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The presence of sulfur compounds in coal is a serious environmental problem that
affects the coal industry. This problem is due to the fact that organic sulfur is not separated
or removed during any physical cleaning process. Organic sulfur is removed only during a
more costly chemical desulfurization process. The kinds of organosulfur compounds in
coal are generally known, but the quantity of each type of compound and the distribution of
these compounds throughout the coal matrix has not been studied extensively.

The objective of this research was to investigate the more reactive and chemically
labile organosulfur compounds in liquid coal extracts. Organosulfur compounds such as
sulfides, aliphatic thiols, and disulfides were studied using reverse phase HPLC with
electrochemical detection in a acetonitrile/water mobile phase.

Coal samples IBC 101 and IBC 105 were extracted with THF and hexane. The
liquid coal extracts were fractionated using a simple chromatographic technique. The
fractionated extracts were then analyzed using reverse phase HPLC with UV detection,
reverse phase HPLC with EC detection, infrared spectroscopy, and selected chemical tests.

From the data collected, one can conclude that THF and hexane solvents
did extract organosulfur species that were detectable with UV and electrochemical methods.

Xii



THF was found to be a better extraction solvent as compared to hexane. THF extraction
resulted in an enrichment of the organosulfur compounds in the coal samples extracted.
The chemical reaction for organosulfur compounds was positive in all fractionated samples
collected, while IR analysis was negative or inconclusive.

Reverse phase HPLC with EC detection appears to be an ancillary technique that

has the potential to provide some pertinent information about organosulfur compounds in

liquid coal extracts.
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I. INTRODUCTION

Organic sulfur detection, identification, and quantification has received a great deal
of attention for many years, because many industries desire sulfur free coal for use. Since
organic sulfur is not removed during the physical cleaning process of coal, it has become
necessary to develop chemical processes to remove organic sulfur from coal. This
requirement for a chemical process has generated a need for information concerning the
amounts and types of organic sulfur compounds in coal.l

In this study conducted at Western Kentucky University, data was collected for the
possible speciation of organic sulfur in two coal samples IBC 105 and IBC 101. The two
coal samples were extracted with THF and hexane solvents. The liquid coal extracts were
then fractionated using a simple chromatographic technique, examined using HPLC with
UV detection, analyzed using HPLC with a electrochemical detector, analyzed with IR
spectrometry, and analyzed with selected wet tests. The objective of this study was to
determine the feasibility of adequately separating and detecting selected organosulfur
compounds such as thiols, sulfides, and disulfides.
A. Coal Structure

Bartle and coworkers reported that coal is now considered to be a cross-linked
macromolecular network in which are trapped lower molecular weight materials either in
sites readily accessible to solvent or in cages analogous to clathrates.2 Pajak and
coworkers report that all coals can be extracted by organic solvents. The amount extracted
varies from 1% to 30% for bituminous coals depending upon the solvent used. Pajak has

reported that the solvent action diversity may be explained by the recent concept of electron



donor-acceptor (EDA) mechanism of coal extraction and swelling and by a two-phase
model of coal structure.3

According to the two-phase model, coals are thought to consist of a three
dimensional macromolecular network and separate molecules. The macromolecular
network creates a pore system in which the molecules are dispersed and are held in place by
electron donor-acceptor interactions between electron donor and electron acceptor sites such
as functional groups and hetero-aromatic and aromatic rings occurring in both phases.3

Electron donor-acceptor (EDA) complexes vary in strength with hydrogen bonding
forming the strongest complex. Pajak reported a possible mechanism for solvent action on
coal organic matter may be as follows: solvent molecules substitute for one part of the coal
EDA complex thus breaking it up.3 When the electron donor (ED) or electron acceptor
(EA) strength of a solvent molecule is higher than the ED or EA strength of the coal active
site, the interphase EDA complexes are destroyed and the coal molecules will be detached
from the macromolecular network. Solvents with a higher donor number produce a greater
destruction of the interphase EDA complexes resulting in more coal molecules being
extracted.3

Rubio and coworkers have reported that the mobile phase or trapped molecules may
constitute up to 40% of the coal by weight.4 The more accessible portions would be
extracted by non-specific extraction solvents.

