A comprehensive kinetics study on non-isothermal pyrolysis of kerogen from

Green River oil shale

Wuaqi Kuangﬁ’l, Mengke Lu™', Isaac Yeboah®, Gang Qian”, Xuezhi Duan™", Jia Yangh, De Chen™*,

Xinggui Zhou®

“State Key Laboratory of Chemical Engineering, East China University of Science and Technology, 130 Meilong Road, Shanghal 200237, China
" Deparment of Chemical Engineering, Norwegian University of Science and Technology, Trondheim 7491, Norway

HIGHLIGHTS

e Kerogen is prepared by extraction and decarbonation of Green River oil shale.
* Kerogen pyrolysis model is discriminated by non-linear least squares analysis.

¢ Two-stage model shows wide applicability to describe kerogen pyrolysis process.
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Fundamentally understanding the pyrolysis kinetics of kerogen is of prime scientific and industrial importance.
Herein, bitumen- and carbonates-free kerogen sample is prepared through Soxhlet extraction followed by dec-
arbonation of Green River oil shale, and its pyrolysis is studied by non-isothermal thermogravimetric analysis.
The systematic analyses show that both the Popescu and master plots methods are not applicable to describe the
kerogen pyrolysis process due to the changed reaction model and the varied activation energy over certain
conversion range, respectively, while the piecewise non-linear least squares analysis is identified as an effective
method to discriminate the most probable kinetic model from commonly used 15 reaction models based on four
solid-state pyrolysis mechanisms. Two-stage reaction model, i.e., F1 at the early stage and F2 at the later one, is
proposed to well describe the kerogen pyrolysis process, which demonstrates a wide applicability owing to their
insensitivities on the heating rate and estimation methods of the activation energies. The methodology revealed

here could be applicable to determine other solid-state pyrolysis kinetics and reaction mechanism.

1. Introduction

The access to more energy is the major challenge of our time. A
promising strategy to address this challenge is converting alternative
hydrocarbon resources such as kerogen in oil shale to transportation
fuels, which could be easily fitted into existing infrastructure. Kerogen,
a sedimentary and insoluble macromolecular organic matter (OM), is
by far the most abundant form of OM on Earth [1-3]. On the other
hand, it has a high hydrogen-to-carbon ratio with a potential to be
superior to heavy oil or coal as a source of liquid fuel [4-6].

Currently, the most common conversion technology of kerogen has
been surface mining followed by thermochemical processing to produce
liquid fuels (i.e., shale oil) [7,8]. To eliminate mining processes and
minimize surface operations, in-situ oil shale process has been

developed, which can also reduce operation cost and address environ-
mental challenges [9,10]. For the in-situ process, a number of novel
technologies like the “In-Situ Conversion Process”, “Electrofrac Pro-
cess”, “Volumetric Heating” and “In-Situ Vapor Extraction Technology™
have been developed by Royal Dutch Shell, ExxonMobil, Illinois In-
stitute of Technology and Mountain West Energy, respectively [11-14].
The first two technologies insert resistive heaters within the formation,
and utilize electric current to drive them to supply heat to the oil shale.
The third one uses electrode arrays to generate radio waves to heat the
formation, while the last one firstly heats methane gas above ground
and then injects it into the oil-shale formation.

Considering that kerogen exists in a complicated heterogeneous
mixture of organic components including bitumen linked to a mineral
matrix usually containing carbonates [15-17], the thermochemical



decomposition of kerogen is usually accompanied by that of bitumen
and carbonates, leading to very complex thermal behaviors. Therefore,
it is highly desirable to exclude the interference of bitumen and car-
bonates for understanding the intrinsic thermal behavior of kerogen.
Previous studies [1,18-20] demonstrated that the bitumen and carbo-
nates can be easily removed by extraction in Soxhlet extractor with
solvent like CH»Cl, and conventional acid treatment without altering
the kerogen, respectively.

