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Abstract

The study has been performed on samples of high sulphur content Spanish brown coal Mequinenza and Polish flame coal Czeczot. The
samples of raw coals and the coals oxidised by four different oxidising agents have been subjected to derivative thermogravimetry analysis
(DTG). The results have shown that demineralisation has no effect on the temperature range of the maximum mass loss. The Czeczot flame coal
has been shown to be characterised by a narrower temperature range of the main devolatilisation peak’@BeOhat of Mequinenza
(320-500C). The most pronounced structural changes in coal have been found to occur as a result of its oxidation by 5% nitric acid. After
such a process of oxidation a new peak of devolatilisation appears with a maximunt @&t 28%ch can be assigned to the compounds having
nitric groups in their structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction combustion, sulphur compounds undergo oxidation to sul-
phur oxides which can react with ozone, hydrogen peroxide
The behaviour of coals in pyrolysis processes is of signif- and water vapour present in the atmosphere to form sul-
icant importance because coal processing usually proceedgphuric acid and the latter is one of the main contributors to
at elevated temperatures (coking, gasification, liquefaction acid rain. They cause unfavourable changes in water, soil and
and combustion). The exposure to high temperatures resultsajr by acidifying them and are toxic for humaf#. More-
in decomposition of coal organic matter and formation of over, sulphur present in coal affects quality of products of
gas, solid and liquid products of decomposition, quantity technological processes in undesirable way. It deteriorates
and chemical composition of which depend on the structure parameters of iron blast furnaces and properties of pig iron
of starting coal material and process conditions. Transfor- and in cupola coke it reduces castability of cast iron. Sul-
mations proceeding in coal under the influence of temper- phur compounds deactivate catalysts used in petrochemical
ature were the subject of many studids6]. The effect  industry and in processes of coal liquefaction.
of mineral and organic matter, grain size and demineralisa- Chemical methods of desulphurisati@r-10]are the most
tion on thermal properties of coal has been determined in promising and effective way of sulphur removal from coal.
the above studies. However, the mechanism of coal trans-One of experimental methods is coal oxidation by using dif-
formations has not been explicitly determined yet and the ferent oxidising agentf8,11-13]. As a result of the oxida-
complex structure of solid fuels makes the interpretation of tion, physico-chemical properties of coal undergo changes
phenomena occurring during heating more difficult. and the latter are often characterised by thermogravimetric
Recently, growing interest in sulphur compounds present methods.
in coal is observed due to increased mining of sulphur-rich  According to Markova et al14,15]the effect of oxidis-
coals. The utilisation of bastard coal in industry is accompa- ers on solid fuels depends on their origin, petrographic and
nied by a number of technological and environmental prob- chemical components, coal structure and degree of coalifi-
lems. In the presence of oxygen at high temperature of coalcation. On the basis of thermogravimetric analysis of oxi-
dised coals Puente et §l6] have proved that the maximum
* Corresponding author. Tel:48-618291473; fax:+48-618658008. temperature of the Vo.la.t”e substances releas.e.d C?m be used
E-mail address: hwach@amu.edu.pl (H. Wachowska). as a parameter describing the degree of coalification.
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Jakab et al[17] by thermogravimetric method in combi- ~ Table 1 _
nation with mass spectrometry (TG-MS) have reported that Proximate analysis of raw coals (wt.%)

coals of lower degree of coalification are characterised by a coal Moisture AsH VM daf
wider range of the main deyolauhsauon tempera_ture and are Mequinenza raw 8.6 219 510
more susceptible to oxidation than those of a higher degreeczeczot raw 5.4 75 43.6

of coalification.

Yaman et al[18,19]have proved that oxidation of lignites
increases their thermal reactivity leading to a decrease in thepmequinenza brown coal and the Polish Czeczot flame coal.
ignition temperature and an increase in the combustion rate.proximate analysis has been done according Polish Stan-
According to Pis et al[20] the process of oxidation leads dard [23-25]. Results of the proximate analysis are given

to a decrease in the coal calorific value. in Table 1. Most of the measurements were carried out
Using thermogravimetric methods Sapunov et [all] on samples demineralised by the Radmacher mef26H
studied the kinetics and mechanism of oxidation of an- by HCI and HF. The coals were subjected to oxidation by
thracites by nitric acid, while Aylmer and Royj82] deter-  peroxyacetic acid (PAA), 5% of nitric acid and gaseous
mined the content of pyrites in coals. oxygen dissolved in a water solution of sodium carbonate

