as 8-thiopyrone.
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No definite relationship between the organic and
pyritic sulfur contents of coal has been established. In
typical U.S. coal, the organic sulfur may range from
20.8 to 83.6 percent of total sulfur and have a mean
value of 51.2 percent of the total sulfur. The variation of
the organic sulfur content of a coal bed from top to
bottom is usually small. Pyritic sulfur content may vary
greatly.

Nitrogen, like sulfur, is probably part of and linked to
the coal. Eastern coals average about 1.4 percent nitro-
gen, but with a range of 0.7 to 2.5 percent.

Metal values make up the part of coal commonly
referred to as ash. They are found in coal as macro-
scopic and microscopic particles as discrete particles,
cavity fillings, and aggregates. Concentration ranges
from a few percent to 15 or 20 percent.

Physical separation of these three constituents from
coal is not satisfactory, as at best only a portion of them
are removed. Furthermore, flue gas scrubbing is not
entirely satisfactory as a means for sulfur and hazardous
metals removal, as at the present stage of development
such systems (primarily for sulfur emissions control) are
only about 75% efficient, large quantities of sludges are
formed which present a disposal problem, and the cost
for flue gas scrubbing is high. Since the quantity of
low-sulfur coal is limited and coal is our major source of
energy, new or improved technology must be devel-
oped for cleaning coal prior to combustion to supply the
United- States with a clean coal and at the same time
reduce the pollution of our environment. We have dis-
covered that the majority of the sulfur and much of the
ash including such toxic or hazardous metals as beryl-
lium, boron, and lead can be extracted directly from the
coal by treatment according to the present invention.

Previously proposed desulfurization processes have
placed major emphasis on (1) the use of alkali and alka-
line earth compounds at temperatures above the melting
point of the compounds or at temperatures where the
solid carbonaceous materials begin to decompose, (2)
the use of steam or steam and air at slightly elevated
temperatures, or (3) the use of high temperature (ap-
proximately 1000° C) in atmospheres of such gases as
nitrogen, carbon monoxide, and methane. A number of
patents teach the use of sodium hydroxide, calcium
hydroxide or mixtures thereof at temperatures above
the melting point of these materials. In some cases the
reagents are added to the solid carbonaceous materials
as aqueous solutions. However, the water is volatilized
during desuifurization at the elevated temperatures.
Other patents disclose the use of gases such as steam,
nitrogen, hydrogen, hydrocarbons, carbon monoxide
and ammonia, or mixtures thereof, at elevated tempera-
tures to desulfurize solid carbonaceous materials.

In comparison with these processes, for example,
there is no need, and in fact it is not desirabble, in the
present invention to first solubilize the coal in order to
extract the sulfur and ash constituents. Furthermore,
the present invention provides superior results and ad-
vantages with solid carbonaceous fuel that would not be
expected from the prior art relating to treatment of
liquid coal extracts.

Reggel, L., Raymond., R., Wender, 1., and Blaustein,
B. D, in their article, “Preparation of Ash-Free, Pyrite-
Free Coal by Mild Chemical Treatment” Preprints,
Division of Fuel Chemistry, ACS, V. 17, No. 1, August,
1972, pp 44-48, discuss the removal of pyritic sulfur
from coal by treatment with a 0.10 N aqueous solution
of either sodium hydroxide or calcium hydroxide indi-
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vidually for 2 hours at a temperature of 225° C. How-
ever, they do not discuss treatment with a mixed alkali
solution, nor do they recognize the unique benefits
arising from such treatment. More particularly, we have
discovered, and they fail to recognize, that treatment
with a mixed alkali solution according to the present
invention results in: (1) the removal of a substantial
amount of the organic, as well as the pyritic, sulfur from
the coal, thus generally resulting in a coal having a
lower total sulfur content than coal treated according to
Reggel, et al.; (2) an unexpectedly great increase in the
gasification reactivity of the coal; (3) an unexpectedly
great decrease in the sodium content of the coal; and,
(4) generally, a decrease in the required length of the
treatment time.

SUMMARY OF THE INVENTION

A typical method according to the present invention
for treating fine particles of solid carbonaceous fuel of
the coal or coke type comprises, mixing the fuel parti-
cles with a liquid agueous solution comprising essen-
tially (a) sodium, potassium, or lithium hydroxide to-
gether with (b) calcium, magnesium, or barium hydrox-
ide or carbonate, or a plurality thereof, with a ratio of
(a) to the fuel of about 0.04 to 0.70 by weight, a ratio of
(b) to the fuel of about 0.02 to 0.30 by weight, and a
ratio of water to the fuel of about 1 to 10 by weight; and
heating the resulting mixture, at an elevated pressure, to
a temperature of about 150° to 375° C in such a manner
as to improve the usefulness of the fuel particles.

Typically, the mixture is subsequently cooled to
below about 100° C. The cooled mixture may be filtered
to separate the fuel particles from the solution, and the
filtered fuel particles may be subsequently washed and
then dried. (Or the cooled mixture itself may be dried,
and the filtering and washing omitted.) The filtered solu-
tion typically is regenerated so that it can be again mixed
with unreacted fuel particles.

The treatment typically is substantially continuous,
comprising the steps of (a) continuously intoducing the
fuel particles at a preselected rate into the liquid aque-
ous solution to form a slurry, (b) moving the slurry
through a region maintained at the elevated pressure
and temperature, (c) moving the slurry outside the re-
gion of step (b) and separating the easily removable
liquid phase from the solid fuel particles, (d) moving the
fuel particles away from the separated liquid phase, and
washing the particles. Typically the separated liquid
phase is regenerated by removing any impurities there-
from and is recycled as the liquid aqueous solution in
the continuous process.

