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ABSTRACT 

Optimal conditions for the Ames chemical coal desulfurization 

process were investigated. The process is based on leaching fine-size 

coal with a hot, dilute sodium carbonate solution containing dissolved 

oxygen under pressure. Almost all of the inorganic sulfur and a signifi

cant portion of the organic sulfur are removed by this process under 

relatively mild conditions. 

A 1.0-liter autoclave was used to study the effect of reaction 

variables such as temperature, oxygen partial pressure, reaction time, 

agitation speed, oxygen flow rate, and concentration of sodium carbonate. 

Dilute alkaline solutions were shown to be more effective than neutral 

or acidic solutions. Also, pure oxygen was shown to be somewhat more 

effective than air. The total sulfur removal was found to increase 

with increasing partial pressure of oxygen and reaction time. No 

significant change in the total sulfur removal was observed by increasing 

the pulp density. But it was found that higher oxygen pressures and 

higher temperatures favored the removal of organic sulfur. The overall 

optimum conditions for the Ames oxydesulfurization process are: reaction 

temperature (130-150°C), reaction time (1.0-1.5 hr.), agitation speed 

(2,000 r.p.m.), partial pressure of oxygen [50-125 Ib./sq. in. (abso

lute)], and concentration of sodium carbonate (0.15-0.20 M) . 

The rate of extraction of sulfur from coal-derived pyrite by 

the Ames process was also investigated with the same apparatus. The 

rate of sulfur extraction was found to be affected by reaction tempera

ture, oxygen partial pressure, reaction time and particle size. 
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The shrinking unreacted core model was used to analyze the leaching 

process. Analysis of the results with this model showed that dif

fusion through the ash or product layer seems to control the overall 

rate of extraction of sulfur from the pyrite particles at lower and 

intermediate levels of conversion. The apparent activation energy 

was found to be 5.39 Kcal/mole in the temperature range from 120° to 

180°C, The effective diffusivity is of the order of 10 ̂  sq. cm./sec. 

The rate of sulfur extraction is increased significantly by increasing 

temperature, increasing oxygen partial pressure, and decreasing particle 

size. 
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INTRODUCTION 

Suddenly and dramatically in October 1973, when several Middle 

Eastern countries imposed an oil embargo, the people of the United 

States became aware of their dependence on foreign fuel to maintain 

their industrial productivity and living standards. Present national 

energy policy is directed towards reducing or eliminating oil imports 

and becoming self-sufficient in energy by discovering and utilizing 

domestic energy resources. In order to face an increasing demand for 

energy from limited resources, mankind eventually will have to use 

the almost unlimited supply of energy stemming from the sun or nuclear 

fusion. However, these possibilities are still beyond today's technology 

and require considerable time for their development. In the meantime, 

the depletion of oil and natural gas supplies demands an immediate 

substitute for these fuels. 

According to reports published by the U.S. Bureau of Mines, U.S. 

Geological Survey, and various state geological surveys, coal is the 

most abundant energy resource in this country (5, 42, 48, 58). Coal, 

which accounts for 88% of proven national reserves of energy, is now 

being used to provide only 19% of domestic energy requirements. There

fore, coal use could be expanded greatly and still meet the energy 

needs of this country many decades to come. 

However, the use of coal is not without problems. One of the 

main difficulties lies in the fact that much of the coal found in the 

United States contains a substantial amount of sulfur, which is emitted 

as gaseous sulfur oxides when the coal is burned. This presents a 
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serious air pollution problem. Since much of the coal cannot be burned 

directly without violating state and federal regulations, the develop

ment of coal cleaning processes is becoming more and more important. 

Basically, there are two approaches to this problem. One ap

proach involves the removal of sulfur from coal prior to combustion, 

the other involves the removal of sulfur oxides from the stack or flue 

gas after combustion. The first approach utilizes traditional physical 

separation methods based mainly on differences in the density of coal 

and various mineral impurities. However, for an acceptable recovery, 

physical cleaning removes only sulfur minerals which are easily accessible, 

leaving behind minerals which are finely disseminated throughout the 

coal and sulfur which is chemically bound to the organic matrix. There

fore, only a small portion of United States coals can be brought into 

compliance with air pollution control regulations by physical cleaning 

alone. On the other hand, there are also serious problems associated 

with the second approach involving flue gas desulfurization (FGD). 

Among the difficulties are the stability of the sulfur oxides, the 

relatively low concentration of sulfur oxides in the stack gas, and 

the waste disposal problem. Besides, like coal gasification and 

liquefaction, the cost of flue gas desulfurization is relatively 

high. 

Recently, the development of several chemical coal cleaning 

processes has received more attention since these processes could 

provide another way of controlling air pollution. Chemical cleaning 

can be more effective than conventional physical cleaning and may be 

more economical than flue gas desulfurization or conversion of coal 
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into liquid or gaseous fuels. 

The sulfur in coal is of two types, organic and inorganic. The 

inorganic sulfur includes iron sulfides, FeSg, of which pyrite (cubic) 

and marcasite (orthorhorabic) are the most important. Sulfates are 

also present, the most common ones being gypsum and iron sulfates. 

The organic sulfur is believed to occur as thiols, sulfides, disulfides 

and derivatives of thiophene. 

Some of the pyrite can be removed mechanically, either by hand-

picking or by conventional washing processes. But finely disseminated 

pyrite crystals and organic sulfur cannot be removed by simple physical 

methods. 

A variety of chemical cleaning processes are under development 

and have been reviewed in the literature (24, 55, 60, 82). Among the 

more promising processes are those based on extraction of sulfur by 

leaching with aqueous solutions containing dissolved oxygen (oxidative 

methods). Although, in general, leaching solutions are acidic, the 

use of basic solutions has also been proposed (60, 66, 75). Apparently, 

the use of basic solutions allows a significant extraction of the or

ganic sulfur as well as the extraction of pyritic sulfur from coal 

under milder conditions. The leaching temperatures with basic solu

tions are relatively low. Some of the advantages of using alkaline 

conditions for leaching high-sulfur coals were demonstrated by Tai, 

et al. (75), 

The Ames chemical desulfurization (oxydesulfurization) process 

being developed at Iowa State University is based on leaching fine-

size coal with a hot, dilute solution of sodium carbonate containing 
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dissolved oxygen under pressure. The sulfur in coal is extracted as 

water-soluble sulfates. The overall reaction of pyrite appears to be 

as follows: 

The sulfuric acid produced by the preceding reaction is neutralized 

immediately as shown below: 

According to these reactions, pyrite is converted to a soluble sulfate 

and an insoluble ferric oxide (hematite). This sulfate is extracted 

along with other sulfates already present in coal. 

The purpose of the research described on this report was to 

investigate and develop optimal conditions for the Ames process of coal 

desulfurization. Several high-sulfur bituminous coals from the Mid

western and Appalachian regions of the United States were leached under 

various conditions to remove the sulfur. The effects of important 

parameters such as agitation speed, oxygen flow rate, pulp density, 

leaching time, oxygen partial pressure, reaction temperature, concentra

tion of sodium carbonate and gas type on the leaching process were 

investigated. Also the possible substitution of other alkalis for 

sodium carbonate was studied. 

The experiments were carried out in a 1 4. stirred autoclave. 

The sulfur content of coal before and after leaching was analyzed by 

the standard ASTM method. The percent of each type of sulfur removed 

by the leaching process was determined as well as the heating 

FeSg + 3.75 0^ + 2 H^O = 0.5 Fe^O^ + 2 H^SO^ (1) 

2 H^SO^ + 4 NagCOg = 2 Na^SO^ + 4 NaHCO (2)  
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value recovery. 

In order to determine the rate controlling mechanism of the pyrite 

leaching reaction, the rate of extracting sulfur from particles of 

coal-derived pyrite was measured with the same experimental apparatus 

used for leaching coal. Various experimental conditions were used to 

determine the effects of different system parameters including tempera

ture, oxygen partial pressure, reaction time and particle size. Dif

ferent sizes of pyrite particles were used including -40/+60, -60/+80, 

-80/+100, -100/+120, -120/+140 mesh to study the influence of particle 

size at different oxygen partial pressures. The effect of temperature 

was studied in the range of 120° to 180°C. The shrinking unreacted 

core model was used to analyze the results. Three possible rate 

controlling steps were considered. These steps included film diffusion, 

ash or product-layer diffusion, and chemical reaction. A nonlinear 

regression method of analysis was used to fit the experimental data to 

equations representing the ash-layer diffusion case and chemical reaction 

case, respectively. The coefficient of determination (R-SQUARE) was 

used as a basis for determining which step was most likely rate 

controlling. 
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LITERATURE REVIEW 

A reduction in sulfur emissions from fossil fuel combustion can 

be effected in a number of ways including flue gas desulfurization by 

scrubbing, conversion of coal to a low-sulfur fluid (gasification 

and liquefaction), the addition of certain materials to coal before 

combustion which sequester the sulfur during combustion, and the re

moval of sulfur from coal before combustion, i.e., coal cleaning. 

The technology of these methods is in various stages of development, 

from a laboratory and pilot scale level for the liquefaction processes 

and a demonstration plant level for stack gas scrubbing, to a fully 

developed industrial level for physical cleaning of coal. Recent 

studies (24, 60) have shown that among these methods, chemical cleaning 

processes have the highest potential for efficient desulfurization 

with high heating value recovery and are the most comparable to 

physical cleaning. A number of processes for chemical extraction of 

sulfur from coal and sulfide minerals have been proposed. This review 

of previous work will focus mainly on chemical leaching processes 

that use water or aqueous solutions containing dissolved oxygen to 

extract sulfur from pyrite, other sulfide minerals and coal. 

Extraction of Sulfur from Pyrite 

and Other Sulfide Minerals 

Stokes (73) investigated the formation and decomposition of 

sulfides in 1907. He concluded that pyrite and marcasite were 
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decomposed by circulating alkaline waters in nature which left 

hematite or hydrated ferric oxide and carried away the sulfur in the 

form of alkali sulfides and thiosulfate. These sulfides may react 

with other metallic salts to give other metal sulfides, and the 

thiosulfate may remain unchanged or it may be oxidized by certain 

copper or silver compounds to give alkali sulfate. Stokes also 

found that thu conversion of pyrite into hematite occurred in the 

absence of free oxygen. 

Burke and Downs (10) studied the variables affecting the oxida

tion of pyrite in aqueous solutions with oxygen or air. Coal-derived 

pyrite with 90% FeSg containing slightly more than 2% of additional 

sulfur plus about 7.5% foreign material was used in their investigation. 

Tlie "standard reference condition" was specified as 1 IN hydrochloric 

acid solution, 28"C temperature, atmospheric oxygen pressure circulated 

through the system, 90-100 r.p.m. agitator speed and 2 hr. reaction 

time. Several factors were changed, such as hydrogen ion concentration, 

oxygen partial pressure, relative movement of solution over the 

surface of a cube of pyrite, concentration of ferrous ion, concentra

tion of ferrous sulfate, and temperature. At a temperature below 120°C, 

when aqueous solutions of oxygen were employed all of the extracted 

sulfur was found in the solution as sulfate; no sulfide or sulfite 

was ever detected. The reaction rate was much lower when distilled 

water was substituted for 1 N hydrochloric acid because of the in

hibiting effect of hydroxide which formed on the pyrite surface. When 

no oxygen was introduced into the system, the reaction rate was reduced 

greatly. No detectable effect on the rate of reaction was observed by 
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adding various amounts of ferrous chloride to the standard normal 

hydrochloric acid solution. The results showed that the reaction is 

not inhibited or affected by ferrous ions. But the substitution of 

sulfuric acid for hydrochloric acid decreased the reaction rate, 

probably owing to the adsorption of sulfate ions on the reacting 

solid surfaces. Coal-derived pyrite was found to be sufficiently 

porous. Therefore, the authors proposed that in aqueous media with 

dissolved oxygen as the oxidizing agent the reaction is heterogeneous 

and occurs on the pyrite surface and is determined by the chemical 

reactivity of the pyritlc sulfur instead of the supply of other 

reacting materials. 

The aqueous oxidation of pyrite in caustic solutions under oxygen 

pressure was investigated by Stenhouse and Armstrong (72) by measuring 

the effect of several reaction variables on oxygen consumption by the 

process- The effects of the average pyrite particle size, partial 

pressure of oxygen, temperature and caustic concentration were in

vestigated with a rocking-type autoclave. This study showed that the 

oxidation rate of iron pyrite is proportional to the square root of 

the oxygen partial pressure and Indicated the process involves surface 

dissociation of oxygen followed by diffusion. The oxidation rate of 

iron pyrite was inversely proportional to the square of the average 

particle size and increased with increasing caustic concentration up to 

2 M. Furthermore, from the effect of temperature, the experimental 

activation energy was determined to be 4 Kcal/mole. From the results 

of this investigation, a model of the process was proposed. In this 

model, sulfur diffuses as a positive ion through an oxide layer which 
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forms on the sulfide particles and is then oxidized to sulfate ion. 

Iron is oxidized by diffusion of oxygen atoms into the oxide layer. 

The final products of the aqueous oxidation of pyrite in caustic 

solutions are iron oxides and sulfate ions. 

Andersen, et al. (4) studied the kinetics of the oxidation of 

galena in sodium hydroxide solutions under oxygen pressure. The ef

fects of a number of variables such as temperature, oxygen pressure, 

sodium hydroxide concentration and agitation on the rate were determined. 

A stainless steel autoclave with an external heating jacket was used 

for this work. It was found that the rate of oxidation and solution 

of galena was proportional to the square root of the partial pressure 

or concentration of oxygen. Increasing the concentration of sodium 

hydroxide from 0.5 to 0.6 N resulted in a marked decrease in the reaction 

rate because of the lower solubility of oxygen at the higher sodium 

hydroxide concentration. The apparent activation energy was deter

mined to be 6.3 Kcal/mole. Tlie authors concluded that only monatoraic 

oxygen participates directly in the rate-controlling step and the 

reaction is a heterogeneous process occurring at the galena surface and 

not a homogeneous reaction in solution. 

A new process for extracting uranium from ores containing sulfide 

minerals by treating an aqueous pulp of the ore with air or oxygen 

at elevated temperature and pressures was described by Forward and 

Halpern (21, 22). The acid required to dissolve the uranium is 

generated during leaching by oxidation of the sulfides. The chemistry 

of the process was discussed briefly in this paper. The possible 

reactions are: 
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2 FeSg + 7.5 Og + 7 HgO = 2 FefOH)] + 4 H^SO^ (3) 

4 HgSO^ + 8 Na^CO^ = 4 NagSO^ + 8 NaHCO^ (4) 

FeSg + 3.5 O2 + HgO = FeSO^ + HgSO^ (5) 

2 FeSg + 7.5 O2 + H^O = FegfSO^)] + HgSO^ (6) 

FegCSO^)] + (3+x) HgO = FegOg'xHgO + 3 HgSO^ (7) 

FegfSO ) + (2+2x) H^O = 2 FefOHjSO^.xHgO + H^O (8) 

The combination of elevated temperature and oxygen pressure ensured 

that leaching was rapid and complete. In addition, the leaching rate 

generally increased with the fineness of grind and was proportional 

to the square root of oxygen pressure. 

A study of the rate of dissolution of molybdenite (NoS^) in 

alkaline solution was carried out by Dresher, et al. (18). The 

experiments were conducted in the temperature range of 100-175°C 

and in the pressure range of 0 to 700 Ib./sq. in. of oxygen; the 

effects of temperature, oxygen over pressure, and potassium hydroxide 

concentration were evaluated. The solubility of oxygen in solutions 

of various concentrations at different temperatures and pressures 

was measured. Both oxygen over pressure and alkali concentration were 

found to control the rate of leaching. The mechanism could be ex

plained by a steady-state analysis involving adsorption of oxygen at 

the surface followed by a configurational rearrangement of the oxygen 

on the surface. The oxidation product was then removed from the surface 

by reaction with a hydroxide ion forming water-soluble molybdate. The 

hydroxide ion dependency was believed to be diffusion controlled. A 
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secondary hydroxide ion dependency was due to a decrease in the solu

bility of oxygen in an increasingly concentrated solution of potassium 

hydroxide. The activation energy for the adsorption of oxygen was found 

to be 11.84 Kcal/mole and the heat of activation for the configura-

tional change was found to be 6.60 Kcal/mole. 

Gray (33) also investigated the extraction of uranium from a pyrite 

ore by acid pressure leaching. He proposed that the generation of sul

furic acid from pyrite probably proceeds in three main stages: 

2 FeSg + 7 Og + 2 HgO = 2 FeSO^ + 2 HgSO^ (9) 

2 FeSO^ + H^SO^ +0.5 0^ = + H^O (10) 

FegfSO^)] + 6 HgO = 2 FcKOH)^ + 3 HgSO^ (11) 

The effect of oxygen partial pressure, temperature, time and degree 

of grinding were evaluated. He concluded that the oxidation of sul

fide sulfur to sulfate was the rate-controlling reaction for the 

leaching of both uranium and copper. 

An investigation of the factors affecting the rate of generation 

of sulfuric acid from pyrite under pressure leaching conditions was 

conducted by Warren (80). The factors considered in this study 

included temperature, oxygen partial pressure, particle size of 

pyrite, pH of the reaction medium and gas-transfer capacity of the 

system. The activation energy for pyrite oxidation was found to be 

20 Kcal/mole between 130° and 190°C under an oxygen partial pressure 

of 25 Ib./sq. in. (absolute). The rate-controlling step for pyrite 

oxidation appeared to be a heterogeneous process at the pyrite 
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surface with the oxygen participating in this process being in a 

dissociated rather than a molecular form, based on the evidence that 

the reaction rate was proportional to the square root of oxygen 

partial pressure. Warren also observed that high-speed oxidation of 

pyrite was in some manner dependent on acidity and he proposed that 

the function of the acid was to prevent formation of an iron oxide 

'"film" on the pyrite surface. 

Halpern (36) discussed the principles of physical chemistry under

lying hydrometallurgical processes and evaluated the various thermo

dynamic and kinetic factors which influence these processes. He 

claimed that, in general, hydrometallurgical processes are conducted 

under conditions in which the thermodynamics are very favorable and 

the limitations are therefore largely of a kinetic nature. Forward 

and Halpern (23) also concluded that most hydrometallurgical processes 

involve heterogeneous reactions occurring at a solid-liquid interface 

and very often such reactions are rate-controlling. They proposed a 

sequence of steps such as: (1) absorption of gaseous reactants, if 

any, by the solution; (2) transport of dissolved reactants from the 

main body of the solution to the solid-solution interface; (3) ad

sorption of reactants on the solid surface; (4) reaction on the 

surface; (5) desorption of the soluble products from the surface; and 

(6) transport of the desorbed products into the main body of the 

solution. The slowest step in this sequence determines the rate of 

the overall process. The experiments carried out by Forward and 

Halpern (23) also showed that metal sulfides could also be oxidized 

by using gaseous oxygen under pressure in a neutral or acidic medium 
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to yield metal sulfate, sulfuric acid and elemental sulfur, but the 

reaction rates were usually slower than those in a basic medium. 

Cornelius and Woodcock (14) studied the kinetics of a system 

in which an aqueous suspension of pyrite and manganese ore was 

reacted with oxygen. Manganese was dissolved by the ferrous sulfate 

and sulfuric acid produced by the oxidation of pyrite. The effects of 

temperature, oxygen pressure, pyrite surface area, and the reduction 

of ferric ion by pyrite were investigated on the rate of production of 

ferrous ions from pyrite. The rate of production of sulfate and 

ferrous ions was found to be directly proportional to the surface area 

of the pyrite and also proportional to the square root of the oxygen 

partial pressure. The experimental activation energy for sulfate 

production was 18.5 Kcal/mole of pyrite, and for ferrous ion production 

16.8 Kcal/mole of pyrite. A close examination of the solid reaction 

product showed that it was principally iron oxide. 

Mackay and Halpern (54) studied the kinetics of oxidation of 

pyrite in an aqueous suspension by molecular oxygen, at temperatures 

between 100 and 130<^C. The overall rate of oxidation was found to be 

proportional to the pyrite surface area and to the oxygen partial 

pressure, and was independent of the composition of the solution. 

Tlie formation of elemental sulfur was favored principally by high 

acidity and high temperature favored the formation of sulfuric acid. 

The apparent activation energy was 13.3 Kcal/mole at 100-130°C. The 

rate of reaction was determined by a heterogeneous process on the 

pyrite surface. 

Burkin and Edwards (11) investigated the formation of insoluble 
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iron oxide coatings during the alkaline pressure leaching of pyrite. 

In general, leaching of iron-bearing minerals under oxidizing conditions 

produced iron oxides which were virtually insoluble and would deposit 

on the parent mineral and would lower the reaction rate. This study 

showed that the rate of decomposition of pyrite depended on the degree 

of perfection of the crystal lattice. Perfect single crystals were 

attacked by alkali and oxygen less rapidly than particles of the same 

size which were made up of several crystals. Based on a study of the 

influence of alkali concentration, it was found that decomposition of 

pyrite increased rapidly with increasing sodium hydroxide concentra

tion, up to 2 wt.% a_t temperatures from 100 to 150°C. A slight de

crease in the rate was observed at higher alkali concentrations, 

probably because of the lower solubility of oxygen in such solutions. 

In addition, the rate of oxidation of pyrite was observed to be propor

tional to the square root of the oxygen partial pressure, and no 

reaction occurred in the absence of oxygen, even when using 10 wt.% 

sodium hydroxide at 150"C for 4 hr. An examination of the coating by 

X-ray powder diffraction and by electron diffraction showed that the 

final oxidation product obtained from leaching pyrite was, under most 

conditions, maghemite (y-Fe^O^). The stoichiometric equation for the 

reaction was 

2 FeSg + 8 NaOH + 7 Og = 2 FefOHjg + 4 NagSO, + 2 H^O (12) 

and the apparent activation energy of the initial reaction rate was 

found to be 9.0 Kcal/mole. 

In 1966, a study of the oxidation of coal mine pyrite was carried 
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out by Clark (13). A cast acrylic resin tube was used as a reactor. 

The unit was assembled with manometers, vacuum pump, gas supply bottles, 

dissolved oxygen analyzer, and stirrers and was used in a 20°C constant 

temperature room. Among the factors which were found to control the 

rate of oxidation of pyrite were oxygen content of the solution, tempera

ture, particle size or surface area, and various impurities. A good 

correlation was observed between the specific surface area of pyrite 

and the average diameter of the particles. This report also indicated 

that, in general, coal mine pyrite is a porous material with a specific 

gravity of approximately 3.2 to 3.4, while mineral pyrite has a specific 

gravity near 5.0. Moreover, it was observed that the only impurity in 

coal-mine pyrite that inhibited pyrite oxidation was calcite. The two 

ways in which calcite could retard the oxidation of pyrite were: 

(1) by raising the pH of the liquid near the reacting material, and 

(2) by facilitating the precipitation of iron hydroxides which impede 

the movement of oxidizing agents to the reacting surfaces. 

