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Abstract: Two representative organic-rich mudstones from the Middle Permian (MP) and the Upper
Carboniferous (UC) around the Fukang Depression in the Junggar Basin were selected to study and
compare the pyrolysis behavior and kinetics. The MP and UC were described as type I and type
II kerogen, respectively. The FTIR and XRD results revealed that the MP contains carbonates and
different clay minerals compared to the UC. Peak deconvolution was used for the UC to delineate the
pyrolysis process to better understand and compare the similarities and differences in the pyrolysis
kinetics of the two mudstones. In addition, the Coats-Redfern method was employed to further
differentiate the reaction stages based on the differences in the reaction models during pyrolysis.
The kinetic results revealed that the activation energy, pre-exponential factors, and reaction models
of the two mudstones have some similarities and differences. Combined with the analysis of the
pyrolysis volatiles, the UC sample can release more CH4, CO, CO,, and aromatic hydrocarbon
compounds at high temperatures, indicating that the UC has more oxygen-containing functional
groups and aromatics, while the MP has more aliphatics. Through the above studies, the pyrolysis
kinetics and mechanism of two organic-rich rocks could be clarified, guiding their development and
efficient utilization.

Keywords: organic-rich mudstones; peak deconvolution; thermogravimetric analysis; pyrolysis
kinetics; pyrolysis volatiles

1. Introduction

Petroleum resources are important resources for socio-economic development and hu-
man survival. Hydrocarbon source rocks from different geological sources and depositional
environments have different organic matter structures [1-3] and mineral compositions,
influencing the pyrolysis mechanism and process [4-6]. Therefore, the non-reproducibility
and strategic significance of petroleum resources and the complexity of the kerogen struc-
ture determine the necessity of efficient and rational development and utilization to alleviate
the current energy crisis [7].

The Fukang Depression is located between the central depression and the eastern
uplift zone of the Junggar Basin. Hydrocarbon source rocks with good organic matter abun-
dance and hydrocarbon potential have been developed in both the Upper Carboniferous
and Middle Permian in this region [8]. The tectonic strata of the Upper Carboniferous-
Permian system mainly show a transition from marine to terrestrial phases due to tectonic
movements [9]. In addition, there are frequent volcanic activities within the Carboniferous
system, and complex volcanic rock constructions were developed [10]. The Permian is a la-
custrine depositional environment [11]. Therefore, the hydrocarbon source rocks within the
Carboniferous and Permian systems surrounding the Fukang Depression possess intricate
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depositional environments and vary in parental material origins. In addition, researchers
have found that the oil preservation and storage capacity of organic-rich mudstones may
be severely underestimated. The organic-rich rocks have the potential to be employed for
the commercial production of oil and gas [12]. Therefore, an in-depth understanding and
comparison of the pyrolysis kinetics and mechanism of different organic-rich mudstones is
of great importance to identify the different deposition environments of different periods
and to comprehensively elucidate the pyrolysis process.

Thermogravimetric analysis (TGA) is an efficient technique to study pyrolysis kinetics
and behavior with thermogravimetric curves [13] and is extensively used in pyrolysis
research of organic-rich rocks, such as oil shale [14-16] and coal [17-19]. However, the
pyrolysis kinetic research of other organic-rich rocks is seldom reported, and more theoreti-
cal research via thermogravimetric analysis is necessary for development and application.
According to the obtained TGA data with the mass loss variation, the activation energy E
and other kinetic parameters can be obtained through different kinetic methods [20-23]. In
addition, the Fourier Transform Infrared (FTIR) spectrometer is popularly coupled with
TGA for the online identification of volatile products during pyrolysis [24]. Kerogen’s
pyrolysis behavior is intricate, as several reactions occur simultaneously due to the or-
ganic and mineral complexity. Therefore, researchers employed peak deconvolution to
distinguish overlapping peaks and analyze the kinetics separately [25]. The fitting models
comprised Asym?2sig, Weibull, Fraser-Suzuki [26], Gaussian [27], and Bi-Gaussian [28]
models. Deconvolution analysis enables the differentiation of pyrolysis reactions, but there
is a lack of relevant studies on the changes in the kinetic model during the reaction process.
Previous research using a non-linear least squares approach based on the rate equation
has successfully identified the reaction stages through modifications of the mechanistic
model [2], but this method is computationally expensive. Therefore, this paper provides
a more detailed delineation of the reaction process by using peak deconvolution and the
Coats-Redfern method. The Coats-Redfern method, a kinetic method, aids in identifying
the reaction model and distinguishing the reaction process based on variations in the
reaction model.

In this paper, two organic-rich mudstones with high hydrocarbon generation potential
from the Upper Carboniferous (Bashan Formation) semi-deep lacustrine sediments and
the Middle Permian (Pingdiquan Formation) lacustrine sediments around the Fukang
Depression were selected as the research samples. By studying the pyrolysis kinetics and
process through thermogravimetric analysis, the pyrolysis process and kinetics of two
mudstones were investigated, thus guiding the exploration and development of organic-
rich rocks and their efficient utilization.

