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Abstract The mineralogical characterization and pyrolysis
kinetics of raw oil shale from Moroccan Rif region and the
corresponding bitumen-free material were investigated
using various analytical techniques. The structural analysis
results showed the siliceous character of mineral matrix
and the presence of complex organic components in both
oil shales studied. Non-isothermal pyrolysis kinetic mea-
surements indicated that bitumen-free oil shale exhibits a
single behavior pyrolysis in the oil-producing stage as
compared to raw oil shale. The activation energies esti-
mated by using isoconversional methods reveal that the
pyrolysis reaction occurred by one-step kinetic process.
The kinetic parameters, determined from a nonlinear fitting
method using various kinetic models g(x) and iterative
Kissinger—Akahira—Sunose energy calculations, reveal that
the pyrolysis mechanism is well described by the nth order
kinetics (Fn), with n = 1.071, for bitumen-free oil shale,
and n = 1.550, for kerogen of raw oil shale. The mecha-
nism of the whole pyrolysis process of raw oil shale seems
not to be affected by the elimination of bitumen, but only
some kinetic changes have been recorded in the reaction
order mechanism. The process pyrolysis is represented by
independent reactions and consequently considered as
parallel processes. Besides, the thermodynamic functions
of activated complexes (4S5 # AH” and AG”) were also
calculated and the pyrolysis is found as non-spontaneous
process in agreement with the thermal analysis data.
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Introduction

Morocco is one of the few countries in the Mena region
that lacks conventional fossil fuel resources such as oil or
natural gas and depends heavily on foreign sources for over
97% of its energy supply. However, Morocco holds sub-
stantial oil shale reserves that can be economically con-
verted into synthetic fuel and that make it a vital source of
own economic development. According to the report
published in 2013 by the World Council of Energy, Mor-
occo ranks sixth worldwide in terms of oil shale reserves,
way ahead of many countries in the Mena region such as
Jordan and Turkey. Among the largest known Moroccan
oil shale, one can cite Timahdit, Tarfaya and Tangier
deposits which are located in central, southwestern and
northern Morocco, respectively (Fig. 1). Several programs
and developments on Moroccan oil shales have already
been launched by many international oil companies, but to
date, the commercial exploitation of oil has not yet been
achieved.

Oil shale can be defined as an organic-rich sedimentary
rock from which oil and/or gas can be produced by
pyrolysis or by direct combustion as low-grade fuel for
power generation and heating purposes [2]. Thus, it con-
sists of solid organic matter entrained in a major amount of
mineral matrix. The solid organic matter is classified into
two components, natural bitumen, which constitutes the
minor part, is soluble in conventional solvents, and an
insoluble important fraction, called kerogen which consists
of complex macromolecules with a kind of three-
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Fig. 1 Location of Moroccan Rif oil shale (Arbaa Ayacha deposit) [1]

dimensional structure that can yield a significant oil pro-
portion of an appearance similar to some volatile light
crude oils [3, 4]. The inorganic matrix consists mainly of
quartz, clay, carbonates, pyrite and iron oxide besides
traces of chemical elements such as Ni, Cu, Mo, Sr, Zn, Co
and V [5, 6].

Thermogravimetric analysis (TG) has been extensively
used as a means of investigating pyrolysis characteristics
and kinetic parameters of processes, in particular to explore
the effect of pyrolysis temperature and heating rate on oil
shale decomposition [7-10]. The main region of mass loss
corresponding to hydrocarbon oil and gas release was
observed between 200 and 620 °C, in almost all the
world’s oil shale [11]. Mass loss details can be exploited to
construct kinetic models using the isothermal and non-
isothermal conditions of the thermal process. Many kinetic
studies of oil shales have been carried out for several years,
and they agreed that the pyrolysis reaction mechanism is
complex and involves one or more processes [12—14].
However, some controversy has been raised in the kinetic
results, notably on the estimation of the reaction mecha-
nism and the models which give the best description of
experimental data. Recently, a new approach to the non-
isothermal kinetic of pyrolysis has been developed in order
to separate the individual process observed in thermal
behavior. It is based on the deconvolution procedure using
different statistical functions, depending on the nature and
shape of the kinetic curves. This approach has been well
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documented for complex solid-state reactions by
Perejon et al. [15] and Koga et al. [16]. For some oil shales,
two main processes have been isolated from pyrolysis
according to their origins and geological environments; the
first one is assigned to the decomposition of bitumen while
the other process is attributed to the degradation of kerogen
into oil and gas. Both independent processes are mostly
described by Fn-order reaction mechanism [17-19]. In this
context and to better understand the effect of soluble
organic matter on the thermal behavior of oil shales, it is
convenient to separate the bitumen from the original rock
and then to study only the kinetics of kerogen—oil shale.
This procedure can simplify the thermal study and mini-
mizes the complexity of processes involved during the
pyrolysis.

