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IntroductionIntroduction
Most of the reported modeling studies are Most of the reported modeling studies are 

based on TGA, DGA, DSC and Rockbased on TGA, DGA, DSC and Rock--Eval Eval 
Analyzer results.Analyzer results.
Integral and differential methods, the Integral and differential methods, the 
method of maximum rate have been used. method of maximum rate have been used. 
These models have assumed a firstThese models have assumed a first--order order 
depletion of kerogen to form oil and gas depletion of kerogen to form oil and gas 
products. products. 



AllredAllred (1966) reported that the process of oil evolution is (1966) reported that the process of oil evolution is 
the sum of two separate steps. the sum of two separate steps. 

The first involves degradation and The first involves degradation and 
The second is the evaporation of the products, The second is the evaporation of the products, 
Each has different activation energies. Each has different activation energies. 
As the temperature increases, this latter process is claimed to As the temperature increases, this latter process is claimed to be be 
the ratethe rate--determining stepdetermining step

Braun and Rothman (1975), reported 44.6 kJmolBraun and Rothman (1975), reported 44.6 kJmol--11
activation energy below 490activation energy below 490ooC reaction Temperature. C reaction Temperature. 

Decomposition of bitumen involves breaking of relatively weak Decomposition of bitumen involves breaking of relatively weak 
chemical bonds, chemical bonds, 
Higher activation energy, 177.6 kJmolHigher activation energy, 177.6 kJmol--11 involves breaking of involves breaking of 
much stronger chemical bonds in kerogen.much stronger chemical bonds in kerogen.

Previous WorkPrevious Work



Previous Work (cont.)Previous Work (cont.)

Weight loss in low temperature pyrolysis region attributed to loWeight loss in low temperature pyrolysis region attributed to loss of ss of 
moisture, interlayer water and decomposition of nahcolite (NaHCOmoisture, interlayer water and decomposition of nahcolite (NaHCO33) ) 
which takes place up to 120 which takes place up to 120 ooCC.  .  
Physical changes, such as softening and molecular rearrangement Physical changes, such as softening and molecular rearrangement 
associated with the release of gases and structural water are associated with the release of gases and structural water are 
attributed to the rapid evaporation of organic material not attributed to the rapid evaporation of organic material not 
chemically bonded to the kerogen network.chemically bonded to the kerogen network.

Campbell and coCampbell and co--workers (1980), studied rate of evolution of CHworkers (1980), studied rate of evolution of CH44, , 
HH22, CO, CO, CO, CO22, and C, and C22, C, C33 hydrocarbons during pyrolysis of Colorado hydrocarbons during pyrolysis of Colorado 
Oil Shale at linear heating rates varying from 0.5 to 4.0Oil Shale at linear heating rates varying from 0.5 to 4.0ooCminCmin--1. 1. 

Dawsonite, NaAl(OH)Dawsonite, NaAl(OH)22COCO33 decomposes to Nadecomposes to Na22COCO33 , Al, Al22OO33 , H, H22O , COO , CO22
between 350between 350-- 400 400 ooC C 



Additional studiesAdditional studies

Decomposition of oil shale involves large number of reactions inDecomposition of oil shale involves large number of reactions in
parallel and in series, parallel and in series, 

TGA measures overall weight loss due to these reactions. TGA measures overall weight loss due to these reactions. 
Therefore activation energies derived from TGA data are apparentTherefore activation energies derived from TGA data are apparent
activation energies. activation energies. 

Li and Yue 2003, studied pyrolysis kinetics of different ChineseLi and Yue 2003, studied pyrolysis kinetics of different Chinese
oil shale samples at a constant heating rate of 5oil shale samples at a constant heating rate of 5ooCminCmin--11. . 

The TGA data obtained used to develop a kinetic model which assuThe TGA data obtained used to develop a kinetic model which assumes mes 
11 first order parallel reactions with changed activation energi11 first order parallel reactions with changed activation energies and es and 
frequency factors. frequency factors. 
They reported apparent activation energies in 80 They reported apparent activation energies in 80 -- 280 kJmol280 kJmol--11 range range 
and apparent frequency factor in the range 1.3*10and apparent frequency factor in the range 1.3*1044 to 1.4*10to 1.4*101919 . . 
The calculated fractional conversion of each reaction is a complThe calculated fractional conversion of each reaction is a complex ex 
function of activation energy.function of activation energy.



Chemical Reactions and Chemical Reactions and Variable Variable 
Activation EnergyActivation Energy IdeaIdea

Low activation energies, rupture of weak cross linked Low activation energies, rupture of weak cross linked 
bonds, such as, Cbonds, such as, C--O, CO, C--S, (17,18) etc. S, (17,18) etc. 

Also, rupture of branched functional groups in kerogen long Also, rupture of branched functional groups in kerogen long 
molecular structure. molecular structure. 
These bonds have low rupture energy that produces gases These bonds have low rupture energy that produces gases 
such as Hsuch as H22O, COO, CO22, H, H22S, HS, H22 and light hydrocarbonsand light hydrocarbons

Medium activation energy values are associated withMedium activation energy values are associated with
break up of the side chains in break up of the side chains in ββ--site of aromatics,site of aromatics,
decomposition of normal alkane with large molecular weight, decomposition of normal alkane with large molecular weight, 
DielsDiels--Alder cyclation reaction and the rupture of alicyclic Alder cyclation reaction and the rupture of alicyclic 
hydrocarbon. hydrocarbon. 