2. Materials and Methods
2.1. Materials and Characterization

The Permian samples are from the Middle Permian Pingdiquan Formation in Sha
123 well (MP), and the Carboniferous samples are from the Upper Carboniferous Bashan
Formation in Shaqgiu 12 well (UC). Both samples were ground into powers (less than 0.2 mm)
with a mechanical grinder. All characterizations were tested with powder samples. A US
Leco CS-344 carbon and sulfur analyzer was used to measure the total organic carbon (TOC)
and organic sulfur contents of the rocks on samples pre-treated with dilute hydrochloric
acid in accordance with GB/T 19145-2003. Rock-Eval pyrolysis was performed using a
Rock-Eval 6 instrument according to GB/T 18602-2012. The mineralogical characteristics
were characterized by X-ray diffraction (XRD) on a powder X-ray diffractometer (Japan,
Rigaku D/Max-2600). The functional groups were characterized using a Bruker ALPHA
FTIR spectrometer (America).



Energies 2023, 16, 6372

30f17

2.2. Thermogravimetric Measurements

Thermogravimetric experiments were carried out with Diamond TG/DTA analyzer at
5,10, 20, and 40 K/min in nitrogen atmosphere from 300 K up to 1200 K. About 25 mg of
powder sample was evenly distributed on the alumina crucible to reduce heat transfer.

2.3. TG-FTIR Analysis

Analysis of about 10 mg sample was performed on a TGA 4000 thermogravimetric
analyzer (PerkinElmer) coupled with a Spectrum Two FTIR spectrometer (PerkinElmer).
Samples were heated from ambient temperature to 1100 K at a heating rate of 20 K min~!.
Purge gas was nitrogen with a flow rate of 50 mL min~!. The volatile products with
increasing temperature were monitored in situ via FTIR. To ensure the reproducibility and

accuracy of experimental results, each test was conducted at least twice.

2.4. Kinetic Methods

The reaction rate equation can be characterized as:

% = k70 = Aexp () o) 0

where o is the conversion rate during the pyrolysis process; k is the rate constant; A refers to
the pre-exponential factor, min~!; E is the activation energy, kJ mol 1;R=8.314]J mol ' K L;
T is the reaction temperature, K; f(ct) in Table 1 is the solid-state conversion function based
on the reaction mechanism [29].

Table 1. The common reaction mechanism functions of solid-state pyrolysis.

Model Symbol fla) g(w)

1. Reaction-order model

First-order Fq 1—a —In(1—«)
Second-order F, (1—a)? (1—a)'—1
N-order Fn (1—a)" w
e

2. Nucleation model

Avrami-Erofeev Ay 11— w)[~In(1 - a)](*l) [—In(1 —a))?
Avrami-Erofeev Ayys %(1 —a)[~In(1— oc)](f%) [~ In(1— a)]%
Avrami-Erofeev An n(l—a)[—In(1— a)](%) [~In(1- D‘)]l/n
Power law Py 201/2 wl/2
3.  Diffusion mechanism
1-D diffusion Dy 1/2a a?
2-D diffusion D, 7@ [(1—a)In(l—a)] +«
3-D diffusion D-ZLT; 301w [CETSER 2
2 {(1%)% 71]
4. Phaseboundary reaction
Contracting area Ry 2(1- oc)% 1-(1- oc)%

g(x) is the integral form of f (), which can be characterized as Equation (2).

g = [ f‘éf;) @)
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For a constant heating rate, the heating rate 3 can be defined as Equation (4), and %
in Equation (1) can be replaced with %'

dT

b=

®)

2.4.1. Starink Method

The Starink method, which is an isoconversional method without model fitting, is
widely used in pyrolysis kinetics studies to calculate kinetic parameters. The Starink
method is a highly accurate method compared to the Ozawa and Kissinger methods
according to the comparative study by Starink et al. [30] and is expressed as:

B\ E
ln<T1_8 = Constant — 1.0037 T 4)

The value of E is determined from the slope of a plot of In(3/ T!8) versus 1/T by
applying linear regression analysis at different heating rates.

2.4.2. Coat-Redfern Method

Coat-Redfern method was employed to determine the reaction models, specifically the
reaction-order model, nucleation model, phase-boundary reaction, and diffusion model [31]
(Table 1). According to Equations (1) and (2), the equation used in the Coats-Redfern
method to calculate the kinetic parameters is as follows:

8() _ 1, [AR] _ E
1n< 2 ) —ln[ﬁE RT (5)
Under the same value of x at different heating rates, the activation energies are
determined from the slope of the regression lines of Y versus X. Among the activation
energies calculated using the Coats-Redfern method applying different reaction mechanism
functions, the activation energies similar to those calculated using the Starink methods and

giving the best fitting results were selected as the reaction model to describe the pyrolysis
mechanism [28].

