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a b s t r a c t

The water saturation in shale reservoirs plays a key role in controlling shale oil accumulation and 
production. The microscale distribution of pore water constrains both the content and spatial occur
rence of adsorbed and free oil. Therefore, investigating the occurrence characteristics of pore water in 
shale oil reservoirs is essential for understanding the mechanisms of oil–water interactions. In this 
work, the shales from the Qingshankou Formation in the Gulong Sag were selected. Water vapor 
adsorption experiments were conducted under controlled relative humidities of 23%, 33%, 56%, 75%, 
85%, and 98%. At each relative humidity (RH), low-temperature nitrogen adsorption tests were con
ducted to monitor the evolution of pore structure during water vapor adsorption. Subsequently, changes 
in pore-scale heterogeneity and the factors controlling water adsorption were analyzed. The results 
show that the Dent model effectively distinguishes between primary adsorption, occurring at specific 
adsorption sites, and secondary adsorption among water molecules, corresponding to Type I and Type III 
isotherms, respectively. At low RH, water vapor adsorption is dominated by primary adsorption, forming 
a monolayer. As RH increases, secondary adsorption becomes dominant, resulting in multilayer for
mation, and at high RH, capillary condensation prevails. Nitrogen adsorption data indicated that 
increasing RH reduced the BET specific surface area (SSA) and pore volume (PV), whereas average pore 
diameter (APD) increased. Multifractal parameters ΔD and D− 10− D0 decreased with increasing RH. At 
low RH, larger micro- and mesopore volumes were more strongly affected by water vapor adsorption, 
leading to more uniform pore filling and reduced heterogeneity. In contrast, the D0− D10 increased with 
increasing RH, especially when RH exceeded 85%, reflecting  the influence  of capillary condensation 
within macropores. Clay mineral content significantly influenced adsorption, particularly under low RH. 
TOC exhibited a similar trend, likely due to organo-clay complex pore-fractures. PV and BET SSA 
similarly influenced adsorption, with notable effects mainly at low RH. These insights are expected to 
elucidate the microscale occurrence mechanisms of pore water within the complex pore–fracture 
system of shale, and provide a basis for understanding oil–water distribution and interactions in 
shale oil reservoirs.
© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As a critical alternative energy source to conventional oil, shale 
oil has garnered significant  attention because of its substantial 
reserves (Zou et al., 2019; Jin et al., 2021; Li et al., 2024). Recent 
years have witnessed considerable advancements in shale oil 
exploration and development across multiple basins in China, 
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accompanied by a notable growth in production. However, the 
implementation of efficient  and sustainable recovery strategies 
remains technically challenging (Sun et al., 2021; Xi et al., 2023; 
Zhang et al., 2023; Li et al., 2024; Wang et al., 2024a). A critical 
constraint lies in the complex subsurface environment, where 
shale oil coexists with formation water within intricate pore- 
fracture systems. The water content within these reservoirs ex
hibits significant variability, controlled by basin-specific geological 
settings and thermal maturity (Cheng et al., 2019; Zhang et al., 
2025). Fundamentally, water saturation governs oil occurrence, 
as formation water competes for storage space within the pore 
network, which in turn controls shale oil accumulation and pro
ducibility (Yang et al., 2020).

Current research on pore water in shale has predominantly 
focused on highly mature shale gas reservoirs, while studies 
concerning the occurrence characteristics and controlling factors 
of liquid-phase pore water in shale oil reservoirs remain limited (Li 
et al., 2019; Wang et al., 2019a; Bai et al., 2020; Yang et al., 2020; 
Xie et al., 2023). Generally, compared to shale gas reservoirs, 
shale oil reservoirs are characterized by relatively lower thermal 
maturity and a pore system dominated by inorganic minerals, 
distinct from the organic matter (OM) pores prevalent in gas res
ervoirs. In particular, the relatively higher content of clay minerals 
provides a vast specific surface area that profoundly impacts water 
vapor adsorption (Zhang et al., 2024). Consequently, unlike gas 
residing in hydrophobic OM pores, shale oil often competes 
directly with water for occupancy in hydrophilic or mixed-wet 
inorganic pores. Numerous Nuclear Magnetic Resonance (NMR) 
studies have corroborated this, indicating that capillary-bound 
water coincides with adsorbed oil space, while mobile water 
shares space with capillary-bound oil (Gao et al., 2025; Wang et al., 
2025). Therefore, variations in pore water content inevitably 
induce reconfiguration of the occurrence state of pore oil.

Previous studies have demonstrated that water adsorption 
mechanisms in shale are highly sensitive to ambient relative hu
midity (RH). It typically follows a transition from monolayer to 
multilayer adsorption at low RH, culminating in capillary 
condensation within pore structures at high RH (Sang et al., 2019; 
Lahn et al., 2020; Qin et al., 2024). This process is governed by 
mineralogical composition and pore structure, ultimately leading 
to alterations in pore heterogeneity (Hatch et al., 2012; Wang et al., 
2019a; Xie et al., 2023). It is generally accepted that inorganic 
minerals are hydrophilic, while organic matter (OM) exhibits hy
drophobicity (Sulucarnain et al., 2012; Korb et al., 2014; Li et al., 
2018; Chen et al., 2019). Hydrophilic clay minerals, characterized 
by polar functional groups and exchangeable cations, are the pri
mary control on water vapor adsorption, exhibiting a strong pos
itive correlation with both adsorption capacity and rate (Zolfaghari 
et al., 2017a, 2017b). Additionally, pore structure critically limits 
adsorption capacity; while high specific  surface areas in micro- 
and nanopores promote uptake, limited pore volume (PV) can 
restrict further accumulation under high RH conditions (Li et al., 
2016b; Bai et al., 2020).

To quantitatively describe these complex adsorption processes, 
several thermodynamic models have been developed. The Lang
muir isotherm describes monolayer adsorption (Langmuir, 1918), 
while the BET isotherm accounts for multilayer adsorption 
(Brunauer et al., 1938), and the GAB model, which accounts for 
adsorption heat variations beyond the first layer, has been widely 
applied to minerals such as montmorillonite and illite (Feng et al., 
2018). Building on these theories, the Dent multilayer adsorption 
model is commonly used to characterize water vapor adsorption 
on shale pore surfaces. Its advantage lies in its ability to distinguish 

between primary (strongly bound) and secondary (weakly bound) 
adsorption layers, providing a theoretical basis for differentiating 
water occurrence states within the pore network (Wang et al., 
2019a; Bai et al., 2020; Xie et al., 2023).

