- \
v
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Thermogravimetric Characteristics and Pyrolysis Kinetics of Nigerian
Oil Sands

Odunayo T. Ore* and Festus M. Adebiyi

Cite This: ACS Omega 2023, 8, 10111-10118

I: I Read Online

Article Recommendations |

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: In the present study, the pyrolysis behavior of Nigerian oil sands
was investigated using thermogravimetric analysis. This was done with the aim
of deriving kinetic models that can be relevant in the development of the natural
resource. The effects of different heating rates (10, 20, and 30 °C/min) on oil
sand pyrolysis were studied. The results of the study indicated that three regions
comprising low-temperature oxidation, devolatilization, and high-temperature
oxidation were obtained at all heating rates. The peak temperatures were
observed to rise with an increasing heating rate, a phenomenon described as
thermal hysteresis. Mineralogical analysis showed the presence of diffraction
peaks corresponding to chlorite, quartz, aragonite, dolomite, calcite, and
montmorillonite minerals and the notable absence of expandable clay minerals
which are known to pose problems during tailing management and the aqueous
bitumen extraction process. The kinetic analysis showed that the activation
energy increased with the degree of conversion, with the highest activation energy of 14.682 kJ mol™". The Coats—Redfern kinetic
model gave the best model fit for oil sand pyrolysis.

R

1. INTRODUCTION

There is a growing interest in the exploration of unconven-
tional oil and gas resources due to the dearth of energy
resources owing to the depleting conventional oil reserves."
The diminution of conventional oil reserves is brought about
by the increasing energy demands of mechanization and

application, and minimal pollution."> Pyrolysis is a thermo-
chemical conversion process that involves the decomposition
of an organic material in an oxygen-depleted atmosphere to
generate products such as oil, gases, and char."* Several
thermal analysis techniques including thermogravimetric
analysis (TGA), differential thermal analysis, and differential

industrialization.” Conventional hydrocarbon resources such as
oil, natural gas, and coal can no longer satisfy the ever-
increasing energy needs brought about by economic develop-
ment.® In very recent years, significant attention has been
drawn to the utilization of oil sands as an unconventional fossil
resource in an attempt to alleviate the energy crisis.”

Oil sands are a naturally occurring mixture of bitumen, clay,
water, and quartz sands.”® Based on their surface wettability,
they can be classified into neuter-wet, water-wet, and oil-wet
oil sands." The organic component of oil sands is usually
separated from the sand matrix using methods such as solvent
extraction, hot water extraction, and pyrolysis, among others.”
This is a necessary requirement for the utilization of oil sands.”
Oil sands are generally characterized by high asphaltene
content, carbon residue, and heteroatom content. In addition
to the environmental pollution problems posed by the mining
and extraction of unconventional oil reserves, the complexity
associated with their geological structure makes it difficult to
apply a conventional development theory to unconventional
oil resources.”'® Hence, the need arises to employ upgrading
technologies in order to produce high-value light products." "'

Of the available technologies, pyrolysis is generating a lot of
research interest due to its easy industrialization, wide range of
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scanning calorimetry can be used to obtain experimental data
of pyrolysis."

TGA is the most popular technique widely adopted in the
estimation of pyrolysis kinetics.”> The technique involves the
weight measurement of a material subjected to heating at a
known rate” under non-isothermal and isothermal condi-
tions.'® Non-isothermal analyses have been implicated to have
better advantages including simulation of conditions, absence
of thermal induction period, and error minimization over
isothermal analyses."”

Many exciting studies have been carried out on estimating
the pyrolysis kinetics of oil sands in recent years.'*™'
Nevertheless, many of these studies have contributed
significantly to the advances in knowledge with respect to
the sole use of either model-free or model-fitting method as
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well as the proposition of mechanistic models of chemical
structure evolution during the pyrolysis of the oil resource.
However, the present study represents the first known attempt
at evaluating the pyrolysis characteristics of Nigerian oil sands
using model-free and model-fitting methods. In the present
study, TGA was used to examine the effects of different heating
rates on the pyrolysis characteristics of Nigerian oil sands. The
activation energies and pre-exponential factors of the oil sand
pyrolysis were estimated using Kissinger—Akahira—Sunose
(KAS), Starink, Simplified Arrhenius, and Coats—Redfern
kinetic models. This was done with a view to provide a
theoretical basis for the development of the natural resource.

