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Three oil shale samples from different areas in Huadian have been non-iso-
thermally pyrolysed using thermogravimetric analyzer (TGA). The analyses
were performed at different heating rates (10, 20, 40, 50, 100 K min™) up to
900 °C with nitrogen as purge gas. The weight loss curve showed that
pyrolysis of oil shale took place mainly in the range of 200-600 °C. It was
attributed to decomposition of hydrocarbonaceous material. At higher
temperatures, the weight lessens due to decomposition of carbonates. On the
basis of experimental data a model of pyrolysis kinetics was proposed.
Kinetic parameters— activation energy (E) and frequency factor (A) —were
determined by two methods: the direct Arrhenius plot method and the
integral method. There was no clear relationship between activation energy
and heating rate. The integral method of analysis gave lower values of
activation energy than the direct Arrhenius plot method.

I ntroduction

The world reserves of conventiona fossil fuels such as petroleum, natural
gas and coal are finite. The supply of energy has become a worldwide
problem in 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. So, there are a plenty of researches into alternative
sources of conventional fossil fuels. Oil shale represents an enormous
potential as a substitute.

Oil shales contain organic matter, in the form of kerogen, which is defined
as this fraction of the organic matter in a sedimentary rock that isinsoluble in
common petroleum solvents. The other fraction called bitumen is soluble in
organic solvents, but its amount in the organic matter of oil shaeis small [1].
Qil shae can be exploited to produce oil and gas by pyrolysis and electricity
by direct combustion[2]. Chinais one of the countries in the world where ail
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shale resources are great, and shale is suitable for large-scale exploitation and
comprehensive utilization. China's deposits are distributed mainly in Maoming,
Huadian and Fushun, Longkou, etc. [3]. Qil shale in Huadian deposit is of
high grade and suitable for comprehensive exploration which includes ail
shale mining, retorting, semi-coke combustion and production of building
materials[4].

Thermogravimetric analysis (TGA) of oil shae samples has been
extensively used as a means of determining pyrolysis characteristics. TGA
may be carried out in isothermal or non-isothermal conditions, the latter
being used more and more as it has several advantages over the isothermal
method. First, experimental time is shorter. Second, the errors due to the
thermal induction period are eliminated. Third, it smulates more closely the
conditions expected at large-scale oil-shale retorting processes. So, many
researchers around the world have used non-isothermal TGA technique to
study the decomposition process and decomposition kinetics of oil shale.

The present investigation is an experimental study on three Huadian oil
shale samples using a TGA apparatus under non-isothermal conditions. The
experimental datawere analysed to determine kinetic parameters — activation
energy and frequency factor.

Experimental

In this research, al thermal experiments were conducted at atmospheric
pressure using Perkin Elmer Pyris 1 Thermal Analyser, with N, (supplied at
a constant rate of 80 mimin™ in normal conditions) as the purge gas.
TG/DTG enables to measure mass |oss as a function of temperature and (or)
time. Experiments were performed at five heating rates (10, 20, 40, 50 and
100 K tin™) over the temperature range of 20-900 °C.

The investigations were performed on three oil shale samples S1, S2 and
S3 taken from the 4th, 5th and 6th layers of Gonghe mines in Huadian,
respectively. The samples used in the experiments weighed 10 mg, particle
size was 0.2 mm. Table 1 shows the data on proximate and ultimate analysis
of oil shale samples. One can see that Huadian oil shale is a low-grade fuel
with high content of ash and volatiles. This shale is unsuitable for long-
distance transport, suiting for utilization near the site of discovery.

Table 1. Proximate and ultimate analysis of oil shales, %

Proximate analysis Ultimate analysis

Sample | My | Va | Aw | FCu Qnetars Cu | Ha | N | Oy | Sau
kikg

S1 531 | 29.76 | 60.27 | 4.66 | 9319.70 | 23.68 | 3.96 | 0.59 | 10.67 | 0.83
S2 552 | 26.96 | 65.45 | 2.07 | 5922.72 | 17.69 | 248 | 0.39 | 13.41| 0.58
S3 522 [ 2431|6949 | 0.98 | 4396.23 | 13.90 | 1.73 | 0.39 | 13.95 | 0.54
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Results and discussion