As an effective method, pyrolysis, a process of heating materials in
an inert environment, is widely employed to convert kerogen into shale
oil [21,22]. This viable pyrolysis process could be complicated because
kerogen has a complex chemical structure, where there are different
types of heteroatoms like oxygen, nitrogen and sulfur, and different
kinds of groups like ketone, carboxyl and ester [23-27]. To develop and
optimize the process, it requires discriminating the pyrolysis me-
chanism, obtaining the kinetic triplet (i.e., activation energy, pre-ex-
ponential factor and reaction model [28]) and establishing the reaction
kinetics. However, the relevant studies on kerogen pyrolysis are carried
out by using oil shale with bitumen and carbonates (e.g., pyrolysis
conditions [29-32] and kinetics [22,28,33-36]), and rarely by using
bitumen- and carbonate-free kerogen. Previously, isoconversional
methods without any assumption about reaction kinetics model have
been successfully demonstrated to estimate the activation energies of
kerogen pyrolysis with almost 140-240 kJ/mol [37,38]. Master plots
method used for discriminating the pyrolysis kinetics model of isolated
kerogen has been employed [19], but the deviation between the ex-
perimental data and calculated data seems to be high. Moreover, it is
reported that transformation of hydrogen-rich organic matter like
kerogen to oil and gas can be described by (near) first-order kinetics,
where the activation energy used for the whole process is a single value
regardless of any possible variation along the conversion range [33,39].
Therefore, these is a need to carry out a comprehensive and in-depth
kinetics study for kerogen pyrolysis.

Thermogravimetric analysis (TGA) is extensively used for kinetics
study of solid-state pyrolysis process, where there are isothermal and
non-isothermal methods [40-42]. The isothermal method is carried out
at a given reaction temperature, and can reflect the overall reaction
characteristics of the solid. This method separates temperature effect
(i.e., the reaction rate constant) and kinetic function model, thus pro-
viding a simple and reliable determination of the reaction kinetics
[43,44]. However, for isothermal gas-solid reaction like char gasifica-
tion in a micro fluidized bed, the effects of gas mixing and diffusion on
the measured reaction will be very serious when inert gas is switched to
reactant gas, only if the reaction rate is very high [45]. The non-iso-
thermal method is conducted by exposing a sample to a programmed
reaction temperature variation, which can reveal the thermal behavior
under different temperatures and clarify the relationship between
heating rate and reaction characteristics [43]. Comparing to the iso-
thermal method, the non-isothermal method is simple and easy because
itcan avoid the change of chemical and physical properties of the tested
sample, and provide useful information via fewer experiments [43,46].
Moreover, the non-isothermal method can also offer certain advantages
on eliminating the errors caused by the thermal induction period and
permitting a rapid scan of the whole temperature range of interest [47],
which has been proved to be important in many cases like pyrolysis of
biomass, water plastics and tyres [48-50]. Thus, the non-isothermal
method is chosen in TGA.

Based on the obtained TGA data, there are different model-free
isoconversional methods (e.g., Friedman [51], KAS [52], FWO [52,53],
NL-INT [54] and NL-DIF [55]) and different kinetics model-fitting
methods (e.g., Popescu method [56], master plots method [57] and
non-linear least squares analysis [58-60]) to estimate the activation
energies and discriminate the reaction model from various solid-state
kinetic models according to their mechanistic basis as nucleation,
geometrical contraction, diffusion, and reaction order [61], respec-
tively. Comparison between the isoconversional and model-fitting

methods has been made by Burnham and Dinh [62], the results show
that the two methods are applicable to reactivity distribution of parallel
reactions involving complex materials, but it is still difficult to de-
termine which method will give more accurate predictions. Notably,
understanding pyrolysis behavior of a certain material requires sys-
tematic investigation and comparison by using these different methods,
aiming to reveal the plausible kinetics and reaction mechanism.

In this work, bitumen- and carbonates-free kerogen was prepared
through Soxhlet extraction with CH,Cl, followed by decarbonation of
Green River oil shale, and its non-isothermal pyrolysis was studied by
TGA. Subsequently, three commonly used model-fitting methods, i.e.,
the Popescu method, master plots method and non-linear least squares
analysis, were employed to discriminate the most probable kinetic
model from the 15 reaction models based on the four types of solid-state
pyrolysis mechanisms. Furthermore, the proposed two-stage reaction
model was confirmed by checking the activation energies and heat flow
along the entire conversion range and two-stage kinetic compensation
effects, and their universality was tested by probing their applicability
under different heating rates and different estimation methods of acti-
vation energies.