2. EXPERIMENTAL SECTION

Ilubirin and Orisunbare oil sands from the oil sand bitumen
deposit areas of Ondo State, Nigeria were selected for the
present study. The oil sand samples were characterized using
an X-ray diffractometer to estimate the mineralogical analysis.
The oil sand samples were investigated under an inert
atmosphere in a thermogravimetric analyzer. The model-free
and model-fitting kinetic models were used to estimate the
activation energy and pre-exponential factor of the process.

2.1. Sampling. Samples of oil sands were collected from
Ilubirin and Orisunbare in the bitumen deposit areas of Ondo
State, Nigeria. The samples were collected by scooping the
viscous oil sands into hermetically sealed containers, labeled
according to the names of the communities from which the
samples were collected, and transported to the laboratory for
various analyses.

2.2. Mineralogical Analysis. A GBC EMMA X-ray
diffractometer equipment, Australia, was used to record the
X-ray diffraction (XRD) spectra of samples. The measurement
was taken from the goniometer scan axis in steps of 26, for a
scan time of 38.7 s, at a temperature of 25 °C, using a Cu Ko
radiation of wavelength 4 = 1.5406 A generated at 40 kV, 30
mA. Each specimen of 10 mm length was well positioned on
the scan axis of the goniometer of radius 2.4 X 10> mm. The
operation of the device is based on the scattering of incident X-
radiation off a collection of atoms. At a given wavelength and
angle of incidence of the source radiation, the scattering angle
depends on the atomic row spacing, d. For scattered rays from
successive atomic rows that are in phase, diffraction maxima
are observable for short wavelength of the source radiation,
hence the use of X-rays.”

2.3. Thermogravimetric Analysis. TGA was used to
characterize the weight loss process of the oil sands as a
function of temperature and time at different heating rates (10,
20, and 30 °C). The thermogravimetric experiments were
performed using a SDT Q600 (V20.9 Build 20) DSC-TGA
instrument. Throughout the experiment, nitrogen gas (99.99%
purity) flow rate was SO mL/min in order to maintain an inert
atmosphere for the decomposition process, and the mass of the
oil sand samples was 10 + 0.65 mg with a particle size of 500
pum. The experiments were conducted over a temperature
range of 25—600 °C.

2.4, Kinetic Modeling. The obtained TGA data was used
to estimate the pyrolysis kinetics of the oil sand samples. The
pyrolysis kinetic analysis is based on the Arrhenius equation
and kerogen transformation rate, shown in eqs 1 and 2,
respectively

k = k el E/RD (1)

d o /dt = k(T)-f( ) ()

where k is the rate constant, k, is the pre-exponential factor, E
is activation energy (kJ/mol), R is molar gas constant, T is
temperature (in Kelvin), and @ (conversion) is the standard
form of weight loss and is expressed in the equation below
x = m, — my;
m, — mg 3)
where m, is the initial sample weight, m, is the weight at a
specific reaction time, and m; is the final sample weight after
pyrolysis.
The combination of eqs 1 and 2 results in eq 4 which can
then be used to estimate kinetic parameters based on TGA
data.

d o /dt = kf( o )-e"E/RD 4)
floe)=(1 ) (5)

Inserting eq S into eq 4, eq 6 is obtained
d_O( — &(1 ~ )n'e(—E/RT)

dt p (6)

In this study, four different methods comprising three
isoconversional (model-free) and one model-fitting methods
were employed to estimate the pyrolysis kinetics of the oil sand
samples. The isoconversional methods include KAS (eq 7),
Starink (eq 8), and simplified Arrhenius method (eq 9), while
the model-fitting method is the Coats—Redfern method (eq
10).232*

g =In[’<o_‘R]_£

T N Eg(x)) RT @
VRS PWEL
o =1 (R.g( - )] 1.0008| — ©
> = In(k"'R] +0.6075 — =

T E RT 9)
I g ) -1 koR E
R ™ ) R p-E " RT (10)

where g(x) = —In(1 — ).

