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Abstract

The influence of oxidation of coal, performed with different oxidising agents, on the sulphur species

was studied. Conversions of the sulphur species were investigated by the Atmospheric Pressure–Tem-

perature Programmed Reduction method (AP–TPR). The removal of pyrite proved to be advantageous

for AP–TPR analysis. It was found that non-thiophene sulphur species undergo easier oxidation by dif-

ferent agent then thiophenic structures.
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Introduction

The processes of coal oxidation have been for a long time a subject of great interest

both from the point of view of research and industrial applications. Especially, the be-

haviour of coal towards molecular oxygen is a matter of practical importance. It is

well-known that nearly all coals, when in contact with the atmosphere, shows signs of

weathering, as results of which the calorific values and the coking properties are

harmfully affected. A fact of even greater significance is that many coals while stored

in air are liable to spontaneous combustion [1].

A particular subject of concern is the influence of oxidising agents on sulphur

species in coal, stimulated by the fact of a substantial impact of sulphur on the natural

environment [2]. Many thermal methods have been applied to the investigation of

coals [3, 4]. Concerning sulphur in coals, it can be analysed using such thermal tech-

niques as temperature-programmed oxidation (TPO, CATPO) [5, 6], temperature-

programmed pyrolysis (TPP) [7], flash pyrolysis [8], temperature-programmed re-

duction (TPR) [9], its atmospheric-pressure (AP–TPR) [10] and high-pressure vari-

ants (HP–TPR) [11]. During analysis by AP–TPR, a coal sample is gradually heated
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in hydrogen atmosphere and H2S formed in these conditions is quantitatively deter-

mined by a detector with an ion-selective electrode. Because the results of the

AP–TPR analysis can be disturbed by the presence of the mineral components in the

coal, in our earlier work [12] the measurements were made for Radmacher demineral-

ised coal samples [13]. Unfortunately, the process of coal demineralisation by HCl

and HF, leading to a considerable decrease in the contents of the ash, does not remove

pyrite – a component insoluble in these acids. In the AP–TPR kinetograms the signals

assigned to pyrite overlap those corresponding to organic sulphur species, which sig-

nificantly disturbs the interpretation of results. For this reason, we have decided to

perform the study for pyrite-free samples.

Pyrite can be removed by physical or chemical methods, however, the former

(e.g. floating in 1.67 specific gravity solution of CsCl [14]) are less effective than the

latter. On the other hand, the effective chemical methods always cause some changes

in the organic structure of the coal. For instance, pyrite reduction by LiAlH4, NaBH4

or CrCl2 [15–19] leads to some reduction of the coal substance. The oxidation of py-

rite (usually by HNO3) also causes some coal oxidation [20, 21]. In this study we

have decided to remove pyrite by HNO3, as in the studies of the effect of oxidation

the use of an oxidation method seemed more reasonable than the reductive one.

The study aims at determining the effect of oxidation of pyrite-free coal on the

transformation of sulphur species.

Experimental

The study was performed for five types of coal characterised by different degree of

metamorphism and different content of sulphur. The coal samples studied were:

Labin (Croatia), Mequinenza (Spain), Czeczot, Siersza and Zofiówka (Poland). The

samples were demineralised by HCl and HF [13] and then pyrite was removed by

shaking with diluted HNO3 at room temperature for 48 h [22]. The demineralised

samples, additionally devoid of pyrite, were subjected to oxidation using:

peroxyacetic acid (PAA) for 6 h at 40°C, 5% HNO3 at its boiling point for 6 h, and

oxygen gas in 0.25 Mol solution of Na2CO3 for 6 h at 80°C. The coal samples were

also oxidised in dry phase in air at 125°C for 7 days. Full characterisation of the ini-

tial coal samples and the products of their oxidation as well as the details of the prepa-

ration methods were given in earlier works [12, 23].

