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ABSTRACT 

The primary objective of this study was to evaluate selective oxidation as a 
pretreatment for the enhanced desulfurization of Illinois Basin coals using a 
variety of mild thermal/chemical processes. Both an Illinois No.6 and an 
Indiana No.5 coal were selectively oxidized with peroxyacetic acid in the 
pretreatment step. The products were then treated with many hydroxide and 
carbonate bases using either water, methanol or ethanol as the solvent system. 
Other reaction variables investigated include reaction temperature, reaction 
time, pyrolysis pressure, particle size of the coal and the level of oxidation 
in the pretreatment step. Throughout the study the selectively oxidized coals 
were compared to unoxidized control coals. Model compounds were also studied. 

The results of these studies overwhelmingly show that selective oxidation with 
peroxyacetic acid significantly enhances the level of desulfurization obtained 
with subsequent chemical/thermal treatments. Indeed, every process investigat
ed, including simple pyrolysis experiments, showed sulfur removal in the 
pretreatment step and the subsequent step to be substantially additive. In 
addition, considerable enhancement in the reactivity of the sulfur in the coal 
was obtained by the selective oxidation pretreatment. Sulfur contents lower 
than 0.25% were obtained for selectively oxidized coals. This represents an 
overall sulfur reduction of around 95%. This is beyond the level required for 
compliance with Clean Air Act legislation. No unoxidized coal, regardless of 
the desulfurization treatment, approached this level of sulfur removal. 

In general, alcohol/carbonate base combinations were more effective than 
alcohol/hydroxide base systems for the desulfurization of the selectively 
oxidized coals. Possible synergistic interactions between the alcohol and the 
base are suspected. It was found that as reaction temperature increased so did 
the level of desulfurization. Over the range studied, the particle size of the 
feed coal did not appear to influence reaction kinetics. However, it was 
determined that the level of selective oxidation in the pretreatment step was 
very important in determining the success of subsequent desulfurization treat
ments. In addition, it was found that lowering the pressure in the reaction 
vessel gave improved desulfurization. Indeed, over 70% of the sulfur in the 
IBC 101 coal can be removed by performing vacuum pyrolysis on the selectively 

i oxidized coal. Desulfurization of model compounds using the approaches out
lined for the coals was also obtained. 

This project is funded by the U. S. Department of Energy (PETC) and by the 
Illinois Department of Energy and Natur~l Resources as part of their cost
shared programs. 
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EXECUTIVE SUMMARY 

The combustion of high sulfur coals contributes substantially to the 
problems associated with acid rain. Current and pending clean air 
legislation is designed to reduce this problem by cutting the levels of 
sulfur dioxide that may be released into the atmosphere. These new laws 
prevent the direct and efficient· utilization ·of many important Illinois 
coals reserves which, unfortunately, are high in sulfur. This may 
present the already troubled Illinois coal indu~try with a difficult 
future if solutions to the sulfur problem are not found. 

In this study chemically desulfurized coals investigated in a 
previously fundedCRSC project entitled, IIChemical coal cleaning using 
selective oxtdation~, were examihed for further desulfurization using 
mild pyrolysis and chemical techniques. This desulfurization procedure 
is significant because it uses relatively low temperatures, it is rapid, 
uses inexpensive reagents, addresses both inorganic and organic sulfur 
simultaneously and is designed to be used in conjunction with advanced 
physical coal cleaning methods and chemical desulfurization strategies, 
both bf which are under investigation at SIUC. 

As part of the previous CRSC project, IllinoiS Basin Coal Sample 
Program (IBCSP) coals Nos. 101 and 106 were ground to various particle 
sizes and then selectively oxidized with peroxyacetic acid to various 
extents in an attempt to find optimum oxidative conditions for sulfur 
removal. Although very encouraging desulfurizations were obtained (40-
55%), complete sulfur removal was not possible via selective oxidation 
alone. For this reason these partially desulfurized products were 
examined further and their enhanced desulfurization attempted. Since the 
sulfur that remains should be in a selectively oxidized form in which the 
carbon to sulfur bond is weakened, this sulfur should be more easily 
removed by subsequent thermal or chemical treatments. Thus it was 
considered very likely that high desulfurization levels could be achieved 
by combining the desulfurization strategies of selective oxidation and 
mild thermal or chemical processes. 

The specific goals and objectives of this study were:-

1. To optimize sulfur removal from Illinois coals by combining selective 
oxidation with mild pyrolysis. 

2. To determine the rate of desulfurization by varying the time and 
temperature of pyrolysis. 

3. To study the desulfurization mechanism of selectively oxidized sulfur 
containing model co~pounds under mild desulfurization conditions. 

4. To establish the effect of additives on the level of desulfurization 
obtained during pyrolysis. 

5. To investigate desulfurization of selectively oxidized coals during 
enclosed, open and vacuum pyrolysis. 

6. To determine the effects of mild pyrolytic desulfurization on the Btu 
recovery of desulfurized coal. 

7. To monitor the levels of nitrogen in the desulfurited products to 
determine if any ~itrogen removal is effected. 

Initial control eXperiments were cbnducted to establish the effects 
of various pyrolysis conditions on unoxidized coals. In general, it was 



found that desulfurization of unoxidized coals increased with increasing 
pyrolysis temperature, but that the volatile matter contents of the 
products declined. In addition, it was found that within the range 
studied, the particle size of the feed coal did not influence the extent 
of desulfurization. Also the removal of pyrite prior to pyrolysis led to 
a product that had a sulfur content lower than that expected from the 
pyrite removal alone. This suggests that during pyrolysis, pyritic 
sulfur either reacts directly, or is liberated and then reacts, with the 
organic matter forming organic sulfur compounds which do not desulfurize 
under the conditions of pyrolysis. 

The next stage of the project involved the preparation of a variety 
of selectively oxidized coals and testing them under standardized 
pyrolysis and supercritical methanol/base (SCM/base) desulfurization 
conditions. This was done to establish the level of selective oxidation 
required for successful desulfurization during subsequent treatments. It 
was found that the level of oxidation in the ~retreatment step did not 
influence the amount of desulfurization obtained by pyrolysis, but that 
it was very important in determining the outcome of the SCM/base 
desulfurization reactions. It was found that as the level of oxidation 
in the pretreatment step increases (as measured by the yield after 
oxidation) the greater the desulfurization obtained in the SCM/Base 
treatment. The exception to this was the coals that were oxidized for 5 
minutes at 1040C. Large scale oxidation reactions were performed on both 
coals using the conditions that gave the best desulfurizations under the 
SCM/base conditions. 

Having established how the unoxidized control coals behaved under 
pyrolysis conditions, it was necessary to determine how the selectively 
oxidized coals responded to pyrolysis in more detail. It was found that 
sulfur removal starts at an earlier temperature when the coal has been 
selectively oxidized. For example, virtually no sulfur removal is 
observed for the control coal at 3500C. However, over 13% of the sulfur 
is removed from the selectively oxidized coal under the same conditions. 
This indicates the sulfur moieties in the coal have·been activated 
towards thermal decomposition by the selective oxidation pretreatment. 

The effect of varying the pyrolysis pressure was the next parameter 
studied. Although the effects were less pronounced than those resulting 
from changes in pyrolysis temperature, it was found that lower sulfur 
contents were obtained by lowing the pressure. This is evidence for the 
regressive reaction of volatile sulfur components, initially released by 
pyrolysis, with the remaining coal matrix. 

