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This paper describes major results in the field ofreaction kinetics ofoil shale and source

rock processing. These reactions include drying, pyrolysis, and combustion ofoil shale

and shale char. The resultant data are applied in retorting practice. The kinetic data

of source rock kerogen thermodegradation are used to calculate the quantity of

hydrocarbonsformed in basins.

Preface .

At the beginning of the nineteen-fifties, a study on pyrolysis of oil shale and coal was

carried out in the fossil fuel laboratory of the Beijing Petroleum Institute [l]. At the

beginning of the nineteen-sixties, due to the discovery and exploitation of Daqing Oil

Field, much attention was paid to petroleum processing, thus suspending the research

work on the pyrolysis of solid fossil fuel. In the nineteen-seventies, the world "oil crisis"

occurred, so many countries resumed their research work on synfuels [2].
The International Conference ofOil Shale Experts sponsored by the United Nations

took place in 1981 [3]. Research work on oil shale, mainly in the field of fundamentals,
including oil shale composition, structure, and reaction kinetics was restored in the East

China Petroleum Institute (the predecessor to the Petroleum University, China).
In this paper, achievements in oil shale reaction kinetics investigation are presented'.

These include pulverized, particulate and lump oil shale drying, pyrolysis and

combustion reactions [4-6]. From the beginning of the nineteen-eighties, the authors

of this paper conducted research work on source rock pyrolysis and hydrocarbon
formation kinetics. This effort utilized prior results from oil shale pyrolysis research,
thus enriching the current work. Not only fundamental research on oil shale and source

rock reaction kinetics was carried out, but much attention was also paid to the practical
problems, too. The theoretical results were applied in oil shale processing and provided
explanations ofhydrocarbon formation in basins.
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1. Intrinsic Kinetics of Pulverized Oil Shale Pyrolysis
and Hydrocarbon Evolution

Oil shale consists of organic - mainly kerogen - and mineral matter, commonly the latter

being the chief constituent. Kerogen is a high-molecular compound with a complex
spatial structure not yet totally defined. However, some simplified structural models

were developed. Oil shale is retorted to produce shale oil, which is further processed
for manufacturing liquid fuels and organic chemicals. О1 shale is also used for

producing steam and electricity. j
A thermogravimetric analyzer, thermodifferential apparatus, source rock evaluation

apparatus (Rock Eval), and specially designed reactors were used for systematic
detailed research on oil shale reaction kinetics. The use ofpulverized oil shale (< 0.075

mm), eliminated heat transfer effects on the kinetic experiments. Hence, the tests could

be considered as having been run purely in the kinetic range. As a rule, the experiments
were carried out with a constant rate of heating, sometimes at a constant reaction

temperature. Eight models of pyrolysis kinetics, along with their calculation codes,

were used for processing and modelling experimental data. As for the samples, not only
Chinese Fushun, Maoming, Huang County, and Haidian oil shales were used, but also

foreign ones, such as Green River (Colorado, USA), Baltic (of Estonia), and Lajjun (of
Jordan).

KD

Overall First-Order Reaction

Assuming that the structure of oil-shale kerogen is uniform, like that of a simple
compound (such as Type I kerogen), the reaction may be considered to fit the Arrhenius

eguation during the entire pyrolysis run, thus:
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where, x - fraction ofkerogen undergoing conversion;
{ - time, s; -

k - reaction rate constant, s;
n - reaction order;
A - apparent frequency, s™';
E - apparent activation energy, J/mol;
R - gas constant, 8.314 J/mol‘K;

| T- absolute temperature, K.

When n=l,

dx E
= A-exp| -| -(1-x

dt р[ RT] (1-2) (2)

at a constant rate of heating, m=dT/dt, thus:
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Equation (3) may be solved by the differential method, or by the integration method.

n .Ш’.-
= |п A ...š..l

1-x т) RT
(4)

Using the differential method:

Taking the 7T-x curve obtained fromexperimental data, a series ofx, T, dx/dTvalues can

be obtained. Then a plot of In(dx/(dT-(1-x))) versus 1/T may be made. Using a least

squares regression, E and A can be obtained. For example, the experimental data of the

pyrolysis of Fushun and Maoming oil shales, carried out with a constant heating rate

(5 K/min) in the Rock Eval apparatus, fits Equation (4) very well. The correlation

coefficient, r, is greater than 0.988. Therefore, the pyrolysis of both Fushun and

Maoming oil shales may be considered to fit the overall first order reaction model [7].

