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Pyrolysis kinetics of oil shale mixed with high-density polyethylene (HDPE)
was investigated using a thermogravimetric analysis (TGA) system at various
heating rates of 2, 10, 20 and 50 K/min in the temperature range of 300-
1273 K in the nitrogen atmosphere. Kissinger-Akahira-Sunose, Friedman,
Flynn-Wall-Ozawa and Coats—Redfern methods have been used to determine
activation energies of materials degradation. The analysis of the process
mechanism by Criado and Coats-Redfern methods showed the following: the
mechanism of thermal degradation process of HDPE is describable by the
“Contracting cylinder” model (R2 mechanism); and the most probable
model for the pyrolysis process of oil shale kerogen is the diffusion model
(D4 mechanism), while the mixture degrades following the kinetic model of
DA4. It has been found that during thermal decomposition of oil shale’HDPE
mixture no significant interaction of solid-phase components had taken place
under the experimental conditions investigated.

Introduction

Due to population increase, the demand for plastic products has steadily
increased over the last years. Since plastics are non-biodegradable, they
cannot be easily returned to the natural carbon cycle; hence the life cycle of
plastic materials ends at waste disposal facilities. Accumulation of various
plastic wastes begins to pose a serious problem.
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The plastics constitute a large part of the municipal solid waste (MSW);
the current and common MSW management methods used are incineration
and landfilling. Both methods have negative environmental impacts. Although,
there are incineration methods in which energy is recovered, incinerators
generally produce greenhouse gases which are postulated as sources of
global warming. Similarly, landfilling poses the threat of methane emissions.
Therefore, recycling plays an essential role in developing a sustainable
economy and must be considered in any application of plastics. In this
respect, the pyrolysis of plastic material has received renewed attention due
to he possibility of converting these wastes into useful energetic products or
into valuable chemicals [1-3]. Among these plastic wastes, high-density
polyethylene (HDPE) represents the largest volume segment of the plastic
wastes.

The search for new alternative fuels, together with the necessity of
searching new technology to reduce the negative environment impacts of
plastic wastes, have led to the idea of studying co-pyrolysis of plastic wastes
and oil shale. There is a considerable interest in the efficient conversion of
plastic waste mixed with oil shale into clean hydrocarbon fuel or other
valuable products.

The plastics consist of hydrocarbons-type macromolecules with a
significant intrinsic energy and a very high calorific value [4]. These
materials are rich in hydrogen in comparison with coal [5-10] and oil shale
[11-15]. Oil shale, on the other hand, is considered to be the substitute for
oil as a natural source of energy. However, the extraction of oil from oil
shale is relatively expensive and uneconomical. Therefore, research for
processes of oil shale utilization as a source of energy is gaining a high level
of importance [16—19]. The three oil shale deposits in Morocco (Timahdit,
Tanger, and Tarfaya) represent about 15% of known oil shale resources in
the world [20]. Extensive exploration and processing research has been
conducted over the past decades [21]. These shale oil resources have been
estimated to be 50 billion barrels [20]. Timahdit and Tarfaya oil shale
deposits are the biggest and the most explored deposits in Morocco with the
potential to yield 17 and 23 billion barrels, respectively.

It has been suggested that the addition of plastics to the oil shale during
conversion may result in enhanced conversion of oil shale and production of
oil compared with the yields obtained when oil shale alone is treated
[12—-14]. The co-pyrolysis of oil shale with plastics can, on the one hand,
improve the effectiveness of oil shale processing and, on the other hand
provide a solution for the waste problem.

For designing pyrolysis procedure, the behaviour of oil shale mixed with
HDPE during thermal decomposition with regard to the decomposition
products and decomposition kinetics must be known. The characteristics of
pyrolytic degradation of oil shale mixed with HDPE have been studied by
thermogravimetry (TGA).
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The present work was carried out in order to understand and predict the
yield and quality of the product generated by co-pyrolysis of oil shale and
HDPE. To achieve this goal, TG analysis of HDPE, oil shale and their mixture
was performed first. The effect of heating rate was studied. A kinetic model is
proposed which allows a good correlation of the results obtained.

