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a b s t r a c t

Conventional in-situ conversion technologies including electrical heating or injection of hot fluid face 
development challenges. Low heat transfer efficiency and limited pore expansion restrict its wide ap
plications. Maintaining uniform heat propagation in heterogeneous shale formations remains prob
lematic. This study investigates the cracking behavior of low-maturity organic-rich shales under inert 
(N2) and oxidative (air) atmospheres, aiming to evaluate the effects of oxygen participation on reaction 
kinetics, pore structure evolution, and oil yield efficiency. Using integrated characterization techni
ques—including thermogravimetry (TG/DSC), X-ray diffraction (XRD), nitrogen adsorption–desorption, 
nuclear magnetic resonance (NMR), and scanning electron microscopy (SEM)—the authors demon
strate that oxidative pyrolysis significantly  alters shale transformation pathways. Key findings  reveal 
that oxygen shifts kerogen cracking to lower temperatures and enhances pore development through 
oxidative consumption of residual carbon, which promotes micropore expansion and connectivity, ul
timately increasing total porosity by 18.9% at 600 ◦C. Oil yield experiments show peak production at 
450 ◦C in air, attributed to accelerated organic matter conversion, while higher temperatures (>500 ◦C) 
trigger secondary cracking that reduces yields. These results highlight the potential of controlled 
oxidative pyrolysis for improving in-situ shale oil recovery efficiency  while minimizing energy 
consumption.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

1.1. Status on pore structure evolution during shale pyrolysis

The development of low-maturity shale oil resources through 
in-situ conversion technologies faces significant  challenges, 
including inefficient heat transfer and limited pore expansion in 
heterogeneous formations. Conventional thermal recovery 
methods, such as electrical heating or hot fluid  injection, often 
struggle with uneven heat propagation, leading to incomplete 
hydrocarbon release (Sun et al., 2019). Recent studies suggest that 
oxidative pyrolysis—where oxygen participates in kerogen 

cracking—could enhance reaction kinetics and pore development 
compared to inert pyrolysis (Xu et al., 2021). However, the 
mechanisms governing pore evolution and oil yield under varying 
oxygen concentrations remain poorly understood.

Organic-rich shales undergo complex physicochemical re
actions during pyrolysis process, where dynamic evolution of pore 
structure and permeability critically governs heat transfer effi
ciency and product migration (Gao et al., 2020; Guan et al., 2022). 
Kerogen embedded within the shale matrix requires hydraulic 
fracturing for effective pyrolysis. Nevertheless, even with artifi
cially induced fracture networks, residual carbon from aromatics 
pyrolysis accumulates near wellbores limits hydrocarbons flow 
(Tang et al., 2025). It causes significant  thermal resistance 
impeding heat penetration, and pore-throat blockage severely 
restricting hydrocarbon release efficiency (Sun et al., 2019).

During the pyrolysis of organic shales, temperature variations 
induce complex chemical reactions and mineral transformations 
within shales (Han et al., 2006). Temperature-driven 
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physicochemical transformations of organic matter and minerals 
profoundly alter petrophysical properties (Meng et al., 2024; 
Rabbani et al., 2017). Upon heating, shale oil initially generates 
pyrobitumen as the primary product. This viscous substance fills 
existing pores, causing a significant reduction in porosity compared 
to the pre-heated samples (Fang et al., 2012). During conventional 
pyrolysis, below 300 ◦C, thermally induced microcracks dominate 
(Liu et al., 2022; Yang et al., 2016). Between 300 and 520 ◦C, kerogen 
pyrolysis and mineral decomposition drive substantial pore volume 
expansion. However, at this stage, bitumen undergoes condensation 
reactions while transforming into hydrocarbons (Zhan et al., 2022). 
These reactions produce non-hydrocarbon compounds (e.g., coke) 
that partially obstruct pores, resulting in renewed porosity reduc
tion. Above 520 ◦C, carbonate dissolution and mineral framework 
fracturing further promote macropore generation. Thus, the evolu
tion of pore structure during shale oil pyrolysis is indeed highly 
complex, driven by interdependent physicochemical trans
formations across multiple scales.

1.2. Evolution and characterization of pore structure of shales

Different experimental techniques have revealed the multi- 
scale characteristics of pore and permeability evolution during 
the pyrolysis of organic-rich shales (Lei et al., 2021). Yang et al. 
(2016) analyzed the pore structure evolution of organic-rich 
shale after pyrolysis at different heating temperatures based on 
high-pressure mercury injection experiments. It found that an 
increase in final pyrolysis temperature is usually accompanied by 
an increase in total pore volume, average pore size, and porosity. 
Nuclear magnetic resonance experiments show that when the 
pyrolysis temperature increases from 100 to 700 ◦C, the pore size 
distribution of organic-rich shales shows significant stage differ
ences (Hao et al., 2016).