This corresponds to pyrolysis temperature between This corresponds to pyrolysis temperature between 
420 420 –– 480 480 ooC  C  



Chemical Reactions and Chemical Reactions and Variable Variable 
Activation EnergyActivation Energy IdeaIdea

High apparent activation energies are mainly the High apparent activation energies are mainly the 
aromatization of alicyclic compounds, aromatization of alicyclic compounds, 
dehydrogenation and combination of aromatic rings, dehydrogenation and combination of aromatic rings, 
rupture of heterocyclic compounds coke formation rupture of heterocyclic compounds coke formation 
reactions.reactions.



DTA Studies on Jordanian Oil ShaleDTA Studies on Jordanian Oil Shale

DTA thermal tests with a heating rate 10DTA thermal tests with a heating rate 10ooCminCmin--11. . 
conducted and the following heat effects recorded:conducted and the following heat effects recorded:

30 30 –– 150 150 ooC C endothermic endothermic –– release of the absorbed waterrelease of the absorbed water

150 150 -- 550 550 ooC C exothermic exothermic –– reaction of first organic complexreaction of first organic complex

420 420 –– 520 520 ooC C roasting of the pyritesroasting of the pyrites

480 480 -- 520 520 ooC C dehydration of the phosphate complexdehydration of the phosphate complex

450 450 –– 800 800 ooC C reaction of the second organic complexreaction of the second organic complex

790 790 –– 940 940 ooC C endothermic  dissociation of dolomiteendothermic  dissociation of dolomite

920 920 -- endothermic dissociation of calciteendothermic dissociation of calcite



Experimental ConditionsExperimental Conditions
400 g sample400 g sample
Particle size less than 3 mmParticle size less than 3 mm
NN22 gas and 350 gas and 350 --550 550 ooC temperature range C temperature range 
Stainless Steel cylindrical retortStainless Steel cylindrical retort
Digital BalanceDigital Balance
Circulating coolant with anti freeze at 2 Circulating coolant with anti freeze at 2 ooCC
Glass condenserGlass condenser
Electrical heater.Electrical heater.
Heating rates varied between 2.6 Heating rates varied between 2.6 –– 5 5 ooCminCmin--11



Experimental Setup (1)Experimental Setup (1)



Experimental Setup(2)Experimental Setup(2)



Oil Shale CharacteristicsOil Shale Characteristics
ComponentComponent Raw ShaleRaw Shale

Moisture Content Moisture Content 1.211.21
Total WaterTotal Water 3.03.0
Total OilTotal Oil 12.1812.18
Gas LossGas Loss 3.43.4
Spent Shale Spent Shale 86.386.3
Total SulfurTotal Sulfur 2.292.29
Total CarbonTotal Carbon 17.2817.28
Total Organic Carbon Total Organic Carbon 11.4211.42
HydrogenHydrogen 1.761.76
CaCOCaCO33 46.3146.31
Calorific Value, kJ/kgCalorific Value, kJ/kg 54675467



Component

0.0

5.0

10.0

15.0

20.0

25.0

30.0

300 350 400 450 500 550 600
Pyrolysis Temperature, oC

P
er

ce
nt

 L
o

gas 
total 
oil & water

Sample Losses, Total, Liquids, GasesSample Losses, Total, Liquids, Gases



heating rate,h, oCmin-1
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Final Pyrolysis Temp. oC 
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Kinetic Equations Kinetic Equations 
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Constant Activation Energy
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Modified Kinetic EquationModified Kinetic Equation
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ydata = 1.051x + 0.0527
R2 = 0.9908
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ydata = 1.0077x - 0.0026
R2 = 0.9958

-5
-4
-3
-2
-1
0

-5 -4 -3 -2 -1 0
Experimental ln(-ln(1-x))

Th
eo

  l
n(

-ln
(1

Exp. Vs. Theo.
rates

Activation Energy and Activation Energy and kkoo are function of xare function of x



Rate of Liquid ProductionRate of Liquid Production
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Liquid  modeling for h 2.6Liquid  modeling for h 2.6--2.8 2.8 ooCminCmin--11



Liquid  modeling for h 2.5Liquid  modeling for h 2.5--5 5 ooCminCmin--11



Liquid modeling for (h) 9Liquid modeling for (h) 9--14 14 ooCminCmin--11



Calculated parametersCalculated parameters

Low and intermediate heating rate Low and intermediate heating rate 
calculated parameters:calculated parameters:

kkolol= 1.15*10= 1.15*1066

E  = 77 kJmolE  = 77 kJmol--11

High heating rate calculated parameters:High heating rate calculated parameters:
KKolol=3.0*10=3.0*1066

E  = 96.5 kJmolE  = 96.5 kJmol--11



Conclusions and RecommendationsConclusions and Recommendations
1.1. Total oil shale weight loss data have been fitted to a Total oil shale weight loss data have been fitted to a 

standard first order equation with new modifications standard first order equation with new modifications 
for Activation Energy and Frequency factor. for Activation Energy and Frequency factor. 

The complexity of reactions during pyrolysis dictate such The complexity of reactions during pyrolysis dictate such 
thinkingthinking
Excellent agreement is obtained between developed model Excellent agreement is obtained between developed model 
and experimental data.and experimental data.

2.2. Rate of liquid accumulation  has been modeled with Rate of liquid accumulation  has been modeled with 
a standard second order reaction model. a standard second order reaction model. 

77 kJmol77 kJmol--11 activation energy calculated for heating rate activation energy calculated for heating rate 
less than 5 less than 5 ooCminCmin--11 . . 
96.5kJmol96.5kJmol--11 calculated for heating rate in 9 calculated for heating rate in 9 –– 14 14 ooCminCmin--1 1 

range. range. 
3.3. Gaseous production rate has not been modeled yet.Gaseous production rate has not been modeled yet.
4.4. Mathematical treatment of the model is required. Mathematical treatment of the model is required. 
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