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Speciation of heteroatoms in coal by sulfur- and nitrogen-selective techniques
S. R. Palmer, M. A. Kruge*, E. J. Hippo and J. C. Crelling*
Department of Mechanical Engineering and Energy Processes,
*Department of Geology,
Southern Illinois University at Carbondale, Carbondale, IL 62901, USA
Abstract. The peroxyacetic acid oxidation products from a series of coals of organic sulfur
content 0.5-9.8 wt% were examined. The distributions of organic S and N compounds were
determined by gas chromatography with sulfur-selective flame photometric and nitrogenselective thermionic specific detection respectively. A selected sample was also examined in
greater detail using low-voltage high-resolution mass spectrometry. The distribution of
organic sulfur compounds in the oxidation products was remarkably similar for all the coals.
The number of sulfur compounds detected was small compared with that of organic nitrogen
compounds detected. This suggests that the sulfur chemistry of coal is considerably simpler
than its nitrogen chemistry. Analysis of the m.s. data, together with a comparison of sulfurselective and nitrogen-selective chromatograms, indicated that a significant proportion of the
heteroatomic species present in coal contain more than one heteroatom. This is significant,
because few models of coal structure incorporate such species.
(Keywords: coal; organic sulfur; nitrogen)
The release of sulfur and nitrogen oxides into the atmosphere from the combustion of
coal is one of the leading causes of acid rain1. The successful prevention of these emissions
relies on the development of efficient and cost-effective sulfur and nitrogen removal
processes. This in turn largely depends on the determination of the chemical structure and
reactions of these species in coal.
The characterization of sulfur and nitrogen in coal has received considerable attention
and various approaches and techniques have been used for this purpose2. These procedures
can usually be fitted into one of three categories. The first category includes techniques such
as temperature-programmed reduction (t.p.r.)3, temperature-programmed oxidation (t.p.o.)4,
analytical pyrolysis5-7, and other techniques that rely on thermal degradation of the sample.
The second category includes techniques such as X-ray photoelectron spectroscopy (XPS)8,
X-ray absorption fine-structure spectroscopy (XAFS) and the related technique X-ray
absorption near-edge structure spectroscopy (XANES)9-12. These non-destructive techniques
examine all forms of sulfur or nitrogen simultaneously, without the high temperatures used in
the thermal degradation methods. The third category comprises techniques which analyse
soluble portions derived from the coal without the use of high temperatures. Most frequently,
solvent extraction13-14 is used for this purpose, or a chemical degradation such as oxidation1518
is used to depolymerize the coal in a selective fashion.
All the above techniques have certain advantages and disadvantages, and although
significant progress has been made in recent years, much is still unknown about the detailed
chemistry of the sulfur and nitrogen compounds in coal.
Recently, mixtures of hydrogen peroxide and acetic acid have been used to generate
peroxyacetic acid (PAA) and used as a selective oxidant for the characterization of organic
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sulfur species in a series of Illinois Basin coals and individual macerals isolated from them1618
. Although interesting results were obtained, such as a relatively simple distribution of
sulfur compounds and a preponderance of methylsulfonic acid in the oxidation products, it
was not known whether these results could be extrapolated to coals from other coalfields. In
addition, no information on the identity of organic nitrogen species was available from this
study.
The present paper discusses the extension of this oxidation procedure to the
characterization of organic sulfur structures in non-Illinois Basin coals. The analysis of the
oxidation products from the Illinois Basin coals for nitrogen compounds is also described.
EXPERIMENTAL
Samples
Four Illinois Basin coals were obtained from the Illinois Basin Coal Sample Program
(IBCSP) sample bank, managed by the Illinois State Geological Survey. These coals have the
IBCSP codes IBC-101, IBC-102, IBC-104 and IBC-106. The IBC-101 sample is Herrin No.
6 (Illinois No. 6) coal obtained from a commercial coal cleaning plant in west-central Illinois.
