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Abstract

The thermal behavior of the Nigerian oil sand bitumen in an oxidizing environment was studied using non-isothermal
thermogravimetric analysis (TGA) and differential thermal analysis (DTA). This condition can occur during in situ thermal
recovery. The kinetics of the reactions was also determined by Arrhenius plot method.

Three regions of weight loss corresponding to low-temperature oxidation, fuel deposition and high temperature oxidation
were identified. Increasing the heating rate caused a shift in the reaction regions and peak temperatures to higher temperatures
No effect of gas flow rate was observed on the reactions. The oil sands have lower peak temperatures and activation energies
compared with their corresponding bitumen extracts, suggesting a catalytic effect of sand on the reactions. The DTA revealed
the exothermic nature of the reactions. The exothermicity increased with increasing heating rate.

The results of this study showed that the heating rate and the presence of sand have significant effect on the thermo-oxidative
reactions of the bitumen.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Oil sand; Bitumen; Thermal analysis; In situ combustion; Kinetics

1. Introduction The great overburden reported in most oil sand de-
posits and environmental problems usually associated
In situ combustion is a thermal recovery method with the disposal of spent sand in open-cast mining
suitable for heavy oil deposit such as oil sand. Energy method has made the in situ recovery an impor-
is generated within the reservoir by partial burning of tant aspect of oil sand development. Obviously, the
the bitumen with the introduction of air, oxygen or thermo-oxidative behavior of oil sand bitumen needs
mixture of both to facilitate burning. The heat of com- to be well characterized for better design and optimiza-
bustion generated cracks the heavy oil hydrocarbons, tion of this thermal process. Themoanalytical methods
vaporizes the lighter hydrocarbons and deposit heavier such as thermogravimetry (TG), differential thermal
hydrocarbons as coke. In this process, exothermic ox- analysis (DTA) and differential scanning calorimetry
idation reactions involving oxygen and hydrocarbons (DSC) have proved to play an important role in the
lead to a wide variety of reactions intermediate and combustion studies of fossil fue[4,2]. Yoshiki and
reaction products. Philip [3] have studied the thermo-oxidative and ther-
mal cracking reactions of Athabasca bitumen using
differential thermal analysis (DTA). They concluded
* Corresponding author. that heating rate can be used effectively to control
E-mail address: sonibaredayo@yahoo.com (O.0. Sonibare). the extent of low-temperature oxidation and hence
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fuel availability during in situ combustion. DSC and detected both in the air and nitrogen atmosphere.
TGA have been used to characterize the pyrolysis and Increasing the pressure of nitrogen and air was re-
combustion properties of two heavy crude du§. ported to cause an increase in the endothermicity and
In combustion with air, three distinct reaction regions exothermicity of the respective reactions.

were identified known as low-temperature oxidation  In Nigeria, oil sand deposits are found in the South-
(LTO), fuel deposition (FD) and high-temperature west with the total oil-in-place estimated to be over 30
oxidation (HTO). Heat values and kinetic parameters billion barrels[7]. Active research on the exploration
of the reactions were also determined. Studies on the of the oil sand has just begun. It has been suggested
pressure thermo-oxidative behavior of oil/sand and that the in situ recovery will be inevitable in the South-
coked sand samples have been reported by Indrijarsoern part of the belt where the overburden is in excess
et al. [5]. Three major reactions regions were iden- of 50 m[8]. Presently, only few reports are available
tified as distillation/LTO, cracking/first combustion on the thermal behavior of the oil sand. The effect of
and HTO/second combustion. Philips et @] have temperature on the viscosity, product yield and chem-
investigated the thermal degradation of Athabasca oil ical composition of the oil sand bitumen has been re-
sand, bitumen and its fractions using thermogravime- ported[9-11]. Apparently, much has not been done on
try (TG) and high pressure differential scanning the thermal characterization of the oil sand. Presently,
calorimetry (PDSC). Two regions of weight loss are there is no information about the temperature intervals
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Fig. 1. TGA (—) and DTG (---) curves of Nigerian oil sands.
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and the kinetic data of various oxidation reactions  The experiments involved placing 10-15 mg of all
that can take place during the thermal decomposition sand or 3-8 mg of bitumen in a platinum sample holder
of the oil sand in air. This information is necessary and heating from 25 to 75@ in a flowing atmosphere
for simulation calculations of in situ thermal recovery of air. Experiments were performed at different heating
method. In this paper, results on the thermo-oxidative rates (5, 10, 30 and 5€/min) and air flow rates (50,
reactions of Nigerian oil sand bitumen are presented. 75 and 100 ml/min). For reproducibility, all the exper-
iments were performed at least twice. The equipment
was calibrated for temperature readings using indium
2. Experimental as a reference material. The data presented in this pa-

per are those averaged from duplicate measurements.
2.1. Sample

Two oil sands collected from llubinrin and Oloda 3. Results and discussion
are used in this study. The sample sites are located in
Ondo state in the Southwest of Nigeria. Bitumen was 3.1. Themogravimetry analysis
soxhlet extracted from the oil sand using toluene.