Many authors have been interested in thermogra\_/imetric (02/N32C03) Moreover all Samp|es were oxidised by air at
study of coal but only a few have reported information on 125°C. The preparation of coal and the procedure of their
the effect of the SUlphUr CompOUndS contained in coal on its oxidation was described in detail in the previous St{fdM
thermal properties. In view of the above it seems interesting Table 2presents the results of the elemental analysis and the
to study the structure of coal, and in particular, transforma- contents of particular sulphur species in raw, demineralised
tions of the sulphur compounds it contains taking place as and oxidised coal samplg$1,27].

a result of oxidation. _ Thermogravimetric analysis of the coal samples and the
The main aim of this study was to determine the effect products of their oxidation was performed on an SETSYS
of oxidation by four different OXidiSing agents: nitric acid, 12 made by Setaram. The Samp|es (10 mg, partide size be-

peroxyacetic acid, gaseous oxygen dissolved in water solu-jow 0.06 mm) were heated at the rate°@min, in the he-
tion of sodium carbonate and air, on the thermal properties |jum atmosphere. Analysis lasted for 6 h and the temperature
of coals of a different degree of coalification and different quring the decomposition varied from 20 to 1T@0

content of sulphur.

3. Results and discussion
2. Experimental
The results presented ifable 2prove that the most ef-
The measurements were performed for two types of coal fective oxidisers are HN®and PAA, causing the greatest
characterised by different degree of coalification and dif- structural changes in the coal samples studied. The main
ferent content of sulphur, that is the Spanish high-sulphur sulphur species in the samples studied is organic sulphur,

Table 2
Elemental analysis of raw, demineralised and oxidised coals (Wil%25]

Coal Ashd cdaf pdaf Ndaf S ogara Types of sulphur specits

s o, S Sorg

Mequinenza
Raw 21.9 62.3 5.5 0.6 9.8 21.8 9.67 0.81 1.22 7.64
Demineralised 1.2 65.1 5.2 0.8 10.4 185 11.60 0.03 1.29 10.28
Ox. O/NaCO3 0.9 63.9 5.1 0.9 10.3 19.8 11.14 0.00 0.94 10.20
Ox. PAA 1.7 61.1 6.2 0.8 7.1 24.8 7.40 0.00 0.40 7.00
Ox. 5% HNG 0.6 57.0 3.9 4.0 7.6 275 7.45 0.00 0.02 7.43
Ox. air/125°C 1.0 59.2 4.2 0.8 10.2 25.6 10.13 0.05 0.16 9.92

Czeczot
Raw 7.5 74.7 5.2 1.1 1.0 18.0 1.65 0.05 0.64 0.96
Demineralised 1.5 75.4 5.2 1.0 14 17.0 1.92 0.00 0.59 1.33
Ox. O/NaCO3 0.7 73.8 4.9 1.0 1.4 18.9 1.60 0.00 0.18 1.42
Ox. PAA 0.6 68.5 4.5 1.0 1.1 24.9 1.09 0.00 0.00 1.09
Ox. 5% HNG 0.5 64.1 3.8 3.8 1.0 27.3 1.00 0.00 0.01 0.99
Ox. air/125°C 1.0 70.7 4.4 1.0 15 22.4 1.61 0.06 0.08 1.47

a By difference.
b &, Ssoy, % Sorg are total content of sulphur and S in sulphates, pyritic or organic S compounds, respectively.
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Fig. 1. TG curves of Mequinenza raw, demineralised and oxidised Fig. 2. DTG curves of Mequinenza raw, demineralised and oxidised coals

coals (—) raw coal, (- — -) demineralised coal,.) oxidised by (a) raw coal (b) demineralised coal (c) oxidised by oxygea®®; (d)
oxygen/NaCQOs, (— — —) oxidised by peroxyacetic acid, (— - — -) oxidised by peroxyacetic acid (e) oxidised by nitric acid and (f) oxidised
oxidised by nitric acid and (- - -) oxidised by air oxygen. by air oxygen.

moreover, Czeczot is characterised by a greater contribution _The oxidation of the demineralised coal samples by PAA
of pyritic sulphur than Mequinenza. Nitric and peroxyacetic (Fig. 2d) and @/Na;CO;z (Fig. 2c) has practically no ef-
acids are also the most effective in removing sulphur from fect on the shape of the DTG curves. Greater changes are
the coals studied. The effect of oxidation on the coals struc- ©0served in the curve obtained for the sample oxidised by
ture and the particular species of sulphur they contain has@r at 125°C (Fig. 2f). In this curve the peak assigned to
been presented in detail ji1,27,28]. the primary devolatilisation is significantly decreased and

In order to characterise the behaviour of the oxidised coal
samples at elevated temperatures they were subjected to ther-
mogravimetric measurements. The results obtained for all
the samples are shown Kigs. 1-4in the form of TG and
DTG curves. All of the curves are presented on the same
scale of the percent of mass loss per minute.

The peak at 60—-10CC, presentin all DTG curves (Figs. 2
and 4) for the two types of coal: Mequinenza and Czeczot
is assigned to elimination of the adsorbed water.