In typical embodiments of the invention the ratio of
(a) to the fuel is about 0.10 to 6.35 by weight, the ratio
of (b) to the fuel is about 0.08 to 0.20 by weight, and the
ratio of water to fuel is about 2 to 5 by weight. The
solution typically comprises essentially sodium hydrox-
ide and calcium hydroxide or carbonate, and may com-
prise also magnesium hydroxide or carbonate. The mix-
ture typically is maintained at a temperature of about
175° to 300° C.

DRAWINGS

FIGS. 1 and 2 are flow diagrams illustrating typical
steps in practicing the present invention.

FIGS. 3 and 4 are graphs showing some significant
and unexpected advantages of the invention.
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6
FIG. 5 is a flow diagram illustrating in detail typical
apparatus and steps employed in practicing the inven-
tion.

DEFINITIONS

Ash—inorganic portion of coal, for example, the
oxides of sodium, silicon, iron, and calcium. The metal-
lic values such as iron, may be present as sulfides, sul-
fates and carbonates or combination of these com-
pounds.

Claus Process—process for converting H,S to ele-

mental sulfur.

Filtering—separation of a liquid from a solid by a
physical method such as passing the liquid through
a porous medium while retaining the solid on the
medium. As used herein, filtering may include aug-
mentation by other means such as settling, centrifu-
gation, coascervation, and the application of filter
aids.

Froth Flotation-—separation of two or more com-
pounds whereby one is removed in the foam
formed on the surface of a liquidus slurry.

HTP—hydrothermal treatment process; i.e., the pres-
ent invention.

HTT—(noun) same as HTP; (adjective) hydrother-
mally treated according to the present invention.
Lime-Carbonate-Process—process which entails
treatment of an aqueous alkaline sulfide solution
with first CO,and then lime to regenerate the alka-
line values whereby the alkaline values are con-
verted to the corresponding hydroxide, the sulfur
is removed as hydrogen sulfide and the resulting
calcium carbonate may be regenerated for reuse in

the process.

LPG—liquefied petroleum gas.

MAF—moisture ash free.

Martinka Coal-—coal from Martinka No. 1 Mine in
West Virginia.

Montour Coal—coal from Montour No. 4 Mine in
Pennsylvania.

Packed Tower—a cylindrical container loosely
packed with a solid material in a vertical position.

Physical Benefication—physical separation of two or
more components from a mixture with the objec-
tive being to upgrade one component, for example,
separation of ash from coal.

SNG—synthesis gas, or synthetic natural gas.

Stretford Process—process for converting H,S to
elemental sulfur.

Westland Coal—Coal from Westland Mine in Penn-
sylvania.

Fine particles of fuel—typically 70% of the particles
smaller than 4 mesh (Tyler Standard).

Washing—a process wherein the water soluble impu-
rities in hydrothermally treated coal are dissolved
in water so that they can be removed later by filtra-
tion.

DESCRIPTION OF PREFERRED
EMBODIMENTS

According to the present invention, fine particles of
solid carbonaceous fuel, such as coal of coke, are mixed
with a liquid aqueous solution comprising essentially
sodium, potassium, or lighium hydroxide together with
calcium, magnesium, or barium hydroxide or carbonate,
or a plurality thereof, and the mixture is reacted by
heating in a closed reactor, for example, an autoclave,
under conditions of elevated temperature and pressure.
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It should be noted that typically the elevated pressure is
merely that pressure, greater than atmospheric pressure
(typically greater than 25 psig), which is developed in
the closed reactor by the generated steam, or any other
evolved or optionally added gases. The reacted mixture
is then cooled to about 100° C or lower, and the reacted
fuel particles may optionally be washed, dried, sepa-
rated from the reacted solution by filtration, or any
combination of these. See FIGS. 1, 2, and 5 for example.
The above sequence of process steps may properly be
termed hydrothermal treatment.

During the hydrothermal treatment a significant
amount of gasification catalyst (normally 1 to 3 wt.
percent of calcium or magnesium) chemically binds to
the functional groups of the fuel particles, while a con-
trolled quantity of catalyst is physically incorporated in
the fuel particles. Since the hydrothermal treatment
opens up the structure of the fuel particles, both the
chemically incorporated and the physically incorpo-
rated portion of the catalyst effectively penetrate the
entire volume of the fuel particles. As a result of the
incorporation of a gasification catalyst into the fuel
particles and the opening of the fuel particles’ structure
the gasification reactivity of hydrothermally treated
coal is greatly increased.

If the hydrothermally treated fuel particles are to be
gasified they will generally first be fed to a hy-
drogasifier, which, since the coal is non-swelling and
non-caking, can be a simple fluid bed. Carbonaceous
char from the hydrogasifier, which still will contain
most of the akali, is then gasified with steam and oxygen
to produce synthesis gas which then is converted to
hydrogen using available gas purification technology.

During hydrothermal treatment according to the
present invention, another reaction taking place during
the heating of the mixture, in addition to the impregna-
tion of the coal with a catalyst, is the solubilization of
the sulfur and ash constituents of the fuel particles. That
is, the aqueous alkaline solution acts as a leachant. By
filtering off the spent leachant solution after cooling,
low-sulfur, low-ash fuel particles will remain which,
after washing, if desired, and drying, can be either gas-
ified or burned directly. Additionally, the reacted liquid
phase i.e., the spent leachant, may be reused as is at least
once and/or it may be regenerated by removing the
leached out impurities.

The present method may be carried out either in-a
batchwise fashion or in a substantially continuous oper-
ation. Where the extraction is to be substantially contin-
uous, the method typically comprises the steps of con-
tinuously introducing the solid fuel at a preselected rate
into the liquid aqueous solution to form a slurry, mov-
ing the slurry through a region maintained at an ele-
vated pressure and temperature to impregnate the cata-
lyst and leach out the sulfur compounds and ash, mov-
ing the slurry outside the reaction region and, if desired,
separating the easily removable leached out materials
from the solid particles, moving said particles away
from the separated leached out material, and, if desired,
washing said particles.

