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Abstract: 
bed pyrolysis process, and a comparative study was conducted on the properties of the liquid products 
obtained through fluidized-bed pyrolysis of oil sand and the native bitumen obtained by solvent 
extraction. The results indicated that the fluidized-bed pyrolysis, a feasible carbon rejection process, 
can be used to upgrade oil sand. The reaction temperature and time were found to be the key operating 

temperature was 490 oC and the most suitable reaction time was 5 min. Under these operation conditions, 

heating rates of 5, 10, 20 and 30 o

Key word: Oil sand, bitumen, fluidized-bed pyrolysis, fluidized bed, thermogravimetric analyzer, 
Kinetics

pyrolysis
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1 Introduction
The depletion of conventional oil reserves and the 

increasing price of crude oil are leading to the use of 
unconventional oil resources. Oil sands, an alternative 
fossil fuel (Söderbergh et al, 2007), will play an important 
role in the future. The worldwide recoverable oil sands are 
approximately 6.5×1011

Xinjiang, Qinghai and Sichuan (Niu and Hu, 1999). The 

and utilization because of their large volume as well as high 

Oil sand is mainly used for extracting bitumen. The 
bitumen from oil sand can be recovered through open-pit 

Yan et al, 2009). The open-pit mining process includes the 
mining of oil sand and the subsequent surface processing 
to recover bitumen from the sand matrix. The hot water 
separation method was most widely used for separating 
and recovering bitumen (Speight, 2006; Subramanian and 

water separation method is that it was limited by the types of 
oil sands: high bitumen recovery yields can only be achieved 
for water-wet oil sands (Meng, 2007). Solvent extraction 

can increase the bitumen recovery of the oil-wet oil sands, 
but it requires a large amount of organic solvent, resulting in 
high treatment costs and potential environmental pollution. 
To overcome this problem, a more feasible alternative way 
is to process oil sands by a direct pyrolysis process to obtain 
bitumen-derived liquid products.

A lot of research has been conducted on the pyrolysis 
of oil sands. Most studies have been focused on obtaining 
liquid products in fixed beds (Meng, 2007; Meng et al, 

Taciuk, 1977; Hanson et al, 1995; 1992a; Cha et al, 1991) or 

Fletcher et al, 1995; Gishler and Peterson, 1956; Nathan 
et al, 1969; Nathan and Grubb, 1969). Thermogravimetry 
is employed to investigate the effects of heating rate on 
pyrolysis and reaction kinetics to optimize the pyrolysis 
process (Li et al, 1995; Khraisha, 1999; Sonibare et al, 2003; 

and apparatus for direct fluidized-bed coking of oil sands, 
as shown in Fig. 1. This process may improve the bitumen 
recovery of oil-wet oil sands with continuously feeding and 
good operating flexibility. Fluidized-bed pyrolysis of oil 
sands has a potential of producing bitumen-derived liquid 
products, although research on pyrolysis of oil sand is still 
at a laboratory scale. Therefore, the pyrolysis of oil sand 

Mongolian oil sand was investigated under different 
operating conditions, such as reaction temperature, 
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Fig. 1 Fluidized-bed coking process for oil sands
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reaction time, mass ratio of water to bitumen and mass 
ratio of hot carrier to oil sand. Moreover, a comparative 
study was carried out of the properties of liquid products 
obtained through fluidized-bed pyrolysis of oil sand and 
those of native bitumen obtained by solvent extraction. 

also studied using a thermogravimetric analyzer.

2 Experimental section

2.1 Feedstocks and hot carrier

The oil sand sample used in this study was from the 

bitumen and the water contents of the oil sand were measured 

1992). The basic properties of oil sand are listed in Table 1 
and Table 2.

Table 1

10.09

Moisture 14.0

Sand 75.9

Oil yield of oil sand (by Fischer Assay)

Oil

Gas 1.74

Water 11.6

Semi-coke

Table 2 

7.32 0.66

Table 3 Composition analysis of hot carrier

Component

SiO2

Al2O3 11.0

Fe2O3 1.16

TiO2 0.53

CaO 0.57

MgO 0.24

K2O 3.31

Na2O 2.62

MnO2 0.03

P2O5 0.02

SO3 0.09

Table 4

Results

2 5.31

Pore volume, cm3 0.014

Average pore diameter, nm 11.1

3 1.20

3 2.03

5.17

19.4

42.7

19.9

The heat carrier is the sand obtained by removing coke 
from the coked sand in a muffle furnace in air, and its 
physical properties are shown in Table 3 and Table 4.