The present research is an experimental study of oil
shale from Arbaa Ayacha deposit, located in the Moroccan
Rif region, by using a TG apparatus under non-isothermal
conditions. The kinetic study was focused on crushed
samples after removal of soluble bitumen. To our knowl-
edge, few works have been devoted to shale rocks devoid
of bitumen. The objective was to determine the kinetic
triplet [activation energy E, exponential factor A and model
function g(«)] enabling to better describe the pyrolysis
mechanism and to compare the present results with our
recent research carried out on a crude sample of the anal-
ogous oil shale [1]. Kinetic modeling is also proposed and
correlated with the experimental data.
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Experimental
Materials

Oil shale rocks were collected from Arbaa Ayacha which is
located in Rif region of northern Morocco (Fig. 1). A
significant amount of shale was washed several times with
distilled water to remove traces of soil and any impurities
on the outer surface and then dried in air for 2 days and
finally crushed intimately. To eliminate the soluble bitu-
men from shale rocks, a mass of about 100 g was treated
with dichloromethane/methanol at proportion (2/1, v/v)
using Soxhlet extraction apparatus and heated at tempera-
ture of 70 °C for 24 h. This operation was repeated twice to
ensure the total elimination of the soluble bitumen. After
centrifugation, the obtained residue was washed abun-
dantly with hot water, dried in an oven at 60 °C for 48 h,
and finally stored protected from humidity in a desiccator.
The originate oil shale and bitumen-free oil shale from
Arbaa Ayacha were named ROS and FOS, respectively.
The kerogen-ROS means the peak in thermal curves cor-
responding to kerogen in originate oil shale, as has been
shown in our previous study [1].

In our previous works, we have investigated the organic
geochemical of raw oil shale from Arbaa Ayacha (ROS)
[20, 21]. Herein, we present the Rock-Eval parameters
results (Table 1).

Characterization methods

X-ray diffraction (XRD) is a non-destructive analysis
technique generally used to identify the mineral phases
present in oil shale. The XRD diagrams were collected
using a Siemens D500 Powder Diffractometer equipped
with copper anticathode (Acyk, = 1.541838 10\) at scanning
speed of 0.04 °s~'. X-ray fluorescence (XRF) analysis is
used to quantify the elemental composition of inorganic
materials. The analyses were carried out using PANalytical
Epsilon 5 spectrometry system. Fourier transform infrared
(FTIR) spectroscopy is used to obtain an infrared spectrum
of absorption or emission of organic, polymeric and inor-
ganic materials. The FTIR spectra were performed on a

Table 1 Rock-Eval parameters of raw oil shale from Arbaa Ayacha
(ROS) [20]

Total organic carbon (TOC, Mass%) 4.3
Volatile hydrocarbon (HC) content (S;, mg HC/g rock) 0.96
Remaining HC generative potential (S,, mg HC/g rock) 12.14
Hydrogen index (HI, mg HC/g TOC) 282
Tmax» Temperature at maximum amount of organic S, 440