FIG. §is a flow diagram illustrating typical apparatus
and steps employed to produce, on a continous basis,
low-sulfur and low-ash coal and coal having an in-
creased gasification reactivity, while simultaneously
regenerating the spent leachant. According to this dia-
gram, raw coal 10, either washed or untreated, is passed
into a grinder 11 which may be any suitable known
device for reducing solid matter to a finely divided
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state. The finely divided coal particles 12 and the lea-
chant solution 13, as described above, are passed into a
mixer 14 where they are mixed. (If low-ash, as well as
low-sulfur product coal is desired, before passing into
the mixer 14 the finely divided coal particles 12 may
optionally be passed through a physical beneficiator 15
where their ash and pyritic sulfur contents are reduced,
with the resulting gangue being removed via a stream
15')

From the mixer 14 the coal-leachant slurry 16 is
passed through the heating zone of a heat exchanger 17
to increase its temperature. The heated slurry 16' is then
passed into a high-pressure, high-temperature reactor
18 where the leaching reaction takes place. A stream 19
containing a solid phase consisting essentially of low-
sulfur coal particles, and a liquid phase consisting essen-
tially of an aqueous solution of dissolved organic mat-
ter, sodium-sulfur species, and unused leachant is passed
through the cooling zone of the heat exchanger 17 to
lower its temperature. (If a low-sodium and low-ash, as
well as low-sulfur product coal 20 is desired, then be-
fore passing into the heat exchanger 17 the stream 19
may optionally be passed through a pressure filter 21,
with the remaining liquid phase then passing through
the heat exchanger 17, a depressurizer 22, and then into
a filter 23 where the precipitated metal values 24 are
removed and the spent leachant 25 is added to a stream
29.)

From the heat exchanger 17 the cooled stream 19’ is
passed into the depressurizer 22 and then is passed as a
stream 19" into a filter 26 where the solid and liquid
phases are separated. The solid phase i.e., the coal parti-
cles, retained in the filter 26 is washed with a process
water stream 27 and then discharged from the filter 26
as a stream 28. (Where so desired, the coal stream 28
may optionally be passed back into the mixer 14 where
a different leachant solution 13 may be added, and sub-
sequent steps repeated.) The liquid is discharged from
the filter 26 as a stream 29 comprising mostly spent
leachant, and a stream 27' comprising mostly wash
water. )

The streams 29 and 27’ are passed into a sparging
tower 30, and a gas stream 31 containing carbon dioxide
and hydrogen sulfide, discussed below, is passed coun-
ter-currently through the sparging tower 30 so as to
partially carbonate the spent leachant therein to form
sodium carbonate. Hydrogen sulfide gas is removed via
a gas stream 32 and may be converted to elemental
sulfur by an of a number of well known conversion
processes. The partially carbonated spent leachant solu-
tion 33 is then passed through a filter 34, with the solid
organic matter 35 being separated out. (As indicated at
34', calcium ions may be added to the filter 34 to in-
crease the rate of filtration). The spent leachant solution
36 is passed from the filter 34 into a packed tower 37
where a gas stream 38 containing carbon dioxide is
passed through counter-currently so that any remaining
spent leachant is carbonated. (The gas stream 38 may
also be passed to the sparging tower 30 in addition to or
instead of the stream 31.) Hydrogen sulfide and carbon
dioxide are passed from the packed tower 37 via the gas
stream 31, and at least part of the hydrogen sulfide may
be removed from the stream 31 via a gas stream 39 and
converted to elemental sulfur by any known process.

The carbonated leachant, solution 40, comprising
mostly sodium carbonate, is then passed from the
packed tower 37 to a slaker unit 41 where calcium oxide
42 is mixed with it. After the large solids have been
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removed via a stream 43, the carbonated leachant solu-
tion 44 is passed into a causticizer 45 where leachant
regeneration, i.e., conversion of sodium carbonate to
sodium hydroxide, takes place. The slurry 46 of sodium
hydroxide solution and calcium carbonate is passed to a
filter 47 where the solid calcium carbonate 48 is sepa-
rated from the regenerated sodium hydroxide (leachant)
solution 49. The leachant 49 is passed from the filter 47
to an evaporator 50 where it is concentrated, and the
concentrated regenerated leachant stream 51 is passed
from the evaporator 50 to a storage tank 52. New lea-
chant is also added to the storage tank 52 via a stream 53
and the combined new and regenerated leachant is con-
veyed as the stream 13 to the mixer 14.

The calcium carbonate 48 from the filter 47 is passed
to a kiln 53 where, as a result of heating, it is converted
to calcium oxide 54 and carbon dioxide 55, with the
former being mixed with the calcium oxide stream 42
and the latter being mixed with the carbon dioxide
stream 38. (Some of the spent leachant stream 29 and
the water stream 27’ may be taken directly via a stream
56 to the evaporator 50, and some of the leachant stream
29 by itself may be taken directly via a stream 29’ to the
tank 52 without the need for regeneration.)

Coal particles 28 may be taken directly from the filter
26 to a utilization point 57 or may be reslurried with the
process water streams 27 and 58 in a mixer 59. (Some or
all of the product coal 20 may, instead of being taken
directly to a utilization point 61, be added to the mixer
59 via a stream 60.) The coal-water slurry may then be
taken directly to the utilization point 61 or it may be
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passed, as indicated at 62, into a filter 63. (If a low-ash,
as well as a low-sulfur, product coal is desired, then
before passing into the filter 63 the slurry 62 may op-
tionally be passed through a physical de-asher 64, the
resulting gangue being removed via a stream 64'.) The
liquid phase of the slurry (i.e., the water) is discharged
from the filter via the stream 27 which is supplied to the
filter 26 and the mixer 59 as described above. The solid
phase of the slurry (i.e., the coal) retained in the filter 63
is washed with a water stream 65 and the wash water is
discharged as the stream 58. The separated coal parti-
cles 66 may then be passed to a dryer 67 if a low mois-
ture product coal 68 is desired. (If a low-ash and low-
sodium, as well as low-sulfur, product coal is desired,
then before or as an alternative (69) to passing into the
dryer 67, the coal particles 66 may optionally be passed
through a chemical de-asher 70.)

