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AIR/WATER OXYDESULFURIZATION OF COAL -
LABORATORY INVESTIGATION 

by 

R. P. Warzinski,!/ S. Friedman,l/ J. A. Ruetherl/ 
and R. B. LaCount11 

ABSTRACT 

Air/water oxidative desulfurization has been demonstrated in autoclave 
experiments at the Pittsburgh Energy Technology Center for various coals 
representative of the major U.S. coal basins. This experimentation has shown 
that the reaction proceeds effectively for pulverized coals at temperatures 
of 150 to 200°C with air at a total system pressure of 500 to 1500 psig. 
Above 200°C, the loss of coal and product heating value increases due to 
oxidative consumption of carbon and hydrogen. The pyritic sulfur solubiliza­
tion reactions are typically complete (95 percent removal) within 15 to 
40 minutes at temperature; however, significant apparent organic sulfur 
removal requires residence times of up to 60 minutes at the higher tempera­
tures. The principal products of the reaction are sulfuric acid, which can 
be neutralized with limestone, and iron oxide. Under certain conditions, 
especially for high pyritic sulfur coals, the precipitation of sulfur-
containing compounds from the products of the pyrite reaction may cause 
anomalous variations in the sulfur form data. The influence of various 
parameters on the efficiency of sulfur removal from coal by air/water 
oxydesulfurization has been studied. 

INTRODUCTION 

The objective of this report is to detail the initial bench-scale 
experimental program conducted at the Pittsburgh Energy Technology Center . 
of the Department of Energy, in which the air/water oxidative desulfurization 
(oxydesulfurization) of coal was investigated. The goal of this research is 
to develop an economically viable chemical desulfurization process capable of 
producing environmentally acceptable coal primarily for boiler fuel. Such a 
product would be attractive to industrial coal users who cannot afford to 
operate and maintain flue gas desulfurization systems (FGD). The utility 
industry, faced with more stringent emission standards, may realize a benefit 
by using chemically cleaned coal with partial flue gas scrubbing. A combina­
tion approach, when compared to full FGD, potentially could reduce capital and 
operating costs by increasing reliability and reducing the duplication of 

t1Research Chemist 
~Chief, Coal Chemistry Branch 
-Manager, Direct Conversion Processes Division 
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equipment needed to achieve present FGD requirements (3,8).i/ Chemical coal 
cleaning could accomplish this by improving the feedstock uniformity and 
reducing trace elements and ash constituents responsible for deposits and 
corrosion. Also, the sludge disposal problem would be greatly reduced. 

The cost of chemical coal cleaning is expected to fall between that of 
physical cleaning methods and processes for conversion to liquid or gaseous 
fuels (10). The unequivocal demonstration in the laboratory and initial 
pilot-plant stages of consistent and efficient organic sulfur removal is the 
most critical hurdle to be cleared before any chemical coal cleaning process 
can move towards commercial realization. No process as .. yet has demonstrated 
such ability. 

This report presents the laboratory collected data on the efficiency of 
sulfur removal by air/water oxydesulfurization.as governed by the variables: 
residence time, reaction temperature, air pressure (oxygen partial pressure), 
coal size, coal type, and slurry concentration. Data are also presented on 
the mixing efficiency of the bench-scale system as related to stirring rate 
and slurry loading. The illustrations throughout this report are all based on 
moisture-free data. Also the te.rm "Btu loss" or "heating value loss" takes 
into account the weight-percent recovery of product. 

BACKGROUND 

Table 1 summarizes the various techniques being investigated for coal 
desulfurization. Physical cleaning is the only method used on a commercial 
scale. A more complete description of these coal cleaning methods can be 
found in the references contained in Table 1. It is evident that oxydesul­
furization techniques form a significant portion of the coal cleaning spectrum. 
The term "oxydesulfurization" as used herein refers to processes using gaseous 
oxygen or air as the primary oxidant, in the presence of water, for coal 
desulfurization. Several patents exist which encompass the various oxydesul­
furization approaches (1,4,7). Reference 28 attempts to compare on a con­
ceptual level the cost of several of the processes in Table 1. The varying 
degrees of development of these processes, however, limit the utility uf such 
comparisons. Also it is difficult to compare the applicability of these 
processes to our coal reserves since various coals were used. for investigation . 

. The expected cost of any chemical coal cleaning process will undoubtedly 
be substantially greater than for physical cleaning. However, a combination 
approach using a chemical process to augment physical cleaning, primarily by 
removing organic sulfur, may be attractive (11). With the exception of 
Gravichem and Magnex, all of the chemical processes in Table 1 claim organic 
sulfur removal. It is difficult to quantify organic sulfur removal primarily 
because of its indirect determination. As will be demonstrated in this report, 
sulfur-containing compounds formed during the c.hemic..a.J cleani~g process, but 
which are foreign to coal itself, may interfere in the sulfur form determination. 

i/Numbers in parentheses refer to items in the list of references at the end 
of this report. 



Table 1. Summary of Coal Beneficiation Technology 

ORGANIC 
PROCESS DESCRIPTION SULFUR REFERENCES 

REMOVAL 

Physical Cleaning Primarily Specific Gravity Separation No 5 

High Gradient Magnetic Wet Or Dry Magnetic S:!paration Of No 18 
Separation (HGMS) Pyrite And Ash From Coal 

Gravichem (TRW) .1/ Specific Gravity Separation. Sink Fraction No 15, 26, 27, 
Subjected to Ferric Sullate Leach 28,29 

Magnex (Hazen) Dry Fe(C0)5 Treatment with Subsequent No 19, 20, 21, 
Magnetic Separation 28 

PETC Oxydesulfurization Aqueous Air Oxidation Yes 9, 10, 28, 
36,40 

LOL Oxydesulfurization Aqueous Oxygen Treatment in Acid, Neutral, Yes 1, 12, 28, 
or Basic Medium 30 

Ames Oxydesulfurization Aqueous Oxygen Treatment in Na2C03 Solution Yes 25,41 

ARCO Oxydesulfurization Aqueous Air Oxidation with Promoter Yes 4 

G.E. Microwave Microwave Treatment of Aqueous Yes 43 
Caustic Slurry 

Battelle Hydrothermal Caustic Leach Yes 28, 32,33 

KVB Dry Treatment with 02. N2, NO with Subsequent Yes 6,13,28 
Caustic Leach 

JPL Chlorinolysis Oxidation with Chlorine irD Appropriate Solvent Yes 16,17 
with Subsequent Hydrolysis and Steam Distillation 

1. References refer to the ferric sulfate leaching known as the Meyer's Process. 

w 
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Although little is known of the organic sulfur reactions, the pyrite/air 
oxidation reaction in aqueous media has been studied extensively by Vracar 
and Vucurovic (37,38,39) in relation to producing sulfuric acid from pyrite 
for use in ore extraction. The following reactions were proposed for finely 
ground pyrite, based upon conditions similar to those used for coal treated 
by air/water oxydesulfurization (37). 

(1) 

(2) 

(3) 

{A) 

No elemental sulfur was observed above 140°C. Small amounts of the basic 
jarosite-like salt (reaction 4) were formed at lower pH and temperature. 
Vracar and Vucurovic (39) observed that: for a 20 gm/1 pyrite slurry tmder. 
the conditions 200°C, 74 to 133 psi oxygen parttal pressure, and 3-hour 
residence time, pyrite was completely converted to sulfuric acid and iron 
oxide. At temperatures below 200°C small. amounts of unreacted pyrite, ferrous, 
and ferric sulfate were present. The pyrite reaction rate was found to be 
first order in unreacted pyrite with an .activation energy of 51.0 kJ/mole 
(12.2 kcal/mole). In a more recent kinetic study by Slagle (31) in which an 
Upper Freeport coal was used under similar conditions, the pyritic sulfur 
reaction was found to be first order in unreacted pyrite with an activation 
energy of 46.7 kJ/mole (11.2 kcal/mole). The organic sulfur data were scattered, 
but were fitted to a zero order rate expression with an activation energy of 
78.7 kJ/mole (18.8 kcal/mole). Broader reviews of pyrite oxidation and coal 
sulfur oxidation have been published by Meyers (26) and Yurovskii (42) cover­
ing reaction temperatures and pressures that are outside the ranges utilized 
for air/water oxydesulfurization. 

APPARATUS, PROCEDURE, AND ANALYSIS 

All of the air/watilr oxyrlP.~ulfnri.zation e;Kperiments in this_~eport were 
made in an Autoclave Engineers2.1 1-liter, magnetically sti:rr:-ed, 316 stainless 
steel autoclave. A diagram of this vessel is shown in Figure 1. Initially, 
an aqueous slurry of pulverized coal is prepared in a 316 stainless steel, 
glass, or teflon liner and inserted into the autoclave. Unless otherwise 
noted in the text or illustrations all coal samples were 200XO-mesh and 
prepared as a 26 weight-percent slurry with 100 m1 distilled water. The glass 
liner has become the most frequently used due to the heat limitations of teflon 
and the corrosive nature of the acid product slurry on 316 stainless steel. 
The type of liner used and the specific slurry composition are noted, where 
pertinent, in the text. 

i/Reference to specific brands is made for identification only and does not 
~~ly endorsement by the U.S. Department of Energy. 
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The autoclave system can be operated in batch or semibatch (modified) 
modes. In the batch mode, the autoclave containing the coal slurry is pres­
surized with air at room temperature to the desired oxygen partial pressure, . 
and subsequently heated by a jacket-type heater to reaction temperature at a 
rate of approximately 3°C/minute. The slurry is agitated with either a 
3.175-cmrdiameter stainless steel gas-dispersion-type impeller or a 3.8-cmr 
diameter 4-blade ceramic stirrer. Reaction temperature, once attained, is 
stabilized to within ±2°C by a proportioning temperature controller (a Variac 
power transformer was used in early experiments) and a manually operated 
internal water cooling coil. After the desired residence time at reaction 
temperature, the internal cooling coil is used to quench the reaction by 
lowering the temperature at an initial rate of 50 to 60°C/minute. A gas 
sample is normally taken when depressurizing after the autoclave reaches 
room temperature, and before the product slurry is removed. 

A disadvantage of using the batch mode of operation is that the desul­
furization reactions are likely to become "oxygen starved" since the partial 
pressure of oxygen is constantly decreasing. In some early experiments, to 
circumvent this problem, multiple batch charging of air was tried. This tech­
nique consists of venting the residual gas after a heating cycle and repressur­
izing the autoclave before reheating. A heating cycle consists of heating the 
reactor from ambient to reaction temperature and after the desired reaction 
time, cooling to room temperature. Gas samples are normally taken after each 
segment of the experiment. 

Modifications of the autoclave system have permitted experiments to be 
made in what is referred to as a s~mibatch or modified mode. The coal slurry 
is prepared and reactor charged as in the batch mode; however, the reactor is 
then purged with inert gas (N2 or He) at atmospheric pressure, closed off, and 
heated to reaction temperature. When this temperature is attained the auto­
clave is rapidly pressurized with air to the desired operating pressure, and a 
continuous air flow is maintained until the end of the reaction period. Because 
the air flow rates used are high in comparison to oxygen consumption, an oxygen 
partial pressure close to that calculated for water-saturated air at the condi­
tions used is maintained. In order to minimize the evaporative loss of water 
from the slurry as a result of the air flow, approximately 70 ml of distilled 
water is placed between the reactor wall and the liner while charging the 
autoclave. The reaction is quenched by terminating the air flow and using the 
internai cooiing coil. Gas samples are normally taken during and at completion 
of the experiment. 

Product work-up consists basically of removing the soluble sulfates formed 
with distilled water and drying the sample before analysis. In early experi­
ments the product was washed repeatedly with distilled water and vacuum filtered 
until little or no sulfate was detected in the washings with barium chloride. 
This procedure was simplified by the use of an aqueous soxhlet extraction fol­
lowing an initial wash with approximately 1-liter of distilled water on a vacuum 
filter. The product is removed from the soxhlet when the barium chloride test 
is negative. Analysis of the initial filtrate and the soxhlet washings for sul­
fur shows the amount of sulfates which are readily soluble in water as well as 
those which are not. 



. ;~ .. 

. . . -:""~· . 
The washed product· is dried for several hours at 100°C in vacuum and 

normally sieved through ~ 60-mesh screen before analysis. Routine analyses 
performed include moisture, ash, ultimate (C, H, N, S), sulfur forms, and 
calorific yalue. Other·· analyses are performed when necessary including 
determination of the free. swelling index; and iron as iron oxide present in 
the ash. All of the aforementioned analytical procedures are described in 
detail in Bulletin 638 qf the U.S. Bureau of Mines (34). These tests, 
however, are designed for coal and coke and may be less suitable for treated 
coals. This is especially true of the sulfur form analysis which differen­
tiates the various forms of sulfur in coal by their solubility in acids. 
Sulfur occurring as suif~tes (primarily calcium sulfate and iron sulfate) is 
extracted from a coal sample with hot, 25 volume percent hydrochloric acid. 
The pyritic sulfur (including marcasite) is calculated from the iron which 
subsequently is leache·~ ·from the sample with 25 volume percent nitric acid. 
Finally, organic sulfur~ the sulfur bonded to the coal, is determined as the 
difference between the total sulfur determined by the Eschka method and the 
sum of the sulfate and ·pyritic sulfur. It is probable that treating coal 
results in the formation of compounds foreign to coal, which are not properly 
accounted for in the sulfur and sulfur form analyses. 

Air/water oxydesulfurization of coal produces primarily sulfuric acid and 
iron oxide with small amounts of ferrous and ferric sulfate. The iron sulfates 
are washed from the coal and the iron oxide is removed in the sulfate determi­
nation. Therefore, under normal operating conditions the sulfur and sulfur 
form analyses should be as accurate as with untreated coal. However, the cor­
rosiveness of the dilute acid slurry on the stainless steel components, 
especially at temperatures approaching 200°C, results in additional iron and 
other metals, :primarily chromium and n:i,ckel, being hrnneht i.nto solution. It 
is speculated that the ·increased metal concentration could result in the forma­
tion of various sulfur-containing compounds, similar to the basic iron salt 
proposed by Vracar and Vucurovic, precipitating on the product and interfering 
with the sulfur form determination. The thermal precipitation of basic sulfur­
containing iron, chromium and nickel salts is well known in hydrometallurgy 
and has been reported in the literature (22). 

An interesting effect observed with some.coals under certain reaction 
conditions is an apparent increase in organic sulfur with oxidative desulfuri­
zation treatment. An example is shown in Figure 2 which illustrates four 
experiments made. on a. Lower Freeport coal according to the standard procedure 
for the continuous air feed mode and using the reaction conditions listed. 
Over 95 percent of the pyritic sulfur is removed in the initial 15 minutes, 
resulting in a total sulfur decrease of 60 percent. The organic sulfur regis­
ters an apparent increase, however, with the peak value at 15 minutes being 
55 percent larger than the value for the untreated coal. With longer treat­
ment time, the apparent organic sulfur decreases again, the value at one hour 
being close to the value for the untreated coal. 

We do not believe that organic sulfur is created during processing, but 
rather that the anomalous results are an artifact arising from the analytical 
determination of organic sulfur by difference. As mentioned above. other 
solids can also be formed in our system, containing as it does ferrous, ferric, 
and sulfate ions, and smaller concentrations of other cations. Kwok and Robbins: 

7 
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(22) have reviewed the formation of so-called thermal precipitates in aqueous 
solutions. Some of their data showing the formation of thermal precipitates 
in aqueous ferrous and ferric sulfate solutions are shown in Figure 3. For 
solutions with ferrous or ferric concentrations as indicated by a particular 
curve, a precipitate forms when the temperature and pH at 25°C place the system 
to the right of the curve. From calculated concentrations of ferrous/ferric 
ions and measured values of pH, it is determined that the formation of thermal 
precipitates is possible in our system. However, in order for a sulfur­
containing species to report as apparent organic sulfur it must be amenable 
to the Eschka sulfur determination and resistant to the acid extractions used 
in the sulfur form analysis. Swaddle et al. report this type of behavior for 
the basic chromium sulfate, Cr3(S04)2(0H)s·H20, which is practically insoluble 
in water and mineral acids, including aqua regia, even on heating, but dissolves 
in water after fusion with NaOH (35). 

A possible explanation for the results shown in Figure 2 is that jarosite­
like compounds are formed in. the early stages of reaction in which the pyrite 
is almost completely consumed. The jarosites are not the most thermodynamically 
stable species at reaction conditions, but may form· due to localized fluctua­
tions in solution concentration in the vicinity of pyrite crystallites at thA 
Lim~ Lht!y go into solution. Also, metals leached from the reactor components 
in contact with the acidic slurry are incorporated in these compounds which 
influence their solubility in the sulfur and sulfur form analyses. Kept 
in contact with the leachant solution, the jarosite-like compounds digest 
to more stable forms, metal oxides and sulfuric acid, which do not contain 
sulfur in the solid phase. 

An iron-sulfur containing thermal prt!cipitat:e was formed in an experiment 
in which a model sulfur compound was subjected to oxydesulfurization process 
conditions. The only source of iron was the stainless steel reactor components. 
X-ray diffraction analysis indicated that the precipitate was jarosite-like and 
could be detected when. mixed with treated coal down to 0.3 weight-percent. 
X-ray flourescence showed the major components of the precipitate to be iron 
and sulfur. The compound contained 3 percent chromium as determined by atomic 
absorption; however, no sodium was detected by this method. 

Therefore, the compound is not natrojarosite, for which the equilibrium 
precipitation temperature/acidity diagram is shown in Figure 3, but similar 
to the basic sulfate as proposed by Vracar and Vucurovic (37) in equation (4). 
Analysis of the precipitate by a Fisher sulfur analyzer indicated a sulfur con­
tent of 13.4 percent, which is close to the theoretical value of 13.34 percent 
for the basic sulfate, Fe3 (so4) 2 (0H) 5 ·2H2o. 

To test the possibility that jarosite-like compounds could be responsible 
for apparent organic sulfur increase, a sample of an Upper Freeport seam coal 
was doped with the collected jarosite-like precipitate described above_and 
submitted for analysis. All of the sulfur in the doped coal, including the 
jarosite sulfur, was determined uy Lltt! ASTM Eschka method, but only 86 percent 
of jarosite sulfur was reported as sulfate sulfur. None was reported as pyrite 
and the 14 pe~cent balance, therefore, was reported as organic sulfur. The 
organic sulfur in the doped sample, as a result, was 37 percent higher than 
normal. X-ray analysis of several treated coals, including those in Figure 2, 
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has not provided any evidence for jarosite-like compound formation during 
oxydesulfurization of coal.. It is likely that such species are amorphous 
when precipitated on the coal substrate and are, therefore, transparent to 
X-ray diffraction techniques. Preliminary Kossbauer data on the Lower Freeport 
coal treated for 15 minutes (Figure 2) indicate that approximately 10 percent 
of the iron in the sample is present as jarosite-like compounds. Additional 
MOssbauer data are being gathered to substantiate these results. The afore­
mentioned anomaly and other instances where the analytical results appear to 
be influenced by the treatment used will be mentioned when necessary throughout 
this discussion. 

DETERMINATION OF PREFERRED OPERATING CONDITIONS 

The first experiment at the Pittsburgh Energy Technology Center utilizing 
the principle of air/water oxydesulfurization was made as part of a research 
program investigating the chemical removal of sulfur from coal primarily with 
various oxidation techniques. .This was the ultimate experiment, using air 
as the oxidant in aqueous rather than in organic media .. The operating paranr 
eters and results for this experiment (5L27) are shown in Appendix 1. The 
total sulfur content of the product was reduced 51 percent, with the pyritic 
and organic sulfur contents decreasing 91 and 27 percent, respectively. Under 
similar conditions in previous experiments (23), the organic sulfur content 
of the Indiana No. 5 seam coal had been reduced 40 percent in a benzene 
(80 ml)-cyclohexane (20 ml) slurry. In general, oxidation in organic media 
removes more organic sulfur from coal than in the air/water system; however, 
this is offset by the simplicity of the latter technique. 

The remainder of the data in Appendix 1 summarizes the initial research 
exploring the practical range of the basic reaction parameters, temperature, 
pressure, and residence time. The results indicate the following: sufficient 
air must be present to prevent the reaction from becoming "oxygen starved"; 
the reaction temperature appears not only to influence the amount of sulfur 
removed but also its final distribution in the product; larger mesh-size coals 
(14x0) exhibit a slight resistance to sulfur reduction; and the pyritic sulfur 
solubilization rate appears to be faster than organic sulfur removal. 