However, while thermodynamic models are effective in eval
uating water adsorption mechanisms and quantifying uptake ca
pacity, they fail to capture the dynamic physical alteration of the 
pore structure induced by this process. Previous studies have 
noted that water adsorption behaviors vary among pore types in 
shale gas reservoirs (Bai et al., 2020; Xie et al., 2023; Xing et al., 
2025), yet the dynamic change of this process on the residual 
pore structure has been insufficiently  evaluated. Furthermore, 
research into water adsorption and these pore structure dynamic 
changes in high-clay shale oil reservoirs is even more limited. To 
address this, shale samples from the K2qn in the Gulong Sag, 
representing a typical continental shale rich in clay minerals and 
micropores, were systematically investigated (Sun et al., 2021; He 
et al., 2023). Water vapor adsorption experiments under varying 
RH were conducted, combined with low-temperature nitrogen 
adsorption/desorption (LTNA/D) tests and scanning electron mi
croscopy (SEM) observations. The relationships between water 
vapor adsorption capacity, mineral composition, and pore struc
ture under different RH were analyzed. Furthermore, the evolution 
of pore heterogeneity and its controlling factors were discussed. 
These findings contribute to a deeper understanding of pore water 
adsorption behavior within multiscale pore networks of conti
nental shale reservoirs and provide insights into the mechanisms 
governing oil–water occurrence in shale oil reservoirs.

2. Geological setting

The Songliao Basin, located in northeastern China, covers an 
area of about 26×104 km2 and hosts abundant hydrocarbon re
sources. It exhibits a NE-trending orientation and displays a two- 
tiered architecture comprising an early-stage fault depression 
overlain by a later depression (Fig. 1(a)), representing a classic 
superimposed rift-depression basin (Wang et al., 2013). Shale 
deposition in the Songliao Basin primarily occurred during the 
Cretaceous period, associated with two major lacustrine trans
gression events. These sediments were deposited in deep to semi- 
deep lacustrine environments, resulting in the accumulation of 
thick, organic-rich dark mudstones within the Qingshankou (K2qn) 
and Nenjiang (K2n) formations. Compared with the K2n shale, the 
K2qn shale is characterized by higher total organic carbon (TOC) 
content and greater thermal maturity, and currently represents 
the principal reservoir interval for Gulong shale oil (Jia et al., 2013; 
Xu et al., 2015; Liu et al., 2017). The Qijia Gulong Sag, Daqing Pla
canticline, and Sanzhao Sag, located within the Central Depression, 
are characterized by relatively rich shale oil resources (Fig. 1(b) 
and (c)), with the Gulong Sag being the primary exploration target. 
Stratigraphically, the K2qn in the Gulong sag is subdivided into the 
first member (K2qn1) and the second to third members (K2qn2+3), 
with the K2qn1 and the lower intervals of K2qn2+3 exhibiting sig
nificant  potential for exploration and development (Sun et al., 
2021; Zhang et al., 2023).

3. Materials and methods

3.1. Samples

A total of seven shale samples were collected from the K2qn in 
Well A1, located in the Gulong Sag, with sampling depths ranging 
from 2332.76 m to 2439.25 m (Fig. 1(c) and (d)). Specifically, the 
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sample set comprises one sample from K2qn1 and six from K2qn2, 
characterized by similar mineralogy but distinct TOC levels 
(Table 1). The primary experiments comprised SEM, water vapor 
adsorption experiments, and corresponding LTNA/D tests, aimed 
at elucidating the mechanisms of water vapor uptake and the 
associated changes in pore structure. The Dent model was applied 
to characterize the water vapor adsorption mechanisms, and 
multifractal theory was employed to investigate variations in pore 
structure heterogeneity.

3.2. Experimental procedures

The detailed experimental procedures are illustrated in Fig. 2. 
Upon receipt, each original sample was cut into a cylindrical plug 
with a diameter of approximately 25 mm. A thin disc (2–3 mm in 
thickness) was then sliced from the end of each plug. The 
remaining rock fragments and offcuts produced during the wire- 
cutting process were collected and ground into powders with a 
particle size of 40–60 mesh (0.25–0.42 mm). Subsequently, solvent 

Fig. 1. Locations of the Songliao Basin in northeastern China (a), the Central Depression (b), and the sampling well (c). Stratigraphic column and the sampling positions in Well A1 
(d).

Table 1 
Basic parameters summary of selected shales.

Sample Depth, m Formation Ro, % TOC, % Mineral composition, % Clay minerals, %

Q Pl Ca D Cl I Ch I/S

A1-1 2332.76 K2qn2 1.23 2.06 37.8 22.7 / / 34.6 66 8 26
A1-2 2340.75 K2qn2 1.24 2.84 35.3 22.5 / 2.9 35.0 58 15 27
A1-3 2344.80 K2qn2 1.25 2.09 35.6 29.5 1.1 / 29.6 72 7 21
A1-4 2345.58 K2qn2 1.25 1.89 35.0 27.3 0.9 / 32.9 71 8 21
A1-5 2353.98 K2qn2 1.26 1.78 35.2 30.4 1.5 / 29.3 63 16 21
A1-6 2390.25 K2qn2 1.30 2.11 34.5 20.5 0.8 / 39.4 57 11 32
A1-7 2439.25 K2qn1 1.37 3.27 36.7 10.3 4.4 / 48.6 49 25 26

Note: The symbol “/” indicates that it has not been detected. Q, Pl, Ca, D, Py, Cl, I, Ch, and I/S are the quartz, plagioclase, calcite, dolomite, pyrite, clay minerals, illite, chlorite, 
and mixed-layer illite/smectite, respectively.
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extraction and drying treatments were performed (Processes 1 
and 2). Specifically, a mixture of dichloromethane and acetone 
(volume ratio 3:1) was used to extract residual hydrocarbons un
der conditions of 85 ◦C and 0.2 MPa for 7 days. The samples were 
subsequently vacuum-dried at 110 ◦C for 24 h and then transferred 
to a desiccator to cool to ambient temperature (25 ◦C) (Wang et al., 
2024b; Gao et al., 2025). The polished end surfaces were then 
subjected to analysis using a Phenom ProX SEM system to obtain 
representative micrographs of each sample. Detailed specifica
tions of the equipment are available in previous research (Gao 
et al., 2025). The solvent-extracted and dried powders were 
equally divided into seven portions by mass. One portion was 
directly analyzed by nitrogen adsorption to characterize the orig
inal pore structure parameters (Process 2-1). The remaining six 
portions were equilibrated under different RH conditions. After 
reaching mass stability, nitrogen adsorption experiments were 
conducted under each RH condition to assess the corresponding 
pore structure characteristics (Process 2-2).

