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Abstract

Thermal analysis has been used to determine the impact of heating on the decomposition reaction of
two Moroccan oil shales between ambient temperature and 500°C. During pyrolysis of raw oil
shale, the residual organic matter (residual carbon) obtained for both shales depends on the heating
rate (5 to 40°C min™"). Three stages characterize the overall process: the concentration of carbona-
ceous residue decreases with increase of heating rate, become stable around 12°C min™' and con-
tinue to decrease at higher heating rates.

Activation energies were determined using the Coats—Redfern method. Results show a change
in the reaction mechanism at around 350°C. Below this temperature, the activation energy
was 41.3 kJ mol™" for the decomposition of Timahdit, and 40.5 kJ mol™' for Tarfaya shale. Above
this temperature the respective values are 64.3 and 61.3 kJ mol .

The reactivity of Timahdit and Tarfaya oil shale residual carbon prepared at 12°C min~' was
subject to a dynamic air atmosphere to determine their thermal behaviour. Residual carbon obtained
from Tarfaya oil shale is shown to be more reactive than that obtained from Timahdit oil shale.
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Introduction

The supply of energy has become a worldwide problem during recent decades. Many
countries have attempted to diversify their potential energy sources in order to cope
with oil price increases and their effect on the economy. The mobilisation of national
energy resources became a vital task for many countries for economic development
and social progress.

In Morocco, 90% of the energy consumed is dependent on imported oil. Thus, an
intensive programme was commenced for the mobilization of indigenous energy
sources, especially the local oil shales. Morocco has more than 15% of world reserves of
oil shales. Exploitation of this resource enables Morocco to produce oil and gas by
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pyrolysis of the shales, and electricity by direct combustion. The resulting ash is a
potential material for the cement and road construction industries. Attention was focused
at the most important deposits of Moroccan oil shales at Timahdit and Tarfaya [1, 2].

An important difference between oil shales when compared with coals and tar
sands is their mineral matter content. Oil shales have mineral matter content of 33%
or more, significantly higher than for coals and tars [3].

Extensive studies have been carried out on the physical and chemical
characteristics of Timahdit and Tarfaya oil shales in order to exploit these deposits
commercially [4-17].

Oil shales are highly heterogeneous in their chemical composition and physical
properties. Thus, during their thermal decomposition, a complex set of parallel and
sequential reactions occur, for example, evolution of water vapour, conversion of
kerogen to bitumen and its dissociation into low-volatile and high-volatile hydrocar-
bons (gas and oil), oxidation of residual carbon, etc. In the processing of oil shales,
pyrolysis leads to condensable products and a solid residue, whereas combustion re-
sults in fully oxidized products. The former occurs in the presence of limited supply
of oxygen (air); the latter requires excess oxygen.

Crawford et al. have reported the enthalpies of combustion for samples of raw
and spent oil shales [18]. Docter [19] reports that shales having an oil content of more
than 83 dm’ ton' produce sufficient coke, complete combustion of which can
produce sufficient energy for retorting the shale. Thus the residual carbon content of
a shale is an important parameter in its commercial exploitation. This is dependent
on, inter alia, the rate of reaction [20]. At fast heating rates, about 20% of the original
carbon in a shale remains as residual carbon, usually called char [21, 22]. At lower
heating rates, the residual carbon is called coke, the production of which results from
oil degradation [21, 23].

Interest in oil shale gasification has brought about the need to have a better un-
derstanding of the reactivity of residual carbon of shales. Numerous reactivity studies
have been conducted on oil shale residual carbon and well reported in [24-32]. The
reactivity of the residual carbon during its oxidation depends on conditions of pyrol-
ysis of the raw shale, namely, the heating rate and the final temperature. However,
there is little on measurement of kinetic parameters on residual carbon from Moroc-
can oil shales. The present work is a part of a larger programme of thermal analysis
studies on the decomposition reactions of Moroccan oil shales.

Experimental

Apparatus

All experiments were conducted at atmospheric pressure on a Stanton—Redcroft
STA 781 Thermal Analyser, capable of simultaneous TG/DTG/DTA, using samples
of 10 mg in flowing dry N, and air atmospheres (dried using MgClO,) and gas flow
rate (35 cm’® min ).
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Samples

The oil shale samples used in this work was obtained from Timahdit and Tarfaya de-
posits (Morocco). Table 1 gives the general characteristics of both shales:

Table 1 General characteristics of oil shales [4, 16]

Characteristics Tarfaya Timahdit
Density/g cm™ 02.20 02.02
Humidity/% 01.10 01.00
Low and high-volatile hydrocarbons/% 12.90 09.90
Residual carbon/% 03.35 02.93
Total organic matter/% 16.25 12.83
Ash/% 49.65 64.29
COY/% 33.00 21.80
Organic carbon/% 11.20 08.75
Mineral carbon/% 09.00 05.95
H/% 01.50 01.30
N/% 00.40 00.40
S/% 09.00 00.80
Calorific value/kJ kg™ 5133 4640

Residual carbon preparation and combustion

The samples were heated up to the desired reaction temperature (773 K) at a constant
heating rate of 12°C min ' and in nitrogen flowing atmosphere. When the desired
temperature was attained, the sample was maintained in nitrogen (35 cm’® min™")
for 1 h. Then, air was introduced into the system, and the mass change was measured
to determine the quantity and the reactivity of residual carbon.