The incongruity of a few of. the sulfur forms data in Appendix 1 cannot 
readily be explained. For example, the apparent incomplete pyritic sulfur 
reduction in experiments 5L41, 5L31, 6Lll, and 6KW37 is inconsistent with the 
complete solubilization observed at 150°C (5L33). These experiments were all 
done in the batch mode; therefore, the slurry was exposed to air from room 
temperature up to reaction .temperature in an environment of decreasing oxygen 
concentration. Experiments 1W39 and 2Wll on the Pittsburgh seam coal indicate 
that the pyritic sulfur sol.ubilization is essentially complete in 30 minutes 
or less; therefore, the 20 to 30 minutes in which the slurry is between 140 
and 200°C should be sufficient for most of the pyritic sulfur to react. An 
explanation for the abnormally. high pyritic sulfur content is that the pyrite 
has undergone reaction, but due to thermal precipitati.on and the possible 
influence of excessive iron and other metals in solution as a result of increased 
corrosion at 200°C, other sulfur-containing compounds precipitate which ulti­
mately interfere with the sulfur form analysis. However, these compounds, 
once formed, are not thermodynamically stable and decompose with continued 
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treatment as evidenced in 5L27. The corrosion at 200°C is noticeable both 
visibly as pitting of the liner and stirring assembly and in the HCl soluble 
iron determination (Appendix 1). At 150°C this problem is less severe. 

The apparent organic sulfur contents of a few products (2Wll and 6L9) are 
significantly higher than in the original coal. This also is probably an 
artifact of the·analytical determination being influenced by unexpected species 
in the treated coal, such as the jarosite-like compound formation problem 
previously di~cusscd. 

The difficulty in reproducibility of data in the batch system is shown by 
experiments 5L31, 6Lll, and 6KWJ7 in Appendix 1. The variance observed is 
primarily a result of different heating durations. For example, the heat-up 
time for 6Lll was 30 minutes longer than in 5L31 and 6KW37 due to premature 
reduction in the external heat source as r~acrion remperaLun:! was Gt.lJJHuadteu. 
The slurry temperature over this period dropped to approximately 185uC before 
recovering and rising to 200uc. 

In spite of the aforementioned problems the data in Appendix 1 provided 
sufficient information to define roughly a practical operating region. The 
use of relatively mild conditions, 150°C, 800 psig initial air charge, and a 
one-hour residence time, should effect removal of essentially all pyritic sul­
fur, and an increase in the operating temperature to 200°C should remove a 
portion of the organic sulfur from coal. 

The data contained in Appendix 2 represent additional experimentation on 
the Indiana No. 5 seam coal, investigating the utility of air/water oxydesul­
furization for organic sulfur removal. Most of these experiments were made 
with multiple batch charging of air since the system had not yet been modified 
to allow continuous air flow. The experiment~s were designed. to exceed, in most 
cases, practical operating conditions to determine if a limit exists for organic 
sulfur removal. The results in Appendix 2 are arranged in order of decreasing 
organic sulfur content for treated coals. This generally parallels increases 
in treatment severity. Combining these data with those in Appendix 1 for the 
Indiana No. 5 seam coal allows plots to be made which illustrate various 
relationships between the elemental constituents atld other properties of this 
coal resulting from treatment. In evaluating the data, the limitations unique 
to the-batch air charging mode must be considered. Since the coal·slurry is 
in contact with air from room to operating teruperatures, the various reactions, 
i.e., pyrite and organic sulfur extraction, carbon and hydrogen oxidation and 
bond cleavage, etc., will proceed at different rates, which vary as the 
temperature increases and. the oxygen partial pressure. decreases. 

An organic sulfur removal efficiency plot for the Indiana No. 5 seam coal 
is shown in Figure 4. This is defined as the ratio of the differential increase 
in organic sulfur removal to the differential increase in heating value loss. 
The slope of the lin~ describing these data represents the organic sulfur 
removal efficiency. The slope of the line in Figure 4, calculated by the 
least squares method, is 1.23 with a correlation coefficient of 0.978. ·The 
abscissa intercept indicates that 6 to 7 percent of the heating value is lost 
before any organic sulfur is removed. This is not unexpected since the batch 
mode of operation may permit oxidation of the coal at temperatures that are 
insufficient for effecting organic sulfur removal. The impact of the initial 
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heating value loss is clearly shown in Figure 5, which depicts the reduction 
in total and organic sulfur due to treatment as the lbs S02/MM Btu expected 
upon combustion. The initial lbs S02/MM Btu for the Indiana No. 5 seam coal 
is 5.30.with 3.21 due to the organic sulfur (indicated by the dashed line in 
Figure 5). Because of initial heating value loss, the lbs S02/MM Btu due to 
organic sulfur in the product is higher than 3.21 until approximately 35 percent 
of the organic sulfur is removed. 

The total lbs S02/MM Btu remaining after treatment appears to increase at 
first (Figure 5) with increased organic sulfur reduction, and as more severe 
treatment conditions are used (greater o.rganic sulfur removal), this trend 
reverses. The shape of this curve is primarily influenced by the unusually 
high pyrite concentration after treatment in several experiments. Most of 
these experiments also have.higher ash and HCl soluble-iron contents for the 
treated than for the feed coal, indicating the occurrence of reactqr corrosion. 
The formation of sulfur-containing thermal precipitation products, which may · 
be influenced by corrosion, may introduce some as yet undetermined factor 
into the sulfur form analysis. This has been partially substantiated by 
preliminary X-ray analysis of 5L31 and 5L41. The diffraction patterns indi­
cate that significantly less pyrite is present than reported by chemical 
analysis. Additional discussion of this anomaly· is contained· in the section 
describing reaction temperature effects. 

As illustrated in Figure 5, the loss in heating value has a significant 
effect on product quality. Most of this loss is a result of oxidation of the 
coal and the loss of carbon and hydrogen, as illustrated in Figure 6. The 
scatter observed for the oxygen data can be partially attributed to the indirect 
method used for its determination, which results in ·the summation of all errors 
incurred in the ash, carbon, hydrogen, nitrogen, and sulfur determinations. It 
is apparent in Figure 6 that the initial Btu reduction is largely due to the 
replacement of hydrogen by oxygen and to the oxidation of.other susceptible 
sites on the coal. The loss of carbon, primarily as carbon dioxide, becomes 
prominent after approximately 20 percent of the original calorific content is 
lost. More severe conditions (higher heating value loss) cause the oxygen con­
tent of the product to decrease as the coal is consumed to the final oxidation 
products, carbon dioxide and water. 

Another perspective ot the data in Appendices 1 and 2 is presented in 
Figures 7 and 8, in which the changes in the various constituents of coal are 
related to the carbon reduction due to treatment. In Figure 7, hydrogen is 
observed to decrease initially at a faster rate than carbon. Nitrogen has 
the opposite relationship and also, there appears to be a 5 to 10 percent 
nitrogen loss before any carbon is removed. This suggests the presence of 
labile nitrogen moieties, such as amines; however, such groups have not yet 
been found to occur regularly in coal. 

Figure H illustrates again the rapid uptake of oxygen by the coal with 
little carbon loss. The oxygen increases over 40 percent with only a 10 percent 
carbon decrease. Figure 8 also shows an interesting relationship between the 
organic sulfur and carbon reductions. Apparently for this coal, up to 
20 percent of the organic sulfur is removed with little sensitivity to carbon 
loss. This indicates the organic sulfur in this coal exists in two environments, 
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one more reactive than the other. This hypothesis has been advanced by other 
investigators (2). We have shown that the nonreactive sulfur is likely in 
dibenzothiophenic type structures (9) and believe the labile sulfur exists as 
mercaptans, thiols, thioethers, and reactive thiophene groups. The ratio of 
the two types of sulfur activity would vary with different coals and, therefore, 
the amount of organic sulfur that can be readily removed by air/water oxydesul­
furization and other simi'lar processes would parallel this relationship. 

With respect to the overall utility of air/water oxydesulfurization for 
organic sulfur reduction, there appears to be a limit to the amount that can 
be removed practically, dependent on the coal being used (:Figure 8). Also, 
the initial heating value loss, which can possibly be reduced by not using batch 
air charging, must be considered when evaluating the performance of this 
process (Figure 5). 

PARAMETRIC STUDIES 

Several types of variables influence the air/water oxydesulfurization of 
coal. One group is the reactor configuration-dependent variables that include, 
agitation rate, slurry volume, and slurry concentration, all of which affect 
the concentration of dissolved oxygen in the slurry. Also important are factors 
controlling the reaction chemistry, such as temperature, residence time, oxygen 
partial pressure,.apd possibly the system total pressure and slurry concen­
tration. The last group of variables concerns the coal itself. They are the 
type, or rank, and the size consist of the coal. The experimental program 
attempts, in a basic sense, to define the effects of the above variables on 
the properties of coal, especially pyritic and organic sulfur reduction and 
loss of calorific value. As previously mP.ntioned, some of the sulfur species 
data, especially in the early research in which a stainless steel liner was 
used, are possibly influenced to varying degrees by thermal precipitation and 
corrosion products. This will be discussed as necessary to offer explanation 
for otherwise inexplicable results. 

Mixing Efficiency 

The data in Appendix 3 illustrate the variables for which the optimum 
values are fixed by the reactor geometry. The first set of data for the 
Indiana Minshall seam coal concerns the stirring rcate and is plotted in 
Figure 9. It is evident that the 900 to 1000 RPM standard stirring speed used 
in most experiments is sufficient to avoid diffusion limitations for gas 
absorption with the reactor configuration used •. 

The experiments on the Pittsburgh seam coal, discussed in Appendix 3, 
show the effects of overloading the autoclave. A 26 weight~percent slurry was 
used in both experiments. In one the total charge was 580 gm; in the other it 
was the normal charge of 135 gm. The normal charge provides enough sample 
after treatment for complete analysis and any subsequent experimentation. This 
volume of slurry is also sufficient to adequately cover the stirring blade and 
thermowell while still providing maximum gas volume in the reactor. The large 
decrease in sulfur reactivity (50 percent removal in 4W99 to only 19 percent in 
6W65) clearly shows the importance of slurry volume on gas absorption capacity. 
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Reaction Temperature 

Initial experimentation showed that sulfur removal increased with temper­
ature in the 150 to 200°C range, primarily due to organic sulfur extraction at 
the higher temperatures. However, higher reaction temperature also promotes 
greater heating value loss and corrosion of the stainless steel autoclave. 

Appendix 4 contains several series of exploratory experiments on Indiana 
Minshall seam coal investigating the temperature influence on sulfur removal 
and heating value loss. The first two sets, 3W3 through 3Wl3 and 2W39 through 
2W37, were made in the batch mode (stainless steel liner) with an 800 psig 
initial air charge. Experiments 3W3 through 3W13 were stabilized at the indi­
cated temperatures for 5 minutes. The sulfur removal is shown in Figure 10. 
Due to the nature of batch mode operation, it is illogical to assume that less 
pyrite has reacted at or above 170°C than at lower temperatures. It is likely 
that thermal precipitation and/or corrosion products are interfering with the 
pyritic sulfur analysis. A s.imilar explanat:ion cart be offered for the apparent 
organic sulfur increase. It is possible that more than one such foreign species 
is present due to the separate influences on the pyritic and organic sulfur 
results. Possible explanations for this are discussed below. 

Figure 11 contains the sulfur removal data for the second set of experi­
ments in Appendix 4. This series is identical to the above except for the 
use of 30-minute residence times. The amounts of total and pyritic sulfur 
are observed to decrease steadily as higher temperatures are used, and the 
extent of pyritic sulfur reduction appears to be independent of temperatures 
above 160°C. Also, the apparent organic sulfur increase now is inversely pro­
portional to the reaction temperature. Therefore, if the precipitation of a 
foreign species is responsible for the increase in apparent organic sulfur, 
its rate of decomposition to soluble products increases with temperature. 

It was later found that both of the above series of experiments were made 
with a synthetic air mixture that initially contained 30.6 percent oxygen. The 
extent of the influence of the higher oxygen content on the data is dependent 
on the sensitivity of the various reactions, e.g., pyritic and organic sulfur 
solubilization, coal oxidation, etc., to oxygen partial pressure. This will 
be discussed below. Also, note that 50 percent or more of the heating value 
lost in the 30-minute experiments is lost in the initial 5 minutes. This indi­
cates that substantial heating value loss occurs during the heat-up period 
and/or during the initial part of the experiment at reaction temperature. The 
fact that the oxygen partial pressure is constantly decreasing also may limit 
the heating value loss at longer reaction times. 

In the third set of experiments in Appendix 4 (5W33 through 5W45), the 
heat-up period took place under 1 atmosphere of nitrogen. Air was added at 
reaction temperature to increase the reactor pressure to 1000 psig. This 
technique results in lower oxygen partial pressure at the higher reaction 
temperatures. At 200°C the oxygen partial pressure was 161 psi, compared to 
195 psi at 140°C, as a result of thP. diffe<.ent vapor pressures of water at 
these temperatures. Hopefully, the effects of these differences are reduced 
by limiting the reaction time to 5 minutes. The sulfur species variations are 
shown in Figure 12. The total sulfur is observed to decrease steadily up to 
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approximately 190°C at which point the trend reverses. This is similar to that 
observed in Figure 3 for the 5-minute batch experiments with initial air charging, 
except for the temperature difference at which the trend occurs. Similarly, the 
apparent organic sulfur increase and the pyritic sulfur removal decrease at 
about the same rate after 180°C. If a foreign compound is interfering with the 
organic sulfur determination at the lower temperatures, it appears to be con­
verted to one which interferes with the pyritic sulfur analysis at higher temp­
eratures. Also, since the decrease in pyritic sulfur removal j_s not observed 
in the 30-minute experiments, this same species must eventually be solubilized. 

The initial heating value loss as a function of reaction temperature is 
shown in Figure 13, illustrating the third set of data in Appendix 4. Little 
reduction is observed until higher temperatures are used, especially above 
1 R0 6 C:. When compared to the prevlotiS results lu Avv~mllx 4 for the 5-minuto 
experiments using an initial air charge (3W3 through 3Wl3), these data indicale 
that when air is present, 3 to ~ percent: of Llle li~allug value is lo.:~t during 

tl;le heat-up period. · · 

Figure 14 and 15 show the changes in the element::~.]. constituents of the 
coal due to treatment at the various temperatures. The heating value loss 
is obviously more dependent on the loss of carbon and hydrogen than on the 
uptake of oxygen. For example, at 180°C, only 2 percent of the original heat­
ing value is lost even though the oxygen content has increased 38 percent. 
Not until the higher temperatures, where increased oxidation causes cleavage 
of various groups from the coal, is the heating value greatly affected. 

In summary, the data in Appendix 4 demonstrate the initial temperature 
dependence of the various oxidation reactions occurrirtg for the Indiana 
Minshall seam coal. The pyrite solubilization was shown to be 45 to 65 per­
cent complete in 5 minutes at 140 and 180°C, respectively. At higher temper­
atures the pyritic sulfur removal appears to decrease. Huwevet, Lased on the 
batch experiments with an initial air charge, the observed drop in reactivity 
is probably the result of the analytical determination of compounds, which 
precipitate at the higher temperatures, as pyritic sulfur. A similar problem 
appears to affect the organic sulfur results, except the interference occurs 
at the lower temperatures and then subsides as higher reaction temperatures 
are used. At reaction temperatures in excess of 180°C, the oxidative consump­
tion of this coal becomes more intense a~ evidenced in Figures 13, 14, ac1d 15. 
The last two experiments in Appendix 4 (1W35 and ltW25) evidence the afore­
mentioned temperature effects on typical 1-hour treatments. The changes in 
the product are summarized in Table 2. The pyritic and total sulfur removals 
increase with temperature; however, the organic sulfur anomaly persists at 
the lower temperature, even after 1 hour. The dependence of the heating value 
loss on the carbon and hydrogen losses is also clearly shown. Overall, the 
higher reaction temperature provides a better quality product, as shown by 
the lbs so2/MM Btu. 

The temperature sensitivity of several other coals to air/water oxydesul­
furization treatment has been studied. The analyses of these coals prior to 
treatment are contained in Appendix 5. Two different size fractions were used 
for each coal. The 200x0-mesh samples were obtained by grinding the 14x0-mesh 
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Table 2. Comparison of One-Hour Batch Mode Treatments at 150 
and 2QQOC of Indiana Minshall (HvCb) Seam Coal 

Experiment 1W35 4W25 

Temperature (°C) 150 200 

PERCENT CHANGE 

Sulfur -63 ·78 

Pyritic Sulfur ·95 -97 

Organic Sulfur +32 -32 

Carbon . 6 -14 

Hydrogen ·11 -38 

Nitrogen . 4 ·12 

Oxygen +82 +70 

Btu . 9 .n 

LBS. S02/MM BTU 

Sulfur 4.09 2.80 

Pyritic Sulfur 0.39 0,20 

Organic Sulfur 3.51 2.38 



samples. What appear to be duplicate analyses are analyses of samples of the 
same coal taken from the same container at different times. Due to the devia­
tions present, it is necessary when interpreting the results to use the correct 
untreated analysis. The coals in Appendix 5 contain less sulfur than the 
Minshall seam coal previously discussed, and therefore, have the potential 
for meeting the 1974 New Source Performance Standard (NSPS) for sulfur dioxide 
emissions from stationary power sources of 1.2 lbs S02/MM Btu after treatment. 
The lower sulfur contents of these coals also should reduce the severity of 
corrosion since less sulfuric acid will be produced. These coals also have 
various ASTM ranks. The correlations of coal reactivity to rank and to particle 
size, that are evident in the data to follow, will be discussed in a subsequent 
section. 

The results due to oxydesulfurization treatment of the coals in Appendix 5, 
as well as the treatment conditions, are contained in Appendix 6. The reference 
code to Appendix 5 indicates the analysis used for calculations. In all cases 
a glass liner was used to contain the slurry of 35 gm coal in 100 m1 distilled 
water. After heating under 1 atmosphere of nitrogen to the indicated tempera­
ture, the system was held for 1 hour at 1000 psig total pressure. An air flow 
of 6 to 8 SCFH (0°C, 1 atm) was utilized to maintain this pressure until the 
experiment was terminated. In addition to the ultimate analysis, Appendix 6 
also contains the heating value, lbs S02/MM Btu, and heating value loss for the 
products. The influence of reaction temperature on heating value loss is 
immediately apparent. For the 200x0-mesh coals, the average loss at 150°C is 
8.3 percent, 20.1 percent at 180°C, and 25.4 percent at 200°C. The heating 
value losses for the 14x0-mesh coals are slightly less, 15.1 and 19.8 percent 
at 180 and 200°C, respectively. 

Figures 16 through 20 represent the changes in total, pyritic, and organic 
sulfur as a function of the reaction temperature for the coals in Appendix 6. 
The data for the Rosebud seam coal (Figure 20) and the coarser mesh coals will 
be discussed separately. However, the overall .trends for the 200x0-mesh samples 
in Figures 16 through 19 are similar. The total sulfur reduction improves with 
increasing .reaction temperature. This is primarily a result of the changes in 
the organic sulfur, since the pyritic sulfur is essentially removed at 150°C, 
with the final content in the products, in most cases, being 0.1 percent by 
weight or less. The apparent organic sulfur content appears to decrease steadily 
with increasing reaction temperature (Appendix 6) even though the Upper Freeport 
seam and Colorado coals exhibit an increase in apparent organic sulfur at 150°C 
(Figures 16 through 19). The two coals having. this anomalous increase also 
initially contain.more.pyritic sulfur; therefore, the slurry becomes more acidic 
during the experiment, as indicated by the pH values in Appendix 6. The organic 
sulfur decreases at the higher temperatures, even though the final pH of the 
slurry is the same or lower. This concurs with the work of Vracar and Vucurovic 
previously cited (39), which states that the formation of the jarosite-like 
compound occurs when an acidity limit is exceeded, and the limit increases with 
temperature. 

The reason for the unusual pyrite reactivity of the Rosebud seam coal 
(Figure 20) has not yet been ascertained. Further investigation is needed to 
determine if the precipitation of foreign species is causing the observed trend 
or if the nature or physical distribution of the pyrite in this low rank coal 
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makes it unusually resistant to treatment. Also note the lower weight 
recovery of product indicated in Appendix 6 for this coal. The relatively 
higher susceptibility of this coal to oxidation may effectively decrease 
the oxygen available for pyrite reaction. 