Low-temperature nitrogen adsorption–desorption experiments 
show that the specific surface area and total pore volume during 
pyrolysis show a nonlinear trend of first  decreasing and then 
increasing (Bai et al., 2012; Chen et al., 2018; Han et al., 2006). X- 
ray computed tomography (CT) scanning technology visually 
presents the three-dimensional expansion process of the internal 
pore and fracture network of shales. At 100–300 ◦C, primary 
bedding fractures develop along the edges of minerals, and after 
300 ◦C, kerogen cracking drives the proliferation and intercon
nection of fractures. Between 400 and 500 ◦C during the trans
formation of organic matter within laminations, localized fracture 
networks develop and porosity increases, forming connected 
channels mainly along the layered structure. At 600 ◦C, dispersed 
pore clusters are completely connected (Saif et al., 2017; Tiwari 
et al., 2013).

Research also indicates that external conditions (such as in
jection pressure and heating rates) have a regulatory effect on pore 
structure: under constant pressure, the total pore volume, specific 
surface area, porosity, and effective porosity of organic-rich shales 
all increase with the rise of pyrolysis temperatures (Bai et al., 2017; 
Gai et al., 2014). Meanwhile, some pores show a phenomenon of 
connection and merging, and the pore connectivity improves. A 
lower heating rate is conducive to the formation of mesopores 
with a pore diameter of about 3 nm, while a high heating rate may 
cause a sharp fluctuation in specific surface area and pore volume.

Prior research has extensively characterized pore structure 
evolution during inert pyrolysis, yet few studies systematically 
compare oxidative and non-oxidative environments. Oxygen is 
known to lower activation energies for kerogen cracking, but its 
impact on pore connectivity and secondary cracking thresholds 
requires further investigation. Additionally, while supercritical 
fluids (H2O/CO2) have been explored for shale pyrolysis, the role of 

oxygen concentration in optimizing energy efficiency and oil re
covery remains unresolved.

1.3. Research status on atmosphere effects in shale pyrolysis

Pyrolysis atmosphere critically regulates reaction kinetics, 
product distribution, and pore evolution. In air/oxygen-rich at
mospheres, pyrolysis transitions from purely thermal decompo
sition to a coupled oxidation-thermal process (Geng et al., 2017; 
Xu et al., 2021). Oxygen actively participates in pyrolysis re
actions, which lower the activation energy for kerogen cracking 
and accelerate reaction kinetics. This creates self-sustaining 
exothermic reactions, significantly  reducing external heating 
needs. Conversely, in a N2 atmosphere, pyrolysis proceeds via 
thermal cracking without oxidative interference. Kerogen de
composes solely through scission of C–C and C–S bonds, driven 
entirely by external heat input. The absence of oxygen eliminates 
combustion pathways, resulting in slower, endothermic reactions 
that demand continuous energy supply (Gao et al., 2022; Ifticene 
et al., 2022).

Oxygen-rich pyrolysis amplifies  pore development through 
dual pathways: oxidative etching of carbon residues increases 
microporosity, and decomposition of carbonate minerals creates 
larger macropores (Zhang et al., 2024). However, in a N2 atmo
sphere, pore formation is primarily driven by organic volatiliza
tion, with limited mineral changes. Comparatively, high- 
temperature N2 atmosphere favors reducing olefins  while 
increasing light aromatics/alkanes, whereas CO2 atmosphere 
yields lower C10–C15 alkanes (Liu et al., 2024; Shi et al., 2024; Zhao 
et al., 2020).

Supercritical fluids  (H2O/CO2) outperform inert gases (N2) in 
enhancing process efficiency  and product quality while signifi
cantly modifying pore structure (Wang et al., 2019; Yang et al., 
2021). Supercritical water dissolves feldspars, carbonates, and 
pyrite via thermophysical-catalytic coupling, significantly 
increasing pore range while reducing sub-10 nm pores (Li et al., 
2023). Compared to high-temperature nitrogen, the use of high- 
temperature steam significantly  increases shale oil yield, attrib
uting to steam's ability to suppress oil coking within the oil shale 
matrix (Meng et al., 2023). Concurrently, higher steam injection 
rates elevate the content of aliphatic and aromatic hydrocarbons in 
the oil while reducing polar compounds (Meng et al., 2024; Zhao 
et al., 2022).

