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|ntroduction

% VoSt off the reported moedeling studies are
pased onl TGA, DGA, DSC and Reck-Eval
Analyzer results;

“Integral andr differential metheds, the
methed ol meXximum: rate: have heen used.

“lhese moaelss have: assumed: a first-order
depletion ofi kereogen: to form olliand gas
Products.



Previous \Work

% Allred (1966) reported that the: precess: efi oil evelution: Is
the sumi off e Separate steps.

% e first Invelvesidegradatien and
% e second Is the evaporation: off the: products,
% [Each has diffierent activation energies.

% As the temperature increases, this latter process Is claimed to be
the rate-determining step

% Braun and Rethman (1975), reported 44.6 kJmol™
activationr energy. helow! 490°C: reaction llemperature:

v

% [Decompesition of bitumen Invelves breakingl ofi relatively weak
chemical Bends;

% Higher activation energy, 177.6'kdJmol* invelves breaking of
much strenger chemical bonds' in kerogen.
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Previous Work (cont.)

2 \Welght less n lew temperature pyrelysis region autributed te) l0ss ofi
meisture;, Interayer water and decomposition; of nakncolite (NalHCozs)
which takes place up ter 120 °C.

¥ Physicall changes) such as softening and molecular rearangement
assoclated with the release of gases and structural water are
attributed: te the rapid evaperaten of erganic materal not
chemically hended to the keregen network.

» Camplell and co-werkers (1980), studied rate of evolution of CiH},
H,, €O, CO,, and C,, C; hydrecanbons during pyrolysis of Colerade
Oilf Shale at linear heating rates varying from 0.5 ter4.02Cmin=:

¥ Dawsonite, NaAl(OH),CO, decomposes to Na,CO; , ALOL, H,0, CO,
petween: 850400 °C



Additional studies

% Decemposition ofi o1l shale'invelves;large nuUmer of reactions In
parallel and inlsenes,
“ NIGA measures, overalliwelght loss' due to; these reactiens:
“ Jiherefere activation energies denved fromi TGA data are apparent
activation energies.
“ [l and Yue 2003, studied pyrolysis kinetics oii different Chinese
il shale samples at a constant heating rate ofi 5eCmini.
% The TGA data ebtained used to develep a kinetic model which assumes

11 first erder parallel reactiens with changed! activatien energies and
freguency.: factors.

*» They reported apparent activation energies:in 80 - 280/ kJmol™* range
and apparent freguency factor in the range 1.3*10* to 1.4*10% .

% Tihe calculated fractional cenversion of each reaction IS a complex
function of activation eneray.



Chemical Reactions and Variable
Activatien Enenay: lldea

Low activatien energies, rupture of weak cress; linked
Bonds, suchias, C-0j C-S; (17,18) etc.

Also), rupture ofi branched! fiunctionall greups In keregen Iong
molecular structure.

hese bends have low: rupture energy. that produces gases
suchias 550, €O, H5S; H; andilight hydrecarbons

Mediumiactivation energy: Values are; asseciated Wiith
preak ups ofi the side chains in -site: ofi arematics,
decompesitien of nermal alkane With large molecular Weight,

Diels-Alder cyclation| reaction and the rupture oii alicyclic
ydrecarhon:

This corresponds to pyrelysis temperature between
420 — 480 °C




Chemical Reactions and Variable
Activatien Enenay: lldea

IHIght apparent activatien energies, are mamniy. the
arematization: ofi alicyclic compeunds,
denydregenation and comnination: of arematic [ngs,
[Upture off Neterocyclic conpouUnds) Coke formatien

reactions.



DTA Studies on Jordanian Oil Shale

» DITA thermal tests with: a heating rate 10°2Cmin:t.
conducted ana the fiellowing heat effects recordead:

-2 3101 =3150 £
» A50-,5507°C
» 420 — 520 °C
» 480 - 520 °C
» 450 — 800 °C
90— 9400
920

endothernmic — release: off the alseneed Water;
EXOLRENMmIC = reaction ofi first organic cemplex
reasting of the: pyntes

denydrations off the phoesphate complex
[eaction of the secenadl erganic complex
endothermic disseciation; of dolemite
endothermic disseciation of calcite



Experimental Conditions

= 400 @ sample

= Particle size less than 3 mm

= N5 gas and 550 -5501°C temperature range
= Stainless Steel cylindrcall retort

= DigitalfBalance

= Circulating ceolant withr antr freeze at 2 °C

= Glass condenser
=~ Electrical heater.

= [Heating rates varied between 2.6/— 5 cCmin+



Experimental Setup (1)
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Oil Shale Characteristics

Component Raw: Shale
Meisture Content =271,
llotal VWater 3.0
TFotal Oil 12.18
Gasi LOSS 3.4
Spent Shale 86.3
Tetal Sulfur 229
Jotal" Caron 17.28
lotal Organic Carlhon 11,42
IHydregen il
CaCO, 46.31
| Calorific Value, kJ/kg 5467




Sample Losses, Tetal, Liguids, Gases
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Rate of liguid condensation (gmin=)with
temperature, at different heating rates
(°Cmint)

heating rate,h, “Cmin-1
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Einall Pyrolysis: TTemperature °C, with 3.8/ — 5
°Cmin =, heating| rate
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Einall Pyrolysis: TTemperature °C, with 2.6 - 2.8
°Cmin =+, heating| rate
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Einall Pyrolysis: Temperature °C, with 3.0/— 3.3
°Cmin*, heating rate

Final Pyrolysis tenmp. °C
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Kinetic Equations

dx
2 _ k(-

hE RT

In[—ln(l—x)]zln{koRTz( _Eﬂ__



Calculated Inf-In(1-x)] Vs. Predicted
ical INHN(1-X)]
2.0 -1.0

Expenmental In[-




Moedified Kinetic Equation




Variable Activation Energy: with
Const. K

expenmental
-3.0 2.0 -1.0

ydata=1.051x + 0.0527
R2 =0.9908




Activation' Energy: andi k;, ane function of X

Experimental IN(-In(1-x))

ydata = 1.0077x- 0.0026

R2=09958 o6
/,)"
.

e BEXP. Vs. Theo.
rates




Rate of Liguid Preoduction




Liguid modeling for h 2.6-2.8 °Cmin*
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Liguid modeling foer h 2.5-5 °Cmini*

- Modelling for Intermediate Heating Rate (h):*C min-1
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Liguid modeling for (h) 9-14 °Cmin
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Calculated parameters

Low anaiintermeadiate heating rate
calculated parameters:

k.= 1.15*108
E = 77 kimol™
HIgh heating rate calculated paranieters:
K,=3.0*106
E = 96.5 kJmol-



Conclusions and Recommendations

Tiotal oilf shale'weight less data have been fitted to a
Standard first oraer equation With new: modifications
e Activation Energy: and Ereguency: facter.
a e complexity off reactions during: pyrelysis dictate such
thinking
s Excellent agreement Is oktained hetween developed model
and expermental data.

Rate o liguid acclmulation' has Been modeled Wit
a standard second order reaction model.

s /7 kimol™ activation energy. calculated for heating rate
less than 5 °Cmin-+ .

s 96.5kJmol* calculated fior heating| rate in 9 — 14 °Cmini*
[ANGE.

Gaseous production rate has not been modeled yet.
Mathematical treatment of the medel IS required.



Chalrman ef: Symposiun and
Ol@anizers.



80 billion barrels
of shale oil




