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ABSTRACT 

 
Inorganic constituents in coal have a significant effect on almost every aspect of coal 
utilization, as well as major impacts on the environment. Sulfur  is one of the elements of 
special environmental concern since it have been cited as possible causes of health, 
environmental, and technological problems associated with the use of coal. Geochemical 
studies of sulfur and other toxic elements in coal have intensified in recent years, due to a 
growing awareness of the potential effects of these elements on the environment.  
 
The overall objective of this proposal has been to better understand the mode of 
occurrence and the distribution of sulfur and other inorganic chemical elements in Illinois 
coal. The primary objective of this project was the construction of two sequential 
extraction systems to be used in the investigation of sulfur and trace elements in coal and 
the testing of the chemical extraction procedures. The sequential extraction procedures 
use iterative selective chemical leaching protocols on coals in combination with a range 
of complementary studies. These systems perform at or exceed the original design 
specifications.  
 
The sequential extraction of sulfur from Illinois coal has been demonstrated successfully. 
Our preliminary data suggest that the distribution of sulfur is highly variable within the 
coal sample. In high-sulfur coal samples, a significant portion of sulfur is concentrated in 
pyrite, which is also concentrated along the fractures. In these coals, routine techniques of 
sulfur removal may also reduce other trace element content.  
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EXECUTIVE SUMMARY 
 
Coal is a complex, heterogeneous material composed of organic and inorganic 
components. Coal is largely composed of organic matter, but it is the inorganic matter in 
coal—minerals and trace elements— that have been cited as possible causes of health, 
environmental, and technological problems associated with the use of coal. Geochemical 
studies of toxic elements in coal have intensified in recent years, due to a growing 
awareness of the potential effects of these elements on the environment, and the 
development of advanced analytical techniques. Sulfur in coal occurs in several forms, 
such as sulfides, organic sulfur, sulfates, and elemental sulfur. Sulfides, most commonly 
pyrite, and organic sulfur are the most abundant forms. The origin and distribution of 
sulfur in coal is of special significance, because of environmental problems associated 
with the combustion of coals.  
  
The overall objective of this proposal has been to better understand the mode of 
occurrence and the distribution of sulfur and other inorganic chemical elements in Illinois 
coal. The specific objectives of this project were: 

• Construct sequential extraction systems and the sample preparatory devices that 
can be used for chemical extraction of inorganic compounds from coal and coal 
combustion products; 

• Investigation origin and distribution of sulfur, and other trace elements in Illinois 
coal with the intent of formulating a predictive model that could be used by the 
coal industry and utilities to make decisions about the cleaning and blending of 
coals to meet forthcoming regulations. 

 
The key objectives of the project have been accomplished. During the first half of this 
project, I supervised the construction of flexible, sequential-extraction systems to be used 
in the investigation of sulfur and trace elements in coal and coal combustion products. 
These systems performs at or exceeds all original specifications. 
 
The sequential extraction of sulfur from Illinois coal has been demonstrated successfully.  
Our results show that in the high-sulfur coal samples a significant portion of sulfur is 
concentrated in sulfide minerals (e.g., pyrite, chalcopyrite). These sulfide minerals could 
have precipitated from hydrothermal solutions. The sulfide minerals are also 
contaminated by other toxic chemical elements. In these coals, routine techniques of 
sulfur removal may also reduce other trace element content.   
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OBJECTIVES 
 
Overall Objective: The overall objective of this proposal has been to better understand 
the mode of occurrence and the distribution of sulfur and other inorganic chemical 
elements in Illinois coal.   
 
Specific Objectives of this Study: In order to achieve the primary objective, the 
following specific objectives, as set out in the original proposal, were established: 
1. Construct sequential extraction systems and the sample preparatory devices that can 

be used for chemical extraction of inorganic compounds from coal and coal 
combustion products;  

2. Establish different capabilities and limitations of individual chemical protocols for 
extraction of different chemical elements from coal and coal products; 

3. Investigate the controls on sulfur and other trace elements content in Illinois coals, 
with the intent of formulating a predictive model that could be used by the coal 
industry and utilities to make decisions about the cleaning and blending of coals to 
meet forthcoming regulations; 

4. Create a database that can be integrated with the existing large body of chemical and 
geological information available to coal scientists; 

5. Train both graduate and undergraduate students in chemical methods important to 
investigation of coal, by providing both theoretical and practical means. 

 
The work was divided into the following different tasks/sub-tasks: 
 
Task I: Construction of the sulfur extraction line  
This task included the purchasing of different components and building of two sequential 
extraction systems. The systems were assembled by Lefticariu together with a graduate 
student, Rajesh Singh, in the laboratory space available at SIUC to Lefticariu (Parkinson, 
312). This task also included (a) the development of operating protocols, (b) the set up of 
laboratory standards, and (c) the creation of a training program for laboratory assistants 
(students).  
 