Prior studies focus on inert pyrolysis, with limited systematic 
comparison of oxidative vs. inert atmospheres, especially 
regarding pore connectivity and secondary cracking thresholds. 
The role of oxygen concentration in optimizing energy efficiency 
and oil recovery remains unresolved. In this study, we directly 
contrast oxidative (air) and inert (N2) pyrolysis using integrated 
techniques (TG/DSC, XRD, NMR, nitrogen adsorption) to quantify 
differences in reaction kinetics, pore evolution, and oil yield. The 
key innovation lies in demonstrating that oxygen-assisted pyrol
ysis significantly reduces the required reaction temperature while 
maintaining high oil yields, thereby offering a more energy- 
efficient  approach for in-situ shale oil conversion. Notably, the 
oxidative consumption of residual carbon leads to a remarkable 
porosity increase, which significantly improves fluid flow charac
teristics. The research identifies 450 ◦C as the optimal temperature 
for peak oil yield in oxidative conditions, while also establishing 
the temperature threshold beyond which secondary cracking re
duces oil recovery. These findings not only advance fundamental 
understanding of shale pyrolysis mechanisms but also have 
important practical implications for developing more sustainable 
extraction technologies. The comprehensive mechanistic insights 
provided in this work represent a step forward in optimizing shale 
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oil recovery processes while addressing environmental concerns 
associated with conventional thermal recovery methods.

2. Experimental methodology and procedures

In order to perform oxidative cracking experiments at different 
oxygen concentrations, the target shale oil cores were obtained 
from the Lucaogou Formation in the Junggar Basin, a typical basin 
containing low-maturity shale with TOC up to 18%, where imma
ture kerogen (S1 > 15 mg HC/g rock) generated movable hydro
carbons at Ro of 0.6%–1.2%. Sub-sampling prioritized millimeter- 
scale laminations using cryogenic micro-drilling to preserve 
kerogen distribution and natural fracture networks.

2.1. Combined TG and XRD analyses of shale oil cracking

The acquired shale samples were crushed and sieved to obtain 
powder with particle size of small than 200 mesh (Φ < 0.075 mm), 
then divided into 9 groups with mass ≥0.1 g. Firstly the crushed 
shale samples were subject to X-ray diffraction (XRD) phase 
analysis experiments, at meanwhile these groups were performed 
to synchronous thermogravimetric/differential scanning calorim
etry (TG/DSC) analysis. Prior to XRD testing, samples underwent 
oxidative pyrolysis pretreatment as follows: One group was 
randomly selected as a control group. The other six groups were 
uniformly distributed in batches within a muffle furnace. Under an 
air atmosphere (gas flow rate: 50 mL/min), samples were heated 
from ambient temperature to target final temperatures (100, 200, 
300, 400, 500, and 600 ◦C) at a heating rate of 5 ◦C/min, followed 
by 4 h of isothermal holding at each target temperature.

2.2. Integrated NMR and nitrogen adsorption analyses of shale oil 
cracking

Standard cylindrical shale cores (Φ25 mm × 50 mm) were 
drilled parallel to the bedding plane, yielding a total of 12 samples. 
These low maturity organic-rich shale samples were divided into 
two groups of six each. The first group underwent pyrolysis in a 
muffle  furnace using quartz boats under an air atmosphere (O2 
content: 21%), with samples heated from ambient temperature to 
target endpoints (100, 200, 300, 400, 500, and 600 ◦C) at 5 ◦C/min 
and a gas flow  rate of 50 mL/min. Simultaneously, the second 
group was subjected to identical cracking conditions under a ni
trogen (N2) atmosphere. As shown in Fig. 1, oxidative cracking of 
samples was arranged by atmosphere: air group (Fig. 1(a)) and 
nitrogen group (Fig. 1(b)).

Post-cracking: Complementary application of low-field nuclear 
magnetic resonance (NMR) and nitrogen adsorption–desorption 
isotherms provides a robust framework for characterizing pore 

size evolution after shale oil cracking. NMR is particularly sensitive 
to closed pores and nanopores inaccessible to nitrogen adsorption, 
while also detecting fluid  mobility changes during thermal 
maturation. Nitrogen adsorption–desorption complements NMR 
by precisely quantifying mesopore (2–50 nm) size distributions 
through Barrett–Joyner–Halenda (BJH) analysis of the adsorption 
hysteresis loops. During cracking, NMR detects progressive shifts 
in T2 distributions toward shorter relaxation times, indicating the 
generation of porosity induced by thermal cracking from kerogen 
conversion. By cross-validating pore size distributions and recon
ciling discrepancies through multiphysics modeling, this dual 
approach effectively quantifies the cracking-driven transformation 
of the pore system, which is critical for predicting hydrocarbon 
mobility and recovery efficiency.