2.4.3. Peak Deconvolution Analysis by Asym2sig Function

Peak deconvolution was necessary to investigate the pyrolysis process in more detail
for the UC sample due to the more complex organic structure and pyrolysis processes
compared to MP sample according to the reaction rate plots. In addition, the peak deconvo-
lution process also allows for a better comparison with the pyrolysis process and kinetics
of MP and UC. According to previous research and data analysis based on correlation
coefficient R? and residual sum of squares (RSS), the Asym2sig function was chosen for its
excellent fit in separating overlapping peaks within asymmetrical curves. The function is
shown below.

y=Yot+A (1 + o~ (xmxcAw/2) /0, )71 * (1 — (14 ¢~ (¥xetwr/2)/ws )71 ©)
where yo, A, x, x;, w1, wy, w3 represent the baseline offset, the maximum amplitude,

independent variable, peak center, full width of half maximum, variance of low-energy
side, and variance of high-energy side, respectively. In addition, RRS is defined as:

RSS = i(yf"” - yf’“)z )

where y;%? and ;" are the experimental and predicted results.
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3. Results and Discussion
3.1. Chemical Characterization and Structures of the Two Mudstones

The results tested by the Rock-Eval and carbon and sulfur analyzer are summarized
in Table 2 and indicate that the TOC contents were 10.24 wt.% for the MP and 23.72 wt.%
for the UC, respectively, which were higher than the general hydrocarbon source rocks.
The UC was in the immaturity stage, and the MP was in the maturity stage with good
hydrocarbon potential from the values of S and Tmax. The HI value of the MP (866.47 mg
HC g~! TOC™!) was almost twice that of the UC (447.24 mg HC g~! TOC~!). Combining
the values of the HI, OI, S,, and TOC, it was determined that the organic matter types of
the MP and UC were type I and type II, respectively [32]. The MP contains more aliphatic
groups and has a higher oil generation potential than UC.

Table 2. Rock-Eval and carbon and sulfur analysis results of two mudstones.

Rock-Eval Analysis Carbon and Sulfur

Sample Analysis (wt.%)
S1 S, S3 Tmax HI OI TOC S
MP 2.05 88.74 0.39 445 886.47  3.81 10.24 0.35
ucC 5.67 106.07 1.14 433 44724 481 23.72 0.56

Sy: free hydrocarbons; S;: hydrocarbons generated during Rock-Eval pyrolysis; S3: CO, content during Rock-Eval
pyrolysis; Tmax: temperature of maximum hydrocarbon generation; TOC: total organic carbon; HI: hydrogen
index; OI: oxygen index. The unit of the S, S, and S3 is mg g*] , the unit of the Ty is °C, and the unit of the HI
and Ol is mg HC g~! TOC~1.

Figure 1a presents the XRD spectra of the two mudstones, and the mineral composi-
tions and relative contents are summarized in Table 3. Compared to the UC, the MP contains
some amount of carbonate (calcite: 14.18 wt.%). The higher quartz content (46.51 wt.%) in
the UC may be related to the frequent volcanic activity in the Upper Carboniferous period.
Moreover, the UC has a higher clay content (total clay minerals = 50.00 wt.%). Furthermore,
the XRD pattern exhibited some variations in the types of clay minerals found, with the
UC containing some kaolinite, while the MP did not. Different types of clay minerals may
have different catalytic effects on pyrolysis [4], and various types of clay minerals display
diverse temperature ranges for the loss of crystallized water.

a .
@ mp (®) 5
—UC =
* o
- %
. of A bt e .t 4
¢ Quartz £ 4
4 Plagioclase =@
» Calcite e
kaolinite i
° e Clay minerals
A M-
T —uc g2
0 10 20 30 40 50 60 3500 3000 2500 2000 1500 1000 500
2 Theta (°) Wavenumber (cm™)
Figure 1. (a) XRD patterns and (b) FTIR spectra of MP and UC.
Table 3. Mineralogical compositions and relative contents results of two mudstones.
Mineralogical Compositions (wt.%)
Sample - - -
Quartz Plagioclase Anatase Calcite Total Clay Minerals
MP 34.60 17.84 \ 14.18 33.69