Task II: Sampling of coal beds for analysis 
This sub-task included collecting coal samples from coal mines located in several 
counties in Southern Illinois. Coal sections were described at mines. Bench samples were 
collected from coal seam sections, so that complete sections of the bed were available for 
further analyses. All samples were split into four portions: one part of the samples was 
made into a polished block, the second split was analyzed for different sulfur species, the 
third split was sent for proximate analysis at USGS Laboratories in Denver, and the last 
split was saved for other analyses, such as acid-digestion. 
 
Task III: Basic coal characterization analysis 
Coal characterization analyses have included (a) standard mineralogical and structural 
examination, (b) maceral separation and identification, and (c) chemical analyses. 
Mineral identification was done using a state-of-the-art analytical system composed of a 
Hitachi 7100 TEM equipped for x-ray analysis (NORAN Voyager III) at SIUC. Maceral 
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were separated using the Density Gradient Centrifugation (Crelling, 1987) in the Coal 
Laboratory at SIUC. For complete chemical analyses, splits of coal samples were sent to 
USGS Laboratories.  Dr. Jamey McCord, Geochemical Lab Manager, USGS-ERP 
Energy Lab, Denver, CO to be analyzed for mineralogy, moisture, sulfur, ash, calorific 
value, and trace element analysis following American Society for Testing and Materials 
(ASTM) procedures (1985). In addition, for all samples, float fractions at 1.55g/cm3

 

 will 
be obtained and analyzed for sulfur, ash, chlorine, selenium, arsenic, and mercury 
contents. The cost of these analyses was covered by Lefticariu start-up funds. 

Task IV: Extraction of sulfur species 
This task included laboratory separation and measurement of different sulfur phases in 
coal samples. Sequential extraction of sulfur phases can yield up to nine operationally 
defined fractions, following the procedure presented in the next section of this proposal. 
All the chemical extraction procedures took take place at SIUC.  
 
Task V: Stable isotope analyses 
Stable isotopes measurements were performed by a continuous-flow elemental analyzer 
connected to a Finnigan/Mat Delta Plus stable-isotope ratio mass spectrometer (EA-
IRMS) at Indiana University. Special arrangements are in place for preferential analyses 
of our samples. The cost of all stable isotope analyses was covered by Lefticariu start-up 
funds. 
 
Task VI: Reporting and Communication 
This task included maintaining very close contact with the U.S. Geological Survey 
personnel throughout the project duration, obtaining information from them about their 
field and analytical work, providing pertinent information to them, and most importantly, 
obtaining geochemical data from sources such as the U.S. Geological Survey 
COALQUAL databases (Bragg et al., 1998). Our results were compared to data for coals 
and associated rocks already available (National Coal Resources Data System or 
NCRDS). 

 
INTRODUCTION AND BACKGROUND 

 
Coal is an important energy source, providing 57% of the electric power generated in the 
United States. The combustion of coal, however, can produce a serious environmental 
threat due to the impurities, mainly sulfur and trace elements. Government regulations 
and most recently the Clean Air Interstate Rule or CAIR 
(http://www.epa.gov/interstateairquality) specifies reductions in NOx, SO2

 

, and Hg 
emissions that are projected to result in the largest reduction in air pollution in more than 
a decade. Understanding the controls on the abundance, speciation, and mineralogical 
residence of sulfur and trace elements in coal can aid in evaluating the potential for 
environmental impacts from the coal production–utilization cycle. 

Geochemical studies of toxic elements in coal have intensified in recent years, due to a 
growing awareness of the potential effects of these elements on the environment, and the 
development of advanced analytical techniques. Despite this increase in research, 

http://www.epa.gov/interstateairquality�
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knowledge of the distribution and chemical speciation of many chemical elements within 
the various host phases of the coal is limited. This is partly due to the paucity of trace 
element data for many coals, and partly due to the fact that the chemical elements in coal 
are derived from a variety of host phases. A proportion of the chemical elements in coal 
originated from the parent plant materials, and these organically-associated elements may 
be redistributed during coalification.  
 
Another portion of the chemical elements is hosted in various accessory minerals in coal, 
these minerals having a variety of syngenetic to epigenetic origins. The mode of 
occurrence of an element is an important factor in determining its toxicity and behavior 
during mining, processing, and utilization. Detailed knowledge on the mode of 
occurrence of an element is crucial to the understanding of its technological behavior, by-
product potential, geological significance, and environmental impact. Because of high 
toxicity of many trace elements (e.g., Hg, As, and Se) and their compounds, it is desirable 
to reduce their content in coals prior to combustion in power plants. 
 
In order to better understand the mode of occurrence and the distribution of sulfur and 
other inorganic chemical elements in coal, I proposed a novel integrated geochemical 
approach to this problem, in particular to the study of sulfur and its correlation to 
different coal fractions. I proposed to build several sequential extraction systems and 
sample preparatory devices that can be used for chemical extraction of inorganic 
compounds from coal and coal combustion products. I also proposed to design a 
methodology to recover both reduced and oxidized sulfur species from coal, together 
with other trace elements such as mercury. 