TG/DTG curves of the oil sands containing bitu-
2.2. Equipment and procedure men and pure bitumen extracts are showrrigs. 1
and 2, respectively. The weight loss observed in the oll

TG and DTA measurements were conducted simul- sands was assumed to represent the thermal decompo-

taneously in a TG/DTA 320 Seiko thermogravimetric sition of the indigenous bitumen. The DTG curves re-

and differential thermal analyzer. vealed that reactions occurred at three different stages
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Fig. 2. TGA (—) and DTG (---) curves of Nigerian bitumen.
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Table 1
Thermogravimetric characteristics of the Nigerian oil sands and bitumen (heating ra@/niifi; air flow rate: 50 ml/min)
Sample First region (LTO) Second region (FD) Third region (HTO) PT (C)
Temperature Weight loss Temperature Weight loss Temperature Weight loss
range {C) (Wt.%)P range {C) (Wt.9%)P range (C) (Wt.%)P
Oil sands
llubinrin 25-330 3.4+ 0.2 330-480 4.0t 0.3 480-530 1.5+ 0.08 505+ 10
Oloda 25-340 4.2 0.2 340-485 7.5t 0.5 485-540 47 0.1 510+ 12
Bitumen
llubinrin 25-345 275+ 1.2 345-480 39.6: 1.4 480-550 32.% 1.2 535+ 10
Oloda 25-330 14.5 0.9 330-480 43.%# 1.3 480-545 42.4£ 0.7 535+ 5

apeak temperature.
bMean (£S.D.) of duplicate measurements.

in all the samples. The temperature intervals, fractional due to the difference in the origin of the bitumen. The
weight loss and peak temperatures for each reactionfirst reaction occurred between 25 and 385 called
regions are given ifable 1. The differences noticed the low-temperature oxidation (LTO). Light hydrocar-
in the thermogravimetric characteristics values of the bons evolved during the thermal decomposition were
two samples, especially in terms of weight loss are oxidized in this regiorj12,13]. The second transition
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Fig. 3. TGA curves of llubinrin bitumen at various heating rates (air flow rate: 50 ml/min).
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Table 2
Thermogravimetric characteristic of Nigerian bitumen at various heating rates (air flow rate: 50 ml/min)
Sample Heating rate First region (LTO) Second region (FD) Third region (HTO) PT (C)?
°C/min
( ) Temperature Weight loss  Temperature Weight loss  Temperature Weight loss
range (C) (Wt.9%)P range (C) (Wt.%)° range (C) (Wt.9%)P
llubinrin 5 25-325 32.6+ 1.2 325-460 29.6 1.5 460-525 37.8 0.7 505+ 11
10 25-345 275+ 1.2 345-480 39.6: 1.4 480-550 3212 535+ 10
30 25-375 27.4- 0.9 375-515 451 1.2 515-625 26.5: 0.8 575+ 5
50 25-380 274+ 1.1 380-528 475 14 528-640 25.06t 1.2 580+ 5
Oloda 5 25-320 15.3 1.0 320-460 38.5: 0.7 460-515 45.3t 0.8 510+ 8
10 25-330 14.5+ 0.9 330-480 43.%H 1.3 480-545 42.4- 0.7 535+ 5
30 25-350 14.3t 0.8 350-515 54.4 1.2 515-595 3111 555+ 10
50 25-370 15.5+ 0.8 370-530 51.6t 14 530-625 315t 1.2 570+ 5

2Peak temperature.
bMean (+S.D.) of duplicate measurements.

took place between 335 and 480 called the fuel de- ~ and peak temperatures to higher temperature with in-
position (FD) according to the classification of Kok creasing heating rates was observed. This behavior
[4]. The observed weight loss in this region was due suggests a slow rate of oxidation at high heating rates
to a combination of hydrocarbon combustion which which caused the combustion to reach completion at
compete with thermal cracking reactiof§. Carbon higher temperature. The weight loss in the fuel depo-
rich residue (coke) was formed at this stage and de- sition zone increased with increasing heating rate with
posited as fuel. The final reaction which involved the a subsequent decrease in the high temperature oxida-
combustion of the remaining hydrocarbons and car- tion zone. Statistical analysis indicated that there was
bon residue occurred between 480 and B2@nd is no effect of gas flow rates on the reaction®at 0.05
called the high-temperature oxidation (HTO).The oil (Table 3;Fig. 4).

sands have lower peak temperatures compare with the

bitumen extracts. The peak temperature represents the3.2. Differential thermal analysis

maximum rate of weight loss.

