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In this research, thermal decomposition of Huadian oil shale was studied by
thermogravimetry (TG/DTG) at different heating rates in nitrogen environ-
ment. Apparent activation energy of the pyrolysis reaction for three samples
has been determined at four heating rates (10, 20, 40, 100 °C/min) using Fried-
man’'s isoconversional method. Furthermore, the Sestak’ s complex mechanism
was adopted to address mechanism of oil shale pyrolysis. The results showed
that activation energy changes only dightly despite the fact that it is not a
congtant. In the conversion range of 0.1-0.9, the mean value of activation
energies for samples OS1, OS2 and OS3 is 237.6, 249.61 and 242.67 kJ-mol ™,
and their standard deviations are 2.3, 3.86 and 4.61, respectively.

I ntroduction

Qil shale (OS) can be defined as a compact rock of sedimentary origin with
ash content of more than 33% and containing organic matter that yields ail
when destructively digtilled, but not appreciably when extracted with
ordinary solvents [1]. As one of the important fossil fuels, OS reserves are
abundant and its potential as an alternative energy sourceis great.

In China, the estimated reserve of OS is approximately 2 trillion tonnes,
equivalent to eighty billion tonnes (bn.t) of shale oil. This magnitude ranks
the 4th largest in the world, next only to US, Brazil and Estonia. At present,
the total discovered reserve is ~32 bn.t, distributed mainly over 55 deposits
located in provinces such as Jilin, Guangdong, Liaoning, etc. The discovered
reserves in Jilin province are up to 17.6 bn.t, accounting for 56% of the
State’s total, which is 1.4 times sum of the primary energy resource [2].
Therefore, efficient exploitation and utilization of OS is of strategic
significance to make up the deficient energy resource of Jilin province and
promote devel opment of national economy.

" Corresponding author: e-mail rszx@mail .nedu.edu.cn
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Thermal analysis (TA) is a typical analytical technique to describe the
relationship between physical (also chemical, of course) changes and tem-
perature. The advantages of TA include convenience, fast response and less
sample needed, thus wide applicationsin many fields. With the improvement
of thermoanalysis techniques, thermal analysis has been increasingly used as
ameans of determining kinetic parameters of fuel pyrolysis and combustion
[3-5]. In addition, different kinetic models, such as Arrhenius, Coats &
Redfern, Horowitz & Metzger, and Ingraham & Marrier et a, were used to
analyze TG/DTG data obtained by non-isothemal thermogravimetry [6-7].

In this work, thermogravimetry (TG/DTG) has been used to determine
pyrolysis characteristics of three oil shale samples all from Huadian deposits
under non-isothermal conditions. An isoconversional method was applied to
determine kinetic parameters. Respective reaction models have been pro-
posed.

Experimental

In this work, all experiments were conducted with a Perkin Elmer Pyris 1
Thermogravimetric Analyzer (TGA) at atmospheric pressure and flow rate
80 ml/min of N, used as purge gas. Before the formal experiment, the TGA
system was calibrated for temperature reading with calcium oxalate mono-
hydrate and for buoyancy effects to allow quantitative estimation of weight
changes. All the experiments were performed twice for reproducibility.

In al tests the initial samples (weight ~10 mg and the particle size
~0.2mm) were prepared according to ASTM standards (D 2013). The
experiments were performed at four heating rates (10, 20, 40, 100 °/min)
over the temperature range of 20-900 °C.

Three oil shale samples taken from the 4™, 5" and 7" seam of Gonghe
mine in Huadian were designated as OS1, OS2 and OS3, respectively. The
proximate and ultimate analysis of samples are shown in Table 1. It can be
seen that all Huadian oil shales are high in ash content and volatile content,
and fall into low-rank fuel category according to ASTM coal rank standards.
With regard to its properties, it will be more economical to utilize this type
of fuel in field than to transport it to other locations further from mining
Sites.

Table 1. Proximate and ultimate analysis of Huadian oil shales

Sample Proximate analysis, % Ultimate analysis, %

My | Va Ax | FCyq | Qua Jg| Cu Ha | N | Oxy Sa

OS1l |531| 29.76 | 60.27 | 4.66 8817 2368 | 396 | 059 | 536 | 0.83
0S2 |552]| 26.96 | 65.45 | 2.07 5923 1769 | 248 | 0.39 | 7.89 | 0.58
OS3 |551] 24.21 | 69.95 | 0.33 4095 1401 | 291 | 0.39 | 594 | 1.29
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M ethodology of kinetic measurement

Kinetics for solid-state reactions has aways been the focus of thermal
analysis studies. For an Arrhenius type of kinetic equation, the primary
objective is to experimentally determine the “kinetic triplet”, i.e., frequency
factor A, apparent activation energy E, and the reaction model, f(a), aso
called the conversion function. In the context of oil shale, there are many
thermal analysis methods available in literature to process pyrolytic data,
which can be divided into single and multiple scan methods [8].