A coal extract’s composition has been shown to depend on the coal rank, as well as
the solvent, and time of extraction.3.4 Kershaw has reported liquid coal extracts contain
compounds such as branched alkenes, n-alkenes, hydroaromatics, and oxygen containing
compounds such as cyclic ethers.5 Of these chemicals, branched chain and cycloalkanes
appear to be the easiest to remove. A typical coal extract contains thousands of compounds

with molecular masses that usually range from 100 to 5000.5



B. Coal Sulfur

Thiophenic compounds have been the focus of most organic sulfur research as it
relates to coal. These compounds are the most stable and the most difficult to remove from
coal samples especially as compared to thiols, sulfides, and disulfides. Of the total organic
sulfur content in coal, Riley and coworkers have concluded that approximately 45% is
thought to be due to aliphatic sulfur compounds.! Coal samples usually have a total sulfur
content that ranges from 0.2% to 12% by weight with most coal samples having a sulfur
content that falls within the 1% to 4% range.6

White7, Lee7, Stock8, and Attar® have briefly reviewed the organosulfur
constituents known to exist in coal and coal-derived products. Other workers such as
Yurovskii 0, Kessler!1, and Stock8 have provided a general overview of the appropriate
analytical method to use for detection of specific organosulfur compounds. High
resolution mass spectrometry has been used to identify thiophenol and thiophenic
compounds in pyridine extracts of a Pittsburgh seam by Kessler, Raymond, and Sharky.11
Combined gas chromatography-mass spectrometry has been used by Radkel2 and
coworkers to identify dibenzothiophene and some alkylate dibenzothiophenes in the
aromatic fractions of solvent extracts of coals. Calkins has used GC/MS to identify
thiophene, benzothiophene, dibenzothiophene in a Pittsburgh No. 8 coal.13 In this study
evidence exists to suggest that sulfidic and thiolic groups constitute approximately 45% of
the organosulfur in mid rank coals.

In a study using thermokinetic analysis, thiols, thiophenols, aliphatic sulfides, aryl
sulfides and thiophenic sulfur proportions were determined in five coal samples by Attar
and coworkers.9 14 In this analysis Attar and coworkers concluded that 15-30% of the
organic sulfur in coal is sulfidic, while thiophenic sulfur constitutes 30-55% of the organic
sulfur in lignite and 40-60% in bituminous coals with the remaining being thiolic in nature.

In another study, Y urovskiil0 determined the types of organosulfur compounds in



alcoholic solutions of phenol coal extracts. In his study 48% of the organosulfur
compounds appeared to be thiophenic in nature with thiols, sulfides, and disulfides present
as a mixture. In a study using X-ray absorption near-edge structure (XANES)
spectroscopy George and Gorbaty determined the distribution of sulfur groups in a Illinois
No. 6 bituminous coal and a Rasa lignite.15. 16 The Illinois No. 6 coal appeared to contain
approximately 60% sulfidic and approximately 40% thiophenic sulfur, while the lignite
contained approximately 30% sulfidic and approximately 70% thiophenic sulfur. In
another study using X-ray absorption fine structure (XAFS) spectroscopy, Huffman and
coworkers examined several bituminous coal samples with the general conclusion that the
organic sulfur compounds were predominantly thiophenic in nature.17

Specific aromatic compounds have been studied extensively by Nishioka and
coworkers. Sulfur containing aromatic compounds in crude oil, coal extracts,
hydrogenated coal liquids, and catalytically-cracked petroleum bottoms were separated
using ligand-exchange chromatography (LEC) employing silica gel impregnated with
PdCl,. The isolated compounds were identified by using gas chromatography with flame
ionization, flame photometric detection, and combined gas chromatography mass
spectrometric techniques.18-23

