Thermochimica Acta, 166 (1990) 343-349 343
Elsevier Science Publishers B.V., Amsterdam

FOSSIL FUELS: AN OVERVIEW OF TRENDS, METHODS
AND APPLICATIONS OF THERMAL ANALYSIS *

S.St.J. WARNE
Department of Geology, University of Newcastle, Shortland, N.S.W. 2308 (Australia)
(Received 31 January 1990)

ABSTRACT

Over the last two decades, thermal analysis (TA) has passed through phases of full
recognition and consolidation to rapid expansion owing to advances in several directions, i.e.
the establishment by ICTA of standard materials, increased refinement and wider application
of established TA methods, the development of new methods, and the invaluable regular
reviews of the whole field of TA established by C.B. Murphy. New techniques have been
evolved (e.g. “variable atmosphere thermal analysis”), and techniques have been coupled
together to give synchronous determinations of several parameters under identical conditions.
A resurgence of applications to solid fossil fuels has resulted.

INTRODUCTION

With world energy consumption increasing, petroleum resources and
reserves limited, and nuclear sources strongly questioned, the emphasis of
fuel research has turned increasingly to coal and potentially oil shale [1].
These solid fossil fuels occur with enormous reserves, have wide geographic
distribution, and are readily mined, distributed and utilized. Further, poten-
tial environmental damage on accidental spillage of these solid materials is
minimal, and easily contained or recovered.

Such solid hydrocarbon-rich fuels are composed of two fundamentally
very different groups of components: the organic (hydrocarbon) macerals,
and the inorganic minerals. The macerals represent the plant materials in the
original peat swamps, while the minerals were washed or blown in from the
adjacent land or precipitated from solution in the peat swamp.

The type, composition, quality and thermal decomposition characteristics
of the various components control the behaviour, utilization and value of
these fuels. On the positive side, they determine calorific value, volatile
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matter yield, petrochemical and coking potential, fly ash yields and com-
positions, together with washability (beneficiation) potential. Unwanted
products are ash, slag, washery rejects, SO,, NO, and CO,. The chemical
and physical stability behaviour and toxicity of these solids have consider-
able negative cost impact in view of the huge quantities produced, i.e. the
solid products represent a major physical disposal problem (transport and
location), run-off water may be toxic, while gaseous products contribute to
acid rain and the greenhouse effect. As coal (and oil shale) uses involve
heating, thermal analysis (TA) methods are eminently suitable for many
aspects of fossil fuel research. Often these TA methods are superior, offering
a viable alternative approach and more data when applied simultaneously
under identical conditions to the same sample.

TRENDS

Ongoing expansion in the roles, applications and ranges of use of TA
methods, together with continuing new equipment development, have all
contributed to a rapid increase in their use in polymer science [2] and
materials characterization [3], and a resurgence of applications in the earth
sciences [4,5], particularly for fossil fuels [1,6,7]. Thus, for DTA /DSC alone,
a list of some 26 areas of application has recently been published [1].

Clearly, over the last 25 years, TA has passed through phases of full
recognition and consolidation to a period of rapid growth, brought about by
simultaneous advances in six important directions. In this context, the
references quoted herein have been selected to illustrate different aspects of
“coal science thermal analysis”, and to recognize the contributions of a wide
range of authors. They cannot, however, be considered to represent a
comprehensive coverage of the type recently compiled for DTA /DSC [7].

(1) The establishment by ICTA after careful selection, measurement and
multi-laboratory evaluation of sets of fully certified reference materials, now
available from the U.S. National Institute of Standards and Technology
(NIST) as GM 758, GM 759, GM 760 and GM 761. Recently, simultaneous
TA techniques have been applied to some of these materials [8].

(2) The increased refinement, use and application of the well established
TA methods, i.e. DTA [9], TG [10] and DSC (to ~ 600°C) [11].

(3) The development and increasing use of new methods, e.g. derivative
thermogravimetry (DTG) [12], high temperature (to ~ 1500°C) differential
scanning calorimetry (DSC) [13] and its calibration [14], thermomechanical
analysis (TMA) and DTMA [15], thermomagnetometry (TM) [16], evolved
gas analysis (EGA) [17], emanation thermal analysis (ETA) [18], and ther-
mosonimetry.,

(4) The evolution of additional new techniques, e.g. “ variable atmosphere
-thermal analysis” [1], whereby the furnace atmosphere conditions may be
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pre-selected, maintained or changed as desired between [19] or during [10]
TA runs, or pre-set combinations of different dynamic purge gases [20] or
dynamic and isothermal [10] or quasi-isothermal heating conditions may be
used [21].