hydrocarbons (°C)
Kerogen type II from marine origin

Vertex 70 spectrometer equipped with a Digitec detector,
via the conventional KBr pellet method. Samples were
scanned in transmission mode with 4 cm™! resolution, at
the range of 4000—400 cm™~'. Thermal measurements were
carried out to study the pyrolysis reaction of oil shale. The
thermal curves were obtained on simultaneous thermo-
gravimetry, derivative thermogravimetry and differential
thermal analysis (TG/DTG/DTA) using Labsys ™ Evo (1F)
Setaram apparatus. To evaluate the kinetic parameters, the
ICTAC (International Committee of Thermal Analysis and
Calorimetry) kinetics committee recommendations for
collecting experimental data and performing kinetics
computations [22-24] were followed. Before analysis, the
thermal analysis system was firstly calibrated for temper-
ature reading with reference metals of 99.99% purity. It
was also essential to calibrate the balance for buoyancy
effects to allow quantitative estimation of mass changes.
The experiments were conducted under non-isothermal
conditions in pure nitrogen flow atmosphere of
60 mL min~' from room temperature up to 1000 °C, at
various heating rates (5, 10, 15 and 20 °C minfl). The
measurements were repeated three times in order to make
certain the reproducibility and minimize the experimental
errors. An initial mass of sample of about 10.0 & 0.1 mg
was placed in an alumina pan. The sample was well dis-
persed with negligible depth to reduce heat and mass
transfers.

Kinetic background

The oil shale pyrolysis is a complicated process with the
coexistence of diversified reaction mechanisms. Generally,
the non-isothermal decomposition of oil shale can be
described by simplified reaction as follows:

Oil shale — Oil + Gas + Solid residue

According to non-isothermal kinetic theory of solid
state, the kinetic pyrolysis of oil shale can be expressed by
the Arrhenius equation:

&g (7 e (1
where o is the degree of conversion, f is the heating rate
(°C min~"), E, is the apparent activation energy, A is the
pre-exponential  factor, R is the gas constant
(R=8314Jmol ' K™') and f(o) is the reaction model
function that gives the information about the mechanism,
as listed in Table 2. The kinetic parameters (E,, A, flo) or
g(a)), often called the kinetic triplet, can be determined
from Eq. (1) by using several approaches, categorized
generally into two method groups: model-fitting and
model-free methods.
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Table 2 Some basic mathematical models of the thermal kinetics in solid-state reactions

Reaction models Symbol flo) g(a)
1. Chemical process or mechanism non-invoking equations
First-order F1 1 — o' —In(1 — &)
Second-order F2 1 - )? QA-u't=-1
Three-halves order kinetics F3/2 (1 — 01)3/2 2[(1 — oc)”/2 — 1]
Third-order F3 a—-a? [(1—o)™> =112
nth order kinetics (n # 1) Fn a—-aw" [1—(1 — )" ™/ — n)
2. Acceleratory rate equations
Power law P2 202 '’
Power law P3 302 o'
Power law P4 4 ol
3. Deceleratory rate Egs. 3.1. Phase boundary reaction
Contracting area R2 2(1 — oz)”2 1-(1 — oc)'/2
Contracting volume R3 3(1 — ot)Z/3 1-(1 — oc)l/3
3.2. Based on the diffusion mechanism
One-dimensional diffusion DI 1720 o’
Two-dimensional diffusion D2 1/—In(1 — ) (1 —a)n(l — )] + o
Three-dimensional diffusion D3 3(1 — ) [2(1=(1 — o)) [1—(1 — o)'3?
Ginstling-Brounstein D4 32[01 — 07— 1] 1-Qa/3)—(1 — 0)*?

4. Sigmoid rate equations or random and subsequent growth

Avrami-Erofeev A2
Avrami-Erofeev A3
Avrami-Erofeev A4

2(1 — o)[—In(1 — o)]'?
3(1 — )[—In(1 — ))*?
41 — o)[—In(1 — a)**

[—In(1 — )]
[~In(1 — o]
[~In(1 — o]

Table 2 summarizes the reaction models f{z) and their
respective integral forms g(a), commonly used in thermal
kinetics of solid state.

Apparent activation energy calculation E,,

The activation energy E, was evaluated by the non-
isothermal isoconversional (model-free) methods using
four sets of temperature. These methods are widely rec-
ommended by the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) [23], because they
constitute accurate procedures for estimating the activation
energy despite the uncertainty of the reaction mechanism,
and can detect the presence of eventual complicated pro-
cesses. The non-isothermal (model-free) methods are based
on the isoconversional principle stating that the reaction
rate depends only on temperature at constant conversion
degree «, and they are able to predict the activation energy
without prior knowledge about the reaction model [24]. In
the present study, the activation energy calculations were
achieved by the isoconversional integral methods.