ucC 46.51 2.82 0.66 \ 50.00
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Figure 1b presents the FTIR spectra of the two mudstones. Among them, 470, 513,
777,798, 1040, and 1082 cm ! are derived from the vibration of the Si-O bonds in quartz,
feldspar, and clay minerals [33]. The peaks at these locations vary in intensity between the
two samples, which is attributed to the discrepancies in the quartz and feldspar content as
well as the types and quantities of the clay minerals. The peaks at 715 cm~! and 1799 cm~!
and the peaks at 876 cm ! and 1447 cm ™! are derived from calcites [34]. The peak at
1447 cm~! in the MP samples also has the contribution of the deformation vibration peaks
of methylene (-CHj-) [35]. In addition, the stretching bands for the aliphatic hydrocarbon
of CH, and CHj are detected at 2923 cm ™! and 2852 cm ™!, respectively [36]. The flexural
vibration of methyl (-CHs-) is solely observed at 1375 cm~! in the UC sample, possibly due
to its higher content of short or branched chain hydrocarbons. The peak at 692 cm ™! may
be assigned to the out-of-plane bending vibration of alkene CH [37]. In addition, the peaks
at 1636 cm ! and 1618 cm ™! are derived from C=C stretching vibrations in the benzene
rings [36], suggesting that the UC has more aromatic compounds based on peak strength.
Moreover, the peaks at 3423 cm ™! are attributed to the vibrations of the hydroxyl groups in
the clay minerals.

3.2. Analysis of Pyrolysis Process
3.2.1. Thermogravimetric Analysis

Figure S1 in Supplementary Materials displays the mass loss (thermogravimetry,
TG) and differential thermal analysis (differential thermogravimetry, DTG) curves of the
pyrolysis of the MP and UC samples at heating rates of 5, 10, 20, and 40 K min~!. The
weight loss at temperatures below 450 K is primarily attributed to the evaporation of the
adsorbed water and interlayer water in the clay minerals [27]. The varying peak patterns
also illustrate the differences in the clay mineral types between the two mudstones, resulting
in different water loss peaks. The majority of weight loss observed above 900 K for the MP
is attributed to the decomposition of carbonates. The pyrolytic hydrocarbon generation
process of organic matter occurs mainly at temperatures of approximately 600-900 K for the
MP and 600-950 K for the UC. Table 4 summarizes the characteristic parameters at different
stages of the pyrolysis reaction for the two mudstones. This study mainly focuses on the
investigation and discussion of the pyrolysis kinetics in the decomposition stage of organic
matter. Figure 2 presents the graphs of conversion rates « and reaction rates dot/dt based
on the TG and DTG profiles during the pyrolysis stage of the organic matter. There are some
differences in the pyrolytic behavior of the two samples attributed to discrepancies in the
organic matter structure. The MP contains more aliphatic groups, whereas the UC contains
more aromatic hydrocarbons and oxygenated organics. Compared to the UC, the MP has a
higher pyrolysis reaction rate, indicating its superior pyrolysis hydrocarbon ability. The
UC can produce organic matter at higher temperatures than the MP. Additionally, the
maximum pyrolysis rate temperature for the UC is slightly lower than that of the MP
during the organic matter pyrolysis stage due to the lower thermal maturity of the UC [38].

Table 4. The characteristic parameters of the two mudstones in TG and DTG curves.

Carbonate Decomposition

Water Loss Stage

Organic Matter Pyrolysis Stage

Stage
. 1 0,
Sample H;?tl:g Reaction Mass Loss Reaction Mass Loss T, (K) Reaction Mass Loss, Residue (%)
Y Interval (K) (%) Interval (K) (%) P Interval (K) wt.%
(K min—1)
MP 5 300-362 1.19 600-852 11.09 725 861-975 4.07 81.17
10 300-381 1.14 621-872 12.71 739 873-1004 412 81.32
20 300-399 1.05 641-889 11.66 756 890-1041 4.23 81.56
40 300411 1.39 661-910 11.82 773 912-1072 4.18 81.29
ucC 5 300421 4.30 606-867 13.87 715 \ \ 78.56
10 300-437 421 620-902 14.15 729 \ \ 77.44
20 300-455 3.75 633-934 14.41 745 \ \ 78.31
40 300474 4.30 648-969 13.87 761 \ \ 78.55
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Figure 2. The conversion rates « and reaction rates doc/dt curves of (a,b) MP; (¢,d) UC.

3.2.2. Separation of Overlapping Peaks with Asym2sig Function

Based on the data presented in Figure 2d and the deconvolution method, the reaction
rate evolution of the UC was separated into two distinct sub-peaks in Figure 3. Peak I
mainly includes the decomposition of aliphatic hydrocarbons, while Peak II represents
the decomposition of residual kerogen. This stage is primarily associated with the decom-
position of short-chain hydrocarbons and aromatic compounds, as well as aromatization
reactions. The main thermal characteristics of the fitting parameters for the two peaks are
presented in Table 5. The RSS is small enough, and the R? is close to 1, further demon-
strating the accuracy of the fitting results. The pyrolysis process of each stage was further
analyzed through kinetic methods.

Table 5. Thermal characteristics for two sub-peaks based on Asym2sig function for UC.