3.2.1. Scanning electron microscopy (SEM) test
Before the SEM experiment, cuttings were first manually pol

ished and then finished by argon-particle polishing. Imaging was 
carried out with a Phenom ProX SEM (maximum magnification 
12,000×); routine observations were made at 4000×, yielding an 
approximate resolution of 32 nm (Gao et al., 2025).

3.2.2. Water vapor adsorption experimental process
The detailed procedure for the water vapor adsorption equi

librium experiment is as follows:

(a) The solvent extraction and drying process of the powdered 
shale samples followed the methodology previously 
described. This step was conducted to ensure the complete 
removal of pore fluids from the shale matrix.

(b) To establish environments with controlled RH, six saturated 
salt solutions were prepared, corresponding to target RH 
values of 23%, 33%, 56%, 75%, 85%, and 98%. These levels were 
achieved using CH3COOK, MgCl2, MnCl2, NaCl, KCl, and 
K2SO4, respectively (Feng et al., 2018; Shen et al., 2018; 
Zhang et al., 2025). The samples were placed in a sealed 

chamber (Fig. 2), and all adsorption procedures were carried 
out at a constant temperature of 25 ◦C to ensure thermal 
stability.

(c) Once placed in the chamber, the samples were weighed 
every 12 h to record mass changes. Equilibrium was 
considered to be reached when the rate of mass change was 
less than 0.1%. A high-precision balance with an accuracy of 
0.1 mg was employed to record mass variations at each 
stage. To minimize the influence of ambient humidity dur
ing weighing, samples were returned to the RH-controlled 
chamber immediately after measurement and allowed to 
re-equilibrate for 24 h before nitrogen adsorption analysis.

3.2.3. Low-temperature nitrogen adsorption–desorption (LTNA/D)
The LTNA/D tests were performed on shales in dry and water 

vapor adsorption equilibrium states. Following the completion of 
water vapor adsorption equilibrium, the samples equilibrated 
under different RH were allowed to stand in the sealed chamber 
for an additional 24 h before proceeding with LTNA/D analyses. 
These measurements were performed using a Micromeritics ASAP 
2460 surface area and porosity analyzer. Nitrogen adsorption and 
desorption isotherms were obtained at 77 K over a relative pres
sure range of 0.01 to 0.993. Note that before testing, samples at 
different RH require humidity-equilibrated powder to be placed in 
liquid nitrogen (77K) to solidify the water content within the shale. 
Subsequently, the frozen powder is evacuated for 1 h before con
ducting the LTNA/D test. The specific  surface area (SSA) was 
calculated using the Brunauer–Emmett–Teller (BET) model (BET 
SSA), while the pore size distribution (PSD) was derived from the 
desorption branch of the isotherms using the Bar
rett–Joyner–Halenda (BJH) method (Zhang et al., 2019; Wang et al., 
2025).

3.3. Methodologies

3.3.1. Dent model of water vapor adsorption
Water vapor adsorption in shale involves a combination of 

physical and chemical mechanisms. The distribution and retention 
of water molecules within organic and inorganic pores under 

Fig. 2. Schematic diagram of the experimental setup and procedures.
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varying RH can significantly influence the occurrence and mobility 
of shale oil. Building on previous work related to adsorption 
modeling, the Dent multilayer adsorption model was developed 
based on Langmuir theory and modified  BET approaches to 
describe the interaction of water vapor with shale pore surfaces 
(Dole, 1948; Dent, 1977; Charri�ere and Behra, 2010). This model 
incorporates two types of adsorption sites: primary (Q1) and sec
ondary (Q2) (Wang et al., 2019a; Dang et al., 2021). The primary 
sites, associated with monolayer adsorption, are mainly controlled 
by pore diameter and surface chemical properties, and are typi
cally linked to clay minerals with high water affinity. Water mol
ecules at these sites are directly bound to the pore surface, 
exhibiting relatively high binding energies. In contrast, secondary 
sites represent multilayer adsorption and capillary condensation 
processes, primarily influenced by PV and the presence of weakly 
interactive or hydrophobic pore surfaces, where water molecules 
exhibit lower binding energies (Zolfaghari et al., 2017a; Bai et al., 
2020).

Accordingly, under the assumption of a porous system with 
dual adsorption sites and BET-type multilayer adsorption, the Dent 
model is expressed in detail as follows: 

Q(RH)=
wm × K1 × RH

(1 − K2 × RH)(1 − K2 × RH + K1 × RH)
(1) 

Q(RH)=
mRH − mDry

mDry
(2) 

where Q(RH) represents the specific  amount of water vapor 
adsorbed at a given RH, g/g, and is calculated using Eq. (2). wm 
denotes the maximum adsorption capacity per unit mass of the 
sample. K1 and K2 constants corresponding to the adsorption af
finities  of primary and secondary sites, respectively, are dimen
sionless; larger K values indicate stronger adsorption capabilities. 
mRH is the mass of the sample after water adsorption under a 
specific RH condition, g, while mDry refers to the dry weight of the 
sample, g.