The IBC-102 sample is Colchester (Illinois No. 2) coal obtained from a western Illinois
preparation plant. The IBC-104 sample is run-of-mine Herrin No. 6 (Illinois No. 6) and the
IBC-106 sample is commercially washed Indiana No. 5 coal (known as Illinois No. 5 where
the seam continues in Illinois). Coal samples from outside the Illinois Basin, including
Wyodak subbituminous coal, Texas lignite, Raša coal (former Yugoslavia) and Mequinenza
lignite (Spain), were also used in parts of this study. Proximate and ultimate analyses of the
coals are given in Table 1. Data for the macerals separated from the Illinois Basin coals have
been reported previously18.
Procedures
A schematic outline of the preparation and analysis procedures is given in Figure 1. In
all instances the coals were demineralized, separated by sink-float and solvent-extracted
before oxidation. This preparation was undertaken to remove the mineral and mobile phase
materials that could interfere with the oxidation reactions. Aliquots of the Illinois Basin coals
were separated into three single-maceral components (sporinite, vitrinite and semifusinite).
This separation was not undertaken for the other samples. Specific procedures used for
grinding, micronization, acid treatment, sink-float, maceral separation, solvent extraction,
peroxyacetic acid oxidation and subsequent diazomethane methylation, and the conditions for
gas chromatographic analysis using flame ionization (f.i.d.), flame photometric (f.p.d.) and
mass-selective (m.s.) detectors, have been reported previously16-18. Gas chromatography
using a nitrogen-selective thermionic specific detector (t.s.d.) was performed using conditions
identical to those reported for g.c.-f.i.d. and g.c.-m.s. analyses.
Low-voltage high-resolution mass spectrometry (l.v.-h.r.m.s.)
Low-voltage high-resolution mass spectrometry was performed using a Kratos MS-50
mass spectrometer equipped with a Kratos DS-55 computer system at the Pittsburgh Energy
Technology Center (PETC). A sample of the methylated oxidation products from the THFextracted and floated IBC-101 coal was introduced into the mass spectrometer by the solidprobe technique. An ionization voltage of 11.5 eV and probe temperatures of 200, 300 and
350°C were used. A mass range of 50-550 u was scanned at a rate of one mass decade every
300 s. Under these operating conditions the mass spectrometer had a baseline resolution of
25000. Ion masses were recorded in high-resolution mode and empirical formulae were
assigned to each ion detected.
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RESUL TS AND DISCUSSION
Sulfur-selective analysis
F.p.d. chromatograms of the methylated PAA oxidation products for all the coals
examined are very similar. In each case the chromatogram is dominated by two peaks
occurring just before and just after a retention time of 4 min. The peak eluting just before 4
min is due to methylsulfonic acid (methyl ester), and that just after 4 min is believed to be
ethylsulfonic acid (methyl ester). Identification of the methylsulfonic acid was confirmed by
co-injection with authentic methylsulfonic acid and by a comparison of mass spectra. The
other peak is believed to be ethylsulfonic acid because only a single more intense peak was
observed in the f.p.d. chromatogram when a small amount of the authentic sulfonic acid was
added to the samples. However, owing to the co-elution of non-sulfur-containing species, a
mass spectrum for this sulfur-containing compound could not be obtained and hence its
identity could not be confirmed.
To observe other sulfur-containing compounds it was necessary to expand the
retention time range between 6 and 14 min in the f.p.d. chromatograms and normalize to that
region's largest peak. The expanded chromatograms for the IBC-101, Mequinenza and Raša
samples are shown in Figure 2. It is very interesting to note that most of the additional
organic sulfur compounds detected in the IBC-101 coal are also detected in the Raša and
Mequinenza samples. Indeed, the distribution of sulfur compounds as revealed by the PAA
oxidative procedure is remarkably similar, with only a few additional sulfur compounds
detected in the coals from outside the Illinois Basin. The identities of these sulfur-containing
compounds are largely unknown. This is because their low abundance and interference from
co-eluting compounds hinder the acquisition of such information as their mass spectra by
g.c.-m.s.
