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Abstract
The present work provides a detailed characterization and kinetic study of oil shale of Upper Assam, India. The

physicochemical characteristics of oil shale were studied by proximate analysis, elemental analysis, Fourier transform

infrared spectroscopy and X-ray diffraction. The physicochemical study showed the oil shale to be of siliceous type, sour in

the presence of aliphatic, aromatic and phenolic compounds. The thermal decomposition of the oil shale was studied using

thermogravimetric analysis at heating rates of 10, 20, 30 and 50 �C min-1. The kinetic study of oil shale pyrolysis process

was performed on the thermogravimetric data using three model-free isoconversional methods, viz. Friedman, Flynn–

Wall–Ozawa and Kissinger–Akahira–Sunose. The reaction mechanisms were determined using the Criado master plot. The

understanding of the composition of Indian oil shale and pyrolysis process kinetics can help establishing the experimental

parameters for the extraction of valuable products from the oil shale.

Keywords Upper Assam oil shale � Physicochemical properties � Thermochemical properties � Model-free isoconversional

methods � Criado master plot

Abbreviations
AC Ash content

DTG Differential thermogravimetry

FC Fixed carbon

FTIR Fourier transform infrared spectroscopy

FWO Flynn–Wall–Ozawa

KAS Kissinger–Akahira–Sunose

MC Moisture content

TOC Total organic carbon

TG Thermogravimetric analysis

VM Volatile matter

XRD X-ray diffraction

Symbols
A Pre-exponential factor (s-1)

C Carbon

E Activation energy (kJ mol-1)

f(a) Reaction mechanism

g(a) Integral form of reaction mechanism

H Hydrogen

k(T) or k Reaction rate constant (s-1)

N Nitrogen

R Gas constant (8.314 J mol-1 K-1)

S Sulfur

T Absolute temperature (K)

wo Initial mass

wT Mass at temperature, T

wa Mass at conversion, a
t Conversion time (s)

a Conversion degree

b Heating rate (�C min-1)
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Introduction

With the depletion of petroleum reservoirs, the uncon-

ventional petroleum reserves are gaining importance. One

such unconventional petroleum reserve is oil shale, which

has emerged as a promising and viable substitute to con-

ventional petroleum [1]. Oil shale is a finely grained,

porous, sedimentary rock which contains organic matter

known as kerogen, concealed inside a mineral matrix [2].

Kerogen is a complex organic compound which acts as the

source of production of both conventional and unconven-

tional petroleum and natural gases. On the application of

heat, kerogen converts into bitumen which further breaks

down into oil and gas [2, 3]. The most common and suit-

able method for the production of oil and gas from oil

shales is retorting or pyrolysis [3–8]. The pyrolysis pro-

cedure of oil shale decomposition is affected by various

factors such as heating rate, pyrolysis temperature, holding

time, particle size, mineral matters present in oil shale and

type of reactor used for pyrolysis [4–6, 9, 10]. Oil shales

are classified based on the minerals present, type of kero-

gen, age of deposition and source origin. Based on mineral

matters and aesthetics, oil shales are generally classified

into three types, viz. carbonate shale, siliceous shale and

cannel coal [11–13]. The mineral matters present in oil

shale plays a significant role in retorting or pyrolysis of oil

shale. Silica, carbonate, pyrite, etc. can drastically govern

the heat transfer in oil shale and influence the composition

of products formed during pyrolysis of oil shale. [14–16].

The thermal decomposition of oil shale requires very high

temperature. Decomposition of organic matter generally

transpires from about 200–600 �C and the mineral matters

start to decompose from about 600 �C [17–19]. The

decomposition of organic matter in oil shales is a complex

process, and the kinetic parameters of different oil shales

have been extensively studied. Previously, the pyrolysis

process of decomposition of different oil shales has been

explained through two consecutive first-order reactions

[20–23]. The decomposition of Moroccan oil shale and its

kerogen has been determined using model fitting and

model-free methods and reported the oil shale to follow

diffusion mechanism (D4) [24]. The study of the dem-

ineralization of Jordanian oil shale showed catalytic and

inhibition behavior of the minerals present in oil shale [25].

Further, advanced isoconversional method has also been

reported for the determination of oil shale pyrolysis

kinetics [17, 26].

