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ABSTRACT OF THE DISCLOSURE

Crushed coal may be desulfurized by slarrying with a
phosphoric or phosphorus acid or mixture thereof, remov-
ing excess liquid, and heating the mixture at an elevated
temperature to drive the sulfur from the coal.

FIELD OF INVENTION .

There are at present no commercial means of removing
sulfur from coal more economically than stack gas scrub-
bing. This is due to the complex nature of coal itself. The
sulfur of high-sulfur coals occurs in two major forms;
namely, very finely divided pyrite particles dispersed
throughout the coal and organic sulfur which is also
somewhat uniformly distributed throughout the coal. Me-
chanical cleaning or washing the coal will at best remove
only part of the dispersed pynte from even finely crushed
coal but none of the organic sulfur. Leaching or chem1cal
attack may remiove most of both forms, but again only
from finely crushed coal, and at high cost. Thermal attack
(pyrolysis) in the absence or presence of various agents
which remove sulfur has not attained commercial opera-
tion because of the great tendency of hot carbon to fix
sulfur as very stable organic sulfur compounds. Separation
of sulfided grabbers from char is also very difficult. Lique-
faction and de-ashing have also mot been demonstrated
commercially although desulfurization of coal-derived
liquids and gases involves well-known proven commercial
petroleum technology.

It is highly desirable, and frequently held essential, that
the sulfur content of char be low whether used in metal-
lurgical processes or as a fuel. Under conventional char-
ring conditions, it is necessary to use a low sulfur coal

in ‘6rder to obtain a product containing relatively low -

sulfur values. Inasmuch as reserves of such low-sulfur
coal are limited, it would be desirable to have technology
for removing a greater portion of the sulfur from coal dur-
ing -the charring process than is now avaxlable to such
manufacturers.

'PRIOR ART

Over the years the desirability of removing the sulfur
content of coals during the coking process has been
known. For. example, an 1899 U.S. patent issued to J. W.
Kenevel (618,104) describes a process whereby coal to
be treated is charged to a suitable retort-and sufficient
heat applied to cause liberation of the volatile elements.
As those elements are liberated jets of steam or hot air
carrying a small percentage of a vaporized acid solvent
for sulfur is discharged into the body of coal. This acid
solvent is stated to be acetic lacid. In 1908 Stoner, in U.S.
Pat. No. 887,145, treated coke made from coal contain-
ing sulfur to an action of chlorinating gas, i.e. hydro-
chloric acid to remove the inorganic sulfur from the coal.
Stoner recognized that the organic sulfur remained for
the most part in the coke and is not removed by the hydro-
chloric acid gas.

U.S. Pat. No. 1,098,359 teaches the adding of such

phosphorus  compounds as lime phosphate, phosphate:

chalk or apatite, to coal prior to coking. The purpose of

this addition was to form a ferro-phosphorus compound

so that any iron in the coke would-be deprived of taking
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up any further sulfur in the coking process. U.S. Pat. No.
2,057,486 teaches the use of hydrochloric acid in de-
sulfurizing - coal. U.S. Pat. No. 2,166,321 discloses a
method where a carbonizable extract of coal is produced.
The extract is then treated with diluted inorganic acids
and finally the extract is coked in the absence of the acids.
Other inventors have attempted to produce low sulfur con-
taining coke by carbonizing in a moving stream of reduc-
ing gases. See for example U.S. Pat. No. 3,117,918,

Thus it is seen over the years that many have attempted
in one form or ianother to remove sulfur from coal, char
and coke. Attempts have been made to accomplish the
sulfur removable prior to the carbonization process, dur-
ing the carbonization process, and after the carbonization
process. In all cases as far as we are aware the product
still contained a significant quantity of sulfur,

SUMMARY AND OBJECTS

It is, therefore, the principal purpose of this invention
to provide a process for the removal of sulfur during the
production of char from coal.

The term “char,” as used herein, in contradistinction
to the usual coke product is characterized as the solid
carbonaceous residue of coal which has been distilled be-
tween about 400 and 800° C. and containing residual vola-
tile matter of at least about 5% by weight. Coke, on the
other hand, normally contains less than about 2% by
weight volatile matter and is the product of destructive
distillation of coal at temperatures above about 1000° C.
Char may find particular use by power companies in the
geéneration of electricity. A low sulfur char will substan-
tially assist in reducing atmospheric pollution normally’
caused by utilization of coal for such purposes.