Apparatus and experimental procedure of the Atmospheric Pressure–Tempera-

ture Programmed Reduction (AP–TPR) are described elsewhere [10]. In each experi-

ment, approximately 40 mg of sample and 60 mg of fumed silica were placed in the

reactor under a 50 cm3 min–1 flow of pure hydrogen. A linear temperature programme

of 5°C min–1 from room temperature up to 1000°C was followed. The formed H2S gas

was potentiometrically detected as S2–. Identification of particular forms of sulphur

was made on the basis of the measurements on model compounds [24–27]. The

kinetograms obtained are shown in Figs 1–6.
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Results and discussion

The data shown in Table 1 indicate that the oxidation of the coals studied by the oxi-

dising agents applied, leads to a decrease of the sulphur content in all samples. This

decrease is the greatest when using PAA and HNO3, whereas the oxidation in the

O2/Na2CO3 system or by air is less effective. The oxidation of the samples Labin,

Czeczot and Siersza by air in dry phase leads to the appearance of trace amounts of

sulphates. As the pyrite free coal samples do not contain inorganic sulphur, the only

source of sulphates must be the oxidation of certain organic sulphur species. Most

probably, processes of this kind take place also on oxidation in aqueous media, but

then the sulphate ions formed are washed out with water.

The values of sulphur recovery in AP–TPR measurements are in general not high.

This fact is related to the three factors: the presence of some mineral substances, mainly

calcium compounds, which can bind H2S forming during measurements [28, 29], the

presence of sulphur in the form of particularly stable thiophene groups, which are not hy-

drogenated during the AP–TPR analysis [30] and release of sulphur in the form of com-

pounds other than H2S undetected by the potentiometric detection system [26, 31, 32].

For the oxidised samples the last process is particularly important as the oxide sulphur

species can produce SO2 and other volatile sulphur species, apart from H2S, during the

AP–TPR analysis [26, 31, 32]. The lowest values of sulphur recovery obtained for the

coal samples oxidised by PAA suggest that this oxidising agent is the most effective in

conversion of organic sulphur into its different oxide forms.

The temperatures at which particular sulphur species give signals in the

AP–TPR kinetograms, obtained for model compounds, are given in [12]. The major-

ity of the kinetograms presented reveal two main broad peaks (Figs 1–6). On the basis

of the results obtained for the model compounds, the first of these peaks with a maxi-

mum in the range 400–500°C, can be interpreted as produced by superposition of the

signals coming from different non-thiophene groups. The other one with a maximum

above 600°C can be interpreted as representing thiophene groups.

On the basis of the kinetograms presented in Fig. 1, we can estimate the effect of

demineralisation (AP–TPR recovery of demineralised sample=77% [12]) and pyrite

removal on particular sulphur species. The demineralisation of Czeczot coal sample by

the method of Radmacher and Mohrhauer changes the general shape of the AP–TPR

kinetogram only a little. A small widening of the signal is found in the low- as well as in

the high-temperature range. This is related to the removal of certain mineral substances

(mainly calcium species), which bind H2S formed during the AP–TPR measurement.

Significant changes in the shape of the AP–TPR kinetogram appear as a result of

pyrite removal. The intensity of the signals at 460 and 510°C considerably decreases.

According to the results of the study on the model compounds, these signals can be

assigned to the reduction of pyrite to troilite [26]. The signal still visible in this range

(shoulder near 460°C) after pyrite removal is assigned to the non-thiophene sulphur

species, whereas the peak with a maximum at 620°C corresponds to the thiophene

structures [12]. The intensity of the latter peak decreases after pyrite removal, how-

ever, it is a consequence of a decrease in the sulphur recovery for this sample (Ta-
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Table 1 The contents of different forms of sulphur in the coals investigated and sulphur recovery
by AP–TPR method (mass%, dry coal)

