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Abstract

The gasification with carbon dioxide of residual carbons prepared from Timahdit and Tarfaya oil
shale kerogens has been studied by thermal analysis techniques (TG and DTA) under heating rates
varying from 5 to 48°C min™'. The reactions obey first order kinetics. Activation energies have been
calculated by several methods, such as Kissinger, Chen—Nuttall and Coats—Redfern methods, and
are broadly comparable with literature data for similar carbons.

Keywords: Chen—Nuttall method, Coats—Redfern method, DTA, gasification, kerogen, kinetics,
Kissinger method, residual carbon, Tarfaya and Timahdit oil shales, TG

Introduction

As described in another paper [1], increasing interest in oil shale gasification has re-
sulted in the need to have a better understanding of oil shale residual carbon reactiv-
ity. Numerous reactivity studies have been conducted on oil shale residual carbon
and are well described in the literature. The reactivity of the residual carbon during
its oxidation depends on conditions of pyrolysis of the raw shale, namely, the heating
rate and the final temperature. The kinetics of the reactions in the systems C/O,,
C/air, C/CO, and C/H,O(vapour) have been studied by numerous authors [2—15].
The first two of these (C/O, and C/air) showed that the reactions obey first order ki-
netics with respect to the partial pressure of oxygen and the quantity of the non-
decomposed residual carbon [13—15]. The rate of gasification of the shale char can be
described by a modified Langmuir-Hinshelwood expression [5]. However, the origi-
nal Langmuir-Hinshelwood equation applies for gasification reactions in the sys-
tems, C/CO, and C/H,O (vapour) [6, 7].
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The reaction of carbon with CO, is an important industrial process, the
Boudouard reaction in extractive metallurgy. It has been extensively studied, al-
though there are gaps in explaining the mechanism, reaction order and activation en-
ergy. The gasification by carbon dioxide in isothermal and non-isothermal conditions

C(s5)+COsy(g) = 2CO(g)

is presumed to follow the Langmuir—Hinshelwood equation [9—11]. For the isother-
mal reaction:

rate = kiPco /(1+kaPcotksPeo,)
where k, and k; are given by:
ky = 3.3-10exp(253000/RT)
ks = 1.74-10exp(27800/RT)

Carbon dioxide plays the role of reactant in the above reaction, and product of
gasification, combustion and other reactions of the carbon. Its reaction with carbon is
important in numerous industrial operations such as the generation of water, the
production of gas and the fusion of minerals [9]. Studies of reactions of carbon/oxygen
system surfaces showed high affinity of the carbon towards oxygen to fix it in certain
sites of its surface by chemical links. In the initial stage, the carbon dioxide is reduced
to carbon monoxide at relatively low temperatures (lower than 600°C). The oxygen,
lost from the dioxide, remains on the surface of the carbon and can be eliminated as
monoxide [9—11, 15]. The reaction traduces a phenomenon of oxygen exchange and
not a transfer phenomenon of carbon to the gaseous phase that constitutes gasification.
Experimental data indicate that reactions of oxygen exchange are relatively fast
compared with reactions of carbon transfer. Thomson et al. [6, 7] showed that the
reaction of gasification by CO; is very fast for the residual carbon from Swedish oil
shale [5] but distinctly slow for the one from Colorado shale [6]. Both comply with the
Langmuir—Hinshelwood equation. In the case of the residual carbon, Burnham [3, 4]
gave evidence for the presence of two species of carbon that react in parallel and that
the reaction depends on the reactant and product partial pressures.

The aim of the work reported in this paper is to derive kinetic parameters for the
decomposition processes related to the non-isothermal gasification in carbon dioxide
of residual carbon obtained from kerogen of Tarfaya and Timahdit shale deposits us-
ing simultaneous non-isothermal TG/DTG/DTA technique.

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, atmospheres (dried using MgClO4) and gas flow rate
(35 cm® min™"). Sample holders were thin-walled platinum crucibles.
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Samples

Samples of kerogen were heated up to the desired reaction temperature (773 K) at a
constant heating rate of 12°C min "' andina nitrogen flowing atmosphere. The rate of
heating was chosen to correspond to conditions close to those used in Fisher Assay of
oil shales. When the desired temperature was attained, the sample was maintained in
nitrogen (35 cm® min") for 1 h. These conditions allow obtaining a residual carbon,
intermediate between coke and char. Then, dried CO, (35 cm® min ') was introduced
into the system, and the mass change was monitored. The elemental analyses of the
materials are given in Table 1.

Table 1 Elemental analysis of carbon, hydrogen, nitrogen and sulfur

C/% H/% N/% S/%

. . Kerogen 65.0 5.2 1.8 10.7
Timahdit )

Residual carbon of kerogen 41.2 1.5 2.2 5.9

. Kerogen 67.7 7.4 1.8 11.1

Tarfaya Residual carbon of kerogen 76.3 2.9 34 5.2

It is noted that the carbon and hydrogen contents of the kerogens are similar,
whereas the figures are higher for the residual carbon from Tarfaya shale than from
Timahdit shale.

Results

Figures 1 to 4 represent the TG and DTA curves of the residual carbons at heating rates
of 5, 12, 20, 40 and 48°C min™". For both materials, the TG curves are characterized by
one reaction stage and the DTA curves show one large endotherm followed by a
smaller, less significant one at higher temperatures. Increasing the heating rate shifts
the gasification to higher temperatures typically, for both sets of data. The TG curves
display the characteristic “S” shape with significant decomposition above 800°C for
both samples with maximum rates located in the temperature range 800—1000°C. With
slower heating rates, lower minimum temperatures were obtained for the DTA peaks.