For most of the coals in Appendix 6 the product quality, as illustrated 
in Figure 21, improves with higher reaction ·temperatures. However, for the 
Middle Kittanning seam coal little if any advantage exists, and for the Rosebud 
seam coal the detrimental effect of increased temperature is quite severe. 
Even though the total sulfur removal increases with temperature for all but the 
Rosebud seam coal, the accompanying heating value loss may be restrictive with 
respect to final product quality. 

Figure 22 depicts the dependence of the heating value loss on the reaction 
temperatures for the. coals in Appendix 6. Figures 23, 24, and 25 are similar 
plots concerning the major factors influencing the heating value loss, i.e., 
carbon and hydrogen loss and oxygen uptake. Again, as with the Minshall seam 
coal the. carbon and hydrogen loss appear to have the greatest effect on the 
reduction in heating value. 

Figure 26 shows an organic sulfur removal efficiency plot: (similar to 
Figure 4) for the 200x0-mesh coals in Appendix 6. A good linear correlation 
of the data, .-r ~ 0.98, is obtained for all of the coals except.the Rosebud 
seam. The organic sulfur removal.efficiencies for the Upper Freeport and 
Imboden seam coals are 1.06 and 1.12 respectively, while for the Colorado and 
Middle Kittanning seam coals the efficiency is less than one (0.63 and 0.72 
respectively). Further consideration of the above data will be made in the 
discussion of coal rank and its influence on the product. 

Crial Size Consist 

The bulk of the laboratory experimentation used coal which was ground 
to pass through a 200-mesh sieve to reduce the possibility of diffusion limi­
tations. The large-scale use of coal of this size is likely to be impracticable 
due to the energy requirements for grinding. Problems in handling such fine 
material would also be encountered. Power generating stations, however, 
typically use coal which is 60 to 70-percent minus 200-mesh, with a top size 
of approximately 30 to 60 mesh. Appendix 7 contains the size consist of the 
coarser coals which will be discussed below. Most of these coals were crushed 
in a hammermill to produce a coal with an approximate top size of 14-mesh and 
a IDinimum amount of minus 200-mesh material. A portion of this sample was 
further pulverized to completely pass through a 200-mesh sieve. 

Appendix 8 contains the results of experiments on several coals, compar­
ing the reactivity of two size consists. For the coals in this table and the 
coals discussed in Appendix 6, there appear to be slight differences in the 
reactivity of 14x0- and 200XO-mesh sc:nnpl~s •. The sulfur removal data for the. 
14x0-mesh coals in Appendix 6 are plotted in Figures ~6 through 20, which also 
show the respective results for the 200x0-mesh samples. The total sulfur 
reduction is generally less for the coarser coal samples. The pyritic sulfur 
reduction also follows the same t·rend; however, ip. most cases, the pyritic. 
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sulfur reduction is essentially complete, with the~griitude of the final 
results being near the limit of detection. The organic sulfur reduction 
varies from coal to coal and again represents the inability. of the current 
analytical techniques to accurately determine this quantity; it is illogical 
to assume that more organic sulfur can be removed from coarser coals while the 
pyritic sulfur reduction is slightly less. Nevertheless, due to a better heat­
ing value recovery, the product quality of several of the coals in Appendices 6 
and 8 is similar and.most of the 200x0-mesh coals meeting the 1974 NSPS also 
meet this standard with less crushing. Since the 14x0-mesh samples treated here 
contain relatively few fines (<200-mesh), the results of treatment of plant 
grind (~70 percent-200 mesh) coals would fall somewhere between the results 
of Appendices 6 and 8 and presumably closer to those for the 200x0-mesh samples. 

Gflftl Ranl-. 

The ASTM system for' classifying coals according to. rank is base.d upon the 
degree of metamorphism or progressive alteration in the.natural coalification 
series from lignite to anthracite (34). Structural difference::; and the result­
ing relative proportions of functionalities in coals of differing rank wuulu 
be reflected in the oxidation susceptibility of the coal matrix.with respect 
to air/water oxydesulfurization treatment •. Some indication of this is apparent 
from the data in Appendix 6, especially for the 200x0-mesh .samples. Note that 
the coals in Appendix 6 are listed in order of decreasing rank. The data from 
Appendix 6 plotted in Figures 16 through 20 show that the magnitude of total 
sulfur reduction is not related to coal rank, primarily because pyritic sulfur 
content has no relation to the rank. ·other aspects of air/water oxydesulfuri­
zation treatment which are. related to coal rank are shown in· Figures 21 through 
25. A negative temperature effect on pr'uuuct quality is oboerved for . the sub­
bituminous coal in Figure 21, in contrast to the other coals. The heating 
value, carbon, and hydrogen losses due to treatment, shown in Figures 22, 23, 
and 24, respectively, all have a similar response to coal rank, i.e., .the 
lower rank coals exhibit greater losses, the relative magnitude of which 
increases_with reaction temperature. The higher rank coals also appear to be 
able to withstand oxidative cleavage better than do the lower rank coals as 
evidenced in Figure 25. This, as with the carbon and hydrogen trends, is 
probably a result of the varying ~unctionality of the different coals. 

Figure 27 represents an approximation of the depettd!;!m!y uf. c:lppare:nt organic 
sulfur reduction on coal rank. The data are from the 200x0-mesh coals in 
Appendix 6. ·The. 200°C data have the best fit, with a correlation coefficient (r) 
of 0.86 from a least-squares fit. The observed trend is perhaps due to rela­
tively more labile sulfur functional groups with respect to air/water oxy­
desulfurization in lower rank coals. The organic sulfur removal efficiency, 
as shown in Figure 26, is better for the higher rank coals, with the exception 
of the Rosebud seam coal. Obviously, more detailed information plus a defin.itive 
explanation for the observed increases in apparent organic sulfur after treatment 
is needed to fully explain these observations. 
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Residence Time 

The residence time is defined as the period of time the reactor is 
stabilized at a given set of operating conditions. The heating and quench-
ing phases of the experiment are excluded. In general, the sulfur content 
decreases with time, the pyritic sulfur conversion being complete in a matter 
of minutes as observed in Figure 2. If thermal precipitation of insoluble 
sulfur species occurs (Figure 2), sufficient time must be provided to decompose 
the products formed. In the final analysis, the effect that residence time 
has on product quality, lbs 802/MM Btu, is the primary consideration for 
determining an optimum treatment time. 

Appendix 9 contains a summary of batch mode data on the investigation of 
treatment time with Minshall seam coal. These experiments, especially the ones 
at 180°C, were made at various times in the experimental program. The differ­
ences in the compositions of untreated coal caused by pyrite oxidation during 
storage permit only qualitative observations. For this coal the principal con­
cern is the ap~arent organic sulfur increase, which becomes more severe with 
increased treatment time. The equilibrium concentration of the species 
responsible for this anomaly appears to be attained in 30 minutes at 150°C, 
whereas at 18U~C a longer time is necessary to attain the same level. 

A clearer indication of the effects of residence time is gained by exam­
ining data from the modified mode of operation, which is contained in 
Appendix 10. The first two sets of data for the Lower and Upper Freeport coal 
seams show the variations in the product with treatment times up to 1 hour. 
The sulfur changes for the Lower Freeport coal were presented in Figure 2, to 
illustrate the evidence for an intermediate species causing the apparent 
organic sulfur increase. The same observation is evident for the Upper Freeport 
coal in Figure 28. For these coals at the conditions stated, the organic 
sulfur anomaly diminishes with longer treatment times and appears to require 
at least 1 hour to return to normal. This can either be due to actual organic 
sulfur reduction or to the decomposition of the intermediate formed. The 
results from the previous discussions concerning temperature and pressure 
effects indicate that the rate of decomposition of this proposed intermediate 
increases with reaction temperature and pressure. The pH of the slurry during 
reaction may also affect the rate of decomposition. Experiments 6W21 and 6W23 
in Appendix 10, on the Lower and Upper Freeport seam coals respectively, 
evidence this supposition with respect to reaction temperature. 

Figures 29 and 30 illustrate the changes in the major elemental constitu­
ents for the Lower and Upper Freeport seam coals respectively. The correspond­
ing heating value loss and variation in product quality (lbs 802/MM Btu) are 
shown in Figures 31 and 32. For.both coals the carbon and hydrogen exhibit a 
slow, steady decrease as does the heating value reduction. The oxygen con­
tent, however, increases at a much faster rate. The product quality steadily 
improves with time for both coals, primarily due to reduction in the apparent 
organic sulfur content. Both coals are brought close to compliance with the 
1974 N8P8 of 1.2 lbs 802/MM Btu. 
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fiGURE 31. EFFECT OF TIME ON HEATING VALUE AND ~RODUCT QUALITY 
OF LOWER FREEPORT HvAB COAL~ 180° C~ .1000 PSIG~ 
7-8 SCFH AIRFLOW. 
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The remaining data in Appendix 10 illustrate the results obtained by using 
residence times in excess of 1 hour in the modified mode of operation. The 
particle size distribution for the Lower Freeport seam coal ground to 14x0-mesh 
is given in Appendix 7. For the Minshall seam coal, the longer residence time 
.results in a lower lbs S02/MM Btu, but at the expense of significantly greater 
heating value loss. The results for the coarser Lower Freeport coal indicate 
that a longer residence time at a lower temperature yields a better product 
due to less heating value loss than a 1-hour treatment at higher reaction 
temperature. 

Air Pressure 

In the discussion of results of experiments involving pressure variations, 
air pressure or, in the case of the modified operation mode, system pressure 
will be used to describe the experiments. The partial pressure of oxygen is 
certainly a limiting factor. In the batch mode the initial oxygen partial 
pr,essure is approximately 20 percent of the air charged to the reactor. During 
batch treatment, however, the oxygen partial pressure steadily drops and if 
sufficient oxygen is not init.ially present the system may become uxygeu stacved. 
Data illustrating oxygen consumption in the batch mode are discussed below. In 
the modified mode, if sufficient make-up air is added, the oxygen partial pres­
sure is approximately 20 percent of the total system pressure after the steam 
pressure is accounted for. In most experiments, compressed air or synthetic 
breathing air cylinder.s containing between 19 and 23 percent oxygen were used. 
A cylinder used in some batch mode experiments contained 30.6 percent oxygen. 
The use of this cylinder is annotated in the text. 

In Appendix l.the importance of sufficient oxygen is first observed by 
the poor reactivity of experiment 5L37 in which a 400-psig initial air 
char.ge was used. The dependence of the air/water oxydesulfurization reaction 
on. oxygen concentration is further illustrated by the data in Appendix 11. 
Experiments 1W35 and 1W41 indicate that pressures higher than the normal 800 
psig initial air charge produce a significantly better product. This appears 
to be the result of a lower apparent organic sulfur increase. The same is 
observed for 2W29 and 3W39, which are 30-minute experiments using air contain­
ing 30.6 percent oxygen. Again, thermal precipitation of an insoluble sulfur­
containing compound is probably responsible for the high apparent organic 
sulfur contents. It appears, however, that the decomposition of these species 
is faster at higher oxygen partial pressures. Additional supporting evidence 
is shown in Figure· 33 which represents the variations in s·ulfur data for 
experiments 4W29 through 4W43 in Appendix 11. This figure also shows that up 
to 95 percent of the pyritic sulfur reacts during only a 5-minute hold time at 
temperature in the batch mode. Since the heating 'rate fur these partic.ular 
experiments was approximately 3.5°C per minute, the heat-up time was approxi­
mately 38 minutes. 

Experiment 2Wl3 in Appendix 11 exemplifies the necessity of adequate 
oxygen partial pressure. Eight 100-psig batch repressurizations were used 
to effectively supply the same quantity of oxygen as a single experiment using 
an 800-psig initial air charge (1W35). The results show only a 62 percent 
decrease in pyritic sulfur for 2Wl3 compared to 95 percent for 1W35. 
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The above experiments were made prior to modification of the system to 
permit continuous air flow during treatment. Appendix 12 contains data com­
paring the batch and modified modes of treatment. These data, summarized 
in Table 3, show that modified mode treatment results in a comparable or 
improved product. In general, the modified as compared to the batch mode 
treatment yields improved sulfur removal but greater loss in heating value, 
especially at higher temperatures. The gas analysis data in Appendix 12 
illustrates the principal disadvantage of the batch mode. The oxygen partial 
pressure of the residual gas is significantly below the level maintained by 
the air flow in the modified mode (except in 2W21, in which the cylinder con­
taining 30.6 percent oxygen was used). Experiments 4W95, 5W5, and 7W9 in 
Appendix 12 indicate that a minimum air flow of approximately 6 SCFH is 
necessary to maintain the oxygen partial pressure at the theoretical value 
(114 psi at 25°C for 180°C treatment) for this coal. At these conditions, thj s 
is approximately a twenty-fold excess of oxygen for pyrite conversion based on 
the previously discussed stoichiometry and using 35 grams of a coal containing 
4 we~ght-perce~t pyritic sulfur. 

From an economic standpoint it is desirable to operate the oxydesnlfnri­
zation reaction at the lowest possible pressure with minimal air throughput.· 
Appendix 13 contains data from modified mode experiments investigating these 
requirements.· The residence time in several of the experiments was increased 
to 2 hours, since the partial pressure of oxygen could.be maintained at a 
relatively·constant level with the flow of air through the reactor. The first 
series of experiments in Appendix 13 (5W3 through 5W7) indicates that longer 
residence time at intermediate pressure (5W9) is advantageous in terms of 
product quality for the Minshall seam coal. The primary reason is the 
improved apparent organic sulfur reduction at L. hours. The last experiment 
on the Minshall seam coal (5W25) demonstrates the need for adequate oxygen 
pressure even when a faster flow rate and higher reaction temperature are used. 
The same conclusion is evident from the experiments in Appendix 13 on the 
Pittsburgh seam coal. 

Slurry Concentration and Water Recycle 

The results of experiments investigating the effect of stirrer speed on 
sulfv.~ ~emoval, discussed above, show that gas absorption resistance is 
potentially significant in the system stuclieu. A stirring speed of 900 to 
1000 RPM is necessary to maintain the dissolved oxygen content at nearly the 
saturation value for a 26 weight-percent coal slurry. The first set of data 
in Appendix 14 summarizes experiments in which the slurry concentration was 
increased from the normal 26 weight-percent to beyond the point where oxygen 
starvation occurs in the bulk liquid, resulting in slower sulfur removal. 
These data, as shown in Figure 34, indicate a severe decrease in reactivity 
between a 33 and 41 weight-percent coal slurry. Note also the data for 
experiment 2W31 in which no water was used. The heating value loss is much 
greater, obviously due to the coal being "burned" in the absence of water. 

The data plotted in Figure 34 indicate that dilution of the coal slurry 
improves product quality. This is also apparent if the data for the Upper 
Freeport seam coal in Appendix 14 are compared to the data for experiment 6Wl5 



Table 3. Comparison of Batch a 1d Modified Modes of Treatment 

PERCENT CHANGE 

COAL SEAM (STATE) EXPERIMENT TEMP. MODE11 TOTt..L ORGANIC 
NO. (oC) s s 

MINSHALL (IN) 1W35 150 B -63 +41 
5W55 150 M -65 +32 
5W51 180 B -66 +22 
4W95 180 M -75 -11 

Pittsburgh (WVA) 2W21 150 B -'r! +20 
5W57 150 M -411 +3 
5W53 180 B -47 -8 
4W99 180 M -50 -21 

1. B = Batch, M = Modified 

BTU 

-10 
-4 
-8 
-17 

-6 
-6 
-10 
-16 

LBS.S02 
mm BTU 

4.09 
4.10 
4.13 
3.50 

3.84 
3.62 
3.43 
3.41 

VI 
w 
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in Appendix 10. The product quality of 6W69, in which an 8 weight-percent coal 
slurry was used, is 1.24 lbs S02/MM Btu, whereas that of the 26 weight-percent 
slurry is 1.38. The difference is due to less heating value loss and a reduc­
tion in the apparent organic sulfur for the more dilute slurry, as compared 
to an apparent increase in 6Wl5. If thermal precipitation of insoluble sulfur­
containing compounds is causing the anomalous increase in organic sulfur, it 
can therefore be avoided by using enough water to keep the pH of the slurry 
above the acidity limit for such precipitation. 

The pH of the coal slurry l.s primarily determined by the quantity of 
pyritic sulfur solubilized during treatment. A series of experiments was 
therefore made to investigate the effect of pyritic sulfur concentration on 
sulfur removed, in particular organic sulfur reduction. The data are contained 
in Appendix 14, experiments TW85 through 7W99. Indiana Minshall seam coal con­
taining 1. 71 and 2.00 weight-percent pyritic and organic sulfur respectively 
was used to prepare the various slurries. The weight-percent of eoal in the 
slurries ranged from 26 to 0.8. The sulfur removal data are plotted in Fig­
ures 35 and 36. As indicated in the graphs, the amount of water had to be 
increased in the more dilute preparations to permit sufficient sample for 
analysis after treatment. A slight decrease in reactivity is observed for 
the larger volume (compare 7W89 and 7W99), however, the general trends in the 
data are similar. It is evident from these data that the apparent organic 
sulfur removal is indeed sensitive to the initial pyritic sulfur concentration. 
The logarithmic plot in Figure 36 indicates a maximum organic sulfur reduction 
for the Indiana Minshall seam coal of 30 to 35 percent under the conditions 
stated in Appendix 14. 

Figure 37 depicts the relationship of the apparent organic sulfur decrease 
to the pH of the product slurry, measured after treatment, for the above exper­
iments. The curved line indicates maximum apparent organic sulfur reduction 
occurring above pH 1.5 to 1.6. This same relationship is observed in the 150°C 
treatment of the coals in Appendix 6 (excluding the atypical Rosebud seam coal). 
Therefore, if thermal precipitation of insoluble sulfur-containing compounds 
is causing the anomalous increase in organic sulfur, it can he avoided by using 
enough water to keep the pH of the slurry above the acidity limit for 
precipitation. 

The last series of experiments in Appendix 14 on the Pittsburgh seam coal 
summarizes the effects of slurry water recycle. The influence on the product 
quality is shown in Figure 38. The overall effect, shown by a least squares 
fit of the data, is a slight decrease in product quality as the slurry water 
is recycled. From examination of Appendix 14 this effect appears to be pri­
marily due to decreasing organic sulfur reduction as the slurry water is reused. 

§~~!Y. of Parametric Studies 

The preceding parametric studies show that the efficiency of sulfur 
removal and the distribution of reaction products are primarily dependent 
upon the following variables; reaction temperature, treatment time, oxygen 
partial pressure, and'slurry concentration. Obviously, the oxygen partial 
pressure must be sufficient to permit saturation of the desired reaction 
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sites. This appears to be attained in our system by maintaining a system 
pressure of 1000 psig in the temperature range of 150 to 200°C. An air 
flow through the reactor of 6 SCFH is adequate for this purpose. The more 
extensively investigated parameters of reaction temperature and residence 
time show that the sulfur removal generally increases with reaction temper­
ature with the pyritic sulfur removal essentially complete in 15 minutes and 
the organic sulfur removal requiring longer times and higher temperatures. 

The formation of sulfur-containing jarosite-like species with unusual 
solubility properties is possible in our system and appears to occur if the 
solution conditions are favorable. The observed result is an increase above 
pretreatment levels in the apparent organic sulfur content, and in some 
instances in the pyritic sulfur content, of the product. Ext~nded treatment 
t.:lme app~a:rs to solubilize the prooipitat~s formed tlurlug Lhe reaction, 
however, the best strategy is to prevent the occurrence of this phenomenon 
by maintaining the slurry pH above the limit for precipitation. At 150°C. 
the acidity limit is a pH of 1.5 to 1.6 (measured after treatment at 25°C), 
however, at higher reaction temperatures the acidity limit occurs at a lower 
pH. The slurry acidity expected after treatment can be. estimated from the 
pyritic sulfur concentration in the slurry prior to treatment. Sufficient 
water is used in the initial slurry to adequately dilute the sulfuric acid 
formed during treatment. 

The optimumvalues of reaction temperature and residence time are 
influenced by the susceptibility of the ··particular coal used to oxidative 
degradation. This susceptibility can be correlated to coal rank. Higher 
rank coals yield a better product, in terms of lbs S02/MM Btu, at more 
severe treatment conditions than the lower rank coals which exhibit greater 
heating value loss at similar conditions. Therefore, at this time specific 
operating conditions for a coal can only be accurately determined by 
~xperimentation. 