2. Experimental and theoretical methods
2.1. Preparation of kerogen sample

The kerogen sample was prepared through Soxhlet extraction fol-
lowed by decarbonation of Green River oil shale. Specifically, the oil
shale sample was crushed, homogenized and then sieved to 80 meshes
(~0.2 mm) for minimizing the effects of heat and mass transfer, which
could influence decomposition rate with particle size larger than
0.4mm [63]. The finely ground oil shale sample was treated with
CH,Cl; to extract the bitumen until the solvent in the Soxhlet arm be-
comes colorless. Subsequently, the bitumen-free oil shale was treated
with 6 M HCl under nitrogen for 12 h. The resultant sample was thor-
oughly washed with hot distilled water, and then dried in a vacuum
oven to obtain the kerogen sample.

2.2. Characterization

X-ray diffraction patterns of the oil shale and kerogen samples were
recorded using a Rigaku D/Max 2550VB/PC diffractometer equipped
with Cu K, radiation (A = 1.5406A). A thermogravimetric analyzer
(TA Instrument SDT-Q600) was used to study the thermal behavior of
the oil shale and/or kerogen samples in air and nitrogen flow atmo-
sphere of 150 mL/min from room temperature up to 1173 K. Duplicate
experiments were performed to ensure reproducibility.

2.3. Theoretical methods for determination of kinetic triplet

The non-isothermal pyrolysis kinetics of kerogen can be expressed

as:
da E
O Aexp(—ﬁ)f(a) o

where ‘jT‘: is the conversion rate of reaction, « is the degree of conver-
sion, k is the rate constant, f(a) is the conversion function depending on
the reaction mechanism in Table 1 [40,61,64]. A is the pre-exponential
factor (s~ 1), E is the activation energy (kJ/mol), R is the universal gas
constant and g(a) is the integral expression of the f(a). The a is a
function of initial mass W, final mass W_.. and mass of sample at time t
(W):

_ W=

A &)

By substituting § (i.e, constant heating rate, dT/dt , K/min) into the
Eq. (1), Eq. (3) can be also expressed as:



Table 1

Fifteen main kinetics models (f(a)) and their integral expressions (g(a)) of solid-

state pyrolysis process.

Model fla) g(a)

Reaction-order model

First-order (F1) 1—a) —In(1 — a)

Second-order (F2) (1-a)? (I—ayl-1

Third-order (F3) 1-ap [(1—ay—1)/2

Nucleation model

Power law (P2) 2q1/2 g2

Power law (P3) 3213 all?

Power law (P4) A4 ali4

Avrami-Erofe've (A2) 2(1 — a)[~In(1 — a)1/2 [=In(1 — a)V/2

Avrami-Erofe've (A3) 301 — a)[-In(1 — )23 [=In(1 = a)]1/3

Avrami-Erofe've (A4) 41 — a)[-In(1 — a) P/* [=In(1 — a)]'/4

Geometrical contraction model

Contracting area (R2) 2(1 — a)l/2 1—(1— a2

Contracting volume 301 — a3 1-(1—a)?
(R3)

Diffusion model

1-D diffusion (D1) 1/2a al

2-D diffusion (D2) - 1/In(1 — a) [(1=-a)In(l —a)] +

3-D diffusion (D3) 31— a2 ¥[201 = (1 — V')
Ginstling-Brounshtein 3200 —ay -]

- [1 —(l _ a)m]z
1—(2a/3) — (1 — aP?

(D4
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For the reaction mechanisms, they are classified into four types
based on mechanistic assumptions [65]. The nucleation models assume
the formation and growth of nuclei to be the rate-limiting step. The
geometrical contraction models assume nucleation to be instantaneous
throughout the surface and the rate-limiting step to be the progress of
the product layer from the surface of the crystal inward. The diffusion
models consider the diffusion of reactants into reaction sites or products
away from reaction sites as the rate-limiting step, while the reaction-
order models are similar to the same rate expressions in homogenous
kinetics, and the rate law is based on the reaction order.