Using the integration method, Equation (3) becomes

x T
%

> (A.exp|-E{l_-›‹ rf„m exP[ RT)dT ©

when 7>>T,. Equation (5) is approximately integrated to the following:
2RT ОЕ1) = %(1—?) ехр[ RT)

.Ц'_Щ] ‚(;_Ш]] ART¥
T? E mE R T (6)

For a series of experimental data x-7, Equation (6) may be solved by using the least

squares method, thus obtaining E and A. It was shown that the experimental data

obtained for Chinese (Fushun and Maoming), Australian (Queensland) and Moroccan

(Timhadi) ой shales, using a thermogravimetric analyzer with a constant heating rate
of 1 and 2 K/min, can be handled well with Equation (6) to get satisfactory results [B].

Overall nth-Order Reaction

Equation (1) is the model of overall nth order kinetics. When the experimental data of

Fushun oil shale were analyzed using Equation (1), it was shown that n=o.9-1.2,

ie.n=l[9].

Different Stages ofFirst-Order Reaction ;

When the overall first-order or nth order models do not fit the experimental data, kinetic

curves may be divided into the beginning, major and end stages, and each of them

treated as a first-order model, by using Equation (4) or Equation (6), with different

values of E and A, but the overall x is equal to 1 [lO-13].
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Pyrolysis at Maximum Reaction Rate

At a constant rate of heating, and maximum rate of pyrolysis,

#Х -

ат
(7)

Differentiating Equation (3), and using Equation (7), with n=l, yields

|nl = |n_Ai?_i
T 2 Е RT, (8)

where, T, is the temperature at the maximum rate of pyrolysis, K.

Using the same sample, different values of7,, can be obtained at different pyrolysis
curves for different rates of heating. A plot of In(m/T,,*) versus 1/T,, can be regressed
in order to obtain E and A at the maximum reaction rate for this sample [l4].

Parallel First-Order Reaction

Assuming that the pyrolysis ofoil shale consists of a number of parallel reactions (No)
with different E and A values, the model may be described as follows:

о
А [ E’] X -Xex .

@ ol
Ve ) (9)

where subscript i denotes the ith reaction, i, is the final state of ith reaction. Thus

ND ND

> X =%, DX =9

-1 i 1

Using the Monte Carlo method and the Simpson integration method, the values for E,,
A; and X, as well as x at t can be obtained [ls]. It was found that InA, for parallel
reactions is a linear function of E; [l6].

Parallel and Consecutive Reactions

Assuming that at pyrolysis of oil shale bitumen and small quantities of oil and gas are

formed simultaneously followed by the formation of oil, gas and retorted shale from the

pyrolysis of bitumen, as follows:

i | k2l
Ky — — shale ой (u,) + retorted shale

Х, — bitumen (Y))
К
— — gas (u,) + retorted shale

Kerogen L К)
Х, | —› shaleoil (Y))

К
X3 — gas(Y))
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where X, X,, X; - the weight fractions of kerogen converted to bitumen, shale oil,

and gas, respectively;
Y,, Y,, Y; - the weight fractions of bitumen, shale oil, and gas

formed, respectively (on a kerogen basis);

u,, u, - the weight fractions of oil and gas formed, on a kerogen basis,

respectively; |
kyl» ki»» ka - the reaction rate constants for pyrolysis of X,, X,, X;, with units

of reciprocal зесопаз, s';

k,,, k,, -reaction rate constants for formation of oil and gas from

bitumen, respectively, with units ofreciprocal seconds, s™'.

The parallel pyrolysis kinetics model may be described as follows:

3= 1,2,j =”klXj'
d)g

2

at (10)

dy,
= kX- kY,

dt
(11)

dY, ,

Ё
= kU[on"‘ Yll, : 7=2, 3 (12)

с!и‚
Y j=l,2= , ' = '

dt
К,У (13)

Using the Monte Carlo method and the Simpson integration method, kinetic parameters
can be obtained, and thus X, Y, and u; can be calculated for different values оЁ

[l5, 16]. For clarification, the oil shale pyrolysis kinetics model, with bitumen as an

intermediate product, was elaborated by Li et al. [l7].

Infinite Number of Parallel First-Order Reactions

Assuming that the pyrolysis of kerogen includes an infinite number of reactions with a

single value of A; and infinite different values of E,, then the reaction of maximum

hydrocarbon evolution X;, (of each reaction) i varies with E; according to the Gaussian

distribution function: -

1 2 2
X, = ——exp[-(E-E,)*/20%]i 0 0 (14)

By deduction, the reaction kinetics at constant heating rate may be given by the

following:
T 2

+2O
Е-Е

х = 1-;fs°zexp —Afexp[——E—)dT—E—") dE

о/2п` о29 тт, RT 20°
(15)
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where E,, - mean apparent activation energy;

0 - standard deviation for the Gaussian distribution function.