Previous analysis of peroxyacetic acid oxidation products from Illinois Basin coals
and their component macerals, using sulfur-selective (f.p.d.) gas chromatography, also
revealed a relatively simple distribution of sulfur-containing compounds, the most abundant
of which was methylsulfonic acid. Examination of the oxidation products from an extensive
series of organic sulfur-containing model compounds demonstrated that the methylsulfonic
acid could be produced during the oxidation of methyl disulfides and simple thiophenes
(thiophenes in which the thiophene ring is not fused with another ring). None of the other
organic sulfur-containing model compounds produced methylsulfonic acid upon oxidation.
This suggested that methyl disulfide and simple thiophene structures could be present in coals
that produced methylsulfonic acid upon oxidation. Of course, other organic sulfur and even
organometallic sulfur compounds (Fe-SS-R for instance) may be responsible, but this cannot
be tested without suitable model compounds.
Although the model compound studies mentioned above indicate that the
methylsulfonic acid is derived from the organic sulfur in coal, it was also demonstrated that
peroxyacetic acid oxidation of pure pyrite (FeS2) could also lead to the formation of
methylsulfonic acid. Clearly, the formation of methylsulfonic acid from pure pyrite (99.9%)
indicates that not only the sulfur of the methylsulfonic acid but also the methyl group can be
derived from a source other than the organic matter in the coal. Nevertheless, most of the coal
samples that were oxidized had been efficiently demineralized (especially the lower-density
macerals and coal extracts) and contained insignificant amounts of pyrite. Thus the
considerable quantities of methylsulfonic acid that were produced must have had an organic
origin.
The mechanisms by which the methylsulfonic acid is formed in these reactions
remains unclear, but it appears likely that at least part if not most of the methylsulfonic acid
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is formed through the methylation of a highly oxidized intermediate, perhaps by a reaction
with the diazomethane used for derivatizing the products before gas chromatography (Dr.
Leon Stock, Argonne National Laboratory, personal communication). If this route to the
formation of methylsulfonic acid is valid, many organic sulfur structures must have been
oxidized to a point where very little structural information can be obtained. This possibility is
somewhat discouraging, especially since the peroxyacetic acid reaction is supposed to
preserve organic sulfur structures selectively19. However, it is still possible to make
inferences about the structure of organic sulfur species in coal from this information. For
instance, it is known that neither sulfides nor fused thiophenes (dibenzothiophene for
instance) produce any methylsulfonic acid upon oxidation. This suggests that the sulfur in
these coals cannot be all in the form of sulfide and fused thiophene.
Although there is some uncertainty about the interpretation of the methylsulfonic acid
results, the fact that the oxidation products of the IBC, Raša, Mequinenza, Wyodak and
Texas samples all contain many of the same organic sulfur compounds with a somewhat
similar distribution suggests that these coals have a rather similar sulfur chemistry, despite
their widely different sulfur contents, geological ages and deposition environments. If this is
true, it implies that the sulfur fixation chemistry is similar for all coals and that a single
effective desulfurization strategy should be useful for all these coals.
Nitrogen-selective analysis
To investigate the nitrogen chemistry of .the Illinois Basin coals, and of samples of
sporinite, vitrinite and semifusinite isolated from them, the soluble PAA oxidation products
were examined by gas chromatography using a nitrogen-selective, thermionic specific
detector (t.s.d.).
In contrast to the apparent simplicity of the sulfur-selective f.p.d. chromatograms, the
nitrogen-selective t.s.d. chromatograms appear very complex. Indeed, the t.s.d.
chromatograms for all the oxidation products show many nitrogen-containing compounds
and look similar to typical non-selective flame ionization detector (f.i.d.) chromatograms.