The single-scan method has long been dominant in extracting kinetic
data, and in application of oil shale studies [9-12]. However, several reports
[13—-17] showed that the single-scan methods tended to produce unreliable
Arrhenius parameters, especially for non-isothermal studies. There are two
major reasons for that. Firstly, in a non-isothermal study, both T and ¢ vary
simultaneously, so that the reaction rate K(T) is a function of f(a). Asa
result, aimost any f(a) can satisfactorily fit data at the cost of drastic
variations in the Arrhenius parameters, which compensates for the difference
between the assumed form of f(a) and the true but unknown reaction
model [18]. The second major reason is that solid state reaction is generally
not an elementary reaction, in which the reaction model varies with
temperature, and the reaction might involve severa steps with different
activation energies. The kinetics parameters calculated by the single-scan
method do not response this point. In order to make up for these deficiencies,
ICTAC proposed the Arrhenius parameters should be computed by iso-
conversional methods. In this paper, Friedman method was used to analyze
kinetics of oil shale pyrolysis.

Usually resistance to intraparticle mass transfer and heat transfer is
insignificant due to small oil shale particle size applied in studies and thus is
ignored in this study. Qil shale pyrolysis is assumed to be a process
controlled by kinetics, and the isoconversional method of Friedman is
described as follows:

In(d—ajzln[A(a)f (@)] -

E(@)
dt ’

RT @)

where

A(a) isthe frequency factor, min™,

E(a) isthe activation energy, kJ-mol™,

R isthe gas constant,

f (&) isthe mechanism function.

When conversion o in Eqg. (1) is a fixed value, the relationship between
In(de/dt) and L/T is linear, the slopes of such plots will give the values of
(-E/R), and the activation energy can be obtained. This method can avoid the
error arising from selection of the reaction mechanism.
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Results and discussion

TG and DTG curves of oil shale pyrolysis

Figures 1, 2 and 3 show the weight loss (TG) and differential weight loss
(DTG) at different heating rates for OS1, OS2 and OS3. They exhibit similar
thermal decomposition pattern. From these curves, three distinct pyrolytic
stages could be ascertained.

Firstly, in lower-temperature region, from ambient temperature up to
200 °C, weight loss attributes to the loss of external moisture, of interlayer
water from clay minerals and decomposition of some minor mineral matters
[19]. Usually, the weight loss at this stage is used to measure water content.
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Fig. 1. TG and DTG curvesfor OS1 at various heating rates.
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Fig. 2. TG and DTG curvesfor OS2 at various heating rates.

Secondly, at the median temperature, from 200 to 600 °C, mass loss is
due to the release of hydrocarbons. As shown in Fig. 3, mass loss is
negligible below 320 °C. Major weight loss occurs at 320 °C, followed by
rapid weight loss probably due to devolatization producing hydrocarbons.
The weight loss in this stage is ~70% of the total.

In the third stage, from 600 to 900 °C, weight loss is mostly attributed to
the decomposition of carbonate minerals such as calcite, dolomite and
ankerite, and so on. Meanwhile CO, produced as a result of decomposition
of carbonates during this stage gasifies residual char to produce CO,
contributing to weight loss. In this stage, the rate of weight loss is distinctly
lower than in the second stage.
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Fig. 3. TG and DTG curves for OS3 at various heating rates.

Table 2 gives the comparison of thermogravimetric data of oil shale
samples. It can be seen that with increasing of the heating rate, T, increased
aswell. The DTG peak, which is a measure of relative reactivity (defined as
the ratio of the rate of weight loss per unit of time), shifts to higher tem-
peratures. It is caused by the variation of the rate of heat transfer with the
change in the heating rate and the short exposure time to a certain tem-
perature at a higher heating rate, as well as the kinetics of decomposition.
Heating rate also affects the weight loss at a certain temperature. For
example, at the same temperature, the lower the heating rate, the more the
volatile material evolved.
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Table 2. Comparison of thermogravimetric data of oil shale samples

Sample 8 25-200°C 200-600 °C 600-900 °C
(Cmin) | w9 | T,°C | W% | T,°C | W% | T, °C