Using the Taylor method for obtaining linear functions, followed by the least square

regression method, the values for A, E,, and & can be calculated. This is based on the

experimental data for pyrolysis carried out at a constant heating rate. This yields values

оЁХ for different values of 7 [B, 18].

Consecutive First-Order Reactions '

or model with varying activation energy versus pyrolysis conversion fraction. This

model is also called the Friedman Model. Kerogen is assumed to be a complex
molecule with multi-functional groups and different chemical bonds. As the pyrolysis
reaction proceeds, characteristics of the reactant change. Different kinds ofchemical

bonds break, and apparent activation energy and frequency factor change (the reaction

order is assumed to be 1).

In this case, Equation (3) сап be used. For different heating rates m,,

dx A E 1

InE— = |П[;’(l—Х)]—Б'-_’—_ (16)

As an example, taking m=l, 2,5, 10, 15 K/min in experiments, the pyrolysis curves,

X-T, are obtained for different heating rates.

For each X-T curve, taking the same x; value (e.g., x=0.05, 0.10, 0.15
...

0.85, 0.90,
0.95), the slope of the curve (dx/dT), can be obtained. From the plot of In(dx/dT), versus

(1/7),, one can calculate values for A; and E, at different x; [l4].

Kinetic Parameters Calculated According to Different Models

For Fushun and Maoming oil shale samples, pyrolysis experiments at constant heating
rate were carried out using a thermogravimetric apparatus. Figures 1 and 2 show X-T,
and dx/dt-T curves obtained from experimental data. Using some of the different

models which were described above, the calculated results are given in Tables 1-3 [l4].

Sample Overall first order Maximum reaction rate

E. käimol Bo

Fushun 4.07-10° 230.6 2.36-10"

Maoming 1.46-10° 2192 3.25-10"

Table 1. Results Calculated Using the Overall First-Order

and Maximum Reaction Rate Model
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8 в&k7:,'(;7.CšoFig. 2.dx/dtcurvesatdifferentheatingrate:2-10°C,2-5°C,3-2°C,4-I°CaŠ=QS®.
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For Type I or II kerogens (such as Fushun and Maoming oil shales) the overall first-

order reaction model, or the model with varying E with x (Friedman Model) can be used

for calculations in the main range of pyrolysis temperatures. `

Time Required for Pyrolysis ofPulverized Oil Shale at Constant Temperature

Using Equation (2) for the overall pyrolysis reaction rate with constant reaction

temperature, ;

--
| 90S s

_Et =

A
In(1-x) exp[ RT) (17)

Using E and A, which are calculated from the experimental data obtained at constant

heating rate, and assuming x=0.95, the time, t, required for keeping the reaction

temperature constant was calculated from Equation (17) (Table 4) [l4].

|Sampte [Pustn Jweomng —
B,ol

80 ‘ 0.0398 8.573-10° 0.0382 5.406:10°

120 0.1208 2.751-10° 0.1234 1.277-107

160 0.3142 3.476:10° 0.3146 3.923-10°

200 0.3313 1.025-10"* 0.3506 2.944-10"
240 | 0.1185 1.336:10'° 0.0949 5.206:10"
280 0.0713 1.425-10" 0.0781 1.672-10"

Table 2. Results Calculated Using the Parallel Reaction Model

Conversion x Fushun oil shale Maoming oil shale

в а! вol

0.05 167.7 3.304-10° 173.3 1 1.605-10'°

0.10 1 1940 ] 3.00010" | 1959 1 7.17010"

| 0.20 212.3 6.400-10" 216.1 1.945-10" |
1 0.30 2187 | 1.800-10" 219.1 2.770-10"* |
0.40 221.1 2.520-10" 220.5 3.100-10"

0.50 2324 1.470-10" 2212 | 3087108

0:60 2398 | 3.870-10' 227.0 7.742-10"

0.70 2422 3.950-10" 249.1. . 1 .2.500-108°

0.80 242.8 3.070-10" 264.0 ° 1.600:10'°

0.90 | 2496 | 5.52010“ | 2822 7.000-10'° |
0.95 288.6 1.478-10' 286.8 4.600-10'° |

Table 3. Results Calculated Using the Model with Varying
Activation Energy versus Conversion Fraction
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It is shown that for pulverized oil shales, the pyrolysis reaction proceeds quickly - at

pyrolysis temperatures of 475-500 °C only a few minutes are required.