From Eq. (1), the Kissinger—Akahira—Sunose (KAS)
equation [25] and Flynn—Wall-Ozawa (FWO) equation
[26] are deduced by a series of transforms, as can be
expressed by Eqs. (2-3).
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KAS equation:

b AR E,
n—=In———-— (2)
T2 g(a)Ey RT
FWO equation:
0.0048AE, E,
Inf=In—-—-—-—-1.0516—
nf=In ()R 05 6RT (3)

The iterative procedure [27, 28] is used to calculate the
approximate E, value approach to the exact value. The IT-
KAS and IT-FWO can be expressed by Egs. (4-5).

In B =1In AR — ﬂ (4)
h(x)T? g(0)Ey, RT
.0048AE E
In F_ n LO08AEL ) 516 En (5)
H(x) g()R RT

where x = E,/RT, h(x) is expressed by the fourth Senum
and Yang approximation formulas [29] and H(x) is also
calculated from x.

_ x* + 18x3 + 86x2 + 96x
T4 2053 + 120x2 + 240x + 120

_exp(=x)h(x)/x
~0.0048 exp(—1.0516x)

h(x) (6)

H(x)

(7)
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The iterative procedure can be performed by using the
following method [30]: we assume that h(x) =1 or
H(x) = 1, to evaluate the initial value of activation energy
E,,. The conventional isoconversional methods stop the
calculation at this step. The obtained value of E, ; is used
to calculate a new value E,,, for the activation energy
from the plot of In[/Ah(x)T?)] vs. 1/T or In[f/H(x)] vs. 1/
T for IT-KAS and IT-FWO, respectively. This operation is
repeated by replacing E,; with E,,. When | E,; — E,;;
| < 0.01 kJ mol™", the last value of E,; is considered to be
exact value of the activation energy for the process. The
estimation of the apparent activation energy by the iterative
procedure does not require selection of particular kinetic
model (g(o) function). Therefore, the obtained E, values
are usually regarded as more reliable than these obtained
by a single TG curve.

Determination of Kinetic model

The most probable mechanism function g(«) of the pyrol-
ysis reaction is deduced by rearrangement and integration
of the Eq. (1):

[t =4 [on()er

Using Eq. (8), the experimental plot of g(«) versus o can
be obtained. The analytical form of the reaction model can
then be established by comparison between the experi-
mental plot and the theoretical ones obtained from g(o)
equations (Table 2), representing the reaction models, and
the best matching theoretical plot can be found. The most
probable mechanism function, g(a), of the pyrolysis reac-
tion can also be deduced by a nonlinear model-fitting.
Fitting of either single or multi-step model is commonly
accomplished by means of nonlinear regression, which
works by minimizing the difference between the measured
and calculated data. The method of least squares (Eq. (9))
evaluates the difference in the form of the residual sum of
squares (RSS) [31].

RSS = Z ((y)exp - (y)calc)z = min (9)

The pre-exponential factor A can be evaluated from the
equation proposed by Malek [32]:

—PEy < Ey )
A= ex 10
RTZ ' (tmax) - P\ RT e (10)

where E, is the average value of E, obtained by IT-KAS
method. In Eq. (10), the subscript T,,.x denotes the values

AEue”‘
PRx?

g(2) = h(x)  (8)

related to the maxima of the differential kinetic curves
obtained at a given heating rate.

Thermodynamic parameters calculation

Some thermodynamic functions of the transition state
complex (457, AH” and AG”) of the pyrolysis reaction
of oil shale may be estimated based on the following

equations:
Ah
AS” = R1n< ) (11)
eXkBTp
AH? = E” — RT, (12)
AG” = AH” — TpAS” (13)

where A is the pre-exponential factor, e = 2.7183 is the
Neper number, y is the transmission factor, which is unity
for monomolecular reactions, kg is the Boltzmann con-
stant (1.381 107 JK™'), h is the Plank constant
(6.626 1073 J s), T, is the maximum peak temperature in
DTG curves, R is the gas constant and E * is the acti-
vation energy, E,;, which can be obtained from the IT-
KAS method.