According to the Dent model, as RH increases, the adsorption 
capacities at primary and secondary sites can be derived from the 
classical Dent formulation, where Q1 and Q2 are described by Eqs. 
(3) and (4). The parameters wm, K1, and K2 are determined by 
fitting Eq. (1) to the experimental data: 

Q1 =
wm × K1 × RH

1 + RH × (K1 − K2)
(3) 

Q2 =
wm × K1 × K2 × RH2

(1 − K2 × RH)[1 + (K1 − K2) × RH]
(4) 

3.3.2. Fractal analysis
The study of shale heterogeneity is essential to understanding 

the complexity of pore structures in porous media (Wang et al., 
2025). In highly heterogeneous shale reservoirs, the PSD often 
exhibits significant  fluctuations.  Under such conditions, single 
fractal models often fail to describe the variability in pore size 
heterogeneity adequately (Liu et al., 2018). Multifractal theory 
offers distinct advantages in characterizing the heterogeneity of 
unconventional reservoir pores and is now widely employed in 
fractal-based analyses of shale pore structures (Hou et al., 2020; 
Zhang et al., 2022; Yao et al., 2024). The multifractal spectrum is 
typically expressed in two fundamental forms: the α–f(α) singu
larity spectrum and the q–D(q) generalized fractal dimension 
spectrum. These two spectra respectively characterize local het
erogeneity and information-theoretic scaling behavior of multi
fractals. A significant  linear relationship has been reported 

between them in previous studies. Therefore, the q–D(q) spectrum 
was adopted to quantify multifractal properties in this study. Its 
mathematical definition is provided in Eq. (5): 

D(q)=
τ(q)

q − 1
(5) 

where D(q) denotes the generalized fractal dimension spectrum, q 
is the order of the statistical moment, and τ(q) represents the 
quality index function.

When q = 1, the calculation formula for D(q) becomes: 

D1 = lim
ε→0

∑N(ε)

i=1
Pi(ε) × log Pi(ε)

log ε
(6) 

The D(q) reflects  the scaling behavior of PV distribution at 
different moment orders, while D corresponds to the information 
dimension. Specifically, the difference D− 10− D0 characterizes the 
heterogeneity associated with low PV, D0− D10 reflects  the het
erogeneity in regions of high PV, and D− 10− D10 quantifies  the 
overall PV heterogeneity within the sample (Zhang et al., 2022; 
Yao et al., 2024).

4. Results

4.1. Characteristics of selected shales

4.1.1. Ro, TOC, and mineral compositions of selected shales
All samples exhibit relatively high TOC contents, varying be

tween 1.77% and 3.27%, with an average of 2.23%. And they also 
display relatively high maturity, with Ro values showing an 
average of approximately 1.27%. The mineralogical composition is 
broadly consistent across the samples, indicating lithological ho
mogeneity. The dominant constituents are clay minerals (average 
35.63%) and quartz (average 35.73%). Within the clay fraction, illite 
is the most abundant, accounting for 49% to 72% (mean 62.38%). 
Plagioclase is present in moderate amounts, while carbonate 
minerals are present in extremely low abundance or absent in 
some samples (Table 1).

4.1.2. Pore types of selected shales
Two primary types of pore structures occurred in the shale 

samples from the study area: intragranular and intergranular 
pores, with the former being more prevalent. Intragranular pores 
are predominantly associated with clay minerals. Clay minerals are 
dominated by illite, which commonly occurs as flocculent aggre
gates and is characterized by the development of thin, sheet-like, 
and slit-shaped intragranular pores, and the irregular slit pores are 
mainly related to organo-clay complex pore-fractures (Sun et al., 
2024) (Fig. 3(c), (e), and (f)). In addition, dissolution pores were 
observed within plagioclase grains (Fig. 3(d)), and cleavage frac
tures were occasionally noted in plagioclase (Fig. 3(b)). In contrast, 
intergranular pores are relatively scarce and are mainly developed 
at grain boundaries around quartz particles (Fig. 3(a), (c), and (e)). 
Quartz grains are generally larger and frequently encapsulated by 
clay minerals, which limits interparticle pore space. Pyrite aggre
gates were also observed, displaying intercrystalline pores 
(Fig. 3(a) and (b)).

4.2. Water vapor adsorption isotherms

All samples exhibited a good fit with the Dent model. According 
to the Brunauer classification of adsorption isotherms (Brunauer 
et al., 1938), the water vapor adsorption isotherms of all samples 
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correspond to Type II isotherms (Fig. 4), indicating the coexistence 
of monolayer adsorption, multilayer adsorption, and capillary 
condensation within the multiscale pore networks of the shale 
matrix. This is similar to previous studies on the shales of the 
Wufeng–Longmaxi Formation (Wang et al., 2019a; Xie et al., 2023; 
Zhang et al., 2025). The fitted model parameters are summarized 
in Table 2. The values of K1 and K2 range from 1.85 to 8.70 (average 
4.00) and from 0.55 to 0.70 (average 0.61), respectively, suggesting 
that the adsorption strength of primary adsorption is significantly 
higher than that of secondary adsorption. No clear correlation was 
observed between wm and either K1 or K2, indicating that these 
constants characterize the adsorption strength rather than the 
amount adsorbed.

Based on the fitted values, the isotherms for primary and sec
ondary adsorption were derived. The primary adsorption 
isotherms correspond to the Type I isotherm as classified by IUPAC, 
predominantly governed by monolayer adsorption. These 
isotherms exhibit an upward-convex shape, with adsorption ca
pacity increasing rapidly at low RH and leveling off as RH exceeds 
approximately 0.3. In contrast, secondary adsorption isotherms 
differ markedly from the primary ones and align with the Type III 
IUPAC classification.  These isotherms are downward-concave, 
indicating that multilayer adsorption dominates the process. At 
low RH, the adsorption capacity increases slowly, but at higher RH, 
it rises sharply and tends toward capillary condensation. An 
intersection between the primary and secondary adsorption iso
therms is observed for all samples, beyond which the amount of 

secondary adsorption becomes predominant. Notably, the location 
of this crossover varies among samples, reflecting differences in 
mineral composition and pore structure that affect water vapor 
adsorption behavior. In contrast to the Longmaxi Formation, no 
significant capillary condensation was detected at high RH in the 
present samples, as indicated by the lack of a distinct upward in
flection in the isotherms. This phenomenon may be attributed to 
mineralogical differences: the studied shales are predominantly 
clay-rich, whereas the Longmaxi Formation contains less than 10% 
clay minerals on average and is largely composed of brittle min
erals (average 88.3%) (Bai et al., 2020).