The following stage of the project involved reacting both the 
selectively oxidized (pretreated) coal and the unoxidized coal with a 
variety of reagents in attempts to observe additional desulfurization. 
The reagents used included sodium hydroxide, potassium hydroxide, sodium 
carbonate, potassium carbonate, calcium carbonate and lime. Each reagent 
was studied using water, ethanol and methanol as the solvent system. The 
solvents alone were also studied. In every case examined the sulfur 
contents of the desulfurized coals that received the selective oxidation 

, pretreatment were consistently much lower than those of the unoxidized 
~ ) control coals. This demonstrates that the s~lfur removal obtained during 

selective oxidation pretreatment and that obtained in subsequent 



treatments is substantially additive. 
'" . 

In gen~ral, the aqu~ous bases r~moved relattvely large amounts of 
sulfur from th~ unoXidized samples and ~elatively small amounts from the 

, oxidized samples. This is due to the removal of pyrite from the 
unoxidized coal, something which has already been removed from the 
oxidized coal during the selective oxidation pretreatment.' Thus this 
finding is not une~pected. What' is surprisi~g is that out of th~' aqueous 
base systems investigated, the water/KOH and the water/NaOH combinations 
were the least effective. The water/NaZC03 tombination, was found to be 
far superior for the desulfurization of the oxidized coals than any of 
th~ aqueous hydroxide bases. Indeed,neafly65% of the sulfur in the 
pretreated 101 coal and nearly 85% of the sulfur in the pretreated ~06 
coal can be re~oved ~sing aqueous s6diu~tarbonate at 350u C. It was 
anticipated that the hydroxide bases would be mOre effective in 
desulfurization because, ,being stronger bases, they should perform the 
desuTfurization reactions more efficiently. 

Althou~h t~e water/sodium carbonate system was very encouraging, even 
higher levels ofdesulfurization were obtained using supercritical 
alcohol with a base. Usually methanol was superior to ethanol. The 
alcohol/base combin~tions resulted in'~~bstaMtial leVels of sulfUr 
removal for both the unoxidized and the oxidized cdals.· In the caSe of 

·the oxidized coals the treatment with methahol alone and the treatment 
with aqueous NaOH or KOH did not desulfurized the coal any more than 
water alone. However, when methanol and the base were mixed together, 
significant desulfurization was observed. This suggests that some 
synergistic interactiOn b~tween the meth~~ol and the base occurs. 

In addition, it was determined that alcohol/carbonate base 
combinations were more effective desulfurizing agents than 
alcohol/hydroxide base systems. Again this was' surprising but it 
follo'wed the pattern established with the aqueous base systems. At this 
time the reason for the su~eriority of the carbonate systems is unknown. 
The fact that carbonate bases such as sodium carbonate and potassium 
carbonate provide outstanding leVels of desulfu~ization is especially 
encouraging since these are among the cheapest chemical reagents 
presently available. 

The effect of varying the reaction tempe~ature on desulfurization 
was investigated.· In general, treatments at 2500C had only a marginal 
effect on the sulfur contents of both the unoxidized and the oxidized 
samples. However, as the temperature was increased from 2500C to 3500C 
and then 4500 C more desulfurization was alwa~s observed. Sulfur contents 
as low as 0.23 and 0.29 were obtained:at 450 C for the oxidized IBC 101 
coal with met~anol/KOH and n'lethanol/K2C03 respectively. These levels of 
sulfur removal represent total sulfur removals 'of over 94% and organic 
sulfur removals better tha~ 92%. It shOUld be not~d that these levels of 
sulf~r removal ate beyond those demanded by the Clean Ai~ Act and were 
obtained for·'a high sUlfur coal With a very high organic sulfur content 
(75% of the total sulfur). Organic sulfur is typically the hardest form 
of s~lfur to remove from coal~ 

To summarize"i't has been shown that selective oxidation of. coal is a 
very effective pretreatment for th~ enhanced desulfurization of coal. The 



( ) 

) 

selective oxidation pretreatment removes all pyritic sulfur, and some of 
the organic sulfur, and appears to activate the remaining organic sulfur 
towards desulfurization. The levels of desulfurization obtained at 3500C 
approach 85%, which are at least equivalent, if not superior, to those 
obtained in the molten caustic leaching process. At 450°C the levels of 
desulfurization are around 95% which is beyond that demanded by the Clean 
Air Act. 



· OBJECTIVES 
, 

The primary objective of this study was to evaluate selective 
oxidation as a pretreatment for the enhanced desulfurila.tion of Illin'ois 
Basin coals using a variety of mild thermal/chemical processes. 

,;.! 

The specific goals and objectives of this study are:-

1. To optimize sulfur removal from Illinois coals by combining selective 
oxidation with mild pyrolysis. 

2. To determine the rate of desulfurization by varying the time and 
temperature of pyrolysis. 

3. To study the desulfurization mechanism of selectively oxidized sulfur 
containing model compounds under mild pyrolysis conditions. 

4. To establish the effect of additives on the level of desulfurization 
obtained during pyrolysis. 

5. To investigate desulfurization of selectively oxidized coals during 
enclosed, open and vacuum pyrolysis. 

6. To determine the effects of mild pyrolytic desulfurization on the Btu 
recovery of desulfurized coal. 

7. To monitor the levels of nitrogen in the desulfurized products to 
determine if any nitrogen removal is effected. 

INTRODUCTION AND BACKGROUND. 

The combustion of high sulfur coals contributes substantially to the 
problems associated with acid rain. Current and pending clean air 
legislation is designed to reduce this problem by cutting the levels of 
sulfur dioxide that may be released into the atmosphere. These new laws 
prevent the direct and efficient utilization of many important Illinois 
coals reserves which, unfortunately, are high in sulfur. This may 
present the already troubled Illinois coal industry with a difficult 
future if solutions to the sulfur problem are not found. 

Sulfur dioxide emissions can be reduced by post combustion scrubbers 
but these are very expensive. Consequently precombustion coal cleaning 
strategies including physical, chemical and microbial methods have been 
investigated. Although some success has been achieved in the liberation 
of inorganic sulfur species from coal, no satisfactory technique for the 
removal of organic sulfur has been found. 

For the desulfurization of coal to become a viable exercise the use 
of low temperatures, low pressures and inexpensive and recyclicable 
reagents that can remove both organic and inorganic sulfur are necessary. 
Many chemical desulfurization processes can remove pyritic sulfur and 
some of the organic sulfur, but all too often, only at the expense of 
high reaction temperatures and detrimental effects to desired coal 
properties (Btu content, volatile matter content and caking ability). 
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Previous Work 

In this study chemically desu1furized coals produced from a 
previously funded CRSC project entitled "Chemica1 coal cleaning using 
selective oxidation", were examined for further desu1furization using 
mild thermal/chemical techniques. It was anticipated that the 
combination of these procedures would lead to high quality products with 
very low sulfur contents. 

Previously, IBCSP coals Nos. 101 and 106 had been ground to various 
particle sizes and then selectively oxidized with peroxyacetic acid to 
various extents in an attempt to find optimum oxidative conditions for 
sulfur removal. Although very encouraging desulfurization were obtained 
(40-55%), complete sulfur removal was not possible via selective. 
oxidation alone. For this reason these partially desu1furized products 
were examined further and their enhanced desulfurization investigated. 
Since the sulfur that remains in the desulfurized products is in a 
selectively oxidized form in which the carbon to sulfur bond is weakened, 
this sulfur should be more easily removed by thermal and/or chemical 
processes. Thus it is possible that very high desu1furization levels may 
be achieved by combining selective oxidation with other desu1furization 
strategies. 