Upper Assam oil shale reserves are estimated to be over

15 billion barrels [27], are found along the coal mines of

Barail formation, Northeast India, and belong to the Ter-

tiary period. These oil shales are considered to be the

source rocks for the petroleum reserve of Upper Assam

region [11, 27]. Oil shales occur as out crops and over

burden to the coal seams of the Northeastern Coal Fields

and are dumped by Coal India Limited in designated

dumping sites. No study has been reported on the kinetic

study of the pyrolysis of Indian oil shale. The present work

aims to produce a complete physicochemical and thermo-

chemical analysis of Indian oil shale and provide a com-

prehensive kinetic analysis of the pyrolysis process. The

understanding of the composition of Indian oil shale and

pyrolysis process kinetics can help establishing the exper-

imental parameters for the extraction of pyrolytic oil, gas

and char from the oil shale.

Materials and methodology

Materials

Oil shale samples were collected from the East mine of the

Tikak Colliery, Makum Coal Fields, Margherita (Tinsukia

District), Upper Assam, India. The samples were collected

directly from the mine and thus were not processed prior to

collection. The oil shale samples have a brown to dark

brown texture with black streamlines appearing on the

surface. The samples were ground using a mechanical

crusher and screened to 100 mesh size (150 microns).

Ultimate analysis, proximate analysis and total
organic carbon (TOC)

The ultimate analysis (carbon, hydrogen, nitrogen, sulfur)

of oil shale samples was performed using a EuroVector

EA3000 Elemental Analyzer. The analysis was performed

with a linear calibration. The proximate analysis of oil

shale samples was performed according to ASTM D 3173,

ASTM D 3174 and ASTM D 3175 methods [28]. The fixed

carbon was determined by difference [FC = 100 -

(VM ? AC ? MC)], where FC = fixed carbon; VM =

volatile matter; AC = ash content; MC = moisture content.

The fixed carbon was calculated on dry basis. The total

organic carbon was evaluated using Walkley–Black titra-

tion method [29].

Fourier transform infrared spectrometry and X-
ray diffraction

FTIR analysis was performed to determine the functional

groups present in oil shale using PerkinElmer FTIR spec-

trometer Frontier. The powdered samples were mixed with

KBr powder to make pellets for the analysis. The wave

number (cm-1) was set from 400 to 4200 cm-1.

X-ray diffraction analysis was performed to identify the

different mineral matters present in the oil shale using a

Bruker D8 Advance XRD instrument. The 2h values were
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set from 10� to 80�. The scanning rate was set at 1�min-1

with a step size of 0.2�. The analysis of the XRD data was

performed using MATCH! 3.

Thermogravimetric analysis

Thermogravimetric analysis (TG) was performed using a

NETZSCH TG 209F1 Libra analyzer (Germany). Oil shale

samples (about 8–10 mg) of 100 mesh size (150 microns)

were heated from 30 to 1000 �C, at four different heating

rates of 10, 20, 30 and 50 �C min-1, respectively. Nitrogen

was used as purge and balance gas at flow rate of

40 mL min-1 and 20 mL min-1, respectively. The samples

were held at maximum temperature for 10 min.

Kinetic Study

During pyrolysis of oil shale, the organic matter (kerogen)

gets converted into to oil, gas, and char. This conversion is

caused by breaking of bonds and occurrence of multiple

parallel reactions [17].

Kerogen ! Bitumen ! Oil + Gas + Char

The conversion of kerogen due to the influence of rise in

temperature can be better visualized by TG analysis.

Kinetic study of the conversion process on the basis of TG

data has been extensively reported in the literature

[17, 19, 30, 31]. The kinetic study is commonly performed

through model fitting and model-free methods

[17, 26, 32, 33]. In the present study, organic matter

decomposition zone, identified from the TG–DTG curve,

has been considered as the pyrolytic zone. The organic

decomposition zone has been considered as single

decomposition zone. Model-free isoconversional methods

have been considered for the kinetic study.