‘It has long been recognized that sulfur in coal] exists in
several forms. For example, sulfur may be found in coal
in the form: 'of pyrites, gypsum or calcium sulfate and
organic sulfur. Organic sulfur is combined with the car-
bon hydrogen and oxygen of the coal. Organic sulfur is
believed to-be associated directly with the carbonaceous
matter by incorporation of the sulfur atoms into the aro-
matic molecular structure, although the particular way in
which the sulfur is bound in the molecular structure is not
known. It is believed that the removal of organic sulfur
by hydrogen is a reversible reaction. This reaction is -

L (O—8+H S (0 + HS.
Sulfur is transferred from the gas phase-to the carbona- )
ceous. phase at relatively high ratios of hydrogen sulfide to

hydrogen. Thus it is apparent that the removal of organi-:
cally bound sulfur from coal is dlﬂicult in view of this

~ reversible reaction.

Applicants have found that a significant quantity of the:
organic sulfur and substantially all of the inorganic sulfur
can be removed frém coal during the carbonization proc-
ess. Such a process comprises the steps of mixing crushed:
coal with an acid selected from phosphoric acids, phos-
phorous acids and mixtures thereof, removing the excess
acid, if any, from' the mixture and heating the mixture to
a temperature of between about 400 and about 1100° C
for at least about 15 minutes.

Using applicants’ novel process, experiments have
shown that sulfur could be reduced to as low as 1.7%
from a 3.0% sulfur, Western Kentucky No. 11 coal. From
a 4.3% sulfur containing Illinois No. 6 coal, a char of
2.76% . sulfur content can be produced. From a 6.7% sul-
fur containing Missouri coal, a char of 3.3% sulfur con-:
tent can be produced. For comparison purposes, using con-.
ventional coal desulfurization processes, the sulfur content
of chars produced from these respective coals would be
approximately 2.0% sulfur, 3.0% sulfur, and 4.8% sulfur.
While on first glance this increase in sulfur removal does.
not appear to be large, if the number of tons of coal and
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char used is taken into consideration, it is apparent that
even a small decrease in sulfur becomes significant when
considered as a pollution abatement measure.

DESCRIPTION

The applicants, in their experiments, have learned that
orthophosphoric acid, commonly called phosphoric acid
and any of the polyphosphoric acids or phosphorus acids
or mixtures thereof may be used. The polyphosphoric
acids may be represented by the formula My, PrOsp.q
wherein # is greater than 1. Examples of these polyphos-
phoric acids are metaphosphoric acid pyrophosphoric
acids. As used hereinafter the term phosphoric will be
used and it is to be understood that all such phosphoric
acids, phosphiorus acids and mixtures thereof, described
above can be used.

In the preferred embodiment of this invention a 5 or
10% aqueous solution of phosphoric acid is slurried with
crushed coal. The slurry is then filtered to remove ex-
cess acid. After filtration the coal will contain from about
10 to about 30% liquid based on the weight of the coal.
Twenty weight percent liquid on the crushed coal is pre-
ferred. Experiments have shown that as little as 0.25
weight percent phosphoric acid based on the coal weight
can be used in effecting the removal of sulfur from the
coal during the carbonization thereof. Amounts of phos-
phoric acid up to about 25% by weight on the coal or
more may be used, However the preferred range for eco-
nomic consideration is between about 1 and about 5%
based upon the weight of the coal. The coal is crushed
in any convenient manner in crushers or grinding mills.
Preferably the coal will be reduced to a size between
about 100 and 10 mesh U.S. Sieve Series. Larger parti-
cles of coal may be desulfurized using this invention but
the time at temperature is thereby increased.

The coal, after it has been slurried with phosphoric
acid and the excess acid, if any, removed therefrom, is
fed to a suitable vessel for heating. The coal-phosphoric
acid mixture may be heated to a range of between about
400 and 1300° F. with the preferred range being between
700 and 1200° F. Although the time taken to heat the
coal slowly up to the desired temperature appears to have
a minimal effect on the sulfur removal, it is preferred to
heat at a relatively slow heating rate. It appears that a
slow heating rate allows the sulfur compounds to leave
the coal whilé charring is proceeding in a uniform and
effective manner, It is believed that the most rapid sul-
fur removal occurs at around 700° F. At this tempera-
ture the evolution of volatile matter, including some or-
ganic sulfur compounds, begins together with pyrite de-
composition to pyrrhotite. Once the selected temperature
has been reached it should be maintained for a period
of time of at least 15 to 30 minutes or longer.