This implies that the nitrogen chemistry of these coals is considerably more complex than
their sulfur chemistry. Whether this is influenced by the origin of the nitrogen in coal as
distinct from that of the sulfur is open to debate. It is conceivable that the nitrogen chemistry
is more complex because the nitrogen in coal originates from the many diverse nitrogencontaining compounds in the original plant tissues20, whereas much of the sulfur in highsulfur coal is believed to be incorporated through post-depositional reactions with hydrogen
sulfide21. If these reactions of hydrogen sulfide occur in a discriminate fashion, the diversity
of the sulfur species formed could be quite limited. The result would be a diverse nitrogen
chemistry but a relatively simple sulfur chemistry. Of course, further investigation would be
required to substantiate this idea.
The t.s.d. chromatograms for the oxidation products of the sporinite, vitrinite and
semifusinite macerals isolated from IBC-101 are shown in Figure 3. Many of the nitrogencontaining species detected are common to all of the macerals examined. It is possible that
some nitrogen species may be unique to individual macerals, but given the complexity of the
t.s.d. chromatograms and possibility that nitrogen species may be present in concentrations
below their detection limits, it is difficult to be certain about this. Thus a characteristic
fingerprint of the nitrogen compounds for macerals of the same type is not immediately
obvious.
Close examination of the t.s.d. chromatograms reveals several homologous series of
nitrogen compounds. In addition, if the f.p.d. and t.s.d. chromatograms over equivalent
elution ranges are compared (Figure 4), it is clear that certain peaks are aligned. This may
simply be due to the co-elution of a nitrogen-containing molecule with a sulfur-containing
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molecule, but it is also consistent with the presence of compounds in the oxidation products
that contain both sulfur and nitrogen in the same molecule. Owing to the relatively low
concentration of the organic nitrogen species it was not possible to obtain mass spectra by
g.c.-m.s. and to identify these compounds. However, very useful information was obtained
for both organic sulfur and nitrogen compounds by means of low-voltage high-resolution
mass spectrometry.
Low-voltage high-resolution mass spectrometry
To examine the sulfur and nitrogen chemistry of these samples further, the
methylated, soluble oxidation products from the IBC-101 coal were selected for l.v.-h.r.m.s.
analysis. Since this technique involves no chromatographic separation of molecular species
before ionization in the mass spectrometer, it was anticipated that a less complex data set
would be obtained if the methylated sample was fractionated before analysis. The methylated
sample was therefore separated into an ether-soluble fraction (ES), a methylene chloridesoluble but ether-insoluble fraction (EIMS) and a methylene chloride-insoluble fraction
(MCI), each of which was analysed separately at probe temperatures of 200, 300 and 350°C.
Table 2 shows the ion intensity for each fraction at each temperature, expressed as a
percentage of the total (summed} ion intensity of all fractions at all temperatures.
It is clear from Table 2 that the ether-soluble fraction at 200°C (ES-200) and 300°C
(ES-300) provides nearly all the ion intensity. Indeed, the other samples were typically very
weak, with relatively few ions detected above the noise level. This is especially true for the
MCI fraction. Thus the interpretation of the l.v.-h.r.m.s. data was concentrated on the ethersoluble fraction at 200 and 300°C, although the EIMS-300 fraction was also examined in
some detail.
Even when the interpretation of the data was restricted to these fractions and
temperatures, a large volume of data was involved, with a multiplet of peaks usually obtained
for each nominal mass. For instance at a nominal mass of 288 u in the ES-300 experiment,
seven accurate masses were measured (288.0909, 288.0795, 288.0669, 288.0610, 288.0547,
288.0500 and 288.0289). For a baseline resolution of the closest of these ions a spectrometer
resolution of >60000 would be required. Hence, with the operating resolution of 25000,
these peaks, and therefore the empirical formulae assigned to them, are not easily
distinguished. However, it should be noted that baseline resolution of peaks is not always
necessary.