Theoretical approach

The kinetics of thermal decomposition reactions of carbonaceous materials is
complex as the process involves a large number of reactions in parallel and
in series. Although TGA provides general information on the overall reac-
tion kinetics, rather than individual reactions, it could be used as a tool for
providing comparison of kinetic data of various reaction parameters such as
temperature and heating rate. Other advantages include only a single sample,
and few data are required for obtaining kinetics over an entire temperature
range.

The pyrolysis process may be represented by the following reaction
scheme:

Aoty = Buoigg t C polaite)

The rate of conversion,dx/dt for TG experiment at constant rate of
temperature change, 5 =dT /dt , may be expressed by

dr _

dx

—=KT) f(x), 1
% B T () f(x) 6]
where x is the degree of advance defined by

x=—, 2

where w is the weight of the sample at a given time 7, wyand w, refer to
values at the beginning and the end of the weight loss event of interest.
f(x)and K(T)are functions of conversion and temperature, respectively.

K(T), the temperature dependence of the rate of weight loss, is often
modeled successfully by the Arrhenius equation

K(T):Aexp(—%} (3)

where E is activation energy, A pre-exponential factor, and R gas constant.
By combining Egs. (1) and (3), reaction rate can be written in the form

dx _E
ﬂﬁ—Aexp( Rij(x)- “)
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Kissinger-Akahira-Sunose method (KAS method) [22, 23]
The standard Eq. (4) can be shown as follows:

di A, [ E
f(x)_ﬁeXp( RTJdT’ ©)

which is integrated with the initial condition of x =0 at 7" =17, to obtain the
following expression:

e A (B AE (E
0=} 70 5 Toexp( RT)dT_ﬁRp[RTJ ©

Essentially the technique assumes that A, f(x) and E are independent of T
while 4 and E are independent of x, then Eq. (6) may be integrated to give
the following equation in logarithmic form:

Ing(x) =In (A—Ifj ~InB+In p[%j )

The KAS method is based on the Coats-Redfern approximation [24]
according to which

exp(—E j

E RT

— 8

P [RT) E )2 ®
(RT

From relationships (6) and (8) it follows that:

ln£=ln AR E

T? Eg(x) RT ©

Thus, the plot ln(,B/ T?) vs. 1/T for a constant value of x should be a
straight line whose slope can be used to evaluate activation energy.

Friedman method [25]

This method is a differential isoconversional method, and is directly based
on Eq. (4) whose logarithm is

dx ) _ dx \ _ _E
m[zj—ln(ﬂd—Tj—ln[Af(x)] T (10)

From this equation, it is easy to obtain values for £ over a wide range of

. . d. . 1
conversions by plotting In ,Bd—; against T for a constant x value.
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Flynn-Wall-Ozawa [26, 27]

This method is derived from integral isoconversional method. Using Doyle’s
approximation [28] for the integral which allows

Inp £ - 5.331- 1.052£ ,
RT RT

Eq. (7) now can be simplified as

InB=In AE

—5.331—1.052£. (11)
Rg(x) RT

Thus, forx =const., the plot InB vs. 1/T, obtained from thermograms
recorded at several heating rates, should be a straight line whose slope can
be used to evaluate activation energy.

Coats-Redfern method [24]

Coats-Redfern method is also an integral method, and it involves the
mechanism of thermal degradation. Using an asymptotic approximation for
resolution of Eq. 6 (2RT/E ((1), the following equation can be obtained:

8() _ AR _ E
72 BE RT’

In

(12)

Criado method [29]

If the value of the activation energy is known, the kinetic model of the
process can be determined by this method. Combining Eq. 4 with Eq. 12, the
following equation is obtained:

209 _ f()e) _[ T T((dﬂ (13)

2005 £(0.5)g(0.5) (Tys ) (dx/dr),

where 0.5 refers to the conversioninx =0.5.

S(0)g(x)
7(0.5)g(0.5)

which is characteristic of each reaction mechanism, whereas the right side of
the equation associated with the reduced rate can be obtained from
experimental data. A comparison of both sides of Eq. (13) tells us which
kinetic model describes an experimental reactive process. Table 1 gives
algebraic expressions of f(x) and g(x) for the kinetic models used.