3. RESULTS AND DISCUSSION

3.1. Mineralogical Analysis. The mineralogical character-
ization of Ilubirin oil sands was carried out using XRD, and the
diffraction pattern of the oil sand sample is shown in Figure 1.
The diffraction pattern of Ilubirin oil sand showed obvious
peaks corresponding to 20.99, 26.83, 36.73, 42.61, 50.31,
60.12, 67.88, 68.06, 68.46, and 68.64° at 20. The peaks are
indicative of the presence of chlorite, quartz, aragonite,
dolomite, calcite, and montmorillonite minerals.”> The
mineralogical analysis indicated the presence of both clay
and non-clay minerals.”® Although some studies have reported
the presence of gypsum mineral in oil sands which was widely
attributed to the oxidation of pyrite,””*" the present study
could not account for the presence of gypsum mineral in the
studied oil sand based on its diffraction pattern. Similarly,
expandable clay minerals such as kaolinite-smectite and illite-
smectite have been reported in Alberta oil sands.””*° However,
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Figure 1. X-ray diffraction pattern of Ilubirin oil sand. Cl, chlorite; Q,
quartz; D, dolomite; An, aragonite; Cc, calcite; Mt, montmorillonite.

the diffraction pattern did not show distinct peaks for these
minerals in Ilubirin oil sand. This is an important finding
because expandable clay minerals are known to pose enormous
problems during tailings management, bitumen recovery and
quality, and aqueous bitumen extraction process.””’' In
addition to particle size, mineralogical composition makes up
the two most significant factors influencing bitumen
recovery.”” The presence of clay minerals and quartz detected
in the studied oil sands agrees with the findings of previous
studies which reported the occurrence of the same minerals in
torrefied biomass, coal, and shale samples.‘”f36 The
implication of this is that oil sands could be co-pyrolyzed
with biomass. The minerals present in the biomass could
decrease the acid content of the resulting liquid product via the
inhibition of the conversion of oxygen-containing compounds
and simultaneously increase the gas yield of the pyrolytic
process via the promotion of C—O cracking.’”**

3.2. Thermogravimetric Analysis. TGA was carried out
to study the pyrolysis characteristics of the oil sand samples.
The representative differential thermogravimetry curve of
Hubirin oil sand at different heating rates (10, 20, and 30
°C/min) is presented in Figure 2 while the others are shown in
Figures S1—S3 (Supporting Information). The varying weight
loss observed in the oil sands are a reflection of the thermal
decomposition of the bitumen present in the oil sands.”” The
DTG curves showed that the weight loss process of the oil
sands can be separated into three steps, indicating that
pyrolysis reactions occurred at three stages in both oil sand
samples.’”*" The thermogravimetric characteristics of the oil
sands, showing the temperature range, weight loss, and peak
temperature for the reaction regions are shown in Table SI
(Supporting Information). Only minimal variations were
observed in the temperature range of the weight loss process
for both oil sand samples. This could be attributed to
differences emanating from geographical location of the oil
sands, which might be indicative of differences in origin and
composition for the native bitumen. At all heating rates, the
first region occurring between 25 and 145 °C is called the low-
temperature oxidation region.’” In this region, inter-layer water
from clay minerals, moisture, and low volatility substances
vaporized from the oil sand samples. The highest weight loss

Temperature (°C)

Figure 2. Differential thermogravimetry curves of Ilubirin oil sand at
different heating rates.