 
EXPERIMENTAL PROCEDURES 

 

 
Sampling of coal beds for analysis 

Coal samples were collected from mines located in two counties in Southern Illinois. We 
sampled the following coal members of the Illinois coal basin: Herrin No. 6 and 
Springfield No. 5 of Carbondale Formation from Willow Lake Mine and Murphysboro 
and Mt. Rorah of Spoon Formation from Creek Paum Mine (Knight Hawk Coal Co.).  
Coal samples were described while at mines. When possible, bench samples were 
collected from coal seam sections, so that complete sections of the bed were available for 
further analyses. All samples were split into four portions: one part of the samples was 
made into a polished block, the second split was analyzed for different sulfur species, the 
third split was sent for proximate analysis at USGS Laboratories in Denver, and the last 
split was saved for other analyses, such as acid-digestion. 
 

 
Basic coal characterization analysis 

Standard mineralogical and structural examination: Mineral identification was done 
using a state-of-the-art analytical system composed of a Hitachi 7100 TEM equipped for 
x-ray analysis (NORAN Voyager III) and digital, high-resolution imaging at 125 kV at 
the IMAGE facility at Southern Illinois University Carbondale. Scanning Electron 
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Microscope (SEM) micrographs of the virgin and residual coal samples were obtained by 
SEM. Each of the samples was mounted on disc and coated with gold. Samples were 
analyzed by Cu K-a radiation at an accelerating voltage of 45 kV and current of 35 mA. 
Data were collected in an angle range from 2° to 70°, and collection duration was tailored 
to each experiment with values between 1 and 4 h.  
 
Macerals separation: The coal macerals were separated using the Density Gradient 
Centrifugation Method (Crelling, 1987) in the Coal Laboratory at SIUC. In this 
technique, the coal sample is reduced to micron size in a fluid energy mill or jet mill and 
then demineralized with HF and HCl.  The sample is then put into a vessel that is filled 
with an aqueous CsCl density gradient, then centrifuged and the particles move to the 
appropriate density level.  After centrifugation the vessel is fractionated by pumping, then 
filtered, weighted, and dried.  The density and weight of each fraction are measured and 
plotted.  The resulting density profile accurately reflects the maceral composition of the 
sample (http://mccoy.lib.siu.edu/projects/crelling/macseplab/index.html). 
 
USGS laboratory analyses: Splits of coal samples were sent to the USGS-ERP Energy 
Lab, Denver, Colorado. Coal samples are analyzed for moisture, sulfur, ash, calorific 
value, sulfur forms, and trace element analysis following American Society for Testing 
and Materials (ASTM) procedures (1985). In addition, for all samples, float fractions at 
1.55g/cm3

 
 are obtained and analyzed for sulfur, ash, and mercury contents.  

 
Sequential extraction of sulfur species 

To separate various inorganic and organic sulfur compounds from coal, I designed a 
novel sequential extraction scheme. The nine step sequential extraction of coal samples 
results in the characterization of the following sulfur phases: copper extractable sulfur 
(elemental sulfur); dichloromethane chloride (DCM) soluble sulfur (polar bitumen 
sulfur), humic acid sulfur, fulvic acid sulfur, acid volatile sulfur (monosulfides); acid 
soluble sulfur (gypsum and carbonate bound sulfur); chrome-reducible sulfide (pyrite and 
other sulfides); and refractory organic-bound sulfur (kerogen). The procedures, 
summarized in Figure 1, is modified from Zaback and Pratt (1992) and Lefticariu et al., 
(2006, 2007).  
 
Splits of approximately 150 – 250 g of sample are homogenized and transferred to a 125 
ml glass flask purged with nitrogen gas and extracted for 24 hours in a Soxhlet apparatus 
with dichloromethane (DCM). Copper pellets, activated with concentrated HCl and pre-
cleaned with methanol and DCM, is added to the sample flask to remove elemental sulfur 
as CuS. To extract the elemental sulfur from CuS coatings, hot 6 N HCl is dripped into 
the flask while bubbling the slurry with N2. Evolved H2S is carried in flowing N2 
through a citric acid/NaOH 0.1 M buffer solution (adjusted-to pH = 3.5) into a 0.1 M 
AgN03 solution where Ag2S is precipitated. Extraction of dissolved sulfide continues for 
about an hour. Precipitated Ag2

 

S is filtered, rinsed, dried, weighed, and saved for isotopic 
analysis.  