(5) The coupling of TA techniques to give synchronous determinations of
several parameters under identical conditions from the same sample, e.g.
DTA/TG, DTA/EGA, DSC/MS, TM/EGA, DTG/ETA, DTA/TG/
DTG, DTA/TG/MS, and TG/ DTG/DTA /EGA.

(6) The invaluable series of overall reviews of TA established by C.B.

Murphy and continued by W.W. Wendlandt [22].
Of these, the development and application of the concept of *variable
atmosphere thermal analysis” is particularly important. This will be il-
lustrated with pertinent examples. Its application to simultaneous TA de-
terminations (e.g. DTA /TG) can be particularly valuable [23].

With this technique, individual reactions may be made to appear earlier
or later, or be suppressed or enhanced [24], to produce greater sensitivity,
give improved detection limits [25], and allow resolution of superimposed
peaks [19], identification of minerals [24,26], determination of combustion
characteristics [12,27], evaluation of organic content [28], analysis of coal
proximate, ash or liquefaction residues, or determination of beneficiation
[10,15]. Thus, different furnace atmospheres would be used for various coal
determinations, as given below.

(1) Air or O, for combustion studies, including combustible and ash
content determinations.

(2) Inert conditions of N,, CO, or Ar for determinations of volatile yield,
mechanical properties, mineral types, contents, and compositions;

(3) Different pre-set partial pressures of individual gases (e.g. CO,) to
effect some reactions preferentially, but not others, to promote identification
and superimposed peak resolution;

(4) Nitrogen followed by O, or with traces of O, for proximate analysis
or magnetic beneficiation, to remove pyrite /sulphur, respectively;

(5) Known contents of noxious gases such as SO, flowing over entrap-
ment media, to evaluate their extraction value by weight gain under set
conditions.

Coal TA studies in oxidizing gas conditions

On heating in air, coal burns to provide, on DTA curves, an initial small
endothermic water loss peak; followed (between 250 °C and a maximum of
900°C) by a very large rounded exothermic, typically doubly terminated
feature, which is due to combustion of the volatile matter produced;
followed by burning of the residual carbon [7]. These are called “combustion
curves” [29], to distinguish them from the complementary DTG curves,
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“burning profiles” [12], while the corresponding DTG curves determined in
nitrogen are called “ volatile release profiles” [30].

Such determinations have been related to coal rank [31,27(1-3)], non-
aromatic to aromatic contents [32], ignition temperatures [33] including
charcoals [34], spontaneous combustion [35], calorific value [36,27(4)] and
negative effects on this of minerals [37], the assessment of low organic
content fossil fuels, washery reject material [28], and even combustion
efficiency from residual fly ash carbon contents [31].

Coal TA studies in inert gas conditions

Under burning conditions, the smaller mineral effects on TA curves are
swamped. However, in flowing inert gases burning is prohibited, and mineral
effects show as clearly identifiable modifications of the now restrained
coal/oil shale DTA [9] and TG [1] curves, whilst simultaneous DTA /TG
determinations yield additional results [23].

Complementary to this finding was the discovery that when compared
with N,, CO, not only similarly prohibits coal burning, but markedly assists
in carbonate mineral detection, identification, peak resolution [9] and sep-
aration from superposition on peaks of other minerals present [19].

Furthermore, of the carbonate decomposition oxides, only CaO rapidly
recarbonates in an atmosphere of CO,, to show clearly on DTA cooling
curves as a sharp exothermic peak, thus detecting the “CaCO,” component
of calcite, dolomite or ankerite, free from interference by other superim-
posed peaks on the heating curve [24].

Additional studies comparing DSC results in N, and air have quantified
the negative contributions to coal calorific values made by the carbonates
magnesite, dolomite, ankerite and calcite. Siderite, by contrast, produces a
small exothermic, owing to its decomposition—oxidation reactions [38]. The
resultant application to calorific value upgrading after washing of high ash
coals (taking into account the positive contribution of siderite) represents
another new contribution by TA techniques [37].