The primary and secondary adsorption capacities at different 
RH were obtained from the corresponding isotherms (Table 3). At 
an RH of 23%, primary adsorption exhibited a marked increase, 
with a relatively high average value of 8.18×10− 3 g/g, whereas 
secondary adsorption remained low, averaging only 1.35×10− 3 g/g. 
When RH increased to 33%, both primary and secondary adsorp
tion showed limited changes, with average values of 9.92×10− 3 g/g 
and 2.53×10− 3 g/g, respectively. As RH continued to rise, the 
increment in primary adsorption gradually diminished. The mean 
primary adsorption values at 56%, 75%, 85%, and 98% RH were 
12.55×10− 3 g/g, 13.95×10− 3 g/g, 14.53×10− 3 g/g, and 15.15×10− 3 g/ 
g, respectively, indicating a trend toward saturation. In contrast, 
secondary adsorption demonstrated a substantial and continuous 
increase across the same RH range, with corresponding average 
values of 6.58×10− 3 g/g, 11.91×10− 3 g/g, 15.88×10− 3 g/g, and 
23.06×10− 3 g/g. This divergent behavior highlights the distinct 

Fig. 3. Pore types in the selected shales by SEM images. Cl, clay minerals; OM, organic matter; Pl, plagioclase; Py, pyrite; Q, quartz.
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moisture uptake mechanisms between primary and secondary 
adsorption processes under elevated humidity conditions.

4.3. Changes in multiscale pore structure and heterogeneity after 
water vapor adsorption

4.3.1. Pore structure parameters of original shale
The original nitrogen adsorption–desorption isotherms of all 

shale samples are presented in Fig. 5. According to the IUPAC 
classification, the isotherms correspond to Type II, indicating the 
presence of monolayer adsorption, multilayer adsorption, and 
capillary condensation. A distinct hysteresis loop is observed be
tween the adsorption and desorption branches. The selected 
shales exhibit H2–H3 type hysteresis behavior (Fig. 5(a)), 

suggesting the coexistence of ink-bottle-shaped pores and slit-like 
pores. The pore size distributions (PSDs) of all samples display a 
bimodal pattern. The first  peak, which is more pronounced, ap
pears around 3 nm, indicating the dominance of micropores or 
narrow mesopores. The second, broader and lower peak is 
centered around 30–40 nm, reflecting the development of wider 
mesopores.

4.3.2. Changes in shale pore structure of LTNA/D
Low-temperature nitrogen adsorption/desorption (LTNA/D) 

tests on moisture-equilibrated shales are commonly employed to 
evaluate the effects of moisture on microscopic pore structures 
(Chen et al., 2021b; Xie et al., 2023; Zhang et al., 2025). Water 
vapor adsorption on shale surfaces gradually increases with 
increasing RH, accompanied by notable changes in the nitrogen 
adsorption–desorption isotherms. A pronounced decrease in ni
trogen adsorption capacity is observed with rising RH, particularly 
from the dry state to 23% RH, indicating that water vapor signifi
cantly adsorbs onto the pore surfaces and competitively inhibits 
nitrogen uptake (Fig. 6). In addition, a distinct transition in hys
teresis loop type occurs between 33% and 56% RH, shifting from 
H2–H3 to H3-type behavior. This change suggests a transition from 
the coexistence of ink-bottle-shaped and slit-like pores to a pore 
system dominated primarily by slit-like geometries (Fig. 6). This 
phenomenon implies that water vapor preferentially occupies ink- 
bottle-shaped micropores during this humidity interval. Such 

Fig. 4. Water vapor adsorption isotherms. (a)–(f) The clay mineral contents are 34.6%, 29.6%, 32.9%, 35.0%, 39.4%, and 48.6%, respectively.

Table 2 
Fitting parameters and results of the Dent model.

Samples K1 K2 wm, g/g R2

A1-1 1.941 0.560 0.0195 0.9946
A1-2 5.462 0.698 0.0147 0.9978
A1-3 2.902 0.574 0.0164 0.9961
A1-4 1.849 0.598 0.0164 0.9747
A1-5 2.662 0.546 0.0192 0.9967
A1-6 4.481 0.635 0.0197 0.9899
A1-7 8.702 0.659 0.0152 0.9887

Table 3 
Adsorption content of water vapor under different RH of selected shales.

Sample Water vapor adsorption capacity, 10− 3 g/g

23% 33% 56% 75% 85% 98%

A1-1 7.57a (6.60b, 0.97c) 10.51 (8.57, 1.94) 17.38 (11.93, 5.45) 23.99 (13.92, 10.07) 28.17 (14.77, 13.40) 34.84 (15.73, 19.11)
A1-2 10.50 (8.81, 1.69) 13.39 (10.30, 3.08) 20.13 (12.26, 7.87) 27.64 (13.17, 14.47) 33.25 (13.52, 19.73) 43.95 (13.88, 30.07)
A1-3 8.19 (7.11, 1.08) 10.93 (8.86, 2.07) 17.00 (11.54, 5.46) 22.76 (12.97, 9.79) 26.44 (13.55, 12.89) 32.39 (14.18, 18.21)
A1-4 6.27 (5.41, 0.86) 8.81 (7.07, 1.74) 15.00 (9.97, 5.03) 21.26 (11.72, 9.54) 25.39 (12.47, 12.91) 32.24 (13.33, 18.91)
A1-5 9.05 (7.92, 1.14) 12.13 (9.94, 2.18) 18.89 (13.12, 5.77) 25.12 (14.84, 10.28) 28.99 (15.54, 13.45) 35.08 (16.32, 18.76)
A1-6 12.59 (10.75, 1.84) 16.20 (12.81, 3.40) 24.27 (15.64, 8.63) 32.47 (17.00, 15.46) 38.10 (17.53, 20.57) 47.92 (18.1, 29.83)
A1-7 12.54 (10.64, 1.90) 15.21 (11.91, 3.31) 21.26 (13.41, 7.84) 27.80 (14.06, 13.74) 32.50 (14.3, 18.20) 41.06 (14.55, 26.51)

Note: a, b, and c refer to the total adsorption capacity, primary adsorption capacity, and secondary adsorption capacity, respectively.
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Table 4 
Pore structure parameters derived from LTNA/D.