2.3. Oil yield performance of shales at N2 and air atmospheres

Shale oil core samples are placed in a high-temperature tube 
furnace connected to gas supply systems, with one set exposed to 
pure nitrogen and another to compressed air (21% O2), both 
maintained at controlled flow  rates (50 mL/min) to ensure 
consistent atmospheric conditions. The temperature program 
initiates at ambient temperature with a heating ramp of 5 ◦C/min, 
progressing to target temperatures ranging from 100 to 600 ◦C. 
Samples are held isothermally at peak temperatures for 120 min to 
simulate in-situ conversion kinetics, during which organic matter 
undergoes distinct pathways: thermal cracking of kerogen into 
mobile hydrocarbons under N2, versus combustion-assisted 
decomposition under air. During cracking, real-time monitoring 
tracks mass loss (thermogravimetry) and gas evolution.

To ensure the accuracy of the experimental data, cracking test 
measurements are repeated three times under each condition. The 
oil yield calculation formula for products is expressed as follows: 

Yo =
ml − Vw⋅ρ

ms
× 100% 

Yw =
Vw⋅ρ
ms

× 100% 

where Yo is the yield of cracking oil; Yw is the yield of pyrolysis 
water; ms is the mass of organic-rich shale sample used pre- 
cracking, g; ml is the total mass of liquid products, g; Vw is the 
volume of generated water, cm3; ρ is the density of water, g/cm3.

3. Results and discussion

3.1. TG-DSC and XRD analyses of shale oil cracking at N2 and air 
conditions

Given the influence  of mineral composition and content in 
organic-rich shales on pore structure evolution during cracking, X- 
ray diffraction analysis was conducted on these shales to precisely 
elucidate mineralogical evolution. Simultaneously, TG-DSC anal
ysis was performed to further unravel the thermogravimetric 
behavior and energy transition characteristics during oxidative 
cracking processes.

Fig. 2 displays the thermal decomposition characteristics of 
organic-rich shales under two distinct atmospheres, with the 
horizontal axis representing the temperature of the internal 
reference within the instrument. As observed in Fig. 2, the cracking 
process of organic-rich shales can be divided into 3 fundamental 
reaction stages under both inert and oxidative atmospheres. The 
first stage (from ambient temperature to 290 ◦C) exhibits minimal 
mass change in the shale samples, primarily driven by the 

Fig. 1. Two groups of organic-rich shale samples cracking at air (a) and N2 (b) 
conditions.
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evaporation of free water and adsorbed water (Zhao et al., 2025). 
As temperature gradually increases, interlayer water from clay 
minerals is progressively released, concurrently accompanied by 
desorption of adsorbed gases.

The second stage (290–600 ◦C) represents the principal thermal 
weight-loss interval. During this stage, organic kerogen thermally 
cracks into low-molecular-weight gaseous products and unstable 
bitumen. With further temperature elevation, this unstable pyro
lytic bitumen, whose chemical structure and carbon content 
resemble kerogen, undergoes additional cracking. This process 
generates more stable pyrolytic oil, gaseous volatiles, and non- 
volatile carbon residues (Pan et al., 2023; Wang et al., 2016; Zhao 
et al., 2025).

The third stage (>600 ◦C) involves thermal decomposition of 
carbonate minerals (e.g., calcite, dolomite) and other clay minerals 
rather than organic matter decomposition (Jiang et al., 2024).

Mineralogical characterization of low maturity organic-rich 
shales was performed via X-ray diffraction spectral analysis, with 
diffraction peaks labeled as follows: Q (quartz), A (albite), K (po
tassium feldspar), C (calcite), D (dolomite), P (pyrite), I (illite), and 
M (montmorillonite). The mineral identification  results are pre
sented in Fig. 3.

Fig. 3 reveals a distinct attenuation of pyrite's characteristic 
diffraction peak intensity at 400 ◦C, with near-complete disap
pearance by 500 ◦C (Boyabat et al., 2004; Hu et al., 2006). Table 1
presents the minerals changes during pyrolysis at different tem
peratures. During the pyrolysis of shale oil at typical temperature of 
100–600 ◦C, quartz and feldspar remains relatively stable within 
this temperature range. The carbonate minerals, calcite (CaCO3) and 
dolomite, undergo thermal decomposition, releasing CO2 gas. The 
most reactive mineral, pyrite, readily decomposes in the heating 
process, resulting in a material with significantly different chemical 
reactivity and physical properties compared to the raw shale. This 
phenomenon arises from pyrite's phase transformation and 
decomposition within the 400–500 ◦C range, where its crystal lat
tice progressively disintegrates, altering both physical and chemical 
properties. As the temperature increases, pyrite undergoes con
version to secondary mineral phases—primarily hematite (Fe2O3), 
magnetite (Fe3O4), iron sulfide  (Fe2S3), and elemental sulfur (S). 
Notably, elemental sulfur facilitates depolymerization and cracking 
of kerogen macromolecules while suppressing aromatization re
actions. By 500 ◦C, pyrite decomposition stabilizes, achieving ther
modynamic equilibrium (Dunn et al., 1989).

