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A REVIEW OF COAL DESULFURIZATION

INTRODUCTION

Sultue in coal is present in both organic and inorganic forms and ranges [rom
0.5 to 870 by weight ina coal seam (Greer, 18977 Inorganic sullur is primarily
v the lorm ol pyrite (965, but small amounts of sullite also are presenl. Mevers
{1977y had Hsted o Tablo of coals (20 couls) from all the major producing regions
of the world and reported a range ol sullur from ¢.38% (o a high of 5.32% . The
pyritic subtne in these selected coals ranged [rom 0.09% to a high of 3.97%.

Organie sultar is found in coal in different functional groups and Given (1961}
was the first fo publish an extensive list of organic funetional groups associated with
coal. These are shown in the [ollowing Table 1.

Table 1. Oreanic Solfur Species in Coal
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Several vears later Havatsu et af. (1975) confirmed the benzothiophene and
dibenzothiophene stractures in coal by oxidation with dichromate where they iso-
lated several aromatic acids of benzothiophene and dibenzothiophene.



1 the desulfurization of coal. the most difticelt form ol sultor to remon e s the
organic sullir. The organie sullur is partially removed by gringdinge the coal and
washing it thoroughly with solvents,

This review of the desujturization of coal will focus on the attemyts that have
been made to remove both inorganic and oreanic sulfur fornus. MosU ol these methods
have nsed an oxidation procedure. but later attempts have nsed elevaded teper-
alures with alkali in organic solvenis,

DIESULFURIZATION VIA OXIDATION PROCEDURES

Weathering

Chakrabarti ef ¢f. (19823 was the first to report the orazanice desatlorizdion of
coal by weathering or auto-desulfuration. e reported adeerease in ovwanie salfur
from 2,28% (o L874% {18% decrease) aver a d-vear period. This sone coad when
ground {<63 um) continued 1o lose organic sullur content aned witer an sdditional
228 days had dropped to 1.40% . The pyritic sullur decreased 9375 dnring the 3
vears, bul remained constant for the remaining 238 davs,

The PETC Process

The PETC process {Pitlshburgh Frnergy Technolugy Cenierpis one of the oldest
desullurization processes that was elexated to pilot planl scale at the TRW Suu Capis-
trano. CA location (Morrison, 1951a). This “oxvdsendiurivaltion™ process ntilizes aiv
pressure at elevated lemperatures with a wet coal slarrv. A tajority of the pyritic
sulfur is removed along with a small percentage of ovganic sulbie, Prritic salfur
is oxidized to iron oxide and siulfuric acid which is nentralized by lime

4FeS, + 150, + 80> Qe + NH SO,

Unfortunately, due o a cuthack in DOE funds in 19800 510 profect wuy dis-
continued. Over 20 different coul were oxvdesalfnvized at PO As mentinned
previously, almost all of the pyritic sulfur ean be removed by the PETC process,
but it has limited success with organic sulfur removal, Table 2 illastrates the vedne.
tion in organic sullur for the 24 coal samples.

Table 2. Organic Sullur Removal by the PETC Process

N of Coals Belore Abter

- Range of % 5 Ave. & Ave. Dev, 0 S Range of 700 % Ave. & Ave. Thev, 408
10 coals 0.39 — .78 061 L 11 036 - 070 055 £ 0.1
Teoals 0.82 - 1,14 LOT + 13 .76 084 U8 + 0h
Teoals 153 - 233 205 1L 17 1.22 — 2.3 Lis% £ 0.26

Temperatures were varied in the PETC process (rom 1507 C to one reaction
which was run at 250° C. All other reactions were run at 2007 or lower, As expected,
the oxygen uptake by the coal parallels the heating value loss, and the heating value
loss reached a maximum value of 34%. . The heating value loss is shown in Table
3. and the reactions are grouped according to the hateh temperature. The PRTC
process does an excetlent job of removing the pyritic sulfur, but the organic sullur
removal is hampered by a parallel loss in heating value for the coal.
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Table 3. Heating Value Loss in the PETC Process

Temperature No. of Coal Samples Percent Heating Loss
oot 9 782 = 41
160° 2 3.53 £ 2.7
1807 8 127 =+ 2.5
2007 4 127 £ 1.9

250" e 18.2

The Ledgemont Oxvgen Process

A patent was issued to the Chemical Construction Corp. in 1974 for the desul-
furization of coal with air and water {Thomas ef ¢f. 1974) and a year later Agarval
et al. (1975) had treated voal with oxygen and water in an attempt to desulfurize
the coal. His work was done at the Ledgemont Laboratory of Kennecolt Copper
Corporation. This Ledgemont oxygen process is similar to the PETC process except
thev have used oxvgen in place of air. and their leaching solution was 0.2 M in
Na,CO,. The success in removing sulfur with this process is shown in Tuble 4.

Table 4. Ledgemont Oxygen Leaching Desulfurization Processt

Temp % Pyritic Sulfur Loss % Organic Sulfur Loss % Heating Valuc loss

200° 56.7 4 14.3% 17.4%
2920° 70.2% 10.9% 19.2%
240° 54.0% 19.7% 29.6%

*Ruch coal was leached Th at 107 with .34 MPa 0, and 0.2 M Na,CO,. A sceond process at the
indicated temperature was done with 0.2 Na,CO, in"a nitrogen dtmmp}l( re {for 1 h.

Again, the greatest success with the Ledgemont process was done with the pyritic
sulfur content, and the organic sullur reduction was at the expeuse of the heating
value of the coal.

Sareen Ammonia — Oxyvgen Desulfurization

As a modification to the Ledgemonl process, Sareen (1977) attempted to remove
the sulfur from coal with an ammonia/oxygen/water systerm. With a reaction time
ol 2 hours, this process removed 90% ol the pyritic sulfur und up to 25% of the
organic sulfur.