For the conversion of organic matter in TG mass loss

data defined by the Arrhenius equation [32, 33], the rate of

conversion for non-isothermal condition can be calculated

as

b
da
dT

¼ A exp
�Ea

RT

� �
f að Þ ð1Þ

Model-free isoconversional methods allow to determine

the activation energy of any reaction without foregoing

assumption of reaction model. The isoconversional meth-

ods are based on the isoconversional principle, which states

that at constant conversion the reaction rate is a function of

temperature [26, 32]. The differential (Friedman) [34] and

integral (Flynn–Wall–Ozawa (FWO) [35, 36] and Kis-

singer–Akahira–Sunose (KAS) [37]) models have been

formulated based on different assumptions on the standard

isoconversional equation,

Table 1 Isoconversional methods considered for kinetic analysis

Isoconversional

methods

Methods Expressions Comments

Differential Friedman ln da
dt

� �
¼ ln b da

dTa

� �
¼ ln Af að Þ½ � � Ea

RTa

Friedman method is a differential isoconversional method, is

applicable to multiple heating rate data and is sensitive to small

changes in rate data

For any constant value of a, the effective activation energy can be

obtained over a wide range of temperatures by plotting ln b da
dT

� �
versus 1

T
[34]

Integral Flynn–Wall–

Ozawa

(FWO)

ln bi ¼ ln AEa

Rg xð Þ � 5:331 � 1:052 Ea

RTa
FWO method is a modified form of the general isoconversional

equation

ln
bi

TB
a;i

� �
¼ constant � C Ea

RTa

� �
by using Doyle approximation of

B = 0, C = 1.052

For any constant value of a, the effective activation energy can be

obtained over a wide range of temperatures by plotting lnb versus
1
T

[35, 36]

Kissinger–

Akahira–

Sunose

(KAS)

ln
bi

T2
a;i
¼ ln AR

Eag að Þ

� �
� Ea

RTa

KAS method is a modified form of the general isoconversional

equation

ln
bi

TB
a;i

� �
¼ constant � C Ea

RTa

� �

By using Murray and White approximation of B = 2, C = 1

Plotting between ln b
T2 versus 1

T
for any constant value of a will

provide the value of effective activation energy [37]
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ln
bi

TB
a;i

 !
¼ constant � C

Ea

RTa

� �
ð2Þ

The approximations used in the formulation of the

models are summarized in Table 1.

By following model-free isoconversional methods, the

values of effective activation energy with conversion can

be determined.

Determination of reaction model by Criado
master plot

After determination of the apparent activation energies for

constant values of conversion, the model of the reaction

can be determined with the help of Criado master plot

[38–42]. Criado master plot compares the experimental

results with existing reaction models to predict the reaction

model followed by the experimental decomposition results

obtained from TG analysis. In this study, differential–in-

tegral Criado master plot or Z-alpha master plot has been

used [38]. The generalized equation for Criado master plot

is presented as follows [41, 42]:

T

T0:5

� �2

�
h da

dh

� �
h0:5

da
dh

� �
0:5

 !
¼ f að Þg að Þ½ �

f 0:5ð Þg 0:5ð Þ½ � ¼
Z að Þ
Z 0:5ð Þ

� �

ð3Þ

where T0.5 and da
dh

� �
0:5

represents the temperature and rate at

a = 0.5. The purpose of considering the above notations at

a = 0.5 as the reference point is to normalize the

z(i) function [39].

The algebraic expressions of f(a) and g(a) for considered

the theoretical reaction models are given in Table S1. The

point a = 0.5 is considered as the reference point because

at a = 0.5 the standard master plots of each considered

kinetic mechanism intersect each other corresponding to

value of (da/dh)/(da/dh)0.5 = 1 [38].

Table 2 Characteristics of Upper Assam oil shale and comparison with different oil shales around the world

Oil shales C/mass% H/mass% N/mass% S/mass% Moisture/mass% Ash/mass% Volatile

matter/mass%

Fixed

carbon/mass%

TOC/mass%

Upper Assama 30.06 2.80 1.44 3.61 4.43 53.93 31.78 9.86 6.11

Kukersite

[45, 51]

27.90 2.90 0.02 0.86

(avg)

1.30 47.88 46.25 4.57 36.40

Green Rive

[46, 52, 53]

17.45 1.60 0.53 0.18 0.30 66.80 33.20 0.00 15.80

Colorado

[47, 53, 54]