The increase in relative content of quartz, feldspar, albite, and 
clay at 600 ◦C after oxidative cracking primarily results from the 

decrease in pyrite's relative proportion, as seen in Table 1. Car
bonate minerals in the Lucaogou Formation shale are dominated 
by dolomite and calcite. XRD analysis indicates negligible content 
variation in carbonate minerals (dolomite/calcite) from ambient 
temperature to 500 ◦C. Only upon reaching 600 ◦C diffraction 
peaks attenuate, with calcite exhibiting more pronounced trans
formation (Jiang et al., 2024).

3.2. NMR characterization of shale pore structure development

NMR characterization of pore structure in organic-rich shales 
was performed both before and after cracking under varying at
mospheric conditions, thereby enabling systematic analysis of 
how cracking atmospheres influence pore size distribution across 
multiple scales and porosity evolution within shale matrices.

Fig. 4 presents the nuclear magnetic resonance (NMR) T2 
spectra of shale samples cracking at various temperatures under 
inert N2 and air atmospheres. Based on the pore classification 
standard, the pore size distribution intervals—classified  as mi
cropores (10–100 nm), mesopores (100–1000 nm), and macropores 
(>1000 nm)—are delineated in Fig. 4.

Throughout the entire cracking process, mesopores 
(100–1000 nm) remain dominant, with their volume fraction 
minimal overall variation across temperatures. The expansion 
stress generated by the release of light hydrocarbon gases during 
cracking propels pore formation and enlargement, while the 
removal of carbonaceous residues from pore surfaces enhances 
pore connectivity. This indicates that the temperature stage 
(300–400 ◦C) is critical for mesopore development. At earlier 
cracking phase, the evaporation of free and adsorbed water from 
organic-rich shale intensifies, coupled with enhanced diffusion of 
interlayer water in clay minerals (Pan et al., 2023; Zhao et al., 
2025). These physical processes collectively promote mesopore 
formation and significantly restructure the pore network.

Based on the observed experimental results, it infers that the 
introduction of oxygen in an air atmosphere generates exothermic 
effects through the oxidation of residual carbon and other organic 
matter, as shown in Fig. 4. This process not only releases more heat 
than in a nitrogen environment—accelerating cracking—but also 
provides additional energy input for the pyrolysis of deep-seated 
kerogen in shale samples, thereby enhancing the depth of 
cracking reactions. Furthermore, the oxidative consumption of 
residual carbon liberates additional pore space, promoting the 
expansion, connectivity, and merging of micropores, ultimately 
facilitating their transformation into macropores, as shown in 

Fig. 2. Thermal decomposition characteristic curves of organic-rich shales.
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Fig. 4. Air atmosphere induces markedly accelerated and enhanced 
pore restructuring. Above 500 ◦C, oxidative pyrolysis generates a 
striking pore network transformation, while synergistic effects of 
carbon oxidation and mineral decomposition drive porosity 
significantly surpassing in N2.

Fig. 5(a) demonstrates that in a N2 atmosphere, both the pro
portions of micropores and mesopores gradually decrease with 
rising temperature. The proportion of micropores declines 
continuously from 21.3% at 100 ◦C to 13.7% at 600 ◦C, representing 
a cumulative reduction of 7.6%. Notably, 54.0% of this decrease 

Fig. 3. XRD mineral calibration of shale samples at different cracking temperatures.
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occurs within the 200–400 ◦C interval. Within this critical tem
perature range, micropores and mesopores undergo substantial 
transformations during cracking, where mineral expansion and 
gas pressure from organic matter decomposition induce pore 
conversion to larger apertures (Guo et al., 2020).

Contrast to that, subplot of Fig. 5(b) reveals that under an air at
mosphere, the combined volume fraction of the micropore distri
bution sharply declines from 21.46% at 100 ◦C to 10.69% at 600 ◦C, 
representing a cumulative reduction of 10.77%—whose reduction is 
larger than observed under a N2 atmosphere. Notably, the critical 
temperature-responsive ranges for pore evolution differ significantly 
between atmospheres: Under a N2 atmosphere, the most substantial 

decline in micropore occurs within the 300–400 ◦C interval. While 
under an air atmosphere, the maximum reduction manifests in the 
200–300 ◦C range. The existence of O2 lowers the oxidative cracking 
temperature for kerogen oxidation and pore structure evolution.