The oxidation rates of pyrite and other sulfide minerals were 

carefully studied by Majima and Peters (52) at 120°C using aqueous 

phosphate solutions buffered at pH of 2.7 and 11.2, as well as a 1.0 M 

sodium hydroxide solution and an ammonia-containing solution. The 

experiments showed that in basic solutions no elemental sulfur was 

formed, however, in acidic solutions the oxidation of many sulfide 

minerals led to the formation of elemental sulfur. Also, the experi

ments showed that pyrite was oxidized more rapidly in sodium hydroxide 

solutions than any other solutions. Moreover, Peters (61) described 

the extractive metallurgy of pyrite and other sulfide minerals according 
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to their thermodynamic stability zone on Eh-pH diagrams. Based on 

these diagrams, the chemistry of various thermodynamically feasible 

decomposition paths was indicated. 

Gerlach, et al. (28, 29, 30) investigated the kinetics of pres

sure leaching of pyrrhotite (FeS), pyrite and marcasite with sulfuric 

acid and oxygen. The oxidation of pyrrhotite with sulfuric acid under 

pressurized conditions could be described by two major reactions. 

The second reaction, oxidation of hydrogen sulfide to elemental sulfur, 

was a homogeneous reaction which seemed to control the rate of the whole 

process. The reaction rate was found to be proportional to the specific 

surface area of the pyrrhotite and to the square root of the oxygen 

partial pressure; it was second order with respect to the initial 

concentration of pyrrhotite. The activation energy was calculated 

as 17.1 Kcal/mole in the temperature range of 30-80°C. The effects 

of oxygen partial pressure, specific surface area, initial concentra

tions of pyrite and sulfuric acid, stirring rate, temperature, and the 

addition of ferric and cupric ions were studied in the pressure leaching 

of mineral pyrite. The oxidation potential-pH diagram of stable regions 

for the sulfur-water system was discussed. The diagram showed that 

elemental sulfur was not stable in solution at pH 8.5 and in an oxidizing 

environment; only sulfate could be found. The reaction rate of pyrite 

increased with increasing partial pressure of oxygen up to 7 atm., and 

FeS + 2 H + H^S (13) 

2 H2S + O2 = 2 S° + 2 HgO (14) 
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then it leveled off. The rate vjas second order with respect to the 

concentration of pyrite and first order with respect to the specific 

surface area of pyrite. The activation energy was 13.1 Kcal/mole for 

pyrite oxidation and 11.9 Kcal/mole for sulfate formation over a tempera

ture range of 60-160OC. The addition of ferric ions did not influence 

the leaching rate of pyrite, nor did the addition of cupric ions. 

Finally, Gerlach, et al. also studied the pressure leaching of 

marcasite. Again, oxygen partial pressure, specific surface area, 

initial concentration of marcasite and sulfuric acid, stirring rate 

and temperature were investigated in the pressure leaching of coal-

derived marcasite obtained from lignite deposits. The reaction rate 

was proportional to the square root of the oxygen partial pressure 

and to the specific surface area of marcasite. The activation 

energy in the temperature range of 40-100OC was 8.94 Kcal/mole for 

the oxidation of marcasite and 9.82 Kcal/mole for the formation of 

sulfate. A possible mechanism for the oxidation of pyrite was pro

posed; apparently oxygen adsorbed on the pyrite surface first and then 

dissociated on the surface according to: 

This mechanism was consistent with the first order dependence of oxygen 

partial pressure on the reaction rate. For marcasite, the mechanism 

was reversed, i.e., oxygen dissociated first and then adsorbed on the 

surface. Finally the overall conclusions were: 

FeSg + 0 (15) 

[FeSg Ogj = [FeSg 2 0] (16) 
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(1) the rate of leaching was greater for marcasite than for 

pyrite, 

(2) the rate of oxidation of Fe^ to Fe' ' ' was faster for 

marcasite than for pyrite, 

(3) the oxidation rate of pyrite was directly proportional to 

the oxygen partial pressure, while, for marcasite, it was 

proportional to the square root of oxygen pressure, 

(4) the SO^/S° ratio was constant for pyrite at various tempera

tures but was temperature dependent for marcasite. 

Sasmojo (68) investigated the oxidation of pyrite in aqueous media 

under two different environments; in one ferric ion was the oxidant, in 

the other oxygen was the oxidizing agent. The experiments were con

ducted in laboratory systems at a constant temperature of 25°C. For 

oxidation by ferric ions the effects of pH, iron concentration and 

ferric/ferrous ion ratio were studied. The oxidation by oxygen was 

carried out at pH of 2.2. The effect of iron in the solution was 

investigated. The results showed that, in aqueous media, the oxidation 

rate of pyrite by oxygen was not controlled by the rate of oxidation of 

ferrous ions to ferric ions in the solution. Besides, the oxidation of 

pyrite by oxygen did not require the intermediate action of ferric ions 

in the solution. In the case of ferric ions as the oxidizing agent, 

the reaction involved an adsorption mechanism and was controlled by 

the electron transfer between adsorbed ferric ions and the pyrite 

surface. 

The oxidation of pyrite in an aqueous suspension by dissolved 

oxygen was studied by Vracar and Vucurovic (77, 78, 79) at 50-200°C 
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temperature in an autoclave. The possible reactions that were proposed 

are as follows: 

2 FeS + 7 Og + 2 H^O = 2 FeSO^ + 2 H^SO^ (17) 

FeSg + 2 0^= FeSO^ +  S° (18) 

2 S° + 3 Og + 2 HgO = 2 H^SO^ (19) 

2 FeSO^ + 0.5 0^ + H^SO^ = Fe (SO^) + H^O (20) 

*^2(^04)3 + 3 H^O = FegOg + 3 H^SO^ (21) 

A thermodynamic study showed that at temperatures up to 140°C no 

elemental sulfur was found in the solid residue. The oxidation rate 

was proportional to oxygen partial pressure up to 6 atm. and was first 

order with respect to pyrite concentration. The activation energy was 

12.2 Kcal/mole in the temperature range from 140°C to 200OC. Tlie ad

dition of sulfuric acid did not affect the oxidation rate of pyrite, 

but the catalytic effect of cupric sulfate was evident. 

Kosikov, et al. (45, 46, 47) studied the kinetics of oxidation 

of sulfide minerals in solution. First, the solubility of oxygen in 

water at 20°C was measured at various agitator speeds by using a 

polarographic probe. The oxidation of pyrite at room temperature by 

oxygen was a heterogeneous reaction proceeding in a kinetic regime. 

The rate was found to be proportional to the square root of oxygen 

partial pressure; it was first order with respect to the specific 

surface area. The activation energy was 16.78 Kcal/mole at 25°C. 

Recently, a number of experiments were reported (8, 84) to study 

the rate of dissolution of chalcopyrite (CuFeS2) in acidic solutions 
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under oxygen overpressure. The effects of temperature, oxygen partial 

pressure, surface area, and concentration of sulfuric acid were 

evaluated. The leaching mechanism involved mixed kinetics and in

cluded a surface reaction with a moving zone plus pore diffusion of 

dissolved oxygen through the reacted portion of the ore fragment to the 

reaction zone. The shrinking-unreacted core model was applied to this 

system (8, 41, 84), and the results showed that this model could ex

plain this kind of hydrometallurgical process. 

The effect of aqueous sodium hydroxide solutions on coal-derived 

pyrite was investigated by Bunn (9) in a packed bed reactor. The 

experimental conditions included temperatures from 250° to 420°F and 

sodium hydroxide concentrations from 0 to 10 wt.%. The results 

indicated that under the selected conditions, the reaction was chemical 

reaction controlled with an apparent activation energy of 21 Kcal/mole 

and a frequency factor of 1.45 x 10^ cm./sec. The reaction rate was 

first order with respect to sodium hydroxide concentration. The rate of 

reaction of pyrite with oxygen in the presence of sodium carbonate was 

comparable or even superior to that in the presence of sodium hydroxide. 

King and Perlmutter (44) determined the rate of pyrite oxidation by an 

aqueous solution of ferric chloride. He found that the oxidation rate in

creased significantly with increasing temperature (40° to 100°C), 

ferric chloride concentration (0.1 to 1.0 M), and pyrite loading (2 to 

20 g./l.). The rate decreased with increasing particle size (44 to 105 

micron), while agitation speed did not have a significant effect. A 

simple two parameter kinetic model was proposed for his system that 

could be fitted very well to the experimental data. 
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The desulfurization of coal-derived pyrite by solutions con

taining dissolved oxygen was studied with a tubular reactor by 

Chen (12). The rate of total sulfur conversion was affected by oxygen 

partial pressure, oxygen flow rate, particle size, pyrite charge size 

and temperature. The shrinking unreacted core model was used to 

analyze the kinetics of this chemical leaching process. The results 

showed that diffusion through the ash (product) layer was the 

controlling step in this system. The apparent activation energy for 

this process was 7.97 Kcal/mole in the temperature range from 121 to 

175°C. The total sulfur oxidation rate appeared to be proportional to 

the oxygen partial pressure and increased with decreasing particle 

size. Furthermore, the flow rate of the leaching solution had a 

negligible effect on the total sulfur conversion. 

Desulfurization of Coal 

Leaching with solutions of ferric sulfate 

The extraction of pyritic sulfur from coal by leaching with hot 

aqueous ferric sulfate solutions has been studied by several workers 

(38, 39, 85). The method removes up to 80% of the total sulfur and 90 

to 95% of the pyritic sulfur from coal (76). In the Van Nice, et al. (76) 

process, aqueous ferric sulfate or ferric chloride selectively oxidizes 

the pyritic sulfur contained in the coal to form sulfate and elemental 

sulfur in a 60:40 ratio. The iron sulfates are soluble in the aqueous 

solution, while the free sulfur may be recovered from coal by 

vaporization with steam or by applying a vacuum, or it can be extracted 
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with an organic solvent such as toluene. The overall reaction can 

be represented as 

4.6 Fe^CSO^)^ + 4.8 H^O + FeS^ = 10.2 FeSO^ + 4.8 H^SO^ 

+ 0.8 S 
o 

(22) 

Garrels and Thompson (27) studied the oxidation of pyrite by iron 

sulfate solutions and concluded that the rate of reaction of pyrite is 

controlled by the differential adsorption of ferric and ferrous ions on 

the pyrite surface with the rate being proportional to the fraction of 

the surface covered by ferric ions. Sasmojo (68) also studied this 

process and suggested that the rate-controlling step of the reaction 

mechanism is an electron transfer reaction between an adsorbed ferric 

ion and the pyrite surface. 

Hamersma, et al. (39) and Lorenzi, et al. (51) have proposed a method 

of regenerating the spent leach solution. The method'involves aerating 

the hot solution to oxidize ferrous sulfate back to ferric sulfate as 

shown below. 

The ferric sulfate would be recycled and used to react with more pyrite. 

The iron oxide produced during the regeneration step can be removed 

from the system along with excess iron sulfate. An 8 m. ton/day reactor 

test unit (RTU) has been constructed to demonstrate the ferric sulfate 

leaching and leachant regeneration steps (76). The reactor test unit 

(RTU) demonstrated that the process could reduce the sulfur content of 

2 FeSO^ + + 0.5 Og =Fe2(S0^)2 + (23) 
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an Appalachian coal from 2.4 lb. SOg/lO^ BTU to a level of 1.0 to 1.2 

lb. SO^/IO^ BTU (65). No measurable coal oxidation during processing and 

leaching were observed. The leach solution-coal-oxygen environment, 

however, was found to be very corrosive to the stainless steel reactor. 

The overall energy efficiency was found to be 93 to 96%. 

Nitric acid leaching 

The ASTM method for the determination of pyritic sulfur in coal 

is carried out by dissolving pyrite with dilute nitric acid (1). The 

reaction is 

4 FeSg + 30 HNO^ = 2 FegfSO^)^ + 2 HgSC^ + 13 H^O 

+ 15 NOg + 15 NO (24) 

Yurovskii (85) proposed to utilize this reaction as a basis for an 

industrial desulfurization process. A number of laboratory experiments 

showed that room temperature extraction with 15 wt.% nitric acid re

sulted in 32% pyrite dissolution, while at 75°C, 90% of the pyrite was 

dissolved. The best results were obtained with 30 wt.% nitric acid at 

75°C. In order for the nitric acid leaching process to be economical, 

Yurovskii (85) proposed to recover the nitrogen oxides produced in the 

preceding reaction by absorption in water in the presence of air or 

oxygen to regenerate nitric acid. Thus by recovering most of the 

nitrogen oxides, the net consumption of nitric acid was estimated to 

be only 0.5 kg./ton of coal. 
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Leaching with dissolved oxygen solutions 

Atmospheric pressure method An early study of the air oxida

tion of pyrite in coal was carried out by Powell and Parr (62) who found 

that 25% of the pyritic sulfur in an Illinois No. 6 coal could be oxidized 

in a two-year period at room temperature. In 1926, Li and Parr (50) 

showed that 30-74% of the pyritic sulfur of various Illinois coals could 

be oxidized at 100°C by oxygen saturated with moisture over 6 weeks. 

The relative rates of oxidation of pyrite and marcasite were also in

vestigated under the conditions cited above. The results indicated 

that there was no significant difference in reactivity. It was found 

that apparently moisture was important for the oxidation of pyrite. 

Nelson, et al. (59) improved the removal of pyritic sulfur by sus

pending the coal in water and passing fine air or oxygen bubbles through 

the suspension; the resultant sulfates were removed from the coal by 

washing with hydrochloric acid. Approximately 79% of the pyritic sulfur 

was removed from 25 g. pulverized coal suspended in 4.5 1. water at 

90°C for 7 days when the air flow rate was 4 cu. ft./min. The oxida

tion rate increased with increasing temperature; the rate was more rapid 

during the first day after which it then decreased. The oxidation rate 

of pyritic sulfur in fine-size coal was found to be faster than that in 

coarse coal and was inversely proportional to the average diameter of 

the coal particles. The volume of gas passed through the apparatus per 

unit time and the oxygen content of the gas were comparatively unim

portant factors in the oxidation process. Upon adding ferric sulfate, 

the oxidation of pyritic sulfur was improved and the effect was enhanced 

by increased temperature. A large quantity of pyrite was removed from 
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the coal when a small amount of chlorine gas was added to the air stream 

passing through the apparatus. No amount of organic sulfur was removed 

during the experiments. 

Elevated pressure method In this section, leaching of coal at 

elevated pressures with hot aqueous solutions, hot aqueous solutions 

with a promoter and hot alkaline solutions will be discussed. 

Hot aqueous solutions The chemistry of the dissolved 

oxygen leaching process changes with temperature, concentration, and 

pH. Wlien pyrite is leached at relatively high temperature with a solu

tion of low acidity, the reaction appears to be (54, 67): 

2 FeSg + 7 Og + 2 HgO = 2 FeSÔ  + 2 Ĥ SÔ  (25) 

A large portion of the ferrous sulfate produced by the previous reaction 

is further oxidized to ferric sulfate as follows; 

4 FeSÔ  + Og + 2 HgSÔ  = 2 2̂ 2(80̂ )2 + 2 Ĥ O (26) 

At moderate pH, the ferric sulfate is hydrolyzed to precipitate 

ferric oxide. When pyrites are leached at a relatively low temperature 

with a more acidic solution, part of the sulfur will be converted to 

elemental sulfur (21, 69) as indicated below. 

FeSg + 2 Og = FeSO^ + S° (27) 

The formation of elemental sulfur creates another problem because its 

removal requires another treatment step such as extraction with a hot 

organic solvent. 

Hot aqueous solutions containing dissolved oxygen will extract 
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pyritic sulfur from coal. A number of experimental conditions (1, 17, 

25, 59, 67) have been investigated. The Ledgemont Oxygen Leaching (LOL) 

process was developed at the Ledgemont Laboratory of Kennecott Copper 

Corporation. The leaching of pyritic sulfur in an aqueous coal slurry 

was studied at temperatures of 80-130°C and under oxygen partial pres

sures of 100-300 Ib./sq. in. (absolute). The experiments were conducted 

in a batch mode in high-pressure autoclaves equipped with baffles and an 

agitator. Coal was slurried in distilled water to give a solids density 

of 20 wt.%. Around 90% removal of pyritic sulfur was obtained after 

180 min. of reaction at ISO^C with an oxygen pressure of 300 Ib./sq. in. 

(absolute). 

Sareen, et al. (67) studied the kinetics of the Ledgemont Oxygen 

Leaching process. They investigated the effect of temperature between 

80 and 130°C using 300 Ib./sq. in. (absolute) oxygen pressure. An 

activation energy of 14 Kcal/mole was found for pyrite oxidation and 

17.64 Kcal/mole for coal oxidation. Although the rate of pyrite oxida

tion increases with temperature, there is an economic penalty because of 

heating value losses and increased oxygen consumption. The rate of 

sulfur removal was found to be proportional to the square root of the 

oxygen partial pressure. 

The Ledgemont workers (67) prepared a process schematic diagram 

for oxygen leaching of coal at temperatures of 100-130°C and pressures 

up to 300 Ib./sq, in. (absolute). The merits of this process are its 

simplicity and well-known process  chemis t r y ,  v j l i l l i !  I  l i e  ma jc r r  i .  8  <1- -

vantages are  a  high cap i ta l  i nvesCmunt  and  . suvere  co i ' rau iun  ana  

erosion problems. 
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In order to improve the removal of organic sulfur, Sareen (66) 

demonstrated an ammonia/oxygen system which removed almost all of the 

pyritic sulfur and up to 25% of the organic sulfur in about 2 hr, from 

Illinois No. 6 coal. All of the experiments were conducted in a batch 

mode, using a high-pressure autoclave at 130°C and 300 Ib./sq. in. 

(absolute) oxygen pressure and operating under a kinetically controlled 

regime. The chemical reaction for the oxidation of pyrite in an am-

monical system was as follows: 

FeSg + 4 NĤ  + 3.5 Ĥ O + 3.75 Og = 4 + 2 S0= + Fe(0H)3 

(28) 

By increasing the reaction time and the ammonia concentration (from 0.5 

to 5 M) the removal of organic sulfur was improved. But increased 

ammonia concentration had no effect on the removal of pyritic sulfur. 

Both the ammonia concentration and the reaction time had an effect on 

the heating value and carbon content of the coal. Increasing either 

one decreased the heating value and carbon content. The large carbon 

losses were due to the formation of coal acids. 

Recently, a study was made to compare oxygen-water versus oxygen-

aqua ammonia leaching and low temperature (130°C) versus high tempera

ture (175-200°C) leaching (31). In the oxygen-water system, the 

organic sulfur removal at the higher temperature was comparable to that 

in the oxygen-aqua ammonia system at the lower temperature. However, 

it was achieved with the ammonia system at the expense of greater 

heating value losses. 

Friedman, et al. (25) obtained results similar to those obtained at 
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the Ledgemont Laboratory except that some organic sulfur was re

moved, Air at a total pressure of 1000 Ib./sq. in. (absolute) was 

used in place of oxygen and temperatures of 150-200°C were employed. 

In these experiments by Friedman, et al., more than 90% of the pyritic 

sulfur and up to 40% of the organic sulfur was removed from coal as 

sulfuric acid. It was suggested that the removal of organic sulfur 

involves the following two reactions: first, the oxidation of organic 

(or dibenzothiophenic) sulfur to sulfone, and then the elimination of 

sulfur dioxide from sulfone by base. If the temperature at which the 

oxidation is conducted is increased above 150°C, an increasing amount 

of organic sulfur is removed from the coal; however, the oxidation of 

coal is also increased. Assuming removal of 95% of the pyritic sulfur 

and 40% of the organic sulfur, an estimated 40% of the coal rained in 

the eastern United States could be made environmentally acceptable as 

boiler fuel. While this process offers the advantage of removing part 

of the organic sulfur, it suffers from the corrosive nature of the 

reaction mixture. 

Recently Friedman and Warzinski (25) evaluated various coal cleaning 

processes and concluded that the chemical methods of desulfurization 

are intermediate in cost between expensive coal conversion processes 

and relatively inexpensive flotation and magnetic methods of pyrite 

removal. 

A study of the kinetics of pyrite desulfurization under the 

conditions proposed by Friedman, et al. was reported recently (81). 

The possible reactions of finely ground pyrite under these conditions 

are: 
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2 FeSg + 7 0^ + 2 H^O = 2 FeSO^ + 2 H^SO^ (29) 

2 FeSO^ + 0.5 0^ + HgSO^ = FegCSO^)^ + H^O (30) 

Fe2(SO^)3 + n H^O = Fe203-(n-3) H^O + 3 HgSO^ (31) 

3 Fe2(S0^)g + 14 H^O = 2 Fe3(S0^)2(0H)^-2 H^O (32) 

Experiments were carried out at temperatures of 150 to 200°C and at a 

total system pressure of 500 to 1500 Ib./sq. in. (gauge). The pyritic 

sulfur reaction was found to be first order with respect to the un-

reacted pyrite with an activation energy of 11.2 Kcal/mole. From these 

experiments it was also concluded that increasing severity of operating 

conditions could increase the removal of organic sulfur but at the ex

pense of greater heating value losses. This was due to both the oxida

tion of coal to carbon dioxide and water, and the addition of more oxygen 

to the coal. 

In order to develop a commercial oxydesulfurization process, a 

continuous bubble column reactor was built and operated at the Pitts

burgh Energy Technology Center. It consisted of a vertical tube 2.22 

cm. inside diameter by 183 cm. long which provided a slurry mean resi

dence time of 6 min. Preliminary results achieved with this unit were 

encouraging. Also, a conceptual flow sheet for an oxydesulfurization 

process was presented (81). It included coal preparation, reaction 

and coal recovery, and acid neutralization sections. 

Hot aqueous solutions with a promoter Recently, Beck-

berger, et al. (7) of the Atlantic Richfield Company (ARCO) demonstrated 

both a one-step and a two-step process for removing sulfur from coal 
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by extraction with a hot aqueous solution containing oxygen and a pro

moter. A 1-gal. stainless steel autoclave was used for the laboratory 

demonstration. The one-step process was operated at ISQOC and a total 

pressure up to 315 Ib./sq. in. (absolute) with oxygen using a slurry 

concentration of about 17 wt.% solids. The results showed that for 

the same overall sulfur removal, the promoted reaction typically re

quired less than half the amount of oxygen and half the reaction time 

compared to the unpromoted reaction. Nearly all of the pyritic sulfur 

as well as up to 94% of the iron and 50% of the ash were removed by 

the promoted one-step process. In addition, 95% or more of the heat 

content was recovered. The combustion characteristics of the treated 

coal were studied and found to be essentially unchanged. 

The two-step process was carried out by adding 600 g. of the 

product from the one-step process to 2.0 1. of water containing the 

promoter. The slurry was preheated and charged to the reactor. The 

reactor was held at 343°C and 2330 Ib./sq. in. (absolute) for 1 hr. 

The two-step process removed up to 35% of the organic sulfur and 

achieved a heat content recovery of about 95%. 

A pilot plant employing a 2 4., continuous reaction system was 

constructed and operated. Preliminary results indicated that the 

sulfur removal efficiency was somewhat higher than predicted by the 

first order reaction kinetics developed from the batch reactor data. 

A preliminary engineering evaluation of the one-step process indicated 

that recovery of the reaction promoter and conventional dewatering 

of the product were too costly. 

Hot alkaline solutions The extraction of pyritic sulfur 
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from coal by leaching the comminuted material with hot aqueous alkaline 

solutions containing dissolved oxygen was demonstrated by Tai, et al. 