FRACTIONAL FACTORIAL EXPERIMENT 

A fractional factorial experiment was conducted to observe simultaneously 
the effects of reaction temperature, residence time, and oxygen partial pres­
sure. The previously discussed parametric studies assessed the individual 
effects of these variables. The fractional factorial experiment was designed 
not only to further investigate th~se parameters but also to highlight impor­
tant interactions between them. The coal used in this series is a Lower 
Freeport seam, high-volatile A bituminous rank coal containing 2.39 percent 
total sulfur, of which 1.67 percent is pyritic sulfur and 0.66 percent is 
organic. The results of a particle size tes.t on a riffled sample of this coal 
is given in Appendix· 15. All of the samples used ·in this program were riffled 
to insure homogeneity. 

The design of the program involves a series of data points taken on the 
exterior and interior surfaces of a three-dimensional spherical shell which has 
its origin at the center of the region of interest. This region of interest is 
a three-dimensional cube with sides delimited by the upper and lower bounds 
associated with three factors: time, temperature, and oxygen partial pressure. 
The interior surfaces of the spherical shell are inscribed exactly within this 
cuboidal region of interest. Figure 39 represents the three-dimensional spatial 
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arrangement of. the data points. The large dots represent the location of the 
individual experiments, and the large dot at the center of the region of interest 
is the location in which a set of six replicate experiments was performed. The 
radius of the interior surface of the spherical shell is the distance from the 
midpoint to the end of an axis, or the limit of a factor, while the radius of 
the exterior surface is the distance from the midpoint to the experiments located 
in the corners of the cube shown. 

Appendix 16 gives a complete summary of the data for the fractional factorial 
program. The untreated analysis and the variable settings for each experiment 
are also included. The order of the experiments in Appendix 16 form the sequence 
in which the experiments were performed, except for the last three replicate 
experiments which were made at the end of the program. This sequence is based 
on the pressure, starting with the highest total system pressure, to facilitate 
the use of the same air cylinders for the entire series. The reaction temperature 
was held to within ±2°C and to within ±l°C after the initial stabilization period 
which generally lasted 10 to 15 minutes. The only experiment in which this does 
not apply is 7W67, which is the lowest partial pressure investigated. In this 
case, the temperature was hard to control when air was added at 170°C, since the 
temperature dropped approximately 4°C after air addition. Upon air addition, 
the remaining experiments all eXhibited some degree of exothermicity, which is 
easier to control by using the internal cooling coil to r,emove excess heat. 

The work-up of these experiments is the same as previously described, 
except that no soxhlet extraction followed the 1-liter washing. The low sulfate 
levels shown in Appendix 16 demonstrate that for this coal, the 1-liter wash 
with distilled water is sufficient to effectively remove the acid product of the 
reaction. 

A regression analysis computer program using the least squares criterion 
was modified to fit the factorial experiment data to second order polynomial 
equations and calculate the corresponding statistics. Any third order inter­
actions are assumed to produce negligible differences in the reaction products. 
The general form of the polynomial is shown below: 

y 

where: 

Y. dependent variable of interest 

a
1

, a
2

, ••• a
10 

=regression coefficients 

P oxygen partial pressure {psi) 

T reaction temperature (°C) 

t reaction duration (minutes) 

A summary of the statistical results and results of the regression analyses 

{5) 

for several dependent variables are given in Table 4. As shown, the regression 



analysis also can be used to search for and eliminate insignificant terms to 
produce the best data fit. The coefficient of multiple determination (r2) 
indicates the percentage of the variability explained by the generated equation. 
If r2 is less than 0.8, the eXperimental series and operational procedures 
should be re-evaluated to determine whether an unexplained factor is obscuring 
the results. The absolute correlation coefficient (r) indicates how well the 
data points correspond to the regression curve. A value near 1 indicates high 
correlation. The standard error of estimate represents the standard deviation 
expressing the uncertainty of the equation throughout the region enclosed by 
the experimental observation points. This uncertainty increases everywhere 
outside this region and is greatest at the regions where all the factor set­
tings are at their upper or lower limits. The F-ratio test for lack of fit 
for the replicate experiments shows the degree of inability of the equation to 
accurately reproduce the measured experimental data. The lack of fit F-ratio 
computed for a good experiment should be less than the F-ratio tabulated, 
which is the maximum F-ratio, with 95 percent confidence, indicating the 
results can be explained by exped.mental error alone (24). The statistical 
results in Table 4 generally show that the regression equations adequately 
represent the actual.experimental data. The sulfur, pyritic sulfur, oxygen, 
heating value, and lbs SOz/MM Btu data in particular exhibit good correlation. 

The results of the polynomial equations were used to prepare response 
surface contour maps for the characteristics in Table 4. Table 5 is the key 
to letters used in the various plots. As these plots are interpreted, it must 
be kept in mind that the statistical analysis applies only to the region of 
interest. Outside of this region the uncertainty increases and is not pre­
dictable. The plots are also edited slightly to remove any illogical results 
produced by the limitations of the computer program. This generally occurs as 
the extremes of one or more of the independent variables are approac.hen. 

Figures 40A through 40E are the complete set of contour maps for the lbs 
SOz/MM Btu data. Each plot shows the variations of the data with reaction 
temperature and residence time at a specific pressure. The variations result­
ing from reaction pressure are apparent if the plots are overlaid to form a 
three-dimensional contour surface. It is apparent that by increasing the 
pressure, temperature and time, the product quality improves until a certain 
point is reached where increased time causes a slight decrease in the lbs 
SOz/MM Btu. In Figure 40A this appears to be at about 50 minutes for this 
particular coal. Also, at the higher pressures an increase in the reaction 
temperature above 190°C has little or no effect on product quality. From the 
data, no significant advantage is apparent in using pressures greater than 164 
psi Oz. The results at 110 psi Oz show that this pressure may also be sufficient 
if higher times and temperatures are used. Below 110 psi Oz the product quality 
is severely decreased. 

The statistical analysis of the lbs S02/MM Btu results, part of which is 
contained in Table 4, show that the interaction terms in Equation 5 have a 
minor influence in correlation of the data. In fact, the three first-order 
terms, azP, a3T, a4t, alone ·account for 88.percent of the variability in the 
results. Including the squared terms, asP2, asT2, a1ot2, the variability 
increases to 96 percent. The equation used to prepare Figures 40A through 40E. 
includes only the a7Pt interaction term, which results in explanation of 
97 percent of the variability, which is only a 1 percent imp.rovement. 
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Table 4. Statistical Summary of Fractional Factorial Results 

F-RATIO, LACK OF FIT 

VARIABLES]/ 
STANDARD 10.95 Level) 

CHARACTERISTIC (Y) 
ELIMINAliED 

r2Y rY ERROR OF 
ESTIMATE COMPUliED TABULATED . 

1) Sulfur Decrea~e,% agTt 0.972 0.986 3.257. 3.2:' ·4.95 

... 

2) Pyritic SuI fur Decrease, % asPT, caT2, agTt 0.951 0.975 6.451 4.19 4.82 

3) Organic Sulf~[ lncr~ase,% aaT2 
.. 

0.834 0.913 7.880 4.86 4.95. 

4) Carbon Decrease, % a10t2, a5p2 0.881 0.939 4.224 x 10-1 1.67 4.88 

., 
5) Hydrogen Decrease,% a,ot2 0.859 0.927 2.027 1.92 4.95 

·, 

6i Oxygen Increase, % -- 0.969 0.985 9.920 2.E9 5.05 

.. 
71 Heatin~ Value Decrease,% -- 0.964 0.982 5.624 x 10-1 4.£7 5.05 

8) Lbs. S02/MM BTU asPT, agTt 0.968 0.984 6.258 X 10-2 3.06 4.88 

. 
·;. 

1. In order of elimination,' refer to equation 5 .. 
2. Coeffici~nt of multiple determinatior. 
3. Absolute correlation coefficient. 
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Table 5. Key to Fractional Factorial Contour Plots 

PLOT CHARACTERISTIC, V.1 

CODE 
1 2 3 4 5 6 7 8 

A 5.0 25.0 -20.0 0.0 1.0 10.0 0.0 1.20 
B 10.0 30.0 -15.0 0.5 3.0 25.0 1.0 1.50 
c 15.0 35.0 0 -10.0 1.0 5.0 40.0 2.0 1.80 
D 20.0 40.0 - 5.0 1.5 7.0 55.0 3.0 2.10 
E 25.0 45.0 0.0 2.0 9.0 70.0 4.0 2.40 
F 30.0 50.0 5.0 2.5 11.0 85.0 5.0 2.70 
G 35.0 66.0 10.0 J.O 13.0 100.0 o.o 3.00 
H 40.0 60.0 15.0 3.5 15.0 115.0 7.0 3.30 
I 45.0 65.0 20.0 4.0 17.0 130.0 8.0 3.60 
J 50.0 70.0 25.0 4.5 19.0 145.0 9.0 3.90 
K 55.0 75.0 30.0 5.0 21.0 160.0 . 10.0 
L 60.0 80.0 35.0 5.5 23.0 175.0 11.0 
M 65.0 85.0 40.0 6.0 25.0 190.0 12.0 
N 70.0 90.0 45.0 6.5 27.0 205.0 13.0 

0 75.0 95.0 50.0 7.0 29.0 220.0 14.0 
p 80.0 100.0 55.0 7.5 31.0 235.0 15.0 

1. See Table 4. 
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The product quality is influenced by the sulfur and heating value content. 
Figures 41A through 41C contain contour plots for the total sulfur decrease 
at pressures of 110 psi 02 and above. As expected, the curves have the same 
general contours as those for the lbs S02/MM Btu. Oxygen pressures lower than 
110 psi are not shown since the product quality,data indicated the impracticality 
of operating below this point. The temperature insensitivity noted above approxi­
mately 190°C in Figures 40A through 40E is not as prevalent.in the sulfur data. 
The unusual decrease in the sulfur removal noticed at residence times approach­
ing 60 minutes is likely an artifact of the computer modeling program. An 
increase in total sulfur with time has.never been observed in previous 
experimentation. 

For the sulfur removal data, the most important variable in Equation 5 is 
the pressure-temperature interaction term, a6PT, which alone accounts for 
42 percent of the variability over the rGgion of htl~t:~sl. In conjunction with 
the a4t term, 83 percent is explained. 

The contour plots'for the loss in heating value as a result of treatment 
are shown in Figures 42A through 42C. The results exhibit almost a linear 
correlation with reaction time and temperature. The rate of heating value loss 
appears to !increase, though, as higher temperatures and longer residence times 
are used. The unusual hyperbolic contour evident at 110 psi is most probably 
a result of the limitations inherent to the computer modeling program. 

The statistical analysis indicates the agTt and a6PT interaction terms in 
Equation 5 are the most significant. Along with the constant term, they alone 
account for 62 percent of the variability for.loss in heating value. 

The shape of the sulfur removal data in Figures 41A through 41C is a 
result of the pyritic and organic sulfur variations. The pyritic sulfur 
removal is shown in Figures 43A through 43C. The decreased removal at longer 
residence times observed for the sulfur data is even more pronounced in the 
pyritic sulfur removal results. The magnitude of this observation may be 
distorted somewhat by the regression analyses, since the uncertainty of pre­
diction increases at the corners of the region of interest .where the factor 
settings are at their upper and lower extremes. However, s:lmilar tre.nds for 
pyritic sulfur removal have been observed in previous parametric studies 
(Appendix 1) and are, therefore, a possible occurrence. As postulated, the 
precipitation of interfering species may be the cause of the anomalous results. 

The temperature independence of pyritic $ulfur reduction is even more 
pronounced than for the sulfur removal. However,' to achieve complete removal, 
temperatures of about 180°C appear to be necessary·. Again, thl.s may be due to 
precipitation products formed from the solubilized pyritic sulfur. The relative 
temperature independence is observed in Table 4. All but the first order term 
of Equation 5, a3T, have been eliminated in the equation used. Other data 
show that the first order time, pressure, and constant terms account for 
76 percent of the variability. 

Of the 20 experiments in Appendix 16, only experiments 7W27 and 7W39 show 
a decrease in the organic sulfur. The other products exhibit varying degrees 
of increased apparent organic sulfur. As previously discussed, this is assumed 
to be the result of inorganic compound formation from solubilized sulfur and 
iron from the pyrite and other metals from corrosion of the reactor. 
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The statistical analysis in Table 4 shows that the relative uncertainty 
in the organic sulfur data is greater than that for the total and pyritic 
sulfur results. The difficulty in accurately describing the data is partially 
a result of the fact that no direct analysis is used for organic sulfur. There­
fore, the error associated with it would be the accumulation of errors in the 
sulfur and sulfur form analyses. Also the coal used contains 0.66 weight per­
cent organic sulfur which is probably insufficient for accurate determinations 
of small variations. 

Figures 44A through 44C are the contour plots for the apparent organic 
sulfur variations at and above 110 psi Oz. As shown in Table 5, letters before 
E represent an organic sulfur decrease while those after E indicate the apparent 
increase. From the graphs it appears that a significant reduction in the 
organic sulfur can only be achieved at high temperatures and pressures. Noneo 
of the 20 experiments in Appendix 16, however, were made in this region. The 
apparent increase in organic l?ulfur. or.curs rapidly until a maximum value is 
reached. At the lower temperatures this maximum value occurs almost simul­
taneously with maximum pyritic sulfur solubilization (see Figures 43A through 
43C). This is similar to the trends observed in Figure 4. As higher temper­
atures and pressures are attained, the apparent increases subside as if decompo­
sition is enhanced. Further experimentation is planned to resolve the anomalous 
organic sulfur increase. 

The carbon and hydrogen loss and oxygen uptake at 164 psi Oz are repre­
sented in Figures 45, 46, and 47, respectively. As expected, the trends in all 
three are similar to the heating value contours observed in Figure 42B. The 
magnitude of the numbers involved indicates that the cleavage of carbon and 
hydrogen bonds has a greater effect on the heating value loss than does the 
addition of oxygen. This is similar to previous observations. 

It is difficult to make absolute conclusions from the factorial data due 
to the limited number of experiments employed to explore the selected region 
of interest. Kinetic expressions can be derived but are of limited value due 
to the small. number of data points. For example, Figure 48 represents a 
first-order rate plot for pyrite conversion at 170°C and 110 psi oxygen partial 
pressure. [FeSz] 0 is the initial pyrite concentration expressed in weight­
percent, and similarly [FeSz]T is the concentration at time T. The first-order 
dependency agrees with kinetic results obtained by Vracar and Vucurovic for 
pyrite (38) and Slagle for an Upper Freeport seam coal (31). Conversion rates 
from the 32 minute experiments at 20, 110, and 200 psi oxygen partial pressure 
in Appendix 16 yield a 0.85-order dependence of the pyritic sulfur conversion 
on 3x3§en partial pressure. If this is valid, a plot of ln [(FeSz] 0 /[FeSz]T)/ 
P02 ' · ) versus time should be linear. This is illustrated in Figure .. 49. 

The data generated from the fractional factorial experiment are best used 
to illustrate the general relationships between the three major variables 
influencing the air/water oxydesulfurization reaction. The following conclu­
sions can be made from the data presented: 

1. Oxygen partial pressures above 110 psi are necessary to produce an 
acceptable product over the range of reaction temperatures and 
residence times investigated. Also, from the data obtained, the use 

71 



72 

~ 

iii 
u 

J:l ~ 
~ 

~ " ~ 

~ 

" 

ORGANIC SULFUR INCREASE. < ORGANIC SULFUR INCREASE. • 

PRESSURE-PSi 02 2~0.00 

FIGURE 44. 

PRESSURE-PSI 02 16<.00 

! 

~ 
ORGRNJC SULFUR iNCREASE. • 

~ 

.. 
~ 

E 
u F 

w .. 
"' C• 

~ 
~ H 

ill 

~~lj5SIIIlF-P<il nl 11A.frn 

CONTOUR SURFACES REPRESENTING THE EFFECTS OF 
TIMEJ TEMPERATUREJ AND PRESSURE ON ORGANIC 
SULFUR OF LOWER FREEPORT HvAB COALJ 7.1 _SCFH 
AIRFLOW, 

5-28-80 L-1769'0 



.. 
"' 

PRESSURE-PSI 02 1Gi.~~ 

CARBON DECREASE. ~ 

T1HE (H1Nl 

FIGURE 45. CONTOUR SURFACE REPRE­
SENTING THE EFFECTS OF TIME AND TEM­
PERATURE AT 164 PSI P02 ON CARBON OF 
LOWER FREEPORT HvAb COAL, 7.1 SCFH 
AIRFLOW. 

PRESSURE-PSI 02 161.00 

"' 
HYDROGEN DECREASE. I 

re 

"' "' 

.. ., 
.., 
w .. 
" 

,. 

I .. "' 

"' "' 

PHESSURE-PSI 02 161.00 

FIGURE 46. CONTOUR SURFACE REPRE­
SENTING THE EFFECTS OF TIME AND TEM­
PERATURE AT 164 PSI PO ON HYDROGEN 
OF LOWER FREEPORT HvAb 2COAL, 7.1 SCFH 
AIRFLO'Vl. 

OXYGEN INCREASE • ~ 

TIME (M1Nl 

FIGURE,47. CONTOUR SURFACE REPRE~ 
SEN!ING THE EFFECTS OF TIME'AND TEM­
PE?L7UR~ AT 164 PSI PO') ON OXYGEN OF 
!..0\JSR F?J::E!'CR7 EvAb COA.L, 7 .1 SCFH 
AIRFV)W. 

5-28-80 L-17691 

73 



74 

t-,_., 
2.0 N 

(/) 

af ......_, 

' 0 ,............ 
N 

(j) 

Lf ............, 
1.0 c: -

8 16' 24 32 40 48 56 64. 

RESIDENCE TIME , minutes 

FIGURE 48. FIRST-ORDER. RATE PLOT FOR PYRITE CONVERSION OF 
LowER FREEPORT HvAs coALJ 170° CJ 110 PSIJ P02J 
7.1 SCFH AIRFLOW. 

10-25--79 L.;.l7103 



N 

'o 
X 

. I II> 
(X) 

ON 
0 
CL 

.......... -t-,.........., 
N 

(/) 

~ 
~ 

.......... 
0 ,.........., 
N 

(/) 

tf 
~ -. 
c: 

32 40 48 56 64 

RESIDENCE TIME , minutes 

FIGURE 49, . PLOT DEMONSTRATING THE 0.85 ORDER DEPENDENCE OF 
PYRITE CONVERSION ON OXYGEN PARTIAL PRESSURE FOR 
LowER FREEPORT HvAB coALJ 170° C~ 7.1 SCFH AIRFLOW. 

't r • r 

10-25-79 L~l7102 t' 
l 

75 



76 

of oxygen partial pressures above 164 psi does not appear to be 
necessary in terms of product quality. Similar observations have 
been reported in the literature (38). These trends can be attrib­
uted to saturation of the pyrite surface with adsorbed oxygen 
which occurs at an oxygen partial pressure near 110 psi. Increasing 
the oxygen partial pressure above this level does not proportionally 
increase the rate of oxidation. 

2. The sulfur removal remains essentially constant beyond a certain 
residence time which is dependent. upon the oxygen partial pressure 
used (the a6PT te.rm is the most significant for total sulfur removal). 
Beyond this point the product quality is adversely affected due to 
the increasing heating value loss. 

3. The relationship between the pyritic sulfur solubilization and the 
apparent organic sulfur increase again indicates the formation of an 
unusual intermediate species which perturbs the analytical r~sults. 

An experiment was made at the upper buunllaries of the factorial parameter 
range to evaluate the predictive capabilities of the exercise. Most of the 
actual factorial experiments were made. over the m:l.d-range of the parameters, 
and as the upper or lower boundaries are approached, the statistical analysis 
becomes less valid. Table 6 contains the results of a recent analysis of the 
riffled sample of Lower Freeport coal used in this experiment and compares it 
to the average of the three untreated samples previously analyzed during the 
factorial experiment. Most of the recent determinations fall within 2a of the 
previous analyses. Table 7 contains the results of the experiment at 200°C 
for 60 minutes under 200 psi oxygen partial pressure and compares them with the 
predicted values. Except for the organic sulfur removal the results are in 
excellent agreement with predicted values. 