To reduce the volume of data to a manageable size, all ions were eliminated from
consideration that were below a certain intensity threshold. This reduced the total to 1136
ions analysed. Possible empirical formulae were calculated for each ion and the deviation of
the theoretical mass from the observed mass was measured in mu. Many of the possible
empirical formulae for each ion could be eliminated because of a relatively high mass
deviation or because they were extremely unlikely. Using these methods for assigning
empirical formulae and given the resolution of the mass spectrometer, a correct assignment
could not be guaranteed for every ion. However, fairly good matches could be found for most
of the ion masses observed, with an average mass deviation of 0.4 mu recorded throughout
the data set.
Of the 1136 ions for which empirical fomulae were assigned, one contained three N
atoms, 52 contained two N atoms, 148 contained one N atom, 28 contained both one N and
one S atom, and 42 contained one S atom. The remaining ions were assigned empirical
formulae that contained carbon, hydrogen and oxygen only.
Most of the ions contained significant quantities of oxygen. Although some of this
oxygen was most probably present m the coal before oxidation, most of it was introduced
during the oxidation of the samples. It is significant that many compounds were detected that
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contained more than one heteroatom. Indeed, on a number basis, nearly 40% of the ions
containing sulfur also contained nitrogen. Similarly, 23% of all the ions that contained
nitrogen had more than one N atom present. Although multi-heteroatom molecules have
previously been found in extracts and pyrolysis products from coals22, 23, the authors are
unaware of any previous detect1on of such species in oxidation products by h.r.m.s. The
observation of 3.3 times as many nitrogen-containing ions as sulfur-containing ions agrees
quite well with the respective complexities of the g.c.-f.p.d. and g.c.-t.s.d. chromatograms. It
is interesting to note that no molecules with two sulfur atoms were detected. Table 3 gives a
summary of the distribution of the ion intensity among the various heteroatom species for the
ES-200, ES-300 and EIMS-300 experiments. As can be seen from Table 3, ~ 16% of the total
ion intensity for this sample was assigned to heteroatom species, the rest being attributed to
carbon, hydrogen and oxygen species.
CONCLUSIONS
The reaction of a selection of coals with widely different organic sulfur contents with
peroxyacetic acid appears to give a remarkably similar organic sulfur compound distribution.
This suggests that much of the sulfur chemistry of coal may be widely similar and that it may
be possible to apply a unified method for sulfur removal to all coals. Although there are some
problems with the peroxyacetic acid oxidation method for elucidating sulfur structures, this
procedure coupled with the use of sulfur-selective gas chromatography, nitrogen-selective
gas chromatography and l.v.-h.r.m.s. has led to the detection of many multi-heteroatom
species in coal. Although detailed molecular structures cannot be assigned from the data
available, the results are consistent with the presence of thiazoles (both sulfur and nitrogen in
a five-membered ring) and pyrazoles/imidazoles (two nitrogen atoms in a five-membered
ring) as well as other structures. This possibility is significant, because very few models of
coal structure include such species and, more importantly, these compounds are rarely used
as model compounds for the calibration of characterization techniques.
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Table 1. Analyses (wt % db) of coals used. a Wt % as-received.

Table 2. Distribution of ion intensity in l.v.-h.r.m.s.
a

ES= ether-soluble; EIMS = ether-insoluble, methylene chloride-soluble;
MCI = methylene chloride-insoluble

Table 3. Summary of percentage ion intensities for heteroatom species.
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Figure 1. Analytical strategy.
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Figure 2. Expanded f.p.d. chromatograms of peroxyacetic acid oxidation products.

10

Figure 3. T.s.d. chromatograms of peroxyacetic acid oxidation products from the IBC-101
macerals.
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Figure 4. Comparison of t.s.d. and f.p.d. chromatograms of peroxyacetic acid oxidation
products of IBC-101 coal. ●Compounds that may contain both S and N.
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