C. Coal Extraction

By using coal extracts or reaction products, solid coal analysis or study is made less
difficult. Solvent extraction has been a major technique in coal analysis. Many solvents
have been used for extractions - such as tetrahydrofuran, pyridine, and dimethylforamide,
each being quite useful. In a study performed by Buchanan, an Illinois No. 6 coal was
sequentially extracted with toluene, tetrahydrofuran, dimethylforamide, and pyridine with
the coal extract containing approximately 28% of the coal by weight and 29% of the organic
sulfur.23 Calkins and coworkers found tetrahydrofuran gave superior extraction results for

Pittsburgh No. 8 bituminous coal as compared to pyridine, ethylenediamine, or



acetonitrile.2+ 25 In other studies, Buchanan and coworkers found hot perchloroethylene
extracted elemental sulfur, while little organic sulfur was extracted.26

Coal-derived liquids contain numerous organic compounds. As a result, it has
become important to develop procedures for the detection and measurement of these
organic compounds. Those molecules that are electroactive are likely candidates for
electrochemical analysis. This idea has been further supported by the fact that coal-derived
liquids usually have simple and reproducible voltammograms.27

D. Column Chromatography

An interesting approach to the analysis of coal liquids would be the use of liquid
chromatography coupled to a sensitive and selective detector. This method would likely
provide two major advantages: (1) straight forward preparation and (2) low detection
limits.28

Coal liquids, as compared to coal, are relatively clean without significant amounts
of inorganic ash material and can be readily dissolved in a variety of electrochemical
compatible solvents. Coal liquids are known to contain materials which would be expected
to undergo electrochemical oxidation. These species include such things as
hydroquinones, phenols, aromatic amines, organosulfur compounds, polyaromatic
species, and heterocyclic species.22

The complexity of coal-derived material makes it necessary to separate the sample
into simpler fractions based on polarity, functionality, or molecular size before detailed
characterization is attempted. Column chromatography is an excellent technique for
segregating sulfur compounds. By choosing proper conditions it is possible to isolate
sulfur compounds from the sample and separate them according to compound type.

Sulfur, in various forms, is present in all fossil fuels. In general they have been
categorized according to functionality: thiol, disulfide, sulfide, and thiophene.22

Polycyclic aromatic sulfur heterocycles (PASH) compounds are the most abundant of
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aromatic sulfur compounds. Thiols, sulfides, and disulfides are thought to be contained in
coals and crude oils. However, their low abundance has made analysis very difficult
combined with the fact that thiols are not stable in air or at high temperatures and tend to
form disulfides by a coupling reaction.22

The problem of separating sulfur compounds from a sample matrix has received
some attention. A major method has been liquid adsorption chromatography. This method
has been applied to sulfur compounds as a separation method and for an enrichment step
prior to more detailed analysis by other techniques.29

In coal liquid extracts, it is necessary to separate and enrich the organosulfur
compounds prior to analysis by other methods. In studies conducted by the U.S. Bureau
of Mines, workers found alumina useful for the separation of petroleum fractions.30
Alumina has the ability to separate aromatic compounds from sulfur compounds. By using
alumina, large amounts of materials can be prepared for subsequent analysis. In 1966, Orr
used liquid-liquid chromatography on mercuric acetate or aqueous zinc chloride to
separate alkyl and cycloalkyl sulfides from hydrocarbon, thiophenes, thiols, and aromatic
sulfides.31 At approximately the same time, Synder used a mercuric ion-impregnated
cation exchange resin to remove sulfides from nitrogen and oxygen compounds in
petroleum distillates.31 Poirier and Smily used adsorption chromatography using silica gel
and/or alumina in the first step to separate PASH compounds containing 1 to 3 rings.32
Drushels and Sommers reported a more selective method for the isolation of PASH
compounds that involves an oxidation/reduction procedure. Sulphones formed by
oxidation with peroxides were separated by adsorption chromatography followed by
reduction back to the original PASH compound.33 In 1983, one-ring thiophenic
compounds were separated by ligand exchange chromatography on a silver nitrate coated
silica column. In this same procedure, ligand exchange chromatography using salts of Hg,