MATERIAL BALANCE 

Sufficient data were collected in the factorial experiments to enable 
a material balance to be made around the system. Several appruxlwaliuns must 
still be made, which introduces some ambiguity in the results but the degree 
of uncertainty is less than in previous experiments. Experiment 7W27 in 
Appendix 16 was chosen for the example below since it yielded the best sulfur 
removal and is more typical of the air/water treatment than most of the other 
experiments in the factorial series. Table 8 contains data used in the 
calculations below. 

The sulfur balance is straightforward since no gaseous sulfur prodttcts 
are formed. The sulfur balance is simply: 

S gm residue in product + S gm in wash water x 
100 ·s gm in starting coal 

Using the data in Table 8: 

0.406 + 0.772 X lOO 
1.184 99.49 percent 



Table 6. Comparison of Untreated Sample of Lower Freeport {HvAb) 
Seam Coal with Three Previously Analyzed Samples 

PREDICTED!t(u) OBSERVE Db-

Total Sulfur 2.39 (0.05) 2.34 
Sulfate Sulfur 0.06 (0.03) 0.12 
Pyritic Sulfur 1.67 (0.03) 1.62 
Organic Sulfur 0.66 (0.06) 0.60 

Carbon 69.70 (0.20) 70.30 
Hydrogen 4.40 (0.00) 4.40 
Nitrogen 1.20 (0.10) 1.10 
Oxygen 4.40 (0.20) 3.90 
A.sh 17.90 (0.00) 17.90 

Btu/Lb. 12398 (17.0) 12316 
Lbs. S02/MM Btu 3.85 (0.09) 3.80 

1. Average of 3 riffled samples used for factorial calculations, w/w moisture free. 
2. 7W69S. Riffled sample, no treatment, w/W moisture free. 

Table 7. Comparison of Experimental Results with Those Predicted by 
Fractional Factorial Data 

PREDICTED !t( SEE) OBSERVED~ 

Sulfur Decrease (%) 71.30 (3.26) 71.85 

Pyritic Sulfur Decrease (%) 99.61 (6.45) 97.54 

Organic Sulfur Decrease (%) 46.45 (7.88) 18.50 

Carbon Decrease (%) 9.14 (0.42) 9.28 

Hydrogen Decrease (%) 28.66 (2.03) 31.95 

Oxygen Increase (%) 282.73 (9.92) 276.17 

Heating Value Loss (%) 16.02 (0.56) 17.39 

Lbs S02/MM Btu 1.40 (0.12) 1.30 

1. Values are w/W on a dry basis. SEE is the standard error of estimate. 
2. 200°C, 200 psi 0 2, 60 minutes, w/W moisture free. 
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Table 8. Data Used in Material Balance Calculations 

DETERMINED AND CALCULATED QUANTITIES (gm) 

CONSTIT- INITIAL PRODUCT INITIAL INCOMING 
UENT COAL PRODUCT 

WATER & AIR RESIDUAL AIR TAIL 

CHARGE 
COAL 

WASHINGS CHARGE.1 GAS~ FLOW~ GAS!r 

s 1.184 0.406 0.772 -- -- -- --

c 34.536 32.846 0.894§, -- 0.192~ -- 0.520 

II 2.180 1.802 "}/ -- 7J -- 11 

N 0.595 0.601 -- 19.750 20.449 164.103 "158.705 
. -~ ... " 

0 2.180 6.008 4.466!!, 6.328 5.796 52.590 45.692~ 

Fe 0.878 0.736 0.190 -- -- -- --

1. Reactor free space=0.67L 
2. Reactor free space=0.72L 
3. 7.10 SCFH air flow 
4. 5.58 SCF 
5. Dissolved as C02 in 117 ml slurry water plus 13 ml water remaining 

outside of I iner. 
6. 0.014 gm as CO, remainder C02. 
7. H20 loss from reactor unknown. 
8. 1.444 gm used for sulfur oxidation, balance as dissolved C02. 
9. 4.512 gm as C02. 

Table 9. Gas Stream Compositions U:;cd in Material Balance Calculations 

COMPONENT}J 
INITIAL 

2 
RESIDUAL AIR TAIL 

CHARGE~ GAS~ FEED1J GAS !?J 
·~'"''" ··-

He -- 0.8 -- 3.1 

N2 78.1 79.3 78.1 78.4 

02 21.9 18.3 ·21.Y 17.8 

C02 -- 1 .5 -- 0.6 

co -- 0.1 -- --

1. Reactor initially under 1 ATM He, water trap pressured to approximately 850 psig He. 
Results in volume percent. 

2. 164 psi 0 2 charge at 188°C in 0.67L volume. (749 psi air). 
3. 565 psig remaining at 68°C in 0.72L volume. 
4. 4.56 SCF used in 49 minutes. 
5. 5.58 SCF measured at tail gas meter. 



Similarly, the iron balance requires only the composition of the liquid 
and solid phases. For this experiment the iron balance is 105.47 percent. 
This indicates that the stainless steel components in contact with the slurry 
experienced corrosion. 

The remaining material balances for C, H, N, and 0 must take into account 
the flow of gas through the reactor and, in some cases, the gaseous products 
formed under oxydesulfurization conditions, i.e •. , C02, CO, and' H20. It is 
necessary, therefore, to approximate the composition of the gas stream exiting 
the reactor. A gas sample taken midway through the experiment will be used 
for this purpose. Table 9 represents the gas stream and residual gas composi­
tions used in the calculations. Since the nitrogen in the air flow can be 
assumed to be unreactive under air/water oxydesulfurization conditions, the 
material.balance can be made on the solid and gas phases separately and show 
the relative validity of the assumptions. The balance for the coal nitrogen 
is 101.01 pereent and for the gas phase, 97.44 percent. This demonstrates the 
validity in assuming that the average gas composition of the tail gas is approxi­
mately that of the gas sampled midway through the experiment. 

In determining the carbon balance, the amount of carbon as C02 and CO in 
the residual gas and the tail gas must be calculated as well as the amount 
dissolved as C02 in the final slurry. This latter figure was estimated assum­
ing little variation due to the pH of the final slurry. TI1e overall carbon 
balance is calculated as: 

C gm in Product + C gm in slurry + C gm in tail gas + C gm in residual gas x 100 C gm initial coal 

This yields an accountability of 99.76 percent. 

An oxygen balance is somewhat more difficult since an estimation of the 
oxygen content in the incoming gas and initial charge must be made, as well as 
for the oxygen used in sulfur oxidation. Some error is inherent in making the 
oxygen balance since no accurate measure was made of the water lost as a result 
of the air flow through the reactor. Initially, 143 ml of water was used to 
slurry the coal (0.9 percent moisture) and 70 ml of water was placed outside of 
the liner in the autoclave to limit evaporation of the water from the slurry. 
After the experiment, 117 ml of water was filtered from the product, 13 ml 
remained in the autoclave, and 23 ml was collected .from a downstream trap. 
An additional 33 ml was removed from the product by vacuum drying. This 
accounts for 186 out of the 213 ml used, or 87.3 percent. A more efficient trap 
is necessary to enable an accurate water and subsequent oxygen balance to be 
made. Assuming that this error is relatively small in comparison to"the oxygen 
in the gas phase, the oxygen balance can be expressed as: 

0 gm in product + 0 gm in slurry + 0 gm in residual gas + 0 gm in tail gas x 100 
0 gm in initial coal + 0 gm in initial charge + 0 gm in air feed 

From the data in Tables 8 and 9 the resulting oxygen accountability is 
101.56 percent. 
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A hydrogen balance cannot be made because the magnitude of the numbers 
involved make it more sensitive than oxygen to the water balance. The above 
data show, however, that sulfur, carbon, oxygen, and nitrogen·can adequately 
be accounted for in the reactor system. 

THERMAL BALLISTiC EXPERIMENTS 

TI1e air/water oxydesulfurization treatment of coal results in the liber­
ation of heat primarily due to the oxidation of sulfur, carbon, and hydrogen. 
The amount of coal heating value lost is proportional to the reaction temper­
ature used. The modifi~d mode of operation allows observation of the initial 
exotherm.that occurs when air is added at reaction temperature. Appendix 17 
contains a set of ~xperiments designed to observe the magnitude of thi8 
initial temperature increase at various operatlng Lemperatures. In each criae 
the autoclave under 1 atmosphere of nitrogen was stabilized at the temperature 
shown b~fore air was added rapidly to increase the syst~ru pressure to approxi­
mately 1000 psig. The reactor was blocked off and the temperature of the 
slurry noted at ].-minute intervals. Figure 50 repr~sents the exotherms that 
occurred at the temperatures investigated. The last three experiments in 
Appendix 17 represent blank experiments usfng nitrogen instead of air. The 
exotherms for these experiments are contained in Figure 51. The increase in 
heat content (Btu/lb) observed after treatment for some. coals in Appendix 17 
is due to reduction in ash before significant heating value (Btu) loss occurs. 
The heating value of the coal, however, decreases without exception after 
treatment. 

The unusual results for the experiments using nitrogen cannot readily be 
explained. The products of 5W95 and 5W97 exhibit slightly great~r ctu'lJOn and 
hydrogen losses and oxygen uptakes than experiments 5W77 and 5W83 in which 
oxygen was present. The pyritic sulfur, however, was essentially not affected 
in the nitrogen experiments. Carbon dioxide was identified in the residual 
gas of the nitrogen experiments, although in lesser amounts than with oxygen 
present. It appears that the coal has reacted with the water in some as yet 
unknown manner resulting in coal oxidation comparable to air/water treatment. 

Figure 52 contains the variation in sulfur and sulfur species as a 
function of the initial temperature at which air was introduced. Again an 
anomalous relationship appears to exist b~tween the pyritic and organic 
sulfur reductions. 

The temperature increase can be estimated from the heating value loss 
if the system is assumed to be adiabatic over the 15 minute duration of the 
experiment. The adiabatic temperature change is defined as: 

where: 

liH heat content 

m. mass of i 
:1. 

liT liH 
l.m. C . 

1 pl 
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cp specific heat capacity of i 

i components·of system 

For example, the calculated temperature change for 5W83 at 170°C is: 

~T = --~~~~~(~w~e~1?·g~h~t~o~f~s~t~a~r7t~i~n~g~c~o~a~l~)~(~un~1~·t~h~e~a~t~i~n~g~v~a~l~u~e~l~o~s~s~)~----­
(weight of H20)(Cp of H20) +(weight of coal)(CP of coal)+ (weight 

of glass liner) (C of pyrex) 
. p 

The following specific heat capacities were used: 

c 
p 

water, 170°C - 1.01 

c 
p 

coal 

C pyrex 
p 

- 0.29 

- 0.21 

The heat capacity of the reactor will have a major. effect on the calculation 
and this must be experimentally determined. Table 10 contains the observed 
and calculated temperature increases for the experiments in Appendix 17. The 
nitrogen experiments (5W95, 5W97, and 5W93) again exhibit unusual behavior. 
For the air/water treatments the calculated rises are consistently higher than 
observed, as we expected. A more accurate estimate could be made if the specific 
heat capacity of the reactor were known. 

SUMMARY OF COALS TREATED 

Twenty-four diffe.rent coals have been treated by air/water oxidative 
desulfurization (40). Data for sulfur removal are given in Appendix lB,.and 
the balance of the ultimate analyses are in Appendix 19. All 24 coals, unless 
noted in Appendix 18, were treated for 1 hour at the temperature indicated, 
under either 800 psig initial air pressure in the batch mode or 1000 psfg 
total system pressure in the semibatch mode. An air flow of app'roximately 
6 to 8 SCFH was used in the semibatch mode. The mode of operation is also 
indicated in Appendix 18. The first ten coals in the two tables would meet 
the 1974 EPA NSPS of 1.2 lb S02 per 106 Btu. Due to retention of sulfurous 
products in the ash during combustion, coals containing somewhat grt:!alt:!L Lhau 
0.6 lb S per 106 Btu can be expected to meet NSPS. Reflecting the greater 
effectiveness of oxydesulfurization for removing more pyrit·ic than organic 
sulfur, all ten of the untreated coals had less than 1 percent organic sulfur. 

Coals 11 through 17 in the two tables had moderate amounts of organic 
sulfur, up to 1.5 percent. Depending on the sulfur-retention properties of 
the ash, some of these coals might meet NSPS. Relatively small improvements 
in oxydesulfurization processing could also bring these coals into compliance. 

Coals 18 through 24 had high organic sulfur contents, greater than 1.5 
percent. For these coals significant improvement in organic sulfur removal 
would be necessary to bring them into compliance. Consequently, due to their 
high organic sulfur contents, these coals have been used to investigate the 
removal of organic·sulfur by air/water oxidative desulfurization. 
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Table 10. Observed Versus Calculated Temperature Increases 

t.T 
EXPERIMENT 

OBSERVED CALCULATED 

5W77 20 44 

5W79 24 66 

5W81 27 71 

5W83 35 82 

!iW8'5 30 74 

5W87 35 133 

5W89 32 117 

5W93 16 18 

5W95 6 71 

5W97 6 64 
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With increasing severity of operating conditions, increasing amounts of 
organic sulfur can be removed, but the removal is accompanied by heating value 
losses for the coal. This is not surprising, since one would.expect oxidation 
of organic structures to proceed at a rate at least comparable to that for 
oxidation and cleavage of some C-S bonds. An organic sulfur removal efficiency 
plot, similar to Figure 4, is shown in Figure 53 for the coals in Appendix 18. 
The data exhibit considerable scatter but it should be remembered that besides 
temperature variations, the data also represent coals of six different ranks, 
ranging from hvAb to sbA. 

The data iu Appendix 19 show an increase in oxygen content of coal due 
to ..processing. This effect is shown graphically in Figure 54, where moles 
of oxygen taken up by the coal per mole of carbon in the product coal is seen 
to increase with loss of heating value. Hydrogen and carbon in the coal 
decrease due to processing. The data in Appendix 19 are plotted in Figure ~5. 
It is seen for the range of heating value loss encoun~ered, between 0 and 
30 percent, that hydrogen is preferentially removed from the organic matrix. 
Apparently heating value is lost both by consumption of the coal to final 
oxidation productc, carbon dio::-r.ide, and water; and hy p;lrti!'ll. replacement of 
hydrogen by oxygen :i.n the coal. 

A beneficial side benefit of oxydesulfurization treatment is reduction 
in the ash content of the coal. Part of the ash probably is dissolved in the 
sulfuric acid formed during reaction. Inspection of Appendix 19 shows a maxi­
mum ash reduction or 41 percent and an average reduction for all coals treated 
of 20 percent. Oxydesulfurization treatment also completely destroys the caking 
properties of coal. This is desirable if .the product is used as a feedstock for 
gasification or stoker fed boilers. The free swelling index, which is an 
approximate measure of the coking and caking characteristics of coal, for the 
coals. in Appendix 18 is redu~ed in all cases to zero after treatment. 

CONCLUSIONS 

Laboratory experimentation has shown that air/water oxydesulfurization is 
an effective means of removing the pyritic and a portion of the organic sulfur 
from coal. The reaction proceeds favorably in the range of 150 to 200°C under 
an oxygen partial pressure of 100 to 200 psi 02. Optimum operating conditions, 
however, are dependent on the type of coal used. Higher rank coals generally 
yield a better product in terms of lbs S02/MM Btu after treatment at more severe 
operating parameters than lower rank coals which suffer excessive heating value 
losses at similar conditions. The pyrite solubilization is essentially com­
plete in 15 minutes; however, longer treatment times and higher temperatures 
are necessary to effect reduction in the apparent. organic sulfur. 

The formation of sulfur hearing precipitates from the solubilized pyrite 
appears to present a problem in interpreting the actual pyritic and organic 
sulfur data for some coals. The factors surrounding this phenomenon are com­
plex and not yet well understood. The interference generally occurs for 
higher sulfur coals which produce a more acidic slurry during treatment. The 
incorporation in the thermal precipitates of metal cations leached from the 
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reactor components in contact with the acidic slurry may impact the acid 
solubility characteristics necessary for such compounds to cause the anomalies 
observed in the sulfur form analysis. The use of a sufficiently dilute slurry 
appears to alleviate this.problem. 

The data presented in this report were used in the design of a continuous 
slurry flow unit which is currently being operated to further define the 
potential commercial applications of this ·technology. Additional laboratory 
experiments are· being cuutlucted to resolve th.,. precipitation phenomenon and 
its influence on the observed organic sulfur variations. An investigation is 
also underway to ascertain the nature of organic sulfur in coal and the 
chemistry involved in its removal by oxydesulfurization and other methods. 
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Appendix 1. Initial Exploratory Results 

TREATMENT1f 
MOISTURE FREE 

WEIGHT PER:ENT HCI!J 
COAL ASTM EXPERIMENT SOLUBLE 
SEAM RANK NO. AIR~ Fe(%) 

TIME TEMP. PRESSURE RECOVERY.!!, ASH c H ~~ 0 ; SULFATE PYRITIC ORGANIC BTU/ 
(HR.I (DC) (PSI G) s s s LB. 

Indiana No.5 HvBb 5~HS NO TREATMENT 9.10 69.37 4.86 1.53 11.82 3.;7 0.59 0.70 1.98 12340 0.79 

5L27 2 200 800 ~ 

2 200 800 ~ 

2 200 800 ~ 

2 200 800 83 10.08 60.51 2.75 1.4!: 23.58 1.53 0.09 0.06 1.44 8590 0.71 

.t 5L41 2 200 800 104 14.11 63.65 3.77 1.31 14.93 2.2'3 0.09 0.66 1.48 10016 3.28 

5L31 1 200 800 107 14.46 63.20 3.90 1,3!: 14.96 2.13 0.01 0.40 1.71 10127 2.77 

' 6L11 1 200 800 88 8.38 68.70 3.88 1.46 15.12 2.413 0.09 0.39 1.98 ~ 0.61 

6KW37 1 200 800 102 12.85 63.77 3.84 1.43 15.82 2.2S 0.19 0.55 1.55 10896 2.83 

5L33 1 150 810 99. 8.28 68.89 4.54 1.44 14.71 2.1. 0.03 0.05 2.06 11930 0.86 

5L37 1 150 400 97 8.16 69.56 4.73 1.4& 13.67 2.4~ 0.10 0.31 2.01 11738 0.46 

6L7 1 130 1500 95 8.28 68.97 4.55 1.46 14.52 2.2~. 0.06 0.11 2.05 ~ 0.64 

,-

lllinoisN::>, 6 H.Cb 11R1531!if NO TREATMENT 11.70 69.27 4.92 1.31 9.15 3.6E 0.24 1.15 2.25 ~ 0.36 

5L39§- 1 I 150 I 800 I 97 9.23 66.74 4.59 1.26 15.44 2.7~ 0.03 0.35 2.35 11188 0.51 

1W37S NO TREATMENT 11.55 65.99 4.80 1.18 13.3:i 3.65 0.31 1.13 2.25 12190 0.42 

1W37 1 150 800 94 9.77 65.68 4.34 0.95 16.84 2.42 0.03 0.10 2.29 11290 0.86 

1W43 1 150 1500 91 11.04 61.03 3.43 1.13 21.25 2.12 0.01 0.11 2.00 10030 1.61 

: 
Pittsburgh HvAb 106§, NO TREATMENT 5.54 79.40 5.26 1.50 6.99 1.31 0.01 0.61 0.68 ·14170 0.18 

5L35 1 150 800 104 4.65 76.49 4.82 1.52 11.72 0.80· 0.04 0.05 0.71 13430 0.44 

1W39 0.5 150 800 100 4.62 76.31 4.80 1.54 11.89 0.82 O.QI 0.08 0.75 13370. 0.59 

2W11 0.08 150 800 101 4.92 77.97 5.13 1.63 9.24 1.11 0.01• 0.23 0.87 13960 0.35: 

1W47§, 1 150 
! 

800 99 4.88 76.74 5.00 1.56 10.97 o.85. O.QI 0.12 0.72 13570 0.39 

Lower Kitanning Lvb 
.. 

1083 ' 0.96 O.QJ 0.53 0.39 14590 0.10 NO Tl EATMENT 7.10 83.47 4.45 1.41 2.61 

6L9 1 I· 150 800 98 6.97 79.77 4.09 1.36 7.24 0.57 0.02 0.08 0.47 13630 0.78 

1, 35 gm, 200 x 0 ~st-. coal in 100 ml H20. Stainless steel liner. Stirring Rate 900 to 1000 RPM. 
2. Initial charge at Room temperature. 
3. On a dr1 basis. 
4. Autoclave vented and repressurized, no sample taken 
5. Value n:n obtained 
6. 14 x Omesh 
7. As recei.,ed 



Appendix 2. Experimentation Investigating Limits Of Organic sulfur Removal for Indiana No. 5 (HvBb) Seam Coal 

TREATMENT!- MOISTURE FREE 

EXPERIMENT NO. OF~ WEIGHT PERCENT HCI~ 
AIR;!t SOLUBLE 

NO. CYCLES TIME TEMP. 
PRESSURE 

BTU/ FE(%) 
(HR.) (OC) LB. 