10 5.3 36 238 471 4.8 506

os1 20 5.7 63 236 486 5.7 516

40 5.3 76 235 498 5.9 530
oo 400 93 L 105 236 | . o6 1 69 | . 552

10 4.8 55 23 474 38 498

o2 20 4.8 65 18.1 487 8.7 515

40 4.1 73 18 499 8.8 526
eeeeeeof 00150 L 206 176 | S19 | .95 | . 562

10 5.0 54 14.0 471 10.0 739

0s3 20 5.2 66 135 488 10.1 760

40 4.8 81 14.0 500 95 779

100 4.0 108 14.0 515 9.7 811

S —hedting rate; w —weight loss; T, — peak temperature

Relationship between conversion degree and temperature history

From the above analysis, we could conclude that the main weight loss of oil
shale during pyrolysis process occurred in the stage of decomposition of
organic matter, so we chose this stage to study oil shale pyrolysis kinetics.
According to TG curves shown in Fig. 4, it depicts the relationship between
the reaction conversion degree and temperature of oil shale samples. The
change of reaction rate is less striking at low temperatures and high tem-
peratures, but the change is most pronounced at the medium temperatures.
Taking OSL1 at the heating rate of 10 °C/min as an example, the reaction rate
increases insignificantly with increasing temperatures when temperatures
were less than 420 °C and more significantly at temperatures of 420-550 °C,
but less remarkably after 550 °C. Moreover, heating rates have an important
impact on the relationship between reaction rates and temperatures. The
initial decomposition temperature for organic matter changes little with
increasing heating rate, and decomposition usually occurs at 300-320 °C. As
heating rate increases, both the maximum decomposition rate and final
decomposition temperature of organic matter shift to higher temperatures, as
illustrated in Figuresl, 2 and 3. For example, the final decompasition
temperature of organic matter for OS1 is 600 °C at 10 °C/min, but shifts to
660 °C at 100°C/min. Organic matter is considered to decompose
completely up to 660 °C. This can be attributed to variations in heat transfer
due to changes in heating rate and shorter exposure time to a particular
temperature at higher heating rates, as well as to decomposition kinetics
under non-isothermal conditions. It can also be seen from Fig. 4 that, at
higher heating rates, the same conversion of the solid reactant occurs at
higher temperatures, similarly, a same temperature corresponds to lower
conversions of decomposition at higher heating rates.
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99 conversion points for three oil shales at different heating rates are shown
in Fig. 4. Friedman analyses, as described in Eq. (1) are applied in Fig. 5,

Activation energy of il shale pyrolysis
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Fig. 5. Friedman analysis for pyrolysis of oil shale.
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where aplot of In(de/dt) versus 1/T produces a straight line with the slope of
(-E/R) used to yield activation energy. This is illustrated in Fig. 5 for all
original data points. The points in the figures are collected at the different
heating rates. Linear fittings were performed on each curve at a variety of
conversions, yielding a series of fitted straight lines. The apparent activation
energies are obtained from the slopes. Figure 5 implies that good correlation
of the fittings has been achieved and the magnitude of correlation coefficient
exceeds 0.99, justifying the use of Friedman analysis method. Meanwhile, it
can be seen that the slopes of fitting lines at the different conversions are
roughly the same, indicating that the apparent activation energies, thus
controlling mechanisms change only dlightly with increasing conversions.
Figure 6 illustrates the magnitude of variations in activation energy for the
three oil shale samples as afunction of conversion.

From Fig. 6 we can conclude that activation energy for the three oil shale
samples is not a constant during the overall reaction, indicating that oil shale
pyrolysis is a complicated multi-step reaction characterized by varying activa-
tion energies in different temperature ranges thus with different reaction
mechanisms. However, it can be further discovered from this figure that the
variations in activation energies for different oil shale samples are not
significant. The variation of the activation energy shows scattering pattern in
the conversion ranges of 0-0.1 and 0.9-1. Given that variations in activation
energy are small in the conversion range of 0.1-0.9, the mathematic mean
values for three samples are 237.6, 249.61 and 242.67 kJ-mol™, respectively.
Compared to the results calculated with Coats-Redfern method [20], the
magnitude of the activation energy is obvioudy much larger, probably indicat-
ing that the hypothetical model by Coats-Redfern method is not suitable for
analysis of qil shale pyrolysis.
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Deter mination of reaction model