http://mccoy.lib.siu.edu/projects/crelling/macseplab/index.html�
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Figure 1. Flowchart presenting the sequential extraction procedures used to quantify sulfur 

species resulted during pyrite oxidation by hydrogen peroxide that consists of seven 
operationally defined fractions: initial pyrite, aqueous sulfate, sulfate minerals, 
elemental sulfur, acid-volatile sulfides, acid-soluble sulfate, and residual pyrite. 
Procedure modified from Lefticariu et al. 2006. 
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The remaining coal slurry is filtered, rinsed, and freeze-dried. The excess DCM is stored 
into another round-bottom flask, and concentrated in a Rotavapor. The DCM evaporates 
and the residue is place in refrigerator for later analysis of bitumen-bound sulfur. DCM-
extracted sediment is further placed in 100 mL Nalgene bottles and is extracted for 24 
hours with 50 mL deoxygenated, cold 0.1 N NaOH under N2

 

. The suspension is 
continuously stirred with a magnetic stirrer bar. The resultant humic extract is 
centrifuged, decanted, and filtered through a 0.4 μ glass-fiber filter. The extraction 
procedure is repeated until the extract is only faintly yellow in color.  

The extracted solution is acidified to pH = 2 to separate the insoluble humic-acid fraction 
from the soluble fulvic-acid fraction by precipitation over 48 hours. The fulvic acids are 
centrifuged, decanted, and filtered through 0.4 μ glass-fiber filters. The precipitated 
humic acids are washed repeatedly with distilled, deionized water, centrifuged, and the 
decanted solution is added to the fulvic acid fraction. Cleaned humic acid fractions are 
freeze dried, weighed, and ground in an agate mortar. Dried humic acids are then 
combusted in a Parr autoclave apparatus to oxidize humic acid sulfur to sulfate. 
Dissolved sulfate is precipitated as BaSO4 and weighed. The fulvic-acid extract is 
reduced in volume to 200 µL over low heat, followed by addition of 20 mL of 30% H2O2 
solution. This solution is gently heated for 1 hour. The H2O2 oxidation procedure is 
repeated three times to ensure complete oxidation of fulvic-acid sulfur. The solution is 
then acidified to pH = 2 and sulfate is precipitated as BaSO4

 

, filtered, dried, weighed, and 
retained for analysis.  

A second split of the DCM-extracted sediment is placed in a N2-purged flask, followed 
by slow addition of 40 mL of 6 N deoxygenated HCl while bubbling the solution with N2 
and stirring with a magnetic stirrer bar. The acidic solution is briefly boiled and then 
chilled. Evolved H2S is interpreted to be derived from dissolution of acid-volatile 
monosulfides (e.g., pyrrothite). Analytical procedures for evolve H2S are described 
above. The filtered fluid, which contains acid-soluble sulfate, is place in 250 ml beaker 
and sulfate is precipitated as BaSO4, filtered, dried, weighed, and retained for analysis. 
The final coal residual is treated with a mixture of 20 mL of 12 N HCl and 20 mL of 1 M 
CrCl2 under N2 to dissolve pyrite and other disulfides. Evolved H2

 

S is recovered as 
described above. The Cr-reduction method is generally specific to reduced inorganic 
forms of sulfur such as disulfide minerals (e.g., pyrite).  

Final residue, after organic and acid extraction is saved, dried and is combusted in a Parr 
autoclave to recover any acid resistant sulfur still in the sample. This fraction represents 
the kerogen sulfur fraction. Recent studies have shown that the chromium reduction 
method does not extract organic sulfur, and thus the last sulfur fraction represents the 
fraction of sulfur that is insoluble in organic solvents or acids or the kerogen fraction.  
 
Individual sulfur fractions are collected at the end of sequential extraction either as 
BaSO4 or Ag2S. Each fraction is placed in the oven to dry and then weighed to record 
total residue mass. Extracted sulfur fractions can be further analyzed for sulfur isotope 
ratios. Sulfur isotope analyses of different sulfur species (elemental sulfur, kerogen 
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sulfur, bitumen sulfur, monosulfide sulfur, disulfide sulfur, and sulfate) can provide more 
detailed information on the sources and evolution of sulfur in coal, relative timing of 
sulfur incorporation, and diagenetic processes including possible implication of 
hydrothermal fluids. 
 

 
Stable isotope analyses 

Sulfur isotopes measurements of sulfur fractions and carbon isotope analyses of macerals 
were performed by a continuous-flow elemental analyzer connected to a Finnigan/Mat 
Delta Plus stable-isotope ratio mass spectrometer (EA-IRMS) at Indiana University. 
Produced sulfides and sulfates were analyzed as Ag2S, and BaSO4, respectively. Aliquots 
were loaded in tin cups, mixed with 1–2 mg of V2O5, and combusted on-line in a CE-
1110 elemental analyzer at a flash temperature of 1400 °C. Combustion products were 
carried via He by continuous flow through a 1010 °C oxidation-reduction column, 
through a MgClO4 water trap, and a Costech packed column (0.8 m) to purify SO2. 
Isotopic compositions are reported in standard delta notation relative to V-CDT and are 
determined relative to the following standards: IAEA-S1 = –0.3&, IAEAS2 = +21.6‰, 
IAEA-S3 = –31.3‰, and NBS 127 = +20.3‰ (SO2
 

-scale). 