Heating Rate Stage Yo Xc A Wy Wy w3 RSS R?
I 718.79 013 13.04 20.08 13.45
. -3 —4
5 K/min i 3.90 x 10 764.59 0.01 41.54 8.39 475  299x10 0.99
I 730.95 0.19 26.16 19.43 13.14
3 -3 —4
10 K/min I 8.41 x 10 789.22 0.02 60.17 7.40 3364 7-16x10 0.99
I 746.12 0.36 28.04 19.64 1459
. _3 -3
20 K/min 1 171 %10 820.87 0.03 76.69 7.80 2762  203x10 0.99
I 762.41 0.62 33.64 20.37 13.81

40 K/min 0.99

) -3
I 3.38 x 10 826.35 0.08 60.77 9.46 497  446x10
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Figure 3. Asym2sig peak fitting for UC at 5, 10, 20, and 40 K/min.

3.3. Pyrolysis Kinetic Analysis
3.3.1. Determination of Activation Energies

Starink methods were employed to calculate the activation energy based on the ther-
mogravimetric data at four heating rates. Figure 4 depicts the changes in activation energy
and correlation coefficients R? for the two mudstones as the conversion rate increases.
The correlation coefficients are close to 1, indicating sufficient accuracy in the obtained
activation energies. The average activation energies calculated for the MP, UC-Peak I, and
UC-Peak II are 191.74 k] /mol, 185.65 kJ /mol, and 144.04 k] /mol, respectively. A similarity
can be discerned between the activation energy and pattern of the MP and UC-Peak I,
which may arise from the presence of similar organic structures (aliphatic hydrocarbons)
during the pyrolysis stage. Comparatively, the activation energy of UC-Peak II and its
trend differed significantly from that of the MP, indicating a distinction between the organic
structures of the UC and MP.

260 1.2 240 1.2
(a) MP ®) ucC

240 o-o-0-o-0-009000900000009o9 1.0 B R e ) ]
—~ 220 108~ 2001 -0.8
] ", S XX EXEFE XN

PR .
£ L0 I Joon E 180 o° ® o o6y
= - L o o .
2 al =2
— - [} ‘:
= 180 - 404 = 160 0.4
L] aktda,, .
i-Peak A
160{ ™ {02 14044 L Cronn Yaaa, -0.2
—8—R-Peak | Aara
1404+ : . . 0.0 120 +— = : : 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Conversion rate o Conversion rate a

Figure 4. The activation energies E and the corresponding correlation coefficient R? of the organic
matter pyrolysis process by Starink method for (a) MP; (b) UC.
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3.3.2. Evaluation of Reaction Models and Pre-Exponential Factors

The reaction model was initially fitted using the Coats-Redfern method. Table S1
illustrates the activation energies and the correlation coefficients of the different reaction
models for the MP during the whole pyrolysis process at heating rates of 5, 10, 20, and
40 K/min. A plot of In(g(«)/T?) versus 1/T was made using the F, D;, and A, /3 Teaction
mechanisms at a heating rate of 20 K/min as an example (Figure S2a). The analysis reveals
a clear contrast in reaction models for the conversion ranges of 0.05-0.75 and 0.75-0.95.
Therefore, the reaction models for the two conversion stages need to be calculated separately.
It can be deduced initially that the possible reaction mechanism functions of the two stages
are As /¢, Avarami-Erofeev model, and F3, third-order model (n = 3), with a high correlation
coefficient R? by calculation, respectively (Table S1). The linear relationship between E
and InA was applied to obtain the initial pre-exponential factors. Table S6 summarizes the
linear relationship between E and InA at different heating rates for the MP according to
Table S1. Here, the average activation energies of the two stages obtained by the Starink
method, which are 186.986 kJ/mol and 208.32 kJ/mol, respectively, were employed to
obtain the initial pre-exponential factors (Table S4).

The same calculation method was employed for the UC. The results are shown in
Figure S2, Tables S2-S4. For Peak I, the pyrolysis process can be divided into three conver-
sion stages according to the different reaction mechanism functions. The first and second
stages (x€(0.05-0.2) and (0.2-0.7)) have reaction mechanism functions of A;,3 and Ay/s,
respectively; the third stage (x€(0.7-0.95)) is F,. Here, the average activation energies of the
three stages are 180.27 kJ /mol, 187.80 k] /mol, and 185.72 k] /mol, respectively. The initial
pre-exponential factors are summarized in Table S4. Similarly, the pyrolysis process can be
divided into three stages for Peak II, and the mechanistic models are Aj 5 (x€(0.05-0.34)),
F; (x€(0.34-0.78)), and Aj/4 (x€(0.78-0.95)), respectively. The average activation energies
of the three stages are, respectively, 150.73 kJ /mol, 144.69 k] /mol, and 132.53 k] /mol.