(74, 75) at Iowa State University. Leaching experiments were carried 

out in a 1 1. stainless steel autocalve using 2.0 g. of coal-derived 

pyrite and 500 ml. of alkaline solution at 150°C under an oxygen partial 

pressure of 3.3 atm. Various alkalis were tested including sodium 

carbonate, sodium hydroxide, trisodium phosphate and ammonium carbonate. 

The effectiveness of each of these alkalis increased up to some optimum 

value and then decreased. The best results were obtained with sodium 

carbonate solutions ranging in concentration from 1 to 3 wt.%. Results 

obtained with sodium carbonate solutions showed that the effect of 

particle size on conversion was very pronounced; the conversion in

creased in an almost exponential manner as the particle size was re

duced. The results also showed that increasing the temperature and 

oxygen partial pressure increased the sulfur conversion. A series of 

leaching experiments was also carried out to determine the effects of 

various alkalis and alkali concentrations on the desulfurization of 

coal. In a typical experiment, 50 g. run-of-mine coal, 90% finer than 

200 mesh, was slurried with 500 ml. of alkaline solution at 150°C 

with 3.3 atm. oxygen partial pressure for 2 hr. About two-thirds of 

the pyritic sulfur and most of the sulfate sulfur were removed. The 

use of a combination of physical and chemical cleaning processes was 

also demonstrated in this study. The inorganic sulfur content of three 

different coals was reduced as much as 98%. The major advantages of 

this process are the relatively mild operating temperatures and pressures 

and the relatively noncorrosive nature of the aqueous alkaline 
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solutions toward steel and other common materials of construction. 

Leaching with caustic solutions 

The method of extracting most of the inorganic sulfur and part 

of the organic sulfur from coal by leaching the coal with dilute hot 

caustic solutions has been demonstrated by several investigators 

(64, 70). Reggel, et al. (64) treated coal with an aqueous 10% sodium 

hydroxide solution at 225°C for 2 hr. They found that from 45 to 95% 

of the pyritic sulfur was removed. In addition, a large fraction of 

the ash was removed, when the treated coal was extracted with dilute 

hydrochloric acid. 

The Battelle hydrothermal process (69) appears similar to the 

treatment reported by Reggel, et al. (64) with the exception that a 

small amount of calcium hydroxide is added to the leach solution. 

The Battelle process uses a leaching solution containing 4 to 10% 

sodium hydroxide and about 2% calcium hydroxide to treat pulverized 

coal at a temperature between 225 and 350°C and a pressure of 350 to 

2500 Ib./sq. in. (absolute) for periods up to 30 min. This process 

can remove most of the pyritic sulfur and from 24 to 60% of the organic 

sulfur. The major reaction between pyrites and sodium hydroxide is the 

following: 

8 FeSg + 30 NaOH = 4 FegO^ + 14 NsgS + Na^S^O^ + 15 HgO 

(33) 

This reaction produces insoluble iron oxide and soluble sodium 

sulfide and thiosulfate. Stambaugh and his co-workers (70) proposed 

a method of regenerating the spent caustic leaching solution. The 
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1cachant solution would be regenerated in several steps. First, a 

carbonation step would be used to convert the sodium sulfide to 

hydrogen sulfide and sodium carbonate. Then, the resulting hydrogen 

sulfide would be treated in a Glaus unit where it would be oxidized 

to elemental sulfur and water. Next the sodium carbonate would be 

treated with lime, which would convert the sodium carbonate to sodium 

hydroxide and calcium carbonate. The sodium hydroxide would then be 

recycled and lime would be regenerated by thermal treatment of the calcium 

carbonate. 

Extraction with molten caustic 

Masciantonio (53) studied the effect of molten caustic on pyrite 

in bituminous coal. Most of the work was performed with a 1:1 melt 

of sodium hydroxide and potassium hydroxide because of its thermal 

stability and relatively low melting point. At temperatures between 

150 to 225°C only pyritic sulfur was removed from the coal. As the 

temperature was raised to AOQOC, part of the organic sulfur was re

moved. A temperature of approximately 400°C was found to give the 

highest removal of sulfur; however, there was a significant decrease 

in coal volatile matter and a loss in coal-swelling properties. 

Leaching with aqueous solutions of metal oxides 

Dessau (15) investigated the possibility of removing sulfur from 

coal by an oxidative solubilization process. The pyrite in coal is 

oxidized by an aqueous solution of a manganese, vanadium, or cerium 

salt in a higher s tate of oxidation to form ferrous sulfate and ferric 

sulfate and elemental sulfur. The salts are either water soluble or 
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capable of being solubilized in an acidic aqueous solution. An aqueous 

slurry having a coal solids content of 1 to 20% is acidified to a pH 

of 1 to 5 through the use of a mineral acid such as sulfuric acid, 

hydrochloric acid, or the like. The concentration of metal salt 

ranges from about 0.5 to 5.0%. After being reacted for 4 to 16 hr. 

at 100°C, the aqueous oxidizing solution is separated from the coal 

and the treated coal is washed or extracted to remove elemental sulfur. 

Treatment with gases 

Sulfur dioxide Aqueous sulfur dioxide in a strong hydro

chloric acid solution has been shown to oxidize iron pyrite to achieve 

a 55% conversion over a period of 24 hr. at 180°C (19, 55). The 

reaction products are ferrous chloride and elemental sulfur. A typical 

reaction proceeds substantially as follows: 

Primary: Oxidation-Reduction 

4 FeSg + 3 SOg + 12 HCl = 4 FeCl^ + 11 S° + 6 H^O (34) 

Secondary: Oxidation-Reduction 

4 FeClg + 2 FeSg = 6 FeCl^ + 4 S° (35) 

Overall Reaction: 

6 FeSg + 3 SOg + 12 HCl = 6 FeCl^ + 15 S° + 6 H^O (36) 

The resulting solution of ferrous chloride can be separated from 

the coal by filtration. This reaction can be applied to the removal 

of pyritic sulfur from coal provided that the generated elemental 

sulfur can be removed. Ferrous chloride can be converted to ferric 

oxide and hydrochloric acid by pyrolytic air oxidation. The advantages 
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of this process are: (1) conversion of reacting pyritic sulfur to 

the elemental sulfur form which is the most stable and desirable by

product from a pollution control standpoint, and (2) the recyclability 

of the reagents. 

Chlorine The feasibility of removing sulfur, particularly 

organic sulfur, from high-sulfur coals by a simple method of low 

temperature chlorinolysis followed by hydrolysis and dechlorination 

has been studied at the Jet Propulsion Laboratory (40, 41). Chlorine 

gas is bubbled through a suspension of powdered, moist, high-sulfur 

coal in methyl chloroform at 74°C at atmospheric pressure for 1-4 hr. 

The coal slurry is distillée' to recover the solvent. The chlorinated 

coal is hydrolyzed with water at 50-70°C for 2 hr. and then filtered. 

The filter cake is dried and dechlorinated by heating at 300O-500°C in 

a steam or vacuum atmosphere for approximately 1 hr. The results show 

that up to 76% of the total sulfur including 70% of the organic sulfur 

and 90% of the pyritic sulfur can be removed from high-sulfur bituminous 

coal. 

A detailed flow diagram of the laboratory treatment scheme was 

presented by Kalvinskas and Hsu (43). A preliminary cost estimate 

indicates that this method of treatment would be competitive with other 

coal desulfurization processes and/or flue gas desulfurization. The 

designs for a bench scale continuous flow minipilot plant having a 

capacity for treating 2 kg./hr. of coal and for a bench scale batch 

reactor capable of treating 2 kg. coal/batch were presented for 

consideration. 

Ozone Steinberg, et al. (71) recently studied the potential 
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for desulfurizing coal with ozone. About 1.2 g. of coal was placed in 

a Pyrex glass tube and the reactant gas, oxygen containing a small 

amount of ozone, was passed through it in a temperature range of 25-

lOQoc. The effluent gases were analyzed by mass spectrometry and the 

solids were analyzed for sulfur content both before and after ozonization. 

The results showed that 12-20% of the sulfur was removed and that most 

of the sulfur removed was organic sulfur. 

KVB process In this process, patented by KVB Engineering Inc. 

(16, 60), dry, pulverized coal is exposed to an atmosphere containing 

oxygen (0.5 to 20 vol.%), nitrogen monoxide (0.25 to 10 vol.%), 

nitrogen dioxide (0.25 to 10 vol.%) and nitrogen. The reaction is 

carried out at a temperature in the range of 100 to 500°F for 1 to 

30 min. in a continuous process, or for 0.5 to 5 hr. in a batch 

process, using a pressure in the range of 1 to 20 atm. 

It is claimed that pyrite is converted to iron sulfate plus sulfur 

dioxide and sulfur trioxide, and part of the organically bound sulfur is 

liberated and converted to sulfur dioxide and sulfur trioxide by reacting 

with nitrogen dioxide in the gas phase. Nitrogen dioxide can be re

generated from the reduced form, nitrogen monoxide, by reaction with 

gaseous oxygen at ambient conditions. This dry process may be followed 

by a caustic washing step to remove the soluble sulfate formed in the 

process. The main advantages claimed for the KVB process are the removal 

of both mineral and organic sulfur and the simplicity and low cost of 

a dry oxidation procedure. However, nitrogen uptake by the coal 

structure, as well as the dry oxidation of finely pulverized coals may 

be a problem in the KVB process. The chemistry of three types of sulfur 
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removal and of the water washing and caustic washing steps was discussed 

by Guth (35). 

Hazen Magnex process 

In the Hazen Magnex process, under development by Hazen Research, 

Inc., dry, pulverized coal is exposed to vaporized iron carbonyl 

Fe(CO)^ at 380°F and 40 Ib./sq. in. (absolute) (20, 60). It is claimed 

that the iron carbonyl is preferentially decomposed on the surface of 

the pyrite and other minerals rendering them magnetic. The magnetized 

materials are then removed by magnetic separation. The chemistry of 

the treatment can be described as follows: 

A four step process development unit (PDU), including crushing, 

heating, iron carbonyl treatment, and magnetic separation, has been 

designed and constructed recently. A major disadvantage of this process 

is the high toxicity of the iron carbonyl and carbon monoxide. 

Other reviews and monographs 

Recently, Meyers (55) published a general review of coal desulfuriza-

tion methods. This book provides a summary of the thermodynamic 

properties of sulfur and various sulfur compounds, as well as different 

possible chemical reactions of these materials. In addition, it presents 

a complete description of the Meyers process including an analysis of 

experimental results, a possible reaction mechanism and model of the 

Fe(CO)^ + Ash = Fe-Ash + 5 CO (42) 

Fe(CO)^ + FeSg = Fe^_^^S + 5 CO (43) 
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process, a schematic flow sheet of a pilot plant, and a preliminary 

estimate of the economic feasibility of the process. Furthermore, the 

book reviews all of the known chemical coal desulfurization methods. 

Another book, Coal Desulfurization; Chemical and Physical 

Methods, was compiled and edited by Wheelock (82). It is based 

partly on a symposium held at the 173rd American Chemical Society 

meeting. This book covers current research on industrial processes 

and methods for removing sulfur from coal. Both chemical and physical 

extraction methods which are either used currently or are being developed 

for industrial use are reviewed. Related work on characterizing and 

analyzing various forms of sulfur in coal is included. Until now, it 

is the only book which provides an introduction to the subject as well 

as a summary of research and development in progress. 

Eliot (19) edited a book entitled Coal Desulfurization Prior to 

Combustion. It includes information from federally-funded studies, 

conferences, other publications, and United States patents relating 

to the desulfurization of coal prior to combustion. First, the 

properties of coal, the methods of coal preparation, the sulfur re

duction potention of United States coals, and several studies of 

coal quality and cleanability are discussed briefly. Then, various 

processes for desulfurizating coal including hydrogeneration, oxida

tion, solvent refining, and other methods are summarized in detail. 

Finally, a case study of physical desulfurization of coal conducted 

at Iowa State University is presented. In general, for the purpose 

of understanding the present-day problems of cleaning coal, it is a 

good practical manual. 
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EXPERIMENTAL INVESTIGATION 

Materials and Equipment Used 

Autoclave 

The chemical desulfurization experiments were carried out in a 1 1. 

type 316 stainless steel autoclave (model AFP 1005) manufactured by 

Autoclave Engineers, Inc., Erie, Pennsylvania. The contents of the 

autoclave were stirred by a gas dispersing turbine agitator provided 

with a hollow shaft and operated by a magnetic drive. The reactor was 

designed for operating at elevated pressure (up to 5800 Ib./sq. in.) 

and elevated temperature (up to 650°F). A jacket-type electric furnace 

was supplied with the autoclave. The temperature inside the autoclave 

was measured accurately by means of a K type (chromel-alumel) thermo

couple and controlled by means of a proportional type controller (Barber-

Colman, Model 520). The reactor cavity was protected by a removable 

liner made of type 316 stainless steel. The autoclave was also fur

nished with an internal cooling coil, a sampling tube, a pressure 

relief valve, and a pressure gauge. A schematic diagram of the equip

ment is presented in Figure 1. Two gas cylinders, one for oxygen and 

the other for nitrogen, were connected to the gas inlet of the auto

clave. The gas inlet pressure was regulated and controlled by a pres

sure regulating valve. The gas inside the reactor was drawn down 

through the hollow agitator shaft and dispersed through the liquid to 

provide good gas-liquid contact. 
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Pyrite cleaning apparatus 

The apparatus used for pyrite cleaning is shown in Figure 2. 

Dilute hot hydrochloric acid was used to remove impurities from coal-

derived pyrite. Nitrogen was supplied from a cylinder and was 

introduced into the slurry by a gas dispersion tube to prevent 

further oxidation of pyrite. During the treatment, the slurry was 

agitated by means of an electric stirrer and the solution was main

tained at nearly constant volume because of the reflux condenser. 

Coal and pyrite feedstock 

The coal samples used in this investigation were collected from 

eight different mines (Table 1). The sulfur distribution, ash content 

and heating value of these coal were determined by ASTM methods 

(D 2492, D 3174, D 3177) and are given in Table 2. 

To prepare the coal for leaching, lump coal (1-1/2 in. x 0) was 

crushed to 1/4 in. top size by passing it through a bench scale double 

roll crusher manufactured by Smith Engineering Works, Milwaukee, 

Wisconsin. The crushed coal was dried in an oven for about 24 hr. 

before being pulverized to -35 mesh in a Mikro-Samplemill manufactured 

by Pulverizing Machinery Division, American-Marietta Co., Summit, New 

Jersey. The pulverized coal was then screened with standard testing 

sieves in order to collect -200 mesh material. Some of the pulverized 

coal was cleaned by gravity separation with tri-chloroethylene (specific 

gravity = 1.45) and then ground to -400 mesh size in a ceramic jar 

mill. For this operation, 200 g. of coal, 1000 g. of water, and 2000 g. 

of flint pebbles were run in a 1.5 gal. jar mill for 8 hr. 
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Table 1. Source of coals used as feedstock for experiments 

Coal Source 

Scott Iowa State University Demonstration Mine No. 1, 
Mahaska County, Iowa 

Lovilia Lovilia No. 4 deep mine, Monroe County, Iowa 

Western Kentucky No. 9 seam Fies Mine, Hopkins County, Kentucky 

Illinois No. 5 Repatee Mine, Midland Coal Co., Middle Grove, 
Illinois 

Big Ben Big Ben deep mine, Lucas County, Iowa 

Pittsburgh No. 8 Loveridge Mine, Fairview, West Virginia 

Lower Kittaning 

Childers Childers site adjacent to the Iowa State University 
Demonstration Mine No. 1, Mahaska County, Iowa 

The pyrite used for some experiments was recovered by hand-

picking pyrite nodules from the refuse produced by the Iowa State 

University (ISU) coal preparation plant while cleaning coal from the 

Childers site. The nodules were cleaned and then in the dry state 

they were crushed, ground, and screened to prepare different size 

fractions of material. Each size fraction was subsequently treated 

with hot hydrochloric acid to remove impurities. Since some particle 

degradation occurred, the different sizes were recombined and re-

screened to obtain the final size fractions listed in Table 3. As 

indicated by this table, the pyrite purity after acid cleaning ranged 

from 86 to 92% based on the pyritic sulfur content. Calcium was 

one of the chief impurities removed by the acid treatment. 
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Table 2. Composition and heating value of feedstock 

Ash, Sulfur distribution, wt.% 
Coal BTU/lb. wt.% Pyr. Sulf. Org. Tot. 

Scott 10,268 16.85 6.41 1.91 2.60 10.92 

Big Ben 10,534 15.02 3.69 1.60 1.76 7.05 

Lovilia 10,052 20.73 3.10 1.08 0.98 5.16 

Western 
Kentucky 10,890 18.27 0.97 0.94 1.56 3.47 

Illinois 
No. 5 11,899 13.65 1.50 0.17 1.52 3.19 

Pittsburgh 
No. 8 12,916 12.65 1.31 0.09 1.46 2.86 

Lower 
Kittaning 12,481 18.91 2.32 0.18 0.55 3.05 

Childers — 13.24 2.74 0.73 3.60 7.07 

^Dry basis. 

Table 3. Composition of acid cleaned pyrite 

U.S. mesh Tot. S., Pyr. S., Iron, Iron pyrite, Sulfur 
size % % % % iron 

-40/+60 48.53 46.10 43.70 86.44 1.846 

-60/+100 49.17 47.01 44.10 88.14 1.865 

-100/+120 48.40 49.25 44.50 92.34 1.937 

-120/+140 49.86 49.36 44.30 92.55 1.949 
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The acid treatment was carried out by placing 50 g. pulverized 

pyrite in the reaction flask shown in Figure 2. About 60 ml. of 

concentrated hydrochloric acid plus 540 ml. of distilled water were 

added to the pyrite. The system was heated by an electric heating mantle 

and maintained at a temperature of 70OC. Meanwhile, nitrogen was 

continuously bubbled through the slurry and vented to the atmosphere 

through a reflux condenser. At the end of the 1 hr. reaction period, 

the slurry was cooled quickly to room temperature by immersing the 

reaction flask in a cold water bath. The filtered pyrite was washed 

with 2 1. of water to remove all the residual acid and then dried in 

an oven for one day. 

Leaching Procedure 

For each run, 40 g. of coal and 400 ml. of leach solution were 

placed in the stainless steel liner which was then inserted into the 

autoclave reactor. After the autoclave was closed, the desired 

agitator speed was established and at the same time the autoclave was 

purged with nitrogen gas while being heated to the required temperature. 

When the desired temperature was reached, the flow of nitrogen was 

stopped and oxygen was introduced into the autoclave. The oxygen 

partial pressure, the total pressure inside the autoclave, and the 

stirring speed were kept constant during the run. The reaction 

temperature was stabilized to within +3°C by a proportional tempera

ture controller and a manually operated internal cooling coil. In 

order to avoid any concentration build-up of gaseous products inside 
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the system, some gas was bled continuously; therefore the system was 

operated in a semibatch mode. After the desired residence time, the 

flow of oxygen was discontinued, the system was purged with nitrogen 

and then quenched by introducing cold water through the cooling coil. 

After reaching room temperature, the autoclave was depressurized 

and opened to collect the slurry. The product slurry was filtered 

through Whatman 40 paper in a buchner funnel. The product was dried 

at 90°C for 1 day, weighed to determine the recovery, and analyzed 

for ash content, heating value and the various chemical forms of sulfur 

by standard ASTM procedures. 

The pyrite desulfurization experiments were performed with the 

same autoclave. For each run, 2 g. of cleaned pyrite and 500 ml. of 

0.2 M sodium carbonate solution were placed in the stainless steel 

liner. The experimental procedure was similar to that used for coal 

desulfurization. The product slurry was filtered with a sintered 

Pyrex filter funnel. The solution was titrated to determine the amount 

of sulfur in the filtrate (26) and the solid residue was analyzed for 

total sulfur, pyritic sulfur by ASTM procedures. 

Calculations 

Each leached coal sample was split into two parts with a riffle 

splitter, and each part was analyzed for the various types of sulfur 

by the standard ASTM method. The sulfur distribution data reported in 

this study are an average of the two determinations. In most cases, 

the heating value of the leached coal was calculated from the ash-free 
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heating value of the feedstock by employing the following relation; 

H-V. = («'V.)ash.:ree ioO W'» 

The percentage of either pyritic, organic or total sulfur removed 

from the coal was determined as follows: 

S in feed - S in product 
Desulfurization (%) = - 3 . , x 100 

S . in feed 
wt, 

(45) 

The heating value recovery, in percent, was calculated by the 

following equation: 

Recovery m = (wt. coal recovered)(heating value)100 . 
Kecovery Uo; (wt. feedstock) (feedstock heating value) I**) 

The specific sulfur content (lb. S/10^ BTU), of the product was 

calculated as follows: 

specific Sulfur Content = loO . h'atSg """'(in^BTO/lb. ) 

(47) 

The specific sulfur content is presented in the tabulated results 

and was used as a basis for determining the percent sulfur reduction 

which is listed in various tables. However, the graphical results 

are based on the percent desulfurization calculated by means of 

Equation 45. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Several high volatile bituminous coals (all those listed in 

Table 1) were leached under various conditions. The effects of 

various parameters on the extent of desulfurization and heating 

value recovery were investigated. Also, different size fractions 

of acid-cleaned pyrite were leached under various conditions and the 

possible rate-controlling mechanism of the pyrite leaching process 

was studied. 

Coal Desulfurization 

A number of experimental parameters such as agitation speed, gas 

flow rate, pulp density, leaching time, temperature, oxygen partial 

pressure, and alkalinity on the extent of desulfurization and heating 

value recovery was investigated. As a consequence, the optimal operating 

conditions for the one-step method of desulfurization were found. 

In addition, the two-step leaching process was demonstrated in a 

preliminary way. The experimental conditions employed during all of 

the leaching experiments and the sulfur distribution, ash content, 

and heating value of the treated coal from each experiment are re

ported in Appendix A. 

Effect of stirring rate 

A series of experiments was conducted using different agitator 

speeds in order to establish the effect of this parameter on sulfur 

removal. For these experiments run-of-mine coal from the Scott site of 
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the Iowa State University Demonstration Mine was leached for 1 hr. by 

a 0.2 M sodium carbonate solution at 150°C and 50 Ib./sq. in. (absolute) 

oxygen partial pressure. The results of this series of experiments 

are listed in Table A-1 and presented graphically in Figure 3. The 

removal of both total sulfur and pyritic sulfur increased steadily 

with increasing agitator speed in the range of 200-1200 r.p.m. Between 

1200 and 1400 r.p.m. the amount of sulfur extracted increased sharply. 

At agitator speeds above 1400 r.p.m., the sulfur removal began to 

level off. Between 1800 and 2100 r.p.m. it approached a constant value 

of about 90% and 63% for pyritic and total sulfur removal, respectively. 

Thus, the amount of extracted sulfur became independent of agitator 

speed which indicates that the rate of extraction is not limited by 

mass transfer of dissolved oxygen to the surface of the coal particles. 