 
Data interpretations      

The results of this study are included in a new database built in Microsoft Access format 
and combine all available geochemical data obtained by this study. Our data are 
combined with other data from sources such as the U.S. Geological Survey COALQUAL 
databases (Bragg et al., 1998), data from mining company records that are no longer 
confidential, and data from individual researchers.  Our data are compared with data for 
coals and associated rocks already available (National Coal Resources Data System or 
NCRDS).  This database is not yet available to the public. 
 

RESULTS AND DISCUSSION 
 
Effort in this investigation was broken into six tasks (five technical tasks and reporting 
per ICCI requirements). These tasks focused around the main objectives of this project, 
namely the construction and testing of the sequential extraction systems and the testing of 
the chemical extraction procedures. The sequential extraction procedures use iterative 
selective chemical leaching protocols on coals in combination with a range of 
complementary studies. Both of the major objectives set out in the original proposal for 
this project have been largely accomplished.   
 

 
Task I: Construction of the sulfur extraction line  

This objective has been fully accomplished.  The system was custom built and assembled 
from component parts that are relatively inexpensive and commercially available. The 
sequential extraction systems were installed in two fume hoods and connected to the 
water and gas (N2, Ar) supplies. The extraction methods are specific to complex systems 
containing many organic and inorganic sulfur phases and consequently are more accurate 
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representation of sulfur distribution in coal.  Similar procedures are currently used for 
sulfur quantification in heavy oils, shale, and unconsolidated sediments by different 
research groups, as they can reveal unique trends not shown by whole-rock or two-
fraction (inorganic and organic) sulfur analyses. Photographs of the two extraction 
systems are illustrated in Figure 2. 
 
 

 
 
Figure 2: Photographs of the two sulfur extraction systems completed in Lefticariu’s 

Geochemical Laboratory, SIUC: (a) Soxhlet extraction apparatus for extraction of 
organic compounds from coal samples.  Graduate student Rajesh Singh assembles the 
component parts before extraction; (b) Nitrogen-purged extraction apparatus for 
quantitative recovery of dissolved and volatile sulfur species from monosulfide and 
disulfide minerals from coal samples. The sequential extraction systems are installed in 
a new fume hood and connected to the water and gas (N2

 
, Ar) supplies. 

The main tasks accomplished during this period were: 
1. To build the sequential extraction systems and the sample preparatory devices that are 

used for chemical extraction of organic and inorganic compounds from coal and coal 
combustion products. The extraction systems are not stock items, but rather they are 
custom built and assembled from component parts that are relatively inexpensive and 
commercially available. The system meets or exceeds of the original design 
specifications and required only minor modifications from the design originally 
submitted as part of the proposal preceding this project.   

2. To establish different capabilities and limitations of individual chemical protocols for 
extraction of different chemical elements from coal and coal products; 

3. To train both graduate and undergraduate students in chemical methods important to 
investigation of coal, by providing both theoretical and practical means. 

 

 
Task II: Sampling of coal beds for analysis 

We sampled the following coal members of the Illinois coal basin: Herrin No. 6 and 
Springfield No. 5 of Carbondale Formation at Willow Lake Mine and Murphysboro and 
Mt. Rorah of Spoon Formation at Creek Paum Mine, Knight Hawk Coal Co.. The rank of 
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the coal samples is high volatile A bituminous, with vitrinite having a mean maximum 
reflectance of 0.88%.  
 

 
Task III: Basic coal characterization analysis 

Mineralogical and petrographic investigations were conducted on all coal samples to 
determine (i) inorganic components of coal, and (ii) maceral composition. 
 
Mineralogical investigation of coal 
The mineralogical composition of coal samples is dependent upon the processes that have 
occurred in the source areas, during transport and deposition and during post-depositional 
diagenesis. The variation in mineral contents of different coals is due to the different 
extents of some or all of these factors. An attempt was made to identify different minerals 
using Scanning Electron Microscope. 
 
 

 
 
Figure 3:  Scanning Electron Microscope images of cleat-filling minerals associated with coal. 

(a) cleat-filling, late-stage calcite crystals from Springfield 5 coal; (b) cleat filling 
calcite crystal from Mt. Rorah coal; (c) kaolinite-filled cleat from Springfield 5 coal; 
(d) sulfate minerals develop as a result of pyrite oxidation from Mt. Rorah coal.  