Kinetics of Product Evolution :

Kerogen, which was obtained from oil shale by treating it with HCI and HF, was

pyrolyzed by rapid heating (500 °C/min). This was followed by thermal treating at

constant temperature. Products were analyzed by using gas chromatography, and the

overall first-order pyrolysis kinetic model was used for calculation of the evolution of

different products, such as <C,, Cy, C» Cl3> Ci Cig» Co» C» ete. It was shown that the

values of E and A, for the formation of light hydrocarbons smaller than C, are higher
than for the evolution of toluene [l9].

Kinetics of Pyrolysis of Oil Shale under Pressure `

Using an high-pressure thermodifferential apparatus, pyrolysis experiments ofFushun,

Maoming and Colorado oil shales at constant heating rate (10 °C/min), and under

pressure (0.1-10°6.0-10° Pa) were carried out. The data were analyzed using an overall

first-order reaction rate model, and kinetic parameters were obtained. It was shown that

pressure has a hindering effect on pyrolysis. Therefore, a pressure factor, f, was

proposed and introduced into the kinetic model ofpyrolysis under pressure [2o].

йх
-
А

о.
.Е

ат т ехр[ RTJ (18)

f=A + Ap+Ap?+Ap® (19)

where f - pressure factor;

A,, A, A, A, - coefficients varying with oil shale;

D - pressure.

Fushun Oil Shale Maoming Oil Shale

Temp., °C 475 500 475 500

Time, min 7.83 3.26 6.04 2.62

Table 4. Time Required for ConstantPyrolysisTemperature
with Pulverized Fushun and Maoming Oil Shale
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2. Kinetics ofParticulate Oil Shale Pyrolysis

Cylindrical samples of Fushun and Maoming oil shales, with equal height and

diameter (3, 4,7, 9, 10 mm), were used for pyrolysis studies in a modified

thermogravimetric apparatus with constant heating rate (5 °C/min). The weight loss

curve was obtained, as well as temperature data for both the interior and the surface of

the oil shale. It was shown that for particles smaller than 10 mm, the pyrolysis data may

be processed by the overall first-order reaction model. This occurred when the interior

and surficial temperature difference did not exceed 4 °C. It was also found that E and

A are different for different sample sizes of the same oil shale. Finally, the time required
for pyrolysis at constant temperature of Maoming oil shale is proportional to the.

diameter, when the particles have a diameter of 2-10 mm. This is due to the strongly
laminated structure of the oil shale. During heating and pyrolysis, Maoming oil shale

easily breaks into thin pieces. For Fushun oil shale, the time required for pyrolysis at

constant temperature is proportional to the square of its diameter [2l].

3. Pyrolysis ofLump Oil Shale

A pyrolysis apparatus was specially designed for treating one lump of oil shale sample.
Fushun and Maoming lump oil shales (20-60 mm) were pyrolyzed in this apparatus,

each at three different heating rates (1, 2 and 5 °C/min). The following data were

obtained at various temperatures: the temperature difference between the surface and

the center of the oil shale, the weightloss, and the shale oil and pyrolysis gas yields. A

pyrolysis kinetics model, including heat transfer effects, was developed. Apparent
activation energies for weight loss, shale oil evolution and gas formation were

calculated. These were 105-120, 125-165 and 100-200 kJ/mol, respectively. It was

shown that the heat transfer inside the shale lump is the controlling step for pyrolysis.
It was calculated that the time required for pyrolysis at constant temperature is

proportional to the square of the lump diameter [22-24].

4. Kinetics of Oil Shale Drying

When Maoming oil shale is processed in an industrial retort, it breaks into pieces during
the drying stage. This effect was studied in the laboratory. A thermogravimetric

apparatus and specially designed drying oven were used to obtain drying kinetics data

for particulate and lump Maoming oil shale. The apparent activation energy was. about

16-20 kJ/mol, indicating that the drying stage is a physical process. It was also shown

that when the temperature reaches 180-200 °C, drying and evaporation proceed
rigorously, thus breaking the oil shale into pieces. Based on the drying mechanism and

experimental data, a three-stage dryingkinetics model was proposed [25, 26].
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S. Kinetics of Combustion of Qil Shale and Shale Char

Pulverized Oil Shale |

Using a thermodifferential analyzing apparatus, Fushun, Maoming, Huang County,
Colorado, and Yugoslavian pulverized oil shale samples (<0.074 mm) were used for

combustion studies. These were run under atmospheric air pressure and at a constant

heating rate (10 °C/min). It was shown that the combustion process may be treated as

a two-stage, first-orderreaction model, E and A were calculated. Among the samples
studied, combustion of Colorado oil shale takes place the most quickly, while that of

Fushun oil shale occurs the most slowly [27, 28]. j

Combustion of Pulverized Oil Shale under Pressure

Using an high-pressure thermodifferential analyzer, Fushun, Maoming, and Estonian

pulverized oil shales were used for combustion studies with air at 0.1, 0.7, 1.3, 1.9 MPa

and at a constant heating rate (10 K/min). Two exothermic peaks appeared during the

combustion: the first one due to the volatile matter and the second one from the fixed

carbon. The data were processed by using a first order reaction model, and a pressure

factor was introduced. It was shown that the pressure favours the combustion reaction

[29, 30].