Sareen’s process used an [Minois #6 coal {Total sulfur 4.99% , pyritic sulfur 2.06%
and organie sulfur 2.28 %) which was ground in a closed-circuit wet ball mill to
— 100 mesh. The coal slurry was treated at 130° C in an oxvgen-sparged leach reactor
at an oxygen pressure of 300 psi.

The chemical equation for the oxidation of pyritic sulfur with an ammonical
solution is given below:

FeS, + 4NH, + T2 TLO + 15/40, > 4NH," + 280, + Fe(OH),
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The sulfide sulfur is converted o soluble sulfate and can be easily removed from
the coal malrix via aquecous solutions. Stoichiometrically. the molar ratio of FeS,/NIT,
is 4, and the experimental runs were always higher than 6.5, The ammonia con-
cenlration was varicd from 0.3 M to 5.01 M: and the pyritic sulfur removal was
found to be independent of the ammonia concentration. However, the organic sul-
{ur removal increased with increase in ammonia concentration (rom a low of 15%
to u high of 23% removal.

No mention was made of the ammonia retention by the coal, but a detailed
study of the oxvgen consumption was done. T'hree sources were identified as remov-
ing oxvgen; 1) oxvgen reacting with pyrite 2) oxvgen uptake by the coal and 3) oxy-
gen reacting with coal 1o form carbon dioxide. All three processes were found to be
nearly equivalent in oxvgen consumnplion. A fourth area for oxygen consumption
could be through the organic sulfur oxidation, but there was no way to measure
this oxygen conswmption,

The total oxvgen consumption by this method, which alse allows for a 204
increase [or organie sulfur removal, is the sume quantity required by the oxvgen/
water system which is 1000 tonsiday of oxveen for a plant size of 8000 tons/day
of coal with sulfur content of 4% (30% pyritic and 50% organic sulfur).

A third arca Sarcen studicd was the overall thermal efficiency, Unfortunately
the ammonia/oxygen svstem lost 13% of the thermal efficiency compared to only
8% for the oxvgen/water process. They coniributed this additional loss to the for-
mation of water soluble carbon acids formed under the basic conditions,

A Table which illustrales the suceess of this amimonia leaching process as a func-
tion of the ammonia concentration is shown below.

Table 5. Pyritic and Organic Sulfur Removal via AirfAmmonia I.caching

Ammonia Reaclion Pyritic Sultur Organic Sullur
Concentration Time Removal Removal
0.5M 30 min 67 % 12%:
120 min 0% 185
200 min 82 % 30%
1.04M 30 min 48 % 17 %
120 min 80 % 28%
2(H) min 87 % 39%
L.94M 30 min 68 % A%
120 min 6% _
200 min 86 % 41 %
2.95M 30 min 52 % 26%

120 min 81 %

200 min 02 44 %
5.01M 30 min — _

120 min — 48 %

200 min — —
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Fricdman Air-Nitrogen Dioxide Desulfurizalion

The most detailed study of oxidative desnlfurizalion ol coal was reported by
Fricdwan ef af. 19771 THe atiacked the organic snllur content of coal, specifically.
substitnted thiophene, with an oxidizing agent which converted the organie sulfide
to w subfane:

o3

0

Subsequent basic hvdrolysis of the sulfone would remove the sulfur as sulfur dioxide:

S S
o T
0]

NaQH -
—_— + S0

[

5" o=
0° *0 Na *

The exidative svstems they explored in their studies were nitrogen dioxide and
air nitrogen dioxide are known to convert sullides to sullone, however, when the
coul was treated with nitrogen dioxide, the coal cousumed the nitrogen dioxide
theongh the nitration of the coal matrix and, consequently, consuwmed oo much
nitrogen diovide to mahe this system economically leasible.

The experiments with wir were more friitful, and they were suceessful in remov-
ing 950 of the peritic sulfae and 104 of the organic sullur. The pyritic sullur was
removed satisfactorily at lemperatures as low as 1307 C at reaction limes of 1 hr.
Hoswever_ it the air pressure was 200 psi or lower, the reaction is inuch slower, and
pnproves rapidby above 300 i,

Thes reported an upper limit [or organic sulfur removal between 40 and 50 % .
Higher valies of arganjc sulfur can be accomplished with temperatures higher than
2007 C. bt The heating values of the coual residue is reduced considerablyv. T the
temperature was kept below 2007 C, 909 ol the healing value conld be recovered,

1 their oxvedesulfirizalion reaction., no sludge formation was found and the
nndesirable by-product was the sulfate ton whicl could be removed as a precipi-
tate with calcivm o (CaSO 3 The resulls of Lhis oxydesullurization process are

shown in the following Tuaible 6.

Ames Oxvdesullurization

Wheeloek of «f. (19837 of Anws Laboratory, have done extensive oxidative
experiinentation with air and moleenlar oxvgen under actdic and alkaline conditions
over the past decade. In their chemical oxvdesulfurization process. they have found
mueh bettor resalts vnder atkaline conditions. moreso than under acidic conditions.