2.2 Experimental apparatus
Fluidized-bed pyrolysis experiments were carried out in a 

control system, and the products collection and separation 

heating during feeding, a cooling-water jacket was installed 
at the outside of the feeding tube to cool it. As a consolidated 
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Fig. 2 Schematic diagram of uidized-bed pyrolysis reaetor system
1-water tank; 2-water pump; 3-temperature control instruments; 4-steam furnace; 5-feeder tank; 
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bitumen-impregnated sandstone, the oil sand was crushed and 

oil sand tends to agglomerate in the feeding tank, the feeding 

experiment, hot carrier (with an effective volume of about 

was pumped into a furnace to form steam to keep the hot 

was mixed with the fluidized hot carrier, and the reaction 
took place. At the end of the reaction time, the heater was 
shut down and the reactor was quenched immediately by cold 
water to 350 oC to stop the reaction. Finally, the oil sand and 
the hot carrier were stripped for 40 min in order to recover 
the product completely. To study the pyrolysis kinetics of 

sample was evenly spread on a ceramic crucible. The initial 
thermogravimetry (TGA) temperature for all the samples was 
set at 30 o oC. The 
heating rates were from 5, 10, 20 to 30 o

The tests were carried out under a nitrogen purge at a rate of 

2.3 Product analysis

Station to determine the volume composition. The state 
equation for ideal gases was used to convert the volume data 
to mass percentages for the material balance. The condensed 

min for 10 min. The upper liquid was weighed and analyzed 

with the simulated distillation gas chromatogram to obtain the 
weight percentages of gasoline (C5-200 oC), diesel (200-350 
oC) and heavy oil (>350 oC). The coke on the hot carrier and 
coked sand were measured with a coke analyzer.

3 Results and discussion
3.1 Fluidized-bed thermal reaction

The effects of reaction parameters on the product 
distribution and yields were investigated, and the operating 
conditions for the main pyrolysis experiments are listed in 

as the ratio of water input per minute to total bitumen fed to 

diesel and heavy oil, and the feedstock conversion refers to 
the sum of the yields of dry gas, liquid petroleum gas (LPG), 
gasoline, diesel and coke.

Table 5

Temperature of reactor, oC 450-530

Reactor time, min 2-10

Temperature of steam furnace, oC 350

1.0-5.0

Loaded hot carrier, g 50-150

Mass ratio of hot carrier to oil sand 2-6

Stripping time, min 40

3.1.1 Effect of reaction temperature

fluidized-bed pyrolysis, experiments at temperatures from 
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470 to 530 o

min, water to bitumen mass ratio of 0.4 and hot carrier to oil 
sand mass ratio of 2:1. The experimental data are shown in 
Fig. 3. All the yields are presented as weight percent of total 
bitumen on oil sand fed into the reactor.

Fig. 3 showed that with increasing temperature, both 
the feedstock conversion and the yields of dry gas, LPG, 
gasoline, and light oil increased, while the yield of heavy 
oil decreased significantly. High reaction temperature 
means harsh conditions and high pyrolysis extent. Since 
dry gas was the end product of thermal reaction, its yield 
increased with an increase of reaction temperature. LPG, 
gasoline, diesel and heavy oil were intermediate products, 
their yields decreased after reaching a maximum value 

because of secondary reactions. The maximum yields 
of gasoline and LPG were not observed because the 
reaction temperature range was relatively narrow. The 
yield of diesel passed through a maximum at about 510 
oC although the change of diesel yield was relatively 

with the increasing yields of dry gas, LPG and gasoline, 
with increasing temperature due to harsher conditions 
of thermal cracking. The yield of coke on the hot carrier 
showed a minimal value at 500 oC. The maximum yield 

temperature of 490 oC. At temperatures above 490 oC the 
total liquid product decreased, due to part of the heavy oil 
being converted into dry gas and LPG.