(PSI G) RECOVERY ASH c H N 0 s SULFATE PYRITIC ORGANIC 
s s s 

I 
I 

SLHS NO TREATMENT 9.10 69.37 4.86 1.58 11.82 3.27 0.59 0.70 1.98 12340 0.71 

1W11 1 1 250 1500 92 11.49 63.42 3.12 1.47 18.86 1.84 O.Q1 0.20 1.63 9400 1.39 

6FW49 4 1 150 1000 85 8.10 64.62 3.89 1.45 20.15 1.J9 0.03 0.17 1.58 !/ 0.92 

6FK31 2 1 150 1000 

2 1 200 1000 77 9.83 62.50 3.11 1.45 21.28 1.83 0.18 0.16 1.50 !/ 0.98 

1W132- 1 1 150 800 ! 
1 1 250 1500 80 11.61 61.37 2.63 1.57 21.12 1.70 0.10 0.18 1.42 9400 1.52 

1W1 1 1 150 .aoo 

2 1 200 1000 76 8.80 62.06 2.88 1.48 23.23 1.55 0.07 0.12 1.36 9550 0.58 

1W9 1 1 160 BOO 

1 1 200 150C 

1 1 250 1500 69 12.81 s8.e9 2.32 1.74 22.93 1.51 0.11 0.05 1.35 8680 0.15 

6FW45 4 1 200 1000 65 10.37 58.23 2.47 1.56 25.92 1.45 0.08 0.05 1.31 }/ 

1W5~ 
l 

1 2 130 1500 

2 1 200 i500 72 12.85 56.45 2.37 1.47. 25.46 1.40 0.08 0.04 1.28 8510 2.49 

6FK33 1. 2 200 1000 

1 1 200 1000 

1 2 200 1000 

1 1 200 1000 68 14.96 53.71 2.61 1.55 25.57 1.60 0.31 0.06 1.22 2. 2.75 

6FK35 ~ 1 200 iOOO 57 11.52 56.83 2.60 1.48 26.21 1.36 0.10 0.09 1.17 .}/ 0.13 

1W3 1 1 150 800 

2 1 200 1500 68 9.99 •59.69 2.47 0.75 25.84 1.26- 0.01 0.18 1.07 8920 1.20 

1W7 ,, 1 150 BO•J 

2 1 200 1500 

1 1 250 1500 35 19.11 51.88 1.91 1.76 24.18 1.1fi 0.13 0.05 0.98 7480 1.53 

1. 35 gm, 200 x 0 mesh coal in 100 ml H21J, stainless steelliner,OOO to 1000 a PM st rring rete. 
2. Number of repressurlzatlons at conditions listed 
3. Initial charge at or near room temperature 
4. As received 
5. 29.1 gm coal 
6. 36.0 gm coal 
7. Value nol oblained. 
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Appendix 3. Experimentation Investigating Aggitation Efficiency and Reactor Loading 

TREATMENT!! MOISTURE FREE 

COAL EXPERIMENT 
WEIGHT PERCENT 

SEAM NO. AIR STIRRING 
(STATE) TEMP. PRESSURE FLOW RATE 

(OC) (psig) (SCFH) (RPM) SULFATE RECOVERY AS~ c H N 0 s s 

Indiana 
!t ------- NOTREATMENT ------- -- 14.7 61.7 4.4 1.2 11.6 6.53 2.07 

Mimhall 
(IN) 

7W7 180 1000 7.0 1200 80 8.6 65.3 3.6 1.2 19.5 1,82 O.Q2 

7W9 180 1000 7.0 900 82 9.6 64.6 3.5 1.3 19.2 1.78 0.07 

7W11 180 1000 6.9 600 88 10.7 66.4 3.9 1.3 15.5 2.)8 0.07 

7W13 180 1000 7.1 300 88 11.0 67.6 4.3 1.3 12.8 2:H 0.09 

Pittsburgh 4W85S ---- NO TREATMENT ------- ~ 8.4 74.1 5.1 1.4 7.1 3£0 0.31 
(WVA) 

4W99 180 1000 2.2 950 99 7.0 69.2 4.0 1.2 16.6 1.$ O.Q4 

.. 
6W65S NO TREATMENT -- 7.9 71.7 5.1 1.3 10.0 3.91 0.47 

6W65~ 150 1000 3.6 950 93 7.4 71.6 5.1 1.2 11.3 3.42 0.12 

1. One hour in mcdilied mode, 200 x 0 mesh coal, :is gm coal to 100 ml H20 in glass liner. 
2. Avera•;)B of two samples. All samples for stirring rate experiments were riffled. 
3. 150 gm coal I~ 430 ml H20. 

BTU LOSS 

BTU/ 
(%) 

PYRITIC ORGANIC LB. 

s s 

2.61 1.85 11065 --

0.15 1.65 10717 22 

0.20 1.51 10647 21 

0.37 1.64 11263 10 

1.14 1.74 11843 6 

1.38 2.22 13560 --

0.15 1.77 11510 16 

1.16 2.28 13199 --

1.03 2.27 13348 .6 

~ 



Appendjx 4. TemJerature Effects at Various Residence Times 

TREATMENT.!J MOISTURE F;!EE 

EXPERIMENT WEIGHT PERCENr 
BTU LOSS 

NO. 
PRESSURE BTU/ (%) 

TIME TEMP. 
(MIN.) (OC) (PSIGI SULFATE PYRITIC ORGANIC: LB. 

RECOVERY ASH c H N 0 s s s s 

3J ---NO TREATMENT--- - 16.28 63.70 4.46 1.16 8.74 5.66 ().79 3.61 1.26 11475 --

3W3 5 140 8oo:l! 93 13.39 66.75 4.70 1 .7.7 10.55 3.34 0.14 1.92 1.28 11960 3 

3W5 5 150 aoo:!t 94 13.08 67.29 4.65 1.28 10.83 2.87 0.19 1.05 1.62 11890 3 

3W9 5 160 aoo:!t •;o 12.83 66.29 4.66 1.27 12.16 2.73 0.11 0.79 1.89 11770 5 

3W11 5 170 8oo:!t 93 13.43 65.83 4.65 1.26 11.63 3.2n 0.10 1.31 1.78 11760 5 

3W13 5 180 8oo:!t '34 13.60 65.24 4.58 1.25 12.06 3.27 0.14 1.76 1.37 11650 4 

2W29S ---NO TREATMENT--- - 16.49 64.63 4.51 1.22 7.34 5.81 0.56 3.85 1.40 11650 --
2W3!& 30 140 8oo:!t 36 11.85- 67 08 4.54 1.26 12.71 2.56 0.08 0.46 2.02 11830 2 

2W1 30 150 800:!1 35 12.68. 66.48 4.51 1.34 12.15 2.84 0.08 0.78 1.98 11760 5 

2W2911 30 160 8oo:!t '35 12.5S 65.28 4.30 1.26 14.28 2.30 0.10 0.31 1.89 11305 8 

2W351/ 30 170 8010 '36 12.08; 65.21 4.16 1.25 15.14 2.16 0.10 0.40 1.66· 11205 8 

2W3711 30 '180 soo:!t . ., 12.09· 64.92 4.07 1.24 15.60 2.08 0.08 0.31 1.69 11080 8 

5W49S --- NO TREAIMENT ---· -- 14.85- 64.35 4.53 1.17 8.59 3.51 '1.19 3.78 1.53 11540 --
5W33 5 140 1ooo§l 3:3.6 11.38; 68.00 4.66 1.16 10.45 4.35 0.02 2.12 2.20 12270 0 

5W35 5 150 1000§1 34.0 11.91 68.33 4.76 1.31 9.53 4,16 O.Ql 1.98 2.17 12280 0 

5W37 5 160 1·ooo§t 25.4 11.91 67.56 4.65 1.18 10.58 ~.12 0.32 1.66 2.13 11960 1 

5W39 5 170 100o§t 25.6 11.65 67.52 4.52 1.21 11.35 3.75 0.22 1.34 2.18 12030 0 

5W41 5 180 1000§1 ;;6.3 11.64 66.53 4.50 1.25 12.37 3.71 0.34 1.29 2.07 11750 2 

5W43 5 190 10QQ§i E7.9 12.10 65.96 4.44 1.10 12·.34 ~.06 0.33 1.91 1.81 11760 10 

5W45 5 200 100Q§i E.7.8 13.05 66.03 4.41 1.11 10.62 ~.78 0.44. 2.66 1.68 ; 11680 11 

1W35§t 60 150 8oo:V 03.0 12.08: 65.63 4.32 1.26 14.39 2.32 0.1(1 0.22 1.99 11350 9. 

4W25S -- N~TREATMENT--- 15.9J; 62.79 4.55 1.24 9.84 5.65 1.11 3.01 1.53 11320 --
4W25 60 200 ,. 8oo:!t E5.0 11.07' 63.19 3.32 1.28 19.71 1.43 0.10 0.10 1.22 10230 23 

1. Indiana Minshall (HvCb) seam co<l, 200 x 0 mesh, 26 wtl6 slurry (35 gm ccal: 1)0 ml H20I. 900 to 1000 rpm. 
2. Average of two separate analyses. 
3. Initial a·r charge at room temperature, batch mode. 
4. Average of two analyses. 
5. Heated :a temperature under 1 atm. N2, this is total svstem pressure at beginninq of experir.1ent. 

6. W1074 i., Appendix 14 used as reference analysis. • 



Appendix 5. Analyses of Several Coals Used in Parametric Stud es 

MOISTURE FREE 

COAL EXPERIMENT MESH ASTM WT.% WEIGHT PERCENT 
SEAM cooE1 NO. SIZE RANK MOISTURE BTU/ LBS, S021 (STATE) 

LB. MMBTU SULFATE PYRITIC ORGANIC ASH c H N 0 s s s s 

Upper A 6W71S 200x0 Mvb 0.1 162 72.3 4.3 1.3 4.3 1.58 0.20 0.82 0.56 12642 2.50 
Freeport 
(MDI B 6W57S 14 X 0 Mvb 0.7 14.8 74.3 4.4 1.2 3.7 1.55 0.06 0.86 0.63 12981 2.39 

c 7W3S 14x 0 Mvb 0.5 16.0 72.5 4.3 1.3 4.3 1.62 0.00 0.84 0.78 12743 2.54 
' 

I, 

lmboder. D 6W75S 200x 0 HvAb 0.1 3.7 80.:0 5.1 1.5 . 8.4 1.19 0.15 0.26 0.78 14273 .1.67 
(VA) 

E 6W61S 14 X 0 HvAb 1.2 3.5 81.1 5.2 1.5 7.6 1.13 0.11 0.25 0.77 14470 1.56 

F 7W15S 14 X 0 HvAb 0.7 3.5 81.2 5.1 1,5 7.5 1.25 ' 0.14 0.23 0.88 14414 1.73 

ColoractoY G 6W77S 200x 0 HvBb 0.5 6.5 73.7 5.3 1.6 10.9 1.88 0.33 0.95 0.60 13123 2.86 
(CO) 

H 6W63S 14 X 0 HvBb 2.6 6.9 74.7 5.3 1.6 9.6 1.90 0.34 0.74 0.82 13237 2.87 

I 7W17S 14 X 0 HvBb 1.2 6.3 74.3 5.2 1.7 10.9 1.69 0.28 0.64 0.77 13378 2.53 

Middle J 6W67S 200x0 HvCb 1.6 16.9 64.6 
Kittanning 

4.4 1.2 11.8 1.08 0.04 0.26 0.78 11184 1.93 

(OHI K 6W55S 14 xo HvCb 3.1 15.5 65.9 4.6 1.2 11.9 1.00 0.07 0.22 0,71 11517 1.74 

L 7W1S 14 X 0 HvCb 1.2 15.8 65.3 4.6 1.3 12.1 0.96 0.08 0.16 0.72 11465 1.67 

Rosebud M 6W73S 200 X 0 Subblt. 8 1.5 13.3 61.1 
(MTI 

4.4 0.9 17.2 3.09 0.30 2.32 0.47 10301 6.00 

N 6W95S 200xO Subbit. B 3.1 12.9 62.3 4.1 0.9 17.0 2.79 0.38 1.74 0.67 10693 5.22 

0 6W59S 14 X 0 Subbit. B 8.9 12.0 63.2 4.7 1.0 17.1 2.45 0.24 1.49 0.72 10844 4.52 

p 7W5S 14 X 0 Subbit. B 3.8 12.2 63.3 4.1 1.0 17.2 2.24 0.25 1.42 0.57 10750 4.17 

1. Codes are referred 10 1n Appendix 6 
2. Uncorrelated Seam 



COAL 
SEAM 

!STATE) 

Upper 
Freeport 
I MOl 

lmbo·:fen 
IVAI 

Colo'lldo:Y 
I COl 

Middle 
Kittanning 
IOHJ 

Rosebud 
IMTI 

UNTREATED EXPERIMENT MESH 

A~~~v;c NO. SIZE 

A 

A 

A 

0 

0 

0 

G 

G 

G 

H 

M 

N 

6W81 

6W71 

6W93 

5WS7 

1W3 

6W85 

6W75 

6W97 

6W61 

1W15 

6W87 

6W77 

6W99 

6W63 

7W17 

6W79 

6W67 

6W91 

6W55 

1W1 

6W83 

6W73 

6W95 

6W59 

7W5 

200 X Q 

200x 0 

200 xO 

14 X 0 

14 X Q 

200x 0 

2()() X Q 

2QQ X Q 

14 X Q 

14 X Q 

200x0 

200 X 0 

200x0 

14 )( 0 

14 X 0 

200 )( 0 

200 X 0 

200x 0 

14 X Q 

14 X 0 

200 X Q 

200 )( 0 

200 )( 0 

14 X 0 

14 X Q 

TIM'. 
1•a 

150 

180 

20G 

IBC 

20C 

ISC 

181> 

IS. 

1El 

lSD 

200 

100 

2M> 

1 iO 

130 

:no 

130 

·so 

80 

!00 

180 

200 

AIR 
FLOW 

Appe 1dix 6. Effect of Reaction Temperature and Coal Top Size 
or Several Coals Treated by Air/Nater Oxydesulfurizatien 

MOISTURE F UE 

WEIGHT PERCENT 
BTU 

(SCFHI RECOVERY ASH c H SULFATE fPI'RITIC ORGANIC l:1f." 
s s s N 0 

7.8 

7.6 

7.7 

6.9 

7.4 

7.3 

7.6 

7.7 

6.5 

7.2 

1.e 

7.9 

7.; 

6.8 

7.2 

7.4 

6.7 

1J 

&.4 

7.1 

7.9 

7.5 

7.7 

6.6 

!.4 

98.2 15.3 

100.1 15,4 

!!11.9 14.6 

99.4 16.2 

E5.0 14.0 

99.S 3.4 

!7.7 3.2 

~5.6 3.0 

~.6 2.7 

36.i 2.8 

98.6 5.9 

94.2 5.4 

92.4 5.2 

97J 4.9 

89.8 4.9 

95.9 16.2 

88.9 15.3 

84.8 16.5 

94.2 14.5 

8E.3 15.!1 

81.9 11.C 

72.2 11.4 

71,0 11.0 

63.: 11.8 

79,! 10 ... 

72.0 

69.: 

67.7 

71.0 

69.9 

79.8 

73.11 

72.6 

7E.5 

1i.6 

73.2 

61!.7 

ss.o 

71,8 

70.6 

E1.9 

5~.6 

51.6 

63.1 

E-1.5 

60.7 

57.9 

59.8 

50.9 

63.4 

4.2 

3.8 

3.3 

4.0 

3.6 

4.9 

4.3 

3.5 

4.5 

4.3 

5.0 

4.2 

3.6 

4.6 

4.2 

4.0 

3.4 

2.8 

3.9 

3.5 

3.5 

3.0 

3.0 

3.4 

3.7 

1.3 

1.3 

1.2 

1.3 

1.3 

1.4 

1.4 

1.4 

1.3 

1.6 

1.6· 

1.9 

1.9 

1.1 

1.1 

1.1 

1.2 

1.2 

1.3 

1.0 

1.0 

0.9 

1.0 

1.0 

6.5 

9.> 

7.0 

10.6 

9.9 

16..5 

183 

12.0 

13 3 

13.3 

19.5 

2Q5 

1€.3 

11.9 

16.0 

20.0 

21.2 

15.5 

17.2 

42.8 

~5.5 

23.8 

21.2 

19.5 

0.7€ 

0.61 

0.5< 

O.GJ 

O.GJ 

0.85 

0.76i 

0.66 

O.e:! 

O.JE 

1.01i 

o.6-

0.30 

0.71 

om 

OEJ 

O.E? 

0.88 

0.<6 

1 ... 0 

IJO 

i.S2 

1.12 

1 95 

0.!1:! 

O.C3 

0.(2 

O.C•O 

0.01 

0.02 

O.'J2 

0.:•1 

0.02 

0.01 

0 03 

0.')1 

0.03 

C.Q2 

0.02 

0.01 

0.01 

•:.oo 

::•.02 

0.03 

0.01 

0.01 

).00 

0.01 

0.04 

0.05 

O.Q2 

0.15 

0.10 

0.04 

0.03 

0.02 

0.05 

0.05 

0.08 

0.13 

0.10 

0.08 

0.16 

O.Q7 

0.04 

0.05 

0.08 

0.08 

0.40 

0.50 

1.12 

1.16 

1.37 

0.10 

O.S3 

0.50 

0.L8 

0.52 

0.79 

0.71 

O.GJ 

0.75 

0.69 

0.90 

0.59 

0.57 

0.69 

C.53 

0.58 

0.55 

0.51 

1).60 

).56 

0.67 

0.59 

0.49 

0.56 

0.57 

12615 

11765 

11117 

12241 

1170& 

13977 

1247~ 

11705 

1352J 

13163 

12731 

1136J 

11001 

122m 

11892 

10530 

9648 

9040 

10508 

10001 

9no 

8911 

g:;os 

9803 

10454 

1. One hour res•dence t•me, 1 XIO palg total pressure, stirring rate 9JO IC· 'IJC RPM, glass li'ler, heat~p Lnc•r 1 AT\1. N
2

. 

2. Re:er to T11ble 6. 
3. Un:orrelat!!d Seam. 

PH OF 

~B~ SOz BTU LOSS PRODUCT 
BTU (%I SLURRY 

1,20 

1.04 

0.97 

1.03 

1.08 

1.22 

1.22 

1.13 

1.21 

1.14 

1.59 

1.28 

1.22 

1.31 

1.19 

1.27 

1.24 

1.26 

1.29 

1.31 

2.26 

2.47 

3.48 

3.51 

3.73 

2.0 1.24 

6.8 1.39 

13.0 1.28 

6.3 

21.9 1.35 

2.6 1.64 

14,6 1.54 

21.6 1.55 

6.6 

11.7 1.73 

4.3 1.17 

18.5 1.20 

22.5 1.19 

9.9 

20.2 1.31 

9.7 1.97 

23.3 

31.5 1.78 

14.0 

22.5 1.95 

22.7 1.69 

37.5 1.35 

38.2 1.60 

38.4 

23.0 2.12 

~ 
0 
0 
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Appendix 7. Size Consist of Various Coals Used in Parametric Studies 

SIZE FRACTIONSUPERCENT 
COAL SEAM ASTM 

(STATE) RANK +10 -10+30 -30+50 -50+100 -100+200 -200 
I 

-
Pittsburgh (PA) -- HvAb 0.0 20.2 32.0 -- 23.9 12.4 11.5 

Illinois No.6 (IL) · HvCb 0.2 44.9 23.0 15.3 8.1 8.5 

Black Creek (AL) Mvb 0.2 39.4 23.2 16.3 9.1 11.8 

Upper Freeport (MD) Mvb 0.2 31.8 24:0 19.3 11.0 13.7 

Imboden (VA) HvAb 0.3 40.6 23.4 16.8 9.2 9.7 

Colorado~CO) HvBb 0.1 26.8 29.0 21.6 11.4 11.0 

-
Middle Kittanning (OH) HvCb 0.1 45.6 22.6 14.2 7.5 10.0 

: 

Rosebud (MT) SbB 1.3 .48.2 22.9 15.4 7.5 4.7 

. 
Lower Freeport (PA) HvAb 0.0 2.8 18.9 30.2 20.7 27.4 

1. U.S. Standard mesh sizes 
2. Uncorrelated seam 



\{ 

COAL ASTM EXPERI\'IENT MESH 
SEAM FANK NO. SIZE§., 

(STATE) 

Appendix 3. Additional Experimental Results Comparing 1<- x 0 c.nd 20J x 0 Me:;h 
C-::>als Treated by Air/Water Oxydesulfurization. 