The sacre condditions wsed in the Ames’ process was 0.2M Na,CO;. and both
air and oveaen were run al 1507 G Whether air or oxvgen were used, the partial
pressure of oxvyen was always kepl at 3.4 atm. Under these conditions the organic
stilfur content decreased very little. but pyritic sulfur was decrcased over 79 % . Reac-
Lion times were 1 hr, (See Table 7)



Tuble 6. Fricdman Oxvdesulfurizalion

Pyritie Sullur

3513

Oreanic Sullur

Temperature Coal Seam Sample Remaoval Removal
1507 N No. 5 S8 9
Minshall (TN} LA
Lovilia No. 4. (300 g2l
Bevier (KA) 2
Muammolth (MO - ancd
Wym. No. 9 AN A
160~ Pittshurgl (O} FRUN RO
[onwer Freeport {PA) 0580
180° Brookville {PA} ST —
Pitisburgh (OIT) - 6.7
Lower Freeporl (PAY 20,075
200¢ [ll. No. § 43,47
Minshall (IN} - 2000
Table 7. Teaching Coal with Alkali and Afr or Oxygens
“ Molariiy % Reduetion o Redaction <i Loss
Coal Na CO, Gas Pyritic Sulfur  Organic Sulfur - Heuating Value
Pittshurgh Air Btog 07
No. 8 0.2 Air 77 % 1.2
0, 58 % 0.4
0.2 0, 814 7.8
L. Air 67 % + 40" 1.1
=
No. 5 0.2 Air 0% +7 8.7 4
0, 67 % + 1% 200 %
0.2 0, T1% + 7% 11.7%
Lower Air 9] % + 116% 1.7 4%
Kitanning 5 4 819 +10% 2.9%
Coal
0, 96 % + 1104 0.7 %
0.2 0, 79 % + 5% 2.5%

*Reactions were leached for 1 hr at 1507 (0 with 304 atm of osvgen partial pressure,
1 P - - - o
“ 4+ indicales an increase in sulfur.






Table &. Desulturization of Coal via Chlorinolysis

161

Reduction Reduction  Heating
Reaction Chlorine  Pyritic  Organic Value
Coal Temp. Solvent Uptake  Sulfur Sulfur  Loss
Ohio 30es H,O .396 98 9% 8.8% —
No. 8 () gpe. H,0 0.376  97.5% 0% _
goew IO 0.295 95.9% 0% —
Hlinois S0°h H,O G.070 13.4 % 11.8% 0.3%
No. 6 (hvC) 550 H,0 0.216  38.6%  24.6%  +0.9%
50°ed H,O G.351 65.9% 31.3% (G.4%
500w H.0O 0.396 76.2% 27.4% 4.8%
(hio
No. 8 (hvA)  60°¢ ccl, 0.295  95.9% 0% —
Nlinois
No. 6 (hvC) 50 CCl, 0413 329%  17.1%  +0.7%¢
Ohio
No. 8 (hvA)  50°¢  CCl1,/MeOH 0.310 98.3% 30.8% —
Nlinois
No. 6 (hvC)  30°* CCl1/MeOH 0.298 83.1% 44.04% 20.1%
Illinois
No. 6 (hvC)  30°: H,O/MeOH  0.348 75.9% 28.9% +3.2%:®
Nlinois
507 McOH 3.339 87 3% 33.8% 32.8%

No. 6 (hvC)

4 reaction time 120 min.

3

o

- redction time 8 min.
- reaction time 20 min.

4 reaction time 45 min,

“ inercase in heating value

Desulfurization via Bromination

Bromination also has been used by the Ames Laboratory group, (Venier ¢t al.,
(1984) and they reacted molecular bromine with a well stirred mixture of coal, water
and methylene chloride. After collecting the brominated coal and washing it, the
coal was fused at 380° C with potassium hydroxide, The percentage of sulfur removal
by this method was 94 % . If the coal sample was treated with potassium hydroxide
before bromination, the desulfurization was only 65% effective. Unfortun ately, the
coal sample still retained bromine (1 Br/1000C) at the expense of losing hydrogen
{(approximately 25% hydrogen loss).
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Desulfurization via Hydrogen Peroxide

ITvdrogen peroxide was used (o desulfurize coal, and Tavlor et af., (1981)
reported limited success with organic sullur, bul complete removal of pyritic sulfur
after 100 h. He trealed his coal (<200 Tyler mesh) with 30% hydrogen peroxide
for up to 16 days al lemperatures below 40° C, but could only reduce the organic
sulfur content from 2.4% 1o 2,2%.

Mevery Ferrie Sulfate Desulfurization Process

Milder oxidation methods have been used, and Meyers (1972) used an aqueous
solution of ferric sultate Lo remove pyritic sullur. He was successful in removing
90-95% of pyritic sulfur, but little or no organic sultfur was removed. -

Meyers initial process investigated 35 major coals with an average otal sullur
content of 3.05% and an average pyritic sulfur content of 2.02% . The pyritic sul-
fur was converted to iron sulfate and elemental sulfur according to the following
equation:

4.6 Fe,{SO,), + 4.5 H,O + FeS,—--> 10.2 FeSO, + 4.8 H,SO, + 0.88

In this process the iron sulfates are removed by washing the coal. and sulfur
is removed by vaporiztion or solvent extraction with toluene, acetone or kerosene.
The ferric sulfate leach solution can be regencrated from the ferrous sulfate by oxidiz-
ing the aqueous terrous sulfale with air under acidic condilions,

4 FeSO, + 2HSO, + 0, > 2 Fe (S0}, + 2 H,0

Excess sulfales and acids are removed by treating the solution with lime {CaQ)
to restore Lhe concentration of ferric sulfate to its original concentration for reeveling.
Mevers compared his chemical cleaning methed to a conventional coal washing
process (based on the 1.4 mm | 1.90 {loat {raction of a [loat sink analysis). The sum-
mary of Mevers results and the conventional float sink method are shown in Table 9,

Table 9. Mevers Chemicai Cleaning [Fe,(50,),] and a Conventional Float Sink
Process®

No. of Initial Mevers Process

Coals % S{ave) Range of % S % S{ave) Range of % S % S{ave) Range of % S

11 1.36% 0.5-1.8% .61 % 0.4-0.8% L1l % (.8-1.7%
9 3.04 % 2.0-3.8% 1.15% 0.8-1.7% 2.16% 0.8-3.6%

12 4.92%  4.166%  181%  0.527%  3.32%  204.6%

100 g of coal refluxed with 2000 al of TN Fey(80,), solutions from 4 to 6 hrs. Coal was filtered and
refluxed an additional 4 to 20 hrs with fresh F'%’._1(S('J4}.; selution. Coal was Filtered, washed with 0.2 N
H,50, and water washed to remove saluble salfales. Cual was extracted with 400 ml of toluene Lo
remove sulfur.

