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Abstract

There has been a significant research effort on the development of an oil industry based on
Australian oil shales. However, to date the research has been based mainly on the processing as-
pects of oil shale. The thermal analyses of oil shales, while having been the subject of many stud-
ies, have been limited to some extent by instrumentation and analytical techniques. This paper
reports on thermal analysis studies utilising traditional thermogravimetry/differential thermal
analysis (TG/DTA) and differential scanning calorimetry (DSC). The application of modern ther-
mal analysis techniques such as high resolution TG (HRTG) and modulated differential scanning
calorimetry (MDSC) is also examined and compared to the traditional methods.

Introduction

Australia’s increasing reliance on liquid fuels combined with its decreasing oil
reserves has provided the impetus for research into alternate fuel sources such as
oil shale. Although the existence of oil shale in Queensland has been known since
1ast century, the level of exploration and processing research continues to be influ-
enced by the world market price for crude oil.

The proposed processor is the AOSTRA-Taciuk rotary kiln process, which has
been described elsewhere [1]. The process comprises three stages: drying the shale
at approximately 250°C, retorting at approximately 500°C and combustion at ap-
proximately 750°C. The hot combusted solids are recycled to provide heat to the re-
torting and drying stages of the process. Given the nature of the process, it is of ad-
vantage to know the thermal characteristics of the oil shale. Thermal analysis allows
mass loss and enthalpy data to be determined for the different types of oil shale
processed. This study focuses on mass loss and enthalpy data for the retorting stage
of processing, where several endothermic decomposition reactions are observed
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[2-4]. These reactions arise from various components in the oil shale such as the
organic component, kerogen, as well as clays and other minerals.

The analysis of Australian and other oil shales by thermal methods has been the
subject of many studies [5-9]. While the temperature ranges for the decomposition
of minerals, clay dehydroxylations and kerogen pyrolysis are well known [2-4, 6],
calorimetric data for Australian oil shale is quite sparse [9-12].

We report results from the thermal analysis of Australian oil shales using a va-
riety of methods including DSC, TG, DTA and high resolution TG (HRTG). An in-
troduction to the application of the most modern calorimetric method, MDSC is
also presented.

Experimental

A sub-sample of shale was obtained from bulk shale samples received using a
sample riffler. This sub-sample was then ground by hand in a mortar and pestle.
The ground material was repeatedly sieved during grinding to achieve a particle
size of <250 mm. The DSC analyses were performed on a heat flux Stanton Red-
croft DSC 700 instrument, which has a working temperature range of -125 to
700°C. The TG/DTA analyses were performed on a Stanton Redcroft STA 780 in-
strument which has a working temperature range of 25 to 1500°C. Samples and
calibrants were analysed in thin walled alumina crucibles. A heating rate of
12°C min™! was chosen to coincide with the heating rate used in modified Fischer
Assays [13, 14]. The nominal sample mass and reference (alumina) for DSC analy-
ses was 5 mg. A larger mass of 10 mg was used for TG/DTA analysis to better fit
the mass range of the thermobalance. The oil shales were analysed from 25-700°C
in an atmosphere of dry nitrogen flowing at 40 mL min~,

HRTG analyses were performed on a TA Instruments TGA 2950 instrument,
with a working temperature range of 25 to 1000°C. Samples were analysed in plati-
num pans in an atmosphere of dry nitrogen flowing at 50 mL min~!. Dynamic rate
analyses used a sensitivity setting of 4, a resolution setting of 4 and a heating rate
of 20°C min~’. The constant rate analyses used a sensitivity setting of 4, a resolu-
tion setting of ~5 and a heating rate of 5°C min~!, The nominal sample mass for
HRTG analyses was 20 mg.

Preliminary MDSC analyses were performed on a TA Instruments MDSC 2910
instrument which has a working temperature range of —150 to 725°C. Samples were
analysed in open platinum pans in an atmosphere of dry nitrogen flowing at
50 mL min~’. The reference was an empty pan. The sample was equilibrated at 0°C
for 15 min, followed by a heating rate of 5°C min™ to 600°C. The modulation am-
plitude was +1°C with a period of 60 s.

Discussion

Figure 1 shows the DSC and TG responses of an oil shale from the Stuart de-
posit. The DSC and TG analysis curves are representative of Australian oil shales.
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Fig. 1 DSC (—) and TG (- - -) of a Stuart oil shale

The initial mass loss and broad endothermic peak are associated with the loss of ad-
sorbed surface moisture and the inter-layer water of the swelling clays [2, 4]. There
is also a small sharp peak at approximately 120°C. This crystalline water peak is
associated with gypsum [9, 15]. As can be seen in Table 1, gypsum is the only min-
eral present in the oil shale that has crystalline water.