17.50 2.50 0.50 0.60 1.9 61.90 26.90 11.20 10.66

Huadian

[18, 55]

29.23 4.28 0.61 4.92 3.26 56.91 39.34 3.75 8.70 (avg)

aTikak Colliery, Makum Coal Field, India
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Fig. 1 FTIR spectra of Upper Assam oil shale

Table 3 Different functional

groups detected by FTIR

analysis of the Upper Assam oil

shale

Wave numbers/cm-1 Functional groups

3625 –OH group; alcohols and phenols (strong; sharp)

3300–3500 –OH stretch from –COOH and –COH

3000–2500 C–H stretch; alkanes; carboxylic acid stretch

1600–1650 Aromatic –C = O vibration; –C = O stretch from H-bonded conjugate

1020–1100 Silicate impurities; quartz

860–680 Aromatic C–H stretch;

680–610 S–O bending; sulfates
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Determination of pre-exponential factor using
compensation factor

From the activation energy and the determined reaction

model, the pre-exponential factor was determined using the

compensation factor method [32, 33, 43]. The equation of

compensation factor is given as:

lnðA f að Þð Þa¼
Ea

RTa
þ ln

da
dt

� �
a

� �
ð4Þ

The equation can be simplified as:

b ¼ lnðA f að Þð Þa�a ð5Þ

where a ¼ Ea
RTa

and b ¼ ln da
dt

� �
a

� �
.

According to this method, the values of activation

energy, E and A(f(a)) at various extents of conversion

follow a logarithmic pattern and compensate one another in

every stage of conversion. For each value of a, the values

of a and b can be calculated. The values of ln(A(f(a))a can

be calculated from the intercept of the plot between b and a

following isoconversional principle. Subsequently, using

the model predicted by Criado master plot the values of

pre-exponential factor can be determined using the term

lnðA f að Þð Þa.

Reconstruction of kinetic data

The kinetic parameters obtained from different models

were validated by subjecting to reconstruction of a vs T

profiles. MATLAB 2016 was used for solving the differ-

ential equation, assuming temperature as an independent

variable. The reconstruction methodology was used for

each heating rate. The simulated data for a versus T profiles

obtained from the reconstruction methodology were plotted

against the experimental a versus T profiles, and the lin-

earity of the fitting was verified by regression analysis.

Results and discussion

Characterization of oil shale

A comparison of Upper Assam oil shale with oil shales

from different places around the world is summarized in

Table 2. The ultimate and proximate analyses showed that

oil shale sample obtained from Upper Assam, India, con-

tains 30.06% carbon, high sulfur content of 3.61%, 31.78%

volatile matter and ash content of 53.93%. The total

organic carbon (TOC) was found to be 6.11% as calculated

by the Walkley–Black titration method. The high sulfur

percentage shows the oil shale to be sour in nature. The

percentage of carbon in Indian oil shale was found to be
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Fig. 2 XRD spectra of Upper Assam oil shale with determination of

minerals

Table 4 XRD spectra analysis of oil shale

Minerals Formula Type Percentage

Quartz SiO2 Siliceous 46.30

Illite (K,H3O)(Al,Mg,Fe)2

(Si,Al)4O10[(OH2),H2O]

Siliceous (clay) 21.30

Kaolinite Al2O5Si2(OH)4 Siliceous 15.40

Feldspar Al2O8Si2Sr Siliceous 9.30

Pyrite FeS2 Sulfur 5.20

Calcite CaCO3 Carbonate 1.30

Dolomite C2CaMgO6 Carbonate 1.10
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Fig. 3 TG–DTG curves of Upper Assam oil shale at different heating

rates of 10, 20, 30 and 50 �Cmin-1 from 30 to 1000 �C and

differentiating a moisture loss, b organic decomposition, c mineral

matter decomposition
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similar to Huadian and Gonglangtou oil shales of China

[10, 44] and Kukersite oil shale of Estonia [45] and higher

than most oil shales around the world such as Green River,

Colorado, Israeli, Australian and Jordanian Oil shales

[5, 19, 46, 47].

FTIR spectra obtained for oil shale sample are shown in

Fig. 1, and the peaks identified are summarized in Table 3.