The term selective oxidation is used because in typical organic 
structures thought to be present in coal organic peroxy acids such as 
peroxyacetic acid oxidize sulfur functional groups faster than most 
carbon structures. As long as the oxidation conditions are controlled 
the result is a product where organic sulfur species have been converted 
to their sulfones and sulfonic acids but most of the carbon structures 
remain unoxidized. Hence the term selective oxidation. The faster rate 
of oxidation of sulfur over carbon is due to the strong electrophilic 
nature of the oxidizing species (hydroxyl cation) and the fact that 
sulfur is a stronger nuc1eophi1e than carbon. 

Using selective oxidation it has been established that all mineral 
forms of sulfur and between 10-25% of the organic sulfur can be removed 
from these coals using temperatures as low as 500C and times of only a 
few hours. If temperatures of 1000 C are used then the desulfurization 
takes less than 5 minutes. These reactions have led to desu1furized 
products for the IBCSP 101 and 106 coals that have 2.60 and 1.70 % sulfur 
respectively. This represents a sulfur reduction of 40% for the 101 coal 
and 55% for the 106 coal. If these levels of desulfurization can be 
combined with those established under a separated study using mild 
pyrolysis alone (63% organic sulfur removal for a pyrite-free Illinois 
No.6), then almost 90% removal of sulfur may be possible. 

EXPERIMENTAL PROCEDURES 

a) Coal preparation 

Two coal samples were obtained from the Illinois Coal Basin Sample 
Program (IBCSP). These coals have the sample bank code IBC-101 and IBC-
106 respectively. The IBC-101 coal is a sample of Herrin No.6 (Illinois 
No.6) and the IBC 106 coal is a sample of Indiana No.5 (known as Illinois 
No.5 where the seam is in Illinois). These coals were used because they 
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have high organic sulfur contents and, in the case of IBC-I06, the 
pyritic to organic sulfur ratio is approximately 1:1. This allows for 
the fate of the sulf~r to be follow~d more accurately. 

Two kilograms of each coal was riffled into four 500g aliquotS. 'Two 
500g aliqubts of eachcoa1were then sta~e ground to ~60 mesh and ~400 
mesh respectively. In addition a third aliquot of the IBC-I0l coal was 
cryogenically treated following a procedure reported earlier. This was 
done to see if cryogenic fracturing of the coal lead to enhanced 
desulfurizat ibn. 

, ';'. 

b) Selective oxidation 

Typical ds~ulfurization runs involved dispetSing 2g bf the ground 
coal sam~le in 60 nil of glacial acetic acid, w~rming to the desired 
reactioh tem~etature via a water bath and adding 20ml of hydrogen 
peroxide solution of the desired strehgth. After completion of the 
designated reaction time the cbntents of th~ flask were,cooled if 
necessary and immediately filtered to recover the desu Hurized solid coal 
products. The filter was washed with 100mL hot distilled *ater and then 
dried in a vacuum oven at HOoC 'overnight. A small portiDn (l0-20mg) of 
platinum on carbon was added to the filtrate to destroy any excess 
peroxides. After standing overnight the filtrate was refiltered and 
isolated on a rotary evaporator. Both solid and filtrate des~lfurization 
products were,examined by proximate, ultimate, sulfur and Btu analysis 
where the ptdduct was suitable and sufficient material was available. 

Reattion times were varied from five minutes to a maximum of three 
days, with typical sampling times of 5, 15'and 30 minUtes, plus 1, 6, 24 
and 72 hours. Reaction temperatures studied include room temperature 
(21 0C), 500 C and 1040C (The boiling point of the acetic acid/hydrogen 
peroxide mixture.) 

c) Mild pyrolysis: 

2g of the coal (pretreated or unoxidized) was placed in a 10ml 
stainless steal micro-reactor, purged with nitrogen and then immersed in 
a fluidized sand bath maintained at the desired pyrolysis temperature for 
the desired time period. Upon completion of this time period the reactor 
was cooled in cold water and the contents submitted for total sulfur, ash 
~nd moisture analysis. 

d) React ions with add it i ves 

2g of the oxidized coal or uncixidited coal was placed in a 10 ml 
stainless steel micro-reactor together with 0.131g of additive dissolved 
in 5ml of methanol or water. I the microreactor was then purged with 
nitrogen, sealed and immersed in the fluidized sand bath for one hour. 
Temperatures used included 2500C, 3500C and 4500C. After the desired 
reaction time the microreactor was cooled in cold water and the contents 
washer with dil. Hel and then distilled water at,the filter. The dried 
products were analyzed for total sulfur ,ash 'and moistlire. 

e) '. Mode 1 compound react ions ',. 

8 



~) 

i 
~/ 

Each of the following model compounds were investigated. 
Oibenzothiophene sulfone, phenyl sulfone and dodecyl sulfone. Each of 
these model compounds was treated for 1 hour at 3500C with water, 
methanol, methanol/KOH, methanol/K2C03, water/Na2C03 and no additive 
(standard pyrolysis). 

2 mL reactors were used. The base to solvent ratio was the same as 
that used in the coal experiments and was prepared in slurry form. The 
model compound was added to 1 mL of the base slurry before being placed 
in the reactor. The amount of model compound used was such that the 
sulfur to base ratio involved was about the same as that used in the coal 
desulfurizations. After reaction the reactor was cooled, carefully 
vented, and the contents washed out with 20mL methylene chloride. The 
methylene chloride solutions were then dried over anhydrous magnesium 
sulfate before gas chromatographic analysis. 

f) Instrumental analysis 

Proximate analyses were performed using a LECO MAC-400 proximate 
analyzer. Elemental determinations were made using a LECO CHNS-920 
elemental analyzer. Total sulfur analyses were obtained from a LECO 
total sulfur analyzer. Some ash and moisture determinations were made 
using a Perkin Elmer TGA-7, thermogravimetric analyzer. Particle size 
determinations were made using a Leeds and Northrup particle size -
analyzer. BTU determinations were made using a Parr BTU determinator. 
Gas chromatography was performed on a Varian 3400 GC using a sulfur 
selective flame photometric detector (FPO). 

RESULTS AND DISCUSSION 

Sample Preparation. 

The elemental, proximate and Btu analysis of the various coal samples 
is given in Table 1. Selected particle size data is given in Table 2. 

Table 1. Proximate, ultimate, total sulfur and BTU content. 

IBC part. moist. ASH %C %H %N VM Fe TS BTU 
# size % dry dry dry dry dry dry dry dry 

101 -60 7.68 9.32 74.95 4.06 1.32 40.67 50.01 4.43 13003 
-100 3.62 10.16 68.41 4.33 1.22 40.12 49.72 4.43 12634 
-200 2.92 10.54 65.78 3.98 1.22 39.63 49.83 4.47 12635 
-400 3.86 9.87 75.31 4.36 1. 31 39.75 49.93 4.48 12192 
-400F 4.78 1. 01 75.71 4.84 1.33 42.88 56.10 3.64 13027 
cryo 7.71 10.79 72.33 4.53 1. 31 40.11 49.10 4.40 11884 

106 -60 8.72 8.76 73.95 4.21 1. 61 39.64 51.60 3.63 12340 
-100 7.91 8.70 74.11 3.80 1.66 39.86 51.44 3.68 12417 
-200 6.09 8.83 73.94 4.23 1.66 39.14 52.03 3.61 12604 
-400 3.63 8.86 71.36 4.06 1. 58 39.32 51.82 4.05 12969 

F = floated coal cryo = cryogenically treated coal 
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Although there is slight variability in elemental composition between 
the aliquots of the Same coal ground to different particle size, this 
variation is largely within experimental error. Thus good agreement is 
obtained between the data fo~ the various particle sizes fractions of the 
same coal. This illustrates that no preferential loss of some coal 
components occurred during grinding and that levels of oxidation (if any 
occurred) are very similar for each sample regardless of its extent of 
grinding. This means that all samples of the'same coal should be . 
identical with the exception of their particl~ siie distribution. Th1s 
allows for more control of the variables associated with desulfurization 
and hence easier data interpretation. 