Particulate Oil Shale

Using a thermogravimetric apparatus, Fushun, Maoming/and Jordanian particulate oil

shales (2.5-7.5 mm) were first quickly heated up, and then burned at constant

temperature. The fluidized-bed combustion boiler was used for modelling the reaction.

It was shown that the high-rate heating stage can be modeled with an overall first-order

reaction model. While the combustion period at constant temperature can be simulated

by a shrinking core reaction model [3l]. For Fushun oil shale, more than 90 % of the

combustible material was already burned during the high-rate heating step (1.5-2.5 min,
200-350 °C/min). For Maoming oil shale, the high-rate heating step (1.4-2.3 min, 300--

400 °C/min), burned about 70-86 % [32].
A combustion efficiency model was developed based on the feed size distribution and

a representative residence time for a Maoming fluidized-bed combustion furnace

(35 t/h). The calculated combustion efficiency was about 95.1 %, which is close to the

real value [33].

Pulverized and Particulate Shale Char ;

Using a thermodifferential analyzer, Maoming and Colorado pulverized shale char were

used for combustion studies. The experimental data were well matched using
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an overall first-orderreaction model [2B].
Using a thermogravimetric analyzer, particulate Fushun and Maoming shale char (5,

8, 11 and 14 mm diameter) were used for combustion studies at constant temperatures

(600-950 °C). A combustion kinetic model, involving gas film diffusion, chemical

combustion kinetics, and ash layer diffusion, was developed. Related parameters and

the time required for combustion were obtained [34-36].

6. Kinetics of Source Rock Pyrolysis and Hydrocarbon Evolution

Just like oil shale, source rock is also composed of organic (mainly kerogen) and

mineral matterbut its organic content is much lower. Thermogravimetric apparatus,
Rock-Eval apparatus, etc., can also be used for study of source rock pyrolysis and

hydrocarbon evolution. The different kinetic models used for oil shale study can also

be used for source rock [37-41], i.e. for modelling the in situ thermal degradation of

source rock, for estimating its maturity, and for calculation of the hydrocarbon
evolution. Due to the large content of minerals in source rock, Rock-Eval apparatus is

normally used for modelling of its pyrolysis [42-43].

Considering the great difference in the structure and the composition of different

kinds ofkerogen occurring in source rock, its pyrolysis characteristics also vary. It was

shown that different pyrolysis kinetics models are suitable for various kinds ofkerogen.
The overall first-orderreaction kinetics model is most suitable for Type I kerogen, but

neither for Type II nor for Type 111. The maximum reaction rate model may be used for

indicating the pyrolysis characteristics at the point of maximum pyrolysis rate. The

model with varying activation energy versus conversion fraction, i.e. the Friedman

Model, is suitable for all Types of kerogen [44]. `

Equation (2) is used for the calculation of the fractions of hydrocarbon evolution from

source rock at different burial depths. This is based on experimental kinetic data of

source rock pyrolysis. It also uses the model with varying activation energy versus

conversion fraction, in addition to geologic parameters, such as sedimentation rate,

ancient geothermal gradients, etc. The quantity of hydrocarbon evolved in a given basin

can then be calculated by the following equation:
dQ

= sрг\/с
dt

prvex (20)

where Q - quantity of hydrocarbon evolved;
S - evolution area of the source rock within the basin;
A - density of source rock;

r - volumetric fraction of source rock within'the basin;
V - sedimentation rate of the evolution layer;
¢ - potential hydrocarbon evolution of source rock;
x - hydrocarbon evolution fraction.

Erosion and compression of the layer may also be considered in the calculation. In

recent years, we successfully made the hydrocarbon evolution calculation for Dongpu,

Linging, Liao Dong, Gin Hu, and Hui Min Basins [4O, 41, 45]. This method can not
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only be used for calculation of the hydrocarbon evolution quantity, but also for its

evolution distribution in the basin. Therefore, this method is very useful for oil and gas

exploration and exploitation.
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