FTIR analysis showed the presence of the alcohols, phe-

nols, aliphatic, aromatic and sulfur stretching and bending

overlapped with silica and clay mineral, such as quartz,

kaolinite, illite and feldspar. The intensity of silica impu-

rities was observed to be much higher. Hydroxyl group

bands were observed from 3300 to 3500 cm-1. A sharp

peak corresponding to phenol and alcohol groups was

observed at 3625 cm-1. Presence of aliphatic compounds

was observed at 2500–3000 cm-1 with a sharp peak at

2925 cm-1. The aromatic bending was observed from 680

to 860 cm-1 with two sharp peaks at 692 cm-1 and

791 cm-1. Silica impurities were observed from 1100 to

1020 cm-1 with a sharp peak at 1033 cm-1 depicting

quartz.

The presence of minerals plays a significant role in the

pyrolysis process. As reported in earlier works [14, 15], the

presence of carbonate minerals restricts the emission of

sulfur compounds and the silica compounds act as inhibi-

tors to heat transfer during pyrolysis. XRD analysis (Fig. 2)

showed the oil shale sample contains higher percentage of

silica compounds and low percentage of calcite and dolo-

mite (Table 4). Presence of pyrite was also detected which

indicates the presence of inorganic sulfur. Higher per-

centage of silica compounds (92.30%) manifests that the

Upper Assam oil shale can be classified as siliceous type.

As the oil shale has low amount of carbonate minerals

(1.30% calcite and 1.10% dolomite), it may promote

emission of sulfur compounds during pyrolysis. The effect

of higher percentage of silica can be observed in the higher

activation energy as perceived from the kinetic study

(Section ‘‘Kinetic Study’’).

Thermogravimetric analysis

TG was used to analyze the decomposition behavior of oil

shale and studying the pyrolysis mechanism. Four different

heating rates were considered at 10, 20, 30 and 50 �C min-1

(Fig. 3). The onset temperature at maximum decomposition

temperature and the offset temperature corresponding to the

pre-heating and organic decomposition region for each of the

heating rate are given in Table 5. The TG curves showed that

moisture loss (4%) in the pre-heating zone occurs from 35 to

170 �C. Significant decomposition corresponding to organic

matter content (21%) was observed from 300 to 700 �C due

to decomposition of the organic matter present in oil shale.

Mineral matter decomposition has been reported to occur

from 600 to 800 �C primarily due to decomposition of car-

bonate minerals [14, 15]. From 700 to 1000 �C, a continuous

mass loss was observed. But, as observed in the TG plot,

there was no notable occurrence of mineral matter decom-

position, as the dominant minerals present in the oil shale

sample were silica compounds, and silica compounds gen-

erally start degradation above 1200 �C. Minute amount of

carbonate minerals (2.4%) was detected by XRD analysis.

The continuous slope in the range of 700–1000 �C may have

occurred because of decomposition of clay minerals such as

illite and kaolinite and the minute amount of carbonate

minerals.

Kinetic Study

TG data at four heating rates for the organic decomposition

region were used to estimate the kinetic parameters by

model-free isoconversional methods. The organic decom-

position region was determined from the DTG curve

(Fig. 3), by identifying the onset temperature (300 �C) and

the offset temperature (700 �C). Model-free isoconver-

sional method has been used to determine the kinetic

parameters without the assumption of any kinetic model.

The apparent activation energies obtained from the meth-

ods considered are shown in Fig. 4. The activation energy

Table 5 The values of onset, offset and maximum decomposition temperatures for the pre-heating and organic matter decomposition

Heating rate/

�C min-1
Pre-Heating (moisture loss) Organic decomposition

Onset

temperature/

�C

Maximum

decomposition/�C
Offset

temperature/

�C

Moisture

loss/%

Onset

temperature/

�C

Maximum

decomposition/�C
Offset

temperature/

�C

Mass

loss/%

10 38.0 65.1 107.4 4 351.2 457.9 630.6 21

20 39.8 66.9 131.2 4 363.1 464.6 651.0 21

30 49.9 71.8 151.5 4 375.0 476.5 681.4 21

50 53.1 78.6 168.4 4 383.5 483.3 694.2 21
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was determined by both differential and integral methods,