2.3.1. Determination of activation energy

The activation energy (E) can be estimated by using five main iso-
conversional methods, i.e., three linear Friedman, FWO and KAS to-
gether with two non-linear NL-INT and NL-DIF. The isoconversional
methods can be applied to multistep reactions, and reveal a dependence
of the activation energy on conversion [54]. The Friedman method uses
the differential form of the rate equation (i.e, Eq. (1)) and does not need
to make any mathematical approximations [66]. It employs in-
stantaneous rate values and is sensitive to experimental noise, and thus
lead to some errors, which could be reduced by the advent of software
with smoothing capabilities [52]. The FWO and KAS methods use the
integrated form of the rate equation, and assume constant activation
energy, which could result in an associated and unavoidable error [52].
The equations of these three methods are listed in Table 2 [40], and the
derivation details of the models are given in Supplementary

Table 2
Three linear isoconversional methods.

Method Model Y X

Friedman da) _ da) _ _E da T
1"(?) - ln(ﬁ”) =InlAf ()] = 77 In(ﬁdT)

FWO _ AE E In(3) /T
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Table 3
Two non-linear isoconversional methods.

Method Model

NL-INT n oon BT Ta) .
‘Z;:] Z#: m — n(n — 1){ = min

NL-DIF
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Information. Under the same value of a at different heating rates, the
activation energy (E) was determined from the slope of regression lines
of Y versus X.

Compared to the FWO and KAS with oversimplified approximation
of temperature integral (p(x), x = E/RT), as shown in Supplementary
Information in detail, the NL-INT method is independent on x value,
thus showing extremely low errors [54]. Moreover, the two non-linear
methods are independent on the relationship between activation energy
and conversion [55]. The non-linear methods are listed in Table 3, and
the derivation details of the models are also given in Supplementary
Information. For the NL-INT method, by substituting experimental va-
lues of T, and B into the model and varying E, to reach the minimum, it
gives the value of the activation energy at a given conversion. For the
NL-DIF method, by substituting experimental values of T,, § and da/dT
into the model and varying E, to reach the minimum, it gives the value
of the activation energy at a given conversion.

2.3.2. Determination of kinetic model and pre-exponential factor

The most probable kinetic model can be determined by three
commonly used methods, i.e.,, the Popescu method, master plots
method and non-linear least squares analysis.

For the Popescu method, its curve fitting procedure is an integral
method, which investigates kinetics and mechanism of reaction by
using the degree of conversion measured at the same temperatures on
curves recorded for a reaction carried out at various heating rates. Its
main advantage is that it does not need any assumption concerning the
temperature integral and less affected by experimental errors [67].

By using the integral form of Eq. (3), it gives

an  da 1 ph
—_— == k(T)ar
S S B fr,,, o &

m

where an, and @, are two different degrees of conversion, and Ty, and T,
are their corresponding temperatures. By using the notations:

_ an da
2@ = fum @ ©

and

I = [ k(T)IT
(D = [ " k(1) )

which are the integral of conversion and temperature, respectively,
the Eq. (4) can be transformed into a short form:

1

8(@nm ,3" (T)nm @)

For two selected temperatures T, and T,, a pair of a (i.e., (o,
Op1), (Qma, Oy2), ...,) under different heating rates 8 (i.e., 83, B2, ...,) can
be determined from the obtained experimental data. With the above
pairs of T, a and f, and the various reaction models given in Table 1,
the values of g(cmn1, g(@mn2, ... can be calculated according to Eq.
(5). Since the selected temperatures Ty, and T,, are respectively the same
at different heating rates according to the Eq. (7), the value of I,
should be constant. Thus, a linear fitting of the g(a)m, and 1/B were
performed with an intercept of zero, and the obtained coefficients of
determination (Rz) can be the measures of the most probable kinetic



model [52].

For the master plots method, the experimental data are firstly
transformed into an experimental master plot. Then, it is compared
with theoretical master plots, which are dependent on the kinetic
model, but independent on the kinetic parameters (i.e., E and A) [68],
and can be drawn by assuming certain kinetic models and serve as
references. Thus, the kinetic model or the general type of model can be
determined by a simple graphical procedure. This method does not
need to assume the kinetic model followed by the reaction, preventing
errors arising from the fit to inappropriate kinetic models [68-70].