It is clear that the float~d coal has a ~ery low ash content. This is 
the result of mineral matter being removed by the acid treatment and the 
flotation process. However the total sulfur for this floated coal is too 
high for the sulfur to be all organic. Thus it appears that about one 
third of the pyrite in the coal has not been liberated and subsequently 
separate~.by the sink/float process. 

Table 2. Summarized particle size analysis data. 

Coal type/top size %16 %50 %84 MV CS 

IBCSP 101 -200 mesh 10.88 29.36 62.95 35.97 0.392 
101 -400 mesh 6.~6 16.82 34.68 20.59 0.581 

106 -200 mesh 7.88 24.80 56.66 31.33 0~467 
106 -400 mesh 5.45 14.11 27.91 16.48 0.672 

%16, %50, %84 are the 16th, the 50th and 84th percentile respectively. 
Ie. the percentage of the total sample which is below that particular 
particle size. 

MV = Volume mean diameter in microns 
CS = Calculated surface area in meters squared per cc. 

Task 1. Mild pyrolysis of unoxidized coal samples. 

a) Variation of sulfur content with pyrolysis time and temperature. 

To establish the levels of sulfur removal obtained by mild pyrolysis 
alone, each of the unoxidized control coals was placed into the pyrolysis 
chamber and treated as described in the'exgeri~ental section. Pyrolysis 
temperatures of 250, 300, 350, 400 and 450 C were investigated. 'Pyrolysis 
times ranged from 15 min. to 2 hours with sampling times at 15, 30, 60 
and 90 minutes. Each product was submitted for proximate and total sulfur 
analysis. 

It was found that thermally treating these coals could remove at 
least part.of their sulfur. Although some of ~he data points behaved 
erratically, there are a number of general trends that could be observed. 
Firstly, the level of sulfur removal, as measured by the sulfur contents 
of the solid products, increases with increasing temperature. This 
increase in sulfur removal is fairly modest until temperatures over 3500 C 
are used, at which point the level of sulfur removal increases rapidly. 
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Most of the sulfur removal occurs in the first 15 minutes of thermal 
treatment, after which, in general, it continues to decline but at a 
slower rate. There are a number of data pOints which suggest that the 
sulfur content of the pyrolyzed coals actually increase slightly after 
the initial drop in sulfur content. This may be an indication of 
regressive reactions taking place between the sulfur initially released 
and the partially desulfurized product. It could also indicate that non
sulfur containing material is removed from the coal after the initial 
removal of sulfur containing material. However, this phenomena is not 
observed in all cases and it is difficult to be conclusive with regards 
to the possibility of regressive reactions at this point. 

In summarizing this data we can say that the amount of 
desulfurization obtained by pyrolysis alone is both time and temperature 
dependent. At temperatures at or below 3500C only 2% of the sulfur in the 
IBC 101 coal was removed while 11% was removed from the IBC 106 coal. 
However at temperatures of 4000 C and above the levels of sulfur removal 
increase to 14.3% for the IBC 101 coal and 23.6% for the IBC 106 coal. 
However, at these higher temperatures much of the volatile matter content 
of these coals has been lost. 

b} Variation of sulfur content of pyrolysis products with particle size 
and physical pretreatment. 

Having established how pyrolysis time and temperature affect the 
sulfur content of the two coals, the effect of varying the particle size 
and physical pretreatment of the samples was investigated. In addition to 
the -400 mesh samples already studied, samples of each coal at -60 mesh, 
-100 mesh and -200 mesh were also examined. A floated sample, an 
extracted floated sample and a cryogenically treated sample all derived 
from the IBC 101 were also studied. The pyrolysis time was held constant 
at 1 hour while two pyrolysis temperatures (350oC and 400oC) were chosen 
for use in.this set of experiments. The results of this set of 
experiments are shown in Table 3. 

Table 3. Effect of varying particle size'on pyrolytic desu lfur i zat i on. 

Dry Sulfur Contents 

IBC 101 IBC 106 

No. py. 350 C 400 C No py. 350 C 400 C 

-60 mesh 4.43 4.02 3.55 3.63 3.41 3.19 
-100 mesh 4.43 4.24 3.61 3.68 3.53 3.15 
-200 mesh 4.47 4.13 3.95 3.61 3.34 3.08 
-400 mesh 4.17 4.21 3.61 4.04 3.64 3.03 
cryogenic 4.41 4.16 4.17 
floated 3.42 3.45 2.42 
extd. floated 3.44 2.93 2.33 

Although there are fluctuations in individual data points the 
underlying trend indicates that the removal of sulfur using pyrolysis 
conditions is not significantly effected by the particle size of the 
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coal. Indeed, with a few exception, the levels of sulfur removal for each 
ofth~ particle site sam~les, ~gr~e Very well·. With· the exception of the 
cryogenically treated coal, the higher tem~erature remove~ more sulfur. 
The reason for the anomalou~ ~ehavior of this sample is not cleat at this 
time but it may be related to the preferential liberation of certain 
minerals by the cryogenic tr~atme~ts. 

The floated IBC 101 coaTs behave differently. It is clear that both 
floated samples have a much lower sulfur content· after pyrolysis than any 
of the un-floated samples. Although this can be explained in part by 
their; lower sulfur content prior to pyrolysis. it would appear that 
removing the minefal component·from these coals enhances there 
desulfurization under pyrolysis conditions. Indeed, the average amount of 
sulfur removed by pyrolysi~ at 4000 C from the un-flo~ted coals is·0.60%, 
but for· the floated isamples itis 1.05%. It is suspected that the rem0va'1 
of the majority of the pyrite from these samples is responsible f.or the 
lower sulfur contents obtained for these samples. This is be~ause it hi~ 
been established that under thermal treatment sulfur f.rom pyrite can 
react with th~ organic matter in the coal forming organic sulfur 
compounds that ~fe ~xtremely difficult to desulfutize. Thus removing 
pyrite before pyrolysis prevents the formation of additional organo
sulfur compounds. 

Extracting the coal prior to pyrolysis also improves the extent of 
sulfur removal. It is proposed that by removing the mobile phase from the 
pores in the coal, the sulfur compounds releas~d upon pyrolysis may be 
able to escape the crial more eas~ly. This would reduce the chances of 
regressive reactions and the reincorporation of sulfur before it could 
escape the 'coal matrix. More studies ofi extracted coals would be required 
to establish this. ' 

Task 2. Mild pyrolysis of selectively oxidized coals. 

a) Establishing the level of selective oxidation required. 

Before the effect of varying pyrolysis conditions and additives etc. 
on the desulfurization of the selectively oxidized coals can be studied, 
it was necessary to establish the level of selective oxidation required 
for the subsequent formation of low sulfur products. Determining the 
level of oxidation required in the pretreatment step is important because 
the level of product recovery, as well as the level of desulfurization, 
is governed the extent of oxidation. In these studies we were primarily 
interested infa selective nxidation pretreatment that promoted the 
removal of sulfur during subsequent desulfurization reactions and which 
did not dissolve too much of the coal. The amount of sulfur removed in 
the pretreatment step was considered less important at this stage. To 
provide a variety of selectively oxidized coals both the IBC 101 -400 
mesh and tn'eIBC 106 -400 mesh coal samples were oxidized with 
peroxyacetic acid using six different sets of conditi~ns. These are 1, 
6, 24 and 72 hours at room temperature, 6 hours at 500C,and 5 minutes at 
1040C. 