Fig. 3 Effect of reaction temperature on product distribution and yields (reaction time, 5 min; 
mass ratio of water to bitumen, 0.4; mass ratio of hot carrier to oil sand, 2:1) 
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Reaction temperatuer, 

high-boiling components was directly converted at high 
temperatures on the surface of oil sand into low boiling liquid 
products, and the reaction followed free radical mechanisms, 
and mainly took place on the hot carrier surface and spaces 
between the hot carrier particles. The heavy hydrocarbon 
molecules of bitumen cracked into lighter hydrocarbons, 
such as dry gas, LPG, gasoline, diesel and heavy oil, which 

products, gasoline, diesel and heavy oil can undergo 
secondary reactions such as cracking and polymerization. 

Coke is produced and deposits on the hot carrier. On an 
industrial scale, the oil and gas would be recovered in to be 
used as a feedstock of subsequent processing steps such as 
catalytic cracking and hydrotreating. The objective of the 
fluidized-bed pyrolysis was to obtain the maximum liquid 

liquid product was obtained at 490 oC, which was the optimal 
reaction temperature.

and hydrogen with reaction temperature is shown in Fig. 
3(c) and Fig. 3(d). The yields of light olefins, light alkanes 

Pet.Sci.(2013)10:562-570



566

and hydrogen increased monotonically with increasing 
temperature. However, their yields were low, and will not be 
discussed further. Light olefins, light alkanes and hydrogen 

and they would reduce the yields of the liquid products. 

reaction of pyrolysis and would increase the by-product 

3.1.2 Effect of reaction time
The effect of the reaction time on product distribution 

and yields was investigated at 500 oC, and mass ratios of 
water to bitumen and hot carrier to oil sand of 0.4 and 2:1, 
respectively, for reaction times from 2-10 min. The results are 
shown in Fig. 4.

The yields of dry gas, LPG, gasoline, diesel oil and heavy 
oil increased with increasing reaction time in the range of 2 to 

times longer than 5 min, suggesting that the reaction was 
almost completed within 5 min. Longer reaction time means 
more time for the pyrolysis of hydrocarbons. The optimal 
reaction time was determined to be 5 min.

Fig. 4 Effect of reaction time on product distribution and yields (reaction temperature, 500 oC; 
mass ratio of water to bitumen, 0.4; mass ratio of hot carrier to oil sand, 2:1)
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3.1.3 Effect of mass ratio of water to bitumen
Under the conditions of the reaction temperature, the 

reaction time and the mass ratio of hot carrier to oil sand of 
500 oC, 5 min, and 2:1, respectively, the effect of mass ratio 
of water to bitumen fed to the fluidized bed reactor on the 
product distribution and yields was investigated in the range 
of 0.2 to 0.6. The distribution and yields of the products as a 
function of mass ratio of water to bitumen are shown in Fig. 5.

to bitumen, the feedstock conversion, the yields of dry gas, 

LPG, gasoline and light oil decreased slightly while the yield 
of heavy oil increased marginally. The yield of diesel varied 
linearly while the yield of coke was unchanged. The yield 
of the liquid product increased with increasing mass ratio of 
water to bitumen from 0.2 to 0.4, and then remained almost 
unchanged from 0.4 to 0.6.

Steam can restrain condensation or polymerization 
of hydrocarbons in fluidized-bed pyrolysis of oil sand. 
Therefore, the increase of the mass ratio of water to bitumen 
can prevent coke deposition on the hot carrier and reduce 
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Fig. 5 Effect of mass ratio of water to bitumen on product distribution and yields (reaction temperature, 490 oC; reaction time, 
5 min; mass ratio of hot carrier to oil sand, 2:1)
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the yield of coke. However, because the coke deposition was 

ratio of water to bitumen means a short residence time for 
oil. This will result in uncompleted pyrolysis, and prevent 
the secondary cracking of oil in the reactor, subsequently, 
leading to low feedstock conversion and an increased yield of 
heavy oil. Considering the energy consumption and economic 

returns, the optimal mass ratio of water to bitumen was 
determined as around 0.4.
3.1.4 Effect of mass ratio of hot carrier to oil sand

The effect of the mass ratio of hot carrier to oil sand on 
product distribution and yields was investigated in the range 
of 1:1 to 4:1 under the reaction conditions of temperature of 
500 oC, the reaction time of 5 min and the mass ratio of water 
to bitumen of 0.4. The experimental data are shown in Fig. 6.