Cu, Zn, and other metals was used to coordinate with sulfur compounds. This procedure



was effective for the isolation of aliphatic sulphides but was not in general applicable for

the separation of thiophenic compounds.34 Gundermann used a PdCl; coated silica gel to

separate phenanthrene and dibenzothiophene.35 Lee and Nishioka used ligand exchange
chromatography to isolate 2 and 6 ring PASH from the aromatic fractions of complex
mixtures. This two step separation method uses neutral alumina and silicic acid adsorption
chromatography to fractionate the materials into seven chemical classes. The hexane
fraction contains aliphatic hydrocarbons. The benzene fraction contains neutral polycyclic
aromatic compounds (PAC) and after the sulfur separation method will produce polycyclic
aromatic hydrocarbons (PAH), polycyclic aromatic oxygen heterocycles (PAOH), and
polycyclic aromatic sulfur heterocycles (PASH) fractions. The chloroform/ethanol fraction
contains nitrogen polycyclic aromatic compounds (N-PAC). And, the tetrahydrofuran
fraction contains hydroxyl polycyclic aromatic hydrocarbons (HPAH) compounds.36

E. Oxidative Potentials of Organosulfur Compounds

Most of the important electrochemistry of organic compounds has appeared since
1965. In studying organosulfur compounds, sometimes it is necessary to determine the
pertinent electrode potential for a particular functional group.37 Cyclic voltammetry is
frequently used for this purpose.

In cyclic voltammetry, the potential of the electrode is varied linearly with time in a
cyclic manner in order to observe the response of the organosulfur compound of interest.
The cyclic voltammogram provides some general information such as the electrode potential
for the reaction, an indication of the stability of the intermediate, and the rate of the electron
transfer.28

The oxidative potential of numerous organosulfur compounds has been determined
by cyclic voltammetry and polarography. Nicholson studied the voltametric oxidation of
aliphatic sulfides at platinum electrodes.38 Drushel and Miller used this same technique for

the qualitative identification of aliphatic sulfides in petroleum and later for quantitative
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determination of sulfides in petroleum fractions.39 Cyclic voltammetry studies have shown
that aliphatic and aromatic sulfides are readily oxidized at solid electrodes to the
corresponding sulfoxides and sometimes to the sulfone in aqueous solutions. In
nonaqueous aprotic solvents, oxidation of sulfides leads to sulfonium ions and products
derived from the sulfonium ions.40

Only a few examples of oxidative electrochemical studies of disulfides have been
reported in the literature. The oxidation of such compounds appears to depend upon the
supporting electrolyte. Usually, a radical cation undergoes nucleophilic attack by the
solvent which forms a mixture of sulfonium ions.40

Oxidation of mercaptans leads to disulfides at platinum and other solid electrodes.
Thiols are very easily oxidized to disulfides in solution, but this very favorable redox
reaction occurs only very slowly at most electrode surfaces such as the glassy carbon.
Most liquid chromatography electrochemical (LCEC) methods for thiols depend on the
unique behavior of these compounds at a Hg electrode surface at about +0.10 Volts. The
reaction involves formation of a stable complex between the thiol and mercury. Itis the
mercury that is oxidized and not the thiol:41

2RSH + Hg ----> Hg(RS); + 2e- + 2H+
LCEC can be used to detect thiols directly, whereas with UV detection thiols must be
derivatized first in order to be detected.41

A review of several articles indicates that many organic functional groups can be
electrochemically detected.37 Table 1 provides a listing of some of the more common
functional groups and their approximate potentials. In particular, thiols, sulfides, and
disulfides usually have an oxidative potential in the 1 to 2 volt range.40 Table 2 provides a
listing of some selected organosulfur compounds found in the literature.40 These

organosulfur compounds may resemble those organosulfur compounds found in coal liquid

extracts in this study. These potentials were establish in acetonitrile with either a Pt or a