The left side of Eq. (13) is a reduced theoretical curve,
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Table 1. Algebraic expressions of functions of the most common reaction
mechanisms oper ating in solid-state reactions

Mechanism f(x) g(x)
Power law (P2) 251/2 K172
Power law (P3) 3x2/3 x!/3
Power law (P4) 45374 K174
Avarami-Erofe’ev (A2) 2(1 = x)[~In(1 - x)]/2 [-In(1 - x)]'/2
Avarami-Erofe’ev (A3) 3(1 - x)[~In(l —x)]?/3 [-In(1-x)]'3
Avarami-Erofe’ev (A4) 4(1 - x)[~In(1 - x)]?'* [-In(l - x)]'/*
Contracting area (R2) 2(1-x)/2 [1-(1-x)"2]
Contracting volume (R3) 31 - x)2/3 [1-(1-x)3]
Diffusion models
One-dimensional diffusion (D1) 1/2x x2
Two-dimensional diffusion (D2) [-In(1 - x)]™! [(1=x)In(1=x)] +x
;Frl')l;;e-dimensional diffusion, Jander 31-x)23 /201 -1 -x)3)] [1-(1-x)37?
Ginstling-Brounshtein (D4) 3/2((1-x)"V3 -1 1-(2x/3) -1 -x)2/3
Reaction-order models
First-order reaction (F1) (1-x) —In(1 —x)
Second-order reaction (F2) (1-x)2 (1-x"1-1
Third-order reaction (F3) (1-x)3 [A-x)2-1]/2

Experimental
Materials

The oil shale used in this work was from the Tarfaya deposit located in the
south of Morocco. This deposit consists of several layers that are in turn
subdivided in sub-layers, each containig a different amount of organic
matter. The samples were obtained from the R3 sub-layer, characterized by
its high content of organic matter [20]. The results of the analysis of these
samples are given in Table 2.

A sample from Tarfaya oil shale was obtained from the Moroccan
“Office National de Recherche et d'Exploitation Pétrolicre (ONAREP)”. The
vitrinite reflectance R, =0.32£0.04 % indicated the immaturity of the
sediment. No inertinite was found.

The kerogen concentrate was prepared by a method described as follows:
finely ground samples were Soxhlet-extracted for 24 h with chloroform. The
solution was then filtered and the solvent eliminated in a rotary apparatus
at reduced pressure (to eliminate bitumen). Pre-extracted samples were
treated with diluted HCI, HF and HCI successively to eliminate carbonates
and silicates. Pyrite was removed by the method of density difference. The
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H/C and O/C atomic ratios (1.62 and 0.14, respectively) correspond to a low-
maturity type Il kerogen [30, 31].

Table 2. Some aver age physicochemical characteristics of Tarfaya oil shales

Proximate analysis (wt.%)
Volatile matter 40.09
Ash 52.83
Moisture (as received) 5.15
Elemental analysis (wt.%)
C 17.60
H 1.78
N 0.70
S 0.37
Composition (wt.%)
Carbonate mineral (by HCI leaching) 70.00
Silicate mineral (by HF—HCI leaching) 10.00
Bitumen (by Soxhlet extraction with CHCl, 0.80
Pyrite (by density separation CHCI;) 1.00
Kerogen 17.00

The samples of high-density polyethylene (HDPE) were provided by
Plador (Marrakech, Morocco); the results of characterization of these
materials are given in Table 3. The oil shale samples were ground and sieved
to give particle size of 0.1 mm. The (1:1) oil shale/HDPE mixture was
blended by tumbling for 30 min in order to achieve homogeneity. In all
experiments, samples of around 20 mg, particle size ranging approximately
from 0.1 and 0.2 mm, were placed in the platinum crucible of a thermo-
balance.