Results and discussion
Mineralogical characterization
XRD analysis

The XRD patterns of the raw oil shale (ROS) and bitumen-
free oil shale (FOS) treated with a conventional solvent are
shown in Fig. 2. The dominant mineral phase identified in
the ROS oil shale is quartz, SiO, (Fig. 2a). Some other
minerals including clays (clinochlore, illite) and pyrite are
also found in low proportions. After the separation proce-
dure of soluble bitumen, the XRD analysis of FOS oil shale
(Fig. 2b) reveals similar pattern with some differences in
the diffraction peak intensity. It should be noted that the oil
shale from Moroccan Rif (Arbaa Ayacha region) shows an
almost absence of carbonate species as calcite or dolomite.
The siliceous nature of oil shales is less frequently found,
except for some world oil shales deposits such as Huadian
and Indian oil shales [33, 34]. The presence of silica
compound as major part may affect some characteristics of
oil shales due to its adsorptive properties and thermal
resistance [35]. In addition, the intensity background in

@ Springer
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Fig. 2 XRD diagrams of ROS .
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Table 3 Chemical composition of Arbaa Ayacha oil shale
(Mass%) Si0, Al,O3 Fe,05 MgO CaO K,0 Na,O TiO, SO; Other* LOI
ROS 74.74 5.16 2.04 1.60 0.10 0.45 0.33 0.14 4.37 0.64 10.34
FOS 73.76 5.03 3.23 1.91 0.19 0.63 0.35 0.16 4.80 0.78 9.16

* (Zn0O, MnO,, V,0s, P,0s, Cr,03, NiO, StO, CoO)

XRD diagram of ROS sample (Fig. 2a) at lower 20 Bragg
angle was attributed to the organic material in oil shale.

XRF analysis

Table 3 shows the chemical analysis results of the raw oil
shale (ROS) and bitumen-free oil shale (FOS). The pro-
portion of major elements in the samples is expressed as
the relevant oxides, in percentage. The XRF results indi-
cate that the loss on ignition (LOI) was 10.34 and 9.16%
for ROS and FOS oil shales, respectively. The loss on
ignition was attributed to H,O molecules and (OH) species
issued by the decomposition of clay minerals as well as to
the degradation of the disseminated organic matter. In both
samples, the major oxide is silica followed by alumina and
iron oxides at low percentage. The presence of Mg and Ca
in small amounts illustrates the substantial absence of
carbonate species, thus corroborating the XRD results. The
percentage of sodium, potassium and magnesium obtained
belong to the clay minerals of oil shale.

FTIR spectroscopy analysis
Figure 3 exhibits the FTIR spectra of the raw oil shale

(ROS) and bitumen-free oil shale (FOS). The qualitative
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interpretation of FTIR analysis results shows that the
spectra consist of characteristic absorption bands of
hydroxyl species and aliphatics and aromatics of organic
matter of oil shales which partially overlapped with bands
associated to mineral matrix. The mineral part displays
intense bands between 1200-900 and 850—400 cm_l,
attributed to clay silicates and quartz, in the both studied
samples. In these absorption regions, the presence of pyrite
is not excluded as shown in several IR studies of oil shales
[36, 37]. The broadband ranged between 3700 and
3200 cm™' belongs to H,O and OH of mineral matrix and
OH of organic groups (alcohol, phenol and carboxyl). The
presence of organic matter is illustrated in
3200-2700 cm™' and 1500-1380 cm™' regions, by
absorption bands C-H of aliphatics (CH, and CHs)
[38, 39]. These bands are visible in the ROS oil shale
(Fig. 3a), while they diminish in intensity in the spectrum
of FOS oil shale (Fig. 3b), justifying the removal of soluble
bitumen in FOS oil shale by the conventional solvents. The
appearance of these bands at low intensities (Fig. 3b) is due
essentially to C—H species of insoluble kerogen matter. The
bands observed in the range 1800-1600 cm ™" are assigned
to elongation vibrations of double bonds carbon—carbon of
aromatics and olefin species and also of carbonyl functions
present in the kerogen macrostructure [40].
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Fig. 3 IRTF spectra of ROS
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Thermal analysis