TABLE 1

Electrochemical Analysis of Organic Functional Group

(E vs. SCE or Ag/AgCl Electrode)37

Functional Oxidations Functional Reductions
Groups (Volts) Groups (Volts)
Hydrocarbons +1.0 to +2.0 Olefins -1.8t0 -2.2
Azines +1.2to +2.2 Esters -0.8 to0 -2.2
Amides +0.5t0 +1.3 Ketones -1.2t0-1.8
Phenols +0.1 to +0.4 Aldehydes -1.2t0-1.8
Quinolines +0.2 to +0.6 Ethers -0.7t0-1.4
Halogens +0.0 to +0.2 Diazo Comp. -0.3 10 -0.6
Aromatic Conjugated

Hydroxyls +0.1 to +0.6 Esters -1.0to -1.7
Amines +0.5t0 +1.3 Nitro Comp. -0.2 to -0.5
Alkyl Amines +0.8 to +1.6

Aromatics +0.9 to +2.2

Catechols +0.0 to +0.5

Phenyl Ethers +1.3t0+1.8

Aromatic Amines +0.0to +1.0

Carbohydrates +0.0 to +0.7

Thiophenols +0.2 to +0.6

Thiols +0.5 to +2.0

Sulfides +0.5 to +2.0




TABLE2

Molecular Mass vs. Oxidation Potential For Model Sulfur Compounds40

10

Chemical Molecular Oxidation
Name Mass Potential

(amu) (Volts)
2-Methyl-2-Propanethiol 90 1.59
1-Methyl-1-Propanethiol 90 1.33
1-Propanethiol 76 1.14
Phenyl Disulfide 218 1.53
Phenyl Methyl Sulfide 124 1.83
Ethylene Sulfide 60 1.51
Dimethyl Sulfide 62 1.41
Diethyl Sulfide 90 1.50
Diallyl Sulfide 114 1.74
1-Butanethiol 90 1.49
Dipheny! Sulfide 186 1.50
Benzyl Phenyl Sulfide 200 1.95
Trnimethylene Sulfide 74 1.69
Pentamethylene Sulfide 102 1.42
1,3,5-Trithiane 138 1.47
tert-Butyl Sulfide 146 1.06
sec-Butyl Sulfide 146 1.43
1,4-Dithiane 120 1.46
Tetrahydrothiophene 88 1.45
Dibenzothiophene 122 1.35
Ethyl Sulfide 90 1.50
Phenyl Sulfide 186 1.50
Butyl Sulfide 146 1.45
Thiophene 84 1.84
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carbon electrode at ambient temperature. As Figure 1 shows, a plot of these potential
values produces an average potential value around 1.5 volts. In the detection process, one
must establish the potential window which is the range of electrode potentials accessible.
An analyte reaction must occur within the potential window in order to be detected.
Mobile phase and electrode material usually limit this potential window in both the positive
and negative direction.4! For a glassy carbon electrode in an aqueous solution at a pH of
4.5, the potential window ranges from -0.8 to +1.2 volts.41

F. Sulfur Compound Detection With UV and EC Detection

HPLC has become a widely used instrumental technique for both the qualitative and
quantitative analysis of organic, biological, and inorganic compounds. As it relates to
sulfur compounds, several articles provide support for the use of HPLC in organosulfur
detection. Mockel conducted reverse phase HPL.C separation of nonionic sulfur
compounds. Mockel reported successful separations for elemental sulfur, aliphatic thiols,
aliphatic dithiols, and aliphatic polysulfides.42 Bossle separated organic sulfides using pre-
column derivatization in conjunction with HPLC in addition to direct detection following
chromatographic separation.43 Shoup and Allison were able to simultaneously
determine thiols and disulfides using HPLC with a dual mercury amalgam electrode for
compounds in plant tissue and human blood.44 Shea and MacCrehan were able to identify
hydrophilic thiols using ion-pair liquid chromatography coupled to electrochemical
detection.45 Electrochemical detectors have also been used in the HPLC analysis of sulfur-
containing compounds such as parathion and methyl parathion and biologically active
sulthydryl-containing compounds.46, 47