By combining Eq. (1) and the Coats-Redfern equation [71], the g(a)
can be obtained:

gl = 2817 eXP(—i]

EB RT (8)

the expression of the reduced master plots method developed by
Criado [57] can be obtained:

2
@) = fla)g(a) _[r] (da/dr)
Tys) (da/dis ©

f(05)g(035)

where Ty s and (da/dt), s are the temperature and the kerogen pyrolysis
rate, respectively, under the conversion (a) of 0.5. By substituting the
corresponding temperature T at the selected a under different f§ into Eq.
(9), experimental master plots of y(«) vs a can be drawn. Meanwhile,
by substituting a values into integral kinetic mechanisms, the theore-
tical master plots of y(«) vs @ can be produced [40]. If the theoretical
master plots coincide with the experimental plots, the f(a) is chosen as
the most probable kinetic model.

For the non-linear least squares analysis, optimization program is
carried to match model predictions with measured data, where the
error function can be used [72-74]:

S = U,iexp _ yim )2
Z{‘: (10)

withy™ = (dat/dT e andy™ = (dee/dT)se

where the S is a square sum of differences between experimental and
fitted data, and the y™? and yiﬁ‘ are experimental and fitting data, re-
spectively. For each reaction model, by varying the pre-exponential
factor (A) to minimize the S value when fitting the calculated data to
experimental ones, the A values based on each model and the corre-
sponding fitting curves can be obtained. If the calculated data give a
good fit to the experimental data, the selected reaction model can be
determined as the most probable kinetic model.

3. Results and discussion
3.1. Preparation of bitumen- and carbonates-free kerogen

Kerogen sample was prepared through Soxhlet extraction with di-
chloromethane followed by decarbonation of Green River oil shale,
which were used to remove the bitumen and carbonates, respectively.
The complete extraction of bitumen is easily guaranteed by checking
whether the solvent in the thimble-holder and siphon becomes color-
less. However, XRD and TGA-DSC measurements of the as-prepared
kerogen sample and raw oil shale sample as a comparison were carried
out to probe whether the carbonates are completely removed.

As it can be seen in Fig. 1a, dolomite, ankerite, calcite, albite and
quartz-type inorganic matters are identified as the main components of
the oil shale according to the standard powder diffraction cards of
JCPDS. The dolomite, ankerite and calcite are carbonates, and their
peak intensities dramatically decrease over the kerogen due to the
decarbonation treatment. Moreover, for the TGA-DSC analyses in
Fig. 1b, the oil shale sample exhibits two main low-temperature weight
loss stages/peaks with exothermic characteristics arising from the

oxidation of organic matters, and one high-temperature weight loss
stage/peak with endothermic nature resulting from the decomposition
of the carbonates. However, for the kerogen sample, there is no legible
endothermic peak, indicating almost complete removal of the carbo-
nates. All of these results demonstrate that our prepared kerogen
sample is bitumen- and carbonates-free, which would be used as the
starting material for fundamental understanding of kerogen pyrolysis
kinetics without the interferences from bitumen and carbonates.

3.2. Determination of optimal method to obtain the most probable model

Thermal behavior of the as-prepared kerogen sample was studied by
TGA analyses at the heating rates of 2, 5, 10 and 20 K/min, and the
results are shown in Fig. 2a. Based on these TGA data, we employ three
commonly used methods, i.e., the Popescu method, master plots
method and non-linear least squares analysis, to discriminate the most
probable kinetic model from the 15 reaction kinetics models mentioned
above and thus to fundamentally understand the thermal behavior of
kerogen.

The Popescu method was firstly employed to determine the most
probable kinetic model. It can be seen in Fig. 2b that approximately
seven kinetic models, i.e., the F1, F2, R3, D1, D2, D3 and D4, exhibit
relatively high coefficients of determination (R?) values, from which it
is difficult to determine the most probable kinetic model just by using
the R2. In other words, the Popescu method cannot directly lead to the
most probable kinetic model, and subsequent efforts are need for the
determination. This is indicates the highly insensitive characteristics of
the method, demonstrating that it is not appropriate to discriminate the
most probable kinetic model of the kerogen pyrolysis process. It is
noted that the some R? values are missed, which is because the calcu-
lation cannot be executed through the Popescu method by using the P2,
P3, P4 and D4 models.