Tables A and B present data establishing the remark-
able effect our hydrothermal process has on both the
gasification reactivity and the sulfur content of raw
coal. Table A gives the conditions under which the
various coal samples were hydrothermally treated, e.g.,
NaOH to coal ratio, temperature, etc., and gives the
product analysis for each of the samples, e.g., sulfur
content, etc. Table B presents the data obtained when
these various coal samples were gasified. The rate of
coal gasification was determined by monitoring the
weight of the coal as a function of time. The weight vs
time data was converted into fractional conversion vs
time data for the purpose of comparison of reactivities
of various samples to various gases.

65
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The fractional conversion of coal on an ash-free basis
is defined as

X — 1 — Weight of coal at any time t - weight of the ash

weight of coal initially - weight of the ash

and, the rate of gasification at time ¢ can be defined as
rate = dx/dt. :

The data in Table B compare the times required for
gasification of various samples in order to achieve speci-
fied values of fractional conversion. For all the samples,
the rate of gasification is high in the initial stages of
gasification (up to approx. 0.4) followed by a relatively
low rate that ultimately diminishes to zero as the carbon
content in the charge is gasified. The data in Table B
illustrate the following:

(1) The hydrothermally treated coals are more reac-
tive, to hydrogen, CO,, and steam, then raw coal. The
rate of gasification at 500 psig and at a given X depends
on (a) the procedure of hydrothermal treatment, (b) the
type of catalyst, (c) the concentration of catalyst, (d) the
gasification agent (H,, CO, or steam), and (e) the tem-
perature of gasification. ,

(2) By proper hydrothermal treatment.of coal, the
time required for 80 percent conversion of coal at 825°
C can be lowered by a factor of 35 for hydrogen (com-
pare experiment No. 31509-29 with No. 31509-27) and
by a factor of 6 for steam (compare No. 31509-43 with
No. 31509-42). _

(3) The data for experiment No. 31509-47 (A and B)
show that gasification by hydrogen to about 50 percent
conversion speeds up the subsequent steam gasification
rate (compare No. 31509-47-B with No. 31509-42).

(4) By proper hydrothermal treatment of coal, good
steam gasification rates can be achieved at temperatures
less than about 825° C (compare No. 31509-46 with No.
31509-43).

(5) A sample that was hydrothermally treated with
NaOH + Ca(OH), and was washed to remove sodium
compounds showed a very high reactivity toward hy-
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drogen (experiment No. 31509-29). However, the sam-
ple treated with Ca(OH), alone (experiment No.
31509-41) was nearly as unreactive as raw coal (experi-
ment No. 31509-27). It appears that NaOH opens up the
structure of coal, allowing the catalyst to penetrate the
coal, but Ca(OH), does not.

(6) The tendency for swelling of coal during gasifica-
tion is lowered by hydrothermal treatment. This reduc-
tion in the tendency for swelling (caking) depends on
the procedure for hydrothermal treatment, type of cata-
lyst, and the amount of catalyst. In general, the in-
creased reactivity of coal (compared to raw, untreated
coal) is accompanied by decreased tendency for swell-
ing. By proper hydrothermal treatment, a highly caked
coal can be rendered totally non-caking.

The sulfur content of hydrothermally treated coal
depends on the conditions of hydrothermal treatment
and any further treatment, such as washing, filtration,
etc. Moreover, a substantial amount of the sulfur pres-
ent in HTT coal may not be released to the atmosphere
during the combustion or the gasification of coal be-
cause of the presence of calcium and other alkali metal
compounds, introduced into the coal during hydrother-
mal treatment, which react with the sulfur during coal
combustion or gasification.

Tdble C represents experimental data confirming the
unexpectedly high increase in the gasification reactivity
of raw coal treated according to the present invention.
The hydrothermal process variables studied were: (1)
NaOH to coal ratio, (2) CaO to coal ratio, (3) water to
coal ratio, (4) temperature at which the hydrothermal
treatment reaction is carried out, and (5) type of coal
treated. It should be noted here that there are only two
independent variables among the NaOH to coal ratio,
the water to coal ratio, and the NaOH concentration,
with the NaOH concentration being determinable once
the NaOH to coal ratio and the water to coal ratio are
known.
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The data in Table C support the following observa-
tions:

(1) when the amount of CaO used in the hydrother-
mal treatment of coal is varied, the gasification reactiv-
ity of the coal is drastically increased within the range
of CaO to coal ratio of from 0.08 to 0.20, and there is at
least some increase in reactivity within the broader
range of from 0.02 to 0.30;

(2) when the amount of NaOH used in the hydrother-

mal treatment of coal is varied, the gasification reactiv-

ity of the coal is drastically increased within the range
of NaOH to coal ratio of from.0.1 to 0.35, and there is
at least some increase in reactivity within the broader
range of from 0.04 to 0.70; _

(3) for the water to coal ratio the preferred range is
from about 2 to 5 and the broad range is from about 1 to
10;

(4) when the temperature at which the hydrothermal
treatment takes place is varied, the gasification reactiv-
ity of the coal is drastically increased within the range
of from 175° to 300° C, and there is at least some in-
crease within the broader range of from 150° C to 350°
C; and

(5) while the greatest increase in reactivity was ob-
served in coal from Pittsburgh Seam 8 or similar (me-
dium or high sulfur and highly caking), medium-volatile
bituminous coal, there was at least some increase ob-
served in all of the coals tested.