Figures 1-3 show the weight loss (TG) and differential weight loss (DTG)
curves of three oil shale samples S1, S2, and S3 in relation to heating rate to
the final temperature of 900 °C. Three samples exhibited similar patterns of
thermal decomposition with increasing temperature. The curves demonstrate
three stages in the mass-loss profileillustrated in the derivative curves.
Weight loss in the low-temperature region, from ambient up to
approximately 200 °C, has been attributed to the loss of moisture, interlayer
water from clay minerals and also to decomposition of mineral nahcolite
(NaHCO;) which is one of the minerals present in the raw shae. Clay
minerals present in oil shale may release structure water over awide range of
temperature up to about 550 °C [5], physical changes, such as softening and
molecular rearrangement associated with the release of gases in kerogen
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Fig.1. Non-isothermal TG and DTG curves of the sample Sl at various heating rates.
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Fig.2. Non-isothermal TG and DTG curves of the sample S2 at various heating rates.
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Fig.3. Non-isothermal TG and DTG curves of the sample S3 at various heating rates.

prior to its decomposition to bitumen may occur as well [6]. Above al, in
this stage the predominant cause of mass loss is simply moisture. Usually,
the weight loss in this stage is considered the measure of water present in oil
shale.

The weight loss in the region from about 200 to 600 °C occurs on account
of the hydrocarbonaceous material. Below 350 °C the weight loss is small,
the weight loss curves are mostly horizontal. The main weight loss begins
about 350 °C, from then on, the rate of weight loss increases rapidly
attributed to formation of volatile hydrocarbons. In this work, the three
Huadian oil shale samples exhibit an one-stage thermal decomposition in the
main weight loss area, similarly to Pakistan (Kark, Dharangi and Malgeen)
[7] and Jordanian [8] oil shales. However, Turkish [9] and Moroccon [10] oil
shales exhibit two-stage thermal decomposition. Therefore, weather the
decomposition is an one-stage or two-stage process, depends on the type of
oil shale. Usually, decomposition of kerogen to oil, gas and char productsis
a two-stage process. First, decomposition of kerogen to pyrolytic bitumen
occurs and, second, decomposition of bitumen to final products takes place.
Though the curves show one-stage or two-stage decomposition process of oil
shales, the actual mechanism of decomposition is a much more complex
reaction involving a series of parallel reactions[11].

In the third stage, between 600 °C and 900 °C, the weight loss is
attributed to decomposition of carbonate minerals such as calcite, dolomite,
ankerite, and others. At the same time, CO, (the product of carbonate
decomposition) which at high temperature reacts with residual char to form
CO also causes some weight loss. In this stage, the rate of weight loss is
distinctly lower than that in the second stage.

Table 2 shows the data of weight loss in the three temperature ranges
discussed above as shown in Figs. 1-3. The table emphasises the main weight
loss due to decomposition of hydrocarbonaceous material at the second stage.
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Table 2. Weight loss of oil shalesin relation to temperaturerange for various
heating rates

Sam Heating rate, Mass |oss (wt.%) Total,
ple mint 0
K-min 25-200°C | 200-600°C | 600-900 °C wt.%
10 5.3 23.8 4.8 34.9
20 57 23.6 5.7 35.0
S1 40 5.3 235 5.9 34.7
50 5.2 221 6.5 33.8
I B 100 1. ___ 53 .. 236 | ___f 69 __[___358 ___
10 4.8 23 3.8 316
20 4.8 18.1 8.7 31.6
2 40 4.1 18 8.8 30.9
50 5.0 16.1 9.3 30.4
I B 100 __1____ 5.0 .. 176 | ¢ 95 _[___321 __
10 4.7 14.1 9.9 28.7
20 5.1 12.3 10.5 27.9
s3 40 4.8 13.3 10.1 28.2
50 4.8 13.7 10 28.5
100 4.2 135 10.9 28.6

Four temperatures characteristic of decomposition are defined: temperature
of the onset of decomposition (Tonset), Maximum decomposition temperature
(Tmaxt), temperature of the end of decomposition of hydrocarbons (Tp), and
temperature of maximum decomposition of carbonate minerals (Tmax)-
Define ATy, as the corresponding temperature zone of dw/dt=1/2(dw/dt) ma,
which describes the concentrative degree of volatile materia evolved.
Table 3 gives the particular TGA data in relation to heating rate in the
temperature range of 200-900 °C. Figure 4 defines the symbols used in
Table 3. Table 3 shows that as the heating rate is increased, Tonset » Tmaxts
Trmaxe and Tgqp iNCreased as well. 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 temperature. 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 temperature at a higher heating rate, as well asthe
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. It is not clear how
the heating rate affects overall weight loss, but it obviously shortens the
time of decomposition, advances the rate of weight loss. Figure5 clearly
demonstrates the relationship.
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Table 3. Comparison of thermogravimetric data of oil shale samples