observed in Ilubirin oil sand in this region was 1.65 wt % at 20
°C/min, while that of Orisunbare oil sand was 1.15 wt % at 30
°C/min. The weight loss observed in this region for both oil
sand samples was not significant due to the low moisture
content. The second region occurring between 102 and 394 °C
is called the devolatilization region.42 In this region, the
desorption and volatilization of light organics occur without
coking.*”*’ The highest weight loss observed in Ilubirin oil
sand in this region was 3.05 wt % at 20 °C/min, while it was
9.92 wt % at 10 °C/min in Orisunbare oil sand. The third
region occurring between 310 and 584 °C is called the high-
temperature oxidation region.”” In this region, the thermal
cracking of heavy hydrocarbons is the predominant reaction
occurring. Here, heavy organics are broken down into oil and
gaseous hydrocarbons.”* The highest weight loss observed in
Ilubirin oil sand in this region was 6.33 wt % at 30 °C/min,
while that of Orisunbare oil sand was 3.51 wt % at 10 °C/min.
The third region was the most pronounced peak on the DTG
curve, indicating that the major pyrolytic process occurs within
this region.

The heating rates had significant effects on the thermal
decomposition of the oil sands. A shift in the reaction region to
higher temperatures with increase in heating rate was observed
in both oil sand samples. In addition, the peak temperature was
observed to rise with increasing heating rate. This can be
explained in terms of medium diffusion and heat transfer.*>*
This important observation is probably due to harsher
conditions at higher heating rates, which subsequently results
in complete pyrolysis at higher temperatures.** As reported in
studies that explored the pyrolysis of biomass and other
polymeric materials,*>*” these shifts are known as thermal lag
or thermal hysteresis."® Upon increased heating rates, there
was an upsurge in the temperature gradient between the
exterior and interior of the oil sands. This resulted in the
enhancement of the degree of diffusion control, leading to the
initiation of secondary reactions.*’

3.3. Differential Scanning Calorimetry. The differential
scanning calorimetry (DSC) curves of Ilubirin and Orisunbare
oil sands at different heating rates are shown in Figures 3 and 4
respectively. The two curves are characterized by endothermic
peaks, followed by pronounced exothermic peaks and then
another endothermic peak. The endothermic peaks correspond
to the low-temperature oxidation and high-temperature
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Figure 3. Differential scanning calorimetry curves of Ilubirin oil sand
at different heating rates.
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Figure 4. Differential scanning calorimetry curves of Orisunbare oil
sand at different heating rates.

oxidation regions, while the exothermic peak corresponds to
the devolatilization region.””*" A notable observation in the
DSC curves of both oil sand samples is the shift to higher
temperature with increasing heating rate. This is an indication
that endothermicity of the pyrolytic process increases with
increasing heating rate.

3.4. Pyrolysis Kinetics. The use of TGA represents one of
the reliable approaches to determine the kinetics of pyrolysis.
The kinetics of pyrolysis are based on the Arrhenius
equation.”* The kinetic methods of analysis employed are
Coats—Redfern, KAS, Starink, and Arrhenius methods. The
evaluated methods were adopted in the form of a linear
relationship with reciprocal temperature (1/T). For each
degree of conversion, the models are shown in Figures S4—S7
(Supporting Information); the calculated activation energy and
pre-exponential factor for Ilubirin oil sand are presented in
Tables 1 and 2 while those for Orisunbare oil sand are
presented in Tables S2 and S3 (Supporting Information). Each
value of the activation energy presented depicts a weighted