Because of complex structure and composition of oil shale, its pyrolysis
actually consists of many elementary reactions occurring in parallel and in
series. The extent of the overall pyrolysis reaction is just an apparent and
integrated variable, making it impossible to correlate changes of apparent
variables to elementary steps. Therefore, we are focusing only on general
reaction mechanism in this study. As illustrated in Fig. 6, there is little
change in activation energies across conversions of 0.1 to 0.9, allowing usto
consider activation energy a well-defined value leading to a well-defined
reaction mechanism. The variables of the non-isothermal equations are
further separated and integrated as follows [21]:

% da _ AT _E . _AE
G(a)—!m—ﬁoexp( RTde o P(u), )

where u = E/RT, P(u) is approximated as P(u) O exp(—u)/u® which is then
inserted into Eq. (2). The equation of Z(a) can be presented below:

_ _ RT?da/dt
Z(a)=G(a)f (@) STaE ©)

where Z(a) is a defined function of conversion. The experimental data of a,
£, T daldt and E calculated by Friedman method at different heating rates
are inserted into Eq. (3). Z(a) and a are then plotted in Fig. 7 that shows the
experimental curves at different heating rates to fit into a single curve.
Therefore, the same reaction mechanism is controlling the overall reaction
process. Because oil shale pyrolysis is a complicated process with multiple
reaction mechanisms, reaction order, defined as f(a) = (1—a)" is not suit-
able to describe the overall pyrolysis reaction. Sesték complex mechanism
was, however, adopted below to investigate the pyrolysis mechanism.
The general form of Sesték-Berggren equation is[22] :

f(a) =a"(1-a)[Hn(1 - a)]", (4)

where m, n and p are constants, their derivatives imply the different reaction
mechanisms: i.e., @", (1-a)" and [-In(1 — a)]° express the following three
degradation mechanisms. diffusion mechanism, interface mechanism and
nuclear mechanism [23]. A computer program has been compiled to
calculate G(a). Functions f(a) and G(a) and are inserted into Eq. (3),
optimum values of m, n and p, are then fitted with the least square method.
The results are shown in Table 3, and the fitting curves of three samples are
plotted in Fig. 7. It shows that, according to the value of P, oil shale
pyrolysis mainly attributes to the nuclear mechanism.
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Table 3. Optimum parametersfor reaction mechanism of oil shale samples

7.10
7.40
6.26

431
4.55
4.30

10 °C/min
20 °C/min
40 °C/min
100 °C/min
fitting liner

A
-
.
v

0.3

0.2

m
—7.64

—7.94

—6.99

Samples

Oos1
0s2
0Ss3

04

0.35 |- 1

0.3 |

05 06 07 08 09

Conversion degree

0.4

0.1

Os1

10 °C/min
20 °C/min
40 °C/min

A

100 °C/min
fitting liner

.
3
v

0.4

0.35 |-

03 [ 1

|

!
N
=}

)z

03 04 05 06 07 08 09
Conversion degree

0.2

0.1

0s2

10 °C/min
20 °C/min
40 °C/min

* 0o

100 °C/min

<

04

035 |

03[

Conversion degree

0Ss3

Fig. 7. Fitting lines for the pyrolysis reaction mechanism of oil shale.
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Deter mination of the frequency factor

By inserting the reaction model calculated into EqQ. 1, one can obtain the
frequency factor (also called the pre-exponential factor) from the intercept of
the plot of In(da/dt) — 1/T. The results are shown in Fig. 8. It shows asimilar
variation trend as Fig. 6., i.e., the frequency factor is scattering in the ranges
of 0-0.1 and 0.9-1, whereas there is no significant change in the range of
0.1-0.9.
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Conversion degree
Fig. 8. Frequency factor of oil shale samples.
Conclusions

In this work, an experimental study on Huadian oil shale pyrolysis is

presented. The following conclusions have been drawn:

1. Huadian oil shae pyrolyzes in three stages. The second stage, 200—
600 °C, accounts for the largest weight loss, which is attributed to the
decomposition of hydrocarbon material.

2. Apparent activation energy for oil shale pyrolysis was calculated by
Friedman method. In the conversion range of 0.1-0.9, activation
energies change dightly, with the mean values for OS1, OS2 and OS3
being 237.6, 249.61 and 242.67 kJ-mol™, and their standard deviations
are 2.3, 3.86 and 4.61, respectively.

3. Sesték complex mechanism was applied to elucidate pyrolysis control
mechanism. The results show that oil shale pyrolysis is not a simple
first-order reaction.
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