Furthermore, the master plots method was employed to determine
the most probable kinetic model. As shown in Fig. 2¢, Fig. S1 and Table
51, three models, i.c., the F1, A3 and A4, are observed with relatively
high R2 values. It is noted that for this method, its requirement is almost
constant activation energy along the entire conversion range [68].
Along this line, isoconversional kinetic analysis procedures were car-
ried out to estimate the activation energies (E) under different degree of
conversion (a), where the commonly used isoconversional methods,
i.e., the Friedman, was employed. It can be obviously seen in Fig. 3a
that the activation energies determined from the Friedman method
exhibit a remarkably increased trend, which does not meet the above
requirement. All of these results call special attention to combine the
master plots method with the isoconversional method for reasonably
determining the most probable kinetic model [68], despite that the
combination is not applicable in our case.

As a consecutive effort, the piecewise non-linear least squares ana-
lysis was performed by using the data under the heating rate of 5 K/min
with the conversion interval of less than or equal to 0.05, where the
maximal change degree of the activation energies in each interval is
acceptable (< 5kJ/mol) and their values under different conversions
are shown in Table S2. The comparisons between the experimental data
and the fitting data by using the 15 reaction models based on the ac-
tivation energies from the Friedman method are shown in Fig. 3b and
Fig. 52. According to these visual interpretations and the corresponding
R? values listed in Table S3, it is concluded that the kerogen pyrolysis
almost follows F1 model (i.e., first-order reaction model) at the early
stage (i.e., @ = 0-0.9), and then the F2 model (i.e., second-order reac-
tion model) at the late one (i.e., a = 0.9-1.0). In other words, the
kerogen pyrolysis follows the two-stage reaction model. According to
previous studies [31,75,76], the first stage reaction model is most likely
attributed to the cracking of kerogen and its pyrolytic bitumen, and the
second stage one to the polymerization and condensation of some
pyrolytic products to form residual carbon and coke.

It is noted that the two-stage reaction model provides an
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Fig. 2. (a) TGA/DTG profiles of kerogen pyrolysis under different heating rates; (b) Fitting curves for different kinetic models based on the Popescu method; (c)
Theoretical and experimental (5K/min) master plots for different kinetic models based on the master plots method.

explanation for the infeasibility of Popescu method to determine the
reaction model because of its assumption of unchanged reaction model
over certain conversion range [56]. Moreover, the piecewise non-linear
least squares analysis is demonstrated to be appropriate to determine
the reaction model of kerogen pyrolysis, which could avoid the errors
from the sharp/unacceptable change of activation energy and the
change of reaction model over the conversion range.

3.3. Mechanism behind the two-stage reaction model

To understand the above issues, the activation energies (Fig. 3a) and
heat flow along the entire conversion range, as shown in Fig. 4a, were
analyzed discussed. Typically, four obvious stages of activation energies
in the kerogen pyrolysis process are observed. Specifically, at the first
stage (0 = a = 0.06), the low activation energies are most likely due to
cracking of the weak chemical bonds in kerogen to a small amount of
gas (mainly H,0, CO,, H,S and light hydrocarbon) [77], which is
consistent with weak DSC peaks at around 625K, and its decreased
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trend might arise from the promoted cracking by the resultant H,O/
CO5. At the second stage (0.06 = a = 0.40), the increased activation
energies could be owing to the stepwise decomposition of kerogen to
bitumen [75], and the weight loss of the sample in principle results
from the conversion of the pyrolytic bitumen to gas and aliphatic oil,
where these processes lead to a strong endothermic DSC peak at ap-
proximate 650-700 K. At the third stage (0.40 = a < 0.80), the rela-
tively stable activation energies could be associated with the cracking
of bitumen and its pyrolytic products [75]. At the last stage
(0.80 = a = 1.00), the increased activation energies may arise from the
polymerization and condensation of some pyrolytic products to form
residual carbon and coke [75]. The last two stages correspond to an-
other strong endothermic DSC peak at approximate 700-750 K. These
analyses could explain why the kerogen pyrolysis process can be well
described by combining the F1 with F2 reaction models.