For all of these coals treated by the Meyers chemical cleaning process, the aver-
age and average deviation for pyrilic sulfur removal was 92.4 + 1.49% while Lhe
total sulfur removal was 50.5 £ 9.47%.



163

Meyers chemical desullurization process was converted to a process test plant
which wus built at TRW's Capistrano Test site in California. The plant processed
8-melric tons of coal per dav and was operational for several vears. TTowever, today
no further expansion is planmed [or the Mevers” process which is contributed mainly
to the inability of the process to remove organic sullur. (Morrison, 1981¢)

Desulfurization via Cupric-lons

Lompa-Krzyvmien (1382) was successtul in removing 1004% ol the pyritic sullur
as well as the organic sullur. The oxidizing agent in his reaction was aqueous solu-
tions of cupric ions which oxidize the pyritie sulfur o sulfuric acid as follows:

FeS, + 14 CuCl, + 8 H,O ----- > 14 CuCl + FeCl, + 2 HSO, + 12]IC]

The mechanism for the oxidation of organic sul{ur was not investigated. how-
ever, Lompa-Krzymien speenlated that the sulfur atom was oxidized to sulfoxide
or sulfone and carbon-sulfur bands were cleaved to form sulfuric acid and carbonyl
functional groups.

These reactions were carried oul at 200° C lor 1 hr with 3% or 10% cupric
chloride solutions. At 150% €, the suceess in reaching 100% removal ol total sullur
was nol accomplished until after 2 dayvs. Unlortunately, no mention was made of
the amounl of residue that was recovered. consequently, it would not be an eflec-
tive method of sulfur removal if the recovery of the coal was very poor.

Gravi-lI'loat — Gravi-Mell Process

The Gravi-Float and Gravi-Melt process are oxvdesulfurization processes, but
are used in conjunction with the Mevers process of desulfurization, (Mevers, 1974
The Gravi-Float process separates the coal inlo two fractions based on their specific
gravity. The process uses a ferrie sulfate leach solution {(specilic gravity 1.3-1.5) to
float out & coal fraction that is exceptionally low in pyritic sullur, ash and metal
contaminants. The floal fraction still contains the organic sulfur, and must be
processed further if the sullur content is too high.

The Gravi-Mell process is a desulfurization process which removes the organic
sulfur content, Consequently, it could be used efficiently with the float [raction from
the Gravi-Float separation or with the Mevers” process which has effectively removed
the pyritie sullur.

In the Gravi-Melt process the organic sulfur is removed at dlevated tempera-
tures with sullur at atmospheric pressurc. The coal is mixed with a dry caustic which
impreguates the coal at elevated temperatures to remove the organic sulfur. This
process in conjunction with the Gravi-Float process was demonstraled to remove
88 % of the sulfur in an Appalachian coal and 92% from a Kentucky coeal.

In the Gravi-Melt process the coal is mixed with potassium hydroxide and sodium
hyvdroxide (50/530) at 370° lor 1:2 hr. and. subsequently. water washed. (Morrison,
1981¢c) A suggested reaction pathway for organic sulfur and pyritic sulfur removal
is shown below:

2KOIT ----- 23
) ( + 2KO0N > KS + ) C
S 0

coal

coal .
resicue
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8 FeS, + 30 KOH «-—> 4 Fe,0, + 14 K,S + K8,0, + 15 H,0

Arco Desulfurization Process

The ARCA(} desulfurization process (A) is similar to the Ledgemont and PETC
processes, but is different in the fact that it incorporates a complexing agent for
metals, sedium oxalate, The batch tests were run at 120° C for 1 hour at 2.14 atm
and the pyritic sulfur removal varied between 88 % and 98% . The complexing agent,
sodium oxalale, was successful in removing between 78% and 94 % of the iron in
the five bitwninous coals studied.

A second process with a proprictory agent was applied to the coals under more
severe conditions after their initial treatment, and 97 % to 99% of the pyritic sulfur
was removed with 19% - 31 % of the organic sulfur removed. Heating value recov-
erics for the ARCO process were reported to be better than 95% regardless of
whether the one step or two step processes were used.

DESULFURIZATION WITH ALKALI METALS AND
ALKALI AT ELEVATED TEMPERATURES

Hydrothermal Battelle Process

The hydrothermal treatment ol coal by Battelle was begun in 1969 where the
ground coal was treated with a caustic solution of 2 10 3% by weight of calcium
hydroxide and 10% by weight of sodium hydroxide (Morrison, 1981e). This mix-
ture was heated from 1/6 to 1/2 h. between 250° - 330° C at pressures ranging [rom
0.79 atm - 3.29 atm. The final treatment was filtration, washing with lime water
and drving.

Battelle has adapted this process to continuous flow on a bench scale of 10 kg/h
of coal. The continuous flow process was successful in removing 90 to 99% pyritic
sulfur and 20 to 70% organic sulfur from several bituminous coals in the Midwestern
and Eastern stutes,

The Battelle process has two distinet advantages in addition to desulfurization,
and these are 1} the heating value loss is only 5% to 10% and 2} the trace metals
are reduced considerably, e.g. beryllium 70% as a low to potassium 96 % as a high,

This hydrothermal process has not gone frem benceh scale to the pilot plant stage
because of the severe corrosion that occurs at elevated temperatures with alkali,
and these problems will have to be solved prior to any pilot plant construction.