Fig. 3 shows the effect of heating rate on the ther-  The DTA curves of the oil sands and bitumen ex-
mal decomposition of llubinrin bitumen. The thermo- tracts are all similar (Table 4). The DTA traces were
gravimetric characteristics of the bitumen at various characterized by a mild exothermic peak up to about
heating and gas flow rates are listedTiables 2 and  470°C followed by a pronounced exothermic peak
3, respectively. A general shift in the reaction region that extended to the end of the combustion reaction.

Table 3

Thermogravimetric characteristics of Nigerian bitumen at various air flow rates (heating rate/nii)

Sample Air flow rate First region (LTO) Second region (FD) Third region (HTO) PIC)2
ml/min
( ) Temperature Weight loss  Temperature Weight loss  Temperature Weight loss

range {C) (Wt.%)° range {C) (Wt.%)° range {C) (Wt.%)°

llubinrin 50 25-345 275+ 1.2 345-480 39.6t 1.4 480-550 329 1.2 535+ 10
75 25-340 29.5+ 1.2 340-480 38.2£ 1.0 480-550 32.3 15 530+ 12
100 25-340 29.8+£ 1.1 340-480 38.8t 0.9 480-560 31414 540+ 5

Oloda 50 25-330 14.5+ 0.9 330-480 43.% 1.3 480-545 42.4- 0.7 535+ 5
75 25-330 16.5+ 0.5 330480 43.6t 1.4 480-550 39.9 2.1 540+ 11
100 25-350 16.3+ 0.8 330-480 43.3: 0.9 480-550 40.2- 1.8 535+ 13

2Peak temperature.

bMean (+S.D.) of duplicate measurements.
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A. Hubinrin oil sand
B. Oloda oil sand
C. Hubinrin bitumen
D. Oloda bitumen
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Fig. 4. DTA curves of Nigerian oil sands and bitumen.

The pronounced exothermic peak occurred within the tumen at various heating and air flow rates are shown
HTO region. Similar observation has been reported by in Figs. 5 and 6, respectively. It was observed that the
Indrijarso et al.[14] using high-pressure differential  exothermicity of the HTO reaction increases with in-
scanning calorimetry (DSC) with samples of heavy creasing heating rates at air flow rate of 50 ml/min.
oil/lsand. The DSC curves showed that the HTO reac- No effect was noticed at different gas flow rates at
tion produced much more exothermic curve compared 10°C/min. Similar effects were noticed in Ilubinrin
with the LTO reaction. The DTA curves of Oloda bi- bitumen.

Table 4
Kinetic parameter of Nigerian oil sand and bitumen (heating raté Cl®in; air flow rate: 50 ml/min)
Sample First region (LTO) Third region (HTO)
E (kJ/molf A (min—1) cc E (kJ/molf A (min—1) cc
Qil sand
llubinrin 36.9+ 2.0 6.6x 107! 0.994 324.8+ 3.2 5.1x 108 0.978
Oloda 46.7+ 1.5 55x 1071 0.995 287.7+ 5.2 6.2x 10%° 0.991
Bitumen
llubinrin 53.9+ 2.5 2.7x 10 0.997 344.0+ 4.3 9.7x 108 0.969
Oloda 57.9+ 3.3 6.7x 10t 0.998 382.8f 2.2 6.5x 107t 0.970

@Mean (£S.D.) of duplicate measurements; cc: correlation coefficient.
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Fig. 5. DTA curves of Oloda bitumen at various heating rates (air flow rate: 50 ml/min).

3.3. Kinetics analysis

TGA data. Kinetics of weight loss during bitumen

Table 5

combustion is extremely complex because of the
numerous components and species which are simul-
The kinetic parameters were determined from the taneously oxidized. The oxidation reaction cannot
be described by an exact kinetic scheme. Kinetics

Kinetic parameters of Nigerian bitumen at various heating rates (air flow rate: 50 ml/min)

201

Sample Heating rate’ C/min) First region (LTO) Third region (HTO)
E (kJ/mol} A (min~1) cc E (kJ/mol} A (min—1) cc

llubinrin 5 549+ 1.9 3.0x 10t 0.994 397.1+ 7.8 2.5x 102 0.996
10 53.9+ 25 2.7x 10 0.997 344.0+ 4.3 9.7x 108 0.969
30 51.0+ 2.3 2.3x 10 0.992 322.6+ 6.8 6.9x 106 0.993
50 48.1+ 3.2 1.6x 10 0.995 299.8+ 4.6 1.4x 10 0.992