 
SEM micrographs of the inorganic phases in coal samples are provided in Figure 3a-d. 
Most of the minerals identified are cleat filling minerals. Mineral categories counted 
included calcite (Fig.3a and 3b), kaolinite (Fig. 3c) and iron sulfate crust developed on 
pyrite (Fig. 3d). Our preliminary results show that the minerals found in the Herrin No. 6 
and Springfield No. 5 of Carbondale Formation are mainly of kaolinite, pyrite, quartz, 
and calcite, with trace amounts of illite and mixed-layer illite-kaolinite. Except for a 
minor amount of terrigenous quartz, most quartz is of authigenic origin and formed from 
kaolinite desilication. Calcite is a late-phase mineral and probably precipitated from 
diagenetic fluids.  Pyrite occurs in several morphologies: as massive, framboidal, isolated 
enhedral/anhedral, and euhedral forms. Iron sulfate minerals have been identified on 
pyrite surface. The primary sulfate minerals identified in coal seams include melanterite 
(FeSO4*7H2O), gypsum (CaSO4*2H2O), barite (BaSO4), and others (e.g., alunite). 
Sulfates presence indicates that surface waters rich in oxygen have interacted with the 
coal and its components resulting in pyrite weathering and sulfate formation.  
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Additional information has been obtained by analyzing the x-ray fluorescence (XRF) 
spectra of different minerals. The spectra presented in Figure 4 are generated by XRF for 
samples of Springfield 5 and Herrin 6. 
 
 

 
 
Figure 4: XRF spectrum of coal samples from Illinois basin: (a) Herrin 6 coal sample indicating 

the presence of clay minerals from Illite group; the presence of Ti may indicate that 
clay minerals are of hydrothermal origin; (b) Herrin 6 coal sample with cleat-filling 
clay minerals from Kaolin group associated with chalcopyrite (CuFeS2

 

), probably of 
hydrothermal origin; (c) Springfield 5 coal sample with picks indicating the presence of 
pyrite, calcite, and small amounts of clay minerals from Kaolin group.  

Our preliminary results indicate that Herrin 6 and Springfield 5 coal samples are enriched 
in Al, Mg, K and other trace metals such as Cu, Zn and Ti. Zn is the chalcophile elements 
whose high concentrations can be considered as an indicator of epigenetic mineralization 
(Hatch et.al., 1976).  Most zinc and cadmium in Illinois Basin coals are found in 
sphalerite (ZnS) (Cobb, 1981). The presence of iron is generally related to the abundance 
of pyrite. Chalcopyrite was identified in a Herrin 6 coal sample. Natural chalcopyrite has 
no solid solution series with any other sulfide minerals. However, it is often contaminated 
by a variety of other trace elements such as Co, Ni, Mn, Zn and Sn substituting for Cu 
and Fe. Se, Fe and As substitute for sulfur. It is likely many of these elements are present 
in finely intergrown minerals within the chalcopyrite crystal, for instance lamellae of 
arsenopyrite representing As, molybdenite representing Mo, etc.  
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Our preliminary findings are encouraging and suggest a multistage development of cleats 
that resulted from tectonic stress regimes that changed orientation during coalification 
and basin evolution. Additional research is needed for elucidating the formation of 
inorganic phases in coal. 
 

 
Task IV: Sequential extraction of sulfur species 

Sequential extraction of sulfur species yielded five operationally defined fractions (Table 
1), namely the disulfide (pyritic) sulfur (Sp), the monosulfide sulfur (Sm), the water 
soluble sulfur (Swss), the acid soluble sulfur (Sass), and the organic sulfur (So). In the 
samples analyzed so far, I did not recover any elemental sulfur (Sel), humic acid sulfur 
(Sha), and fulvic-acid sulfur (Sfa).  
 
 

Table 1: Sulfur content of different Illinois coal samples 

 
 
Our preliminary data show that the coal samples analyzed in this study have variable total 
sulfur content (St). The dominant sulfur fraction present in all samples is the disulfide 
(pyritic) sulfur (Sp). In our samples, the dominant sulfide mineral is pyrite which is found 
as larger euhedral crystals or nodules formed during diagenesis, and along cleats and 
partings. There are other sulfides present which may include sphalerite or chalcopyrite. 
Organic sulfur fraction (So) is usually bound in a number of organic compounds 
including aliphatic or aromatic thiols or thioethers, or in heteroxyclic compounds 
(Mastalerz et al., 1998). In our sample, sulfate fractions (the water soluble sulfur (Swss) 
and the acid soluble sulfur (Sass)) are minor. The formation of sulfide minerals can be the 
result of either oxidation of sulfides or organic matter, or are introduced through pore 
waters later, during diagenesis.   
 
Samples from Murphysboro and Mt. Rorah coal seams have relatively low-sulfur content 
with a content range from 0.7% to 1.2%. The Murphysboro coal is known to be low in 
sulfur in areas in Jackson County in southern Illinois (Affolter and Hatch, 2002). 
Surprisingly, the two samples from Mt. Rorah coal have also a low content in sulfur. The 
Murphysboro and Mt. Rorah coals are low in sulfur content in areas overlain by clusters 
of splay deposits that are part of large deltaic lobes. Deltaic lobes are clastic wedges that 
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overlie large areas of coal (Hatch and Affolter, 2002). In all the analyzed samples, most 
of the sulfur is present as disulfide (pyritic) sulfur (Sp). The organic sulfur content (So) is 
variable, but always lower than the disulfide (pyritic) sulfur (Sp). We were able to 
recover both the water soluble sulfur (Swss) and the acid soluble sulfur (Sass). The 
presence of Swss and Sass fractions indicates that the organic matter and the sulfide 
minerals are weathered to sulfate minerals. 
 