TPEATMENT!. MOISTURE FREE 

WE IG ~T PE RCEIIITo 
INITIAL 

TE.,.P_ AIR 
·:Del RESSL·RE 

:SULFATE PYRITIC IPSIGI RECOVERY ASH c H N 0 s s s 

Pittsburgh.(PA) H1P.b 106 14 X Q NO TAEATMEN·r -- 5.54 79.40 5.26 1.50 6.99 1.31 O.Ql 
i 0.61 

1W4i 14 X Q IS.) 800 99 4.88 76.74 5.00 1.56 10.9- 0.85 0.01 0.12 

5L35 200 X Q I;:) 800 "104 4.65 76.49 4.82 1.52 11.7:! 0.80 0.04 0.05 

Illinois No.6 O~.) HvCb 11A1531 14 X Q r~OTAEATMENT -- 11.70 69.27 4.92 1.31 9,1•) 3.65 0.24 1.15 

SLJS 14 X Q lSD 

I 
800• 97 9.23 66.74 4.59 1.26 15.41 2.74 0.03 0.35 

IW375 200 X 0 r~OTREATr.AEIIIT -- 11.55 68.37 4.57 1.22 10.&) 3.69 0.31 1.13 

1W37 2QQ X Q 1!:0 ~00 94 9.77 65.68 4.34 0.95 16,8:1 2.42 O.QJ 0.10 

Black Creek r.Avb 6W51S 14 X Q ' .. '1•: TREATMer..·r -- 3.90 76.70 5.20 1,70 11.4J 1.23 0.11 0.41 
(A~);!, 

I 
6W51 14 )( 0 ISO IOOCJ 97 3.00 74.40 4.40 1.50 15.!'0 0.77 O.Ql 0.20 

6W43S 200 )( 0 N: TAEATME~T -- 3.70 76.90 5.20 1.60 11.4() 1.22 0.11 0.42 

6W49 20Q X Q 110 1000~ 94 2.60 71.61') 3.80 1.60 19.€0 0.65 0.02 0.16 

t. Initial air pressure at room temperature. stainless steel liner. 1 ho;r residence time. 900 teo 1000 RPM. 
2. Data not 3vcilable, 1'N37S data used lor calcuta:ion 
3. Grass liner used fer all experiments. 
4. Modified mode, h2atup under 1 ATM N2. 1000 psig total pres;•re at 1SO=>c. approxhunely 6.7 SCFH air flow. 
5. Refer to Appe1di < "'!. 

BTU 

ORGANIC LB.'" 
s 

0.68 

I 
14170 

0.72 13570 

0.71 13430 

2.25 3! 

2.35 11188 

2.25 12190 

2.29 11290 

0.71 13699 

0.56 12568 

o.6q 13595 

0.47 11694 

LBS SOJ 
T 

1.85 

1.25 

1.19 

--

4.90 

6.05 

4.29 

1.80 

1.22 

1.79 

1.11 

BTU LOSS 
l%1 

--

5 

I 

--

--

--

13 

--
11 

--

19 

f-' 
0 
N 
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TREATMENT .!.I 

UNTREATEO 
EXPERIMENT ANALYSIS 

NO. REFERENCE TIME TEMP. 
(MINI (°CI 

3W5 "l; 5 150 

2W1 :!1 30 150 

1W35 ~ 60 150 

3W13 "l; 5 180 

2W37 !; 30 180 

5W51 1.1 60 180 

I 
I 

I 

Appendix 9. Effect of Residence Time on Indiana Minshall 
(HvCb) Seam Coal Treated at 150 and 180°C in the Batch Mode 

MOISTURE FREE 

WEIGHT PERCENT 

RECOVERY ASH c H N 0 s SULFArE 
s 

94 13.08 67.29 4.E·5 1.28 10.83 2.87 0.19 

95 12.68 66.48 4.E1 1.34 12.15 2.84 0.08 

I 

93 12.08 65.63 4.32 1.26 14.39 2.32 0.10 

94 13.60 65.24 4.5-3 1.25 12.06 3.27 0.14 

97 12.09 64.92 4.0• 1.24 15.60 2.08 0.08 

96 11.86 64.80 4.19 1.21 15.65 2.29 0.12 

1. lndi~na Minshaii(HvCb) seam coal, 200 x 0. 26 W/VV slurry, 800 psig initial air charge at room temparature, stirring rate~OOO RPM. 

2. Re1er to 2WC9S in Appendix 4. 
3. Reier to W1C74 in Appendix 14. 
4. Rerer to 5W49S in Appendix 4. 

PYRITIC ORGANIC 
s s 

1.05 1.62 

0.78 1.98 

0.22 1.99 

1.76 1.37 

0.31 1.69 

0.21 1.95 

BTU LBS. S02 
LB. MMBTU 

11890 4.83 

11760 4.83 

11350 4.09 

11650 5.61 

11080 3.75 

11070 4.14 

BTU LOSS 
(%1 

3 

5 

10 

4 

8 

8 

I-' 
0 
w 



Ap;>endi< 10. Effect of L=!esiden-:e Time on Several Coals Treated in the Mcdif1ed Mode. 

TREATMENT .!.I 
I MOISTURE FEEE ! 

COAL 
SEAM EXPERIMENT WEIGHT PERCENT 

AIR 
(STATE) NO. TIME TEMP. 

A. OW 
BTU LBS. S02 BTU LOSS 

(MINI (OC) "LB. MMBTU (%) 
(So:F~) RECOVERY .~SH c H Ill 0 s SULFATE PYRITIC' ORGANIC 

(%) 
s s s 

Lower swss NO TREATMENT 15.1 72.5 4.5 1.3 3.7 2.83 0.15 2.03 0.65 12775 4.43 --
Freeport 
(PAl 6W19 1 180 None 97 13.6 74.6 4.6 1.1 4.3 1.84 0.13 0.93 0.78 13100 2.81 0.5 

6W5 15 180 €.9 99 13.5 72.4 4.J 1.3 7.4 1.14 0.04 0.08 1.02 12617 1.81 2.2 

6W9 30 180 7.2 99 13.4 71.3 4.:2 1.3 8.7 1.00 0.03 O.Q7 0.90 12341 1.62 4.4 

6W13 60 180 7.6 100 1:3.3 70.2 3.9 1.3 10.6 0.75 0.06 0.02 0.68 11944 1.26 6.5 

6W21 60 200 €-.7 104 l4.9 66.1 3.4 1.2 13.7 0.85 0.24 0.04 0.57 10782 1.58 12.2 

Upper GW7S NO TREATI/.ENT ~2.4 65.0 3.li 1.1 5.9 2.14 0.28 1.37 0.49 11256 3.80 --
Freeport 
IPA) 6W7 15 180 f.O 96 ::1.4 66.4 3.6 1.2 6.5 0.93 0.06 0.02 0.85 11314 1.64 3.5 

6W11 30 180 i.7 97 :.:1.3 65.6 3.5 1.1 7.6 0.84 1>.02 0.05 0.77 . 11140 1.51 4.0 

6W15 60 180 ';6 97 :;:;1.1 64.7 3.4 1.0 8.9 0.75 0.06 0.04 0.65 10846 1.38 6.5 

6W23 60 200 ?.0 95 :CI.4 62.0 3.0 1.2 11.8 0.63 0.09 0.04 0.50 10213 1.23 13.8 

Minshall 5W49~5 NO TR EA Tr/ ENT 14.85 •64.35 4.53 1.17 8.59 6.51 1.19 3.78 1.53 11540 11.28 --
(IN) 

5W55~ 60 150 2.1 96 12.11 o66.21 4.42 1.21 13.69 2.36 0.05 0.20 2.10 11510 4.10 4.2 

5W29~ 120 150 1.8 83 9.96 ·63.97 3.27 1.04 20.26 1.50 O.ol O.o7 1.41 10320 2.91 25.8 

Pittsburgh 5W535 NO TAEA TIAENT 7.78. 73.45 5.11 1.26 8.51 3.89 0.32 1.38 2.18 133~0 5.81 --
(WVI 

I I 
5W31.?J 120 180 ·;.o 100 ·3.12 ·66.14 3.68 1.13 18.07 1.86 O.C·1 0.05 1.80 10920 3.41 18.4 

I 

lower 6W455 NO TREATM!ONT 16.1 71.2 44 1.3 3.9 3.12 O.C4 2.42 0.66 12782 4.88 --
Freeport 

6W45:!J (PAl 60 180 5.8 100 15,1 
I 

·68.7 4 I 1.3 9.8 1.05 O.C·2 0.30 0.73 11905 1.76 6.9 

6W471t 180 180 ;,1 107 13.5 

I 
61.2 32 1.0 14.1 0.90 a.:.:2 0.11 0.57 10098 1.78 15.5 

6W53:!J 180 150 4.4 100 14.5 71.1 4.4 1.2 8.1 0.82 0.01 0.18 0.63 12393 1.32 3.0 

1. 1000 ps1g total sys:em p•essun~ indicatej. 200 x 0 mesh coal. 35 g rns in 100 nl H20 900 to 1000 FPM stininc;,; speed. glass liner. heatup under 1 a:m. M2. 
2. 200 ml H20. 
3. 14 x 0 mesh coal. 
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Appendix 11. Effect of Air Pressure on Indiana Minshall (HvCb) 
Seam Coal Treated in the Batch Mode 

TREATMENT!J MOISTURE FREE 

EXPERIMENT INITIAL REFERENCE WEIGHT PERCENT 
NO. TIME TEMP. AIR P02 ANALYSIS 

(MINI t0 cl PRESSURE (PSI) 
(PSIGI RECOVERY ASH c H N 0 s 

IW35 60 150 800 163 3t 93 12.08 55.63 4.32 1.26 14.39 2.32 

1W41 60 150 1500 303 3t 94 11.83 54.08 4.13 1.21 16.89 1.86 

2W29 30 160 800 248 ; 95 12.47 ·55.40 4.27 1.26 14.36 2.24 

3W39 30 160 1320 407 ~ 89 12.10 65.00 4.11 1.29 15.39 2.1i 

-

'Nr/13~ 40 150 100 23 ; 94 12.57 •6.88 4.59 1.34 11.04 3.551 

3W45 60 150 1000 309 ~ 89 12.48 6'4.25 4,02 1.33 15.95 1.97 

( 4W29S2J) 
4W43S NO TREATMENT -- 16.05 E2.98 4.56 1.24 9.63 5.54 

4W29 5 160 200 43 -- 93 13.29 66.47 4.17 1.31 10.36 3.80 

4W31 5 160 400 83 -- 93 12.85 00.32 4.64 . 1.23 11.63 3.33 

4W33 5 160 600 123 -- 93 12.71 00.61 4.67 1.30 11.71 3.00 

4W35 5 160 800 163 -- 93 12.45 00.54 4.70 1.32 12.26 2.73 

4W37 5 160 1000 203 -- 93 12.30 E6.88 4.53 1.32 12.43 2.54 

4W39 5 160 1200 243 -- 92 12.01 65.60 4.32 1.31 13.38 2.38 

4W41 5 160 1400 283 -- 93 12.05 65.75 4.31 1.30 14.37 2.22 

4W43 5 160 1600 323 -- 93 11.99 66.05 4.23 1.31 14.06 2.36 

1. Indiana, Minshall seam coal, 200 x 0. Stirring rate 900 to 100J RPM. Initial air pressure is at room temperature. 
2. W1074, Appendix 14. 
3. 2W29S, Appendix 4. 

4. Eight batch repressurizations. 5 minute residence time at 150°C, Reactor cooled and purged between 
repressurizations wi:h 100 psig air. Total time at 150°C is 40 minutes. · 

5. Average of 4W29S and 4W43S in this appendix. 
6. Average ol 4W29S and 4W43S. 

BTU \fJ·aSf6 BTU LOSS 
SULFATE PYRITIC ORGANIC Llr. 1%1 

s s s 

0.10 0.22 1.99 11350 4.09 10 

0.01 0.31 1.54 10970 3.39 12 

0.10 0.29 1.85 11300 3.96 8 

0.06 0.36 1.68 10960 3.85 13 

0.14 1.67 1.77 11900 6.03 5 

0.07 0.21 1.68 10870 3.62 14 

1.20 2.76 1.58 11275 ·9.83 --

0.18 1.91 1.71 11990 6.34 1 

0.18 1.20 "1.95 11890 5.60 2 

0.15 0.86 1.98 11830 5.07 2 

0.10 0.53 2.10 11730 4.65 3 

0.12 0.35 2.07 11660 4.36 4 

0.10 0.21 2.06 11590 4.11 5 

0.16 0.15 1.93 11390 3.90 6 

0.10 0.23 2.03 11470 4.12 5 



A:Jpendix 12. Comparison of Batch and Modified M:Jdes ol Treatment. 

TREATMENT.!,' 

COAL AIR FINAL~ 
SEAM PC; AT ASTM EXPERIMENT REFEFENCE TEMP. FLOW 

(STATE) RANK NO. ANALYSIS (•C) (SCFH) 25'C 
(:>ail 

RECOVERY ASt-: c 

Minshall tivBb 1\1135 ?, 150 ~ ~ 93 12.08 €5.63 
(IN) 

5W5s§- lJ 150 2.1 1"9 96 12.11 E6.21 

511\'51 ' 180 ~ :.3 96 11.86 €4.80 
"' 

411\'95 !- 180 2.2 :9 93 13.31 €·2.14 

5W5 j, 180 5.5 :·6 85 8.98 65.57 

7W9 21 180 7.0 ·g,g 82 9.6 64.6 

Pillsburgh HvAb W1174 ...... NO TREATMENT .. ·- .. 8.19 74.77 
(WVA) 

I !3!_!, 2\f/21 12.- 150 ~ 99 6.79 72.69 

5V/57§, ~ 150 2.4 I !4 100 7.64 72.19 

5\f/53 0 180 ~ l8 99 6.77 71.03 

4VI99 13 180 2.2 35 99 7.02 69.18 

1. Unless noted: 35 gm 200 x 0 mesh coal in 100 ml H20, heat up under 1 AT\<1 n 2, 1QOO psig total pressure at reaction 
temperature, one hour residence time. stirring rate 900 to 1000 RPM, !;lass lirer. 

2. Based on analysis of ;esidual gas vented while depressurizing reacto• at roo~11 temperature. 
3. Reier to W1074 in Appendix 14. stainless steel liner. 
4. Batch m·~de, 801) ps1g initial air charge at room tem~erature. 
5. No gas analys s. 
6. 35 gm coal in 200 ml H20. 
7. Reier to 5W49:S in Appendix 4. 
a. Reier to 4W91S in Appendix 13. 
9. Refer to Appendix 3, Footnote 2. 

10. W1.174, 'his Appendix. 
11. Initial air char9e contained 30.6 percent 0 2. 
12. Reier to 5W53S in Appendix 10. 
13. Refer to 4W85S in Appendix 3. 

MCISTUi'lc FREo 

WEI:JHT PERCENT 

H N 0 
SULFHE s s 

4.32 1.26 '4.39 2.3:= 0.1a 

4.42 1.21 '3.69 2.36 0.0!· 

4.19 1.21 . 5.65 2.29 0.1:: 

3.69 1.16 '7,82 1.82 0.() ... 

3.76 1.25 . 8.72 1.72 0.0 

3.5 1.3 \9.2 1.78 o.o· 

5.14 1.31 a5.70 3.89 0.11 

4.96 1.22 11.86· 2.48 o.oa 

4.74 1.15 11.99• 2.29 0.()! 

4.46 1.22 14.43- 2.09 0.01 

4.03 1.17 16.64 1.95 0.01 

BTU 

' LBS. S02 
ORGANIC BTU/LB LOSS PYRITIC 

MM BTU (%) s s 

0.22 1.99 11350 4.09 10 

0.20 2.10 11510 4.10 4 

0.21 1.95 11080 4.13 8 

0.29 1.49 10400 3.50 17 

0.23 1.48 10740 3.20 22 

0.20 1.51 10647 3.34 21 

1.86 1.94 13550 5.74 --
0.05 2.35 12910 3.84 6 

0.03 2.24 12650 3.62 6 

0.02 2.03 12190 3.43 10 

0.15 1.77 11510 3.41 16 
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Appendix 13. Effect of Air Pressure on Several Coals Treated in the Modified Mod~ 

TREATMENT.!J MOISTURE FREE 

COAL 
EXPERIMENT WEIGHT PERCENT SEAM 

NO. FLOW 
(STATEt• TIME TEMP. PRESSURE RATE 

(HR.I 1°CI (PSI G) 
(SCFH) RECOVERY ASH c H N 0 s SULF.ATE 

~. 

Indiana 4W91S ----NO TREATMENT -- 14.86 63.4C 4.59 1.19 9.25 6.71 O.E4 
Minshall 
(IN) 

5'N3 1 180 200 2.3 92 11.50 67.59 4.80 1.23 10.03 4.85 o.;2 

01'115 2 180 200 2.6 94 11.34 64.87 3.58 1.28 15.66 3.27 0.01 

01'113 1 180 500 2.0 91 9.94 66.4:: 4,13 1.27 16.22 2.02 0.01 

SoNS 2 180 500 2.0 85 9.41 64.24 3.58 1.23 20,02 1.52 0,01 

~5 1 180 1000 2.2 93 13.37 62.14 3.69 1.16 17.82 1.82 0.04 

fm7 2 180 1000 1.5 79 9.15 63.4; 3.32 1.24 21.29 1.53 0.01 

stns~ 1 200 300 8.9 93 12.31 66.1!' 4,45 1.30 10.61 5.15 0.~5 

Pittsburgh ew11s NO TREATMENT -- 7.99 73.2~ 5.15 1.27 8.53 3.83 0.D2 
(WV) 

~27~ 1 200 300 9.4 76:!1 7.34 73,57 4.96 1.31 9.40 3.42 0,04 

4W99 1 180 1000 2.2 98 7.02 69.1B 4.03 1.17 16.64 1.96 0.04 

1. Pressure •s total pre$sure at react•on, st1rnng rate, unless noted, \1000 RPM, glass liner, heat up under 1 ATM. N
2
. 

2. 200 ml H4C, stirri,:,g ra:e -100 RPM 
3. 135 ml H~O. stirring ra:e -700 RPM 
4. Some sample lost throu;Jh handling 

BTU LBS. SOz BTU LOSS 
""i:B. MMBTU l%1 

PYRITIC ~ORGANIC 
s s 

4.22 1.55 11630 11.54 --

2.94 1.78 12290 3.95 3 

1.60 1.65 10820 6.04 12 

0.29 1.69 11250 3.59 12 

0.23 1.28 10480 2.90 23 

0.29 1.49 10400 3.50 17 

0.24 1.28 10210 3.00 31 

3.11 1.79 11840 8.70 5 

1,34 2.52 13370 5.73 --

1,16 2.21 13160 5.20 25:!1 

0.15 1.77 11510 3.40 16 



T~EATMENT.!J 

COAL 
SEAM EXPERIMENT SLU.~RY TE'-IP. AIR FLOW 

(STATE) NO. COMPCSITION ("C) (SCFH) 

Minshall W\074 .. NO TREATMENT 
(IN) 

I 1W35 35 gm coal: 100 ml H 2 15•) 3/ 
2W29S .. NO TREATMENT 

2W25 50 gm coal: tOO ml H20 \5o) :!! 