Concerning observations 1 and 2 above, economic
considerations probably limit the upper limit of the
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preferred range of CaO to coal ratio to 0.15, and proba-
bly limit the upper limit of the preferred range of NaOH
to coal ratio to 0.35. Concerning observation 3 above,
while our laboratory equipment did not permit us to
exceed 350° C, it is believed that at least some increase
in reactivity will be achieved up to the critical point of
water, 375° C.

Additionally, the observed increase in gasification
reactivity indicates that hydrothermal treatment ac-
cording to the present invention should produce a coal
having improved liquefaction feedstock properties.

FIGS. 3 and 4 provide a comparison, based on our
experimental data, of the hydrogasification and steam
gasification reactivity respectively of coal hydrother-
mally treated according to the present invention versus
raw coal and versus coal treated by soaking in an aque-
ous CaO solution at room temperature for 30 minutes
and then drying the slurry. Of the two conventional
methods for impregnation of coal with a catalyst dis-
cussed above, soaking is thought to be the more effec-
tive method. FIGS. 3 and 4 show the remarkable in-
crease in the reactivity of hydrothermally treated coal
compared to the conventional treatment of coal with
the same amount of the calcium catalyst.

Table D provides data comparing the relative reac-
tivities of coal treated with different catalyst systems.
The most reactive coal was produced when an aqueous
solution of NaOH and CaO was used in hydrothermal
treatment.
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It is clearly demonstrated by the data that treatment
with CaO alone or with NaOH alone, as long as the
sodium content of HTT coal is around 2 percent, is not
effective in making the coal very reactive. However,
treatment with NaOH and CaO makes the coal more
than one order of magnitude more reactive than the
treatment with NaOH or CaO alone. It should be noted
that once.a coal has been treated with a leachant con-
taining sufficient quantities of NaOH and CaO, it is not
necessary to retain the sodium in coal for maintaining
the high reactivity of coal. The data suggest that the
role of NaOH is to open up (and alter) the structure of

5

10

coal and thus allow the CaO to penetrate the coal and to -

react with it. Furthermore, the data suggest that once
the structure of coal has been opened up, calcium (as
Ca0, Ca(OH),, or as part of coal) is a better catalyst
than sodium (as NaOH or as part.of coal).

The data in Table D show that NaOH + CaO +
CaCO0;, and KOH + MgO are also suitable catalysts.
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24 ,
Thus it would appear that mixed leachants of NaOH +
CaCQj;and KOH + MgO may be nearly as effective as
NaOH -+ CaO in making the coal very reactive.
Product analysis experiments conducted on coal hy-
drothermally treated with an aqueous solution of NaOH
and CaO according to the present method showed a
remarkable decrease in the sulfur, ash, and sodium con-
tent of the coal so treated, see Table E. The data in
Table E show that considerable sulfur removal is at-
tained within the following ranges of process parame-
ters: (1) temperature: 150° to 350° C (again it is believed
that beneficial results are attainable up to the critical
point of water, although our equipment would not ex-
ceed 350° C); (2) NaOH to coal ratio: 0.04 to 0.70; (3)
NaOH concentration: 1.5 to 15 weight percent; (4) CaO
to coal ratio: 0.03 to 0.30. The data in Table E also show
that sulfur removal is attained with various different
coals.
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Hydrothermal treatment with solutions of mixed
oxides or hydroxides of elements in Groups IA and ITA
of the periodic table generally result in greater sulfur
removal than hydrothermal treatment with NaOH
alone, as shown in Table F. The data in Table F show
the effectiveness of various mixed solutions consisting
of the oxides or hydroxides of Na, K, Li, Ca, Mg, and
Ba. In each experiment the time of hydrothermal treat-
ment was sufficient to allow equilibrium (maximum
sulfur removal) to be attained. The reaction is estimated
to be 90 percent complete in 10 minutes and 95 percent
complete in 30 minutes. From this data it can be seen
that all the mixed solution systems studied are quite
efficient in removing sulfur from coal. The following
conclusions can be drawn from the data:
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(1) A mixed solution of hydroxides from Group IA
alone, such as NaOH + KOH, is not better than NaOH
alone (data for Experiment No. 31689-30) for removing
the sulfur from coal. Based on earlier experiments with
CaO0 alone, which removed only about 25 percent sul-
fur, it appears that a mixed solution of hydroxides or
oxides from Group IIA alone will be much less efficient
than NaOH alone.

(2) When either CaO, MgO, or Ba(OH),, is used with
NaOH, KOH, or LiOH, the percent sulfur removal is
increased.

(3) Use of CaO or MgO with NaOH results in a so-
dium content that is substantially lower than the sodium
content of the NaOH-treated product.

(4) MgO is a more effective additive than CaO in
extracting sulfur from coal.
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The use of mixed solutions consisting of NaOH,
KOH, or LiOH and CaO, MgO or CaO + MgO results

32
pressures exceeding 500 psig are required to obtain
reasonable hydrogasification rates with raw coal.

TABLE G

EFFECT OF TEMPERATURE AND PRESSURE OF HYDROGASIFICATION
ON THE REACTIVITY AND CAKING TENDENCY OF HTT COAL

Experiment Temperature of  Pressure of

Relative Reactivity, R.(?

Final Char Observation
Tendency for

Extent of Char

No.(@ Gasification, Gasification, Swelling and
31509- C psig for X=0.6 for X=0.7 Caking of Coal‘® (ash) Fusion®
90 850 500 14.15 23.59 None None
92 850 250 8.09 14.15 None None
94 850 150 6.02 10.34 None None
96 750 500 1.62 0.89 None None
97 650 500 0.88 — None None

©The HTT coal was produced by hydrothermal treatment of Montour mine (Sample No. If) coal at 250 C for 90 minutes according to Flowsheet I
using an NaOH to coal ratio of 0.179, a CaO to coal ratio of 0.130, and a water to coal ratio of 2.8.