The success of the Battelle hydrothermal treatment is shown in Table 10 {Slam-
baugh, 1977}

Desulfurization of Subbituminous Coals with Sodium Hydroxide Selutions.

Droguette et al. (1981) madc a study of subbituminous coals from LaUnion,
Chile. They studied the cffects of hydrolysis time, temperature, sodium hydroxide
concentration and particle size on the solubilization, ash removal and sulfur reduc-
tion, They studied these reactions at two temperatures, 50° C and 80° C with a
sodium hydroxide concentration varying from 5 g/dm® to 120 g/dm?®. The maxi-
mum solubility of the coal vecurred at a sodium hydroxide concentration of 50
g/dm?® where the solubility reached 25.2 wt % at 80° C and only 10.6 wt % for
50° C.
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Table 10. Battelle Hydrothermal Process®

Coal Seam s {before)® S (afler)® |
Pittsburgh 8§ 4.6 0.9
Ohio 6 3.9 1.2
Pittsburgh 3.4 0.7
Upper Freeport 2.4 0.9
Lower Kittanning 2.2 0.9
Lignite 1.3 1.2
Western ) 1.0 0.3

2_lahoratory scale
b 50, equivalent {Ibimm BT}

The hvdrolysis times for these reactions varied from 1 hr. to 16 hrs., however,
the greatest degree of hydrolysis occurred between the first and second hour. Ash
content as well as sulfur content was decreased during this time, and their decrease
is illustrated in Table 11.

Table 11. Sulfur and Ash Reduction

Ternp. NaOH cone. Decrease % 5 (wt %) Decrease Ash (wt %)
(g/dm?)

50° 3.0 23.8 = 0.7 2%

30° 100.0 29.8 + 0.9 3%

80° 3.0 24.6 = 0.7 22 %

80° 100.0 30.7 + 0.9 28 %

Desulfurization of Bituminous and Lignite Coals with Alkali Metals.

Alkali metals will react with organic sulfur compounds to convert the sullur
to sodium sulfide. Sternberg et al. (1974} rcacted sodium metal with dibenzothio-
phene in decahydronaphthalene at 350° C under nitrogen, and converted diben-
zothiophene to biphenyl, sodium sulfide and an inscluble layer. He explained the
reaction with a mechanism patterned after Eisch (1963), The mechanism is illus-
trated below,
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The weight percent recovery of Lhis residuum was quite high for the eight runs
in Table 12, and the average and average deviation {or the percent recovery was
92 + 7.6%. IL also is inleresting to note that the reaction with no sodium added
removed only 13% of the sulfur.

In this laboratory we have been working with alkali metals and their reactions
with bituminous and lignite coals. Duty ef al. (1981} reacted sodium metal wilth
an Ilineis bituminous coal in the presence of a carbon dioxide atmosphere in the
aprotic solvent tetrahydrofuran. The purpose of adding carbon dioxide was to car-
boxvlate the unionic sites generated by the alkali metal. As suggested previonsly by
Sternberg (1974}, sodium will attack polynuclear aromalic sites, and if carbon dioxide
is present, this site could be carboxylated to form walter soluble acids. Organice sul-
[ur is known to exist in coal as benzo and dibenzothiophene structures. consequently,
it would be reasonable o suggest thal carbon dioxide could carboxylate these organic
sulfur sites as follows.

Na*

+ Na —till
S S

OnNa ‘

O e 2

I
a’

\
S Vs

Na
Na/Co

+
SH 002 Na

]

002 a

We studied this reaction from 150° (o 3507, and at 350° we ran the reaction
with and without the presence of carbon dioxide. The results of these experiments
are shown in Table 13 below,
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Table 13. Sulfur Reduction with Sodium Metal in Tetrahvdrofuran

% & Reduction % $ Reduction h B ---% Recovery
Temp. . Besiduet Residue (dmmf) _of Coal
1507 45 % 35% 941%
200° 77 5% 65 % 33 %
250" 75% 57 % 29 %Y
300° T3% 56 % 99 %
350° 56 % 28 % 79%
230° 87% 3% 35 %

" Bcs1due was material collected from a basic agqueous reflux,

b Demineralization of the residue was done with 1 N HC1,
This reaction was run with no CQ,.

d- These pereentages tepresent an m(,r( use in weight gained.

In these reactions 10 g of coal was reacted with 10 g of sodium for 48 hrs. in
tetrahydrofuran, the reaction was cooled, vented, and repressurized with carhon
dioxide. It was again heated to the rcaction temperature for 48 hrs.

The percent reduction in sulfur for the demineralized residues are not as high
as the residues because the material that is lost by treating the residues with IN
HC1 undoubtedly removes a lot of the sodium atoms and other metals, but very
little of the sulfur, e.g. weight is lost in the demineralization step, but little or no
sulfur is lost.

If one compares these results with Sternberg’s sodium reaction at 350° C ({Sce
Table 12} the reduction in sulfur with coal is not as efficient as it is with petroleum
residuum. One reason that may account for this is the solubility difference between
coal in tetrahydrofuran compared to petroleum residuum in decahydronaphthalene.