As shown in Fig. 6, the pore system of organic-rich shales ex
hibits volumetric expansion under both atmospheres with 
increased cracking temperatures. Under a N2 atmosphere, porosity 
rises from 6.2% at 100 ◦C to 16.3% at 600 ◦C, representing an in
crease of 10.1%. In contrast, under an air atmosphere, it surges from 
5.9% to 18.9%, much higher than that under a N2 atmosphere. This 
confirms  the distinct advantage of air atmosphere in promoting 
shale pore network development and enhancement.

Table 1 
Change of minerals at different pyrolysis temperatures.

Pyrolysis temperature, oC Mineral content, %

Quartz Potassium feldspar Albite Pyrite Dolomite Calcite Clay

Raw 40.3 4.9 14.8 6.7 11.3 4.5 17.5
100 39.9 5.3 14.2 7.2 11.1 4.9 17.4
200 40.7 5.2 14.9 6.7 10.9 4.4 17.2
300 40.5 4.8 15.1 6.4 10.9 4.5 17.8
400 41.7 5.4 15.5 4.1 11.4 4.7 17.2
500 42.1 5.6 16.6 0.6 13.8 4.9 16.4
600 43.7 5.9 17.2 0.2 12.4 2.9 17.7

Fig. 4. Pore size distribution of shale samples at different cracking temperatures at N2 (a) and air (b) conditions.

Fig. 5. Comparison of pore evolution at different N2 (a) and air (b) heating temperatures.
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3.3. SEM characterization

The evolutionary characteristics of pore-fracture morphology 
on shale surfaces can be directly observed via scanning electron 
microscopy (SEM). Organic-rich shales contain abundant nano
scale pores. During oxidative cracking at high temperatures, 
thermal expansion of inorganic minerals and organic matter may 
induce thermal fracturing in shale, as shown in Fig. 7.

As illustrated in Fig. 7, the original organic-rich shale exhibits a 
solid surface structure. Observations of Fig. 7 reveal that the 
microstructure of surface pores shows negligible changes at lower 
pyrolysis temperatures (ambient temperature ~200 ◦C), with min
eral particles tightly packed. This indicates that cracking reactions 
are still at initial stage, where changes are predominantly governed 
by physical processes, such as the release of free water, adsorbed 
water, and volatile organic components (Zhao et al., 2025).

Concurrently, comparative analysis with high-temperature 
SEM images demonstrates under a N2 atmosphere, softening 
deformation becomes observable at 300 ◦C (Fig. 7(c)), attributed to 
the conversion of kerogen into bitumen. As the temperature in
creases to 400 ◦C (Fig. 7(d)), distinct cracks and fractures emerge 
on the surface due to violent release of pyrolytic hydrocarbons, 
though most pores in the shale samples remain incompletely 
opened (Pan et al., 2023; Jiang et al., 2024). Subsequently, at 500 ◦C 
(Fig. 7(e)), a significant increase in irregularly shaped pores occurs, 
accompanied by collapse and coalescence of adjacent pores. When 
the temperature reaches 600 ◦C (Fig. 7(f)), honeycomb-like, rela
tively ordered macropores (>1000 nm) develop across the shale 
surface (Guo et al., 2020; Wang et al., 2022).

In an air atmosphere, the oxidative modification of pore struc
ture during cracking at 400–600 ◦C demonstrates markedly 
enhanced characteristics (Fig. 7). At 400 ◦C, the cleavage of 
macromolecular organics generates volatile products. Upon heating 
to 500 ◦C (Fig. 7(k)), oxidation kinetics dominate: (1) Consumption 
of residual carbon liberates additional pore space. (2) Localized 
temperature gradients by oxidation cause thermal expansion, 
generating secondary microfractures. (3) Stress mismatch between 
decomposed ferromagnesian minerals promotes the development 
of pore systems. At 600 ◦C (Fig. 7(l)), synergistic oxidation-cracking 
effects peak: near-complete oxidation of residual surface organics 
coincides with lattice destruction, resulting in interconnection and 
merging of isolated pore clusters into integrated networks (Dunn 
et al., 1989; Liu et al., 2024).