The non-isothermal pyrolysis of the raw oil shale (ROS)
and bitumen-free oil shale (FOS) was carried out at
10°C min~' under flowing nitrogen atmosphere
(60 mL min_l) and initial mass of 10.0 & 0.1 mg, from
ambient temperature up to 1000 °C. The typical TG, DTG
and DTA curves are presented in Fig. 4. As the two sam-
ples display similar pyrolysis characteristics, both the mass
loss processes can be divided into three stages (Fig. 4a).
The similar thermal behavior is also observed in many
reported thermal studies of oil shales [41, 42]. In the first
stage (<325 °C), the mass loss is mainly attributed to
evaporation of moisture, interlayer water from clay

minerals and to water of OH condensation, which accounts
for almost 3% of the initial mass. In the second stage
(325-630 °C), the observed mass losses, 6% for ROS and
~49% for FOS oil shale, corresponding to maximum DTG
curves at 460 and 540 °C, respectively, are assigned to
endothermic decomposition of organic matter (Fig. 4b),
including bitumen and kerogen for the first sample and
only kerogen for the second. According to literature data,
this stage is considered as the oil shale producing stage in
oil shale pyrolysis [11]. It should be emphasized that the
pyrolysis of kerogen in samples is shifted toward high
temperatures by comparison with other oil shales contain-
ing carbonates. This is certainly due to the inhibitive effect
of the mineral matrix which consists primarily of silica as

@ Springer
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was observed in pyrolysis study of Turkish Goyniik and US
Green River oil shales [43, 44]. As we aforementioned, the
mineral silica matrix has a high adsorption capacity and
thermal resistance toward the organic matter, thus delaying
the pyrolysis process in this temperature region. Similar
behavior was also observed in other siliceous oil shales
[37]. In the third stage (>630 °C), the final mass loss for
ROS oil shale (<1%), which is represented by a deflection
of the base line, is governed by the thermal decomposition
of inorganic minerals such as clay minerals and pyrite [20].
The absence of the decomposition reaction of carbonate
species, which normally occurs at about 800 °C, confirms
our above results. For FOS oil shale, the mass loss (~2%)
corresponding to maximum DTG curve at 695 °C is
dominated by an endothermic effect. This endothermic
effect (Fig. 4b), called Boudouard reaction, may occur
when CO, released during the pyrolysis from organic
matter and reacts with char to produce CO. This reaction is
favored by high temperature and low pressure [45, 46]. The
high temperature also promotes the decomposition of
pyrite that one cannot exclude [46, 47].

Kinetic study

The kinetic measurements of ROS and FOS oil shales were
conducted under pure nitrogen atmosphere using the non-
isothermal methods and four sets of heating rates (5, 10, 15
and 20 °C min~"), at temperature range 30-1000 °C.
According to American ASTM standard (E11) and ICTAC
recommendations, the samples were crushed and sieved to
less than 80 meshes in the average particle diameter to
reduce the effects of heat and mass transfers during
pyrolysis. The kinetic study was limited to stage II as
shown in Fig. 4, since it represents the main pyrolysis
processing of the organic matter into hydrocarbons. For

0.10
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---------- 20 °C min™ , N
£ 0.06 P
o ] [
S 0.04 i \
s \
.[.
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OOO I T T T 1
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Temperature/°C

do/dt/min—1

comparison purposes, we considered here only the process
corresponding to kerogen pyrolysis of ROS oil shale, after
performing deconvolution procedure. More details are
described in our previous article [1]. Then, the thermal
behaviors of kerogen-ROS and FOS oil shales, represented
by [(do/df) — T] curves are illustrated in Fig. 5.

Thermal kinetics of kerogen-ROS and FOS oil shales,
characterized by the curves [do/dr — T] show that the
maximum rates (do/df) shift systematically toward higher
temperatures when the heating rate increases. Such
behavior was observed in almost all the world’s oil shales.
This is due to the temperature gradient inside and outside
the particles, which is lower at lower heating rates and
longer is the exposure of sample to a particular temperature
[48, 49]. As can be seen in Fig. 5, the variation of the
heating rate did not alter the kinetic curves and conse-
quently the kinetic parameters should not be changed.

Determination of activation energy by model-free method

The isoconversional methods of KAS, FWO and their
corresponding IT-KAS and IT-FWO were used to calculate
the distribution of activation energy curves (E, — o) at the
major oil-producing stage (Stage II) (Fig. 4), precisely the
peak observed in thermal curves related to the kerogen
decomposition, for both samples.

Figure 6a—d displays the variation of (E, — «), for
kerogen-ROS and FOS oil shales. The average values of
E,, illustrated in Table 4, can be estimated in the range of «
between [0.2 and 0.8].