During the heating of the coal-phosphoric acid mix-
ture, it is preferred to maintain an inert or a mildly ox-
idizing atmosphere in the heating vessel. The inert atmos-
phere may be carbon dioxide or an atmosphere of spent
gas from a coal combustion, Once the selected tempera-
ture has been reached a reducing atmosphere is intro-
duced into the vessel. Preferably the reducing atmosphere
is a continuously changing one in order to remove the
sulfur compounds as they are released from the charring
coal. The reducing atmosphere may be any combination
of hydrogen, carbon monoxide, methane and an inert gas
such as nitrogen. A convenient way in reducing atmos-
phere is to feed steam and carbon monoxide simultane-
ously into and through the heating vessel.

During the heat up, charring and cool down periods,
it is preferred to use a flowing gas in the reactor vessel.
More efficient sulfur removal is obtained since the vola-
tile sulfur compounds such as SOy, HS, etc. is carried off
in the gas stream. Preferably the gas in the reaction ves-
sel will be changed every few seconds such that the gas
space velocity will be between about 0.1 and 1.0.
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After the charring period the char is then allowed to
cool down in an inert atmosphere, as previously described.
Of course it is recognized that a reducing atmosphere
may be used at all times, during the process of this in-
vention, without departing from the scope thereof. How-
ever, for economic considerations, by using an inert or
mildly oxidizing atmosphere during the heat up and cool
down periods significant savings can be realized.

In order to more clearly disclose the nature of the pres-
ent invention, the following examples illustrating the in-
vention are disclosed. It should be understood, however,.
that this is done solely by way of example and is intended
neither to delineate the scope of the invention nor limit
the ambit of the appended claims. In the examples which
follow, and throughout the specification, the quantities
of materials are expressed in terms of parts by weight,
unless otherwise specified.

Example 1

Fifteen grams of Western Kentucky #11 coal was
ground to a minus 100 mesh and slurried with 12 mil-
liliters of an aqueous 5 or 10% phosphoric acid solution
for 15 minutes. The slurry was then filtered to remove
excess acid and approximately half of the sample was
weighed into a silica boat inside a tubular furnace. The
furnace train consisted of compressed gas tanks, a regula-
tor, a flow meter, a tube reactor, tar traps and a cadmium
scrubber. The flowing gas was set to 360 mls./min.
through the 18" x 0.8” inside diameter quartz tube re-
actor. The inert gas was pre-purified nitrogen and the
reducing gas consisted of 5.5% hydrogen, 23.6% car-
bon monoxide, and the balance argon. The furnace was
turned on and brought to 500° C. in about 15 minutes
and held there for an additional 15 minutes. The results
are tabulated below.

Experimental conditions

Runl Run 2 Run3
Reducin Reducin Inert
ias, 7.3% gas, 14.6%  gas, 14.6%

osphonc phospiléodc phospil(lioﬂc ;

Sulfur analysis (weight percent)

Char

Coal Runl Run 2 Run3

Sulfate sulfur._._...... 0.04
Organic sulfur.. . L97 1.77 L70 1.56
Pyritic sulfur.._...... 101 0,11 0.08 0.62
Total sulfur.... 3.02 1.89 176 2.18
Char Yield percent.....oee... 63.7 66.9 67.2

Example II

A twelve gram sample of Illinois No. 6 coal contain-:
ing 4.33% by weight sulfur was crushed and slurried with
15 milliliters of 10% phosphoric acid. Excess acid was
filtered off and the sample washed with water and dried.
The sample was not subjected to the thermal treatment
but was analyzed for sulfur. The final total sulfur con-
tent was found to be 4.16%.

This examp]e shows that only an insignificant quantity
of the sulfur is removed by the phosphoric acid alone.
Thus it follows that the phosphorxc acid pretreatment ma-
terially assists in removing the sulfur dunng the later’
thermal treatment. ‘

Example o

- Illinois No. 6 coal containing 4.33% by wexght sulfur
was crushed and 15 gram samples thereof slurried with 12:
milliliters of 10% phosphoric acid. The excess liquid was:
filtered off and the wet cake dried. The wet cake was then
carbonized in a reducmg gas consisting of about 11% hy- .
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drogen, 22% carbon monoxide, and 67% argon in a tube
furnace at the temperatures shown in the tabulation below.