Chiri and Duty (1981} also conducted a study with potassium metal with Illinois
coal, but the aprotic solvent used in their case was loluene instead of tetrahydrofu-
ran. The experimental conditions were the same with the sodium reactions where
10 g of coal were reacted with 10 g of potassium for 48 hrs and, consequently, reacted
with carbon dioxide for 48 hrs. In these reactions with potassium, an electron transfer
agent, biphenyl, was added to the toluene solution along with the coal. Hoijtink
et al. (1956) demonstrated that biphenyl radical would rapidly transfer an electron
to the neutral polyaromatic pyrene moleculc. Consequently, it was reasonable to
assume that biphenyl would transfer the electron readily to the aromatic structure
of coal. Unfortunately, the insoluble residue retained some of the biphenyl because
100 % recovery was not realized for biphenyl when the residue was refluxed with
a mixture of benzene and ether,

The sulfur reduction in these experiments paralleled the sodium metal reactions
and are shown in Table 14.
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Table 14. Percent Sulfur Reduction in linois Coal with Potassinm Metal in Toluene

Temp. % Sulfur Reduction % Recovery
100° 68 %

100° 22% 894,
200° T3 Y% 69 4%
200¢ 20 % 70%
300° 83 % (64 %P
300° 91 % (14% )"

2 This reaction was run io letrahyvdrofuran as solvent,
b_ These represent an increase in the weight of coal Tecovered.

The increase in weight {or 300° reaction can be contributed to two sources;
the bipheny! used as the election transfer agent and the toluene becoming incorpo-
rated into the coal matrix, Wachowska (1979) reported that anions of the aromatic
clusters in coal could react with solvent and clectron transfer agents and become
ineorporated into the reaclion products.

The 300° reactions reflect a large decrease in sulfur, however, the decrease is
not as large us lower temperatures since the residue weights have increased due to
solvent and biphenyl incorporation in the residues.

The potassinm metal reactions were run also by Foster and Duty (1983) with
a North Dakota lignite that contained 0.89% sulfur. They tried three solvents and
varied the conditions as shown in Table 15.

Table 15. Autoclave Reactions

Solvent Temperature Gas(es) Employed

Tetrahvdrofuran 100" C N, (5 days)

CO, (5 days)
Naphthalene 200° C N, (5 days)

CO, (2 days)
Toluene 100° C CO, (5 days)
Toluene 100° C CO, (5 days)
Toluene 1007 C CO, (5 days}

Again, the electron transfer agent, biphenyl, was added except for the naphtha-
lene solvent which would act as its own electron-transfer agent. The effcctiveness
of sulfur removal is shown in Table 16.
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Table 16. Sulfur Removal from North Dakota Lignite

Temp. Solvent % S Reduction % Recovery
100" tetrahvdrofuran (Y % 42 %
200¢° naphthalene 53 % 32%
100° toluene 6% 6] %
100° toluene 36 % 51 %
100° __ toluene e M8 95 %

Percent recovery is much lower in the case of lignite compared to bituminous
coal. but the percent reduction in sulfur is comparable.

Lavin and Dy (1982) also investigated the removal of sulfur from North Dakota
lignite at clevated temperatures in the aprotic solvent toluene. They also incorpo-
rated bipheny! as the electron transfer apent in all of their reactions. Again, the
sulfur reduction was based on the sullur content of North Dakota lignite (mf) and
the recovered residue {(dimml(). These results are shown in Table 17,

Table 17. Sulfur Reduction in North Daketa Tignile with Potassium Metal in

Toluenet

Temp. % S Reduction % Reeovery
1007 CC 26 %

100° C 894

200° C 89 % o
200° C 85 % 33%
300° C 549 82%
300° C S0 % 64 %

#Reuctions were runt (or 5 days wnder nitrogen, cooled and repressurized under carbon dioxide for

2 days. All reactions were run with 10 g0 of coal, 10 g of potassiom and 10 ¢ of biphenyl,

Again, the percent recovery in these reactions with North Dakota lignite is not
very large until the higher temperature is reached (300° C). Unfortunately, the incor-
poration of solvent and electron transfer agent probably contributes to these high
recovery values.

The sulfur reductions are fairly uniform and exceptionally good. Unfortunately,
the duplicate run at 100° C docs not bear this out, however; where a ridiculously
low value of 26 % was found.
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Desulfurization of Rituminous Coal with Alkali and Carbon Dioxide

Ouchi et al. {1978) reported that ethyl aleohol and alkali at clevaled tempera-
tures (350°-400° C) solubilized coul (less than 82% () almost completely in pyri-
dine. He attributed these results to the formation of hydrogen from ethanol at these
high temperatures as follows:

0
! i
CH,CILOTT + O™ -oeeeee- > CHILCO™ + 2H
-H,0
Ross et al. (1977) had earlier reported the same results with isopropyl aleohol
and alkali, and Quchi (1878} suggested Ross’s results could be attributed to the oxi-
dation of isopropy] aleohol with alkalt:

OH _ H
| OH
CH,CHCH, > CH,-C-0 —>CH,-C=0 + H
: CH, CIL,

Ouchi and Makabe (1978} also reported the results of the reaction of methanol
with coal and alkali. Their results were similar to ethanol, and the coal was solubilized
to 96% and 99% in pyridine with sodium hydroxide and potassium hydroxide,
respectively, between 350°-400° (2.

Wilh this background information. this laboralory began a study of sullur
removal [rom Hlinois bituminous coal with alkali with protic solvents, ethanol and
isopropyl aleohol, and an aprotic solvent triethylamine. The reaction scheme way
to react the coal with alkali at dilferent temperatures for 24 hrs, under nitrogen.
and then cool and repressurize with carbon dioxide, After pressurizing with carbon
dioxide, the temperaiure again was raised Lo the reaction temperature for 24 hrs,
If Ouchi’s supposition was correel, the hydride ion {as well as nascent hydrogen)
could initiate the precursors for carboxyvlation of the coal aromatic structure, This
is illustrated as follows for dibenzothiophene.
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t
»

= SH
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The preliminary results of this study by Duty et al. {1983) was presented al the
3%th annual Southwest Regional Mecting of ACS at Tulsa.