As can be seen from Fig. 6, the distribution of E, versus
o, for kerogen-ROS and FOS oil shales, presents the same
trend in the range of [0.2-0.8] and appears for each method
to be approximately constant with respect to the conversion
rate o. According to several decomposition kinetics, if the

0.25
—— 5°Cmin™ FoS
0.20 10 °C min™'
7 --- t5°Cmin
.......... 20 °C min" _
0.15 i
0.10
0.05
0.00 2t . . . .
350 400 450 500 550 600
Temperature/°C

Fig. 5 Thermal curves [da/dt — T] of Kerogen-ROS and FOS oil shales at different heating rates
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Fig. 6 (E, — o) curves of Kerogen-ROS and FOS oil shales calculated by KAS, OFW and IT-KAS and IT-OFW methods
Table 4 Average values E, for Kerogen-ROS and FOS oil shales
Oil shales Egas/kJ mol™! SD Errxas/k] mol™! SD Eorw/kJ mol™! SD Err.orw/kJ mol™! SD
Kerogen-ROS 270.23 2.00 272.72 2.11 269.15 1.88 266.16 1.96
FOS 248.92 4.28 249.24 4.34 262.12 4.15 249.62 4.06

standard deviation SD of E, is lower than 10%, the
decomposition process is dominated by a single reaction
step; otherwise, it should be interpreted in terms of a multi-
step mechanism [50, 51]. Figure 6 shows that E,, values are
almost independent of « with SD do not exceed 4.5%
(Table 4). So, this indicates that the thermal decomposition
of both samples can be considered as a single-step reaction
mechanism and described by a simple kinetic triplet [E,,
g(a) and A]. The average value, E,, calculated by KAS and
FWO methods is very close to values from their corre-
sponding IT-KAS and IT-FWO methods (Table 4). The
average E, values, for kerogen-ROS and FOS oil shales,
are larger than what is reported in numerous oil shales, but
consistent with our recent experimental energy results
gained in pyrolysis of original Moroccan Rif oil shale
(Arbaa Ayacha region) [1] and energy values found in
Brazilian and Chinese oil shales [11, 52, 53]. The high
values of energy depend on the type and composition of

kerogen, but also on the nature of the host mineral matrix
which consists mainly of silica or carbonates. The presence
of silica in oil shale as a major compound has an inhibiting
effect due to its high adsorptive properties and refractory,
as mentioned above. Similar findings have also been
reported in studying the pyrolysis of Turkish and US Green
River oil shales [43].

Determination of the most probable kinetic model

The determination of reaction model can be accomplished
by using Eq. (8), to generate experimental plots of g(o)
versus o. Figure 7 displays the experimental curve
(p=10°C min~') and theoretical g(o) for various models
which present an excellent value of regression coefficient
R? close to 1.

The resulting experimental plots (f = 10 °C min~') do
not show any significant deviation with other used heating
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Fig. 7 Comparison between theoretical models (different symbols) and experimental results, for f = 10 °C min~" (dark solid line)

Table 5 Kinetic parameters of Kerogen-ROS and FOS oil shales

Oil shales Kerogen-ROS FOS

B°C min~' g InA RSS n InA RSS

5 1.556 4231 0.0590 1.072 36.72 0.1829
10 1.535 4225 0.0953 1.074 36.82 0.1782
15 1.532 4233 0.0531 1.068 36.24 0.1855
20 1.579 4228 0.0262 1.070 36.74 0.1967
Average 1.550 4230 1.071  36.63

rates. From the comparison of theoretical models curves
and experimental plot at # = 10 °C min~' and by using the
IT-KAS average value of E, (Fig. 7), the most probable
mechanism functions for both samples are roughly deter-
mined and correspond to the reaction order model, Fn, with
n = 3/2, for kerogen-ROS, and n = 1, for FOS oil shales.
The kinetic parameters of kerogen pyrolysis appear to be
simplified slightly by removing bitumen from ROS oil
shale. Thus, the kinetic pyrolysis of Moroccan kerogen-
ROS and FOS oil shales lead to the integral forms of g(o)
mechanism as follows:

For kerogen - ROS oil shale : F3/2;
(o) = z[(1 - oc)l/zfl}

For FOS oil shale : F1;

(14)

g(e) = —In(l —a) (15)