viz. Friedman method (differential) and FWO and KAS

methods (integral). The correlation of the activation ener-

gies for each method at each conversion from a = 0.1 to

0.9 is shown in Fig. 5. Friedman method showed a mean

activation energy of 249.75 kJmol-1, whereas FWO and

KAS showed mean activation energies of 241.20 kJmol-1

and 239.68 kJmol-1, respectively. The activation energies

obtained for the Upper Assam oil shale were observed to be

similar to those reported for Huadian oil shale [48], Green

River oil shale [17], Moroccan oil shale [24, 49] and

Kukersite oil shale [50]. This is because of the presence of

higher percentage of silica compounds which act as inhi-

bitors for heat transfer, leading to higher consumption of

energy.

The derived activation energy was later used to deter-

mine the kinetic model and the pre-exponential factor. The

kinetic model for the pyrolysis process was determined by

applying the differential–integral
Z að Þ
Z 0:5ð Þ

� �
Criado master

plot [38]. For determining the reaction mechanism or

kinetic model, the activation energy at a = 0.5 for each

method has been considered. The standard master plots

were formed (Eq. 4), and the plot for the experimental

pyrolysis mechanism was plotted. The resultant plot shows

the decomposition of oil shale follows D3 diffusion

mechanism till a = 0.8 and fall upon A2 Avrami Erofeev

mechanism at a = 0.9. Previous works on oil shale kinetics

have shown the event of multiple reactions during oil shale

pyrolysis [17, 21]. These multiple reactions may suggest

the occurrence of heat diffusion, mass diffusion, nucleation

growth and other subsequent reactions. The manifestation

of the D3 diffusion mechanism might be because of the

diffusion of heat and mass through the pores of oil shale.

The heat diffusion may occur due to the conductive heat

transfer from the reactor to oil shale and from the mineral

matrix to the kerogen mass and from the converted kerogen

to the unconverted kerogen by both conductive and con-

vective modes of heat transfer. The mass transfer corre-

sponds to the diffusion of the liquid and gaseous products

through the pores of oil shale after conversion of the

kerogen and bitumen. The A2 Avrami Erofeev model

observed at a = 0.9 may justify the coking of the oil

products which is caused by the secondary coking reactions

predicted to occur during oil shale pyrolysis. The A2

Avrami Erofeev model was observed for the activation

energies considered from each method. KAS method

showed higher co-relation factor for the experimental f(a)

versus theoretical f(a) (R2 = 0.988). Criado master plot

using the values of activation energy obtained by the KAS

Friedman method

Flynn Wall Ozawa method

Kissinger Akahira Sunnose method
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Table 6 Effective activation energy values estimated using Friedman, FWO and KAS methods for constant values of a

Conversion,

a
Friedman method FWO method KAS method Reaction

model,

f(a)Activation

energy, Ea/

kJ mol-1

R2 Pre-

Exponential

factor, A/s-1

Activation

energy, Ea/

kJ mol-1

R2 Pre-

exponential

factor,

A/s-1

Activation

energy, Ea/

kJ mol-1

R2 Pre-

exponential

factor,

A/s-1

0.1 179.29 0.9887 4.96 9 1012 180.59 0.9648 4.83 9 1012 179.82 0.9969 4.81 9 1012 D3

0.2 223.91 0.9665 6.57 9 1015 173.82 0.9861 5.31 9 1015 162.81 0.9948 5.17 9 1015 D3

0.3 238.80 0.9775 4.67 9 1016 202.89 0.9782 4.17 9 1016 194.81 0.9891 4.02 9 1016 D3

0.4 281.04 0.9932 1.91 9 1019 219.61 0.9893 1.29 9 1019 246.60 0.9974 1.91 9 1019 D3

0.5 301.91 0.9618 1.49 9 1020 290.05 0.9914 1.31 9 1020 293.35 0.9983 1.50 9 1020 D3

0.6 308.25 0.9572 7.55 9 1019 319.49 0.9963 7.13 9 1019 311.20 0.9969 7.15 9 1019 D3

0.7 318.40 0.9879 1.55 9 1019 316.22 0.9867 1.53 9 1019 301.57 0.9942 1.24 9 1019 D3

0.8 305.93 0.9943 1.89 9 1016 276.28 0.9780 1.60 9 1016 273.08 0.9903 1.59 9 1016 D3

0.9 208.87 0.9546 3.022 9 1016 191.80 0.9851 2.93 9 1016 194.69 0.9871 2.93 9 1016 A2

Table 7 Comparison of kinetic triplets of Indian oil shale with other oil shales

Oil shales Mean activation energy of organic

decomposition zone Ea/kJ mol-1
Mean pre-exponential

factor A/s-1
Reaction models, f(a)