average of a distribution of activation energies.””> The
correlation coefficients obtained from the linear regression
analysis showed that the Coats—Redfern and Arrhenius
method has R® values generally greater than 0.999 for the
studied oil sands. There were significant variations in the R?
values obtained from the linear regression analysis of the KAS
and Starink methods. The Coats—Redfern and Arrhenius
methods showed that activation energy increases with
increasing degree of conversion. For the Ilubirin oil sands,
the KAS and Starink methods were sensitive to fluctuations in
the activation energy at 0.20 < a < 0.30 and 0.20 < a < 0.50,
respectively. For the Orisunbare oil sands, the KAS and Starink
methods were sensitive to fluctuations in the activation energy
at 0.35 < a < 0.85. The observed fluctuation of activation
energy of the oil sands with the degree of conversion is in
agreement with the findings of refs 49 and 53, and this was
attributed to the complexity of multiple pyrolysis reactions in
the oil sand.*’ The difference in the activation energies of the
two oil sand samples is directly connected to their different
mineral and organic compositions. Hence, the higher the
volatile content, the more prone it was to thermal reaction.”
Lower activation energies were obtained for KAS and Starink
methods compared to the Coats—Redfern and Arrhenius
methods. The activation energies of the studied oil sands were
lower than those reported in Athabasca oil sand bitumen,”*
Kazakhstan oil sand,* Tumuji oil sand,”® Alberta oil sand,>*
and Karamay oil sand.”® This variation may be attributed to
discrepancies in the properties of the oil sands.

The conversion dependence of the activation energies
obtained by the isoconversional methods is presented in
Figure 5. Evidently, there was an increase in activation energy
with increasing degree of conversion. This is a reflection of the
observed increase in conversion at higher temperatures during
TGA”* At low degree of conversion, the reaction was
predominantly the cleavage of weak chemical bonds and
volatilization of low-boiling components. However, the
pyrolysis process required higher energy to promote the
cleavage of shorter alkyl side chains that may have originated
from the dehydrogenation of naphthenic rings, ring-opening
reaction, and the cracking of long side chains at higher degree
of conversion.'? During TGA, the detection of conversion is
predominantly linked with the detection of weight loss. This is
a limitation in the use of TGA for estimating the pyrolysis
kinetics of oil sands because reactions resulting in the
formation of non-volatile oil products and coke-like residue
at a particular temperature would be disregarded as weight
losses. Based on the Arrhenius method that gave the best fit
among the isoconversional methods, the conversion depend-
ence of the activation energy was regressed as a third-order
polynomial and eqs 11 and 12 were obtained for activation
energy and pre-exponential factor, respectively.

E = 15617 & —29.613- «” +24.800- o +4.202 (11)

InK, = 6.61 X 107 o® —2.43 X 1077+ &> +2.91 X 107"
x +6.01 x 10°° (12)

The correlation coefficients of activation energy and pre-
exponential factor were 0.99 and 0.96, respectively. The good
correlation between pre-exponential factor and activation
energy, as functions of conversion, is indicative of kinetic
compensation effect.”’
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Table 1. Calculated Activation Energy (k] mol™') and Pre-exponential Factor (min~") for Pyrolysis Reaction of Ilubirin Oil

Sand”
Coats—Redfern Kissinger—Akahira—Sunose
a E, K, R? E, K, R?
0.05 5.334 6.732 x 1078 0.999 1.020 1.722 X 1073 0.366
0.10 6.532 9.241 X 1078 0.999 3.965 5.63 x 1074 0.696
0.15 7.391 1.113 x 1077 0.999 4.338 4.55 x 107* 0.731
0.20 8.041 1.291 x 1077 0.999 3.898 47 x 107* 0.657
0.25 8.681 1.428 x 1077 0.999 3.907 436 x 107* 0.622
0.30 9.163 1.586 x 1077 0.999 4.999 322 %x 1074 0.678
0.35 9.830 1.668 x 1077 0.999 7.065 1.99 x 107* 0.753
0.40 10.356 1.782 x 1077 0.999 7.719 1.69 x 107* 0.767
0.45 10.968 1.859 x 1077 0.999 7.430 1.74 x 107* 0.767
0.50 11.203 2.066 x 1077 0.999 7.505 1.68 x 107* 0.788
0.55 11.627 221 X 1077 0.999 7.691 1.59 x 107* 0.798
0.60 11.865 2435 x 1077 0.999 7.904 1.51 x 107* 0.801
0.65 12.165 2.655 x 1077 0.999 8.127 143 x 107* 0.803
0.70 12.469 2.898 x 1077 0.999 8.501 133 x 107* 0.812
0.75 12.588 3273 x 1077 0.999 9.346 1.15 x 107* 0.842
0.80 12.570 3.811 X 1077 1 9.618 1.09 x 107* 0.842
0.85 13.323 3.997 x 1077 0.999 11.386 826 X 107° 0.908
0.9 13.892 4.455 x 1077 0.999 13.033 6.42 x 107° 0.956
0.95 14.682 5.183 x 1077 0.999 14.312 533 % 107° 0.974

“a = degree of conversion.