Oloda 5 60.6+ 2.1 9.6x 10 0.998 4125+ 6.3 2.5x 10?4 0.964
10 57.9+ 3.3 6.7x 10! 0.998 382.8+ 2.2 6.5x 10?1 0.970
30 60.8+ 3.5 2.2x 102 0.997 287.1+ 4.6 4.4x 1014 0.990
50 63.3+ 2.3 4.1x 10? 0.996 324.24+ 8.2 6.8x 1016 0.982

2Mean (£S.D.) of duplicate measurements; cc: correlation coefficient.
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Fig. 6. DTA curves of Oloda bitumen at various air flow rates (heating rateCadin).

parameters calculated here are regarded as apparent = A exp(—E/RT) (2)
data representing complex and consecutive reac-
tions. The overall thermal process responsible for the

weight loss can be described by the following rate | herekis the rate constan, the extent of conversion,

a=Wo— W;/Wo— W (3)

expressions. n the order of reaction\, the initial weight of the
do/df = k(1 — )" (1) sample W; the weight of the sample at timeW; the
Table 6
Kinetic parameters of the bitumen at various air flow rates (heating rateC/bfin)
Sample Air flow rate First region (LTO) Third region (HTO)
(ml/min) 1 —
E (kJ/molp A (min—1) cc E (kJ/mol} A (min—1) cc
llubinrin 50 53.9+ 2.5 2.7x 10 0.997 344.0+ 4.3 9.7 x 108 0.969
75 51.2+ 1.8 1.6 x 10t 0.991 392.7+ 4.6 2.1x 1072 0.976
100 50.9+ 2.3 1.4x 10 0.991 382.1+ 1.8 3.9x 1071 0.974
Oloda 50 57.9+ 3.3 6.7x 10 0.998 382.8+ 2.2 6.5x 102 0.970
75 525+ 2.2 1.7 x 10t 0.995 3475+ 2.1 3.1x 100 0.988
100 55.84+ 2.9 3.0x 10t 0.995 391.1+ 1.2 1.9x 102 0.973

@Mean (£S.D.) of duplicate measurements; cc: correlation coefficient.
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Fig. 7. Arrhenius plot of llubinrin bitumen at various heating rates (air flow rate: 50 ml/min), LTO region.

final weight of the sample at the end of the reaction, and slope of the line. Typical plots to obtain activation

A the Arrhenius constang activation energyR gas
constant and absolute temperature.
By combiningEgs. (1) and (2), we obtain

da/dr = Aexp(—E/RT)(1 — )" 4)

For a non-isothermal kinetics expression with linear
heating ratesg, Eqg. (4)becomes

da/dr = A/Bexp(—E/RT)(1 — a)" (5)

By integratingEq. (5), taking the natural logarithms
and assuming that = 1, we obtain

In{—In(1 — @)/ T?} — INAR/BE — E/RT (6)

By using thex and temperature values from the TGA
data. A plot of I{—In(1 — a)/T?} versus 1/Tshould
result in a straight line. Arrhenius constaAt,and ac-
tivation energyE, can be obtained from the intercept

energies for the low- and high-temperature oxidation
reactions of the bitumen are shownHigs. 7 and 8. A
regression analysis with the least square method was
used in drawing the best straight line. The linear least
square correlation varied between 0.970 and 0.998.
The oil sands have lower activation energy and Ar-
rhenius constant values compare with the bitumen ex-
tracts (Table 4). The apparent activation energy values
for the low- and high-temperature oxidation reactions
varied from 36.9 to 46.7 and 287.7 to 324.8 kJ/mol
for the oil sands and from 53.9 to 57.9 and 344.0 to
382.8 kd/mol for the bitumen, respectively. This result
suggests a catalytic effect of sand on the oxidative re-
actions taking place during the thermal decomposition
of the bitumen contained in the oil sand. The activa-
tion energies of the low- and high-temperature oxi-
dation reactions of the bitumen samples at different
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Fig. 8. Arrhenius plot of llubinrin bitumen at various heating rates (air flow rate: 50 ml/min), HTO region.

heating and air flow rates are givenTiables 5 and 6,  various thermo-oxidative reactions taking place dur-
respectively. Both the heating and gas flow rates have ing the thermal decomposition. Differential thermal
no significant effect on the activation energies in the analysis (DTA) revealed the exothermic nature of the
LTO region atP < 0.05 but the values decreased with reactions especially at the HTO region.

increasing heating rate in the HTO region.
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