These conditions were chosen because they all produced yields of 
solid selectively oxidiZed toal of arouhd 80% and better. If the weight 
of the solubilized portion of the coal is taken :into account then .yields 
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approach 100%. In future experiments it is anticipated that the whole 
oxidized products would be investigated. This would lead to higher 
recoveries after subsequent desulfurization. 

Each selectively oxidized coal was submitted for total sulfur and 
ash/moisture analysis. Each sample was then tested for enhanced 
desulfurization using standard pyrolysis and supercritical 
methanol(SCM)/NaOH conditions of 1 hour at 3500C. Samples were also 
submitted for sulfur and ash/moisture analysis after pyrolysis and 
SCM/base treatment. The results of these treatments are summarized below 
in Tables 4 and 5. 

From Tables 4 and 5 it is clear that the extent of selective 
oxidation has little effect on the amount of sulfur removed under 
pyrolysis at 3500C alone. Indeed, in some case the sulfur content 
increases after pyrolysis. However, under the conditions of the SCM/base 
reaction, the extent of oxidation in the pretreatment step has a 
pronounced effect and large variations in the sulfur contents of the 
products can be seen. 

Table 4. Effect of extent of oxidation on desulfurization using 
pyrolysis conditions for the IBC 101 -400 mesh sample. 

Dry sulfur contents 

Treatment Yield++ Before PY After PY SCM/Base 

a 94.0 3.41 3.42 1.98 
b 93.3 3.05 3.09 1. 52 
c 93.2 2.86 2.75 1.25 

. d 85.5 2.63 2.78 0.88 
e 78.9 2.49 2.83 0.67 
f 79.5 2.48 2.43 1.48 
none 100.0 4.14 4.20 1. 95 

++ Yields based on weight of oxidation residue only. 

Table 5. Effect of extent of oxidation on desulfurization using 
pyrolysis conditions for the IBC 106-400 mesh sample. 

Dry sulfur contents 

Treatment Yield++ Before PY After PY SCM/Base 

a 95.7 2.64 2.52 1. 39 
b 95.2 2.06 2.03 0.93 
c 93.9 1.89 1.87 0.77 
d 87.9 1. 76 1.88 0.57 
e 82.8 1. 75 1.89 0.57 
f 90.9 1.42 1. 74 1.17 
none 100.0 4.04 4.20 1.66 

++ Yields based on weight of oxidation residue only. 
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It appears that asth~ levei of ox~d~tion in the pretreatment step 
increases (as measured by the yield after oxidation) the 'greater the' 
desulfurization obtained in the ' SCM/Base treatment. The exception to 
this is the coals that were pxidized for 5 minutes at 1040 C. Although 
these coals have the lowest: sulfur contents after sel~ctive oxidation 
alone, the sulfuf that remains appears less susceptible to further 
desulfurization with SCM/base'." The reasons for this are not clear. The 
level of oxidation as measufed by the amount of coal dissolution is 
similar to the other oxidized samples ~nd therefore ~imilar 
desulfurizations with SCM/base were expected. One explanation that would 
explain this behavior is the lack of reagent penetration into the coal 
structure because of the very short reaction time. If this was the case 
then the observed coal dis~olution would have involved the dissolution of 
exposed toal particle surfac~s and the observed desulfurization would 
have been due to PYrite diss.olution and the reaction of organic sulfur 
associated with the coal particle surfaces. However, it is anticipated 
that there would not hav~ been suffitient time for the"reagents to 
penetrate the coal particles. Thus the organic sulfur within the coal 
particles would not have been oxidized and therefore not activated 
towards subsequent desulfurization with SCM/base. 

It is clear thjt very low sUlfur content products can be obtained via 
these treatment. Inde~d, ori a concentration basis up to 84% of the 
sulfur in the IBC 101 coal and 86% of the sulfur in the IBC 106 coal has 
been removed. From the data on both coals it is clear that selective 
oxidation pretreatment with peroxyacetic acid at 500C for 6 hours gives 
the best results. 

Large scale oxidation reactions were performed on both coals using 
the conditions identified above that gave the best subsequent 
desulfurizations. The products were analyzed and stored under nitrogen 
until required. The analysis results are shown below in Table 6. 

Table 6. Analytical data for the large scale oxidation products. 

% % lash %C %H %N %S 
Yield moist dry dry dry dry dry 

IBC 101 86.0 4.18 8.05 64.9 3.47 1.09 2.67 

IBC 106 82.8 7.11 6.91 65.1 4.12 1.38 1.67 

b) Variable pyrolysis conditions for oxidized coal. 

Having establish~d the level of selectivenxidation required for 
effective desulfuriz~tion during subsequent treatment~; it was necessary 
to evaluate the behavior of the oxidized coals under mild pyrolysis 
conditions. During the screening of the v'arious oxidized coals, 
pyrolysis experiments were conducted at 3500C for 1 hour. These served 
as the basis of subsequent pyrolysis studi~s in which the pyrolysis 
temperature was varisd from 250-450oC and the pyrolysis time varied from 
15-120 minutes. The sulfur contents of the IBC 101 products from these 
experiments are shown in Table 7~' . 
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Table 7. Sulfur contents of pyrolyzed selectively oxidized coal. 

Time Temperature °c 
(mins) 

250 300 350 400 450 

15 2.43 

30 2.55 

60 2.62 2.37 2.32 2.30 1.45 

90 2.33 

120 2.28 

By comparing the pyrolysis data of the selectively oxidized coal with 
that for the control unoxidized coal (Figure 1.), we find that sulfur 
removal starts at an earlier temperature when the coal has been 
selectively oxidized. For example, virtually no sulfur removal (on a 
concentration basis) is observed for the control coal at 3500 C. However, 
over 13% of the sulfur is removed from the selectively oxidized coal 
under the same conditions. This indicates the sulfur moieties in the 
coal have been activated towards thermal decomposition by the selective 
oxidation pretreatment. 

Greater levels of sulfur removal are not obtained until temperatures 
over 4000C are reached. In this respect the selectively oxidized coal 
behaves similarly to the unoxidized control sample. However, the 
selectively oxidized coal continues to desulfurize more effectively than 
the unoxidized control samples. Indeed, under pyrolysis conditions of 
450°C for 1 hour, only 17% of the sulfur is removed from the unoxiqized 
sample while 46% of the sulfur can be removed from the selectively 
oxidized coal. Combining the amount of sulfur removed in the 
pretreatment step with that obtained during pyrolysis over 65% of the 
sulfur in the IBC 101 coal has been removed. 

It is clear that substantial enhancement in the reactivity of the 
sulfur in the coal has been achieved by the selective oxidation 
pretreatment. This increase in reactivity may be due the to weakening of 
the C-S bonds via the formation of sulfones, sulfoxides or sulfonic acids 
during the selective oxidation pretreatment. 

As with the control samples the levels of desulfurization obtained 
did not increase significantly with increasing pyrolysis time. 

Task 3. Effect pyrolysis pressure and additives on desulfurization. 

Pyrolysis pressure. 

Experiments were performed in which the pyrolysis pressure was 
varied. Both unoxidized and selectively oxidized coals were studied. 
The results are shown in Tables 8a and 8b below, and are summarized in 
Figure 1. 
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Table 8a. Effect, of pyrolysis, pressure on the desulfurization of raw IBC 
101. 