The study of the effect of agitator speed on sulfur removal was 

repeated at a higher oxygen partial pressure, 200 Ib./sq. in. (abso

lute). The results are shown in Table A-2 and Figure 4. Starting with 

800 r.p.m., the removal of pyritic sulfur at the higher oxygen pres

sure increased more rapidly and leveled off sooner (at about 1200 r.p.m.) 

than the removal of pyritic sulfur achieved with the lower oxygen 

partial pressure. The sulfur reduction achieved with the highest 

agitator speed was higher with 200 Ib./sq. in. oxygen pressure than 

with 50 Ib./sq. in. oxygen pressure. The reason for the steeper rise 

in sulfur removal with increased agitator speed may be the higher 

solubility of oxygen in the alkaline leach solution at higher 

pressure. With increased stirring rate the mass transfer rate is 

higher for the solution with the greater oxygen concentration, and, 
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as more oxygen is transported to the surface of the particles, the 

reaction proceeds progressively faster. At the plateau, further 

increases in rotation speed have no effect on the reaction rate, 

meaning that the controlling mechanism is not mass transport through 

the liquid phase. The data suggested that an agitator speed of 2000 

r.p.m. be used during the study of other parameters to avoid any 

interference due to mass transport limitations. 

In order to assess the possible effect of agitator speed on the 

further reduction in particle size of fine coal during leaching, 

three coal samples were leached at different stirring rates and then 

subjected to particle size analysis. The results are presented in 

Table 4. A slight increase in the fine particle portion at high 

agitator speed indicates that during leaching some further reduction 

in particle size is possible at higher speed, but the reduction is 

very small. 

Table 4. Particle size distribution of coal after leaching at dif
ferent agitator speeds^ 

200 r.p * m # 1000 r. p.m. 2100 r .p.m. 
Screen 
mesh 

Retained, 
wt.7o 

Passed, 
wt.% 

Retained, 
wt.% 

Passed, 
wt.% 

Retained, 
wt.% 

Passed, 
wt.% 

200 10.0 90.0 9.0 91.0 8.1 91.9 

250 17.8 82.2 22.2 77.8 17.7 82.3 

325 37.2 62.8 37.6 62.4 35.7 64.3 

400 54.5 45.5 49.2 50.8 44.8 55.2 

^Leached for 1 hr. by 0.2 M Na2C0g at ISO^C and 50 Ib./sq. in. 
(absolute) O2 pressure. 
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Effect of oxygen flow rate 

The possible influence of oxygen flow rate was investigated by 

conducting a series of experiments in which Lovilia coal was leached 

at 150°C and 150 Ib./sq. in. (absolute) oxygen partial pressure for 

1 hr. In order to prevent any build-up of gaseous reaction products, 

oxygen was supplied on demand to keep the system pressure constant and 

gas was bled continuously from the system. The data are presented in 

Table A-3 and Figure 5. The oxygen flow was varied from 1.5 to 8.0 

std. cu. ft./hr. as indicated by a rotameter which measured the gas 

vented from the reactor. Apparently, there was no effect on either 

the total sulfur reduction or the heating value recovery. Therefore, 

for all further experiments, the oxygen flow rate was kept constant 

at 1.5 std. cu. ft./hr. to ensure that sufficient oxygen was supplied 

to the system. 

Effect of pulp density 

In order to study the possible effect of pulp density on desulfuriza-

tion, a series of experiments was run with from 7 to 13 wt.% solids in 

the reaction mixture. Run-of-mine Lovilia coal was used in this series 

together with a 0.2 M sodium carbonate solution and 50 Ib./sq. in. 

(absolute) oxygen partial pressure. Each experiment was run for 1 hr. 

at 150°C. The results are shown in Table A-4 and Figure 6. Over the 

range of slurry concentration explored there was no effect on sulfur 

reduction. However, the heating value recovery increased with pulp 

density. This increase may have been due to more complete recovery 
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of the leached solids by filtration and to smaller losses in handling 

the solids. 

Effect of leach solution and oxidant 

In this set of experiments, the relative effectiveness of alkaline 

versus acidic leaching conditions and of oxygen versus air as the 

oxidant was compared. Seven run-of-mine coals, -200 mesh size, were 

leached for 1 hr., at 150°C and 50 Ib./sq. in. (absolute) oxygen partial 

pressure. A 0.2 M sodium carbonate solution was used for the alkaline 

leaching experiments. For acidic leaching experiments, pure water was 

used owing to the formation of sulfuric acid during the oxidation of 

pyrite. Under each condition, either air or oxygen was supplied to the 

autoclave, but the oxygen partial pressure was kept the same, 50 lb./ 

sq. in. (absolute). Tlie results, averaged for duplicate runs, are 

shown in Table A-5. 

In each case, the heating value recovery was high, but it was 

slightly greater for coal leached under acidic conditions than under 

alkaline conditions. However, the percentage sulfur reduction was 

higher for alkaline than for acidic conditions. Since the relative 

merits of air versus oxygen were more difficult to discern, the data 

were subjected to statistical analysis. The details of this analysis 

are shown in Appendix B. 

The general conclusions from the statistical analysis are that 

the nature of the leaching solution (alkaline or acidic) has a greater 

effect on the desulfurization efficiency than the nature of the 

oxidant (air or oxygen). Also, it can be said that desulfurization 
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is more effective, at a 99.5% confidence level, with alkaline than 

with acidic solutions, and oxygen is better than air at a 95% confi

dence level. The data in Table A-5 show that in most cases the 

pyritic and organic sulfur contents were significantly lower for 

the alkaline leaching conditions. No significant difference can be 

seen in the organic sulfur content between using air and oxygen. But 

for the pyritic sulfur content, use of oxygen seems to result in lower 

values than use of air. 

Effect of alkali concentration 

Since alkaline leaching solutions were shown to be more effective 

than acidic solutions, the concentration of alkali was varied quantita

tively to study its effect on the extent of sulfur removal. Western 

Kentucky and Lovilia coals, -400 mesh size, precleaned by treating 

with trichloroethylene, were leached for 2 hr. at 130°C and 275 lb./ 

sq. in. (absolute) oxygen partial pressure. The concentration of sodium 

carbonate in the leaching solution was 0.2, 1.0 or 2.0 M. The data in 

Table A-6 show that the reduction of total, organic, or pyritic sulfur 

was not improved by increasing the concentration of alkali. On the 

contrary, the ash content increased, and the heating value recovery 

decreased with increasing alkali concentration. 

In order to investigate more thoroughly the influence of alkali 

concentration on desulfurization, run-of-mine Lovilia coal, -200/+250 

mesh size, was leached for 1 hr. at 150^0 and 50 Ib./sq. in. (absolute) 

oxygen partial pressure with sodium carbonate solutions of various 

concentrations. The results are shown in Table A-7 and Figure 7. 
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The reduction in total sulfur was 58% with no sodium carbonate in the 

leaching solution. The presence of even a small amount of alkali, 

i.e., 0.05 M sodium carbonate, improved the total sulfur reduction 

significantly, to 66%. Further increases in the alkali concentration 

improved only slightly on the total sulfur reduction, while at higher 

concentrations the total sulfur reduction and heating value recovery 

even decreased. The optimum concentration was found to be 0.15-0.2 M 

sodium carbonate, with approximately 71% reduction in total sulfur. 

Effect of residence time 

This series of experiments was designed to investigate the effect 

of residence or leaching time on desulfurization. Run-of-mine Lovilia 

coal, -200/+250 mesh size, was leached with a 0.2 M sodium carbonate 

solution at 150°C and either 50 or 200 Ib./sq. in. (absolute) oxygen 

partial pressure for various residence times. The data, presented in 

Table A-8 and Figure 8, indicate that prolonged leaching improved the 

extraction of total sulfur. But the greatest changes took place during 

the first 1.5 hr. of leaching. After 1.5 hr. very little additional 

sulfur was extracted. The residence time seemed to affect mainly the 

removal of pyritic sulfur, because the amount of organic sulfur re

moved appeared fairly constant. On the other hand, the heating value 

recovery decreased with increasing time. Therefore, the optimum residence 

time seemed to be about 1,5 hr. 

Effect of temperature 

The effect of temperature on the desulfurization of coal is 

indicated by the results presented in Table A-9 and Figures 9 and 10. 
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Run-of-mine Lovilia coal was leached with a 0.2 M sodium carbonate 

solution for 1 hr. at 150°C and at both 50 and 200 Ib./sq. in. (abso

lute) oxygen partial pressure. At either oxygen partial pressure the 

total sulfur reduction increased first with increasing temperature, 

then passed through a broad maximum, and finally decreased rapidly. 

The temperature of maximum sulfur removal was approximately 120-150°C 

at 50 Ib./sq. in. (absolute) oxygen pressure and 140-160°C at 200 lb./ 

sq. in. (absolute) oxygen pressure. 

For either oxygen pressure, the relative reductions in pyritic 

sulfur and organic sulfur seemed to parallel the reduction in total 

sulfur, reaching optimum values in the same temperature range. The 

heating value recovery declined steadily with increasing temperature. 

The decline was much more rapid at the higher oxygen pressure, the heating 

value recovery dropping to about 35% at 200°C for the higher oxygen 

pressure. At the present time, it is not known why the unusual tempera

ture effect occurred. There may be a decrease in the solubility of 

oxygen in the sodium carbonate solution at higher temperatures. On the 

other hand, there may be a change in the reaction mechanism or 

kinetics possibly caused by the decomposition of a reactive but 

thermally unstable intermediate. Therefore, further investigation of 

the effect of temperature on desulfurization is needed. 

Effect of oxygen partial pressure 

During the study of the effect of agitator speed on the desulfuriza

tion process, a noticeable decrease was found in both the organic and 

inorganic sulfur contents at the higher oxygen pressure [200 Ib./sq. in. 
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(absolute)]. Also the study of the temperature effect at two different 

oxygen partial pressures indicated that more organic sulfur was re

moved at the higher oxygen partial pressure than that at the lower 

oxygen partial pressure. These results suggest that oxygen partial 

pressure has an important effect on the removal of both organic and 

inorganic sulfur. 

A further series of experiments was designed to study the removal 

of sulfur from different precleaned coals under four possible sets of 

experimental conditions. These four sets were established by two 

different temperatures (ISO^C and I8OOC) and two different partial 

pressures of oxygen [50 and 100 Ib./sq. in. (absolute)]. The 

results are presented in Table A-10. Every value in this table 

represents an average of two different runs for each set of condi

tions. For Lovilia, Big Ben, and Western Kentucky coals, the effects 

caused by changes in the oxygen partial pressure have apparently no 

distinguishable trends. For Scott coal, on the other hand, relatively 

significant effects were noted for a change in temperature. Both the 

pyritic and organic sulfur removal were improved by increasing the 

temperature. 

In order to study the effect of oxygen partial pressure more 

thoroughly, another series of experiments was conducted over the range 

of 25-200 Ib./sq. in. (absolute) oxygen partial pressure by leaching 

Lovilia, Pittsburgh, Illinois, and Western Kentucky coals with a 0.2 M 

sodium carbonate solution for 1 hr. at 150°C. Results are shown in 

Tables A-11 and A-12 and Figures 11 and 12. The overall reduction in 

total sulfur was best for Lovilia coal, approaching 77%. Figure 11 
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shows that the total sulfur removal increased with an increase of 

oxygen partial pressure from 25 to 100 Ib./sq. in. (absolute). Above 

100 Ib./sq. in. (absolute) oxygen pressure, the total sulfur removal 

leveled off. However, the heating value recovery remained constant, 

i.e., no further coal loss was observed when the oxygen partial pres

sure was increased. The data presented in Tables A-11 and A-12 indicate 

that the removal of both organic and pyritic sulfur increased as the 

oxygen pressure was increased in the case of Lovilia coal but not in the 

case of either Pittsburgh No. 8 or Illinois No. 5 coal. On the other 

hand, for Western Kentucky coal, only increased removal of organic 

sulfur resulted from increasing the oxygen partial pressure. The 

organic sulfur removed by the leaching process increased steadily from 

9 to 25% when the oxygen partial pressure was increased from 50 to 200 

Ib./sq. in. (absolute). For Western Kentucky coal as well as for the 

other coals, the heating value recovery was almost constant as the 

oxygen partial pressure was increased. 

The effect of oxygen partial pressure on the desulfurization of 

coal with different leaching solutions was also studied by treating 

Western Kentucky coal with a 0.2 M sodium carbonate solution, 0.2 N 

sulfuric acid, or water for 1 hr. at 150°C and from 50 to 200 lb./ 

sq. in. (absolute) oxygen partial pressure. When water was used as 

the leachant, the initially neutral solution became acidic during 

the leaching process because of the production of sulfuric acid. 

Data from Table A-13 and Figure 13 show that the reduction of total 

sulfur increased almost linearly with increasing oxygen partial 

pressure when water was used as the leachant. When sulfuric acid 
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was the leachant the reduction of total sulfur was less favorable. 

When 0.2 M sodium carbonate was the leachant, the total sulfur re

duction was much higher, but it only increased slightly with in

creasing oxygen partial pressure. The amount of organic sulfur in the 

solid residue was less than that obtained with the other leachants and 

appeared to decrease with increasing oxygen pressure. On the other 

hand, the heating value recovery under alkaline conditions was lower 

than that under acidic and neutral conditions. 

Effect of acid treatment 

It had been observed previously that during leaching of Lovilia 

coal the residual pyritic sulfur levels rarely dropped below 0.3-0.4 

Ib./lO^ BTU. In the work of Chen (12), it was postulated that a shell 

of hematite is found around a shrinking core of unreacted pyrite as a 

particle of pyrite is oxidized by the leach solution. To test this 

postulate an experiment was conducted whereby some Lovilia coal was 

first leached with an alkaline solution and next washed with hot hydro

chloric acid to dissolve the anticipated iron oxide shell. The coal was 

then leached again with an alkaline solution to extract the remaining 

pyrite. 

A three neck flask was used (Figure 2) to wash the leached coal. 

Dilute (5%) hydrochloric acid was used to treat the leached coal at 

70°C for 1 hr. The results of this experiment are summarized in 

Table 5. The first leaching step reduced the pyritic sulfur content 

from 3.37 to 0.45 Ib./lO^ BTU. Subsequent treatment with hot hydro

chloric acid did not affect the pyritic sulfur content significantly 



70 

Table 5. Effect of acid treatment on repeated leaching of coal* 

Sulfur distribution, Total S. H.V. 
H.V., Ash, lb./10^ BTU redn., recov. 

Treatment Btu/lb. % Pyr. Sulf. Org. Tot. % % 

None 10,726 17.95 3.37 0.94 0.90 5.21 — — 

10,537 19.39 0.45 0.09 0.76 1.30 75.0 — 

Irf-A° 11,929 8.76 0.43 0.05 0.77 1.25 76.0 — 

Ir|-A+L 9,656 26.13 0.14 0.26 0.84 1.24 76.2 73.5 

^Lovilia coal (-200/+250 mesh), uncleaned. 

= leached 1 hr. with 0.2 M Na2C03 at ISQOC and 50 Ib./sq. in. 
(absolute) O2. 

= acid treated for 1 hr. at 70OC with 60 ml. conc. HCl + 540 
ml. HgO. 

but did reduce the ash content markedly. The second alkaline leaching 

step reduced the pyritic sulfur content to 0.14 lb./10^ BTU. Since the 

final pyritic sulfur content was much lower than that obtained in 

previous experiments after 2.0 hr. or even 3.0 hr. of leaching in a 

single treatment (see Table A-8), the results supported the initial 

postulate. In other words, the results strongly suggest that the 

rate of pyritic sulfur removal from a single particle is slowed by the 

build-up of a shell of iron oxide around a reacting core of pyrite. 

The high ash content of the final product after the second alkaline 

leaching step was due to the difficulty of filtration. The slurry was 

dried by evaporation without washing instead of being filtered and then 

dried. 
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Sodium bicarbonate solution 

Since sodium bicarbonate is one of the neutralization products 

of sodium carbonate and would be present in the sodium carbonate 

leaching system, several experiments were conducted to see how well 

the process would work with sodium bicarbonate. In addition the 

effects of both temperature and concentration were studied for the 

sodium bicarbonate system. 

Effect of temperature. The effect of temperature on the de-

sulfurization of coal by a sodium bicarbonate leaching solution is 

indicated by the results presented in Table A-14 and Figure 14. Run-

of-mine Lovilia coal, -200/+250 mesh, was leached with a 0.4 M sodium 

bicarbonate solution at 50 Ib./sq. in. (absolute) oxygen pressure and 

different temperatures for 1 hr. The total sulfur reduction increased 

at first with increasing temperature, passed through a broad maximum, 

and then decreased. The temperature range for maximum desulfurization 

was approximately 140-160°C. The greatest reduction in total sulfur 

content was about 77%. 

The relative reduction in either pyritic sulfur or organic sulfur 

seemed to parallel the reduction in total sulfur, reaching an optimum 

value in the same temperature range. On the other hand, the sulfate 

sulfur reduction appeared to decrease gradually with increasing tempera

ture, The heating value recovery declined slowly at first and then 

more rapidly with increasing temperature and went from 90% at 1200C 

to 63% at 200°C. The effect of temperature on the sodium bicarbonate 

leaching system appeared similar to that noted previously for the sodium 

carbonate leaching system. Although the cause of the decline in sulfur 
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removal at higher temperatures is not known, the results are at least 

consistent. 

Effect of concentration. To study the effect of alkali concentra

tion on desulfurization in the sodium bicarbonate system, run-of-mine 

Lovilia coal, -200/+250 mesh, was leached for 1 hr. at 150°C and 50 

Ib./sq, in. (absolute) oxygen partial pressure with sodium bicarbonate 

solutions of various concentrations. The results are presented in 

Table A-15 and Figure 15. With a small concentration of sodium 

bicarbonate (O.I M) , the total sulfur reduction was only 59%. In

creases in alkali concentration increased the total sulfur removal 

until a maximum of 77% was removed at a concentration of 0.4 M. Further 

increases in alkali concentration did not improve sulfur removal. 

Higher concentrations of alkali were detrimental to the heating value 

recovery. The recovery declined from 91 to 80% as the sodium bicarbonate 

concentration was increased from 0.1 to 1.0 M. The apparent optimum 

concentration of sodium bicarbonate (0.4 M) has the same concentration 

of sodium ions as the optimum concentration of sodium carbonate 

(0.2 M). The total sulfur reduction seemed to be slightly better for 

sodium bicarbonate solutions than for sodium carbonate solutions. 

In summary, the effect of alkali concentration was about the same for 

both sodium carbonate and sodium bicarbonate solutions. 

Effect of sodium sulfate 

Since sodium sulfate is one of the principal reaction products 

when coal pyrite is leached with a hot alkaline solution, it was 

important to determine what effect adding sodium sulfate would have 
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on the leaching process. Run-of-mine Lovilia coal, -200/+250 mesh, was 

leached for 1 hr. with a 0.2 M sodium carbonate solution at 150°C and 

50 Ib./sq, in. (absolute) oxygen partial pressure with various concentra

tions of sodium sulfate. The results are shown in Table 6. Although 

there was noticeable variation in the results from one run to the next, 

this variation seemed more or less random, and adding increasing amounts 

of sodium sulfate to the reaction mixture had little effect on the 

overall results. 

Table 6. Effect of sodium sulfate on leaching of Lovilia coal* 

Sulfur distribution, Tot. S. H.V. 

M Btu/lb. % Pyr. Sulf. Org. Tot. % % 

— 10,940% 16.69 2.88 0.88 0.88 4.64 — — 

— 10,175^ 18.63 3.84 0.92 1.02 5.78 — — 

0.0 9,601d 23.22 0.76 0.15 0.87 1.78 69.2 86.1 

0.2 10,251 21.94 0.83 0.06 1.06 1.95 57.97 84.05 

0.4 10,154 22.68 0.10 1.00 0.67 1.77 61.85 83.75 

0.6 10,211 22.24 0.80 0.11 1.18 2.09 54.96 83.79 

0.8 10,229 22.11 0.84 0.08 0.75 1.67 64.01 86.10 

1.0 10,339 21.27 0.60 0.16 0.74 1.50 67.67 84.00 

Leached with 0.2 M Na2C03 solution with adding various concentra
tions of Na2S04, at 150OC, 50 Ib./sq. in. (absolute) oxygen pressure 
for 1 hr. 

^Heating value, ash content, and sulfur distribution of unleached 
coal, 

^Heating value, ash content, and sulfur distribution of unleached 
coal used for d. 
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In the run made with 0.4 M sodium sulfate, the pyritic sulfur 

content of the product was unusually low and the sulfate sulfur content 

unusually high. This result was probably due to an error in chemical 

analysis. 

Comparison of different alkalis 

Tai, et al. (75) investigated the effectiveness of different 

alkalis [Na^COg, NaOH, Na^PO^ and (NH^)2C02] for the oxydesulfurization 

of pyrite and found that sodium carbonate gave the best results. This 

study was extended to the application of various alkalis for the oxy

desulfurization of coal in the present work. Magnesium carbonate, 

lithium carbonate and potassium carbonate were used in leaching 

experiments with run-of-mine Lovilia coal, Pittsburgh No. 8 coal and 

Illinois No. 5 coal. The -200 mesh coals were leached with a 0.2 M 

solution of one of the alkali metal carbonates at 150°C and 50 lb./ 

sq. in. (absolute) oxygen pressure for 1 hr. The results are pre

sented in Tables 7, 8 and 9. 

The total sulfur reduction obtained with magnesium carbonate was 

lower than that obtained with sodium carbonate. Thus only 35% of the 

total sulfur was removed from Lovilia coal and 29% from Pittsburgh 

No. 8 coal when magnesium carbonate was used. This compares with 

total sulfur removal of 64-72% for Lovilia coal and 43% for Pittsburgh 

No. 8 coal when sodium carbonate was used. The poorer results obtained 

with magnesium carbonate were due to less removal of pyritic sulfur. 

It appeared that as much or more organic sulfur was removed from 

either Lovilia or Pittsburgh No. 8 coal by the magnesium carbonate 
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Table 7. Effect of magnesium carbonate on coal desulfurization^ 

H.V., Ash, 
Sulfur distribution, 

lb./106 BTU 
Tot. S. 
redn., 

H.V. 
recov., 

Goal type Btu/lb. % Pyr. Sulf. Org. Tot. % % 

Lovilia 
11 
tt 

10,390^ 
9,161 
9,194 

18.34 
24.66 
24.39 

3.12 
2.39 
2.34 

0.94 
0.15 
0.13 

1.03 
0.77 
0.85 

5.09 
3.31 
3.32 

34.97 
34.77 

90.16 
91.59 

Pittsburgh 
No. 8 

It 
II 

12,916^ 
12,049 
12,925c 

12.65 
18.51 
12.59 

1.01 
0.61 
0.18 

0.07 
0.03 
0 

1.13 
0.93 
1.09 

2.21 
1.57 
1.27 

28.96 
42.50 

100.00 
92.2 

^Coal, -200 mesh, leached with 0.2 M MgCOg for 1 hr. at ISO^C 
and 50 Ib./sq. in. (absolute) O2 pressure. 

^Heating value, ash content, and sulfur distribution of unleached 
coal. 

*^Coal, -200 mesh, leached with 0.2 M Na2C03 for 1 hr. at 150°C 
and 50 Ib./sq. in. (absolute) 0^ pressure. 

system as by the sodium carbonate system. The heating value recovery 

was higher for both coals treated by the magnesium carbonate system. 