Fig. 6 Effect of mass ratio of hot carrier to oil sand on product distribution and yields (reaction temperature, 500 oC; 
reaction time, 5 min; mass ratio of water to bitumen, 0.4) 
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 Fig. 6 showed that with increasing mass ratio of hot 
carrier to oil sand, the feedstock conversion, the yields of 
dry gas, LPG, gasoline, diesel oil, light oil, liquid product 
increased slightly, while the yield of heavy oil decreased 
slightly. As the mass ratio of hot carrier to oil sand increased, 
there were more contacts between hot carrier and oil sand. 
The fluidized state and heat transfer were improved and 
the yield of products of low molecular weights increased. 
However, the product yield varied very slightly with 
increasing mass ratio of hot carrier to oil sand, hence it was 
difficult to investigate the variation of product yields as a 
function of the mass ratio of hot carrier to oil sand in this 

ratio of hot carrier to oil sand would bring more energy to 
the reaction system, hence accelerate the thermal cracking 
reactions. Considering the energy consumption, handling 

mass ratio of hot carrier to oil sand was determined to be 2:1.

3.2 Comparative study for product between organic 

the liquid product in comparison to the original bitumen, 
because the quality of the liquid product is the key factor in 
the selection of subsequent processing steps for upgrading 

conducted on the properties of the liquid products obtained 
through the fluidized-bed pyrolysis and the native bitumen 
obtained by organic solvent extraction. The native bitumen 
sample was obtained by solvent extraction of crushed oil sand 
with toluene in a Soxhlet extraction apparatus, and then the 
solvent was stripped from the solvent-bitumen solution under 

vacuum to obtain the native bitumen. The liquid product was 
obtained through the fluidized-bed pyrolysis at a reaction 
temperature of 500 oC, a reaction time of 5 min, water to 
bitumen mass ratio of 0.4 and hot carrier to oil sand mass 

liquid product are listed in Table 6.
The density, viscosity and Conradson carbon residue of 

the liquid product were markedly decreased when compared 
to those of the native bitumen. The density decreased from 

3

cm3 for the liquid product. The viscosity of the liquid product 
decreased by several orders of magnitude compared with 
that of the native bitumen at the same temperature. The mass 
percent of C and H of the liquid product was higher, while 
the mass percent of S, N and O was much lower, than that of 
the native bitumen. The amounts of hetero atoms (S, N and 

in the liquid products, indicating that most of the hetero 
atoms and trace metals were deposited on the hot carrier. The 

was significantly lower than that of the native bitumen 

and aromatics) in the product liquid were increased at the 
expense of resin and asphaltenes. These results indicated 

boiling range compared with the native bitumen: the vacuum 
residue fraction (>500 o

Pet.Sci.(2013)10:562-570



pyrolysis of oil sand was significantly improved compared 
with that of the native bitumen, and the liquid product would 

Pyrolysis of oil sand can obtain high quality liquid products; 
it had more advantages than the organic solvent extraction of 
bitumen-sand.

3.3 Kinetic analysis of thermal reaction
Thermal analysis of oil sand can help understanding 

the pyrolysis of oil sand, and the behavior of oil sand can 
be predicted with a high degree of certainty over a wide 

various conditions, such as temperature and heating rates, 

Mongolian oil sand were investigated.
3.3.1 Pyrolysis behavior

The thermogravimetry (TG) and the differential 

seen that the weight-loss process of the oil sand can be 
separated into three steps: the vaporization of moisture in the 

samples below 150 oC; the volatilization of relatively light 
hydrocarbons in the oil sand from 150 to about 350 oC, and 
the cracking of the relatively heavy hydrocarbons from 350  
to 550 oC, when a series of complex reactions took place due 
to the heavy hydrocarbons being heated and cracked into 
smaller molecules, including the gaseous hydrocarbons and 
oil. With an increase of the heating rate, the TG curves and 

region and the final weight loss tended to reduce. These 
behaviors could be explained on the basis of heat transfer and 
diffusion. The higher heating rate means harsher conditions, 
which would lead to the pyrolysis of some hydrocarbons 
and the formation of coke at higher temperature. Therefore, 

no change in conversion at temperature higher than 550 oC 
indicating that the pyrolysis was completed at about 550 oC.