% dry Sulfur 

Pressure 
DC 

Temperature Confined Vacuum Ambient 

250 4.21 3.89 4.01 
300 4.17 3'.96 3.99 
350 4.21 3.86 3.95 
400 3.61 3.39 3.40 
450 3.47 3.24 3.34 

Table 8b. Effect of pyrolysis pressure on ,the desulfurization of oxidized 
IBC 101. 

% dry Sulfur 

Pressure 
°c 

Temperature .Confined Vacuum Ambient 

250 2.62 2.72 2.67 
350 2.32 1.84 2.04 
450 1.45 1.22 1.29 

Over 70% of the sulfur (on a concentration basis) in the IBC 101 coal 
can be removed by performing vacuum pyrolysis on the selectively oxidized 
coal. Similar pyrolysis conditions when applied to the un6xidized coal 
only remove 22% of the sulfur in this coal. This result is very 
significant 'because large amounts of sulfur can be r~moved from the 
selectively oxidized coal using simple thermal and low pressure 
procedures. The absence of subsequent chemical and/or high pressure 
desulfurization reactions allows for fuore econo~ical prOcesses to be 
developed. 

Although the effect df varying the pressure of the pyrolysis chamber 
is smaller than the effect resulting from changes in the pyrolysis 
temperature, it is clear that lower sulfur contents are obtained by 
lowing the pressure. This.is evidence for the regressive reaction of 
volatile sulfur components, initially released by pyrolysis, with the 
remaining coal matrix. It is proposed that in the enclosed system the 
volatilizeds~lfur compounds, which cannot escape the pyrolysis chamber, 
react with the partially desulfurized coal forming new sulfur compounds. 

The effect of introducing additives to the pyrolysis chamber. 
I, 

As mentioned earlier SCM/NaOH treatments Dn the Oxidized coals were 
performed ,in.'preliminary experiments. This was done primarily to 
establish the level of selective oxidation necessary in the pretreatment 
step. Many other combinations of additives were subsequently 
investigated. Both selectively oxidized and unoxidized control samples 
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of IBC 101 and IBC 106 coals were investigated. The various treatments 
used are outlined in Tables 9 and 10 below. It should be noted that the 
data in Tables 9 and 10 was obtained using the products from the large 
scale oxidations. Due to scale up problems the degree of oxidation 
obtained for the products was slightly different from the samples 
contained in Tables 4 and 5. Thus slight discrepancies between the data 
in Tables 4 and 5, and Tables 9 and 10, are to be expected. 

It is very important to note that the sulfur contents of the 
desulfurized coals that received the selective oxidation pretreatment are 
consistently much lower than those of the unoxidized control coal. This 
demonstrates that the sulfur removal obtained during selective oxidation 
pretreatment and that obtained in subsequent treatments is substantially 
additive. Since most of the pyritic sulfur is removed in the selective 
oxidation step it is clear that the subsequent desulfurization must 
involve organic sulfur. Indeed the sulfur contents of most of the 
products are too low for there not to be organjc sulfur removal. 

Thus, it is clear that the selective oxidation pretreatment 
significantly enhances the levels of desulfurization. By examining the 
3500C data, it is clear that levels of desulfurization for the unoxidized 
control, IBC 101 coal were rarely over 50%. For the selectively oxidized 
IBC 101 coal, combined desulfurizations over 70% and even 80% were 
routinely obtained. One sample that received the selective oxidation and 
the subsequent SCM/NaOH treatment twice, had a sulfur content of only 
0.47%, a sulfur reduction of 88.7% when compared to the raw coal. 
Desulfurization of the selectively oxidized IBC 106 coal was even more 
successful with sulfur removals in the 70-90% range being obtained in all 
but a few cases. Without the oxidative pretreatments sulfur removal 
levels were only occasionally better than 50%. 

The effect of varying the reaction temperature on desulfurization was 
investigated. In general, treatments at 2500C had only a marginal effect 
on the sulfur contents of both the unoxidized and the oxidized samples. 
However, as the temperature was increased from 2500C to 3500C and then 
4500C more desulfurization was always observed. Sulfur contents as low ~ 
as 0.23 and 0.29 were .obtained at 4500 C for the oxidized IBC 101 coal 
with methanol/KOH and methanol/K2C03 respectively. These levels of sulfur 
removal represent total sulfur removals of over 94% and organic sulfur 
removals better than 92%. It should be noted that these levels of sulfur 
removal are beyond those demanded by the Clean Air Act and were obtained 
for a high sulfur coal with a very high organic sulfur content (75% of 
the total sulfur). Organic sulfur is typically the hardest form of sulfur 
to remove from coal. 

Another way to examine the desulfurization data is to compare the 
percentage desulfurizations obtained in the base/solvent reactions only. 
In this way the amount of sulfur removed in the pretreatment step is 
ignored and hence the susceptibility of the remaining sulfur towards 
desulfurization can be compared with that in the raw coals. This 
comparison establishes the degree to which the selective oxidation 
enhances desulfurization. By plotting the % desulfurization obtained for 
the oxidized coals against those obtained for the unoxidized control 
coals under equivalent conditions and establishing an equivalency line, 
it can be determined if selective oxidation enhances desulfurization in 
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pe~c~ntage'te~ms as well as in total sulfur removed through the co~bined 
treat~~nt. This type of plot for the IBC 101 coals at 250, 350 and 450oC, 
and the IBC 106 coals at 3500 C is shown in ·Figures 2-5 ·respective1y. 

Table 9. Table of additives and conditions used to desulfurize the tBC 
101 coal (selectively oxidized and unoxidized control' coals). 

Treatment/Additives % Dry Sulfur 

Unoxidized coal Oxidized coal 
( 4,. 48%S) (2.67%S) 

2500C 3500C 4500C 2500C 3500C 4500C 

1. pyrolysis 4.21 4.21 3.47 2.63 2.33 1.45 
2. water 3.72 3.43 3.16 2.36 2.02 1.62 
3. water/NaOH 3.64 3.02 2;69 2.29' 2.05 1.42 
4. water/KOH 3.56 2.65 2.16 2.44 1. 99 1.26 
5. water/NatC03 3.6t 2.85 2.51 2.12 1. 5t 1. 21 
6. water/Ca 03 3.59 3.31 2.76 2.49 1. 79 1.72 
7. water /1 ime 3.68 3.47 2.40 2.36 2.14 1. 79 
8. methanol 3.75 2.77 1. 74 2.28 2.06 0.95 
9. methanol/NaOH 3.'59 2~53 2.13 2.28 1.29 
10. methanoljKOH 3.82 1.89 1.13 2.14 1.05 0.23 
11. met hanD ljNa~C03 2.29 1.55 2.44 0.94 0.77 
12. methano ljNa C03 2.49 2.33 1.81 0.76 
13. methano ljK2C03 3.86 1.64 2.10 2.11 0.77 0.29 
14. ethanol 2.93 2.82 2.66 1.56 1.26 
15. ethano ljNaOH 2.66 2.37 2.76 1.43 1.25 
16. ethanol/KOH 3.93 1.92 1.62 2.66 1.02 0.65 
17. ethano ljNa~C03 2.76 2.22 2.71 1.68 1.00 
18. ethano ljNa C03 3.45 1. 75 1. 21 0.45 
19. ethanol/K2CO~ 2.87 1. 72 2.51 1.11 0.72 
20. repeat exp.9 0:47 

a The coal was selectively oxi;dized then treated with SCM/NaOH twice. 