Coal TA studies using different sequential gas conditions

The pioneering advance represented by the use of flowing N, followed by
0, (N,-0,) to provide coal proximate analyses [39] has given reliable results
within the limits of the standard method [35,40]. This has led to further TG
applications, e.g. for pre-heated coal, bed, fly, and fluidized bed, ash
(N,-0,-CO,) and limestone (N,—CO,) [41] analysis of flue gas scrubber
materials after use (flue gas—N,) [42], comparison of sulphation, regenera-
tive SO,, and cyclic efficiency of sorbents (air-air + SO,—~N,—-N, + H,—N,—
N, + air) [43], and analysis of solid waste refuse fuels (N,—O,) [44]. The TG
modification TM has provided direct predictions of SO, yield from Fe
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(pyrite) contents in the absence of siderite (N,-O,-H,) [45], and from the
available Fe when siderite, Fe dolomite—ankerite are present with pyrite
[46]. The technique may also be used for identification of members of the
siderite—magnesite series [47].

With the development of high sensitivity specific gas non-dispersive IR
detectors and small quadrupole mass spectrometers, EGA has become an
important complementary technique, allowing the production of specific gas
evolution profiles, alone or simultaneously with other TA determinations.
This has led to further advances in detection limits for individual carbonates
[48] and decomposition mechanisms—temperatures of individual minerals
such as ankerite [49], or identification of different sources of sulphur present
[17].

With the equipment currently available it is possible to perform simulta-
neously, using the same sample under identical conditions, TG, DTG, DTA
(and DDTA if needed), or DSC together with determinations of several
evolved gases such as H,0, CO,, CO and SO, or other gases such as O,, SO
and H,, as required [50].

Such detailed coal utilization data on ash, formation temperature, com-
position and quantity have direct or potential applications to questions
concerning formation, fusion temperature, fly ash composition [41], chem-
ical stability, hydrogenation catalytic activity and residues [15], evolved gas
pollutants (i.e. SO, ) and their extraction, entrapment—regeneration [43], and
disposal.

CONCLUSIONS

Applications of TA to fossil fuel studies have expanded rapidly, and now
range from burning profiles and low grade fuel value to mineral contents,
compositions, decomposition characteristics and calorific effects; also prox-
imate analysis, pyrite contents, detection of magnetic phases with applica-
tion to coal beneficiation and EGA to flue gas extraction by sulphation and
a range of sorbents (eg. limestone, dolomite, fly ash and calcium aluminates).

REFERENCES

1 S.St.J. Warne, Plenary Lecture, Proc. ICTA 7 Kingston (Canada), Wiley, Chichester, Vol.
2, 1982, p. 1161.

2 E.A. Turie, Thermal Characterization of Polymeric Materials, Academic Press, New York,
1981, p. 972.

3 C.M. Earnest (Ed.), Compositional Analysis by Thermogravimetry, ASTM Spec. Publ.
997, Philadelphia, 1988, p. 293.

4 W. Smykatz-Kloss, Differential Thermal Analysis: Application and Results in Mineral-
ogy, Springer-Verlag, Berlin, 1974, p. 185.

5 D.N. Todor, Thermal Analysis of Minerals, Abacus ®ress, 1976, p. 256.



348

6

O 00 ~J

10

11
12
13

14
15

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33

34
35
36
37
38
39
41
42

43

45

K. Rajeshwar, Thermochim. Acta, 63 (1981) 97.

S.St.J. Warne and J.V. Dubrawski, J. Therm. Anal., 35 (1989) 219.

E.L. Charsley, S.St.J. Warne and S.B. Warrington, Thermochim. Acta, 114 (1987) 53.
S.St.J. Warne, Differential Thermal Analysis of Coal Minerals, in Clarence Karr, Jr. (Ed.),
Analytical Methods for Coal and Coal Products, 3 (1979) 447.

C.M. Earnest and R.L. Fyans, Perkin-Elmer Thermal Analysis Applications Study No. 32,
1981, p.8.

J.P. Elder and M.B. Harris, Fuel, 63 (1984) 262.

J.W. Cumming and J. McLaughlin, Thermochim. Acta, 57 (1982) 253.

AlJ. Brammer, E.L. Charsley and S.B. Warrington, Proc. 15th NATAS, Cincinnati
(U.S.A), 1986, p. 474.

J.V. Dubrawski and S.St.J. Warne, Thermochim. Acta, 104 (1987) 77.