3.4. Nitrogen adsorption–desorption analysis of shale oil cracking 
at N2 and air conditions

The isothermal nitrogen adsorption–desorption method is 
primarily used to analyze the specific  surface area, total pore 
volume, pore size distribution, and average pore diameter in 
organic-rich shales. During cracking process, the pore size distri
bution and pore morphology of organic-rich shales significantly 
influence  the convective heat transfer process of injected gases. 
Simultaneously, these parameters critically govern the seepage 
and escape of pyrolytic products. Therefore, elucidating the 
evolutionary patterns of these parameters is essential for clari
fying the cracking mechanisms of organic-rich shales.

Figs. 8 and 9 present the isothermal adsorption–desorption 
curves of pyrolyzed shale samples under N2 and air atmo
spheres, respectively, at varying final cracking temperatures.

Analysis of Fig. 8 indicates that shale samples subjected to 
pyrolysis at 100–600 ◦C under a N2 atmosphere consistently 
exhibit Type II isotherm adsorption curves (Sing et al., 1985). This 
demonstrates that after high-temperature pyrolysis (600 ◦C), the 
internal pore structure of organic-rich shale undergoes no sub
stantial alteration, retaining its porous characteristics. In contrast, 
Fig. 9 reveals that under an air atmosphere, shale samples pyro
lyzed at 100–400 ◦C similarly display Type II isotherm curves. 
However, when the pyrolysis temperature reaches 500 ◦C, the 
curve morphology undergoes a marked transition to a character
istic Type III isotherm, typically associated with macroporous 
media. This indicates significant  restructuring of the shale's 
microporous architecture during high-temperature oxidative 
cracking. The phenomenon is preliminarily attributed to oxygen- 
induced oxidation and consumption of residual carbon, which 
liberates additional pore space. Coupled with thermal expansion 
of gaseous oxidation byproducts under high temperatures, this 
process promotes the coalescence of micropores and mesopores, 
ultimately generating new macropores (Wang et al., 2022).

Further examination of Fig. 9 shows that the 
adsorption–desorption isotherms for organic-rich shale samples 
pyrolyzed in air between 100 and 400 ◦C exhibit no significant 
changes. However, upon increasing the temperature to 500 ◦C, the 
hysteresis loop features undergo dramatic transformation: (1) The 
loop separation area narrows considerably. (2) The adsorption and 
desorption branches become nearly parallel. (3) The inflection 
point on the desorption branch disappears. This shift from H3-type 
to H4-type hysteresis indicates that during oxidative cracking 
between 400 and 500 ◦C, the shale's pore structure transitions 
from narrow “parallel-plate” slit-shaped pores to open-ended 
wedge pores (Sing et al., 1985). In an air atmosphere, when the 
final pyrolysis temperature is below 300 ◦C, the pore size distri
bution shows no significant change. As seen in Fig. 10, when the 
temperature further reaches 500 ◦C, micropores smaller than 2 nm 
almost disappear, while mesopores in the 2–50 nm range become 
predominant, and macropores larger than 50 nm also begin to 
form. At 600 ◦C, the cumulative pore volume distribution curve 
shifts rightward along the horizontal axis compared to that at 
500 ◦C, with further increases in the proportions of mesopores and 
macropores, indicating a significant expansion and reorganization 
of the pore structure on the shale surface during this stage.

3.5. Comparing shale oil cracking behavior at different O2 

concentrations

The study employs a designed oxidative cracking experimental 
apparatus to simulate the in-situ conversion process of shale oil. 
Experimental procedures were described in Section 2.3. By varying 
oxygen concentration as an influencing  factor, the research 

Fig. 6. Comparison of pore size distribution of shales at different cracking 
temperatures.
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investigates how this factor influences  heating rates, pressure 
dynamics, and oil yield during shale oil extraction. In in-situ 
conversion of shale oil, the oxygen concentration in injected gas is 
a critical determinant of reaction intensity, governing both the 
stability of reaction front propagation and gas sweep efficiency. As 
a key technical parameter for successful implementation, 
optimal oxygen concentration ensures controlled exothermic 
reactions.

Table 2 documents cracking response results under an oxygen- 
lean atmosphere (10% O2/90% N2) across 100–550 ◦C, quantifying 
mass changes in organic-rich shales. Oxidative cracking results 
demonstrate progressive mass loss increase from 0.05% at 100 ◦C 
to 23.72% at 550 ◦C.