Table 3. Some characteristics of HDPE

Proximate analysis (wt.%)

Volatile matter 98.36

Ash 1.60
Elemental analysis (wt.%)

C 84.95

H 14.30

N 0.55

S —

Experimental Techniques

Oil shale, HDPE and their mixture samples were subjected to thermogravi-
metric analysis (TGA) in the inert atmosphere of nitrogen. Rheometrix
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Scientific STA 1500 TGA analyzer was used to measure and record the
change in sample mass with temperature over the course of the pyrolysis
reaction. Thermogravimetric curves were obtained at four different heating
rates (2, 10, 20 and 50 K/min) between 300 K and 1275 K; the precision of
reported temperatures was estimated to be £2 °C. Nitrogen gas was used as
an inert purge gas to displace air in the pyrolysis zone, thus avoiding
unwanted oxidation of the sample. Nitrogen was fed to the system from a
point below the sample at the flow rate of around 60 ml/min and a purge
time of 60 min (to be sure the air was eliminated from the system and the
atmosphere was inert). The balance can hold a maximum of 45 mg; there-
fore, all sample amounts used in this study averaged approximately 20 mg.

The reproducibility of the experiments is acceptable and the experimental
data presented in this paper corresponding to the different operating condi-
tions are the mean values of runs carried out two or three times.

Results and Discussion
Thermogravimetric Analysis

Thermal decomposition of HDPE

TG and DTG curves of thermal decomposition of HDPE at four heating rates
are presented in Fig. 1. One can see that the shape of the weight loss curves
does not change with variations in heating rate, but weight loss temperatures
show an increase at higher heating rates. The weight loss shows that
degradation occurs almost totally in one step as there is only one peak in
DTG.

100 ovvssnararmniasnns s oanpaipaag
—=—2 K/min
—v— 10 K/min
80 -
20 K/min
—v—50 K/min
S 604 150
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204 7 301 ;
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0 r r T e ;
300 450 600 750 900 1050
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Fig. 1. TG curves of HDPE at different heating rates.
Inset: corresponding DTG curves.
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TG curves show that thermal degradation of HDPE starts at 654 K and is
almost complete at approximately 854 K. At higher heating rate the maximum
degradation rate shifted from 728 K at 2 K/min to 779 K at 50 K/min. The
maximum degradation rate also increased from 7.37 %/min at 2 K/min to
140.25%/min at 50 K/min. DTG and TG curves were shifted to higher
temperature due to the heat transfer enlarging with increasing heating rate.
TG/DTG/DTA curves at the heating rate of 10 K/min are shown in Fig. 2.
Two peaks corresponding to endothermic reactions are observed in the DTA
curve. The first peak corresponds to melting of HDPE, which begins at 350 K
and continues up to 445 K, without an accompanying weight loss. The second
peak corresponds to the decomposition reaction.

—=— Weight left —v—Heat flow —e— -dw/dt
100 0 -36
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Fig. 2. TG/DTG/DSC curves of HDPE at a heating rate of 10 K/min

Thermal decomposition of oil shale

TG and DTG curves at different heating rate for thermal decomposition of
oil shale are shown in Fig. 3. The approximate similarity between the curves
indicates that weight loss is independent of heating rate. TG/DTG/DTA
curves of oil shale at a heating rate of 10 K/min in nitrogen are shown in
Fig. 4. The DTA peaks closely correspond to the changes observed on the
TG curves. The curves showed that thermal decomposition occurs in three
steps. The first step from 300 to 375 K, characterized by an endothermic
peak at 325 K, corresponds to drying of oil shale. The second step (at about
592-776 K) demonstrates a weight loss of 9% due to decomposition of
the organic matter. The heat requirement for this reaction is low, as shown
by the small peak in DTA curve in Fig. 4. The last weight loss, which
begins at 810 K, shows a strong endothermic reaction manifested in a high
peak in DTA curve at 1012 K. This stage shows a mass loss of 36% due to
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Fig. 3. TG curves of oil shale at different heating rates.
Inset: corresponding DTG curves
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Fig. 4. TG/DTG/DSC curves of oil shale at a heating rate of 10 K/min

decomposition of the mineral matter in oil shale (mainly decomposition of
carbonates and silicates).