The extent to which the data points'in Figures 2-5 are above the x
axisba'seline is a measure of how much additional desulfurization is 
obtained after selective oxidation by the subsequent base/solvent 
reactions. It is evident that all data points are significantly above the 
x-axis. This clearly demonstrates, in graphical fashion, what was seen in 
Tables 9 and 10, that significant additional desulfurization is obtained 
after the selective oxidation pretreatments. In additioni it is clear 
that most of the data points are also above the equivalency line. This 
indicat~s that in most cases the sulfur remaining after selective 
oxid~tion is apparently more susceptible to desulfurizatiorr than the 
sulfur in the raw coals.' Although the increases in ~ertentage ", 
desulfurizations obtained aft~f selective oxidation may be due to the 
removal of pyrite in the pretreatment step (and hence a redistrib4tion of 
the sulfur forms requiring removal), they are also entirely consi~tent 
with the Weakening of· the C~S b6hds in the coal by the conversion of 
divalent organit sulfur in the raw coal to sulfones, sulfoxides arid 
sulfonic acids in the oxidized coal. It is interesting to note that as 
the temperature increases from 250 to 4500C more of the data points shift 
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above the equivalency line. This shows that greater enhancements in 
desulfurization, as provided by the oxidative pretreatment, favor the use 
of higher temperatures during subsequent treatments. 

Table 10. Table of additives and conditions used to desulfurize the 
selectively oxidized IBC 106 coal. (all at 3500 C) 

Treatment/Additives % Dry Sulfur 

Unoxidized coal Oxidized coal 
(4.05%S) (1.67%S) 

1. pyrolysis 3.69 
2. water 2.52 1.16 
3. water/NaOH 2.38 1.10 
4. water/KOH 1.85 1. 21 
5. water/Na

e
C03 2.37 0.93 

6. water/Ca 03 2.83 1.16 
7. water/lime 2.47 1.17 
8. methanol 1. 99 1.03 
9. methanol/NaOH 1.06 0.81 
10. methanol/KOH 1.86 0.46 
11. methanol/Na

R
c03 1.69 0.64 

12. methano l/Na C03 13. methanol/K2C03 1.62 0.62' 
14. ethanol 2.29 1. 08 
15. ethanol/NaOH 2.45 0.81 
16. ethanol/KOH 1.84 1.07 
17. ethanol/Na8c03 2.19 0.86 
18. ethanol/Na C03 19. ethanol/K2C03 1. 24 0.54 

Some of the most pronounced increases in desulfurization with 
increasing temperature were observed for the unoxidized coal using 
methanol or ethanol as the solvent. This is in part due to the alcohol 
obtaining the supercritical state. It is very interesting that methanol 
alone at 3500 C can effect such a large desulfurization of the unoxidized 
coals but does not produce the same effect on the oxidized coals. 
Indeed, the desulfurization of the oxidized coals at 3500C is just as 
effective, if not more so, using water instead of methanol. The fact 
that methanol alone removes more sulfur from the unoxidized coal than it 
does from the oxidized coal may be due to the fact that i) the sulfur 
that methanol removes from the unoxidized coal was already removed from 
the oxidized coal by the PAA treatment, or ii) something in the unoxi
dized coal that is not present in the oxidized coal (pyrite for example) 
promotes the decomposition of the methanol into the active desulfurizing 
agent. 

In general the aqueous bases remove relatively large amounts of 
sulfur from the unoxidized samples and relatively small amounts from the 
oxidized samples. This is due to the removal of pyrite from the 
unoxidized coal, something which has already been removed from the 

( oxidized coal during the selective oxidation pretreatment. Thus this 
\ finding is not unexpected. What is surprising is that out of the aqueous 

base systems investigated, the water/KOH and the water/NaOH combinations 
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were the least effecti've. The water/Na2C03 comqination, was found to be 
far superior for the desulfuriza~ion of the oxidized coals than any of 
the aqueous hydroxide base~.Indeed, nearly 65% of the sulfur in the 
pretreated 101 coa) andonearly 85% of the sulfur,in the pretreated 106 
coal can be remoVed u~ing aqueous sodium carbonate at 350°C. It was 
anticipated that the hydroxide bases would be more effective in 
desulfurization because, being stronger bases, they should perform the 
desu lfurizat ion react ions more effi cient ly. I' ,,~, 

Although the water/sodium carbonate system is very encouraging even 
higher levels of desulfurization were obtained using supercritical 
alcohol with a base. Usually methanol was superior to ethanol. It is 
clear that alcohol/base combinations result in substantial levels of 
sulfur removal for both the unoxidized and the oxidized coals. Ih the 
case of the oxidized coals the treatment wi{h methanol alene and the 
treatment with aqueous 'NadH or KOH did not desulfurized the coal ~ny more 
than water alone. However when methanol and the base are mixed together 
significant desulfurizalion is observed. This suggests that some 
synergistic interaction between the methanol and the base occurs. This 
interaction may involve'the reaction betweeri methanol and base' to form an 
active desulfurizing agent or it may be due to the reattion of the 
base/methanol with a complex formed between the coal and the' ' 
methanol/base. However, in previous studies (Murdie et. al., Fuel Proc. 
Tech. 1988, 18, p119, Hippo et. al., Fuel Proc. Tech, 1987, 17, p85), it 
was determined that the alcohol and base can react together t~ form gas~s 
such as H2, CO and C02.~hus, it is possible that in ~dd1tion to' the 
nucleophilic substitution and displacemen~reactions performed by the 
base and the alcohol individually, there would be additional 
desulfurization reactions performed by these hydrogen and tarbon monoxide 
gases. These additional desulfurization reactions, would be one possible 
explanation for the synergistic desulfurization observed. 

As can bes~entrbm the flagged d~ta points in Figures 2-5, the 
alcohol/carbonate base combinations are ,usua"lly more effective 
desulfurizing agents than ,alcohol/hydroxide base systems. Again this is 
surprising but it follow~ the pattern established with the aqueoUs base 
systems. At thi~ time the reason fot the superiority of the carbonate 
systems over most of the hydroxide systems is unknown. The fa~t that! 
carbonate bases such as sod fum carbonate and potaSsium carbonate provide 
outstandin~ levels of de§ulfurizati~n,is especially encouraging since' 
the~e ~re among the cheapest chemical reagents presently available. In 
additi~n, the potential ~se of calcium carbonatellimestone) for ,the 
deswlfuriZation ptOcess is ia possibility. This1wouldprovide 
cons iderab lie economic advantages. '", ' ' 

~'Tha·effett of ~hcreasing the reaction time of the subsequent step,was 
investigated for four different systems. The results are shown in Figure 
6. With the exception of themethanolic KZC03 system at 2500 C no 
improvements in desulfurization were obtalned by inc,reasihg ther,eaction 
time. This is:significant because this demonstrates that extended 
reaction times may not be required. Indeed, similar levels of 
desulfurization may be obtained with reaction times substantially less 
than the 1 hour minimum used in these experiments. Obviously reduCing the 
reattion time wOuld lower process costs. 
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Elemental analysis of typical final desulfurized products showed a 
slight increase in both the carbon and hydrogen contents when they were 
compared to the original coal. Nitrogen contents were slightly lower 
after treatment but not significantly, and ash contents were slightly 
higher. Since the desulfurization reactions were performed on small 
sample sizes (a condition set by the available micro-reactors), 
insufficient sample was available for direct Btu measurement. However 
using Dulong's formulae and the available elemental analysis, a Btu value 
of 13900 Btujlb was calculated for a typical final product. This Btu 
value is higher than that of the original coal (13630 Btujlb). Thus it is 
clear a high quality product can be produced which has very low sulfur, a 
high Btu value and, from the HjC ratio, probably a good volatile matter 
content. (As with the Btu measurements, insufficient sample was available 
for proximate analysis.) Due to the small sample sizes used accurate Btu 
recoveries could not be determined. Using a conservative estimate of 75% 
recovery of solid material, Btu recovery would be at least 75%. If the 
Btu value of any liquid and gaseous products are considered, the actual 
Btu recovery could be much higher. larger scale reactions are 
recommended. 