C.M. Earnest, in P.S. Gill and J.F. Johnson (Eds.), Analytical Calorimetry, Plenum, New
York, 5 (1984) 402.

S.St.J. Warne, H.J. Hurst and W.I. Stuart, Applications of Thermogravimetry in Mineral-
ogy, Metallurgy and Geology, Therm. Anal. Abs. (Invited Review), 17 (1988) 1.

S.St.J. Warne, A.J. Bloodworth and D.J. Morgan, Thermochim. Acta, 93 (1985) 745.

A. de Koranyi and V. Balek, Thermochim. Acta, 93 (1985) 737.

S.St.J. Warne and D.H. French, Thermochim. Acta, 79 (1984) 131.

C.M. Earnest, Proc. 3rd Int. Coal Test. Conf., Lexington (U.S.A.), 1983, p. 66.

F. Paulic, J. Paulic and M. Arnold, J. Therm. Anal., 25 (1982) 313.

W. Wendlandt, Anal. Chem., 56 (1984) 250R.

S.St.J. Warne and D.H. French, Thermochim. Acta, 76 (1984) 179.

S.St.J. Warne, Thermochim. Acta, 110 (1987) 501.

S.St.J. Warne, Nature, 269 (1977) 678.

S.St.J. Warne, Thermochim. Acta, 109 (1986) 243.

Setaram, Fossil Fuels Application Sheets 1-4, Lyon (France), undated, p. 1.

S.St.J. Warne, Thermochim. Acta, 86 (1985) 337.

D.E. Rogers and M. Biddy, Thermochim. Acta, 30 (1979) 303.

J.W. Cumming, J. Inst. Energy, 54 (1981) 201.

D.J. Swaine, in R.F. Schwenker and P.D. Garn (Eds.), Proc. ICTA 2, Worcester (U.S.A)),
Academic Press, 2 (1969) 1377.

K.H. Ohrbach, W. Klusmeier and A. Kettrup, Thermochim. Acta, 27 (1984) 165.

D. Rustschev and K. Markova, in 1. Buzas (Ed.), Proc. ICTA 4, Budapest (Hungary),
Heyden, London, 3 (1974) 295.

E.L. Charsley, J.A. Rumsey, S.B. Warrington and P.N.A. Seth, Thermochim. Acta, 72
(1984) 251.

P. Dugan and V.J. Morgan, Fuel, 49 (1970) 415.

C.M. Earnest, Instrum. Res., 1 (1985) 73.

J.V. Dubrawski and S.St.J. Warne, J. Therm. Anal., 33 (1988) 435.

J.V. Dubrawski and S.St.J. Warne, Fuel, 66 (1987) 1733.

R.L. Fyans, Perkin-Elmer Thermal Analysis Study No. 21, 1977, p. S.

J.P. Elder, Fuel, 62 (1983) 580.

R.F. Culmo and R.L. Fyans, in C.M. Earnest (Ed.), Compositional Analysis by Thermo-
gravimetry, ASTM Spec. Publ. 997, Philadelphia (U.S.A)), 1988, p. 245.

D.L. Dorsey and B.J. Buecker, in C.M. Earnest (Ed.), Compositional Analysis by
Thermogravimetry, ASTM Spec. Publ. 997, Philadelphia (U.S.A.), 1988, p. 254.

A.E. Duisterwinkel, E.B.M. Doesburg and G. Hakvoort, Thermochim. Acta, 141 (1989)
51.

R.K. Agrawal, in C.M. Earnest (Ed.), Compositional Analysis by Thermogravimetry,
ASTM Spec. Publ. 997, Philadelphia (U.S.A.), 1989, p. 259.

D.M. Aylmer and M.W. Rowe, Thermochim. Acta, 78 (1984) 81.



349

46 S.St.J. Warne, Thermochim. Acta, 87 (1985) 353.

47 P.K. Gallagher and S.St.J. Warne, Thermochim. Acta, 43 (1981) 253.

48 A.E. Milodowski and D.J. Morgan, Proc. ICTA 6, Bayreuth (Germany), Birkhauser, 2
(1980) 283.

49 A.E. Milodowski and D.J. Morgan, Proc. ESTA 2, Aberdeen (Scotland), 1981, p. 468.

50 D.J. Morgan, S.B. Warrington and S.St.J. Warne, Thermochim. Acta, 135 (1988) 207.