. Temperature, °C Rate of weight
Heating loss, AT
Sample rate, Wt.%-min— . cﬂ:z’
Khin™
Tonset Tmaxl Tmaxz Taop R1 R2

10 424 471 506 695 -3.62 -0.5 a7

20 442 486 516 715 -5.93 -1.06 59

S1 40 454 498 530 746 | -11.92 -2.03 62

50 450 498 530 758 | -13.06 -2.34 65

ORI B 100___]_465 | 516 | 552 | 7713 |-2855 | 468 | 66 _

10 433 474 498 722 -2.34 -0.94 55

20 442 487 515 740 —4.61 -1.82 57

S2 40 456 499 526 769 -9.22 -3.47 59

50 450 499 536 789 -9.11 -3.72 67

O S 100___|_466 | 519 | 562 | 801 |-21.55 | —753 | 65 _

10 431 471 523 717 -1.51 -1.11 75

20 437 477 524 753 —2.46 -1.89 66

S3 40 455 491 527 771 -5.97 -3.58 65

50 456 498 541 772 —7.82 —4.65 68

100 458 512 548 799 | -15.06 -8.78 50

01
2] 100
; 951 1 - 10 "C/min
< -4 T o o] 2 -20 "C/min
£ 6] o s 90 3 40 °Cimin
S Tooo R g 85 4 50 °Cimin
2 8 T2 80 5 - 100 "C/min
g -10 4 o0 45
-?, 5
-12 i = 70
14 Tmaxl Rmaxl 651
: . : , 60 . . . . ;
200 400 600 800 0 20 40 60 80 100
Temperature, °C Time, min
Fig.4. Symbolsfor Table 3. Fig.5. TG curves of the sample S1 at

various heating rates.

Kinetics of oil shale pyrolysis

Non-isothermal kinetic study of weight loss under pyrolysis of oil shalesis
an extremely complex task because of the presence of numerous complex
components and their parallel and consecutive reactions.

The extent of conversion or the fraction of pyrolysed materia, a, is
defined by the expression
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a=—b"" )

Wo — Wx

where w, is the initial weight, w; the weight at “t” minutes, and w; the
weight after complete pyrolysis.

Assuming that the reaction order is close to unity, kinetics of non-
isothermal pyrolysis may be described by the following equation:

da _
E—kf(a), (2

where k (the rate constant) is given by the Arrhenius expression

k= Aexp(—%} : (€©)]

where A is the frequency factor (s7); E activation energy (kJihol™); R gas
constant (8.31410™° kJ/(mol-K)); and T absol ute temperature (K). According
to the uniform kinetics of reaction, f (a) can be defined as f (a) =(1-a)",
where n is the reaction order. For a non-isothermal kinetic experiment with a
linear heating rate of B (Kin™), B =dT/dt.

Thus, the rate of kerogen decomposition is modified as

da _ _E n
E—A@xp[ Rij a)n. 4

Direct Arrhenius plot method
Eq. (4) can be modified by introducing the heating rate as:

1 da_A_( E
(1—a)"d_T_Eexp( RT) ®)

In this method, Eq. (5) takes the logarithmic form giving:

n Lt dal_(A)_E ©
@-a) dT B) RT
Based on the experimental data of TG and DTG, a and da/dT corres-
ponding to instantaneous temperature can be obtained. Setting

Y:ln 1 d_a 7)(:1
(1-a)" dT T
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the correct reaction order was determined by plotting Y vs. X for various
values of n (here n=0.5, 1, 1.5, 2). Figure 6 shows the result. Decomposi-
tion of oil shale kerogen in terms of a first-order reaction appears to be a
suitable assumption since the value of n=1 offers the best-fit regression
line. According to Eg. (5), a plot of Y vs. X corresponds to a straight line
with a slope of (-~E/RT), which can be used to evaluate the activation
energy. The frequency factor can be determined from the intercept of
In(A/B) . Table 4 presents the calculated kinetic parameters of pyrolysis of
three oil shale samplesin relation to heating rate.

125 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65

X

Fig.6. Y-X curves at different values of n.