There was a lateral shift to higher temperature for temperatures as the
heating rate was increased as illustrated in Fig. 3. The rate of weight loss
also reflects the lateral shift with an increase in the rate as the heating rate
was increased from 2 K/min to 50 K/min. The residual weights seemed to
reach some constant values after 1200 K. The values of residual weight were
calculated to be about 52.9 wt.%. The lateral shift to higher temperatures for
the maximum region of weight loss has also been observed by other workers
using TGA to investigate pyrolysis of oil shales. For example, Gersten et al.
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[15] showed a lateral increase in the maximum rate of weight loss of about
38 °C when the heating rate was increased from 5 to 50 K/min for Israel oil
shale. Thakur and Nuttall [32] and Jaber and Probert [33] also showed a
lateral shift in the maximum rate of weight loss for the TGA of oil-shale
samples. Rajeshwar [34] suggested that the shift to higher temperatures of
decomposition presented differences in the rate of heat-transfer to the sample
as the heating rate was varied.

Thermal decomposition of the mixture

Figure 5 shows the TG/DTG curves obtained at four heating rates of 2, 10,
20 and 50 K/min. One can see that decomposition of organic matter
(kerogen) of oil shale overlaps with decomposition of HDPE. The main
phenomena characterizing the degradation of separate components appear
also in the mixture. It should be added that the yield of residue from the
mixture is lower than that of oil shale alone.
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Fig. 5. TG curves of mixture at different heating rates.
Inset: corresponding DTG curves

The TG/DTG/DTA curves at a heating rate of 10 K/min are depicted in
Fig. 6 which shows that decomposition proceeds through three steps (see TG
curves). The first step, recorded in the temperature range 300-380 K, is
attributed to the release of the adsorbed water from the sample. The DTA
peak of this stage overlaps with that of melting of HDPE. The second step
occurs between 684 and 776 K and exhibits a total weight loss of 58.3 wt.%,
which corresponds to overlapping decomposition of the organic matter of oil
shale and HDPE. The third step between 900 and 1030 K with 15.4 wt.%
weight loss is attributed to decomposition of the mineral matter of oil shale
in the mixture (carbonates and silicates).
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Fig. 6. TG/DTG/DSC curves of mixture at a heating rate of 10 K/min

In the case of both oil shale and HDPE, characteristic temperatures of the
process depend on heating rate. Higher heating rates shifted the residual weight
curve rightward to the higher temperature range. The percentage by weight
of residues were calculated to be about 22.8%, 24.2 %, 26.1% and 27.3%
corresponding to heating rates of 2, 10, 20 and 50 K/min, respectively. The
amount of residual fraction increases with increasing heating rate.

To investigate whether oil shale interacts with HDPE, let us compare the
experimental and calculated curves for the mixture illustrated in Figs. 7
and 8, respectively. Comparing TG and DTG curves, it is concluded that no
significant interactions occur in the solid phase during co-pyrolysis. The shape
of curves and the positions of peaks remain basically unaltered. However,
possible synergistic affects in the gaseous or gas-solid phase may occur.
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Fig. 7. Experimental TG and DTG-curves of oil shale/HDPE
mixture obtained at 10 K/min
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Fig. 8. TG and DTG-curves obtained by calculation
of oil shale/HDPE mixture at 10 K/min

Kinetics of thermal decomposition

A thermogravimetric study consists of performing a kinetic analysis which
includes recording of weight loss curves at different heating rates in order to
deduce the dependence of kinetic parameters on conversion level. KAS
method has been firstly employed to analyse TG data of materials. Eq. (9)
has been used to calculate the values of activation energy from the plot of
hl((ﬁ/ T 2)) versus 1/T fitting to a straight line. The results are given in
Table 4. The values of activation energy of thermal degradation of HDPE,
oil shale and their mixture are 238, 80 and 192 kJ/mol, respectively.