The results obtained with lithium carbonate were about the same 

as those obtained with sodium carbonate for all three coals. However, 

the pyritic sulfur removal was slightly higher with lithium carbonate 

for both Pittsburgh No. 8 and Illinois No. 5 coal. 

The results achieved with potassium carbonate (58% total sulfur 

removal) were better than those achieved with sodium carbonate (42% 

total sulfur removal) in the case of Lovilia coal. The difference in 

total sulfur removal was due mainly to greater removal of pyritic 

sulfur by the potassium carbonate system. 
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Table 8. Effect of lithium carbonate on coal desulfurization^ 

H.V. , Ash, 
Sulfur distribution, 

lb./106 BTU 
Tot. S. 
redn., 

H.V. 
recov., 

Goal type Btu/lb. % Pyr. Sulf. Org. Tot. % % 

Lovilia 
t l  

I I  

10,726^ 
10,533 
10,498 

17.95 
19.42 
19.69 

3.37 
0.63 
0.62 

0.94 
0.08 
0.08 

0.90 
0.69 
0.70 

5.21 
1.40 
1.40 

73.13 
73.13 

85.80 
86.37 

Pittsburgh 
No. 8 

I t  

11 

12,916^ 
12,944 
12,925c 

12.65 
12.46 
12.59 

1.01 
0.08 
0.18 

0.07 
0.02 
0 

1.13 
1.10 
1.09 

2.21 
1.20 
1.27 

45.70 
42.50 

97.71 
92.20 

Illinois 
No. 5 

I I  

I I  

11,899^ 
11,400 
11,190^ 

13.65 
17.27 
18.80 

1.26 
0.14 
0.32 

0.14 
0.03 
0.04 

1.28 
1.43 
1.37 

2.68 
1.60 
1.73 

40.30 
35.60 

88.86 
88.30 

^Coal, -200 mesh, leached with 0.2 M Li^CO^ for 1 hr. at 150°C 
and 50 Ib./sq. in. (absolute) Og pressure. 

^Heating value, ash content, and sulfur distribution of unleached 
coal. 

"^Coal, -200 mesh, leached with 0.2 M Na2C02 for 1 hr. at 150°C and 
50 Ib./sq. in. (absolute) O2 pressure. 

Removal of organic sulfur from precleaned coal 

In order to study the parameters affecting organic sulfur removal, 

Childers coal was precleaned by physical methods. Run-of-mine coal was 

crushed with a roll crusher and then cleaned by float/sink separation 

using a magnetite suspension having a specific gravity of 1.29. The 

float coal was pulverized with a Mikro-pulverizer, ball milled and 

cleaned further by froth flotation using methyl isobutyl carbinol as 

the frother. Finally, the cleaned coal was screened to remove particles 
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Table 9. Effect of potassium carbonate on coal desulfurization* 

Type of H.V., Ash, 
Sulfur distribution, 

lb.710° BTU 
Tot. S. 
redn., 

H.V. 
recov., 

alkali Btu/lb. % Pyr. Sulf. Org. Tot. % % 

_b 
9,427 21.56 2.69 0.23 0.89 3.82 — — 

0.2 M 

NagCOg 8,384 30.25 1.56 0.10 0.56 2.22 41.88 74.04 

0.2 M 
K^CO, 8,715 27.48 0.96 0.08 0.55 1.59 58.38 78.58 

^Lovilia coal, -200 mesh, leached for 1 hr. at ISO^C and 50 lb./ 
sq. in. (absolute) 0^ pressure. 

^Heating value, ash content, and sulfur distribution of unleached 
coal. 

larger than 200 mesh. The sulfur distribution and ash content of the 

coal before and after cleaning are presented in Table 10. 

Table 10. Sulfur distribution of Childers coal before and after cleaning 

Tot. S., Pyr. S., Sulf. S., Org. S., Ash, 
Coal wt.% wt.% wt.% wt.% wt.% 

R.O.M. (1/4 in. x 4 mesh) 7.40 2.85 1.10 3.45 12.37 

Physically cleaned 
(-200 mesh) 5.21 1.02 0.15 4.04 4.36 

The cleaned Childers coal, -200 mesh, had a low pyritic sulfur 

content, 1.02 wt.%, and relatively high organic sulfur content, 4.04 

wt.%. Therefore it was an ideal material for studying the parameters 

which affect organic sulfur removal. The cleaned coal was leached with 



80 

a 0.2 M sodium carbonate solution at different oxygen partial pres

sures [50, 100, 150 Ib./sq. in. (absolute)], different temperatures 

(120, 150, 180, 200°C), and different reaction times (0.5, 1.0, 2.0 

hr.). The results of this series of runs are presented in Tables A-16, 

A-17, A-18, A-19 and Figures 16, 17 and 18. In general, the organic 

sulfur removal increased with increasing oxygen partial pressure, 

reaction time and reaction temperature. At 120°C, the organic sulfur 

removal was low (3 to 8%) but it increased slightly when either the 

oxygen partial pressure or the reaction time were increased, while the 

heating value recovery remained almost constant (94-95%). At 150°C, 

the organic sulfur removal was slightly higher (4-12%) and the heating 

value recovery lower (66-93%). At 180°C, the organic sulfur removal 

was greater (9-37%) and the heating value recovery much lower (44-83%). 

Finally, at 200OC, the organic sulfur removal was the highest of all 

(10-98%) and the heating value recovery the lowest of all (7-82%). 

Organic sulfur removal increased rapidly with increases in either 

reaction time or oxygen partial pressure (Figure 17). However, the 

heating value recovery declined tremendously at higher oxygen partial 

pressures and longer reaction times. Thus it was only 7% when the 

reaction was conducted with 150 Ib./sq. in. (absolute) oxygen partial 

pressure at 200°C for 2 hr. It indicated that most of the coal was 

consumed at these extreme conditions. For this series of experiments 

the data were scattered because of the errors generated during each run 

and the errors in the sulfur determination of the solid residue. 

This series of experiments showed that the organic sulfur removal 

could be improved by increases in oxygen partial pressure, reaction 
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temperature or reaction time. However, the improvement in organic 

sulfur removal was at the expense of heating value recovery, especially 

when extreme conditions were applied. In Figure 18 the percent organic 

sulfur removed is plotted against the percent heating value loss for 

this series of runs. In this case the percent sulfur removed is based 

on the specific sulfur content of the coal. According to this diagram 

the organic sulfur removed is directly proportional to the heating value 

loss. The relationship is similar to one observed by Warzinski, et al. 

(81) which is represented by the dashed line in Figure 18. The slopes 

of the two lines differ since different kinds of coal and different 

conditions were used in the two investigations. In the experiments 

of Warzinski, et al., various coals were leached with acidic solutions 

at temperatures ranging from 150 to 250°C, while an Iowa high volatile 

C coal and alkaline conditions were used in the present study. 

Two-step leaching 

An attempt was made to improve the alkaline leaching process by 

adding a second step which was conducted under nonoxidizing conditions 

at a higher temperature than the first step. In the first step, fine-

size coal was leached for 1 hr. with 0.2 M sodium carbonate at 150°C 

and 50 Ib./sq. in. (absolute) oxygen partial pressure. At the end of 

this step, the oxygen flow rate was interrupted, and the reactor was 

thoroughly flushed with nitrogen while the temperature was raised to 

230-240°G. When this temperature was reached, the system conditions 

were kept constant for 1 hr. At this time, the oxygen partial pressure 

was essentially zero and the total pressure of the system was 450-500 
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Ib./sq. in. (gauge). It was hoped that the increase in temperature 

would remove additional organic sulfur. Moreover, by removing all 

oxygen from the system, it was likely that the coal heating value would 

not be affected. 

Run-of-mine Lovilia and Western Kentucky coals were subjected to 

the two-step process. The results obtained with Lovilia coal are 

presented in Tables 11 and A-20. These results indicate that the two-

step method reduced the organic sulfur content of Lovilia coal 25-73%, 

while the one-step method reduced the organic sulfur content only 15%. 

On the other hand, the pyritic sulfur content was not reduced signifi

cantly more by the two-step method than by the one-step method. The 

data also seem to indicate that an increase of temperature from 230 to 

240°C improved the removal of organic sulfur. However, the heating 

value recovery declined from 86% for the one-step treatment to about 

80% for the two-step treatment. Hence, the loss of coal during the 

second step was considerably smaller than the loss during the first 

step. 

The results of applying the two-step treatment to Western Kentucky 

coal are shown in Tables 12 and A-21. Although the total sulfur content 

was not much lower after the two-step treatment than after the one-step 

treatment, the organic sulfur content was significantly lower. Again, 

the heating value recovery was only slightly lower, after the two-step 

treatment than after the one-step treatment. 

Therefore the results obtained with both kinds of coal indicated 

that higher temperature, nonoxidizing treatment of the second step 
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Table 11. Two-step leaching of Lovilia coal (-200/+250 mesh) 

Treatment^ 
H.V., 
Btu/lb. 

Total S 
redn., % 

Org. S 
redn., % 

H.V. 
recov., % 

Untreated 10,175 — — — 

Step I 9,601 69.2 14.7 86.1 

Untreated 10,390 — — — 

Step I + II 
(2IO-235OC) 9,621 73.1 49.5 78.0 

Untreated 10,940 — — — 

Step I + II 
(230OC) 10,209 65.5 25.0 84.7 

Step I + II 
(230°C) 10,250 72.6 71.6 80.6 

Step 1+ II 
(240OC) 10,211 73.5 72.7 79.1 

Step I + II 
(240OC) 10,296 76.7 58.0 80.0 

^Step I: Leached 1 hr. at 150°C and 50 Ib./sq. in. (absolute) O2 
with 0.2 M Na2C03. Step II: Leached 1 hr. with 0.2 M Na2C03 at indi
cated temperature in N2 atmosphere. 

would increase the organic sulfur removal without greatly decreasing 

the heating value recovery. 
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Table 12. Two-step leaching of Western Kentucky coal (-200 mesh) 

Treatment^ 
H.V., 
Btu/lb. 

Total S 
redn., % 

Org. S 
redn., % 

H.V. 
recov., % 

Untreated 10,890 — — 

Step I 10,322 53.1 8.0 90.0 

Untreated 10,559 — — — 

Step I + II 9,936 58.4 14.9 83.5 

Step I + II 10,013 58.1 31.4 86.8 

Step I: Leached 1 hr. at ISO^C and 50 Ib./sq. in. (absolute) O2 
with 0.2 M Na2C03. Step II: Leached 1 hr. with 0.2 M Na2C03 at 230°C 
and 450 Ib./sq. in. (gauge) in N2 atmosphere. 

Desulfurization of Coal-Derived Pyrite 

Conversion-time data 

In order to study the kinetics of pyrite leaching, a number of 

experiments were carried out in which acid-cleaned pyrite particles 

were leached in the 1 1. autoclave for a specific time under a given 

set of operating conditions. Since several different runs were made 

of varying time length for each set of operating conditions, data were 

obtained which showed how the total sulfur extracted from the particles 

or conversion varied with leaching time. The total sulfur extracted 

during each run was based on a chemical analysis of the final leach 

solution, and the conversion was taken to be the quantity of sulfur 

extracted divided by the total quantity of sulfur present in the pyrite 

initially. Details of the chemical analysis calculation procedure 
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are given in Appendix C. 

In all of these experiments 2.0 g. of pyrite was leached with 500 

ml. of 0.2 M sodium carbonate solution using an agitator speed of 

2000 r.p.m. and an oxygen flow rate of 1.5 std. cu. ft./hr. Typical 

results are shown in Figure 19 for -40/+60 mesh particles and in 

Figure 20 for -120/+140 mesh particles. In both cases the particles 

were leached at 150°C using 50 Ib./sq, in. (absolute) oxygen partial 

pressure. Each point in these diagrams represents a separate run. 

The slope of the curve plotted by the points corresponds to the leaching 

rate. With either particle size the leaching rate was high initially 

and then tapered off as the conversion approached larger values. The 

average leaching rate was greater for the smaller particles than for 

the larger particles so that after 1 hr. of leaching 95% of the sulfur 

was extracted from the former but only 60% from the latter. 

Leaching experiments were carried out with other sets of operating 

conditions to explore the effects of temperature and oxygen partial 

pressure as well as particle size on the rate of sulfur extraction 

from pyrite. The results of these experiments are summarized in Tables 

D-1 and D-2 and are analyzed in the following sections of this report. 

Modeling 

Reaction kinetics 

Hydrometallurgical processes which involve leaching of mineral 

particles with an oxidant usually include the steps of mass transport 

of oxidant and/or hydrogen ions through the particle mass, chemical 
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reaction at or within the particles, and mass transport of the products 

from the reaction zone. Recently, a number of attempts to use the 

shrinking unreacted core model to describe this reaction mechanism have 

been reported (8, 41, 84). 

The preliminary study by Chen (12) indicated that the oxydesulfuriza-

tion of an individual pyrite particle in an alkaline solution involves 

a shrinking unreacted core process. This type of process was also 

indicated by Greer's observations (34). His photomicrographs of partly 

reacted particles showed that as the reaction of pyrite proceeds the 

pyrite is converted to hematite which forms a concentric shell about an 

inner core of unreacted material. Photomicrographs of typical partially 

reacted pyrite particles are shown in Figures 21 and 22. 

The shrinking unreacted core model proposed by Levenspiel (49) is 

described below. 

In general, a reaction such as the pyrite leaching reaction may be 

represented by the equation, 

A (fluid) + b B (solid) = products (48) 

It is assumed that the particles are spherical in shape and remain 

unchanged in size during reaction. The reaction occurs initially at the 

outer surface of each particle. As the reaction proceeds, the reaction 

zone moves into the solid, and leaves behind a rim of completely con

verted material which is sometimes called the "ash" layer. The un

reacted core of each particle shrinks in size during the reaction. A 

schematic diagram representing the shrinking unreacted core model is 

shown in Figure 23. 



Figure 21. Partially reacted pyrite from chemical leaching of coal. 
A hematite (2^203) reaction rim is indicated by the arrows 
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Figure 22. The photomicrograph of a large leached pyrite particle. 
P = unreacted pyrite 
H = the reaction rim of hematite 
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LIQUID FILM 

Figure 23. Representation of shrinking unreacted core model for single 
particles 
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The overall process may involve the following individual steps: 

Step 1. Diffusion of reactant A through the fluid film surrounding 

the particle to the surface of the solid. 

Step 2. Diffusion of reactant A through the ash layer to the 

surface of the unreacted core. 

Step 3. Surface reaction of reactant A and solid. 

Step 4. Diffusion of gaseous or liquid products through the ash 

layer to the outer surface of the solid. 

Step 5. Diffusion of gaseous or liquid products through the fluid 

film back to the bulk of the fluid. 

Figure 23 shows a partially reacted particle and the relative 

positions of the fluid film, the reacted ash shell and the unreacted 

core. As indicated by Figure 23, the overall process consists of chemical 

reaction at the surface, and the diffusion of fluid reactants and products 

through the solid-product layer and through the boundary layer at the 

external surface of the solid. The overall reaction rate may be 

controlled either by the rate of chemical reaction or by the rate of 

diffusion. In general, the external mass transport through the fluid 

boundary layer provides only a negligible resistance for the overall 

process. 

A detailed mathematical analysis of the shrinking unreacted core 

model was presented by Levenspiel (49). Three different rate-controlling 

mechanisms were considered. The following equations were developed 

for these mechanisms : 
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(1) Diffusion through fluid film controls 

•^ = 1 - = Xg (49) 

T = SbkgCAi (50) 

(2) Diffusion through ash layer controls 

•^ = 1 - 3(1 - Xg)2/3 + 2(1 - Xg) = p(Xg) (51) 

PfiR^ 

(3) Chemical reaction controls 

i = 1 - (1 - Xg)^/^ = g(Xg) (53) 

P.R 

In developing Equations 51 and 52, the pseudo steady state ap

proximation was used. For the desulfurization of coal-derived pyrite by 

a hot alkaline (sodium carbonate) solution containing dissolved oxygen, 

the apparent reactions are as follows: 

FeSg + 3.75 O2 + 2 H^O = 0.5 FegOg + 2 H^SO^ (55) 

HgSO^ + 2 NagCOg = Na^SO^ + 2 NaHCO^ (56) 

The sulfur is removed in the form of soluble sulfuric acid and 

iron remains as insoluble iron oxide or hematite (12). The sulfuric 

acid generated in the process is immediately neutralized by the alkali. 

Therefore, in this system, iron pyrite can be regarded as solid B and 

dissolved oxygen as reactant A in Equation 48. 
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Selection of a model 

According to the preceding discussion, there are three possible 

steps which may control the rate of the pyrite leaching process. From 

the earlier experiments with coal, it was observed that mass transport 

through the liquid surrounding the particles would not be rate-controlling 

providing an agitator speed of 2000 r.p.m. was employed. It was assumed 

that this would also be true in the case of pyrite particles. There

fore that left two other possibilities to be considered. In order to 

choose between these possibilities, two approaches were used. The first 

approach involved plotting the data on a graph and fitting a straight 

line by eye. The second approach involved fitting mathematical functions 

to the data by a nonlinear regression technique using an electronic 

computer. 

If ash layer diffusion controls the rate of the leaching process, 

then according to Equation 51 a plot of p(Xg) against reaction time t 

should give a straight line. However, if the chemical reaction controls 

the rate, a plot of g(Xg), as defined by Equation 53, against reaction 

time should yield a straight line. 

For all the runs, a plot of p(Xg) versus t gave the best subjective 

fit to a straight line indicating that diffusion of the dissolved oxygen 

through the ash layer controls the rate of reaction. However, a good 

fit of the data to this model was not achieved over the whole range of 

conversion but generally only from zero to between 60 and 80%. In 

one case a good fit was obtained over the range from 0 to 90% con

version. Nevertheless the model seemed to give a poor representation 

of actual behavior at high conversions. The limiting conversion for a 
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good fit is indicated by Table 13 for various sets of operating condi

tions. For some sets of conditions, the leaching experiments were not 

continued beyond 30 min. so the point where the model failed to give a 

good fit was not determined. Typical results of fitting a straight line 

to the data are shown in Figures 24 and 25. From these diagrams, it 

is clear that a plot of g(Xg) versus t does not fall on a straight 

line, while a plot of p(Xg) versus t falls nearly on a straight line. 

In order to test the fit of the two models to the data in a more 

objective manner, a nonlinear regression and coefficient of determina

tion analysis was carried out. Since different sets of experiments were 

not all continued for the same length of time, only reaction data for 

the first 30 min. of each set were used for this analysis. 

In the leaching experiments, reaction time was measured very ac

curately and therefore was subject to little error while conversion 

was determined much less accurately and was subject to considerable 

error. Hence, for the purpose of statistical analysis, time was re

garded as the independent variable and conversion as the dependent 

variable. For the purpose of nonlinear regression, Equations 51 and 

53 were rearranged as follows; 

(1) Chemical reaction controls 

Xg = 1 + (57) 

(2) Diffusion through ash layer controls 

2t 
4TT + arcos(— - 1) 3 

Xg = 1 - [1/2 + cos( )] (58) 
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Table 13. Limiting conversion for a good fit to the ash layer diffusion 
controlled model& 

Limiting values for 
O2 press., a good fit 

Set Size, Ib./sq. in. Temp., Time, Conversion 
No. mesh (absolute) OC min. 

1 -40/+60 50 150 55.0 0.6408 
2 -60/+80 50 150 60.0 0.7384 
3 -80/+100 50 150 45.0 0.7917 
4 -100/+120 50 150 30.0 0.7061 
5 -120/+140 50 150 25.0 0.7561 
6 -40/+60 100 150 40.0 0.5988 
7 -60/+80 100 150 40.0 0.7213 
8 -80/+100 100 150 25.0 0.6875b 

9 -100/+120 100 150 25.0 0.7734 
10 -120/+140 100 150 2500 0.8984% 
11 -40/+60 50 120 27.5 0.2692% 
12 -40/+60 50 140 27.5 0.3703b 
13 -40/+60 50 160 30.0 0.4852% 
14 -40/+60 50 180 30.0 0.4991% 
15 -40/+60 150 150 30.0 0.5936% 

^Acid cleaned pyrite leached with 0.2 M Na^CO^ solution. 

^This limit was determined by length of experiment rather than 
model fit. 

A detailed description of the nonlinear regression analysis 

is given in Appendix E. The results of this analysis are presented in 

Tables 14 and E-3. The coefficient of determination (R-SQUARE) for the 

diffusion controlled model ranged from 0.92 to 0.99 while the coefficient 

of determination for the chemical reaction controlled model ranged from 

0.66 to 0.92. But for any given set of conditions the coefficient of 

determination for the first model was always greater than for the 

second. Therefore, the model representing diffusion through the ash 

layer fit the data much better than the model representing chemical 
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Table 14. Statistical analysis of data for pyrite leaching® 

O2 press., 
Particle size, Ib./sq. in. 

mesh (absolute) 
R-SQUARE^ 

Diff. control Chem. rxn control 

-40/+60 50 0.9949 0.7345 

-40/+60 100 0.9818 0.7349 

-40/+60 150 0.9839 0.7259 

*Acid cleaned pyrite leached with 0.2 M NagCO^ solution at 150°C. 

^R-SQUARE = coefficient of determination. 

reaction. Since the coefficient of determination for the ash layer 

diffusion model was also quite high, it appeared that diffusion through 

the ash layer is the controlling step, at least during a large part of 

the reaction of each particle. 

Effective diffusivitv calculation 

For the pyrite leaching process, the dissolved oxygen has to 

diffuse through the porous solid before it can react with the pyrite. 

The rate of diffusion is influenced not only by the diffusivity of the 

dissolved oxygen but also by the pore structure of the hematite layer. 

Both the porosity and tortuosity of this layer, may be important. In 

order to combine these factors, the effective diffusivity is used to 

represent this kind of diffusion. Calculation of the effective dif

fusivity (Dg^g) involves two steps: 

(1) determine the time required for complete reaction (T) of 

particles of a given size under a specific operating 
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condition by nonlinear regression analysis, 

(2) calculate the effective diffusivity by using the equation 

-eff ôbC^j^T 

Values of T determined by nonlinear regression analysis are pre

sented in Tables 15 and D-1. An example calculation of is given 

below. For the pyrite reaction (Equation 48) the stoichiometric coeffi

cient b is 4/15. For -40/+60 mesh pyrite particles leached at ISQOC 

and 50 Ib./sq. in. (absolute) oxygen partial pressure, t was found to 

be 18,299 sec. The density of the impure coal-derived pyrite particles 

was somewhat lower than that of pure mineral pyrite. For each different 

particle size, the density was measured with a pycnometer and the mole 

density calculated as follows: 

(47.48 g. S)(4.25 g. solids/cu. cm. solids) 
~ (100 g. solids) (64.12 g. S/mole FeSg) 

= 0.03147 mole FeSg/cu. cm. solids 

A summary of the density and porosity of each different size of 

pyrite is presented in Table 16. 

In this study, the pyrite particles were assumed to be spherical 

in shape. Therefore, the average radius of each size was calculated 

and this value is also shown in Table 16. It was assumed that the 

solubility of oxygen in an alkaline solution was the same as the solu

bility in water given by Pray, et al. (63). At 150°C and 50 Ib./sq. in. 