Using the nonlinear regression procedure for refinement
of the kinetic parameters, the exact value of “n” giving the
best fit can be obtained from the general integral form
(Eq. (16)) by minimizing the RSS factor (Eq. (9)), for
every heating rate. The obtained results are summarized in
Table 5.

glo) = 1= (1-o)"/(1-n) (16)

@ Springer

The determination of pre-exponential factor, for the
pyrolysis reaction of kerogen-ROS and FOS oil shales, was
estimated by using Eqs. (9-10). The obtained results are
very close to InA values calculated from KAS and FWO
methods, thereby confirming the proposed kinetic model
Fn (chemical reaction model). In solid-state reactions, low
pre-exponential factors will often indicate a surface reac-
tion or demonstrate the presence of “tight” complex. High
factors (A) will usually indicate a “loose” complex. Even
higher factors can be obtained for complexes having free
translation on the surface [54, 55]. Based on these con-
siderations, the pre-exponential factor calculated for kero-
gen-ROS oil shale is A = 2.35 10'® min~" and for FOS oil
shale is A = 8.10 10" min~'. These values indicate that
pyrolysis is “loose” complex process, for both samples.

From all results, the kinetic equations for the pyrolysis
of kerogen-ROS and FOS oil shales, under non-isothermal
conditions, can be written as follows, Egs. (17, 18):

Kerogen - ROS oil shale :

(%) — 235 10/8e 72T2RT (] _ 5)15%0
dr Kerogen—ROS

(17)
FOS oil shale :
(%) —8.10 10" e—249424/RT(1 _ alml) (18)
dt ) pos

Table 6 Thermodynamic parameters of Kerogen-ROS and FOS oil
shales

0Oil shales AS7/ AH”/ AG™/
Jmol ! K™! kJ mol ™! kJ mol ™!

Kerogen-ROS 90.55 266.35 196.96

FOS 43.09 242.57 208.02
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Based on these results, it seems that the presence or not of
bitumen did not affect the pyrolysis mechanism of oil shale
especially for kerogen, except the reaction order which has
been changed. Therefore, the mechanisms governing the
pyrolysis reaction of kerogen and bitumen in Moroccan Rif
oil shale are independent, as has been indicated in our pre-
vious work [1] and in some literature data [56, 57].

Determination of thermodynamic parameters

Equations (11-13) were used to estimate the thermody-
namic functions of the transition state complex (457, AH”
and AG”), for kerogen-ROS and FOS oil shales at all
heating rates. The average values of the thermodynamic
parameters are summarized in Table 6.

As can be seen from Table 6, the positive values of acti-
vation entropy AS7, for both samples, indicate the presence of
malleable-activated complexes, which lead to a large number
of freedom degrees for rotation and vibration [58].The posi-
tive AH” values agree with the endothermic effect recorded
during oil shale pyrolysis. The positive values of the free
Gibbs energy AG” show that the pyrolysis of kerogen-ROS
and FOS oil shales is non-spontaneous reaction and needs heat
to occur, under atmosphere pressure. These results are in
accordance with thermal analysis data.

Conclusions

In this research, the mineralogical characterization of raw
oil shale (ROS) and bitumen-free oil shale (FOS) from
Moroccan Rif region was studied. The mineral part of oil
shales is found predominantly siliceous illustrated by high
content of silica. The study also includes a contribution to
understanding the effect of soluble bitumen on the thermal
degradation of kerogen contained in oil shales studied.
Thus, the pyrolysis reaction kinetics of kerogen-ROS and
FOS oil shales have been estimated and compared by using
non-isothermal isoconversional and nonlinear model-fitting
methods. For both samples, the curves of activation energy
versus o indicate that pyrolysis proceeds in single-step
kinetic process, which can be described by a unique kinetic
triplet [E,, A, g(2)]. The most probable mechanism for the
pyrolysis stage was adequately evaluated by reaction order
equation (chemical reaction), with F3/2 and F1 models for
kerogen-ROS and FOS oil shales, respectively. The
removal of bitumen from oil shales did not seem to modify
the reaction mechanism but only affects the order of the
reaction. The pyrolysis of bitumen and kerogen in oil
shales are practically independent reactions, and no rela-
tion was observed in thermal kinetics calculations between
soluble bitumen and kerogen-oil shales.
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