After the rcaction with carbon dioxide. the solvent was rotary evaporated Lo
remove solvent and the residuc was refluxed with 5% (wiw) of potassium hydroxide
to remove the carboxylic acids, The residuc was demineralized with 1 N HCI, dried
and total sulfur was determined. The acids were precipitated from the {iltrate with
concentraled hydrochloric acid, centriluged, washed [ree of chloride ion and dried.
The results of these reactions are shown In the following Table 18,

Table 18. Desulfurization of 1lineis Bituminous Coal with Alkali and Carbon

Dioxide
% Recovery
Temp. Solvent Wt. of Acids(g} % Sulfur {Residue)
100° Triethylamine 0.12 ¢ 2.37% 90 %
1060° Triethylumine 0.09 g 2.06% 89%
100° 2-Propanol 0.13 ¢ 1.36% G4 %
100° 2-Propanol 0.20 ¢ 2.42% B8 %
100° Fthanol 0.20 g 2.70% 83 %
100° F.thanol 0.40 ¢ 2.62% 88 %
200° Triethylamine 0.07 g 1.96% 95 %
200° Triethylamine 0.36 g 2.68% 6%
200" 2-Propanol 0.28 ¢ 2.25% 81 %
200° 2-Propanol 0.26 g 2.11% 81%
200° Ethanol 4.7 ¢ 2.17% 84 %
200° Ethanol 32¢ 2.30% 84 %
200° Triethylamine 0.18 g 1.69 % 91 %
300° Triethylamine 0.44 ¢ 1.53% 86%
3007 2-Propanol 0.56 ¢ 1.06¢% 76 T
300° 2-Propancl 0.57 g 1.49% 88 %
300° Ethanol 21lg 1.41% 3%
300° Ethanol 2.7¢g 1.45% 687 %

“Illinais Bituminous #6 coal contained 4.42% sulfur and the dmmf Qlinois Bituminous #6 coal con-
tained 3.42¢% sulfur.

When this project was begun, the goals of the project were to reduce the sulfur
content to less than 1% and recover 90% of the coal residue. Qur greatest success
was accomplished at 300° C with isopropyl aleohol where the percent sulfur was
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reduced to 1,06 % . Unfortunately, the lowest percent recovery occurred at this tem-
perature with isopropyl alcohol where only 76% recovery was realized.

In the 300° reactions with isopropyl aleohol, the residuc contained a highly vis-
cous liquid which presented problems in centrifuging the residue. Consequently,
we clected Lo extract the residue with a benzene/ether (3/1 v/v) reflux prior to extract-
ing the residuc with the 5% KOH reflux. The benzene/ether extract produced a
neutral fraction which weighed 8.7 g and was predominately aliphatic in nature
according to its infrarced spectrum (3000-2800 cm 1.

A material balance was determined for the sullur, and the percent sulfur for
each fraction is given in Table 19,

Table 19, Material Balance for Sullur

% S o 9 % S A

Temp. Solvent Residue Acids Neutral H,O
300° 2-propanol 18.4 % 1.19% 4,32 % 76.0%

As was expected, the majority of the sulfur was lost in the water layer, with
the smallest amount found in the acids.

The residue was analyzed for pyrite sulfur and organic sulfur for the 300° reac-
tion, and the analvses revealed that the residue contained 1.01% pyritic sulfur and
only 0.03% organic sulfur. This analysis was done according to the procedure of
Chakrabarti (1978) for pyritic sulfur. The organic sulfur was assumed to be the differ-
ence between the total sulfur (1.06%) and the pyritic sulfur.

Since these reactions were all run with carbon dioxide. we elected te determine
the BTU/lb value for sume of these reactions. Since the carbon dioxide could add
to the aromatic structures it seemed reasonable to expect the BTU/Ib values to
increasc for the insoluble coal residues. In Table 20 are found these values for residues
from different solvents and temperatures. The bomh calorimeter used was a Parr
1241 adiabatic bomb calorimcter which was standardized with pure benzoic acid
which gave an energy equivalent of 2416 + 1 for threc delerminations.
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Table 20. BTU/Ib for Insoluble Coal Residues (dmmf)

Solvent Rx Termp, ~ BTUbe

TEAY 100° 11,448 + 197
TEA 100° 11,616 + 169
TEA 200° 11.596 + 148
TEA 200¢ 12,406 + 84
TEA 3007 13,167 + 23
TEA 3007 14,638 + 831
IPA" ioo* 11,793 = 230
TPA 200" 13,092 + 75
IPA 300° 11,626 £ 48
IPA 3007 9,120 + 153
1. #6 Bituminous Coal (dmmf) 9,891 + 19

“duplicate runs
PTEA — tricthylamine: [PA — isopropyl aleoliol

As expeeted, the BTU/b values were all higher than the starting coal except
tor one tun al 300° C. Excluding this 300° value, the average increase over the
starting coal was 20,0 %.

MISCELLANEOUS PROCESSES FOR DESULFURIZATION OF COAL

Magnetic Process

Magnetic desulfurization of coal is not a new process und was first reported in
the literature through a German patent by Siddiqui (1957). A year later Yurovsky
et al. (1958) reported reductions of sulfur in coal to as high as 85% for pyrite. His
process was an air-stream process which increased the magnetic properties of the
pyrite. Kester (1965) reported better results without air-stream treatment by pul-
verizing the coal to a coarse 48/200 mesh fraction and subjecting it to a high-intensity
magnetic separation, Since coal is diamagnetic and pyrite is paramagnetic, crush-
ing the coal to libcrate the pyrite from the coal matrix should and does prove benefi-
cial for the magnetic separation of pyrite from coal.