In summary, this study shows that the reaction mechanism functions of the two
mudstones differ. Table 6 summarizes the kinetic parameters (average activation energy and
reaction model) for the two mudstones at different conversion rate ranges. In conjunction
with Figure 4, it is evident that the MP and UC-Peak I have some similarities in the reaction
models in the same conversion range. The difference in the average activation energy
may be due to the catalytic or inhibitory effect of the different minerals and structural
discrepancies in the aliphatic hydrocarbons. In contrast, UC-Peak II differs significantly
from Peak I in the kinetic model. The reaction models were further determined more
precisely by correcting the reaction model.

Table 6. The average activation energy and reaction model for the two mudstones at different
conversion rate ranges.

Sample Conversion Activation Energy Reaction Model

D 0.05-0.75 186.99 Ase
0.75-0.95 208.32 F;

0.05-0.2 180.27 Ayys

UC (Peak I) 0.2-0.7 187.80 Ayss
0.7-0.95 185.72 F,

0.05-0.34 150.73 Ajs
UC (Peak II) 0.34-0.78 144.69 Fy

0.78-0.95 132.53 Az/y

3.3.3. Model Reconstruction

From the above research on reaction models, it can be discovered that a single reaction
mechanism function may not respond well to the pyrolysis reaction model, and the common
pyrolysis reaction models are not suitable for solid structures [20]. Therefore, to better
align with the experimental data, the accommodation function can be introduced to modify
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the theoretical reaction model, which can be expressed according to the Sestak-Berggren
method [39]:
flo) = Ca"(1— o) (—In(1 - o))" ®)

™, (1-x)", and [—In(1—x)]P represent three different reaction models. To obtain the
modified function, the Malek method [40] was employed to reconstruct the kinetic models,
and the expressions are as follows:

v = () ew (g ) = Af() ©)

E and A represent the average activation energies (obtained by the Starink method) and
the pre-exponential factors at different heating rates. The shape of the theoretical curve f(o)
should therefore be consistent with the experimental curve y(x). If there is good agreement
between the simulated and experimental plots, f(x) is the most appropriate reaction model.
Based on the previous preliminary determination of the reaction mechanism functions and
further data fitting and calculations, Table 7 summarizes the optimal fitting parameters.
MP and UC-Peak I exhibit similar values of m, n, and p in similar conversion ranges. In
contrast, the values of m, n, and p for UC-Peak I are different from those of UC-Peak II.

Table 7. Optimum fitting parameters of MP and UC.

Sample C m n P
MP
xe(0-0.75) 3.75 0.15 0.91 —0.13
ae(0.75-1) 48.67 —0.36 2.96 —0.11
UC (Peak I)
«€(0-0.2) 1.06 0.01 0.70 —0.45
ae(0.2-0.7) 191 0.17 1.04 —0.37
ac(0.7-1) 3.89 0.01 1.80 —0.02
UC (Peak IT)
ae(0-0.34) 221 —0.30 2.69 0.52
«e(0.34-0.78) 0.49 —2.22 2.10 1.52
«e(0.78-1) 0.04 —3.69 0.07 —0.29

The reaction rate’s fitted expression can be obtained by inserting the modified f(a) into
the rate equation (Equation (1)). Figure 5 compares the reaction rates between the experi-
mental and simulated data and shows good agreement in the range of 0 < « < 1. Further-
more, the correlation coefficients of R? are close to 1 at all four heating rates (Tables S5-S7),
illustrating the effectiveness and accuracy of the process segmentation by deconvolution
and using the Coats-Redfern method. In addition, the final A at different heating rates
are shown in Tables S5-57. Therefore, the modified function can accurately describe the
pyrolysis kinetics of the two mudstones. The slight errors between the measured and fitted
data occur mainly between the conversion rates 0-0.05 and 0.95-1, which are due to the
inaccurate values of the kinetic parameters in the first and last 10% of the reaction [41].

From the aforementioned kinetic studies, it can be determined that these kinetic
parameters can well-express the pyrolysis process and kinetics of the two mudstones.
In addition, there are some similarities and differences in the variation of the activation
energies and the reaction model. The differences in the organic microstructure and mineral
composition led to the differences in the pyrolysis kinetics.
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Figure 5. Comparison of the reaction rate dot/dt between the experimental and simulated data for
(a) MP; (b) UC-Peak I; (c) UC-Peak II.