Upper Assama 247.56 2.56 9 1019 D3 and A2

Green River [17] 168.50 2.23 9 1016 First order

Kukersite [50] 235 1 9 1013 Discrete distribution and third order

Huadian [44] 230 1.87 9 1027 D1 and A5/6

Moroccan [49] 270.23 4.24 9 1017 nth and pseudo-first order, n = 1.67

aTikak Colliery, Makum Coal Field, Margherita, Upper Assam, India
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method is shown in Fig. 6a. The Criado master plots for

Friedman method and FWO method are shown in Sup-

plementary Figs. S1 and S2, respectively.

The compensation factor method was applied for the

models obtained from Criado master plot. The reaction

order showed a high regression coefficient for D3 and A2

Avrami Erofeev model at different levels of conversion.

These compensation parameters were used to evaluate the

pre-exponential factor, A, at different conversions. The

average value obtained is 2.56 9 1019 s-1 for KAS

method. The experimental f(a) values for each method

were determined using E and A values and compared with

the theoretical f(a) values. The comparison for values

obtained for KAS model is shown in (Fig. 6b). The vari-

ations in kinetic parameters with progress of decomposi-

tion uphold the multimodel process; D3 model up to

a = 0.8 and A2 Avrami Erofeev model at a = 0.9. The

effective activation energies, the pre-exponential factors

and reaction model are listed in Table 6. The kinetic

parameters obtained are in the ranges of reported values in

the literature (Table 7).

The reconstruction of kinetic data showed the validation

of similarity between the experimental profiles and the

simulated profiles. The simulated and experimental data

profiles for Friedman, FWO and KAS methods with respect

to experimental data at heating rate of 10 �C min-1 are

shown in Fig. 7a. Regression analysis for linearity fitting

was performed for each heating rate (10, 20, 30 and

50 �C min-1), and the average linearity fitting coefficient

(R2) corresponding to each method is shown in Fig. 7b.

KAS model to possess highest average R2 value of 0.9923.

FWO showed average R2 of 0.9863, and Friedman method

showed the lowest value of 0.9799. Over the R2 average

value, KAS model is considered to be the most appropriate

for studying the kinetics of thermal degradation for the

Indian oil shale. The simulated vs experimental profiles for

KAS method for each heating rate are shown in Fig. 8. The

profiles for Friedman and FWO methods at each heating

rate are shown in Figs. S3 and S4 in supplementary data.

Conclusions

The physicochemical analysis showed Upper Assam oil

shale to be siliceous in nature. Presence of minute amount

of carbonate minerals in the oil shale was shown by XRD

analysis and TG–DTG curve for mineral matter decom-

position. The presence of higher percentage of sulfur,

pyrite and sulfur oxide compounds detected by CHNS,

XRD and FTIR shows the oil shale to be sour. The organic

matter content was found to be about 21 mass%. The

physical characteristics of the oil shale were found to be

similar to the Kukersite oil shale of Estonia. The kinetic

study reported in this paper is first of its kind for Upper

Assam oil shale. The study exhibited an average activation

energy of 247.56 kJmol-1, which was in range with the

benchmark oil shales such as Green River, Kukersite,

Huadian, Sultani and Queensland. The activation energy

appeared to be low during the initial stage of degradation,

corresponding to moisture loss and onset of organic
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decomposition. The subsequent increase in activation

energy corresponds to the degradation of the heavier

hydrocarbon molecules. The reaction kinetics follows two

models, viz. D3 diffusion model followed by Avrami

Erofeev which corresponds to the heat and mass diffusion

during thermal degradation of the oil shale and secondary

coking reactions. The change in activation energy with

respect to conversion, and the shift of reaction mechanism

during degradation reflects the complex nature of oil shale

pyrolysis.
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