In order to optimize an LCEC determination, one must consider the column and
detector together. One of the major limitations is the mobile phase. The mobile phase is
usually not a nonpolar solvent because of its inability to support a significant ionic strength

required for conductivity. As a resuit, normal phase separations are not conducted on
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Figure 1. Molecular Mass vs. Oxidation Potential For Model Organosulfur Compounds.
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alumina. Most L.C separations are reversed phase. In reverse phase the mobile phases are
usually aqueous solutions with organic modifiers such as methanol, acetonitrile, and
tetrahydrofuran. The retention time of the species is altered by adjusting the modifier
concentration, the pH, the ionic strength, temperature, or by adding an ion pairing agent.
These mobile phases adjusted as above are excellent for electrochemistry due to their ability
to carry an ionic current, to be chemically inert, to be electrochemically inert, and to be able
to dissolve the analyte.41

Another limitation of the mobile phase is the dissolved oxygen in the mobile phase.
This gas must be removed to prevent large background currents even at low potentials.
Mobile phases which are totally nonaqueous usually have a distinct advantage as compared
to aqueous solutions, because aqueous solutions have a potential range from -1.2 V to +1.2
V whereas in dry acetonitrile the range with salts is from -3 V to +3 V. For mobile phases
used with a carbon electrode the following reaction determines the positive limit:

2H)O ----> 4H+ + Op + 4e-
The negative limit is defined by the reduction of dissolved oxygen in the mobile phase as
shown below:

2H+ + 2¢ + Oy ---> H,0,

2H+ + 2¢ + H,0, ----> 2H,0
To reduce the effect of the above reactions, oxygen is usually removed by nitrogen
sparging, vacuum degassing, ultrasonic agitation, and refluxing. If oxygen has been
completely removed, the negative potential limit is determined by the hydrogen

overvoltage, the reduction reaction is as follows:41
2H+ + 2¢ ----> Hj
HPLC detectors may be divided into two categories. These are

usually universal and class specific. Refractive index and UV absorption are universal

detectors which are very useful. Many compounds are not responsive to universal
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detectors. These compounds may be present at trace levels or they maybe compounds
present in complex samples. In the latter case a class specific detector is usually preferred.
The electrochemical detector is a class specific detector that has seen rapid development in
the last couple of decades. Since the first reported use of electrochemical detectors in liquid
chromatography, a wide variety of compounds have been determined at concentrations
much lower than is possible with other detectors. The limit of detection of these detectors
is influenced by the sensitivity and by the level of noise. When operating at a low potential
range with a sensitivity of 0.1 to 1.0 pmole, the lower concentration limits detectable
approach 1.0 X 10- M to 1.0 X 10-10 M. Many compounds have been successfully
analyzed by LCEC: aromatic amines, phenolic compounds, caffeine, NADH, ascorbic
acid, sulfides, thiols, disulfides, nitrocompounds, and quinones.41, 47

LCEC provides several advantages when compared to other common detectors,
such as utilizing absorbance, fluorescence, or refractive index. In LCEC, the oxidation or
reduction of an analyte generates the signal. Due to the method of signal generation, the
response of the technique is different from that of spectroscopy-based approaches and this
is a asset in the analysis of complex samples not completely resolved by the LC column.
Furthermore, LCEC selectivity may be adjusted by appropriate choice of applied potential,
electrode material, and mobile phase composition. Due to its composition or structure,
LCEC may provide very low detection limits on the order of picomole or femtomole.4!

The cells used in ordinary voltammetry and electrochemistry are fundamentally the
same. The instrumentation employs a three-electrode configuration consisting of a
working, counter, and reference electrode. The working or indicator electrode may be
constructed from a variety of materials such as glassy carbon, pyrolytic carbon, carbon
paste, mercury, gold, platinum, and nickel. The working electrode construction depends
on the range of potentials needed, the nature of the analyte involved, and the solvent to be

used.4!
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Mercury and mercury amalgams demonstrate a high overpotential for hydrogen
reduction, and they are useful at negative potentials for reducible analytes. The other
electrodes such as glassy carbon and carbon paste are used mainly at positive potentials for
analyte oxidation.