3.4. Volatile Products Analysis

To further investigate the effects of the differences in the organic matter structure and
mineral composition between the two mudstones on the pyrolysis kinetics and processes
and to clarify the relationship between the pyrolysis kinetics and processes, simultaneous
testing and analysis of the volatiles of the pyrolysis process were performed online using
TG-FTIR. Figure 6a,b depicts the three-dimensional diagram of the pyrolysis volatiles
between 300-1100 K at a heating rate of 20 K/min for the MP and UC, respectively. In
addition, for a more comprehensive and in-depth understanding of the changes in the
pyrolysis volatiles in the pyrolysis hydrocarbon generation process (650-950 K), Figure 6¢,d
shows the evolution process of the major pyrolysis volatiles and functional groups with the
temperature change, including the Cz* aliphatics, CHy, aromatics, CO,, CO, OH, C-O in
ethers, phenols, alcohols [42], and so on. It can be discovered that the pyrolysis volatilization
products of the MP and UC are significantly different at different temperatures. Due to
the wide distribution of hydroxyl peaks, the peaks with sharper and higher intensity were
selected as the target peaks of the hydroxyl groups in Figure 6¢c,d. The target peaks of
other volatiles were also determined based on this criterion. For the MP, hydroxyl peaks
were detected from 300 K to 1000 K, peaking at approximately 600-800 K. However, small
hydroxyl peaks appeared at 300-500 K for the UC, which originate from the adsorbed water
and interlayer water in the clay minerals [28], and at 700-950 K, which mainly originate
from the crystalline water in the clay minerals [27]. In addition, the intensity of the hydroxyl
peaks detected in the MP sample is much higher than that of the UC. The temperature
interval and intensity of the hydroxyl peaks appearing in the two samples are different.
This derives from the differences in the types of clay minerals.
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Figure 6. (a,b) Three-dimensional infrared spectra of volatile compounds released during pyrolysis at
20 K min~1; (¢,d) the evolution of the major pyrolysis volatiles with temperature increasing ((a,c) for
MP and (b,d) for UC).

The types and yields of the volatiles differed between the two mudstones during
the generation of pyrolytic hydrocarbons. The principal difference was observed in
the volatilization of CO, and CO. CO, was produced within the temperature range of
650-1000 K, and CO started to increase slowly above 700 K for the UC. As the UC does not
contain carbonate, the production of CO and CO; mainly derives from C-O and C=0O in
the organic matter. There is almost no CO or CO, production in the pyrolytic hydrocarbon
generation stage (650-900 K), and the production of CO, above 900 K originates from the
decomposition of carbonate for the MP. Consequently, the UC contains more oxygenated
functional groups than the MP. In addition, weak volatilization of organic matter containing
C-O bonds (1300-1000 cm 1) is also observed in both mudstones with comparable intensity.

The second disparity pertains to the difference in the type and yield of hydrocarbons.
The yield of C?* aliphatic hydrocarbons for the MP is much higher than that for the UC
due to the better organic matter type. However, in terms of both the yield and temperature
range, the UC can produce more methane in a wider temperature range. This research
discovered that methane production predominantly stems from the breakage of C-C bonds
of aliphatic hydrocarbons from about 720 K to 800 K [32], and some more stable C-C bonds
in short-chain aliphatic hydrocarbons and aromatics tended to break to produce methane
above 800 K [43]. Therefore, the organic matter of the UC may contain more branched or
short-chain aliphatic hydrocarbons and aromatic hydrocarbons. In addition, the aromatics
started to volatilize above 700 K and only exhibited a significant decrease above 900 K for
the UC, whereas the aromatics volatilized mainly and primarily in the range of 700-800 K
for the MP.

To further clarify the impact of the different organic microstructures of the two samples
on the pyrolysis volatiles, the ratio of the peak area at the position adjacent to 2962 cm ™!
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to the peak area at the position near 2929 cm ™! is defined as the branched degree of the
volatile aliphatic hydrocarbons. The intensity of -RCHj3 increases with the number of
branched chains present in the volatiles. The ratio of the peak area at 3016 cm ™! to the
peak area at 2929 cm !, 3016 cm !, and 3086 cm ! was determined as the methanogenicity
of the volatile hydrocarbon. The ratios of the peak area at 3086 cm ™! to the peak areas
at 2929 cm~!, 3016 cm~!, and 3086 cm ! are considered the aromaticity of the volatile
hydrocarbons. The relative peak area was calculated through integration. The temperature
interval of integration for the two mudstones is between 650-900 K. Table 8 summarizes
the peak areas of the two mudstones at different positions and the associated indices. The
branched degree of the aliphatic hydrocarbons in the UC is higher than that in the MP,
indicating that the organic matter of the UC may contain more branched or short-chain
aliphatic hydrocarbons, while the MP may possess more long-chain aliphatic hydrocarbons.
The branched degree of the aliphatic hydrocarbons may also impact the amount of methane
produced through pyrolysis. The higher the branched degree, the more methane that would
be produced by pyrolysis and the higher the methanogenicity. The methanogenicity of the
UC was three times higher than that of the MP. And this does not include the methane
production of the UC above 900 K (above 900 K, the intensity of the UC methane peak is
higher than that of the non-methane aliphatic hydrocarbons), indicating that the organic
structure of the UC is more favorable for methane production than that of the MP. In
addition, the aromaticity of the UC is also significantly greater than that of the MP (about
four times), illustrating that the UC may contain more aromatic hydrocarbons and therefore
improve methane production.