In contrast, coal samples from both Springfield No. 5 and Herrin No. 6 have relatively 
high sulfur concentration, with a content range from 2.9% to 4.5%. In Southern Illinois 
the both Springfield No. 5 and Herrin No. 6 coals are overlain by marine black shale and 
limestone and have sulfur contents of 3% or greater (Affolter and Hatch, 2002). In all the 
analyzed samples, we found comparable amounts of sulfur present as disulfide (pyritic) 
sulfur (Sp) and organic sulfur (So). We recovered significant amounts of sulfate, both the 
water soluble sulfur (Swss) and the acid soluble sulfur (Sass). The presence of Swss and 
Sass fractions indicates that the sulfide minerals are weathered to different degrees to 
sulfate minerals. This observation is significant because it indicates that important 
amounts of sulfate minerals are produced in-situ even before the coal is mined. These 
sulfate minerals are very soluble in water and thus, have a high potential of 
contaminating the groundwater.  
 

 
Task V: Stable isotope analyses 

The same sample set was further examined utilizing sulfur and carbon stable isotope 
geochemistry in order to further characterize the source coals. Preliminary results of the 
isotopic composition of sulfur (δ34S) and carbon (δ13

 

C) determined for inorganic and 
organic components of coal are listed below.  

Sulfur isotopes 
Sulfur geochemistry characterization studies have been conducted to further establish the 
stable isotope composition of inorganic and organic phases in Illinois coals. Previous 
studies have shown that S-bearing constituents in coals exhibit characteristic δ34

 

S values 
generally in the range of -20 to +20‰ (e.g., Smith and Batts, 1974; Westgate and 
Anderson, 1984; Elswick et al., 2007), depending on the of sources of S in coal. In 
natural coal samples, the isotopic composition of organic and inorganic S species is a 
result of a unique combination of syngenetic S sources available during deposition in the 
individual environment, including seawater sulfate, organically-bound S, and fluvially 
derived sulfate from continental sources. Later processes such as digenesis and/or 
tectonic events can contribute with additional epigenetic sources such as infiltration of 
later marine waters, and sulfate and sulfide derived from overlying and underlying units. 

To date, we have preliminary sulfur isotope data only from the high-sulfur Springfield 
No. 5 Coal.  The δ34S-values of disulfide (pyritic) sulfur (Sp) varies between +0.5 and 
5.4‰. The sulfate sulfur δ34S-values range from −1.7 to +5.6‰. The differences in δ 34S 
between sulfate sulfur and pyritic sulfur is relatively small, implying that oxidation of 
sulfide minerals occurred during deposition or postdeposition. The δ34S values of organic 
sulfur are rather heterogeneous in our coal samples, with values ranging from -1.5 to 
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+5.2‰. These δ34

 

S-values demonstrate that a large kinetic effect was at work in the 
isotopic fractionation of the available sulfate in the early stage of peat accumulation, 
suggesting that a significant contribution from bacteriogenic processes was in place 
during biochemical alteration of plant debris.  

The preliminary sulfur isotope results show that there are marked differences in the δ34

 

S-
values for sulfur species within individual coal samples. Because of the heterogeneous 
nature of the coal including sulfur composition, maceral content, and variable degrees of 
diagenesis, more data is needed before an inclusive interpretation can be made.  

Carbon isotopes 
To date, I collected preliminary data on carbon isotope composition of macerals 
separated from the Springfield No. 5 Coal to evaluate the controls on carbon isotope 
variability in macerals. Macerals are the individual organic subcomponents of coal and 
have distinct physical and chemical properties, which reflect differences in original plant 
material, alteration during deposition and diagenesis, and the degree of coalification or 
rank.   
 
The distributions of the different maceral types within a particular coal significantly 
control coal properties and, as a consequence, the environmental and technological 
problems associated with the use of coal. I separated macerals by using density-gradient 
centrifugation techniques. In this way I was able to concentrate relatively pure macerals 
within a single coal (purities up to 99%).  
 
The preliminary carbon isotope results of macerals separated from an individual sample 
of the Springfield No. 5 coal show that significant differences exist among macerals.  We 
measure an increase in δ13C values from liptinites (δ13C resinite = -27.2 ‰ and δ13C 
sporite = -26.9 ‰) to inertinites (δ13C fusinite = -25.3 ‰ and δ13C semifusinity = -25.2 
‰) and finely to vitrinites (δ13

 
C vitrinite = -24.9‰).   

These results confirm previous findings that significant isotope differences exist among 
different macerals within a single coal, likely recording the original composition of plant 
tissues from which the macerals originated and the changes that occur during 
coalification.  
 