Comparison of the selective oxidation pretreatment (SOP) process with 
molten caustic desulfurization. 

The molten caustic leaching (MCl) process has been investigated 
intensively by TRW (under funding from PETC) and the Ames laboratory at 
Iowa State University. It is commonly referred to as the TRW or Gravimelt 
process. There are a number of variations of this process currently under 
investigation, and the levels of desulfurization achieved make it one of 
the most successful desulfurization processes yet developed for coal. 
Table 11 below lists certain reaction conditions of the MCl process and 
compares them to the conditions used in this project. For the most 
accurate comparison possible the data shown is for Illinois No.6 coals 
that have similar total sulfur contents. 

Table 11. Comparison of SOP and MCl desulfurization processes. 

SOP AMESa PETC (TRW)b 

Sulfur reduction 82.8% 81.0% 86.1% 

Temperature,oC 350 370 370 

Reaction time 1 hr 1 hr 1 hr 

coal/base ratio 10:1 1:2 1:10 

Pretreatment PAA OX. heat to 4200C none 

a) Chriswell et. al. Processing of high sulfur coals IV. 1991, p385. 
b) Gala et.al. Coal Preparation, 1989, 7, pl-28 . 

. < 

It is clear there is essentially no difference in the level of 
desulfurization obtained with the SOP and the MCl processes. However, the 
SOP process has several advantages over the MCl process. First, a lower 
temperature is used. Second, the SOP process uses much less base, only 
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1-5% as much as'the oth~r processes. This represents considerable savings 
in r~agents costs. Of CoursS the sOP ptdcess uses a methanol to coal 
ratio of 4~1, but sihc~ ~ethanol is half the pries of sodium Hydroxide, 
and should be mUch easiSr to recycle, a much more cost effectivs process 
should be possible. In addition,'since less bass is used, less acid 
washing of the product is required, and therefore reduced acid, 
separation arid drying costs would be achieved. 

Task 4. Studies involving sulfur model compounds. 

Analysis of the sulfone reaction products produced under various 
desulfurization conditions, was made Using the sulfur selective, flame 
photometr i c detector of the gas chromatograph. A ser i es of chromatogra'lTis 
for dibenzothiophene is shown in Figure 7. Phenyl sulfone was 
quantatively recovered after reaction.with aqueous sodium carbonate at 
3500C. However only a trace of dodecyl sulfone, and no dibenzothiophene 
sulfone could be detected after rea~tion under the same conditions. The 
use of methanol alone at 3500C was very effective in removing both phenyl 
sulfone and dodecyl sulfone but dibenzothiophene was recovered unchanged. 
Methanol and potassium hydroxide appears to be very effective in 
attacking sulfone structures with no or very little of the starting 
materials being present in any of the reaction products. A small amount 
of dibenzothiophene was detected in the products from dibenzothiophene 
sulfone. This indicates that a reducing environment is established during 
the methanol/potassium hydroxide reaction. The msthanol and potassium 
carbonate combination was also very effective 'in eliminating the 
sulfones. Of the three studi~d only a trace amount of phenyl sulfone 
could be detected after reaction. Wat~r at 3500C does:not appear to 
react with any of the sulfones. The sulfones are largely unaffected by 
pyrolysis at 3500C also. 

CONCLUSIONS 

It has been shown that selective oxidation of coal is a very 
effective pretreatment for the enhanced desulfurization of coal. Indeed, 
in every desulfurization reaction performed, the selectively oxidized 
coal always gave a much lower sulfur content prOduct than that derived 
from the unoxidized control coal. The selective oxidation pretreatment 
itself removes virtually all pyritic sulfur, and some of the organic 
sulfur, and hence has value as a desulfurization strategy in its own 
right. In addition, the pretreatment also appears to activate the 
remaining organic sulfur towards desulfurization with many of the 
reagents investigated. Although this activation lTiay be due to changes in 
the distribution of sulfur forms requiring removal (since pyrite is 
removed in the pretreatment step), it is entirely consistent with the 
weakening of C-S bonds in the coal via the conversion of divalent sulfur 
species to sulfones, sulfoxide~ or sulfonic acids during the oxidative 
pretreatment. 

The levels of desulfurizatioh obtained at 350°C approach 85%. These 
levels are at least equivalent, if not superior, to those obtained in the 
molten caustic leaching process. At 4500C the levels of desulfur·ization 
are around 95% which is beyond that demanded by the Clean Air Att. The 
highest leVels of desulfurization where obtained when the pretreated coal 
was reacted with bases dissolved in alcohol solvents. Howeverj aqueous 
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bases also provided good levels of desulfurization. In general, carbonate 
bases were found more effective than hydroxide bases, and methanol was 
usually superior to ethanol. It is suspected that synergistic 
interactions between the bases and the alcohol solvents is responsible 

. for much of the desulfurization observed. 

It was determined that although particle size had little effect on 
the level of desulfurization, the extent of oxidation in the pretreatment 
step was important in governing the amount of sulfur removed in any 
subsequent treatment. Increasing the temperature of the base/solvent 
desulfurization reactions led to increased levels of sulfur removal, but 
increasing the residence time beyond 1 hour generally provided little 
additional sulfur . 
removal. Lowering the pressure during pyrolysis experiments gave improved 
sulfur removals. This suggests that regressive reactions, in which sulfur 
is reincorporated into the coal, may be involved at higher pressures. 

RECOMMENDATIONS. 

The effectiveness of selective oxidation pretreatments for subsequent 
desulfurization has been demonstrated. This project has shown that high 
sulfur Illinois coals can become compliance coals using an oxidative 
pretreatment stage followed by a chemical/thermal desulfurization stage. 
At this time the pretreatment stage involves chemicals which are rather 
expensive for commercialization of the process. For this reason efforts 
should be concentrated on alternative methods of pretreatment involving 
cheaper, more readily available reagents. Perhaps various steam/air 
mixtures, or reactions with nitric acid or other inexpensive oxidizing 
reagents would be useful for this. This type of pretreatment, if it 
produced the desired level of selectivity, would be considerably cheaper 
than peroxyacetic acid method and could lead to commercial viability. 
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FIGURE 1. 

DESU LFURIZATION AT VARIOUS PYROL.YSIS 
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FIGURE 2. 

% DESULFURIZATION FOR SINGLE BASE REACTION AT 2500 C 

(IBC 101) 
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FIGURE 3. 

% DESULFURIZATION FOR SINGLE BASE REACTION AT 3500 C 
(lBC 101) 
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FIGURE 4. 

% DESULFURIZATION FOR SINGLE BASE REACTION AT 450 0 C 

(lBC 101) 
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FIGURE 5. 

% DESULFURIZATION FOR SINGLE BASE REACTION AT 3500 C 

(lBC 106) 
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FIGURE 6. 

Desulfurization vs reaction time 
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FIGURE 7. 

DESULFURIZATION OF DIBENZOTHIOPHENE SULFONE 
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