Table 8. The relative peak areas of pyrolytic volatiles of MP and UC at different positions and the
associated indices.

Relative Peak Areas or Ratio MP UC
3090 cm~! 0.08 0.30

3015 cm ™! 0.37 1.06

2962 cm ! 1.03 0.81

2929 cm~! 2.19 1.32
Branched degree 0.47 0.61
Methanogenicity 0.14 0.40
Aromaticity 0.03 0.11

3.5. Discussion and Summary

Table 9 summarizes and compares the chemical structural properties, pyrolysis kinet-
ics, and processes of two mudstones in this paper. There are some differences in organic
microstructure due to the different depositional environments. The kerogen of UC has
relatively more oxygenated organic matter, multi-branched or short-chain organic mat-
ter pyrolysis process aliphatic hydrocarbons, and aromatic hydrocarbons, while MP has
relatively more long-chain aliphatic hydrocarbons. The lower maturity of UC indicates
a higher presence of less-thermodynamically stable functional groups, which affects the
activation energy. Moreover, different mineral compositions may also have different cat-
alytic effects on the pyrolysis kinetics and processes. Based on the above research, there are
some similarities and differences in the reaction process and kinetic parameters of the two
mudstones at different stages.
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Table 9. The comparison of the chemical structural properties, pyrolysis kinetics, and pyrolysis
processes of MP and UC.

MP ucC

Deposition environment Semi-deep lacustrine Lacustrine

Type I, relatively more aromatics and

Organic matter type and structure Type I, relatively more aliphatics than UC oxygenated organics than MP
. -, Quartz, calcite, clay minerals, more Plagioclase, more quartz, more clay
Mineral composition plagioclase than UC minerals than MP
Peak I: 185.65
E (k] /mol) oL Peak II: 144.04
Pyrolysis volatiles CHy, aromatics, relatively more Ccz+ Cc2+ alphatics, CO, CO,, relatively more
in organic matter pyrolysis stage alphatics than UC CHy and aromatics than MP

The pyrolysis product types and reaction models of MP and UC-Peak I have some simi-
larities, indicating that the two stages have some similarities in the pyrolysis process, which
primarily involves the pyrolysis of aliphatic hydrocarbons. The differences in activation
energy are probably due to differences in aliphatic structure and mineral composition. It
has been demonstrated that the activation energies of pyrolysis involving more long-chain
aliphatic hydrocarbons are relatively lower than those involving short- or medium-chain
aliphatic hydrocarbons [44]. However, the lower maturity of UC may counteract the effect
of aliphatic hydrocarbon chain length on activation energy. And the presence of carbonates
in MP may inhibit the pyrolysis of long-chain aliphatic hydrocarbons [45].

As UC contains more aromatic compounds, short-chain hydrocarbons, and oxygenated
organic compounds, it produces relatively more methane and oxygenated compounds at
high temperatures, resulting in a more intricate reaction process (Peak II). It is noteworthy
that the activation energy of peak II is lower than that of peak I. which is related to the
pyrolysis of organic matter and the interaction between organic matter and pyrolysis
products and minerals. The presence of minerals may significantly reduce the activation
energy of methane production and the pyrolysis of oxygenated organic matter [46,47]. In
addition, the catalytic and adsorptive effects of clay minerals also significantly affect the
production and activation energy of gaseous hydrocarbons [4,48].

4. Conclusions

In this study, two representative organic-rich mudstones from different depositional
environments widely distributed in the Junggar Basin were selected for the investigation
and comparison of the pyrolysis kinetics and processes based on thermogravimetric ex-
periments. The characterization of the Rock-Eval pyrolysis, FTIR, and XRD show some
differences in the organic matter type and microstructure. The MP had more aliphatic
hydrocarbon and a higher hydrocarbon generation potential. In addition, the MP con-
tained some amount of carbonate minerals, whereas the UC has a relatively high content of
quartz and clay minerals. There were also some differences in the types of clay minerals
between the two samples. The kinetic results found that the pyrolysis processes in the MP
and UC-Peak I were relatively similar, mainly involving aliphatic hydrocarbon pyrolysis
processes. In contrast, since the UC contained relatively more oxygenated organic matter,
multi-branched or short-chain aliphatic hydrocarbons, and aromatic hydrocarbons, the
UC could produce more methane, CO, CO,, and aromatic volatiles at high temperatures.
Therefore, Stage II of the UC differs from Stage I in terms of the type and yield of the
pyrolysis volatiles, activation energy, and its trend and reaction mechanism. In addition,
the kinetic parameters could be well-fitted to the reaction rates, indicating the effectiveness
of the kinetic methods.

In conclusion, this paper provides a novel method to compare and study the pyrolysis
kinetics of hydrocarbon source rocks of different kerogen types. It is expected that this
study can provide a theoretical basis for the development and utilization of organic-rich
rocks of different types in different geological periods.
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