Types Sample Pore structure parameters at different RH

0% 23% 33% 56% 75% 85% 98%

BET SSA, m2/g A1-1 30.51 6.90 5.78 3.02 2.01 1.21 0.82
A1-2 36.38 8.55 7.20 4.07 3.06 1.91 1.33
A1-3 27.74 5.93 5.16 2.64 1.57 0.90 0.65
A1-4 22.47 5.80 4.99 3.18 2.25 1.14 0.83
A1-5 27.79 6.02 5.20 2.61 1.56 1.08 0.77
A1-6 34.19 7.50 6.30 2.67 1.92 1.38 0.71
A1-7 33.27 7.72 7.14 5.37 4.58 3.54 3.22

Pore volume, 
10− 3 cm3/g

A1-1 40.03 23.13 21.57 14.00 10.44 6.99 4.58
A1-2 42.49 27.57 25.71 17.57 14.32 9.03 7.00
A1-3 36.55 20.97 19.22 12.65 8.24 5.56 4.44
A1-4 32.97 22.07 21.45 16.41 12.76 6.68 5.05
A1-5 37.56 22.28 20.68 13.18 9.11 6.79 4.74
A1-6 41.94 25.38 23.84 13.79 11.73 9.82 5.07
A1-7 45.91 32.76 31.61 27.75 23.83 20.32 18.95

Average pore diameter, nm A1-1 5.25 13.40 14.92 18.54 20.77 23.08 22.34
A1-2 4.67 12.90 14.28 17.27 18.71 18.96 21.01
A1-3 5.27 14.13 14.89 19.18 20.95 24.74 27.23
A1-4 5.87 15.23 17.18 20.64 22.68 23.38 24.31
A1-5 5.41 14.81 15.90 20.18 23.40 25.23 24.57
A1-6 4.91 13.53 15.15 20.69 24.42 28.47 28.50
A1-7 5.52 16.97 17.70 20.68 20.84 22.95 23.51

Table 5 
Heterogeneity of PSD parameters derived from LTNA/D.

Types Sample Heterogeneity of PSD at different RH

0% 23% 33% 56% 75% 85% 98%

D− 10− D0 A1-1 0.7499 0.4134 0.3971 0.3357 0.2877 0.3050 0.3005
A1-2 0.7339 0.3790 0.3621 0.3237 0.2818 0.2561 0.2438
A1-3 0.7773 0.4020 0.3945 0.2843 0.2669 0.2722 0.1775
A1-4 0.7686 0.4187 0.3781 0.3357 0.2838 0.3246 0.3017
A1-5 0.7764 0.4114 0.4050 0.3052 0.2883 0.2954 0.2928
A1-6 0.7589 0.4028 0.4489 0.3115 0.2803 0.2765 0.1749
A1-7 0.7177 0.3522 0.3422 0.3059 0.2895 0.2410 0.2653

D0− D10 A1-1 0.7643 0.8797 0.8875 0.9253 0.9327 0.9389 0.9358
A1-2 0.7279 0.8785 0.8940 0.9160 0.9234 0.9123 0.9297
A1-3 0.7669 0.8863 0.8938 0.9248 0.9342 0.9323 0.9391
A1-4 0.7994 0.8969 0.9179 0.9277 0.9348 0.9342 0.9485
A1-5 0.7747 0.8881 0.8990 0.9223 0.9363 0.9421 0.9518
A1-6 0.7368 0.8808 0.8921 0.9333 0.9424 0.9525 0.9476
A1-7 0.7861 0.9180 0.9236 0.9365 0.9393 0.9439 0.9475

D− 10− D10 A1-1 1.5142 1.2931 1.2846 1.2610 1.2204 1.2439 1.2362
A1-2 1.4618 1.2575 1.2561 1.2397 1.2053 1.1684 1.1735
A1-3 1.5442 1.2884 1.2883 1.2091 1.2011 1.2045 1.1167
A1-4 1.5142 1.2931 1.2846 1.2610 1.2204 1.2439 1.2362
A1-5 1.5142 1.2931 1.2846 1.2610 1.2204 1.2439 1.2362
A1-6 1.4956 1.2836 1.3410 1.2449 1.2227 1.2290 1.1225
A1-7 1.5038 1.2702 1.2658 1.2423 1.2288 1.1849 1.2128

Fig. 5. LTNA/D isotherms (a) and PSDs (b) of original shale samples.

W.-Z. Gao, P.-F. Zhang, J.-J. Wang et al. Petroleum Science 23 (2026) 6960–6978

6967



observations are consistent with the PSD: at early RH stages 
(below 23%), a marked reduction in micropore volume is detected. 
As RH increases beyond 56%, a further decrease in micropore 
content is evident, along with a concomitant reduction in mac
ropore contribution. Consequently, the PSD evolves into a unim
odal pattern dominated by the broader right-side peak (Fig. 7).

The PSDs of shales under different RH are shown in Fig. 7. 
Initially, all samples exhibit a bimodal distribution dominated by 
micropores. As RH increases to 23%, a sharp reduction in micro
pore volume is observed, suggesting that water vapor rapidly oc
cupies the confined spaces within these small pores. In contrast, 
macropores remain largely unaffected, indicating that at this stage, 
water vapor adsorption occurs primarily on the internal surfaces of 
macropores, while their internal voids contain relatively few water 
molecules. With further increase in RH to 56%, a decreasing trend 
in macropore volume becomes evident, implying that only under 
higher humidity conditions does water vapor begin to significantly 
affect macropore interiors. Notably, beyond 56% RH, the rate of 
micropore volume reduction becomes negligible, suggesting that 
micropores are nearly saturated with water vapor at low to 
moderate RH. Despite continuous RH increases, the limited pore 
space within micropores restricts further adsorption. In contrast, 
mesopores and macropores display a gradual reduction in volume 
at intermediate to high RH, reflecting  the progressive filling  of 
internal voids by water vapor. At 98% RH, most samples exhibit 
nearly complete pore saturation. However, some exceptions 
remain, such as sample A1-7, which was not fully saturated 
(Fig. 7(f)). This anomaly may be attributed to its relatively high 
organic matter content (up to 3.2%), which may inhibit water va
por adsorption due to surface effects (Li et al., 2018; Chen et al., 
2019).