2W5 70 gm coal: 100 ml H20 \5o) 31 

2W31 35 gm coal. NO H20 \5o) 3/ 

7V185S .. NO TREATMENT!/ 

7VI85 70.27 gm coal: 200 ml H20 teo 7.2 

7V/87 29.88 gm coal: 200 ml H20 1~0 7.2 

7V/89 13.90 gm coal: 200 ml H20 t:.o 7.2 

7V/91 6.72 gm coal: 200 ml H20 151) 7.3 

7V/93 6.59 gm coal: 400 ml H20 \50 7.3 

7V/95 3.27 gm coal: 400 ml H20 15>) 7.1 

7V199 27.81 gm coat: 400 ml H2o 15•) 7.1 

Upper 6W69S .. N·J TREATMENT 
Freeport 

I 
(PA) 6W69 35 gm coal: «:10 ml H20 18) 7.7 

Pittsburgh 2J .. NO TREATMENT 
(WVA) 

4W3 35 gm coal: 100 ml H20 15>) JJ 
4W5 79 ml from 4W~ 150 31 
4W7 83 ml from 4WS!.J 15) JJ 
4V/9 87 ml from 4W.,2 15) 31 
4VI11 63 ml from 4W9?/ 15) 31 

' I 

Appendix 14. Experiments Investigating Slurry 
Concentration and Water Recycle 

MOISTUR: FREE 

WEIGHT PERCENT 

RECOVERY ASH c H N 0 

.. 16.50 64.76 4.54 1.30 7.\4 

93 12.a! 65.63 4.32 1.26 \4.39 

.. 16.49 64.63 4.51 1.22 7.34 

93 11.99 66.46 4.39 \.30 13.38 

96 \5.\2 65.82 4.68 1.23 7.84 

88 14.92 64.16 3.06 1.22 11.85 

.. 14.7 61.0 4.5 1.1 12.4 

9\ \3.\ 64.0 4.2 1.2 \4.9 

89 12.0 64.7 4.3 1.2 15.4 

89 12.7 64.3 4.2 1.2 15.4 

89 13.3 64.4 4.3 \.3 14.9 

88 12.4 64.7 4.2 \.3 15.6 

89 \3.5 64.8 4.\ 1.2 14.5 

90 13.0 64.4 4.2 1.0 15.0 

.. 22.4 64.9 3.7 1.2 5.6 

96 21.6 85.0 3.5 1.1 8.1 

.. 8.10 75.17 5.21 1.32 6.11 

98 6.70 72.65 4.54 1.3\ 12.40 

96 6.19 72.58 4.62 1.30 12.78 

96 5.94 72.91 4.61 1.30 12.74 

99 6.40 71.94 4.90 1.28 12.37 

100 6.46 71.55 4.60 1.32 12.44 

1. One hour residence tim9, stirring rate ·- 900 to 1000 RPM, 1000 psig total system pressu:e in r:-odified mode. 
2. Batch mode. no fir fiOY.o. 800 psig initial air charge at room temperatJre. 
3. Batch mode. no air flov.. 1000 psig initial air charge at room 1em;=~erc.ture. 
4. All samples in this series rifle-j to assure homogeniety. 
5. Insufficient samp e lor analys.is 
6. Average ol two separate determinations. 
7. 35 gm coal. distilled wmer ad jed to increase slurry liquid vo!Jme :o 100 mi. 

SULFA1E :YRITIC ORGANIC LBS S02 BTU LOSS 

s s s s BTU/LB MM BTU (%) 

5.76 0.29 4.16 1.31 11770 9.79 .. 

2.32 0.10 0.22 1.99 11350 4.09 10.3 

5.81 0.56 3.85 \.40 11650 9.97 .. 

2.48 0.12 0.40 1.96 11570 4.29 7.6 

5.31 0.0\ 3.85 1.44 11990 8.86 1.2 

4.76 0.10 3.28 \.4\ 10525 9.08 20.5 

6.3>) 2.59 1.71 2.00 10744 11.73 .. 

2.48 0.03 0.15 2.30 11036 4.49 6.5 

2.35 0.03 0.11 2.21 11082 4.24 8.2 

2.07 0.02 0.07 1.98 10952 3.78 9.3 

1.76 0.0\ 0.12 1.63 \0588 3.32 \2.2 

1.77 0.\4 0.14 1.49 10943 3.23 10.4 

1.9• 0.11 0.21 1.62 !; -- .. 

2.31; 0.02 0.24 2.10 11215 4.21 6.1 

2.23 0.28 1.24 0.71 11\48 4.00 .. 

0.69 0.02 0.07 0.60 11096 1.24 4.4 

4.Q9 0.04 1.60 2.45 134\0 6.10 .. 

2.40 0.02 0.35 2.02 12780 3.76 6.6 

2.52 0.04 0.13 2.36 12540 4.02 10.2 

2 5) 0.02 0.16 2.32 \2400 4.03 11.2 

25;) 0.04 0.35 2.11 12728 3.93 6.0 

264 0.04 0.\0 2.50 12580 4.20 6.2 



Appendix 15. Size Consist of Lower Freeport (HvAb) Coal Used in 
FracLiunal Factorial Expenment 

ON THRU PERCENT 

+60 MESH .. 1.0 

80 60 3.1 

100 80 2.4 

170 100 16.2 

200 170 7.6 

270 200 24.0 

325 270 21.5 

.. 325 24.2 --
100.0 

69.7% THRU 200 MESH 

109 
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.A.ppendix 16. Fractional Factorial Date:. 

TREATMENT!J MOISTURE FREE 

EXPERIMENT WEIGHT PERCENT 
NO. 

PRESSURE TEMP, TIME MOISTU.'IE 
(PSI 021 (OCJ (MIN.) IWT.%1 RECOVeRY 'ISH c H N 0 s 

7W25S -- NO TREATMENT -- 1.0 -- 17.9 69.7 4.4 1.1 4.6 2.34 
I I 

7W41S -- NO TREATMENT-- 0.8 -- 17.9 69.5 4.4 1.2 4.5 2.46 
I I 

7W67S -- NO TREATMENT -- 0.9 -- 17.9 69.9 4,4 1.2 4.2 2.37 

0.9 -- 17.9 69.7 4.4 1.2 4.4 2.39 

7W25 200 170 32 0.1 100.1 17,1 67.9 4.1 1.2 8.7 C.94 

7W27 164 188 49 •).1 101.0 16.7 65.6 3.6 12 12.0 C.81 

7W29 164 168 15 0.5 99.9 17.3 68.0 4.1 1.1 8.3 1.16 

7W31 164 152 49 0.3 99.~ 17.2 68.8 4.2 1.2 7.5 1.10 

7W33 164 152 15 0.2 98.8 17.2 69.3 4.3 1.2 6.4 1.54 

7W35 110 200 32 0.1 100.5 16.7 66.3 3.8 1.1 11.1 (•.98 

7W37 110 170 60 0.4 100.1 16.9 67.6 4.1 1.2 9.3 0.95 

7W39 110 170 4 0.2 99:1 17.6 69.7 4.4 1.3 5,0 •. 97 

REPLICATE EXPERIMENTS 

7W41 11(• -170 32 0.9 99.4 16.9 68.5 4.1 1.2 8.1 • .1E 

7W43 110 170 32 0.4 99.d 17.0 68.5 4.2 1.2 7.9 "J.2(• 

7W45 110 170 32 0.4 99.2 17.1 68.6 4.2 1.2 7.6 1.2~· 

7W61 110 170 32 ·0.5 99.3 17.2 68.6 4.1 1.2 7.9 1,1(0 

7W63 110 170 32 0.~ 99.3 17.1 69.1 4.3 1.1 7.2 1.25 

7W65 110 170 32 0.3 99.~ 17.2 68.4 4.2 1.2 7.9 1.16 

7W47 110 140 32 0.3 98J' 17.3 69.3 4.4 1.2 6.2 1,70 

7W49 56 168 '5 0.5 99.0 17.~ 69.6 4.3 1.2 5.7 1.86 

7W51 56 188 49 0.1 99.9 16.7 68.5 4.1 1.2 8.2 1.1':' 

7W53 56 152 49 0.7 98.6 17.2 69.0 4.2 1.3 6.9 a.44 
7W55 56 152 15 0.6 98.7 17,7 68.7 4.3 1.3 6.0 n.98 

7W67 20 170 32 0.2 992 17.6 69.5 4.5 1.2 5.3 1.8~ 

1. Glass liner, stirring rate .... 950 RPM, heatup under 1 atm inert ga;, gas flow-' .1 SCFH, 26 wt% slurry. Lo...,er Freeport (HvAb) seam coal. 

SULFATE [?VRITIC ORGANIC 
s s s 

0,01 1.68 0.65 

0.03 1.63 0.74 

0.07 1.71 0.59 

0.06 1.67 0.66 

0.!17 0.13 0.74 

0.0!1 0.10 0.63 

0.0!1 0.39 0.69 

0.04 0.08 0.98 

0.(6 0.72 0.76 

0.(8 0.19 0.71 

0.(<7 0.10 0.78 

O.C•J 1.31 0.63 

0.04 0.28 . 0.86 

0.06 0.32 0.82 

0.03 0.32 0.88 

0.04 0.25 0.81 

0.04 0.33 0.88 

0.06 0.23 0.87 

0.01 0.76 0.93 

0.00 1.13 0.73 

O.Gl 0.26 0.90 

O.C·1 0.53 0.90 

0.01 1.21 0.76 

0.04 1.12 0.71 

BTU BTU LOSS 
"'B. (%) 

12419 --
i2377 -
12397 --
12398 --
11847 4.35 

11031 10,14 

11906 4.06 

1·2107 3.23 

12314 1.87 

11383 7.73 

11808 4.47 

12360 1,20 

12071 3.22 

;2054 3.16 

12047 3.61 

11984 3.72 

12051 3.48 

11970' 4.03 

12324 1.89 

12243 2.24 

11831 4.67 

12225 2.78 

12344 1.73 

12356 1.14 

LBS s_:?d 
B 

3.77 

3.98 

3.82 

3.86 

1.59 

1.47 

1.95 

1.82 

2.50 

1.72 

1.61 

3.19 

1.96 

1.99 

2.04 

1.84 

2.07 

1.94 

. 2.76 

3.04 

1.98 

2.36 

3.21 

3.03 

I-' 
I-' 
0 
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Appendix 17. Thermal Ballistic Experimentation Data 

MOISTURE FREE 

AIR.!J HIGHEST 
EXPERIMENT ADDITION TEMP. WEIGHT PERCENT 

NO. TEMP. ATTAINED 
(OC) (OC) 

SULFATE RECOVERY ASH c H N 0 s s 

b NO TREATMENT -- 15.08 63.47 4.50 1.16 9.24 6.55 1.21 

'fN/77 140 160 92.4 11.48 67.69 4.58 1.19 11.94 3.11 0.08 

5W79 150 174 92.3 , .31 66.94 4.52 1.12 13.25 2.86 0.14 

5W81 160 187 92.0 11.54 66.73 4.33 1.21 13.18 3.01 0.09 

5W83 170 205 93.1 12.14 66.56 4.06 1.07 13.07 3.09 0.06 

5W85 180 210 93.2 12.32 66.07 4.10 1.09 12.89 3.54 0.10 

5W87 190 226 93.8 12.44 64.23 3.62 1.20 14.97 3.54 0.29 

5W89 200 233 92.1 12.56 65.08 3.67 1.21 12.56 3.67 0.05 

5W95:!f 140 146 97.1 12.11 63.42 4.02 1.22 13.70 5.53 0.64 

5W97~ 170 176 95.3 12.18 64.32 4.17 1.07 12.81 5.44 0.46 

5W9:0 200 217 92.7 12.64 67.09 4.57 1.21 8.80 5.70 0.04 

1. Indiana Mimhall seam coal, 200 x 0 mesh. Treatment: 15 minutes, stirring rate-1000 RPM, heat·up under 1 atm N2 1000 psig reaction pressure. 
2. Average of a1alyses on three samples. All samples for this series are riffled. 
3. Blank experiments with N2 instead of air. 

BTU LBS.SOz BTU LOSS 
PVRITIC ORGANIC LB." MMBTU {%) 

s s 

3.68 1.66 111144 11.44 --

0.75 2.28 11921 5.22 3.7 

0.61 2.11 11701 4.89 5.6 

C·.98 1.94 11684 5.15 6.1 

1.12 1.91 11434 5.40 7.0 

1.64 1.81 11500 6.16 6.3 

1.76 1.49 10809 6.55 11.4 

2 09 1.52 11180 6.56 10.0 

324 1.66 11066 9.99 6.1 

3.48 1.49 11356 9.58 5.4 

3:38 1.68 12155 9.38 1.5 



APPENDIX 1f .. SUMMARY OF COALS TREATED BY AIR/WATER OXYDESULFUF.IZATION 

MOISTURE FREE 
COAL ORIGIN AND TREATMENT 

WEIGHT PERCENT 
BTU,LB. 

TEMP RECO~ TOTALS PYRrTICS ORGANICS 
# COAL SEAM MINE STATE ASTM 

RANK <•c) -ERY UNTR.l TR.~ UNTR. TR. UNTR. TR. UNTR. TR. 

1 BLACK CREEK NATURAL BRIDGE AL Mvb 180;ll 94 1.22 0.65 0.42 C·."o6 0.69 0.47 13595 11694 

2 ~ PEACOCK co HvBb 2()0;ll 92 1,66 0.67 0.95 0.10 0.60 0.57 13123 11001 

3 IMBODEN PARAMOUNT EU<.HOR~ NO. 1 STRIP VA HbAb 150;ll 100 1.19 0.9~ 0.26 0.041 0.76 0.79 14273 13977 

4 LOWER FREEPOF.T LUCIUS30RO STRIP PA HvAt· 180;y 99 2.63 a.n 2.03 0.02 0.65 0.66· 12775 11944 

5 LOWER KITTANNING ..v PA Lvb 150 96 0.96 0.57 0.53 0.0!! 0.39 0.47 14590 13630 

6 MIDDLE KITTANNING CONGO STRIP OH HvCb 180;y 69 1.06 0.60 0.26 0.04 0.78 0.55 11184 9648 

7 MAMMOTH STORM KING MT SbA 150 92 0.63 0.57 0.:32 0.1E 0.45 0.36 11770 10910 

6 PITTSBURGH BRUCETON PA HvAb 150 100 1.31 0.60 0.>31 O.OE 0.68 0.71 14170 13430 

9 UPPER FREEPORT BAKER 
! 

MD Mvb 2oo;ll 99 1.56 0.54 0.32 0.0~ 0.56 0.50 12642 11117 

10 UPPER FREEPORT COAL JUNCTION STRIP PA Mvb 2Qo;ll 95 2.14 0.63 1.37 0:~< 0.49 0.50 11256 10213 

11 BROOKVIL'-E HUMPHREY P.tl HvAb 160 96 4.20 1.17 3.06 0.1:. 1.11 1.01 13250 11346 

12 LOWER FREEPORT WEST VALLEY S7RIP PA HvAb 180 98 4.14 1.04 3.09 02:: 1.01 0.78 13112 11395 

1~ PITTSBURGH PITKULSKI STRIP PA HvAb 160 100 1.67 0.89 0.71 O.Ol 0.82 0.82· 11650 10890 

14 PITTSBURGH 1\0.43 STRIP OH HvAb 130 98 3.88 1.05 2.3E ~.19 1.48 0.64 12657 10780 

15 PITTSBURGH NO. 43 STRIP OH HvBb 130 98 3.01 0.98 1.9~- 0.16 1.05 0.80 12846 10787 

16 WHITEBREAST LOVILIA NO. 4 lA HvCb 150§/ 61 5.65 1.07 3 95 O.M 0.90 0.76 10670 9140 

17 WYOMING NO. 9 RELIANCE WY HvCb 150 101 1.75 0.9J 038 0.05 1.14 0.62 12410 11480 

16 BEVIER NO. 22 STRIP KS HvAb 150 93 5.00 1.96 2.92 0.33 2.04 1.60 12203 12224 

19 ILLINOIS NO. 5 ]/ 
IL HvCb 150 90 3.34 2.03 0.92 0.12 2.06 1.62 12650 11600 

20 ILLINOIS NO.6 RIVER KING IL HvBb 150!!.1 69 3.69 2.12 1.13 0.11 2.25 2.00 12190 10030 

21 INDIANA NO 5 ENOS IN HvBb ::5o!l! 91 3.27 1.84 0.70 0.2J 1.96 1.64 12340 10095 

22 ~ HOMESTEAD KY HvAb 160 93 4.60 2.34 1.06 0.12 2.33 2.14 11360 11250 

23 MINSHALL CHRISNEY NO. 1 IN HvCb 200 85 5.65 1.43 3.01 C . .:l 1.531 1.22 1132(} 10230 

24 PITTSBURGH IF.ELAND VN HvAb 160 99 3.69 2.(9 .1.38 O.C2 2.16 2.03 13390 12190 

I. Untreated. 4. Uncorrelato3'd cc·al seam. 7. lnlormation not available. 

2. Treated. 5. From Cam:,ria slo;>e preparation plant. 6. 1500 psig inijiat air t•at:1 mode 

3. Modilied Mode, 7-6 SCFH. all others batch mode. 6. Four represurizations in batch mode. 9. Blend of Kentucky seams Nc. 9, No. 11, and No. 13. 

l ) 

LBS. 
S02/MM BTU 

UNTR. TR. 

1.79 1.11 

2.87 1.22 

1.67 1.36 

4.43 1.26 

1.32 0.84 

1.93 1.24 

1.41 1.04 

1.85 1.19 

2.50 0.97 

3.80 1.23 

6.34 2.06 

6.31 1.83 

2.87 1.63 

6.13 1.95 

4.69 1.82 

10.76 2.34 

2.82 1.57 

6.19 3.24 

5.26 3.50 

6.05 4.23 

5.30 3.64 

6.44 4.16 

9.96 2.60 

5.81 3.43 

I-' , .... 
N 



113 

APPENDIX 19. SUMMARY OF COALS TREATED BY AIR/WATER OXYDESULFURIZATION 

MOISTURE FREE • WEIGHT PERCENT 

COAL11 ASH CARBON HYDROGEN NITROGEN OXYGEN 

UNTR.~ TR.~ UNTR. TR. UNTR. TR. UNTR. TR. UNTR. TR. 

1 3.7 2.6 76.9 71.6 5.2 3.8 1.6 1.6 11.4 19.8 

2 6.5 5.2 73.7 68.0 5.3 3.6 1.6 1.9 10.9 20.5 

3 '3.7 3.4 RO.::> 78 6 5.1 4.9 1.6 1.4 8.4 a.a 
4 15.1 13.3 72.5 70.2 4.5 3.9 1.3 1.3 3.7 10.6 

5 7.1 7.0 83.5 79.8 4.4 4.1 1.4 1.4 2.6 7.2 

6 16.9 15.3 64.6 59.6 4.4 3.4 1.2 1.1 11.8 20.0 

7 9.5 7.5 68.4 66.4 4.5 4.0 1.2 1.2 15.6 20.'1 

8 5.5 4.6 79.4 76.5 5.3 4.8 1.5 1.5 7.0 11.7 

9 16.2 14.6 72.3 67.7 4.3 3.3 1.3 1.2 4.3 12.7 

10 22.4 21.4 65.0 62.0 3.6 3.0 1.1 1.2 5.9 11.8 

11 9.3 6.6 73.3 68.2 5.2 3.9 1.7 1.4 6.3 18.7 

12 11.7 8.8 73.5 G0.2 4.9 3.7 1.3 1.2 4.o 1/.U 

13 21.4 20.1 65.4 63.0 4.4 3.9 1.3 1.3 5.9 10.7 

14 12.7 10.4 70.7 66.1 4.8 3.8 1.6 1.4 ---.JL4 17.2 

15 11.2 9.3 72.1 66.1 4.8 3.6 1.8 1.3 7.0 18.7 

16 17.4 16.4 63.0 56.3 4.2 3.3 1.2 1.1 8.3 21.9 

17 3.2 2.1 72.4 69.2 4.7 4.2 1.6 1.5 16.4 22.0 

18 14.8 12.0 68.6 69.3 4.8 4.7 1.1 1.2 5.7 10.8 

19 8.7 6.6 70.8 68.2 5.0 4.3 1.4 1.4 10.7 17.6 

20 11.6 11.0 68.4 61.0 4.6 3.4 1.2 1.1 10.6 21.2 

21 9.1 11.5 69.4 63.4 4.9 3.1 1.6 1.5 11.8 18.7 

22 14.1 11.4 63.8 65.4 4.6 4.2 1.3 1.4 11.3 15.3 

23 15.9 11.1 62.8 63.2 4.6 3.3 1.2 1.3 9.8 19.7 

24 7.8 6.8 73.4 71.0 5.1 4.5 1.3 1.2 8.5 14.4 

1. See Appendix 18. 

2. Untreated. 

3. Treated. 