(absolute) oxygen partial pressure, the solubility of oxygen in water 

is 0.0675 ml./g. water. 
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Table 15. Time required for complete conversion for each diffusion 
control 

O2 partial press., 
Particle size. Temp., Ib./sq. in. T 

mesh °C (absolute) (sec.) 

-40/+60 150 50 18,299 

-60/+80 150 50 13,540 

-80/+100 150 50 7,134 

Table 16. Density and porosity of pyrite 

Particle size, 
mesh 

Radius, 

Total 
sulf., 
wt.% 

Density*, 
g./ml. 3 g. mole/cm-^ Porosity 

-40/+60 167.50 47.48 4.25 0.03147 0.2448 

-60/+80 106.75 47.65 4.30 0.03195 0.2333 

-80/+100 81.50 47.29 4.37 0.03221 0.2270 

-100/+120 68.50 47.37 4.43 0.03273 0.2145 

-120/+140 57.50 47.20 4.50 0.03315 0.2045 

^Density measured by pycnometer. 

C^l = 22400^ ~ 3,013 X 10 ̂  g. mole/cu. cm. 

Using the above information, the effective diffusivity is calculated 

as follows: 

D = (0.03147)(0.01675)2 

(6) (4/15) (5.083) (3.013 x lO"*) 

= 10.009 X 10 ̂  sq. cm./sec. 
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The calculated diffusivities for the different sizes of particles 

and different operating conditions are presented in Tables 17 and D-1. 

Because the oxygen solubility in a sodium carbonate solution was assumed 

to be the same as the oxygen solubility in water, the determination of 

the value of T and b the calculated values of diffusivity may be in 

error. The effective diffusivity of leached pyrite particles deter

mined by Chen (12) was in the range of 2.0 to 0.5 x 10 ^ sq. cm./sec. 

Although his values are smaller than the values determined here 

(4.1 to 10.0 X 10 ̂  sq. cm./sec.), they are about the same order of 

magnitude (10 ̂  sq. cm./sec.). 

Table 17. Effect of particle size and oxygen pressure on the effective 
diffusivity 

Particle size, 
mesh 

02 partial press., 
Ib./sq. in. 
(absolute) 

Temp., 
oc 

Diff. X 10^ 
sq. cm./sec. 

-40/+60 50 150 10.009 

-40/+60 100 150 7.782 
-40/+60 150 150 5.333 

-60/+80 50 150 5.577 
—60/+80 100 150 5.299 

-80/+100 50 150 6.225 
-80/+100 100 150 4.164 

-100/+120 50 150 4.794 

-100/+120 100 150 4.121 

-120/+140 50 150 4.310 
-120/+140 100 150 4.804 
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Effect of Temperature 

In order to study the influence of temperature on pyrite leaching, 

-40/+60 mesh pyrite particles were leached with a 0.2 M sodium carbonate 

solution at 50 Ib./sq. in. (absolute) oxygen partial pressure and 

temperatures between 120°C and 180°C. The calculated effective dif-

fusivity for each temperature is shown in Table 18. 

Table 18. Effect of temperature on diffusivity 

Temp., 1000/T, Diff. x 10^ 
OC 1/OK sq. cm./sec. 

120 2.54 3.8697 

140 2.42 6.2468 

160 2.31 8.4649 

180 2.21 9.4414 

To apply the Arrhenius relationship to the effective diffusivity 

data, the equation is written as: 

.... •... 
In . In (60) 

When the logarithm of the effective diffusivity was plotted against 

reciprocal temperature, the data fell close to the straight line shown 

in Figure 26, The slope of this line is equal to and the 

activation energy is obtained as follows : 
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Figure 26, Arrhenlus plot for the temperature effect 
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Ediff = 1.987 X 2.7115 x 10^ cal./g. mole 

= 5.3878 Kcal./g. mole 

This value for the activation energy falls within the range of 

values for a reaction system which is controlled by ash layer dif

fusion. Also it is similar to the value of 7.97 Kcal./g. mole, 

previously estimated by Chen (12). 

Effect of Oxygen Partial Pressure 

Two sets of experiments were designed to study the effect of oxygen 

partial pressure. The first set was carried out by leaching -40/+60 

mesh particles of pyrite at 150°C with a 0.2 M sodium carbonate solu

tion at different oxygen partial pressures for 0.5 hr. Another set 

was carried out with -60/+100 mesh particles under similar conditions 

for 1 hr. The results are presented in Figure 27 and Table 19. The 

conversion of pyrite increased with increasing oxygen partial pres

sure. At lower pressures the increase in conversion was large beyond 

5 or 6 atm. further increases in oxygen partial pressure produced only 

a small change in conversion. This trend was also observed in de-

sulfurizing coal. 

According to Pray, etal. (63) data, the solubility of oxygen in water 

is a linear function of the oxygen partial pressure at a temperature of 

150OC. Therefore, the effect of oxygen partial pressure on the effective 

diffusivity was studied. Pyrite, -40/+60 mesh in size, was leached 

with a 0.2 M sodium carbonate solution at 150°C and different o:qrgen 
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Table 19. The influence of oxygen partial pressure on pyrite leaching® 

Conversion, % 
O2 press., -40/+60 mesh, -60/+100 mesh, 

atm. 0.5 hr. 1 hr. 

0 — 0.0 
1.0 12.45 34.98 
2.0 25.41 39.33 
3.0 — 43.57 
3.4 30.13 — 

4.0 — 46.43 
5.0 30.99 47.04 
6.8 34.73 — 

8.0 37.06 50.13 
10,0 — 52.87 
15.0 40.88 53.82 

^Leached with 0.2 M Na^CO^ at 150OC. 

partial pressures. The rate of leaching was found to increase with in

creasing oxygen partial pressure (Figure 28). The effective diffusivity 

was calculated and is presented in Table 20. The results showed that 

the effective diffusivity decreased when the oxygen partial pressure 

was increased. 

Table 20. Effect of oxygen partial pressure on effective diffusivity 
at 150°C* 

Particle size, 
mesh 

O2 press., 
Ib./sq. in. 
(absolute) 

Diff. X 10^ 
sq. cm./sec. 

-40/+60 50 10.009 

-40/+60 100 7.782 

-40/+60 150 5.333 

^Leached with 0,2 M Na2C03 solution. 



113 

«/> 

0.6 

0.5 

04 

0.3 

O 
02 

01 

' —1 ' 1 " " -r— -

- A 50 psia. Og press. 0 -

• 100 psia. O2 press. 0 • 

- • 150 psia. ©2press. 

• 

• 

9 A 

A 

• A 

-

• 

• ^ 
Pyrite, "40/ +60 

D A 

V 

0.2 NajCOg 

150 "C 

A 

1 1 .. 1 1 1 i 
5 10 15 20 25 30 

REACTION TIME, min. 
Figure 28. Effect of oxygen partial pressure on sulfur conversion 

. . V .  



114 

Effect of Particle Size 

Pyrite particles of different sizes were leached at two different 

oxygen partial pressures, 50 and 100 Ib./sq. in. (absolute), to in

vestigate the effect of particle size on pyrite desulfurization. Some 

of the results are shown in Figure 29. For both oxygen pressures, the 

total sulfur conversion increased with a decrease in particle size. 

The effective diffusivity was also calculated and is presented in 

Table 21, These data show that the effective diffusivity decreased 

with a decrease in particle size. However, at the higher oxygen partial 

pressure the change in diffusivity with particle size was small. One 

of the reasons for the change in diffusivity may be the change in 

porosity with particle size noted in Table 16, 

In order to confirm the proposed reaction model (rate controlled 

2 
by diffusion through the ash layer), a plot of T versus R was prepared 

(Figure 30). According to Equation 52, if the system was controlled by 

2 
diffusion through the ash layer, then a plot of T versus R should fall 

on a straight line. Except for the largest size of particles (-40/+60 

mesh), the points representing different sizes fell nearly on a straight 

line for both oxygen partial pressures. A linear regression analysis 

of the results indicated a very good fit to a straight line when the 

data for the largest particles were omitted. Thus the coefficient of 

determination was found to be 0.99 for either oxygen pressure. The 

reason why the coarse particles, -40/+60 mesh, deviated from the others 

is not clear and requires further investigation. Except for this 
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Table 21. Effect of particle size on the effective diffusivity at 
150OC 

O2 press., S 
Particle size, Ib./sq. in. Diff. X 10^ 

mesh (absolute) sq. cm./sec. 

-40/+60 50 10.009 
-60/+80 50 5.577 
-80/+100 50 6.225 
-100/+120 50 4.794 
-120/+140 50 4.310 

-40/+60 100 7.782 
-60/+80 100 5.299 
-80/+100 100 4.164 
-100/+120 100 4.121 
-120/+140 100 4.804 

discrepancy the bulk of the results indicate that the system is controlled 

by the rate of diffusion through the ash layer. 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Coal desulfurization 

Coal desulfurization experiments were conducted with a small 1 1. 

autoclave reactor using a hot alkaline solution containing dissolved 

oxygen under pressure to leach various high-sulfur bituminous coals. 

Several factors were studied in order to determine the best operating 

conditions. The conclusions of this study are: 

1. A process was demonstrated which can remove most of the in

organic sulfur and a portion of the organic sulfur from various kinds 

of coal. 

2. The desulfurization reaction becomes independent of the auto

clave stirring rate at high agitator speeds. In other words, the 

rate is not controlled by the mass transfer resistance between solid 

and fluid at high stirring speeds. 

3. An oxygen feed rate of 1.5 cu. ft./hr. is sufficient for the 

1 1. reactor. Higher oxygen flow rates do not improve the leaching 

rate. 

4. Dilute alkaline leach solutions are more effective than 

neutral or acidic solutions. Statistical analysis showed that the 

acidic or basic nature of the leaching solution has a significant 

effect on the leaching process. 

5. Oxygen performs relatively better than air as an oxidizing 

agent at the same oxygen partial pressure. 

6. The optimum concentration of sodium carbonate is 0.2 M, 
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Lower or higher concentrations result in less sulfur removal and higher 

concentrations also reduce the heating value recovery. 

7. Leaching for longer than 1.0-1.5 hr increases the sulfur re

moval only slightly while decreasing the heating value recovery. 

8. At 150°C or lower temperatures an increase in the oxygen 

partial pressure will increase the total sulfur removal without de

creasing the heating value recovery. The improvement is due mainly 

to both an increase in the removal of organic sulfur and pyritic 

sulfur. 

9. The optimum temperature range is about 130-150°C for 50 lb./ 

sq. in. (absolute) oxygen partial pressure and 140-160°C for 200 lb./ 

sq. in. (absolute) oxygen partial pressure. Operating at higher 

temperatures will decrease both the total sulfur removal and heating 

value recovery. 

10. Increasing the oxygen partial pressure, increasing the 

temperature or the reaction time increase the organic sulfur removal 

in the expense of decreasing the heating value recovery. 

11. Dilute hot hydrochloric acid treatment of the partly leached 

coal can improve the pyritic sulfur removal if the coal is leached 

again. 

12. A sodium bicarbonate solution performs as well as a sodium 

carbonate solution for the oxydesulfurization of coal. 

13. The effect of temperature on the sodium bicarbonate system 

is similar to that for the sodium carbonate system. 

14. The optimum concentration of sodium bicarbonate for the 

oxydesulfurization of coal is 0.4 M. 



120 

15. Adding sodium sulfate to the sodium carbonate leaching system 

has very little effect on the overall results. 

16. Magnesium carbonate is less effective for the oxydesulfuriza-

tion of coal than sodium carbonate. 

17. Lithium carbonate is about equal to sodium carbonate for the 

oxydesulfurization of coal. 

18. Potassium carbonate is more effective for the oxydesulfuriza

tion of coal than sodium carbonate. 

19. A preliminary investigation of a two-step process showed that 

further organic sulfur can be removed in the second step carried out at 

higher temperature in nonoxidizing environment. 

Pyrite desulfurization 

The same autoclave was used to study the rate-controlling mechanism 

for pyrite leaching. Several factors such as temperature, oxygen 

partial pressure, particle size and reaction time were investigated. 

The experimental data were statistically analyzed by a nonlinear regres

sion technique to test possible rate-controlling mechanisms for the 

system. The conclusions are: 

1. A particle of pyrite whether isolated or imbedded in coal 

undergoes a shrinking unreacted core process which leaves a shell or 

rim of hematite around the pyrite core. The evidence for this can be 

seen from the photomicrograph of the leached pyrite, the further increase 

of pyritic sulfur removal after the hot hydrochloric acid treatment on 

a leached coal and the kinetic study of pyrite leaching. 

2. A shrinking unreacted core model with the rate of reaction 
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controlled by diffusion through the ash layer adequately represents 

the leaching kinetics for coal-derived pyrite for conversions up to 

60-80%. 

3. Coal-derived pyrite washed with dilute hydrochloric acid is 

porous and has a density of 4.25-4.50 g./ml. 

4. The effective diffusivity for the transport of dissolved 

oxygen through the porous hematite layer surrounding an unreacted 

core of pyrite is 5 to 10 x 10 ̂  sq, cm./sec. 

5. The leaching rate increases with increasing oxygen partial 

pressure and levels off above an oxygen partial pressure of 6-8 atm. 

6. The apparent activation energy for this leaching process is 

5.39 Kcal./g, mole in the temperature range of 120°C to 180°G. 

7. The ash layer diffusion controlled model is also supported 

by the linear relation between the time required for complete reaction 

and the square of the particle radius. 

Recommendations 

Coal desulfurization 

1. The cause of the unusual dependence of desulfurization on 

temperature is obscure, and further investigation is required to ex

plain it. 

2. The relative merits of sodium carbonate solutions compared 

with other alkaline solutions need to be studied further. Possible 

reactions between oxygen, water, and sodium carbonate should be 

investigated. Also the solubility of oxygen in alkaline solutions 
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should be measured. 

3. Although the two-step process gave promising results with 

regard to the removal of organic sulfur, further experiments are needed 

to develop and demonstrate this approach. 

4. The deleterious effects of high concentrations of sodium 

carbonate need to be explained. Also the possible reaction between 

coal and alkaline solutions needs to be verified. 

5. In order to make a complete material balance over the system, 

the sulfur content of the liquid and gaseous phases needs to be 

determined. 

Pyrite desulfurization 

1. The different behavior of coarse particles, -40/+60 mesh, 

needs to be investigated. Perhaps, a detailed study of changes in 

particle structure or phase changes during the reaction is required. 

2. The effect of temperature should be studied over a wider 

range to see if the rate-controlling mechanisms changes with tempera

ture. 

3. The titration method for determining the sulfur content of 

the liquid phase needs to be improved to determine smaller concentra

tions. 

4. The solubility of oxygen in dilute sodium carbonate solutions 

needs to be measured at different temperatures, pressures and alkali 

concentrations. 
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APPENDIX A. 

EXPERIMENTAL CONDITIONS AND RESULTS 

OBTAINED FOR COAL DESULFURIZATION 



Table A-1. Effect of agitator speed on pyritic and total sulfur reduction of Scott Coal (-200 mesh)̂  

Speed, 
r.p.m. 

Yield, 
% 

Ash, 
wt.i Pyritic 

Sulfur distribution, wt.% 
Sulfate Organic Total 

Total S 
reduction, 

% 

Pyritic S 
reduction, 

% 

(Scott Coal)̂  15.4 5.68 0.79 2.90 9.37 — — 

200 95.3 17.0 5.47 0.24 2.78 8.49 9.4 3.7 

350 95.8 16.8 5.18 0.17 2.73 8.08 13.8 8.8 

400 95.5 17.8 5.33 0.26 2.79 8.38 10.6 6.2 

500 94.8 16.8 4.53 0.22 3.12 7.87 16.0 20.2 

600 96.3 17.8 4.48 0.01 3.38 7.87 16.0 21.1 

700 95.8 17.5 4.76 0.06 2.76 7.58 19.1 16.2 

800 95.5 16.7 4.71 0.02 3.02 7.75 17.3 17.1 

1000 96.0 18.1 3.80 0.08 2.75 6.63 29.2 33.1 

1200 96.0 18.5 3.92 0.07 2.62 6.61 29.5 30.9 

1400 94.5 18.3 0.96 0.13 2.72 3.81 59.3 83.1 

1600 94.5 17.5 1.09 0.14 2.70 3.93 58.1 80.8 

1800 93.5 16.9 0.80 0.13 2.55 3.48 62.9 85.9 

2100 93.5 17.5 0.57 0.13 2.79 3.49 62.8 90.0 

Reached for 1 hr. by 0.2 M NagCÔ  at ISÔ C and 50 Ib./sq. in. (absolute) 0̂  pressure. 

Âsh and sulfur content of unleached coal. 



Table A-2. Influence of agitator speed on leaching uncleaned Scott Coal (-200 mesh) at high oxygen 
pressurê  

Speed, 
x« p «m# 

H.V., 
Btu/lb. 

Ash, 
wt.% 

Sulfur distr., wt Spec. Cont., lb. S/10̂  Btu 
H.V. 

recovery, 
% 

Speed, 
x« p «m# 

H.V., 
Btu/lb. 

Ash, 
wt.% Pyr. Sulf. Org. Tot. Pyr. Sulf. Org. Tot. 

H.V. 
recovery, 

% 

(Coal)̂  10,270 16.9 6.41 1.91 2.60 10.92 6.24 1.86 2.53 10.63 — 

800 10,410 19.0 5.13 0.26 2.35 7.74 4.93 0.25 2.26 7.44 93.8 

1000 10,540 18.0 1.39 0.36 2.12 3.87 1.32 0.34 2.01 3.67 96.5 

1200 10,600 17.6 0.96 0.20 2.25 3.41 0.91 0.19 2.12 3.22 93.1 

1400 10,570 17.8 0.84 0.31 2.27 3.42 0.79 0.29 2.15 3.23 93.7 

1600 10,530 18.1 0.92 0.31 2.37 3.60 0.87 0.29 2.25 3.41 93.0 

1800 10,530 18.1 0.95 0.35 2.37 3.67 0.90 0.33 2.25 3.48 93.6 

2000 10,540 18.0 0.88 0.31 2.33 3.52 0.84 0.29 2.21 3.34 93.6 

L̂eached 1 hr. by 0.2 M NagCOg at 150°C and 200 Ib./sq. in. (absolute) 0̂  pressure. 

Ĥeating value, ash content, and sulfur distribution of unleached coal. 



Table A-3. Effect of oxygen flow rate on leaching of coal̂  

O2 flow. H.V., Ash, 
Sulfur distribution, 

lb./106 Btu Total S H.V. 
std. cu. ft./hr. Btu/lb. % Pyr. Sulf. Org. Tot. redn., % recov., % 

_b 
10,726 17.95 3.37 0.94 0.90 5.21 — — 

1.5 10,252 21.57 0.45 0.20 0.81 1.46 72.0 89.4 

2.7 10,071 22.96 0.70 0.29 0.76 1.75 66.4 87.1 

3.4 10,088 22.83 0.58 0.23 0.68 1.49 71.4 87.2 

8.0 10,180 22.12 0.53 0.24 0.72 1.49 71.4 88.0 

sq. 
L̂ovilia coal ( 

in. (absolute) 0 
-200/+250 mesh), uncleaned; 

2* 

leached 1 hr, . with 0.2 M NagCOg at 150°C and 50 lb./ 

Ĥeating value. ash content , and sulfur distribution of unleached coal. 



Table A-4. Effect of pulp densitŷ  

Put density H.V., Ash, 
Sulfur distribution, 

Ib./lÔ  Btu 
Tot. S 
redn., 

H.V. 
recov., 

(g. coal/400 ml.) wt.% Btu/lb. wt.% Pyr. Sulf. Org. Tot. % % 

— — 10,175̂  18.63 3.84 0.92 1.02 5.78 — — 

— — 10,545 17.09 2.80 1.04 0.63 4.47 — — 

30 6.97 9,967 21.64 0.83 0.05 0.40 1.28 71.36 80.97 

40 9.09 9,600 23.22 0.76 0.16 0.87 1.79 69.03 86.09 

50 11.11 10,333 18.76 0.76 0.08 0.34 1.18 73.60 87.01 

60 13.04 10,419 18.08 0.66 0.10 0.54 1.30 70.92 88.92 

L̂eached 1 hr. at ISÔ C and 50 Ib./sq. in. (absolute) Og pressure, 0.2 M NagCÔ . 

Ĉontrol sample for pulp density = 40 g. coal/400 ml. 
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Table A-5. Leaching of coals (-200 mesh) with water and with alkali 
using air or pure oxygen̂  

Sulfur distribution, Tot. S H.V. 
Na2C03 Gas H.V., Ash, lb./106 Btu redn., recov 
M type Btu/lb. wt.7o Pyr. Sulf. Org. Tot. % % 

(Lovilia 
Coal)D 10,050 2.07 3.08 1.07 0.97 5.12 

0 0? 10,320 17.1 0.92 0.51 1.15 2.58 49.6 95.3 
0 Air 10,260 17.7 1.66 0.64 0.91 3.21 37.3 94.7 
0.2 02 9,520 23.5 0.56 0.22 0.71 1.49 70.9 86.9 
0.2 Air 9,420 23.6 1.11 0.22 0.85 2.18 57.4 88.3 

(Big Ben 
Coal)b 10,530 15.0 3.50 1.52 1.67 6.69 — 

0 O2 11,003 11.3 1.18 0.38 1.66 3.22 51.9 97.1 
0 Air 10,860 12.5 2.58 0.34 1.41 4.33 35.3 92.8 
0.2 O2 10,260 17.3 0.72 0.34 0.97 2.03 69.7 88.2 
0.2 Air 10,140 18.3 0.81 0.32 1.02 2.15 67.9 86.3 

(Scott Coal)̂  10,270 16.9 6.24 1.86 2.53 10.63 — — 

0 02 11,260 12.4 1.42 0.34 3.21 4.97 53.2 93.9 
0 Air 11,050 14.1 4.15 0.20 2.72 7.07 33.5 95.6 
0.2 02 10,520 18.2 1.93 0.22 1.94 4.09 61.5 93.2 
0.2 Air 10,340 19.6 2.78 0.30 1.85 4.93 53.6 91.7 

(West. Ky. 
Coal)b 10,890 18.3 0.89 0.86 1.43 3.18 — — 

0 0? 10,930 16.6 0.10 0.37 1.53 2.00 37.1 95.7 
0 Air 11,180 16.3 0.13 0.33 1.63 2.09 34.3 95.7 
0.2 O2 10,240 21.8 0.08 0.09 1.31 1.48 53.5 89.2 
0.2 Air 10,730 20.6 0.09 0.10 1.37 1.56 50.9 92.9 

L̂eached 1 hr. at 150°C and 50 Ib./sq. in. (absolute) 0̂  partial 
pressure. Results are averages of duplicate runs. 