Table 4. E and A of oil shale at different heatingrates (n = 1)

Heating rate, Temperature, E, A
sample K i °C kJtinol 1din™
£=10 389471 137.67 8.58E+09
£=20 393-485 134.27 1.27E+10
S1 A =40 402-497 135.85 4.48E+10
£ =50 403-496 124.47 1.07E+10
P R p=100____|___. 407527 .. 13034 | 6.93E+10 _
£=10 408-467 148.78 4.09E+10
£=20 400-482 137.55 1.71E+10
2 £=40 401-488 129.67 1.24E+10
£ =50 411-496 118.80 3.16E+09
P R p=100____|___. 410-508 | ____ 12784 | 361E+10
£=10 389-468 113.36 8.59E+07
£=20 393-467 105.44 6.33E+07
3 f=40 371-486 103.75 1.42E+08
£=50 384-497 110.35 6.42E+08
/=100 370-509 99.49 3.14E+08
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Integral method

Coats and Redfern developed an integral method, which can be applied to
TG/DTG data, assuming the reaction order. The correct order is presumed to
lead to the best linear plot. The form of the equations which is used for
analysisis[12]

1-@-a)| _ [AR[. 2RT]| E
'”{ T2(@-n) }_'”{ﬁ{l E } e MO

|n|:M:| = |n{ﬁ|:1—ﬁ:|} —E n=1 (8)
T2 SE E RT

Dueto 2RT =E, Eg. (7) and Eq. (8) can be further simplified into:
_ _ 1-n
In 1(21—0’) =|n E _E n#1l 9
T°(1-n) PE) RT

In[M}zln{ﬁj _E n=1 (10)
T BE) RT

Therefore, a plot of the left side of Eq. (9) and Eg. (10) versus 1/T at
different orders of reaction (n=0.5; 1; 1.5; 2) will give straight lines for
the correct value of n. Setting the left side of Eq. (9) and Eq. (10) asY, 1/T
is X. Figure 7 shows the result. The value n = 1 offers the best-fit regression
line. So decomposition of oil shale is the first-order reaction. Activation
energy (E) can be calculated from the slope, the frequency factor can be
determined from the intercept. Table 5 presents the kinetic parameters of
three oil shale samplesin relation to heating rate.
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50] e N
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Fig.7. Y-X curves at different values of n.
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Table 5. Kinetic parameter s of oil shale pyrolysis

Heating rate, Temperature, E, A,
Sample K Fin °C kJithol I Fin
£=10 426-502 80.63 1.52E+05
£=20 449-513 84.18 2.32E+05
S1 B =40 451-526 84.26 5.79E+05
£ =50 469-523 81.69 1.10E+06
RN B g=100____|____ 4rl-S11 | ___8466_ ____|_ 2.01E+06__
£=10 440-495 76.59 3.41E+05
£=20 452-505 78.28 6.64E+05
2 £ =40 459-520 80.82 1.22E+06
B =50 472-520 65.81 1.28E+07
IO S B=100____|____ 484537 | ____ 1133 ____|. 6.67E+06__
£=10 431-482 60.14 4.15E+06
£=20 446-501 47.94 5.57E+07
s3 £=40 462-516 62.09 1.87E+07
B =50 466-526 62.19 2.42E+07
£ =100 472-524 61.01 7.34E+07

From the data in Table4 and Table5, it was found that the value of
activation energy only slightly depends on heating rate. However, the value
calculated by the direct Arrhenius plot method is higher than that calculated
by the integral method. Some other researchers have found that activation
energy values are influenced by numerous factors, such as the type of ail
shale, temperature interval of pyrolysis, method of mathematical analysis,
pyrolysis techniques, and others. So the literature offers a wide range of
value of activation energy. Besides, oil shale is a matter of complex hetero-
geneous nature, especially its kerogen; hence, it would be difficult to achieve
same experimental results, even for nominally the same sample (e.g., in
this study and in order to reduce the margin of error and so produce more
reliable data, the key tests were repeated). Therefore, the same experimental
technique, including sample preparation procedure, analysis method
adopted, and the kinetic model for the analysis, should be employed in order
to enable a reasonable comparison to be achieved.

Conclusions

In this research, an experimenta study on thermal decomposition characterigtics
of Huadian oil shale samples is presented. The following conclusions were
drawn from the research conducted:

1. The decomposition process of Huadian oil shae involves three
stages. The second stage (200-600 °C) is the main weight loss stage,
attributed to decomposition of the hydrocarbonaceous material.

2. There is a shift in the maximum rate of weight loss to higher
temperature with increasing heating rate.
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3. Experimental and kinetic analysis data enabled to establish that

decomposition of Huadian oil shale samplesis afirst-order reaction.
The values of activation energy did not depend on the mathematical
method used. The influence of heating rate on activation energy was
not elucidated in this research.
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