Fig. 11 illustrates oil yield results at different pyrolysis tem
peratures under a N2 atmosphere. Below 200 ◦C, at low- 
temperature conditions reactions are primarily driven by the 

Fig. 7. Surface topology evolution of shale samples at varying conditions.
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evaporation of free water, adsorbed water, and interlayer water in 
clay minerals, accompanied by partial desorption of adsorbed 
gases. At 300 ◦C, oil-phase products emerge but kerogen pyrolysis 
remains inefficient, predominantly forming unstable intermediate 
asphaltenes. Progressive heating to over 350 ◦C initiates gradual oil 

yield, which surges to 6.34% at 450 ◦C and peaks at 11.96% by 
500 ◦C. This maximum yield is attributed to thermally enhanced 
kerogen cracking and development of abundant macropores 
within shale matrix facilitating pyrolytic oil expulsion. However, 
further temperature elevation to 550 ◦C reduces oil yield due to 

Fig. 8. N2 adsorption–desorption curves of shale samples after pyrolysis at various temperatures under a N2 atmosphere.
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secondary cracking of light oil components into gaseous hydro
carbons, thereby diminishing liquid production.

Under an oxygen-lean atmosphere (Fig. 12), the overall trend of 
oil yield from ambient to 550 ◦C resembles that observed in a N2 
atmosphere, exhibiting an initial rise followed by a decline. 

However, the peak oil yield occurs at a lower temperature 
compared to the nitrogen system. This phenomenon indicates that 
oxygen participation exerts a catalytic effect on kerogen cracking 
at medium-high temperatures, wherein oxidative consumption of 
residual carbon releases thermal energy that propagates inward 

Fig. 9. N2 adsorption–desorption curves of shale samples after cracking at various temperatures at an air atmosphere.
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Fig. 10. Pore size evolution of shales at different temperatures under an air atmosphere.

Table 2 
Shale oil yield rate by oxidative cracking in oxygen-reduced air.

Cracking temperature, ◦C Initial weight, g Weight after cracking, g Weight loss, g Loss percent, % Oil weight, g Oil yield, %

100 57.122 57.095 0.027 0.05 0 0
200 58.248 57.957 0.290 0.50 0 0
300 59.134 58.120 1.013 1.71 0.266 0.45
350 60.214 57.599 2.915 4.84 1.643 2.73
400 58.854 52.626 6.227 10.58 3.484 5.92
450 56.207 43.306 12.901 22.95 6.868 12.22
500 57.100 42.742 14.357 25.14 6.155 10.78
550 59.002 45.005 13.996 23.72 5.640 9.56
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through the organic-rich shale matrix, promoting large-scale 
kerogen cracking. Fig. 13 integrates comparative oil yield results 
under three different oxygen concentrations. Oxygen-containing 
atmospheres achieve peak yields about 450 ◦C, suggesting near- 
complete organic matter conversion. Beyond 450 ◦C, the oil yield 
decline correlates with secondary cracking and coking severity, 
both exhibiting positive correlation with oxygen concentration. 
Excessive oxygen and temperature induce over-oxidation and 
over-cracking, ultimately suppressing pyrolytic oil recovery 
efficiency.

4. Conclusions

(1) Integrated multiscale experiments reveal the mechanistic 
impacts of oxidative cracking on thermogravimetric 
behavior, mineralogical evolution, porosity response, and oil 
yield kinetics in organic-rich shales. It demonstrates tech
nical advantages of oxidative atmospheres over conven
tional inert pyrolysis. Thermogravimetric analysis indicates 
pronounced exothermic characteristics within the core 

cracking interval (290–600 ◦C) under oxidative conditions, 
where oxygen participation accelerates organic matter 
cracking, shifting cracking toward lower temperatures, 
compared to inert atmospheres exhibiting suppressed re
action kinetics.

(2) Isothermal nitrogen adsorption–desorption experiments 
document substantial pore structure expansion under an air 
atmosphere. Upon exceeding 500 ◦C, pore morphology 
transitions from slit-shaped plate pores to open cylindrical 
configurations. Nuclear magnetic resonance (NMR) analyses 
further confirm  that oxygen intervention in high- 
temperature air atmospheres promotes oxidative con
sumption of residual carbon, liberating nascent pore space 
while enhancing cracking kinetics through accelerated 
expansion, interconnection, and coalescence of meso and 
macropores.

Collectively, oxygen introduction drives cracking advancement 
by reducing the temperature threshold for kerogen cracking by 
approximately 50 ◦C, achieving maximum oil yield at 450 ◦C. This 
paradigm shift demonstrates the thermodynamic superiority of 

Fig. 11. Oil yield performance by N2 pyrolysis at various temperatures.

Fig. 12. Oil yield performance by 10% (a) and 21% (b) O2 cracking.

Fig. 13. Comparison of oil yields under three atmospheric cracking.
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controlled oxidative environments in unlocking unconventional 
hydrocarbon resources.
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