Heating value, ash content, and sulfur distribution of unleached 
coal. 
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Sulfur distribution, Tot. S H.V. 
Nâ CÔ  Gas H.V., Ash, Ib./lO* Btu redn., recov.. 
M type Btu/lb. wt.% Pyr. Suif. Org. Tot. % % 

(Pittsburgh 
No. 8 Coal)b 12,916 12.65 1.01 0.07 1.13 2.21 — 

0 02 13,194 10.77 0.43 0.03 1.13 1.59 28.1 99.6 
0 Air 13,193 10.78 0.43 0.03 1.12 1.58 28.3 99.3 
0.2 02 12,925 12.59 0.18 0 1.09 1.27 42.5 92.2 
0.2 Air 12,942 12.47 0.24 0.10 1.07 1.32 40.5 95.8 

(Illinois 
No. 5 Coal)b 11,899 13.65 1.26 0.14 1.28 2.68 — -

0 02 12,332 10.55 0.42 0.07 1.33 1.82 32.3 97.9 
0 Air 12,343 10.43 0.42 0.06 1.32 1.80 33.0 98.9 
0.2 O2 11,190 18.80 0.32 0.04 1.37 1.73 35.6 88.3 
0.2 Air 11,317 17.87 0.37 0.04 1.38 1.79 33.0 91.3 

(Lower Kit-
taning Coal)̂  12,481 18. 91 1.86 0.14 0.44 2.44 — 

0 02 12,642 17. 87 0.07 0.10 0.94 1.11 54. 5 99. 3 
0 Air 12,643 17. 86 0.17 0.07 0.95 1.19 51. 0 98. 3 
0.2 O2 12,436 19. 20 0.40 0.06 0.47 0.93 61. 9 97. 5 
0.2 Air 12,447 19. 13 0.34 0.06 0.49 0.89 63. 5 97. 1 



Table A-6. Effect of alkali concentration on leaching of cleaned coals (-400 mesh)̂  

Total S H.V. 
NaoCOQ, H.V., Ash, Sulfur distribution, Ib./lO Btu reduction, recovery. 

M Btu/lb. wt.% Pyr. Sulf. Org. Tot. % % 

(Lovilia)̂  12,330 6.3 0.28 0.22 1.09 1.59 — — 

0.2 10,620 14.0 0.03 0.08 0.94 1.05 34.0 70.4 
0.2 10,670 13.6 0.03 0.07 0.94 1.04 34.6 78.3 
1.0 8,750 29.1 0.03 0.14 0.96 1.13 28.9 86.9 
1.0 8,360 32.3 0.13 0.10 0.93 1.16 27.0 61.0 
2.0 6,590 46.6 0.05 0.19 0.87 1.11 30.2 66.1 
2.0 9,300 24.6C 0.09 0.05 0.88 1.02 35.9 34.7 

(West. Ky.)b 13,020 5.6 0.33 0,14 1.44 1.91 — — 

0.2 11,490 12.3 0.07 0.08 1.37 1,52 20.4 74.5 
0.2 11,540 12.0 0.10 0.07 1.29 1.46 23.6 81.3 
1.0 9,310 24.1 0.09 0.12 1.52 1.73 9.4 57.2 
1.0 9,250 25.5 0.12 0.14 1.21 1.47 23.0 62.5 
2.0 7,630 38.6 0.10 0.14 1.61 1.85 3.1 68.4 
2.0 7,900 36.4 0.05 0.12 1.35 1.52 20.4 66.9 

L̂eached 2 hr. at 130°C and 275 Ib./sq. in. (absolute) 0̂  pressure. 

Heating value, ash content, and sulfur distribution of unleached coal. 

P̂roduct was washed twice with water. 
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Table A-7. Effect of sodium carbonate concentration on leaching of 
coal& 

Cone. 
Na2C03, 

M 
H.V., Ash, 

Sulfur distribution, 
Ib./loG Btu 

Tot. S 
redn., 

H.V. 
recov., 

Cone. 
Na2C03, 

M Btu/lb. % Pyr. Sulf. Org. Tot. % % 

— 10,418̂  18.0 3.24 0.90 0.99 5.13 — — 

0= 10,982 13.4 1.08 0.29 0.80 2.17 58.0 91.7 

0.05 10,833 14.1 0.68 0.36 0.71 1.75 66.2 92.7 

0.10̂  10,401 17.9 0.73 0.24 0.72 1.69 67.4 89.2 

0.15̂  10,156 19.9 0.62 0.20 0.71 1.53 70.5 88.2 

0.2of 9,858 22.2 0.82 0.21 0.81 1.84 64.4 86.7 

0.25 9,680 23.6 1.14 0.22 0.93 2.29 55.7 86.2 

0.30̂  9,340 25.8 0.82 0.28 0.86 1.96 61.7 84.4 

0.40̂  9,246 26.5 0.74 0.21 0.84 1.99 61.2 80.2 

0.50* 9,186 27.0 0.70 0.46 0.80 1.96 61.9 78.9 

*Lovllia coal (-200/+250 mesh), leached 1 hr. at ISÔ C and 50 lb./ 
sq. in. (absolute) Og. 

Ĥeating value, ash content, and sulfur distribution of unleached 
coal. 

'̂ Leach solution was initially water; became acidic as leaching 
proceeded. 

Values are averages of duplicate runs. 
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Table A-8. Leaching of coal as a function of time* 

Time, H.V., Ash, 
Sulfur distribution, 

lb./106 Btu Total S H.V. 
hr. Btu/lb. 7o Pyr. Sulf. Org. Tot. redn., % recov., 7o 

[At 50 Ib./sq. in. (absolute) Og] 

_b 
10,175 18.63 3.84 0.92 1.02 5.78 — — 

0.5 9,686 22.53 0.92 0.24 0.67 1.83 68.3 86.9 

1.0 9,601 23.22 0.76 0.15 0.87 1.78 69.2 86.1 

1.5 9,674 22.63 0.56 0.25 0.55 1.36 76.5 81.2 

2.0 9,706 22.38 0.39 0.22 0.74 1.35 76.6 81.6 

2.5 9,414 24.71 1.03 0.34 0.70 2.07 64.2 76.6 

3.0 9,651 22.81 0.53 0.22 0.48 1.23 78.7 80.9 

[At 200 Ib./sq. in. (absolute) 0̂ ] 

_b 
10,726 17.95 3.37 0.94 0.90 5.21 — — 

0.5 10,228 21.76 0.47 0.23 0.72 1.42 72.7 88.7 

1.0 10,226 21.77 0.44 0.22 0.66 1.32 74.7 86.5 

1.5 10,265 21.47 0.39 0.21 0.67 1.27 75.6 85.7 

2.0 10,256 21.54 0.33 0.22 0.60 1.15 77.9 83.2 

2.5 10,241 21.66 0.36 0.28 0.69 1.33 74.5 81.6 

3.0 10,314 21.10 0.35 0.20 0.51 1.06 79.7 79.1 

L̂ovilia coal (-200/+250 mesh), uncleaned; leached with 0.2 M 
NagCOg at 150°C. 

Heating value, ash content, and sulfur distribution of unleached 
coal. 
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Table A-9. Effect of temperature on alkaline leaching of coal® 

Sulfur distribution. 
Temp., H.V., Ash, lb./10̂  Btu Total S H.V. 
°C Btu/lb. % Pyr. Sulf. Org. Tot. redn., % recov,, % 

[At 50 Ib./sq. in. (absolute) 0̂ ] 

_b 
10,047 19.57 3.90 0.94 0.93 5.77 — — 

100 9,666 22.62 1.25 0.28 0.69 2.22 61.5 89.7 
120 9,634 22.87 0.80 0.29 0.56 1.65 71.4 88.2 
130 9,662 22.65 0.88 0.23 0.64 1.75 69.7 89.2 
150 9,268 25.90 1.42 0.20 0.70 2.32 59.4 83.6 
170 9,205 26.31 1.51 0.27 0.59 2.37 58.9 80.2 
180 9,016 27.82 1.71 0.22 0.98 2.91 49.7 75.9 
200 8,950 28.35 2.69 0.23 0.98 3.90 32.4 78.2 

[At 200 Ib./sq. in. (absolute) 0̂ ] 

10,545 17.09 2.80 1.04 0.63 4.47 — — 

120 10,272 19.24 0.39 0.10 0.67 1.16 74.1 88.6 
140 10,316 18.89 0.42 0.07 0.55 1.04 76.7 85.4 
150 10,243 19.47 0.50 0.06 0.38 0.94 79.0 81.6 
160 10,258 19.35 0.37 0.05 0.57 0.99 77.9 77.6 
180 9.872 22.38 0.75 0.01 0.57 1.33 70.3 63.0 
200 8,407 33.90 1.94 0.13 0.42 2.49 44.3 34.7 

L̂oVilia coal (-200/+250 mesh), uncleaned; leached 1 hr. with 
0.2 M NagCOg. 

Ĥeating value, ash content, and sulfur distribution of unleached 
coal. 



Table A-10. Results of leaching precleaned coals (-400 mesh) at different temperatures and 
oxygen pressureŝ  

02 Specific S cont.. Total S H.V. 
Temp., press., H.V. Ash, lb. S/10 ° Btu reduction. recovery. 
oc psia Btu/lb. Wt.fo Pyr. Sulf. Org. Tot. 7= % 

(Lovilia Coaiyb 11,960 5.81 0.45 0.21 1.01 1.67 — — 

150 50 11,020 12,5 0.10 0.06 1.00 1.16 30.5 88.3 
150 100 10,820 12.1 0.11 0.06 1.02 1.19 28.7 88.7 
180 50 10,630 13.4 0.10 0.10 1.05 1.25 25.1 85.1 
180 100 10,410 13.2 0.08 0.08 1.01 1.17 29.9 80.2 

(Big Ben Coal)̂  12,210 4.1 0.46 0.42 1.44 2.32 — — 

150 50 10,570 13.3 0.06 0.13 1.33 1.52 34.5 77.6 
150 100 10,710 13.0 0.08 0.16 1.33 1.57 32.3 64.0 
180 50 10,420 12.9 0.09 0.13 1.41 1.63 29.7 76.5 
180 100 9,670 13.0 0.09 0.19 1.30 1.58 31.9 43.8 

(Scott Coal)̂  12,110 10.1 0.87 0.23 2.79 3.89 — — 

150 50 10,870 15.7 0.19 0.14 2.63 2.96 23.9 80.0 
150 100 10,560 17.1 0.16 0.16 2.82 3.14 19.3 82.1 
180 50 9,530 18.5 0.14 0.30 2.44 2.88 25.9 62.4 
180 100 9,790 18.4 0.14 0.23 2.40 2.77 28.8 56.3 

L̂eached 2 hr. by 0.2 M Nâ CÔ  at 2000 r.p.m. 

Ĥeating value, ash content, and sulfur distribution of unleached coal. 



Table A-10. Continued. 

Tenç., 
oc 

02 
press., 
psia 

H.V. 
Btu/lb. 

Ash, 
wt.% Pyr. 

Specific S cont., 
Ib. S/IO* Btu 
Suif. Org. Tot. 

Total S 
reduction, 

% 

H.V. 
recovery, 

% 

(West. Ky. Coal)̂  13,020 5.6 0.33 0.14 1.44 1.91 — — 

150 50 10,810 13.2 0.06 0.05 1.44 1.55 18.8 82.2 
150 100 10,930 11.7 0.06 0.04 1.37 1.47 23.0 83.0 
180 50 10,580 13.6 0.05 0.05 1.46 1.56 18.3 80.0 
180 100 10,220 14.5 0.06 0.10 1.44 1.60 16.2 54.2 
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Table A-11. Effect of oxygen partial pressure on alkaline leaching of 
Lovilia coal (-200/+250 mesh)* 

02 
press., 
psia 

H.V. , 
Btu/lb. 

Ash, 
% 

Sulfur distribution, 
lb./106 Btu 

Pyr. Sulf. Org. Tot. 

Tot. S 
redn., 
% 

H.V. 
recov., 

% 

— 10,175̂  18.6 3.84 0.92 1.02 5.78 — — 

25 9,522 23.9 0.78 0.22 0.91 1.91 67.0 86.6 

50 9,600 23.2 0.76 0.15 0.87 1.78 69.2 86.1 

75 9,588 23.3 0.57 0.23 0.78 1.58 72.7 86.2 

100 9,619 23.1 0.57 0.25 0.83 1.65 71.5 86.3 

125 9,449 24.4 0.93 0.22 0.93 2.08 64.0 86.2 

150 9,716 22.3 0.34 0.22 0.76 1.32 77.2 86.9 

175 9,676 22.6 0.40 0.26 0.69 1.35 76.6 87.0 

200 9,618 23.1 0.36 0.23 0.78 1.37 76.3 84.1 

L̂eached 1 hr. with 0.2 M Nâ CÔ  at 150°C. 

Ĥeating value, ash content, and sulfur distribution of unleached 
coal. 
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Table A-12. Effect of oxygen partial pressure on alkaline leaching 
of coal® 

O2 Sulfur distribution, Total S H.V. 
press., H.V., Ash, Ib./lÔ  Btu redn., recov., 
psia Btu/lb. % Pyr. Sulf. Org. Tot. % % 

(Pittsburgh No. 8 coal, -200 mesh) 

_h 
12,916 12.65 1.01 0.07 1.13 2,21 — — 

50 12,925 12.59 0.18 0 1.09 1.27 42.5 92.2 
100 12,948 12.43 0.18 0.01 0.99 1.18 46.6 93.7 
150 12.882 12.88 0.13 o.oi\ 1.01 1.15 48.0 94.8 
200 12,895 12.79 0.15 0 1.01 1.16 47.5 93.1 

(Illinois No. 5 coal, -200 mesh) 

_b 
11,899 13.65 1.26 0.14 1.28 2.68 — — 

50 11,190 18.80 0.32 0.03 1.36 1.71 36.0 88.3 
100 11,209 18.66 0.33 0.08 1.12 1.53 42.9 87.1 
150 11,199 18.73 0.42 0.10 0.94 1.46 45.5 87.5 
200 11,236 18.46 0.25 0.07 1.07 1.39 48.1 85.7 

(Western Kentucky coal. -200 mesh) 

10,890 18.3 0.89 0.86 1.43 3.18 — — 

50 10,237 21.8 0.08 0.09 1.32 1.49 53.3 89.2 
100 10,370 21.9 0.16 0.08 1.22 1.45 54.6 89.4 
150 10,375 21.9 0.17 0.09 1.15 1.41 55.9 89.5 
200 10,383 21.8 0.13 0.14 1.12 1.38 56.5 90.2 

L̂eached 1 hr. by 0.2 M NagCÔ  at ISÔ C. 

Ĥeating value, ash content, and sulfur distribution of unleached 
coal. 
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Table A-13. Effect of oxygen partial pressure on the leaching of coal 
with alkaline, neutral or acidic solutionŝ  

02 
press, 
psia 

H.V. , 
Btu/lb. 

Ash, 
7o 

Sulfur dis 
Ib./lO 

Pyr. Sulf. 

tributii 
° Btu 
Org. 

on. 

Tot. 

Tot. S 
redn., 
% 

H.V. 
recov. 

% 

10,890̂  18.3 0.89 0.86 1.43 3.18 — -

0.2 M Nâ CO-
2 3 

50 10,322 21.7 0.10 0.07 1.32 1.49 53.1 90.0 
100 10,368 21.9 0.15 0.07 1.21 1.43 55.0 87.8 
150 10,344 22.1 0.20 0.09 1.13 1.42 55.3 86.9 
200 10,230 22.9 0.13 0.13 1.19 1.45 54.4 90.2 

Water̂  

50 10,885 16.8 0.12 0.28 1.49 1.89 40.6 97.2 
100 11,090 16.4 0.13 0.27 1.41 1.81 43.1 95.0 
150 11,138 16.1 0.16 0.22 1.29 1.67 47.5 96.7 
200 11,148 16.0 0.14 0.20 1.27 1.61 49.4 96.2 

0.2 N Ĥ SÔ  

100 
150 
200 

11,212 
11,204 
11,185 

15.5 
15.6 
15.7 

0.10 
0.11 
0.11 

0.44 
0.38 
0.43 

1.41 
1.34 
1.31 

1.95 
1.83 
1.85 

36.7 
42.4 
41.8 

98.5 
95.9 
96.8 

Ŵestern Kentucky coal (-200 mesh), leached 1 hr. at 150°C. 

Ĥeating value, ash content, and sulfur distribution of unleached 
coal. 

"̂ Initial solution, becomes acidic as leaching proceeds. 
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Table A-14. Effect of temperature on sodium bicarbonate system̂  

Sulfur distribution. Total S H.V. 
Temp., H.V., Ash, lb./10° Btu redn,, recov., 
°C Btu/lb. % Pyr. Sulf. Org. Tot. % % 

_ 10,390̂  18.34 3.12 0.94 1.03 5.09 tmm 

— 10,545 17.09 2.80 1.04 0.63 4.47 — — 

120 10,327 18.81 0.64 0.09 0.76 1.49 66.67 89.60 
140 10,260 19.33 0.52 0.05 0.59 1.16 74.05 89.76 
150 10,333d 18.79 0.57 0.10 0.47 1.14 77.60 85.09 
150 10,026* 21.20 0.63 0.09 0.52 1.24 75.64 89.16 
160 10,206 19.76 0.39 0.05 0.70 1.14 74.50 81.30 
180 10,110 20.51 0.63 0.03 0.60 1.26 71.81 70.71 
200 9,720 23.58 0.87 0.01 0.64 1.52 65.99 63.37 

L̂ovilia coal, -200/+250 mesh, leached for 1 hr. by 0.4 M NaHCÔ  at 
50 Ib./sq. in. (absolute) 0̂  pressure. 

Âsh and sulfur content of unleached coal for sample d. 

Âsh and sulfur content of unleached coal. 
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Table A-15. Effect of concentration on sodium bicarbonate system^ 

Sulfur distribution, Total S H.V. 
NaHCOo, H.V. , Ash, lb./10° Btu redn., recov., 

M Btu/lb. % Pyr. Sulf. Org. Tot. % % 

10,390̂  18.34 3.12 0.94 1.03 5.09 
— 10,545̂  17.09 2.80 1.04 0.63 4.47 — — 

0.1 10,993 13.57 0.96 0.14 0.71 1.81 59.51 90.96 
0.2 10,337̂  18.76 0.62 0.15 0.67 1.44 71.71 86.89 
0.2 10,306̂  19.00 0.74 0.13 0.64 1.51 70.33 89.23 
0.3 10,270 19.25 0.52 0.07 0.62 1.21 72.93 86.43 
0.4 10,333 18.79 0.57 0.10 0.47 1.14 77.60 85.09 
0.4 10,026 21.20 0.63 0.09 0.52- 1.24 75.64 89.16 
0.6 10,024 21.19 0.38 0.06 0.66 1.10 75.39 89.12 
0.8 9,911 22.08 0.36 0.05 0.91 1.32 70.45 78.71 
1.0 9,916 22.04 0.49 0.06 0.48 1.03 76.96 80.40 

L̂ovilia coal, -200/+250 mesh, leached for 1 hr. at 150°C and 50 lb./ 
sq. in. (absolute) 0̂  pressure. 

Âsh and sulfur content of unleached coal for sample d. 

Âsh and sulfur content of unleached coal. 
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Table A-16. The study of organic sulfur removal at 1200C* 

02 Sulfur disl ;ribution, Org. S H.V. 
Time, press., H.V., Ash, lb./10' ' Btu redn., recoV., 
hr. psia Btu/lb. wt.% Pyr. Sulf. Org. Tot. % % 

— 13,078̂  4.36 0.78 0.11 3.09 3.98 mm» 

0.5 50 12,571 8.07 0.20 0.07 3.00 3.27 3.00 94.92 
1.0 50 12,512 8.50 0.17 0.08 2.97 3.22 3.90 94.24 
2.0 50 12,450 8.95 0.25 0.05 2.96 3.26 4.21 93.77 
0.5 100 12,576 8.03 0.25 0.08 2.92 3.25 5.50 95.20 
1.0 100 12,543 8.27 0.19 0.11 2.96 3.26 4.21 94.47 
2.0 100 12,468 8.82 0.20 0.09 2.91 3.20 5.83 91.52 
0.5 150 12,579 8.01 0.21 0.06 2.97 3.24 3.88 95.70 
1.0 150 12,551 8.21 0.30 0.08 2.84 3.22 8.09 94.05 
2.0 150 12,462 8.86 0.27 0.09 2.89 3.25 6.47 93.86 

*Childers coal, -200 mesh, precleaned and then leached with 0.2 M 
Nâ COg solution. 

Heating value, ash content, and suifur distribution of cleaned 
coal. 
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Table A-17. The study of organic sulfur removal at ISQOC^ 

02 Sulfur distribution, Org. S H.V. 
H.V. 

hr. psia B tu/lb. wt.% Pyr. Sulf. Org. Tot. % % 

13,078̂  4.36 0.78 0.11 3.09 3.98 
0.5 50 12,411 9.24 0.41 0.13 2.71 3.25 12.30 92.76 
1.0 50 12,255 10.38 0.16 0.09 2.98 3.25 3.56 89.49 
2.0 50 11,995 12.28 0.21 0.05 2.91 3.17 5.83 83.01 
0.5 100 12,491 8.65 0.26 0.08 2.75 3.09 11.00 73.07 
1.0 100 12,257 10.36 0.26 0.07 2.76 3.09 10.68 66.54 
2.0 100 12,136 11.25 0.21 0.09 2.84 3.14 8.09 78.65 
0.5 150 11,725 14.25 0.25 0.13 3.14 3.52 — 87.41 
1.0 150 12,256 10.37 0.24 0.19 2.76 3.19 10.68 87.62 
2.0 150 12,166 11.03 0.21 0.06 2.72 2.99 11.97 79.31 

Ĉhilders coal, -200 mesh, precleaned and then leached with 0.2 M 
NagCOg solution. 

Ĥeating value, ash content, and sulfur distribution of cleaned 
coal. 
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Table A-18. The study of organic sulfur removal at ISO^G^ 

02 Sulfur distribution. Org. S H.V. 
Time, press., H.V., Ash, lb./10» Btu redn., recov., 
hr. psia Btu/lb. wt.% Pyr. Sulf. Org.. Tot. % % 

13,078̂  4.36 0.78 0.11 3.09 3.98 
0.5 50 11,998 12.26 0.21 0.11 2.82 3.14 8.74 83.49 
1.0 50 12,071 11.72 0.25 0.14 2.48 2.87 19.74 57.69 
2.0 50 11,942 12.67 0.20 0.21 2.26 2.67 26.86 59.58 
0.5 100 12,107 11.46 0.31 0.06 2.74 3.11 11.33 85.86 
1.0 100 11,863 13.24 0.23 0.12 2.60 2.95 15.86 77.33 
2.0 100 12,143 11.20 0.23 0.07 2.08 2.38 32.69 44.34 
0.5 150 12,018 12.11 0.33 0.08 2.71 3.12 12.30 84.53 
1.0 150 12,050 11.88 0.34 0.12 2.47 2.93 20.06 64.27 
2.0 150 11,910 12.90 0.24 0.17 1.94 2.35 37.22 58.06 

Ĉhilders coal, -200 mesh, precleaned and then leached with 0.2 M 
Nâ COg solution. 