The geometry of the electrochemical cell used in LCEC is a thin layer or sandwich
type of cell. The elongated cavity formed by the thin spacer allows effluent from the
column to pass across the working electrode surface where the analyte oxidation or
reduction occurs. This construction provides a low dead volume which serves to minimize
band broadening, maximize contact between the solution and the electrode so as to increase
the measured current.41

A technique widely used in LCEC is constant-potential amperometry. This
approach involves just the measurement of the electrochemical current that occurs in
response to a fixed potential applied to the working electrode. Following HPLC, the
sample passes through an amperometric detector cell, only a fraction of the analyte flows
across the surface of the working electrode where the electron transfer reaction and the
measurement of current occur. The current produced is dependent on the concentration of
the electroactive species in the vicinity of the electrode surface per unit time and on the rate
constant of the redox reaction.41

The rate of the electrode reaction generally depends on the applied potential. This
feature makes the choice of potential important in LCEC. This potential is chosen based on
experiments in which the current-potential behavior of the analyte in the eluent is
determined by techniques such as cyclic voltammetry (CV) or linear sweep voltammetry.
The information generated by techniques such as CV give preliminary information
concerning the oxidation or reduction of the analyte as a function of the applied potential

and solution conditions.4! This information is very useful when one is searching for one

compound in a complex sample matrix.
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In LCEC the working electrode potential is chosen by considering the selectivity
required for the specific application and the optimum signal-to-noise ratio. The oxidation
or reduction current associated with the analyte increases as the applied potential is made
greater. The current reaches a plateau where the oxidation or reduction current becomes
limited by the mass transfer of the analyte to the electrode surface. The electrode is usually
operated at a potential where the signal-to-noise ratio is at a maximum and eluent
electrolysis is at a minimum. Since selectivity is inversely related to the potential
employed, the lower the potential chosen, the better the selectivity due to fewer compounds
being oxidized or reduced at the lower potentials. When the samples are complex, it may
be better to focus on selectivity rather than sensitivity.41
G. IR Analysis of Sulfur Compounds

In IR spectrometry, wavelengths in the 2.5-5.0 micrometer range excite transitions
between the vibrational energy levels of the molecules present in the sample. The masses
of the atoms present and the strength of the interatomic bonds affect the vibrational energy
levels. Therefore, the IR spectrum contains information about the atoms present and the
way in which they are bonded together (the molecular structure present). Functional
groups can be considered to vibrate independently of the rest of the molecule in which they
are found. The position of these absorption bands are given in wave numbers called
reciprocal centimeters (cm-1).48

Some major absorption bands relevant to coal liquids are given in Table 3. IR
spectra may be obtained for all materials regardless of physical state. Gas samples can be
measured in cells. Liquids can be measured as thin films between NaCl or KBr plates.
Solid samples may be prepared as mulls in nujol or mixed with a non-absorbing matrix
such as KBr and a small pellet produced in a press.48

IR analysis has been applied to coal products. Stompel and Bartle used IR to

characterize the structure of tars from fluidized bed pyrolysis of coal.49, 50



TABLE 3

Major IR Absorption Bands Found in Coal Liquids48
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Band Position Functional

(cm-1) Group
3600-3500 Free OH stretch
3500-2400 Hydrogen bonded O-H stretch
3400-3200 N-H stretch
3060-3000 Aromatic C-H stretch
3000-2850 Aliphatic C-H stretch
2600-2500 Mercaptan S-H stretch
2560-2550 Thiophenol S-H stretch
1730-1680 Ketone C=0 stretch

1800-1740 Carboxylic Acid monomer C=0
1720-1680 Carboxylic Acid dimer C=0 stretch
1750-1725 Ester C=0 stretch

1680-1640 Amide C=0 stretch

1460-1440 Aliphatic C-H bend

1380-1370 Methyl symmetric C-H bend
1300-1100 C-O stretch

900-700 Aromatic C-H bend




II. EXPERIMENTAL

A. Coal Sample Preparation

Two coal samples were selected to quantitatively and qualitatively evaluate for
aliphatic sulfur content. Approximately 500 gram samples of IBC 101 and IBC 105 were
obtained from the Western Kentucky University Coal and Fuel Lab and ground to -60
mesh. The samples were stored in sealed and labeled containers in a freezer at a
temperature of 0 degrees (Celsius) when not in use.