 
Task VI: Data interpretations                                                                                                                           

The results of this study are included in new database presented in Microsoft Access 
format and combine all available geochemical data obtained by this study. Our data are 
combined with other data from sources such as the U.S. Geological Survey COALQUAL 
databases (Bragg et al., 1998).  This database is not yet available to the public. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
Both the overall and specific objectives of this project have been successfully 
accomplished. The specific conclusions are as follows: 
 

• The sequential extraction systems and the sample preparatory devices for 
chemical extraction of inorganic compounds from coal and coal combustion 
products have been successfully assembled and the systems perform at or above 
original specifications. Extraction of various inorganic and organic sulfur phases 
from Illinois coals has been successfully demonstrated.  The novel sequential 
extraction scheme is the first work to show that sequential extraction of sulfur 
species is possible for coal samples. These extraction systems are greatly 
facilitating continued research in inorganic chemistry of coal by Dr. Lefticariu 
and her students, enhancing the ability to obtain external funding. It is also 
enhancing opportunities for student involvement in many areas of coal research, 
especially those related to inorganic geochemistry aspects. These systems are 
going to be used in other projects involving coal research; materials such as coal 
combustion products, shale, sediments, and ash will be used as starting material 
for sulfur and trace elemental extraction. In the future, we plan to add components 
to our system that will expand our ability to experiment new methods of inorganic 
chemical analyses of coals. 

 
• Chemical extraction of sulfur phases from Illinois coals has been successfully 

demonstrated. Large differences in the amount of various sulfur phases have been 
highlighted by our approach. Our preliminary data suggest that the distribution of 
sulfur is highly variable within the coal sample. In high-sulfur coal samples, a 
significant portion of sulfur is concentrated in pyrite, which is also concentrated 
along the fractures. In these coals, routine techniques of sulfur removal could also 
efficiently reduce other trace element content. However, at this time we don’t 
have a sufficient number of samples to be able to predict the distribution of sulfur 
at local or regional levels. Additional data will allow us to link the chemical form 
and distribution of a given sulfur phase to the geological history of the coal. 

 
• Significant information has been obtained through additional investigations and 

basic coal characterization analysis. Future work will allow us to link the coal 
inorganic (e.g., minerals and amorphous phases) and organic (e.g., maceral) 
composition to modes of occurrence of chemical elements, including sulfur (S), 
mercury (Hg), selenium (Se), and arsenic (As), in Illinois coals. Differences in the 
quality of coal result from variations in the total and relative amounts of detrital 
and authigenic minerals, the elemental composition of these minerals, and the 
total and relative amounts of any organically bound elements.  

 
• Stable isotope results, mainly the δ34

 

S values of individual sulfur phases (e.g., 
sulfides, organic sulfur, sulfates, and elemental sulfur) prove to serve as a 
“fingerprint” to identify sources of sulfur in coals.  
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• Constructing a database for Southern Illinois. The results of this study are 
included in new database presented in Microsoft Access format and combine all 
available geochemical data obtained by this study. Our data are combined with 
other data from sources such as the U.S. Geological Survey COALQUAL 
databases (Bragg et al., 1998).   

 
It is recommended that the following research venues be pursued: 
 

• A detailed future study is necessary to determine the viability of trace elements at 
local and regional level. In order to better predict potential environmental impacts 
resulting from the increased utilization of coal from the region, it will be 
necessary to identify the modes of occurrence of the various elements within the 
coal and the nature of the coal combustion products. Accomplishing this would 
involve collecting additional samples from mines, power plants, and many other 
localities to obtain essential mineralogical and related data. A partial listing of the 
factors that might influence element distributions includes (1) chemical 
composition of the original plant community in the peat swamp; (2) amounts and 
compositions of the various detrital, diagenetic, and epigenetic minerals; (3) 
chemical characteristics of the ground waters that come in contact with the coal 
bed; (4) temperature and pressures during burial; and (5) extent of chemical 
weathering. As yet, many of these factors have not been fully evaluated in detail 
for many of the Illinois Basin assessed coals. Thus, the currently available 
databases are considered inadequate to provide a complete characterization of 
coal quality throughout the basin. 
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DISCLAIMER STATEMENT 
 
This report was prepared by Liliana Lefticariu, Southern Illinois University Carbondale, 
with support, in part, by grants made possible by the Illinois Department of Commerce 
and Economic Opportunity through the Office of Coal Development and the Illinois 
Clean Coal Institute. Neither Liliana Lefticariu, Southern Illinois University Carbondale, 
nor any of its subcontractors, nor the Illinois Department of Commerce and Economic 
Opportunity, Office of Coal Development, the Illinois Clean Coal Institute, nor any 
person acting on behalf of either: 
 
(A) Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, 
or that the use of any information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; or 

 
(B)   Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute. 
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois' support of the project. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