Coal
Total

sulphur
Sulphate
sulphur

Pyritic
sulphur

Organic
sulphur

Sulphur recovery
by AP–TPR

Labin

Raw 10.03 0.02 0.34 9.67 44

Pyrite-free 10.53 0.00 0.00 10.53 62

Oxidised with HNO3 9.26 0.00 0.00 9.26 63

Oxidised with PAA 8.52 0.00 0.00 8.52 56

Oxidised with O2/Na2CO3 10.08 0.00 0.00 10.08 61

Oxidised with air 9.63 0.02 0.00 9.61 73

Mequinenza

Raw 9.67 0.81 1.22 7.64 73

Pyrite-free 8.81 0.00 0.00 8.81 75

Oxidised with HNO3 7.06 0.00 0.00 7.06 68

Oxidised with PAA 7.08 0.00 0.00 7.08 20

Oxidised with O2/Na2CO3 8.78 0.00 0.00 8.78 71

Oxidised with air 8.79 0.00 0.00 8.79 61

Czeczot

Raw 1.65 0.05 0.64 0.96 87

Pyrite-free 1.03 0.00 0.00 1.03 73

Oxidised with HNO3 0.95 0.00 0.00 0.95 77

Oxidised with PAA 0.95 0.00 0.00 0.95 45

Oxidised with O2/Na2CO3 0.99 0.00 0.00 0.99 86

Oxidised with air 1.01 0.04 0.00 0.97 69

Siersza

Raw 2.29 0.37 1.44 0.48 64

Pyrite-free 0.92 0.00 0.00 0.92 65

Oxidised with HNO3 0.73 0.00 0.00 0.73 61

Oxidised with PAA 0.83 0.00 0.00 0.83 36

Oxidised with O2/Na2CO3 0.86 0.00 0.00 0.86 62

Oxidised with air 0.84 0.04 0.00 0.80 62

Zofiówka

Raw 0.67 0.01 0.20 0.46 88

Pyrite-free 0.66 0.00 0.00 0.66 58

Oxidised with HNO3 0.44 0.00 0.00 0.44 73

Oxidised with PAA 0.45 0.00 0.00 0.45 56

Oxidised with O2/Na2CO3 0.46 0.00 0.00 0.46 81

Oxidised with air 0.50 0.00 0.00 0.50 71



ble 1). A similar influence of demineralisation and pyrite removal on the AP–TPR

kinetograms was noted for the other coal types (results not presented in this paper).

The oxidation of Labin coal (Fig. 2) causes some slight shift of the peak local-

ised originally at 440°C towards higher temperatures, which suggests that the non-

thiophene groups like disulphides or dialkyl sulphides are easier to undergo oxidation

than alkyl-aryl or diaryl sulphides, which give signals at higher temperatures. The ox-

idation also causes a decrease of the ratio of intensities of the signals assigned to

non-thiophene and thiophene groups. This fact indicates that the non-thiophene sul-

phur groups are more susceptible to oxidation. These changes are found to be the

greatest for the samples oxidised with HNO3 and air, followed by PAA, while the oxi-
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Fig. 1 AP–TPR kinetograms of Czeczot coal: ––– – fresh, ----- – demineralised, ⋅⋅⋅⋅⋅ – pyrite-free

Fig. 2 AP–TPR kinetograms of Labin pyrite-free coal: ––– – initial coal, ----- – oxi-
dised with HNO3, ⋅⋅⋅⋅⋅ – oxidised with PAA, -⋅-⋅-⋅- – oxidised with O2/Na2CO3,
-⋅⋅-⋅⋅- – oxidised with air



dation in the O2/Na2CO3 system causes smallest changes in the kinetogram, which in-

dicates little effectiveness of this system in oxidation.

The Mequinenza coal sample (Fig. 3) is characterised by a greater contribution of

the non-thiophene sulphur groups than Labin (peak at about 400°C). The kinetograms

taken for this sample reveal also greater changes caused by particular oxidising agents.

Similarly as for Labin coal, the maximum of the peak assigned to non-thiophene groups

is shifted towards higher temperatures, but by a much greater value. This observation

confirms the conclusion about unequal susceptibility of particular non-thiophene sul-

phur species towards oxidation in general and towards different oxidation agents. As

follows from the kinetograms presented, the most effective oxidising agents are HNO3

and air, and the most susceptible to oxidation are non-thiophene sulphur groups. The

oxidation in the O2/Na2CO3 system causes the smallest shift of the peak originally

localised at 400°C and the smallest changes of the ratio of intensities of the signals as-

signed to non-thiophene and thiophene sulphur, which confirms the small effectiveness

of this system. An exceptionally low value of sulphur recovery obtained for the coal

oxidised with PAA makes the relevant kinetogram practically impossible for interpre-

tation. On the other hand, this fact indicates a high degree of conversion of the organic

sulphur into its oxide forms giving during AP–TPR analysis large amounts of SO2 (not

measured by the used potentiometric detection set-up) apart from H2S, which leads to a

decrease of sulphur recovery.