©The reactivity of raw coal at 850 C and 500 psig is taken to be equal to one.
©The order is: None, Small, Medium, Large, Very large. The raw coal is characterized by “Very large”.
DThe order is: None, Small, Medium, Large. The raw coal is characterized by “Large”.

in the following advantages over an aqueous solution of
NaOH, KOH, or LiOH alone:

(1) The maximum (equilibrium) percent sulfur re-
moval generally is increased.

(2) The sodium content of HTT coal is lower. It was
also found that if KOH or LiOH are used instead of
NaOH then the use of mixed solutions will result in the
lowering of the potassium or the lithium content of
HTT coal. The lowering of the sodium content will
result in the reduction of the cost of hydrothermal treat-
ment and in the reduction of corrosion problems in a
boiler using HTT coal.

(3) The presence of calcium (or magnesium or bar-
ium) in coal can be very beneficial since it will combine
with some of the sulfur in coal during the combustion,
pyrolysis, or the gasification of coal. Since a substantial
amount of the calcium is chemically bound to the HTT
coal and since all the calcium is finely distributed in the
HTT coal, the efficiency of sulfur absorption to form
CaS (MgS) under reducing conditions and to form Ca-
SO, (MgSO,) under oxidizing conditions is expected to
be quite high. Retention of sulfur by the calcium in-
creases the number of high sulfur coals which will meet
Federal Sulfur Emission Standards and thus, the appli-
cability of coals as environmentally acceptable solid
fuels. It was found that 88 percent of sulfur in coal was
retained by the char (ash) of the HTT coal treated with
NaOH + CaO after hydrogasification of 85 percent of
coal, while only 3 percent sulfur was retained by the
char from raw coal.

The increased reactivity of the hydrothermally
treated coals is illustrated further in Table G where it is
seen that the reactivity of HTT coal at 150 psig is con-
siderably higher than the reactivity of raw coal at 500
psig for hydrogasification. Thus, reasonable hydrogasi-
fication rates can be obtained with HTT coal at pres-
sures even lower than 150 psig. On the other hand,
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The high reactivity of HTT coal also results in rea-
sonable hydrogasification rates at reduced tempera-
tures. The data in Table G show that the temperature
for hydrogasification of HTT coal at about 650° to 750°
C is comparable to hydrogasification temperature of
850° C for raw coal. It is the low pressure operation
aspect, and not the low temperature operation aspect,
for hydrogasification of HTT coal that is of particular
importance. Furthermore, the analysis of the gaseous
products showed that on lowering the pressure for
hydrogasification, the percent of carbon converted to
methane, which is the predominant product of reaction,
did not change significantly. Thus, an important aspect
of the increased hydrogasification reactivity is that high
concentrations of methane will be achievable in the raw
product gas, thereby reducing the amount of methane
that must be produced by methanation.

The data in Table H show that the high reactivity of
hydrothermally treated coal permits steam gasification
to take place, at reasonable rates, at reduced tempera-
tures. Providing heat for the endothermic steam-carbon
reaction is one of the factors that contributes substan-
tially to the cost of SNG from coal. The reason for the
costliness of this step is primarily that oxygen is used to
combust part of the carbon to provide the heat. Thus,
anything that can lower the temperature required for
gasifying coal with steam will reduce oxygen require-
ments and thereby SNG costs. Our catalyst incorpora-
tion procedure allows a substantial reduction in the
steam gasification temperature over that required for
either raw coal steam gasification or coal that contains
alkali catalysts that are impregnated into the coal by
conventional means. The effect of temperature on the
steam gasification rate shown in Table H indicates that
with the present process, steam gasification rates at
about 675° C are equivalent to those at 825° C with raw
coal. '

TABLE H

EFFECT OF TEMPERATURE OF STEAM GASIFICATION ON THE
REACTIVITY AND CAKING TENDENCY OF HTT COAL

Temp.
. of Relative Reactivity, R:(® Final Char Observation
Expenmeg; Gasification, Tendency for Swelling Extent of Char
No. for x=0.6 for x=0.7 and Caking of Coal (ash) Fusion
31509-42 825 5.57 5.00 None None
-49 725 2.95 2.94 None None
-78 625 0.38 0.31 None Small
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TABLE H-continued

34

EFFECT OF TEMPERATURE OF STEAM GASIFICATION ON THE
REACTIVITY AND CAKING TENDENCY OF HIT COAL

TCH;P' ® Final Char Observation
. of i ivi
Experiment- Gggification, Relative Reactivity, Re Tendency for Swelling Extent of Char
No.(@ C for x=0.6 for x=0.7 and Caking of Coal (ash) Fusion
-81 525 — — None None

(9Al) the gasification experiments were performed at 500 psig on a sample that was hydrothermally treated at 250 C for 90 minutes using
an NaOH to coal ratio of 0.179, a CaO to coal ratio of 7.5, and a water to coal ratio of 2.8.

OThe reactivity of raw coal at 825 C is taken to be equal to one.

OThe rate of gasification was very slow. The relative reactivity for a fractional conversion of 0.4 was 0.039.

—Not determined.

The higher methane yield, to be expected at the
lower temperature of gasification, will be an important
factor in reducing oxygen consumption during gasifica-
tion. The higher ratio of methane to carbon oxides
achievable at the lower temperature will substantially
reduce the endothermicity of the carbon-steam reac-
tion.

The analysis of hydrogasification char for sulfur re-
vealed that, in the case of the HTT coal which con-
tained 7.5 percent calcium, about 88 percent of sulfur
present in raw coal was retained by char after 85 per-
cent hydrogasification of coal. On the other hand, only
3 percent sulfur was retained by the char after 84 per-
cent hydrogasification of raw coal. It is believed that
the calcium in HTT coal combines with sulfur to form
CaS under reducing conditions. The reaction of sulfur
with calcium in the case of HTT coal should result in
two advantages. First, since the sulfur combines with
the added calcium to form CaS combustion of the char
in a fluid bed, for example, will allow retention of the
sulfur in the ash as CaSO, which can be disposed of
without causing environmental problems. Thus, control
of sulfur emissions from SNG plants using high-sulfur
coals will not be a problem and can be achieved without
stack gas scrubbing.