Ĥeating value, ash content, and sulfur distribution of cleaned 
coal. 
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Table A-19. The study of organic sulfur removal at 200°C^ 

O2 Sulfur distribution, Org, S H.V. 

hr. psia Btu/lb. wt.i Pyr. Sulf. Org. Tot. % % 

13,078̂  4.36 0.78 0.11 3.09 3.98 
0.5 50 11,883 13.10 0.41 0.05 2.77 3.23 10.36 82.46 
1.0 50 11,698 14.45 0.28 0.20 2.32 2.80 24.92 69.77 
2.0 50 11,842 13.40 0.42 0.08 1.44 1.94 53.40 39.39 
0.5 100 11,768 13.94 0.37 0.11 1.99 2.47 35.60 73.11 
1.0 100 11,879 13.13 0.36 0.12 1.97 2.45 36.25 47.01 
2.0 100 11,289 17.44 0.59 0.09 0.84 1.52 72.82 21.15 
0.5 150 11,902 12.96 0.48 0.12 2.31 2.91 25.24 61.66 
1.0 150 11,831 13.48 0.46 0.18 1.65 2.29 46.60 46.82 
2.0 150 10,640 22.19 0.64 0.51 0.07 1.22 97.73 0.92 

Ĉhilders coal, -200 mesh, precleaned and then leached with 0.2 M 
Nâ CÔ  solution. 

Ĥeating value, ash content, and sulfur distribution of cleaned 
coal. 



Table A-20. Two-step leaching of Lovilia coal (-200/+250 mesh) 

H.V., Ash, 
Sulfur distribution, 

lb./10̂  Btu 
Total S 
redn., 

Org. S 
redn., 

H.V. 
recov., 

Treatment̂  Btu/lb. % Pyr. Sulf. Org. Tot. % % % 

Untreated 10,175 18.63 3.84 0.92 1.02 5.78 — — — 

Step I only 9,601 23.22 0.76 0.15 0.87 1.78 69.2 14.7 86.1 

Untreated 10,390 18.34 3.12 0.94 1.03 5.09 — — — 

Step I + Step II 
(210-235°C) 9,621 26.58 0.66 0.19 0.52 1.37 73.1 49.5 78.0 

Untreated 10,940 16.69 2.88 0.88 0.88 4.64 — — — 

Step I + Step II 
(230OC) 10,209 23.01 0.73 0.21 0.66 1.60 65.5 25.0 84.7 

Step I + Step II 
(230°C) 10,250 21.94 1.00 0.02 0.25 1.27 72.6 71.6 80.6 

Step I + Step II 
(240°C) 10,211 22.24 0.97 0.02 0.24 1.23 73.5 72.7 79.1 

Step I + Step II 
(240OC) 10,296 21.98 0.69 0.02 0.37 1.08 76.7 58.0 80.0 

Ŝtep I; Leached 1 hr. at ISÔ C and 50 Ib./sq. in. (absolute) Oo with 0.2 M Na2C03. Step II: 
Leached 1 hr. with 0.2 M Nâ CÔ  at indicated temperature in atmosphere. 



Table A-21. Two-step leaching of Western Kentucky coal (-200 mesh) 

H.V., Ash, 
Sulfur distribution, 

Ib./lÔ  Btu 
Total S 
redn., 

Org. S 
redn., 

S.V. 
recov., 

Treatment̂  Btu/lb. % Pyr. Sulf. Org. Tot. % 7o % 

Untreated 10,890 18.27 0.89 0.86 1.43 3.18 — — — 

Step I only 10,322 21.71 0.10 0.07 1.32 1.49 53.1 8.0 90.0 

Untreated 10,559 20.43 1.01 1.31 1.21 3.53 — — — 

Step I + Step II 9,936 26.36 0.30 0.13 1.03 1.46 58.4 14.9 83.5 

Step I + Step II 10,013 25.79 0.47 0.15 0.83 1.45 58.1 31.4 86.8 

Ŝtep I: Leached 1 hr. at 150°C and 50 Ib./sq. in. (absolute) O2 with 0.2 M NagCOg. Step II: 
Leached 1 hr. with 0.2 M NagCÔ  at 230°C and 450 psig in Ng atmosphere. 
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APPENDIX B. 

STATISTICAL ANALYSIS OF COAL DATA 

The experimental results comparing alkaline versus acidic leaching 

conditions and the use of air versus oxygen for oxydesulfurization of 

coal were statistically analyzed by the Department of Statistics at 

Iowa State University. Seven different kinds of coal were used in 

making these comparisons including Big Ben coal, Scott coal, Lovilia 

coal. Western Kentucky coal. Lower Kittaning coal, Pittsburgh No. 8 

coal, and Illinois No. 5 coal. Because of the large difference in 

the initial total sulfur content of these coals, the coals were divided 

into two groups for statistical analysis. The first group included the 

high sulfur coals (Big Ben, Scott, Western Kentucky, and Lovilia) 

and the second group the low sulfur coals (Lower Kittaning, Pittsburgh 

No. 8 and Illinois No. 5). The effects on desulfurization of the type 

of gas (air versus oxygen), the type of solution (acidic versus alka

line) , the type of coal, and the interactions between coal and type of 

gas; coal and type of solution; coal, type of gas and type of solution 

were analyzed. The results for the group of high sulfur coals are 

listed in Table B-1 and presented graphically in Figures B-1 and B-2. 

The results shown in the bottom half of Table B-1 indicate that none 

of the interactions between variables were significant. The lack of 

significant interaction together with the results shown in the upper 

half of Table B-1 led to the following conclusions: 

(1) Oxygen (Gg) is superior to air (Ĝ ) for oxydesulfurization 

of high sulfur coals. 
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Table B-1. Analysis of variance of data obtained with high sulfur coals 

Test d.f.* S.S.̂  M.S.® 
F 

(calculated) 
F-distribution 
ot Value 

COAL 3 679.6 226.5 6.219 0.01 5.29 

SOL 1 2942.6 2942.6 62.774 0.01 34.10 

GAS 1 734.0 734.0 13.735 0.05 10.10 

SOL*GAS 1 83.66 83.66 2.621 0.01 8.53 

COAL*SOL 3 140.63 46.88 1.287 0.01 5.29 

COAL*GAS 3 160.32 53.44 1.467 0.01 5.29 

COAL*GAS 
*SOL 3 95.77 31.92 0.876 0.01 5.29 

ERROR 16 582.76 36.42 — — 

d̂.f. = Degrees of freedom. 

Ŝ.S. = Sums of squares. 

M̂.S. = Mean square. 

(2) An alkaline solution (Ŝ ) is better than an acidic solution 

(Sg) for leaching high sulfur coals. 

(3) The four high sulfur coals were significantly different in 

their response to the leaching process. 

The results of a similar analysis for the group of low sulfur 

coals are shown in Table B-2 and Figures B-3 and B-4. The information 

presented in the bottom half of Table B-2 indicates that the interaction 

between the type of coal and type of solution was statistically signifi

cant. However, the type of interaction observed was not one which 
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•1 ^2 

BIG BEN COAL 

'1 ^2 

SCOTT COAL 

M "2 

W. KENTUCKY COAL 

•1 "̂ 2 

LOVILIA COAL 

Figure B-1. Response of high sulfur coals to leaching conditions 
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SULFUR CONTENT, Ib/MM BTU 

3 5 7 9 

SULFUR CONTENT. Ib/MM BTU 

Figure B-2. Effect of sulfur content on response of high sulfur coals 
to different leaching conditions 
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Table B-2. Analysis of variance of data obtained with low sulfur coals 

Test d.f.* s.s.b M.S.c 
F 

(calculated) 
F-distribution 
a Value 

COAL 2 2970.99 1485.50 417.041 0.01 6.93 

SOL 1 415.42 415.42 5.770 0.01 98.50 

GAS 1 5.09 5.09 1.428 0.01 98.50 

SOL*GAS 1 0.04 0.04 0.004 0.01 98.50 

COAL*SOL 2 143.99 71.99 20.21 0.01 6.93 

COAL*GAS 2 0.001 0.0005 — — — 

COAL*GAS 
*SOL 2 21.28 10.64 2.99 0.01 6.93 

ERROR 12 42.74 3.562 — — — 

d̂.f. = Degree of freedom. 

Ŝ.S, = Sums of square. 

S. = Mean square. 

caused any real problem in the analysis. Therefore, the information 

given in the upper half of Table B-2 showed that: 

(1) There is no significant difference between oxygen (Gg) and air 

(Ĝ ) for oxydesulfurization of low sulfur coals. 

(2) An alkaline solution (Ŝ ) is better than an acidic solution 

(Sg) for leaching low sulfur coals based on the coal solution 

interaction. 

(3) There was significant difference in the response of the three 

low sulfur coals to the leaching process. 
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Figure B-4. Effect of sulfur content on response of low sulfur coals to 
different leaching conditions 
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From the analyses of both groups of data, several important general 

lusions are evident. 

(1) The experimental error increases with increasing total sulfur 

content. 

(2) The nature of the leaching solution has a greater effect on 

the desulfurization efficiency than the nature of the oxidant. 

(3) Desulfurization is more effective with alkaline than with 

acidic solutions. 

(4) Desulfurization is relatively more effective with oxygen than 

with air. 
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APPENDIX C. 

DETERMINATION OF SULFUR IN LIQUID SAMPLES 

Procedure 

After each run, the pyrite slurry was filtered through a sintered 

Pyrex glass filter and the total volume of liquid sample was measured. 

The reacted pyrite was dried and analyzed for the total and pyritic 

sulfur contents, while the liquid was titrated to determine the amount 

of sulfur in the solution. For each liquid sample, the following 

procedure was applied to determine the sulfur content: 

1. The sample was usually diluted with distilled water. Typically 

a 25 ml. aliquot of the sample was diluted with distilled water to 

100 ml. 

2. The 100 ml. diluted solution was treated with 10 ml. of 

concentrated (30%) hydrogen peroxide solution to convert all sulfur 

compounds to the sulfate form. Generally, the solution was stored 

overnight before it was titrated. 

3. The solution was treated with DOWEX 50 x 8 ion exchange 

resin in the hydrogen form to reduce the pH to the range of 2.5 to 4.0 

and to remove any metal ions present in the sample. 

4. In order to stay in a safe range for microtitration of 

sulfate (26), a 1 to 20 ml. portion of the solution was taken for 

titration. Then, four times as much 2-propanol by volume and 3 to 5 

drops of thorin indicator were added to this portion in order to get 

a sharp and rapid end point. 

5. The small portion of sample was titrated with 0.005 M barium 
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perchlorate. The first permanent color change from yellow or yellow-

orange to pink was taken as the end point. For each sample, three 

determinations were made and the amount of sulfate in the solution was 

based on an average of these three determinations. 

Calculation Method 

The volume of the sample (v) and the volume of titrant (V) were 

measured by the above procedure. The concentration of barium perchlorate 

(N) was determined by titrating the barium perchlorate solution with 

a standard sulfuric acid solution of known concentration. The sulfur 

concentration of the sample was then calculated by using the following 

equation; 

Sulfur, (g./liter) = V x  ̂x 1.1 (C-1) 

Sample Calculation of Sulfur Content 

The barium perchlorate solution used for titrating the sample 

from each run was prepared by adding 6.2 g. of barium perchlorate to 

800 ml. of distilled water and 3200 ml. of 2-propanol. The pH of this 

solution was adjusted to about 3.5 by adding some concentrated perchloric 

acid. The actual concentration of this solution was determined by 

titration against standard sulfuric acid. For example, a 20 ml. 

aliquot of standard sulfuric acid (0.005 M) was titrated with 22.09 ml. 

of barium perchlorate solution to reach an end point with thorin as 

the indicator. The concentration of barium perchlorate was calculated as: 
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S Cone. = (6.565) (4) (0.0045265) (p) (1.1) 

= 0.5230 g./I. 

If the total volume of solution recovered from the reactor was 

540 ml., then the total amount of sulfur in the solution would have 

been; 

Total Sulfur Content = (0.5230 g./I.)(0.54 1.) 

= 0.28242 g. 

The weight of pyrite charged for each run was 2 g. and the total 

sulfur content of the pyrite was 48.14 wt.%. Therefore the conversion 

for this specific run would have been as follows; 

Conversion = (2)̂ 0̂ 4814) " oT9628̂  = 0.2518 
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APPENDIX D. 

EXPERIMENTAL CONDITIONS AND RESULTS 

OBTAINED FOR PYRITE DESULFURIZATION 
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Table D-1. Experimental conditions and results obtained^ 

O2 press., 5 
Set Size, Ib./sq. in. Temp., T, Deff X 10 
No. mesh (absolute) OC hr. sq. cm./sec. 

1 "40/+60 50 150 5.08 10.009 
2 -60/+80 50 150 3.76 5.577 
3 -80/+100 50 150 2.03 6.225 
4 -100/+120 50 150 1.84 4.794 
5 -120/+140 50 150 1.47 4.310 
6 -40/+60 100 150 3.83 7.782 
7 -60/+80 100 150 2.32 5.299 
8 ~80/+100 100 150 1.73 4.164 
9 -100/+120 100 150 1.26 4.121 
10 -120/+140 100 150 0.77 4.804 
11 -40/+60 50 120 17.07 3.8697 
12 -40/+60 50 140 8.73 6.2468 
13 -40/+60 50 160 5.52 8.4649 
14 -40/+60 50 180 4.33 9.4414 
15 -40/+60 150 150 3.29 5.333 

Âcid cleaned pyrite leached with 0.2 M NagCÔ  solution. 



Table D-2. Time conversion data for each set of runs 

Set Time, Set Time, 
No. sec. Conversion No. sec. Conversion 

150 0.1417 4 300 0.3433 
450 0.2467 600 0.4492 
750 0.3175 900 0.5389 

1,050 0.3809 1,200 0.6298 
1,350 0.4172 1,500 0.6719 
1,650 0.4708 1,800 0.7061 
1,950 0.5169 2,400 0.8019 
2,250 0.5572 3,000 0.8720 
2,550 0.5723 3,600 0.9008 
2,550 0.6088 
2,850 0.5938 5 300 0.2928 
3,150 0.6408 600 0.5317 
3,150 0.5816 900 0.6313 
3,450 0.6030 1,200 0.6942 
7,050 0.7720 1,500 0.7266 
10,650 0.7744 1,800 0.7561 

2,400 0.8617 
300 0.2094 3,000 0.9383 
600 0.3290 3,600 0.9438 
900 0.3884 

1,200 0.4536 6 300 0.2194 
1,500 0.5078 600 0.3134 
1,800 0.5681 900 0.3904 
2,400 0.7452 1,200 0.4733 
3,000 0.7919 1,500 0.5039 
3,600 0.7384 1,800 0.5427 
5,400 0.8217 2,400 0.5988 

3,000 0.6284 
300 0.2455 3,600 0.6731 
600 0.4139 
900 0.5058 7 300 0.2809 

1,200 0.6438 600 0.3997 
1,500 0.6641 900 0.4763 
1,800 0.7294 1,200 0.5552 
2,100 0.6992 1,500 0.6250 
2,700 0.7917 1,800 0.6878 
3,000 0.8156 2,400 0.7213 
3,600 0.8650 3,000 0.7422 

3,600 0.8461 
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Table D-2. Continued, 

Set Time, Set Time, 
No. sec. Conversion No. sec. Conversion 

300 0.3200 12 150 0.1079 
600 0.4594 450 0.2061 
900 0.5622 750 0.2515 

1,200 0.6564 1,050 0.2872 
1,500 0.6875 1,350 0.3250 
1,800 0.7267 1,650 0.3703 

300 0.3731 13 300 0.1456 
600 0.5522 600 0.2552 
900 0.6491 900 0.3405 

1,200 0.7098 1,200 0.3938 
1,500 0.7734 1,500 0.4350 
1,800 0.8077 1,800 0.4852 
2,400 0.9023 
3,000 0.9391 14 300 0.1875 
3,600 1.0000 600 0.2645 

900 0.4035 
300 0.4555 1,200 0.4696 
600 0.6433 1,500 0.4800 
900 0.7806 1,800 0.4991 

1,200 0.8489 
1,500 0.8984 15 300 0.2511 
1,800 0.9525 600 0.3353 

900 0.4205 
150 0.0749 1,200 0.4702 
450 0.1222 1,500 0.5438 
750 0.1895 1,800 0.5936 

1,050 0.2150 
1,350 0.2495 
1,650 0.2692 
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APPENDIX E. 

NONLINEAR REGRESSION ANALYSIS OF PYRITE LEACHING DATA 

As indicated in a previous section, two possible reaction mechanisms 

of controlling the rate of the heterogeneous fluid-solid reaction of 

pyrite were considered. One was a chemical reaction controlling 

mechanism and the other was a diffusion through the ash layer controlling 

mechanism. A mathematical representation of these mechanisms is as 

follows : 

(1) Chemical reaction control 

1/T = 1 - (1 - (E-1) 

(2) Ash layer diffusion control 

t/r = 1 - 3(1 - Xg)2/3 + 2(1 - Xg) (E-2) 

According to the experimental procedure employed in leaching 

pyrite, the reaction time (t) was measured accurately while the 

conversion (X̂ ) included a number of error factors. These factors 

arose from determining the total sulfur content of pyrite, titrating 

the sulfur in the effluent solution, weighing the pyrite charged, 

etc. Because the conversion (X̂ ) was measured less accurately than 

the time (t), the preceding equations were rearranged as follows for 

the purpose of fitting them to the experimental data by a nonlinear 

regression technique: 

(1) Chemical reaction control 

Xg = 1 (E-3) 
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(2) Ash layer diffusion control 

2t 
, 4Tr + arcos(-— - 1) 3 

Xg = 1 - [- + cos( g )] (E-4) 

In applying nonlinear regression analysis, Xg was regarded as the 

independent parameter and t as the dependent parameter so as to account 

for the error in measuring X̂ . 

To fit the preceding equations to the data, a nonlinear regression 

subroutine called NLIN from the SAS (statistical analysis system) 

program was used (6). The NLIN procedure produces least-squares or 

weighted least squares estimates of the coefficients of a nonlinear 

model. A single dependent variable and a description of the model 

must be specified by the user. The partial derivatives with respect to 

the coefficients of the model must be included also. An initial estimate 

of the coefficients to be determined must be given by the user. Once 

the initial values are given, NLIN will use one of three iterative 

methods to find the least-square estimate of the coefficients. The 

three iterative methods are a modified Gauss-Newton method, the Marquardt 

method, and the gradient or steepest-descent method. The estimation 

procedure may be confined to a certain range of values for each coeffi

cient by imposing bounds on the estimate. If the convergence criterion 

is met, NLIN will produce an analysis of variance table (including as 

sources of variation the regression, residual, uncorrected total and 

corrected total sums of squares). In addition an estimated value of 

each coefficient and an asymptotically valid standard error of the 

estimated value are also presented. 
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The procedure used to analyze the pyrite leaching data by employing 

the NLIN subroutine is as follows: 

(1) Equations E-1 and E-2, the SAS linear regression program and 

the experimental data were used to make an initial estimate of T for 

each model. This initial estimate of T was named parameter BO in the 

nonlinear regression program. 

(2) Using the initial estimate of T from the linear regression 

program and the experimental data, the iteration procedure was executed. 

When the convergence criterion was reached, the estimated parameter (T) 

was printed. This was done for each model, 

(3) From the regression, uncorrected total and corrected total 

sums of squares, the coefficient of determination (R-SQUARE) was 

calculated. 

Since the largest coefficient of determination corresponded to the 

best fit of a particular model to the experimental data, this criterion 

was used as a basis for deciding which model best represented the 

leaching process. 

The SAS computer program used for the nonlinear regression analysis 

is shown in Table E-1. The analysis of variance and the predicted 

value of T is presented in Table E-2. A summary of the results of 

fitting the two models to the pyrite leaching data for different operating 

conditions and different particle sizes is also presented in Table E-3. 

From Table E-3, it is obvious that for each run the coefficient of 

determination for the diffusion through the ash layer controlling 

model was always greater than that for the chemical reaction controlling 
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Table E-1. The SAS computer program used for nonlinear regression 
analysis 

DATA KCC; 
INPUT TIME C0N; 
CARDS; 

I (data input) 

(for ash diffusion control) 

PR0C NLIN; 
FARMS BO = X X X X x; 
T = TIME * 2; 
B = T/BO-1; 
C = 1 - B*̂ '2; 
A = ARC0S(B)/3 + 4*3.1415927/3; 
M0DEL C0N = 1 - (C0S(A) + 1/2)**3; 
DER.BO = T*((C0S(A) + 1/2)**2)*SIN(A)/((B0*2)*SQRT(C)); 
OUTPUT (ÔUT = KCCl PREDICTED = PI; 
PR0C PRINT; 
VARIABLES TIME C0N PI; 

(for chemical reaction control) 

PR0C NLIN; 
PARMS BO = X X X X x; 
A = TIME/BO-1; 
M0DEL C0N = 1 + A**3; 
DER. BO = -3*TIME*(A**2)/(B0**2); 
OUTPUT 0UT = KCC2 PREDICTED = P2; 
PR0C PRINT; 
VARIABLES TIME C0N P2; 



Table E-2. Analysis of variance table 

STATISTICAL ANALYSIS SYSTEM 

NONLINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT VARIABLE CON 

SOURCE DF SUM OF SQUARES MEAN SQUARE 

REGRESSION 1 0.75532331 0.75532331 
RESIDUAL 5 0.01258204 0.00251641 
UNCORRECTED TOTAL 6 0.76790535 

(CORRECTED TOTAL) 5 0.06783031 

PARAMETER 

BO 

ESTIMATE 

8178.82453504 

ASYMPTOTIC 
STD. ERROR 

572.76624081 

ASYMPTOTIC 95% 
CONFIDENCE INTERVAL 

LOWER UPPER 
6706.50338032 9651.14568976 

ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS 

BO 

BO 1.000000 



Table E-3. Statistical analysis of the data for pyrite leaching 

O2 partial press.. 
Particle size. Temp., Ib./sq. in. Diff. control Chem. Rsdï control 

mesh °C (absolute) R-SQUARÊ  T(sec.)b R-SQUARE® T(sec.)b 

—40/+60 150 50 0. 9949 18, 299 0. 7345 7: ,496 
-60/+80 150 50 0. 9748 13, ,540 0. 7980 6. ,544 
-80/+100 150 50 0. 9290 7, ,134 0. 9166 4 ,435 
-100/+120 150 50 0. 9943 6: ,640 0. 5657 4 ,277 
-120/+140 150 50 0. ,9374 5 = ,276 0. ,7399 3; ,632 

—40 /+60 150 100 0. ,9818 13. ,775 0. ,7349 6 ,617 
-60/+80 150 100 0. ,9792 8: ,345 0. ,7940 4 ,924 
-80/+100 150 100 0. .9855 6. ,233 0. .7155 4 ,089 
-100/+120 150 100 0. ,9909 4, ,525 0. ,6806 3 ,276 
-120/+140 150 100 0. .9849 1, ,774 0, .8789 2 ,201 

-40/+60 150 150 0. .9839 11 ,826 0. .7259 6 ,069 
—40/+60 120 50 0. .9775 61 ,442 0, .7825 14 ,339 
-40/4-60 140 50 0, .9931 31 ,410 0, .6566 10 ,101 
—40/+60 160 50 0, .9392 19 ,868 0, .8922 8 ,072 
-40/+60 180 50 0, .9206 15 ,586 0 .7576 7 ,073 

R̂-SQUARE: Coefficient of determination. 

T: Time required for complete reaction. 
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model. Therefore, it was concluded that diffusion through the ash 

layer is the controlling step in the pyrite leaching system. 
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