Murray (1977) utilized the high extraction magnetic filtration technicque for coal
which had been used successfully for processing kaoline. His tests were run with
coal that would pass through a 200 mesh screen. He ran tests on the solid meshed
coal, and also on the 30 % solids in water for the wet magnetic tests. For the sepa-
rations he used Frantz screens with thin sharp ribbons of 430 magnetic stainless
stecl, and made several passes through these screens that lasted from 30 to 120
seconds. Table 21 shows the reduction achieved by the wet and dry coal samples
that were -200 mesh,



Table 21. Desullurization by Magnetic Filtralion

% Inorganic

Coal Total § Inorganic S % S Removed S Removed
IN #5 4.63 2.45 RELA 67 %
IN #5b 4.63 2.47 200 35 %
IN #5¢ 4.63 2.12 189, 5%
IN #86¢ 4.17 0.66 43 % 85 %
IN deb 4.17 1.14 31 8%
IN 46 4.17 1.66 319 39%
IT. #5¢ 3.59 2.37 467 65 %
IL. #5% 3.59 2.41 396 59 %
IL 35 3.59 2.38 20% 30%
IT. #6° 1.98 1.00 42 T9%
TL #6" 1.98 1.03 35 % 69 %
1L #6° 1.98 1.02 2] % 40 %
Wet coal — throe passes

blen — sce retention

Ydry — three passes

Microwave Process

The microwave treatment of coal was begun in 1977 by the General Electric
Company (Morrison, 1977f). The microwave treatment of coal has never gone
bevond the bench scale size, and the success of the process has been demonstrated
for pyrite as well as for organic sulfur.

Dry powered coal has been subjected to microwave energy for 20 to 60 sce.,
and the microwave energy hceals the pyrite and converts it to a related mineral of
pyrite, pyrrhotite. Pyrrhotite has a higher magnetic susceptiblity than pyrite, and
can be separated more easily than pyrite with a magnetic separator.

Microwave cnergy has been used in conjunction with sedium hydroxide to
remove both pyrite and organic sulfur. (Morrison, 1981g) The advanlage of this
process is that the sodium hydroxide and sulfur species can be heated more effec-
tively than the coal itself. Consequently, the pyritic and organic sulfur in coal react
with the soditim hydroxide and convert then to soluble sulfides. This process has
been successful on a bench scale 1o remove 90% of the pyritic sulfur and 50 to 70 %
of the organic sulfur providing the coal is washed and the sodium hydroxide pretreat-
ment and microwave treatment are repeated a second time.

The advantage of the microwave process is that it causes very little coal struc-
ture degradation and, consequently, very little heating loss in the coal. Disadvan-
tages would include the sodium retention in the coal and the high cost for microwave
energy.

Chemical Comminution Process

Chemical comminution provides a convenient way to crush ceoal for extensive
mineral matter removal. Chemical comminution is accomplished with solvents where
methanol and ammonia have found the greatest success. Other solvents such as n-pro-
pylamine, pyridine and isopropyl aleohol have been tried (Datta, 1977; Yan, 1984),
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Chemicals with a non-bonding electrons have been found to comminuate better,
and their method of breakage appears to be along the bedding plancs, maceral bound-
arics, Consequently, the comminution process has its greatest advantage in remov-
ing pvrite and ash content of coals. Unfortunately, dilferent coals react differently
to chemicals used in chemical comminution, and no process has been found which
will work vnitormily on all coals.

Yan (1984) discovered that isopropyl alechol showed synergisin with sodinm
hydroxide in coal comminution with concentrations of less than 0.1 N sodium hydrox-
ide in 90% isopropyl alcoholiwater, Very little sodium hydroxide was consumed
in this process, and the isopropy! alechol was recovered quantatively.

Used separatcly. isopropyl aleohol and sodium hvdroxide do not have high levels
of comminution, ¢.g, sodium hvdroxide by itself would have to reach 6.2 wi % con-
sumption before it would reach the same level of comminution as with 0.1 N sodium
hydroxide and 90% isopropyl aleoholiwater system. The consumption of sodium
hydroxide was only 2.6 wt% for extensive comminution with isepropyl aleohol.

Yan (1984) found the following trend for solvents as an effective comminution
racdium.

isopropylalechol > methyl alechol >> water
He suggested the reactivity of the hydroxide ion might be enhanced by the solva-
tion of the sodium ion by lhe isopropyvl alecohol or methanol.

SUMMARY

Coal desulfurization has come a long way in the past 15 vears, and chemical
desullurization has been at the fore-front of this progression. Unfortunalely, unless
some new technique is developed, the chemical desullurization processes appears
to be at a stalemate. A proliferous number of chemicals has been tried. and their
grealcst success has been in removing the inorganic sulfur, but their success with
organic sulfur has becn minimal,

Organic sulfur is incorporated into the carbon structurc of the coal molecules,
and as the present processes have shown, to remove the sulfur from the carbon strue-
tures, success is achieved at the heating value loss of the coal.

Chemical comminution is an interesting phenonunium, but it greatest sucecess,
also, has been in removing the pyritie sulfur which is not chemically bound to the
coal structure as the organic sulfur atoms are. Microwave treatment und magnetic
desulfurization have demonstrated, also, success with pyritic sulfur and limited sue-
cess with the organic sulfur.

At the present time, desulfurization can be accomplished whereby the pyritic
sulfur can be almost completely removed with several processes; Meyers ferrie sul-
fate process, Ames air oxicdation process under alkaline conditions, and the Arco
complexing agents for metals to name a few. Unfortunately, a process has not been
developed which successfully removes the organic sulfur from coal, consequently, to
successfully remove the total sulfur from a coal burning establishment, a chemical
desulfurization process would have to be the precursor to a stack gas scrubbing proc-
ess as the {inal stage in removing sulfur.
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