LTNA/D experiments were employed to characterize the pore 
structure parameters of shale under varying RH conditions. 
Although slight variations exist among different samples, a gen
eral trend is observed: as RH increases, both the BET SSA and total 
PV consistently decrease, while the average pore diameter (APD) 
exhibits an increasing trend (Table 4 and Fig. 8). These observa
tions indicate that water vapor preferentially adsorbs within 

smaller pores, leading to a reduction in accessible pore space and, 
consequently, a decline in both BET SSA and PV. This reduction is 
particularly pronounced between 23% and 33% RH, after which 
the rate of decrease becomes more gradual. In contrast, the APD 
shows an overall increase with rising RH. This apparent paradox 
can be attributed to the differential filling  behavior of pores: 
micropores are rapidly occupied by water molecules, while larger 
pores are filled  more slowly. As a result, despite the overall 
reduction in PV, the proportion of unfilled larger pores increases, 
thus raising the APD. This effect is most significant under low RH 
(<33%), beyond which the rate of change diminishes, suggesting 
that micropores become nearly saturated at low humidity, and 
subsequent water vapor adsorption occurs primarily within 
meso- and macropores.

4.3.3. Changes in shale multifractal characteristics
The multifractal characteristics of nitrogen adsorption data 

under varying RH conditions were systematically evaluated. A 
detailed analysis of the multifractal spectrum q ~ D(q) was con
ducted, with key parameters including D− 10, D10, D0, D0− D10, 
D− 10− D0, and D− 10− D10 (Table 5). Among these, the left branch 
width (D− 10− D0) and right branch width (D0− D10) are indicative of 
pore size heterogeneity within different PV regions (Fig. 9). Spe
cifically, a larger D− 10− D0 suggests greater heterogeneity in re
gions dominated by low PV, whereas a higher D0− D10 reflects 
increased heterogeneity in regions characterized by high PV (Liu 
et al., 2018; Hou et al., 2020; Yao et al., 2024). In this study, the 
LTNA/D-derived PSD results for shales at RH exceeding 23% indi
cate that the fractal dimension D− 10− D0 corresponds to the 
micropore domain, whereas D0− D10 represents the macropore 
domain.

As RH increases, the value of D− 10− D0 exhibits a decreasing 
trend, consistent with the variation pattern of D− 10− D10, sug
gesting that the heterogeneity in the low PV region predominantly 
governs the overall pore structure heterogeneity. This observation 
further indicates that water vapor preferentially adsorbs and sat
urates the micropores during the initial stages of adsorption, 
exerting a more pronounced impact on this pore size domain. For 

Fig. 6. LTNA/D isotherms of selected shales under different RH.
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Fig. 7. Pore size distributions of selected shales under different RH.

Fig. 8. Nitrogen adsorption pore structure parameters with RH variation.
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most samples, the pore structure heterogeneity reaches a rela
tively stable state when RH exceeds 56%. However, exceptions are 
observed in samples A1-3 and A1-6, where a continued reduction 
in heterogeneity is detected under high RH (98%). This may be 
attributed to the complex pore networks within these samples, 
where micropores that remained unsaturated at lower RH become 
progressively saturated as RH increases (Fig. 9(e) and (k)). Notably, 
the D0− D10 representing the heterogeneity in the high PV region 
exhibits an opposite trend, showing a gradual increase with rising 
RH. This is likely due to the preferential filling of micropores, with 
limited influence  on macropores. Additionally, under high RH, 
capillary-condensed water in macropores is not uniformly 
distributed and tends to form liquid bridges at specific  pore 
throats, which disrupts pore connectivity and leads to a more 
discrete and heterogeneous distribution among macropores 
(Horikawa et al., 2015; Li et al., 2016a; Xie et al., 2023).

5. Discussion

5.1. Effect of minerals and TOC on pore structure and water 
adsorption

The IUPAC pore classification was applied to quantify BET SSA 
and PV for micropore (<2 nm), mesopore (2− 50 nm), and mac
ropore (>50 nm) size fractions in this study. These measurements 
were used to assess the influence  of mineral compositions at 
different size scales on pore structure. The selected shales are 
dominated by quartz, feldspar, and clay minerals. The mineralog
ical composition exerts a primary control on pore-network 
development (Zhang et al., 2022; Wang et al., 2024b; Gao et al., 
2025), and variations in pore architecture have been shown to 
influence  water vapor adsorption. The K2qn in the Gulong Sag 
exhibits relatively high thermal maturity, with most shales having 

Fig. 9. Heterogeneity of PSD at different RH. (a–c) and (g–i) represent multifractal characteristics of different samples at different RH; (d–f) and (j–l) represent multifractal 
dimensions of different samples at different RH.
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entered the late diagenetic stage. During diagenesis, acidic pore 
fluids became concentrated, promoting the dissolution of feldspar; 
specifically, K-feldspar was preferentially dissolved, releasing po
tassium ions that facilitated the transformation from smectite to 
illite (Jiang et al., 2025). This diagenetic process accounts for the 
near absence of K-feldspar and the predominance of plagioclase in 
the study area, and is consistent with the strong negative corre
lation between feldspar and clay mineral contents (Fig. 10(a)). Clay 
minerals constitute a major component of the shales, with illite as 
the predominant species. The presence of interlayer slit-like pores 
significantly  increases the BET SSA and provides effective 
adsorption space (Zolfaghari et al., 2017a; Gao et al., 2022). Quartz 
grains are present as a rigid framework within the pore system and 
are largely resistant to acidic alteration. The relationships between 
clay minerals, quartz, and the pore network are therefore the 
primary focus of this study.

Micro- and mesopores are strongly correlated with the clay 
mineral content, indicating that clay minerals are the principal 
contributors to micro-scale pores (Fig. 10(c)). In contrast, quartz 
shows a stronger correlation with macropore, suggesting that 
quartz primarily contributes to larger pores (Fig. 10(d)). SEM im
ages reveal that, although quartz grains are abundant, they 
generally occur as isolated particles dispersed within the matrix 
and are frequently cemented by clay minerals, resulting in limited 
pore development around grain boundaries (Fig. 3(a) and (c)). The 
relationship between TOC and pore structure is broadly similar to 
that of the clay fraction, with both exhibiting a strong positive 
correlation with each other (Fig. 10(a)). This similarity is attributed 
to the widespread occurrence of nano organo-clay complex pore- 
fractures in the K2qn, which together constitute the principal 
storage space of these shales (Sun et al., 2024).