The DTG curve obtained for the sample of raw
Mequinenza coal (Fig. 2a) reveals two peaks correspond-
ing to the loss of mass on heating, with maxima at 400
and at about 700C. According to the data of16], the
one at 400-450C can be assigned to the process of pri-
mary devolatilisation at which the volatile substances and
tar components are released. The peak at aboutGQ8
assigned to the process of secondary devolatilisation in
which hydrogen and methane are released from the sample .
under decomposition. Analysis of the temperatures of the ——
maximum mass loss of the raw (Fig. 2a) and demineralised 100 200 300 400 500 600 700 800 900 1000 1100
(Fig. 2b) coal samples indicates that demineralisation has Temperature/°C
no effect on the position of the peak assigned to the primary _. - .
devolatilisation but is responsible for a shift of the peak Fig. 3. TG curves of Qzeczgt raw, demmer_al_lsed and oxidised coals (—)

) o . raw coal, (— — —) demineralised coal, () oxidised by oxygen/NgOz,
assigned to the secondary devolatilisation towards higher_. _. _y oxidised by peroxyacetic acid, (— - — -) oxidised by nitric
temperatures. acid and (- - - -) oxidised by air oxygen.
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a peaks. Apart from those also present in the curves recorded
for Mequinenza coal (Fig. 2), assigned to primary and sec-
b ondary devolatilisation, the Czeczot coal curve shows a small

peak assigned to decomposition of pyrite sulpfddq with

a maximum at 560C. This peak has not been observed on

d the DTG curves obtained for the Mequinenza coal because
pyritic sulphur contained in this coal, because of its high re-
activity [11,28], most probably undergoes decomposition in
N temperatures lower than it happens in Czeczot coal. As fol-
lows from the temperatures of the maxima of the mass loss
peaks, similarly as for the Mequinenza samples, the process
{ of demineralisation has no effect on their positions (Fig. 4a
and b).

The oxidation of the demineralised Czeczot coal samples
does not cause a shift of the peak assigned to the primary
devolatilisation towards higher temperatures, in contrast
to the observation for the Mequinenza samples. The DTG
curves obtained for the oxidised samples indicate that the
most effective oxidising agent, causing the greatest changes
in the coal structure, is 5% HN{ similarly as for the
Fig. 4. DTG curves of Czeczot raw, demineralised and oxidised coals Mequinenza coal samples. The other oxidising agents used
(a) raw coal (b) demineralised coal (c) oxidised by oxygea(@s (d) in the study do not cause significant changes in the Czec-
oxidised by peroxyacetic acid (e) oxidised by nitric acid and (f) oxidised . .
by ai Oxygen. zot coal that would be detectable by thermogravimetric

measurements.

The disappear of the peak with a maximum at 560
its maximum is shifted towards higher temperatures. The confirms the analytical data shown Trable 2, that is the
greatest changes are induced by the coal oxidation by a 5%fact that nitric acid and (Fig. 4e) and PAA (Fig. 4d) are the
nitric acid (Fig. 2e). As follows from the DTG curve, the most effective in removal of sulphur, mainly pyritic one.
area of the peak corresponding to the process of released of For the Czeczot coal samples the temperature range of
the volatile substances and tar components has been muclhe primary degassing 380-5%00 is narrower than for the
reduced and the peak’s maximum has been significantly Mequinenza samples 320-500.
shifted towards higher temperatures. As a result of oxidation ~Comparison of the peaks corresponding to mass loss ob-
by nitric acid the peak assigned to the secondary devolatil- tained for all samples studied has confirmed the dafaQf
isation has disappeared completely and a new peak with aindicating that with increasing degree of coalification the
maximum at about 265C has appeared. The reduction of maxima assigned to the primary devolatilisation are shifted
the peak corresponding to the primary devolatilisation and towards higher temperatures.
disappearance of the peak corresponding to the secondary
devolatilisation in the curves obtained for the coal samples
oxidised with nitric acid and air at 12%, is a result of
removal of the less stable groups in the coal structure and4. Conclusions
a decrease in the content of hydrogen, which is confirmed
by the analytical data on4af shown inTable 2. According The effect of oxidation on the sulphur and oxygen com-
to [16] a decrease in the mass loss at about 4002606 a pounds and on the content of the other elements is different
result of the lack of availability of the amount of hydrogen and depends on the oxidation method used and on the de-
needed to saturate free radicals formed upon heating of thegree of coalification of a given coal. Demineralisation of the
samples. coals has no effect on the temperature ranges of the mass loss