6
liquid was filtered off and the coal carbonized by heat-
ing to 930° F. in nitrogen. From 930° F. to 1100°.F., the
coal was carbonized in a reducing gas consisting of 67%

Percent argon, 22% carbon monoxide, and 11% hydrogen. The
Max Total tabulation below shows the results. The tabulation below
2 . tex‘x,xxi;, Chi‘é Sh in rSnulfuﬁ also shows the acid weight percentages calculated from the
eagen - Ve char remova original acid concentrations used times the percentage of
10% HSPOterermemcccacnmacacan 930 73 3.23 48 liquid remaining in the wet coal after filtration (about
10% BaPOu-rocenomceornoo oo 1,110 n__ 5  20% liquid by weight of filtration).
Char, Char
: percent S/ Percent ' yleld,
Run Acid and wt. percent on coal as fed to - Coal, Char coal, total 8 . Wt
number furnace o ] percents' percents' percent 8 removed  percent
... 19, HyPO3 plus 0.25% HyPOu. oo eeee-o- 3,52 1.65 0.47 67.7 69
0.75% HyPO3 plus 0.25% HyPOy-___--- T2 170 0.48 66,7 69
0.5% H3POy pius 0.25% HiPOy4.. ... 3,52 1,90 0.54 6.9 -~ 67
- 0.259%, HyPOj plus 0.25% HyPOy.ooeuu 3.52 2.04 0.58 . 6L8. - 668
T 09, HyPO;3 plus 0.25% HaPOuoozene--r 3.52 2,22 © 0,63 57.8 67
L H POy : .42 2.82 0.55 61 - %80
. 2% H3PO: 423 2.28 0,54 67,6 60
- 19, HyPOq pius 1% HyPO2 eeeeemeie 423 2.28 0.54 L4 53
16% HiPOq 4,06 2.08 0.51 65.2 68
T 18% H3POs 3.56 1.86 0,52 644 68
*Estimated char yield. )

Example IV

Further experiments on treatment of coal with phos-
phoric acid were conducted in a packed bed. Two 150
gram lots of 10 x 35 mesh (4.0% sulfur) and 60 x 100

mesh (4.3% sulfur) coal were taken from a larger lot 30

of linois coal. These samples were slurried with 120 mls.
of 10% phosphoric acid and stirred for 15 minutes. The
slurry was filtered and the wet solids dried at 220° F. to
drive off excess water but to leave the acid in the coal.

Fifteen gram portions of these samples were then carbon- 3

ized in the packed bed. The samples in the packed bed
were heated from room temperature to about 700° F.
using a carbon dioxide atmosphere. Since this atmosphere

is slightly oxidizing, it was expected to open up the pore 40

structure of the coal making it more reactive. When the
packed bed reached 750° C. the atmosphere was charged
to a reducing one containing 11% hydrogen, 22% carbon
monoxide and 67% carbon dioxide. This atmosphere was
retained up through the maximum temperature. The re-
ducing gas or inert gas is desirable above the 750° F.
range in order for the coal not to be oxidized or burnt
away. After a sufficient amount of time at the maximum
temperatures, shown on the tabulation below, the atmos-
phere was again changed to carbon dioxide and allowed
to cool, It was expected that during cooling the carbon
dioxide atmosphere would oxidize the remaining pyr-
rhotite sulfur to iron oxides and sulfur dioxide which
would be carried off in the gas stream. The results of these
experimental runs are tabulated below.

45

50

The invention having been described what we claim is:

1. The process of desulfurizing coal while producing
a low sulfur char which comprises the steps of

(a) mixing crushed coal with an acid selected from
the group consisting of orthophosphoric acid, .poly-
phosphoric acids, phosphorous acids and mixtures
thereof,

(b) removing excess acid from the coal whereby at
least 0.25 weight percent acid based on weight of
coal remains mixed with the crushed coal,

(¢) heating the mixture in an inert atmosphere to an
elevatc:,ld temperature of between about 400 and 1300°
F., an

(d) holding the mixture at the elevated temperature
for at least 15 minutes whereby volatile sulfur com-
pounds are removed from the coal while producing
a char. '

2. The process of claim 1 wherein the coal is mixed
with an aqueous solution of an acid selected from the
group consisting of orthophosphoric acid, polyphosphoric
acids, phosphorous acids and mixtures thereof such that
at least 1% by weight of the acid based on weight of coal
remains in coal during the charring thereof.