Table 1 Typical composition of Stuart oil shale

Component Concentration/ %
Kerogen 24
Smectite 27
Quartz 16
Kaolinite 6
Illite 5
Feldspar 5
Calcite 7
Mg-calcite 3
Mg-siderite 3
Pyrite 2
Gypsum 1
Opal 1
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Fig. 2 DTG of — kerogen, - - - siderite, - -  kaolinite, - - - illite, - - - - pyrite

As the temperature of the sample increases it continues to lose moisture as indi-
cated by a steady mass loss spanning approximately 200 degrees. The organic com-
ponent of the shale, kerogen, also begins to lose carbon dioxide and light hydrocar-
bons [6]. The DSC curve shows a slight endothermic depression in this region. As
the sample temperature approaches 400°C the kerogen begins to soften and pyro-
lyse. The siderite minerals in the oil shale also begin to decompose, and clay min-
erals such as kaolinite, smectite and illite begin to dehydroxylate. These reactions
reach a peak rate at approximately 500°C: — denoted on the DSC trace as a broad
endothermic peak which is indicative of the reactions and decompositions occur-
ring during shale retorting. The overall enthalpy change and mass loss occurring is
a combination of the reactions indicated above. This combination or overlapping ef-
fect is illustrated in Fig. 2, which shows DTG curves for some of the major compo-
nents in the oil shale, kerogen, siderite, kaolinite, illite and pyrite.

The overlapping effect of the reactions and decompositions of the oil shale com-
ponents makes quantifying the enthalpy change difficult. The nature of DSC analy-
sis relies upon the determination of a peak onset, construction of a peak baseline
and subsequent integration for enthalpy calculation. The overlapping of several de-
composition reactions leads to a broad peak and therefore an ambiguous peak onset.
Previous results [11, 12] show that the relative standard deviation for the quantifi-
cation of five repeat analyses by DSC of relatively homogeneous sample was as
high as 27%. This high variation is associated with the variability in determining
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Fig. 3 Constant rate, dynamic rate and normal DTG of a Stuart oil shale

the peak onset and the construction of the DSC baseline. These effects have made
DSC a rather difficult analysis to perform for whole shale.

HRTG has also been applied to the thermal characterisation of oil shales. HRTG
has far superior sensitivity compared to the simultaneous TG/DTA used here. The
HRTG is approximately 100 times more sensitive. The different analysis protocols
available for HRTG take full advantage of its high sensitivity to enhance its resolv-
ing capability. Figure 3 shows how the different analytical techniques are able to re-
solve the different decomposition reactions that constitute mass loss during retort-
ing. Normal (non-isothermal) HRTG shows a large peak at approximately 470°C.
Dynamic HRTG also shows a peak at 470°C. However this peak is very broad,
ranging between 300 and 500°C. This suggests that there are a number of overlap-
ping peaks present. The constant rate HRTG resolves the overlapping peaks, clearly
resolving at least four major peaks in the range of 300 to 500°C. The use of HRTG
has shown that there are a number of thermal reactions occurring in the sample
which are not resolved by DSC.

The HRTG analyses have also proved useful for determining the purity of indi-
vidual components isolated from an oil shale. This is a useful analysis to perform
before any heat capacity or enthalpy measurements are performed since the pres-
ence of trace amounts of impurities can then be corrected for in subsequent DSC
analyses. HRTG is a relatively rapid analysis compared to other possible analyses
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Fig. 4 High resolution DTG of isolated kerogen

such as X-ray diffraction. HRTG also has the advantage of being quantitative with-
out the need for complex quantitative software as in X-ray diffraction.

The dynamic rate HRTG curve for a kerogen isolated from oil shale is shown in
Fig. 4. The curve shows the decomposition of kerogen at approximately 420°C.
The small peak observed at approximately 540°C is due to pyrite. Pyrite is not re-
moved during the isolation procedure and hence would still be present in the kerogen.
The presence of pyrite was confirmed by X-ray diffraction of the isolated kerogen. Si-
multaneous TG/DTA analysis of the kerogen did not reveal the presence of pyrite.

A new approach to oil shale thermal characterisation is currently being devel-
oped and is based upon treating each component in the oil shale separately. The
separation of the unique components in the shale, particularly the kerogen and
clays, allows individual quantification and hence overlapping and interfering effects
can be overcome.

This new approach is also coupled with the application of a modern calorimetric
method, MDSC [16], which has the ability to continuously measure heat capacity
during enthalpic transitions or reactions, unlike traditional DSC. This feature is su-
perior to traditional DSC, where heat capacity could only be determined before and
after enthalpic events. This feature is also advantageous in terms of applying the
calorimetric data into process models, where continuous knowledge of heat capac-
ity is extremely important. To date only preliminary results have been obtained us-
ing MDSC whilst the methodology and approach to such analyses is developed.
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Continuing work will analyse all major components in the oil shale, and allow a
summation of heat capacity data. A thermodynamic model will also be developed,
such that thermodynamic data can be generated based upon shale composition.

Conclusion

The determination of mass loss and enthalpy data for Australian oil shales is an
important part in the development of an Australian oil shale industry. Improvements
in thermoanalytical instrumentation and methodology development will lead to a
wider knowledge of the thermal characteristics of oil shale and its unique compo-
nents. The application of modern thermoanalytical techniques such as HRTG and
MDSC have so far been successful. Work in progress will ultimately lead to a com-
prehensive database of the thermochemistry of oil shale and its unique components.
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