Subsequently, In(A) is respectively plotted with E in the conversion
range of 0-0.9 and 0.9-1.0 to probe whether there exist two-stage ki-
netic compensation effects, which is a way to demonstrate that the
pyrolysis process is correctly described by the selected model [47]. It
should be pointed out that the used E values at different conversion
ranges are listed in Table S2, and the corresponding A values were
obtained by the combination of non-linear least squares analysis and
reaction models, as also shown in Table 52. As expected, there are two
linear relationships between the In(A) and E in Fig. 4b, indicating the
existence of two-stage kinetic compensation effects [78]. This further
confirms the above proposed two-stage reaction model for the kerogen
pyrolysis. Therefore, the non-isothermal pyrolysis kinetics of kerogen
can be expressed as:

exp[ff;"_]f(a)

dai— _ Aq‘f
B

dTa‘f

a1

with
f(a) =(1 — a)(ie. ,Flreactionmodel) for0 < a < 0.9,
fla) =(1 — a)(ie. ,F2reaction model) for0.9 < a < 1.0,

where the E,; and A; values under different conversions are shown in
Table S2.

3.4. Practicability of the two-stage reaction model

Moreover, our proposed two-stage reaction model was also applied
for the kerogen pyrolysis under other three heating rates, i.e., 2, 10 and
20 K/min, where the E and A values at different conversion ranges for
each heating rate are obtained by the same method as above, i.e., the
Friedman method and the non-linear least squares analysis. It is shown
in Fig. 5 that for the three cases, the two-stage reaction model can give
good fits of the kerogen pyrolysis profiles, indicating the practicability
of the proposed two-stage reaction model for different heating rates.

Based on the above systematic analyses, the Popescu method and
master plots method are found to be not applicable for describing the
TGA data of kerogen pyrolysis, while the non-linear least squares
analysis is identified as an effective method to discriminate the most
probable kinetic model from the commonly used 15 reaction models
based on the four types of solid-state pyrolysis mechanisms. It is noted
that the non-linear least squares analysis is only based on the estimated
activation energies by the Friedman isoconversional method.
Considering that other isoconversional methods are widely used to es-
timate the activation energies [79], the four commonly used methods,
i.e., the FWO, KAS, NL-INT and NL-DIF, were also employed for esti-
mating the activation energies of the kerogen pyrolysis. As shown in
Fig. 6a, the four isoconversional methods give similar trends of the
activation energies along the entire conversion range compared to the
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Fig. 5. Comparisons between experimental data and the fitting data by using
the F1 and F2 models under different heating rates.

Friedman method. Based on these estimated activation energies, we
employed the optimal non-linear least squares analysis and the pro-
posed two-stage reaction model to probe whether the kerogen pyrolysis
process can be well described. As expected, that the calculated data
based on the four methods show good fits to the TGA data, as shown in
Fig. 6b. This indicates an insensitivity of the proposed two-stage
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reaction model for the kerogen pyrolysis process on the estimation
methods of the activation energies. In other words, the proposed two-
stage reaction model has a wide applicability for describing the kerogen
pyrolysis process.

4. Conclusions

In summary, we have proposed the kinetics and reaction mechanism
of the non-isothermal pyrolysis of kerogen prepared through Soxhlet
extraction followed by decarbonation of Green River oil shale. Both the
Popescu method and master plots method are found to be not applic-
able to describe the kerogen pyrolysis process owning to the changed
reaction model and varying activation energy over certain conversion
range. The piecewise non-linear least squares analysis is identified as an
effective method for the discrimination of the most probable kinetic
model from the commonly used 15 reaction models based on four types
of solid-state pyrolysis mechanisms because it can avoid the errors from
the sharp/unacceptable change of activation energy and the change of
reaction model over the conversion range. The two-stage reaction
model, i.e., F1 at the early stage and F2 at the later one, is proposed to
well describe the kerogen pyrolysis process, which demonstrates a wide
applicability owing to their insensitivities on the heating rate and es-
timation methods of the activation energies. The insights reported here
could guide the rational design and optimization of kerogen pyrolysis
process, and the methodology could be applicable for determining other
solid-state kinetics and reaction mechanism.
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