3. The process of claim 2 wherein the heat up atmos-
phere is a flowing inert or mildly oxidizing atmosphere,
the atmosphere during the time at temperature is a flow-
ing reducing atmosphere and the cool down atmosphere is
a flowing inert or mildly oxidizing atmosphere.

TABLE

Weight Percent Char,
Coal percent Gas space Heat-up Max. percent
mesh HyPO4 velocity, rate of  temp,, B.t.u. S in Total S Sfcoal,
size on coal sec.™ 'min. ° yield char removed percent S
10 x 35 2 0.17 18 950 70 3.21 44,7 79
50 x 100 2 0,50 18 950 71 2,93 48,8 69
60 x 100 2 0,17 36 950 72 2.87 49.2 68
60 x 100 2 0.17 36 950 62 2,81 57.1 66
0x35 2 0.50 36 950 _ouoeiananan 3.44 39.1 85
.. 60 x 100 2 0.17 18 1,110 66 2,74 55.5 64
10 x 35 2 0,50 18 1,110 67 2.43 59,9 60
10 x 35 2 0. 50 18 1,110 69 2,78 53.2 08

10 x 35 2 0.17 36 L110 coeeeenaee 2,53 53.9
60 x 100 2 0,50 36 1,110 74 2,63 52.1 62

Example V 4. The process of claim 3 wherein the gas space velocity

Illinois coal ground to a minus 100 mesh was slurried
with phosphoric acid, hypophosphorous acid, or a mixture

is between about 0.1 and 1.0.
5. The process of claim 4 wherein the mixture is heated
to a temperature between about 900 and 1200° F. for

of phosphoric and hypophosphorous acids. The excess 75 at least 30 minutes.
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. 6; The’ process-of ‘claim+1 wherem the a ¢id "1s a mlx- =7 4 char-and-to rem0ve the volanle "'ulfur compodnds
ture ‘of ‘H;PO4 and H;POj L o' formed, “and: i
: The process: of claim: herem the crushed coal ‘15 (f) cooling.the. char to amblenuempe:aiure An-a-flow-
be een;about 10-and - about 100-mesh UJ:S. Siéve Series. .. _. ing inett ‘or mildly oxxdxzmg atmosphere.
-8:7The method-of desulfurizing: hlgh sulfur contammg 5 & S
“coals corhprising the: steps of i - o .
(a) ‘crushing coal” tola size: "betWeen aboutL 100 nd UNITED STATES PATENTS - - =

.10 ‘mesh UL.S; Sieve: Series; « - L :
; °1,853,920  4/1932 Morrell o
(b) slurrying the crished coal’ w1th an “aqiieots solu- 2762750 ~'9/1966  Shaughter .

tion of an acid selected from the group consisting of 10 1.092.448 4/1914 Melamid

. References Cited

orthophosphoric- .acid,-polyphosphoric--acidsy phos. -~ - "2,’057"48'6 ~10/1936Higgins ———————______ 201——20
phorous acids. and mixtures thereof, 1,899, 808 2/1933 Kern _______________ 201—17
(c) removmg any excess acxd solution fromthe edal- * ~i3i0%5] 784 201—17
re. such’t ? it 1%. by . weight ..
of the,, cid based on the welght of coal ‘remains 1n17 EI¢
: "9/1936 - England .o __ 201—17
12/ 1936 England ____________ 208—223

penod toa charrlng temperature between about 900 -. :

and;1200° F, in a flowing inert:or mildly’ oxidizing . 20 NORMAN YUDKOFF . Primary Examiner
atmosphere to initiate‘the charring of the-coal; JH. H ‘BERNSTEIN Assxstant Examiner
~{e)--introducing -a -flowing- teducing atmosphere- to the -
coal-acid mixture while maintaining the charrmg '
temperature for at least about 15 minutes to produce 201—20; 208—223

“US. CL X.R.