Second, a reduction of H,S in the raw product gas
will reduce the amount of H,S that must be removed by
scrubbing which should reduce product gas purification
costs.

Our data on hydrogasification show that hydrother-
mal treatment of coal results in the conversion of raw
coals, which have a high tendency for swelling, caking,
and fusion, to a coal that has a considerably lesser ten-
dency for swelling, caking, and fusion. In comparing
the swelling and caking of hydrothermally treated coal
with both raw coal and coal treated by impregnating it
with CaO as is conventionally done, we have that HTT
coal, containing 0.1 percent sodium and 7.5 percent
calcium (some of which was present as an oxide and the
rest was chemically bound to the coal) did not swell,
cake, or fuse together during hydrogasification, while
the raw coal and the conventionally-impregnated coal,
containing 14.5 wt. percent calcium (20.3 percent CaQ),
swelled, caked, and severely fused together on steam
gasification. The swelling and agglomeration of the
conventionally heated coal would have been even more
extreme under hydrogasification conditions.

The use of our hydrothermal process to make the
coal noncaking is much more attractive than the exist-
ing state of the art which involves the preoxidation of
coal or the use of rather complicated gasifiers because
preoxidation of coal results in the loss of volatile matter,
a reduction in the reactivity of coal, and subsequently a
lowering of the efficiency of the SNG process. On the
other hand our process involves no loss of volatile mat-
ter and substantially simpler reactor systems. In addi-
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tion, preliminary economic analysis indicates that the
cost of our process necessary to make the coal noncak-
ing and more reactive may be less than the cost of coal
that is burnt during preoxidation.

All of the experiments described above were con-
ducted on bituminous caking coals from the eastern part
of the United States, containing about 30 percent vola-
tile matter. Most of our experiments were performed on
coal from the Montour mine (Pittsburgh Seam No. 8). A
few experiments were performed on coals from the
Martinka mine (Lower Kittaning Seam) and the West-
land mine (Pittsburgh Seam No. 8).

The gasification experiments were conducted in a
thermobalance reactor. A known amount of coal sam-
ple (less than 6 g) can be lowered into the preheated
reactor zone in less than one minute using a winch as-
sembly. Thus, the reaction times are precisely known
and the reactor system can be used to carry out several
expenments a day. The reactor can be operated up to
1500 psi and 1200° C.

A large number of the gasification experiments were
conducted with hydrogen and steam to determine the
effect of catalyst incorporation, using the hydrothermal
process, on the reactivity of coal, caking properties of
coal, gas analysis and the physical and chemical charac-
teristics of the char. The catalyst-impregnated coal was
formed into 3/16-inch diameter X 1/16-inch long cylin-
drical pellets, without using a binder, since the sample
container was made of 100-mesh stainless steel screen.

We claim:

1. A method of treating fine particles of solid carbo-
naceous fuel of the coal of coke type comprising

(i) mixing the fuel particles with a liquid aqueous
solution comprising essentially (2) sodium or potas-
sium hydroxide together with (b) calcium or mag-
nesium hydroxide or carbonate, or a plurality
thereof, with a ratio of (a) to the fuel of about 0.10
to 0.70 by weight, a ratio of (b) to the fuel of about
0.10 to 0.30 by weight, and a ratio of water to the
fuel of about 1 to 10 by weight;

(ii) heating the resulting mixture, at an elevated pres-
sure, and a temperature of about 175° to 300° C in
such a manner as to leach soluble components from
the fuel particles and to incorporate within the
volume thereof a significant amount of calcium or
magnesium to provide a gasification catalyst;

(iii) separating the fuel particles, as a solid phase, from
the easily removable liquid phase of the solution;
and

(iv) washing the separated fuel particles; in such man-
ner as to produce a clean, reactive, solid fuel con-
taining a gasification catalyst and adapted for use as
a gasification feedstock.

2. A method as in claim 1, wherein the washed fuel

particles are subsequently dried.
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3. A method as in claim 2, wherein the dried fuel
particles are subsequently gasified.

4. A method as in claim 3, wherein the dried fuel
particles are gasified with hydrogen.

5. A method as in claim 4, wherein the dried fuel
particles are partially gasified with the hydrogen and
then gasified with steam.

6. A method as in claim 1, wherein the washed fuel
particles are subsequently gasified with steam.

7. A method as in claim 1, wherein the filtered solu-
tion is regenerated so that it can be again mixed with
unreacted fuel particles.

8. A method as in claim 1, wherein the treating is
substantially continuous, comprising the steps of

(a) continuously introducing the fuel particles at a
preselected rate into the liquid agqueous solution to
form a slurry,

(b) moving the slurry through a region maintained at
the elevated pressure and temperature,

(c) moving the slurry outside the region of step (b)
and separating the easily removable liquid phase
from the solid fuel particles,

(d) moving the fuel particles away from the separated
liquid phase, and washing the particles.

9. A method as in claim 8, wherein the separated
liquid phase is regenerated by removing any impurities
therefrom and is recycled as the liquid aqueous solution
in the continuous process.

10. A method as in claim 1, wherein the ratio of water
to fuel is about 2 to 5 by weight.

11. A method as in claim 1, wherein the solution
comprises essentially sodium hydroxide and calcium
hydroxide or carbonate.

12. A method as in claim 11, wherein the solution
comprises also magnesium hydroxide or carbonate.

13. A method as in claim 1, wherein the ratio of (a) to
the fuel is about 0.10 to 0.35 by weight, the ratio of (b)
to the fuel is about 0.10 to 0.20 by weight, and the ratio
of water to fuel is about 2 to 5 by weight.