The new peak appearing as a result of oxidation by 5% maxima. The study has shown that the temperature range of
HNOs3 with a maximum at about 26%C can be assigned to  the primary devolatilisation peak for the Mequinenza brown
release of nitrogen compounds rather unstable in high tem-coal is wider than for the Czeczot flame coal. With increas-
peratures. This assignment is supported48;30] proving ing degree of coalification the temperature of the primary
that upon the effect on nitric acid not only oxidation but devolatilisation maximum increases. The greatest changes
also nitrification of coal occurs so in oxidised samples the in the coal structure are caused by the oxidation with 5%
content of nitrogen is elevated, see the content & kn nitric acid. These changes are manifested by the appearance
Table 2. of a new peak with a maximum at 266, which can be

Fig. 4 presents the DTG curves obtained for the Czec- assigned to liberation of compounds containing nitric group
zot coal. The mass loss upon heating is manifested by threein their structure.

DTG signals/(mg/min)
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100 200 300 400 500 600 700 800 900 1000 1100
Temperature / °C



R. Pietrzak, H. Wachowska/ Thermochimica Acta 419 (2004) 247-251

References

[1] Y. Chen, S. Mori, W.P. Pan, Thermochim. Acta 275 (1996)
149.

[2] M. Versan Kok, E. Ozbas, C. Hicyilmaz, O. Karacan, Thermochim.
Acta 302 (1997) 125.

[3] C. Sentorun, S. Kugikbayrak, Thermochim. Acta 287 (1996)
139.

[4] K.E. Benfell, B. B Beamish, K.A. Rodgers, Thermochim. Acta 286
(1996) 67.

[5] F. Rubiera, A. Arenillas, C. Pevida, R. Gaac J.J. Pis, K.M. Steel,
J.W. Patrick, Fuel Process. Technol. 79 (2002) 273.

[6] H. Haykiri-A¢cma, A. Ersoy-Mericboyu, S. Kuigclkbayrak, Ther-
mochim. Acta 362 (2000) 131.

[7] B.J. Alloway, D.C. Ayres, Chemiczne podstawy zanieczyszczefi
srodowiska, PWN, Warsaw, 1999.

[8] D. Borah, M.K. Baruah, I. Haque, Fuel 80 (2001) 1475.

[9] R.R. Alvarez, C.J. Clemente, D. Gémez-Limoén, Fuel 76 (1997) 1445.

[10] D. Borah, M.K. Baruah, Fuel 79 (2000) 1785.

[11] R. Pietrzak, H. Wachowska, Fuel 82 (2003) 705.

[12] Y. Yurim, N. Altuntas, Fuel 77 (1998) 1809.

[13] S.R. Palmer, E.J. Hippo, X.A. Dorai, Fuel 73 (1994) 161.

[14] K. Markova, D. Rustschev, J. Therm. Anal. 37 (1991) 2431.

[15] K. Markova, N. Shopova, S. Valeeva, Thermochim. Acta 265 (1995)
111.

251

[16] G. de la Puente, M.J. Iglesias, E. Fuente, J.J. Pis, J. Anal. Appl.
Pyrol. 47 (1998) 33.

[17] E. Jakab, F. Till, G. Varhegyi, Fuel Process. Technol. 28 (1991) 221.

[18] S. Yaman, S. Kugukbayrak, Fuel 79 (2000) 777.

[19] S. Yaman, E. Cinpolat, N. Karatepe, S. Kigukbayrak, Thermochim.
Acta 335 (1999) 63.

[20] J.J. Pis, G. De la Puente, E. Fuente, A. Moran, F. Rubiera, Ther-
mochim. Acta 279 (1996) 93.

[21] A. Sapunov, E.S. Rudanow, V.A. Kucharenko, S.I. Tagarinowa, Chim-
ija Tverdogo Topliva 1 (1989) 50.

[22] D. Aylmer, M. Rowe, Proceedings of the Seventh International Con-
ference on Thermal Analaysis Ontario 1982, vol. 2, Wiley, Chich-
ester, UK, 1982, p. 1270.

[23] Polish Standards PN-80/G-04511.

[24] Polish Standards PN-80/G-04512.

[25] Polish Standards PN-81/G-04516.

[26] W. Radmacher, P. Mohrhauer, Brennstoff-Chemie 37 (1956) 353.

[27] M. Koztowski, R. Pietrzak, H. Wachowska, J. Yperman, Fuel 81
(2002) 2397.

[28] T. Grzybek, R. Pietrzak, H. Wachowska, Fuel Process. Technol.
77-78 (2002) 1.

[29] A. Volborth, Coal Science and Chemistry, Elsevier, Amsterdam, 1987.

[30] J.B. Green, S.E. Manahan, Anal. Chem. 51 (1979) 1126.

[31] D. Zoller, M. Johston, J. Tomic, X. Wang, W. Calkins, Energy Fuels
13 (1999) 1097.



	Thermal analysis of oxidised coals
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