Table 4. Activation energies of HDPE, oil shale and mixture obtained by
Kissinger- Akahira-Sunose method

HDPE Qil shale Mixture
X Activation X Activation X Activation
energy (kJ/mol) energy (kJ/mol) energy (kJ/mol)

0.1 207 0.04 91 0.15 172
0.2 235 0.06 66 0.20 188
0.3 242 0.08 64 0.25 189
04 247 0.10 70 0.30 195
0.5 249 0.12 81 0.35 194
0.6 250 0.14 85 0.40 196
0.7 248 0.16 83 0.45 193
0.8 249 0.18 102 0.50 195
0.9 245 0.55 195
0.60 195

0.65 197

Mean 238+11 Mean 809 Mean 192+7




28 A. Aboulkas, K. El Harfi, A. El Bouadili, M. Benchanaa, A. Mokhlisse, A. Outzourit

Another derivative method used in this paper is Friedman’s method,
which is probably the most general of the derivative techniques. This method
is based on the intercomparison of the rates of weight loss dx/dt with
different linear heating rates 3 for a given fractional weight loss. Eq. (10) has
been applied to determine the values of activation energies from plots
of ln((ﬂ/T 2)) versus 1/T over a wide range of conversion level. The
calculated results have been summarized in Table 5. The mean values of £
247, 85 and 207 kJ/mol for HDPE, oil shale and mixture, respectively, are
somewhat higher than the values obtained by Kissinger-Akahira-Sunose
method.

Table 5. Activation energies of HDPE, oil shale and mixture obtained by
Friedman’s method

HDPE Oil Shale Mixture
x Activation X Activation X Activation
energy (kJ/mol) energy (kJ/mol) energy (kJ/mol)

0.1 247 0.04 72 0.15 205
0.2 257 0.06 81 0.20 213
0.3 256 0.08 79 0.25 212
0.4 255 0.10 83 0.30 213
0.5 252 0.12 85 0.35 211
0.6 232 0.14 90 0.40 209
0.7 235 0.16 87 0.45 207
0.8 248 0.18 100 0.50 204
0.9 237 0.55 200

0.60 198

0.65 205

Mean 247+6 Mean 85+7 Mean 207+ 4

Flynn-Wall-Ozawa method is an integral method also being independent
of the degradation mechanism. Eq. (11) has been used and the apparent
activation energy of HDPE can therefore be obtained from a plot of In S
against 1/7 for a fixed conversion level since the slope of such a line is
given by 1.052(E/RT) . The activation energies calculated form the slopes
are tabulated in Table 6. The mean values of E of HDPE, oil shale and
mixture are 243, 87 and 199 kJ/mol, respectively.

The calculated apparent activation energies for HDPE reported in the
literature vary over a wide range. R. Aguado et al. [35] reported activation
energy of HDPE degradation 260+23 kJ/mol, L. Sorum et al. [36] found for
HDPE degradation activation energy of 445 kJ/mol. C. H. Wu et al. [37]
used thermogravimetry to study pyrolysis of plastic mixtures of MSW, the
apparent activation energy of HDPE degradation was found to be
233 kJ/mol.
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Table 6. Activation energies of HDPE, oil shale and mixture obtained by Flynn-
Wall-Ozawa method

HDPE Oil Shale Mixture
X Activation X Activation x Activation
energy (kJ/mol) energy (kJ/mol) energy (kJ/mol)

0.1 208 0.04 104 0.15 187
0.2 236 0.06 72 0.20 193
0.3 244 0.08 69 0.25 194
0.4 248 0.10 77 0.30 201
0.5 250 0.12 87 0.35 199
0.6 252 0.14 92 0.40 201
0.7 249 0.16 89 0.45 199
0.8 250 0.18 109 0.50 201
0.9 247 0.55 201

0.60 207

0.65 202

Mean 243+10 Mean 8710 Mean 1995

Comparison with literature data shows that kinetic parameters characteriz-
ing each individual oil shale are unique. Torrente and Galan [38] determined
activation energy of 167 kJ/mol for non-isothermal TGA of Puertollano
(Spain) oil shale. Sonibare with coworkers [39] performed non-isothermal
TGA on Lokpanta oil shales (Nigeria) and found the activation energy to vary
from 73.2 to 75 kJ/mol. Dogan and Uysal [40], however, reported the results
for Turkish oil shale to be of approximately 25 kJ/mol at low-temperature
decomposition, and up to 43 kJ/mol at the main stage of decomposition.

The difference between the results determined by our study and literary data
is probably due to the influence of process parameters, such as heating rate and
particle size. In addition, oil shale, especially its kerogen, is characterized by a
complex heterogeneous nature; hence, it would be difficult to obtain the same
experimental results even for nominally the same sample. 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.