Discussion

The analysis of non-isothermal data to deduce kinetic parameters is not so straight-
forward compared with manipulation of isothermal data. Several mathematical mod-
els have been proposed, involving approximations and assumptions, for deducing ac-
tivation energies from DTA and non-isothermal TG results.
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Fig. 1 Mass loss (TG) of residual carbon of Timahdit kerogen in CO, atmosphere
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Fig. 2 DTA curves of residual carbon of Timahdit kerogen in CO, atmosphere
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Fig. 3 Mass loss (TG) of residual carbon of Tarfaya kerogen in CO, atmosphere
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Fig. 4 DTA curves of residual carbon of Tarfaya kerogen in CO, atmosphere

Kissinger method

Using heat flow equations based on a second order partial differential equation,
Kissinger [16] derived an equation relating the DTA peak temperature to the rate of
heating

d(In(¢/T))/d(1/T) = —Eo/R

where ¢=rate of heating, 7;,=peak minimum temperature, £,=energy of activation.

The theoretical and experimental aspects of deducing kinetic parameters from
DTA data are critically reviewed by Sharp [17]. However, the Kissinger equation has
been widely used to determine activation energies of reactions from DTA data. The
method is based on the incorrect assumption that the DTA peak temperature corre-
sponds to the temperature of maximum reaction rate. Nevertheless studies on metal-
lurgical cokes and other carbons using simultaneous TG/DTG/DTA have shown that
these two temperatures are very close [18].

Kissinger plots (In(¢/7,} vs. 1/T;,) are shown in Fig. 5. The activation energies, £,
calculated from the gradient gave values of 182 and 216 kJ mol " for the residual carbons
from Timahdit and Tarfaya shales, respectively. The activation energy of 205 kJ mol
reported by Burnham [2] for the gasification of residual carbon from Colorado oil shale
is intermediate to the above values.

Chen—Nuttall method
These authors developed the rate equation for a first order reaction:
do/dt = k(1-a)
and applied it to a reaction of the type:
aA(s) = bB(g)+cC(s)

Combination with the Arrhenius equation leads to the integrated form:
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Fig. 5 Evolution of DTA peaks minimum temperature of Tarfaya and Timahdit
residual carbon kerogens during gasification In(¢/T,>) vs. 1/Ty,)

In[(E,+2RT)/ TxIn(1/(1-0)] = In(AR/D~E/RT

where 4 is the frequency factor and £, and ¢ are defined as above. Using a guess for
the initial value of £, and with the aid of repeated regression analysis, values for £,
and 4 can be calculated to the desired accuracy [19].

Figures 6 and 7 show the Chen—Nuttall plots for the gasification of residual
carbons from Timahdit and Tarfaya shales at different heating rates. Results show
that there is a change in the activation energy at temperatures above about 880°C and
above a, extent of reaction, around 0.240. Table 2 summarises the activation
energies therefrom and other sources. Mean values of 168 and 207 kJ mol ' are
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Fig. 6 Analysis of Timahdit residual carbon by Chen—Nuttall method
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Fig. 7 Analysis of Tarfaya residual carbon by Chen—Nuttall method

obtained for the carbons from Tarfaya and Timahdit shales, respectively, using the
average of the highest and lowest figures for the activation energy at higher
temperatures, and mean values of 25 and 35 kJ mol™, respectively at lower
temperatures. The high temperature values show a wide variation with heating rate
for carbons from both shales.

Coats—Redfern method

Coats and Redfern [20] developed a method for the calculation of activation energy
from non-isothermal TG data at a constant heating rate. The Coats—Redfern equation
for a first order reaction, based on mathematical approximations, is:

—In[(-In(1-a))/T] = E./RT+constant

Figures 8 and 9 show the Coats—Redfern plots for the carbons from Timahdit
and Tarfaya shales, respectively. Results show that there is a change in the activation
energy at temperatures above about 840°C and above o, extent of reaction,
around 0.180. Table 3 summarises the activation energies calculated.

Table 3 Activation energies for the gasification of residual carbon from Timahdit and Tarfaya
oil shale kerogen obtained at different heating rate with Coats-Redfern method

Activation energies for 5°Cmin”  12°C min™  20°C min™'  40°C min™"  48°C min™'
E, /kJ mol™ 28 23 25 21 23
Tarfaya ' O
E, /K] mol 180 178 150 134 120
. _ E,/kImol” 27 31 31 31 31
Tmabdit g aymol! 219 224 236 213 213

(E, , for 7<840°C and E, for 7>840°C)
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Fig. 8 Coats—Redfern plots for the reaction of residual carbon from Timahdit shale with CO,
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Fig. 9 Coats—Redfern plots for the reaction of residual carbon from Tarfaya shale with CO,

The activation energies calculated for the Tarfaya carbons at different heating
rates at higher temperatures are less and show a wider variation than those for the
corresponding Timahdit data. As in the Chen—Nuttall method, the high temperature
values (E, ) obtained for the Timahdit residual carbon by the use of Coats—Redfern
method are higher than those obtained for Tarfaya carbon. This is different from the
results of the Kissinger method, which gave a higher value for the Tarfaya carbon.
These variations illustrate the difficulties in calculating kinetic data from non-
isothermal methods, which involve mathematical approximations and assumptions.

Methods to improve the calculation of kinetic data from non-isothermal data are

under consideration.
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Conclusions

Heating rate has an important effect on the non-isothermal gasification reaction of
residual carbon from oil shale. Thermal analysis data show that the decomposition
reaction.

C(s)+CO,(g) = 2CO(g)

follows first order kinetics with respect to the carbon. Activation energies computed
using different mathematical models were found to vary somewhat, but to be gener-
ally comparable with those of reactions of other residual carbons.
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