B. Coal Extraction

Solvent extraction work was done using a standard soxhlet extractor. Each soxhlet
was insulated with glass wool wrapped in aluminum foil to help prevent heat loss. It was
hoped that any heat loss would be confined to the condenser (Figure 2).51

A system of six soxhlets were set up, three in a series. The three soxhlet’s on the
left were used for the THF extraction of IBC 1035, and the three soxhlets on the right were
used for the THF extraction of IBC 101. A Glas-Col six unit heating mantle was used for
the heating of the soxhlet system (Figure 3).51

The heated vacuum desiccator used was from Precision Scientific Company in
Chicago, [llinois. The vacuum gauge attached to the heated desiccator was used to judge
the amount of vacuum on the system. The heated vaccum desiccator was 120 volts, 2
amps. Temperature inside the vacuum desiccator was measured with a thermometer that
was built into the heated vacuum desiccator. The vacuum was generated with a Cenco-
Hyvac Vaccum Pump from Central Scientific Company.

Weighings were done on a Electronic Analytical Balance from American Scientific

Products, catalog number B1240. These weighings were done to the nearest 0.1 mg.
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Figure 2. Soxhlet Extraction Apparatus.Si
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Figure 3. Six unit heating apparatus with soxhlet set-up.51
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The tetrahydrofuran used was from Aldrich Chemical Company, Inc., Milwaukee,
WI, and met A.C.S. reagent grade specifications. It had a boiling point range of 1.2
degrees Celsius and inhibited with 0.025 percent BHT. No extra purification was done to
the THF before using it.

The methanol was from Aldrich Chemical Company, Inc., Milwaukee, WI. The
methanol was A.C.S. certified and had a boiling point range of 1.0 degrees Celsius. The
assay was 99%, and no extra purification was done.

The raw coal was received in sealed five gallon buckets. It was crushed to -8 mesh
coal and split, then crushed further into -60 mesh for use. The crushed coal was stored in
the freezer at a temperature of zero degrees Celsius until used.

1. Procedure

The procedure used for the solvent extraction work was developed at the University
of Kentucky Institute for Mining and Minerals Research by Art Fort.51 All samples are run
in triplicate, and the criterion for good procedure and technique is close agreement of
results for members of each group.

a. Dry a beaker at 100-110 degrees Celsius (one hour or more), cool in a
desiccator, and weigh to the nearest mg. All subsequent weighings will be to the nearest
mg. Weigh in 10 grams of -60 mesh coal.

b. Dry the samples in a vacuum oven at 60 degrees Celsius plus or minus 4
degrees Celsius for a period of six hours. Cool to room temperature in a desiccator and
weigh to obtain moisture loss percent. Dry marked thimbles, cool and weigh along with
the coal samples. Place dried coal samples in its thimble and weigh again to obtain the
weight of dried coal to be extracted.

c. Extract the dried coal samples for a period of 22 hours plus or minus 2 hours,
with 150 mL of THF. Insulate the soxhlet extraction assembly to minimize heat loss (we
desire most of the heat loss to occur in the condenser). Inspect the extraction assembly

from time to time to insure that THF drips rapidly from the condenser drop tip.
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d. After cooling, replace THF with methanol and bottle THF extract. Extract the
coal sample with methanol for a period of 5 to 6 hours.

e. Remove the thimble from the extraction assembly, allow bulk of methanol to
drain and evaporate under the hood. Place the thimble in a vacuum desiccator over calcium
chloride lumps (replace calcium chloride periodically as they show evidence of moisture).
Evacuate desiccator for a period of one-half hour. Seal vacuum, and allow sample to
remain over-night under vacuum.

f. Transfer sample to vaccum oven and dry at 150 degrees Celsi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>