In order to establish the kinetic model of thermal degradation, the Criado
and Coats-Redfern methods were chosen as they involve degradation
mechanisms. The used models and the expressions of associated functions
g(x) and f(x) are shown in Table 1. The master curve plots Z(x)/Z(0.5)
versus x for different mechanisms according to the Criado method for HDPE
degradation are illustrated in Fig. 9. Firstly, it shows the experimental data
with theoretical curves corresponding to R2, R3 and F1 models for HDPE.
The comparison of the experimental master plots with theoretical ones
revealed that the kinetics of the degradation process of oil shale kerogen is
most probably describable by the Avrami-Erofeyev (An) and diffusion (Dn)
models, since the experimental master plots lay between the theoretical master
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2,5 —m— Experimental
—e—P2

P3
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Z(x)/Z(0.5)

Fig. 9. Masterplots of different kinetic models and experimental
data at 10 K/min calculated by Eq. (13) for HDPE degradation

plots A4 and D4. The degradation of the mixture corresponds to models D4
and F1.

In order to determine the most probable model, Coats-Redfern method
was used. According to Eq. (12), activation energy at 10 K/min for eve
g(x) function listed in Table 1 can be calculated from fitting ln( g(x)/ T 2]3,
versus 1/T plots. The corresponding activation energies and correlations are
tabulated in Table 7 for HDPE, oil shale and their mixture, respectively. To

Table 7. Activation energies of HDPE, ail shale and mixture obtained by Coats-
Redfern method

Model HDPE Oil Shale Mixture
Activation |Correlation| Activation |Correlation| Activation |Correlation
energy coefficient,r energy coefficient,r energy coefficient,r
(kJ/mol) (kJ/mol) (kJ/mol)
P2 94 0.9882 7 0.9863 82 0.9923
P3 61 0.9855 12 0.9884 55 0.9937
P4 42 0.9844 10 0.9874 39 0.9943
A2 98 0.9971 112 0.9887 98 0.9845
A3 97 0.9970 62 0.9937 67 0.9896
A4 72 0.9967 180 0.9886 52 0.9909
R2 248 0.9978 148 0.9887 160 0.9807
R3 270 0.9981 163 0.9911 172 0.9824
D1 406 0.9904 119 0.9898 310 0.9930
D2 450 0.9952 186 0.9787 280 0.9896
D3 520 0.9912 138 0.9612 262 0.9913
D4 480 0.9954 80 0.9987 212 0.9989
Fl1 317 0.9968 215 0.9921 310 0.9888
F2 497 0.9765 197 0.9913 280 0.9922
F3 500 0.9535 206 0.9903 295 0.9881
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elucidate the mechanism of HDPE degradation, the values of activation
energies obtained by the methods above have been compared. According to
the data in Table 7 it could be found that the £ value of HDPE degratation
corresponding to mechanism R2 is in good agreement with the value
obtained by Friedman method (247 kJ/mol). Otherwise, the mechanism of
thermal degradation of oil shale kerogen follows the mechanism D4. The
mixture degrades following the kinetic model of D4.

Conclusions

The pyrolytic behaviour of oil shale/HDPE mixture has been investigated
using a TGA apparatus. The conclusions drawn from the present work are as
follows:

* Three stage are observed during co-pyrolysis of oil shale with HDPE.
The first one is attributed to the release of adsorbed water from the
sample. The second one corresponds to the overlapping decomposition
of oil shale kerogen and HDPE. The third stage is attributed to
decomposition of the mineral matter of oil shale in the mixture
(carbonates and silicates).

*  Co-pyrolysis of oil shale/HDPE apparently occurs without interaction
reactions between oil shale fractions and HDPE components in the solid
phase. However, possible gas-solid interactions or reactions in the
gaseous phase and minor modifications during secondary reactions
might occur.

*  Pyrolysis of HDPE can be described by “Contracting cylinder” model
(R2). The most probable model for the pyrolysis process of oil shale
kerogen agrees with diffusion model (D4), while the mixture degrades
following the kinetic model D4.
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