The content of non-thiophene sulphur in the Czeczot coal sample (Fig. 4) is lower

than in the samples of Labin and Mequinenza (the signal at ~450°C). As this form of

sulphur has been earlier noted to be the most susceptible for oxidation, the influence of

particular processes of oxidation on the shape of the kinetograms is smaller. The
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Fig. 3 AP–TPR kinetograms of Mequinenza pyrite-free coal: ––– – initial coal,
----- – oxidised with HNO3, ⋅⋅⋅⋅⋅ – oxidised with PAA, -⋅-⋅-⋅- – oxidised with
O2/Na2CO3, -⋅⋅-⋅⋅- – oxidised with air



kinetograms for the samples oxidised with different agents have similar shapes and dif-

fer only in the intensity, which is a consequence of the differences in sulphur recovery

(Table 1). A significant difference can only be noted for the kinetogram of the sample

oxidised by HNO3, in which the shoulder near 450°C is the least pronounced, indicat-

ing high effectiveness of this oxidising agent. Similarly as for other types of coal, the

signals from the sample oxidised by PAA are the lowest as a consequence of very low

sulphur recovery. This observation also proves a high degree of sulphur conversion into

different oxide forms. In contrast to the Labin and Mequinenza coals, the oxidation of

the Czeczot sample by air was not so effective and only a small intensity lowering over

almost the whole temperature range is observed.

The AP–TPR kinetograms shown in Fig. 5 prove that the contribution of the

non-thiophene sulphur in Siersza coal is higher than in Czeczot (Fig. 4), but not as high as

in Labin and Mequinenza (Figs 2, 3). They also indicate that the least effective is the oxi-

dation in the O2/Na2CO3 system. More effective is the oxidation by air and still more the

oxidation by HNO3. Similarly as for the samples discussed above, the greatest degree of

conversion to oxidised forms of sulphur was observed for the sample oxidised by PAA,

which is evidenced by low intensity of signals and very low value of sulphur recovery.

The character of the kinetograms of Zofiówka coal (showing the highest degree

of coalification among the samples studied) is different (Fig. 6). The main form of

sulphur present in this type of coal is the thiophene sulphur (the peak with a maxi-

mum at 740°C). Since the shape of the kinetograms is similar and the values of sul-

phur recovery are much more spread and divers, it is thus difficult to assess the effec-

tiveness of particular oxidising agents for this type of coal. The fact that Zofiówka

coal contains mainly thiophene sulphur together with the data shown in Table 1, testi-

fying to a decrease of the sulphur content as a result of all the processes of oxidation,

proves that also thiophene sulphur species must be susceptible to oxidation.
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Fig. 4 AP–TPR kinetograms of Czeczot pyrite-free coal: ––– – initial coal, ----- – oxi-
dised with HNO3, ⋅⋅⋅⋅⋅ – oxidised with PAA, -⋅-⋅-⋅- – oxidised with O2/Na2CO3,
-⋅⋅-⋅⋅- – oxidised with air



Further analysis of kinetograms of initial coals (Figs 1–6), points to a reduction

in the contribution of non-thiophenic sulphur to total sulphur with increase in coal

metamorphism. It was impossible to obtain correct results of non-thiophenic sulphur

contributions during AP–TPR studies of pyrite-containing coals, because pyrite-

originated signals and signals originated from both non-thiophenic and thiophenic

groups partially overlap [12].
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Fig. 5 AP–TPR kinetograms of Siersza pyrite-free coal: ––– – initial coal, ----- – oxi-
dised with HNO3, ⋅⋅⋅⋅⋅ – oxidised with PAA, -⋅-⋅-⋅- – oxidised with O2/Na2CO3,
-⋅⋅-⋅⋅- – oxidised with air

Fig. 6 AP–TPR kinetograms of Zofiówka pyrite-free coal: ––– – initial coal,
----- – oxidised with HNO3, ⋅⋅⋅⋅⋅ – oxidised with PAA, -⋅-⋅-⋅- – oxidised with
O2/Na2CO3, -⋅⋅-⋅⋅- – oxidised with air



Conclusions

The removal of pyrite proved beneficial for interpretation of AP–TPR kinetograms.

The pyrite-free coal samples are susceptible for oxidation with the oxidising agents

used in this study. The most effective oxidising agents were PAA and HNO3 (in some

cases also air), while the least effective was the oxidation in the O2/Na2CO3 system.

The easiest to undergo oxidation are non-thiophene sulphur species and their suscep-

tibility to oxidation by the oxidising agents used is different. Thanks to the removal of

pyrite it was possible to show that the thiophene species are also susceptible to oxida-

tion although to a lower degree than the non-thiophene ones. Moreover, the removal

of pyrite enabled a determination of the contribution of the non-thiophene sulphur

species in the total sulphur content in the samples studied. Their contribution in gen-

eral decreases with increasing degree of the coal metamorphism.
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