Table 6 Physical and chemical properties of native bitumen and liquid 
product from pyrolysis of oil sand

Native bitumen Liquid product 
o 3 0.963

oC, mPa·s >50000

16.55 2.16

C

H 11.4 12.2

S 0.35 0.126

N 0.136

O 3.57

1.63 1.70

1341 316

4639

6904 94.7

SARA analysis

14.1 67.0

22.2

10.1

0.73

oC 0 7.3

200-350 oC 1.2 23.2

350-500 oC 41.1

500-611.6 oC 51.1
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Fig. 7 TG curves of the oil sand at different heating rates
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3.3.2 Kinetic analysis of pyrolysis of oil sand 
The kinetics of thermal reactions of oil sand (Li and 

can be calculated from the TG data, using the Arrhenius 
expression to correlate of weight-loss rate with temperature. 
The kinetic parameters, activation energy, and pre-exponential 
factor for oil sand pyrolysis were determined by the Coats-

2000; Wang et al, 2009). Generally, oil sand pyrolysis can be 
regarded as a first-order reaction (Li et al, 1995; Khraisha, 
1999; Sonibare et al, 2003; Ma and Li, 2010). The overall 
conversion of bitumen in oil sand can be represented as 
follows:
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Oil sand pyrolysis can be described using the following 
reaction model:

(1)
d exp( )(1 )
d
x EA x
t RT

 

where t is the pyrolysis time, A is the pre-exponential factor, 
E is the activation energy, R is the gas constant, T is the 
absolute temperature, x is the weight loss fraction or pyrolysis 
at temperature T or time t (as shown in Fig. 9), and can be 
calculated by

(2)
0

0

t

f

m mx
m m

 

where m0 is the initial mass of the oil sand sample, mt is the 
mass of oil sand at temperature T or time t, mf

, 
during pyrolysis, =dT t, rearranging Eq.(1) using the Coats-
Redfern method and the Eq.(3) can be obtained:

(3)2

ln(1 ) 2ln ln 1x AR RT E
T E E RT

 

For most values of E and T, the expression ln[AR
RT/E)] in Eq.(3) could be considered as a constant, 

x T2] as a function 
T will determine the apparent activation energy E and 

frequency factor A ). Table 7 and 

and pyrolysis at different heating rates. As shown in Table 

than 0.99. These results indicate that it was reasonable to use 
Coats-Redfern method to describe the oil sand desorption 

desorption stage with lower activation energy is a physical 
process. The activation energy of pyrolysis increased from 

5 to 30 o

the heat transfer at different heating rates and kinetics of the 
thermal reaction, resulting in delayed effects of the thermal 
reaction.

Table 7 Kinetic results of oil sand

Heating rate
 o

Temperature 
 oC

Activation
 energy (E) 

Pre-exponential 
factor (A) 

min-1

Regression

5 17.4 0.99909

10 201-355 1.5176 0.99934

20 207-365 1.7662

30 211-372 20.3

Table 8 Kinetic results of oil sand thermal reaction

Heating rate 
o

Temperature
 oC

Activation
 energy (E) 

Pre-exponential
 factor (A)

 min-1

Regression

5 440-472 111.1 1.71×107

10 460-490 121.9 0.99941

20 470-500 130.7 9.23×10 0.99971

30 139.4 9

4 Conclusions

of oil sands is a feasible process for the production of an 

oil sand. The reaction temperature and the reaction time 
of fluidized-bed pyrolysis were the key parameters that 
affected the product distribution and yields in the fluidized 
bed reactor. The optimal reaction temperature of 490 oC 
and reaction time of 5 min were determined. At the optimal 

obtained. The quality of the liquid product from pyrolysis of 

the native bitumen, and it would be an excellent feedstock for 

The weight loss process of the oil sand can be divided into 
oC, the main reaction 

process in this stage is the removal of moisture from the 
oil sand. The second step is from 150 to 350 oC, where the 
light hydrocarbons volatilize. The third step is between 350 
and 500 oC, where relatively heavy hydrocarbons pyrolyse. 
At higher heating rates, the pyrolysis occurred in the higher 
temperature region and had almost finished when the 
temperature reached 550 oC. As the heating rate increased, 

higher temperature region and the final weight loss trended 

order reaction model and the activation energy increased from 

from 5 to 30 o
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