Table 2. Calculated Activation Energy (kJ mol™') and Pre-exponential Factor (min~") for Pyrolysis Reaction of Ilubirin Oil

Sand”
Starink Arrhenius
a E, K, R? E, K, R?
0.05 0.792 2.976 x 1073 0.292 5.344 6.54 X 1078 0.999
0.10 3.703 9.83 x 107* 0.671 6.533 8.77 x 1078 0.999
0.15 4,041 8.03 x 107* 0.707 7.395 1.03 x 1077 0.999
0.20 3.574 835 x 107* 0.624 8.046 1.16 X 1077 0.999
0.25 3.561 7.8 X 107* 0.587 8.677 1.24 x 1077 0.999
0.30 4.632 579 x 107* 0.649 9.173 1.33 x 1077 0.999
0.35 6.672 3.6 X 107* 0.734 9.83 1.36 X 1077 0.999
0.40 7.300 149 x 107* 0.749 10.381 1.39 x 1077 0.999
0.45 6.993 3.17 x 1074 0.748 10.957 1.4 x 1077 0.999
0.50 7.053 3.06 x 1074 0.769 11.235 1.48 x 1077 0.999
0.55 7.226 291 x 107* 0.780 11.631 1.52 x 1077 0.999
0.60 7.427 277 X 107* 0.783 11.891 1.59 x 1077 0.999
0.65 7.639 2.63 x 107* 0.785 12.18 1.64 x 1077 0.999
0.70 8.003 245 x 107* 0.795 12.46 1.69 x 1077 0.999
0.75 8.837 212 x 107* 0.828 12.657 1.75 X 1077 0.999
0.80 9.100 2,02 x 107* 0.828 12.795 1.83 x 1077 0.999
0.85 10.852 1.53 x 107* 0.900 13.331 1.79 x 1077 0.999
0.9 12.477 1.19 x 107* 0.952 13.907 1.74 X 1077 0.999
0.95 13.726 9.93 x 107° 0.972 14.642 1.65 X 1077 0.999

“a = degree of conversion.

4. CONCLUSIONS

The pyrolysis characteristics of Nigerian oil sands were studied
using TGA. The pyrolysis process showed that there were
three main stages comprising low-temperature oxidation,
devolatilization, and high-temperature oxidation. The low-
temperature oxidation stage involves the loss of inter-layer
water and low volatility substances, the devolatilization stage
involves the volatilization of light organics without coking,
while the high-temperature oxidation involves the thermal
cracking of heavy hydrocarbons into lighter oil and gaseous

10115

hydrocarbons. The peak temperature increased with increasing
heating rate. Mineralogical analysis showed the notable
absence of expandable clay minerals, indicating that little or
no problems should be encountered during the tailings
management and aqueous bitumen extraction process of the
studied oil sands. Kinetic models comprising KAS, Starink,
simplified Arrhenius, and Coats—Redfern were used to
estimate the activation energy and pre-exponential factor.
The kinetic parameters showed good correlation which
indicated kinetic compensation effect. The Coats—Redfern

model exhibited the best model fit for describing the pyrolysis
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process of Nigerian oil sands. Our results showed that the
relatively low activation energies and the absence of clay
minerals can dramatically make the Nigerian oil sands to be a
valuable energy resource in the face of dwindling conventional
oil reserves. The findings of the study provided a scientific
basis for explaining the conversion-dependent change in
activation energy. The study represents the first known
attempt at providing important scientific information required
for the exploration of the natural resource.
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