14. A method of treating fine particles of solid carbo-
naceous fuel of the coal or coke type comprising
(i) mixing the fuel particles with a liquid aqueous solu-
tion comprising essentially (a) sodium, potassium, or
lithium hydroxide together with (b) calcium, magne-
sium, or barium hydroxide or carbonate, or a plurality
thereof, with a ratio of (a) to the fuel of about 0.04 to
0.07 by weight, a ratio of (b) to the fuel of about 0.02 to
0.30 by weight, and a ratio of water to the fuel of about
1 to 10 by weight;

(ii) heating the resulting mixture, at an elevated pres-
sure, to a temperature of about 150° to 375° C in
such a manner as to leach sulfur and ash from the
fuel particles into the solution and to incorporate
within the volume of the particles a significant
amount of calcium, magnesium, or barium, or a
plurality thereof;

(iii) separating the fuel particles, as a solid phase, from
the easily removable liquid phase of the solution;
and

(iv) washing the separated fuel particles; in such man-
ner as to produce a clean, solid fuel having a low-
ered sulfur and sodium, potassium, or lithium con-
tent while containing calcium, magnesium, or bar-
ium, or a plurality thereof, to combine with sulfur
remaining in the fuel particles during combustion,
pyrolysis, or gasification thereof, whereby the
combined sulfur can be retained in the char or the
ash of the fuel.

10

15

20

25

30

35

40

45

50

55

65

36 -

15. A method as in claim 14, wherein the mixture is
filtered to separate the fuel particles from the solution.

16. A method as in claim 15, wherein the filtered
solution is regenerated so that it can be again mixed
with unreacted fuel particles.

17. A method as in claim 14, wherein the washed fuel
particles are subsequently dried.

18. A method as in claim 14, wherein the treating is
substantially continuous, comprising the steps of

(a) continuously introducing the fuel particles at a
preselected rate into the liquid aqueous solution to
form a slurry,

(b) moving the slurry through a region maintained at
the elevated pressure and temperature,

(c) moving the slurry outside the region of step (b)
and separating the easily removable liquid phase
from the solid fuel particles,

(d) moving the fuel particles away from the separated
liquid phase, and washing the particles.

19. A method as in claim 18, wherein the separated
liquid phase is regenerated by removing any impurities
therefrom and is recycled as the liquid aqueous solution
in the continuous process.

20. A method as in claim 14, wherein the ratio of
water to fuel is about 2 to 5 by weight.

21. A method as in claim 14, wherein the solution
comprises essentially sodium hydroxide and calcium
hydroxide or carbonate.

22. A method as in claim 21, wherein the solution
comprises also magnesium hydroxide or carbonate.

23. A method of treating fine particles of solid carbo-
naceous fuel of the coal or coke type comprising,

(i) mixing the fuel particles with a liquid aqueous
solution comprising essentially (a) sodium, potas-
sium, or lithium hydroxide together with (b) cal-
cium, magnesium, or barium hydroxide or carbon-
ate, or a plurality thereof, with a ratio of (a) to the
fuel of about 0.04 to 0.07 by weight, a ratio of (b) to
the fuel of about 0.02 to 0.30 by weight, and a ratio
of water to the fuel of about 1 to 10 by weight; and

(ii) heating the resulting mixture, at an elevated pres-
sure, to a temperature of about 150° to 375° C in
such a manner as to improve the usefulness of the
fuel particles.

24. A method as in claim 23, wherein the mixture is

subsequently cooled to below about 100° C.

25. A method as in claim 24, wherein the cooled
mixture is filtered to separate the fuel particles from the
solution.

26. A method as in claim 25, wherein the filtered fuel
particles are subsequently washed.

27. A method as in claim 26, wherein the washed fuel
particles are subsequently dried.

28. A method as in claim 24, wherein the cooled
mixture is subsequently dried.

29. A method as in claim 26, wherein the filtered
solution is regenerated so that it can be again mixed .
with unreacted fuel particles.

30. A method as in claim 23, wherein the treating is
substantially continuous, comprising the steps of

(a) continuously introducing the fuel particles at a
preselected rate into the liquid aqueous solution to
form a slurry,

(b) moving the slurry through a region maintained at
the elevated pressure and temperature,

(c) moving the slurry outside the region of step (b)
and separating the easily removable liquid phase
from the solid fuel particles,
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(d) moving the fuel particles away from the separated

liquid phase, and washing the particles.

31. A method as in claim 30, wherein the separated
liquid phase is regenerated by removing any impurities
therefrom and is recycled as the liquid aqueous solution
in the continuous process.

32. A method as in claim 23, wherein the ratio of (a)
to the fuel is about 0.10 to 0.70 by weight.

33. A method as in claim 23, wherein the ratio of (b)
to the fuel is about 0.08 to 0.30 by weight.

S

10

38

35. A method as in claim 23, wherein the solution
comprises essentially sodium hydroxide and caicium
hydroxide or carbonate.

36. A method as in claim 35, wherein the solution
comprises also magnesium hydroxide or carbonate.

37. A method as in claim 23, wherein the mixture is
maintained at a temperature of about 175° to 300° C.

38. A method as in claim 37, wherein the ratio of (2)
to the fuel is about 0.10 to 0.70 by weight, the ratio of
(b) to the fuel is about 0.08 to 0.30 by weight, and the
ratio of water to fuel is about 2 to 5 by weight.

39. A method as in claim 37, wherein the ratio of (a)
to the fuel is about 0.10 to 0.35 by weight, the ratio of
(b) to the fuel is about 0.10 to 0.20 by weight, and the

34. A method as in claim 23, wherein the ratio of |5 ratig of water to the fuel is about 2 to 5 by weight.
®»

water to fuel is about 2 to 5 by weight.

20

25

30

35

45

50

55

65

x % K %