Results and discussion

Figure 1 shows the extent of reaction, o, vs. temperature for raw oil shale from
Timahdit and Tarfaya at four heating rates ranging from 5 to 40°C min'. For both
shales, thermal decomposition started at 200°C and reached a maximum rate at
around 420°C for the slowest heating rate, moving to higher temperatures with
increasing heating rate.

The total organic matter (low-and high-volatile hydrocarbons plus residual carbon)
in the shale for each heating rate was determined after heating all samples in nitrogen
flowing atmosphere (35 cm’® min™") to 500°C and keeping for 1 h at this temperature. Air
was then introduced to obtain the quantity of organic carbon remaining in the shale.
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Fig. 1 Thermal decomposition of Tarfaya and Timahdit oil shale in nitrogen
atmosphere realised at different heating rates (o vs. 7)

It was found that the residual carbon (2 to 5%) for both shales depends on the
heating rate used during the pyrolysis of raw oil shale (Fig. 2). Three stages charac-
terize the overall process under pyrolysis (decomposition of organic matter to pro-
duce volatile hydrocarbons and its degradation into mineral support to give residual
carbon): the concentration of residual carbon decreased with increasing of heating
rate, became stable around 12°C min ' and continued to decrease for higher heating
rates. There are two types of very distinguishable residual organic carbons: those
whose mass changes with low heating rate of its preparation (<12°C min '), and
those in which the mass remained was stable (at heating rate >12°C min"). This dif-
ference of behaviour can be explained by coking and cracking phenomena which ac-
company the degradation of hydrocarbon molecules within the shale.

The total organic matter determined for each shale was 13.05% for Timahdit
and 16.60% for Tarfaya. According to Mckay et al. [33], the total organic matter in
the shale is linked to the amount of organic carbon in the raw oil shale and in
kerogen. This method leads to 13.46% for Timahdit and 16.54% for Tarfaya.

As done in numerous studies previously, the Coats—Redfern method was applied
to our data. Results obtained are shown in Fig. 3 for samples heated at 12°C min™'. This
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shows two straight lines with the gradient changing at around 350°C, indicating that
organic matter decomposition undergoes a change. It is explained in terms of the
presence of two successive steps in temperature range 250-500°C, namely, the
decomposition of kerogen to bitumen, which itself then decomposes to give oil, gas
and residual carbon. The first occurs at low temperatures with an activation energy of
41.3 kJ mol™" for Timahdit and 40.5 kJ mol ' for Tarfaya shale, whereas the second
occurs at high temperatures with an activation energy 64.3 kJ mol™' for Timahdit and
61.3 kJ mol ' for Tarfaya shale. These values are lower than those obtained for Green
River oil shale [34] but slightly higher than for Jordanian oil shale [35, 36].
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Fig. 3 Analysis of oil shale pyrolysis by Coats—Redfern method (—In((<In(1-a))/7%) vs. 1/T)
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The reactivity of Timahdit and Tarfaya oil shale residual carbon (obtained
at 12°C min ") has been studied by isothermal thermogravimetry in air (35 cm® min )
at atmospheric pressure. The residual carbon was prepared under the same
experimental conditions as shown before. Figure 4 shows the extent of reaction vs.
time at 7=773 K where residual carbon of Tarfaya oil shale is more reactive in air
than that of Timahdit oil shale. As shown in Fig. 5, kinetic interpretation of data
shows that thermal oxidation of both residual carbons obey a first order reaction
(—In(l-a)=kt) for 90% of the reaction for Tarfaya and 80% for Timahdit if the
induction period is not taken into account. This is related to the replacement of
nitrogen by air atmospheres (replacement of nitrogen by air in the reactor tube takes
half a minute to establish from zero time). The method yields linear plots under
constant experimental conditions which lead to the value of the rate constant, k.
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Fig. 4 Oil shale residual carbon oxidation (7=773 K) in dynamic air atmosphere
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Fig. 5 Plot of the function —In(1-a) vs. time for oil shales residual carbon combustion in air
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Thus, a value of 1.88 min™' for & is obtained for Tarfaya and 0.90 min' for Timahdit
residual carbon.

Conclusions

The heating rate has an important effect on the pyrolysis of oil shale and the amount
of residual carbon obtained therefrom. Kinetic studies show that the pyrolysis takes
place in two stages. Oxidation of the residual carbon follows first order kinetics.

* k%
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