Clay minerals are widely regarded as one of the principal 
controls on the water vapor adsorption capacity of shales (Wang 
et al., 2019a; Chen et al., 2021a). At low RH, they exhibit strong 
positive correlations with both primary and secondary adsorption 
capacities (Fig. 11(a) and (b)), with intraparticle pores in clay 
minerals serving as the primary sites for adsorption (Zolfaghari 
et al., 2017a, 2017b). The correlation between clay mineral con
tent and adsorption capacity decreases under higher RH, indi
cating that most micropores are nearly saturated with water 
molecules, leaving little additional space for further adsorption. 
However, there was no significant correlation between the quartz 
mineral content and the adsorption capacity (Fig. 11(c) and (d)). In 
general, mineral composition is not the sole factor controlling the 
water vapor adsorption capacity of shale. This variability may be 
attributed to differences in TOC content, PSD, and the SSA of the 
mineral framework (Xu et al., 2022; Xie et al., 2023).

Differences have been observed between lacustrine and marine 
shales regarding the influence of TOC on water vapor adsorption 
capacity. In the marine Longmaxi Formation shale, which is 
characterized by well-developed organic matter-hosted pores, a 
positive correlation between TOC and water vapor adsorption is 
observed. Moreover, the primary adsorption stage exhibits a better 
fitting accuracy than the secondary stage (Xu et al., 2022; Xie et al., 
2023), suggesting that oxygen-containing functional groups in 
organic matter contribute substantially to water uptake and 
function as key adsorption sites in this reservoir type (Guo et al., 
2018). In contrast, the correlation between TOC and adsorption 
capacity is less pronounced in the present study. The relationship 
between TOC and adsorption under varying RH more closely re
sembles that between clay mineral and adsorption capacity 
(Fig. 12(a) and (b)), which can be attributed to the organo-clay 

Fig. 10. Relationships between clay minerals and material compositions (a); correlation between pore structure parameters and TOC (b), and mineral composition (c and d).
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complex pore-fractures of organic matter and clay minerals 
(Fig. 10(a)). Furthermore, TOC consistently shows weaker corre
lations with adsorption than clay mineral content under different 
RH, indicating that clay minerals represent the principal control on 
water vapor adsorption in these samples.

5.2. Effect of pore structure on water vapor adsorption

Variations in mineral composition within shale reservoirs are 
reflected in pore-network characteristics, which constitute a 
principal control on water vapor adsorption (Bai et al., 2020; Xie 
et al., 2023). Pore-structure parameters have been shown to 

strongly influence  both primary and secondary water vapor 
adsorption in shales, particularly through the distinct roles of 
different pore-size ranges (Zou et al., 2020; Xu et al., 2022; Xie 
et al., 2023).

5.2.1. Effect of pore volume
Since LTNA/D experiments conducted at different RH provide 

measurements of the residual PV after water vapor adsorption, the 
PV measured at each RH was subtracted from that of the original 
(dry) state to determine the absolute PV occupied by water vapor 
at different RH. This approach enables an accurate evaluation of 
the impact of water vapor adsorption on PVs across different size 

Fig. 11. Relationships between mineral composition and water vapor adsorption capacity under different RH.

Fig. 12. Relationships between TOC and water vapor adsorption capacity under different RH.
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scales. Negative values of the macropore volume difference were 
observed for a subset of samples at low RH, which is attributed to 
pore-structure heterogeneity. This behavior is apparent in the 
PSDs derived from LTNA/D (Fig. 7(e) and (f)).

The contributions of pores of different size ranges to primary 
and secondary water vapor adsorption vary significantly. Primary 
adsorption exhibits a relatively steep slope and strong correlation 
with micropore volume at low RH (Fig. 13(a)). In comparison, 
secondary adsorption also correlates well with micropore volume 
but displays a lower magnitude and slope, indicating that water 
vapor preferentially and rapidly fills micropores through primary 
adsorption (Fig. 13(b)). As RH increases, both the correlation and 
slope for primary adsorption in micropores decrease, suggesting 
that most primary adsorption sites on pore surfaces are nearly 

saturated. In contrast, the slope for secondary adsorption in mi
cropores increases, while the correlation remains consistently 
strong, implying that water vapor progressively occupies the in
ternal space of micropores at high RH (Fig. 13(a) and (b)). Meso
pores exhibit a different trend from micropores. At low RH 
(RH<33%), the adsorption capacity shows a relatively steep slope 
with respect to mesopore volume. With further increases in RH, 
primary adsorption sites in mesopores become gradually satu
rated, following a similar pattern to that in micropores but with 
higher slopes, suggesting that water vapor adsorption is domi
nated by mesopores under medium-to-high RH (Fig. 13(c) and (d)). 
However, the differences in capillary condensation within mac
ropore systems typically render them unfavorable for water vapor 
adsorption (Fig. 13(e) and (f)) (Li et al., 2016a; Xie et al., 2023).

Fig. 13. Relationships between pore volume and water vapor adsorption capacity under different RH.

W.-Z. Gao, P.-F. Zhang, J.-J. Wang et al. Petroleum Science 23 (2026) 6960–6978

6973



5.2.2. Effect of specific surface area
A gradual decrease in BET SSA was observed with increasing 

water vapor adsorption. Direct subtraction of SSA values under 
different RH may not accurately represent the extent of pore sur
face affected by adsorption. Accordingly, the following analysis is 
limited to the relationship between initial BET SSA and water va
por uptake under varying RH conditions.

SSA represents the dominant contributor to adsorption sites in 
shale, particularly primary adsorption sites, and has been shown to 
significantly affect primary adsorption capacity (Zeng et al., 2020; 
Chen et al., 2021b). Overall, the relationship between BET SSA and 
adsorption exhibits a trend similar to that of PV, while showing a 
higher goodness of fit.  However, deviations are observed when 
compared to marine Longmaxi shale, likely due to differences in 

thermal maturity and TOC content, which directly influence pore 
system development (Mastalerz et al., 2013; Wang et al., 2020).

The influence  of BET SSA on water vapor adsorption varies 
significantly  across different pore size ranges. Correlations are 
notably higher in mesopores than in micropores, which may be 
attributed to the larger proportion of BET SSA contributed by 
mesopores. For both micropores and mesopores, the correlation 
between BET SSA and primary adsorption diminishes with 
increasing RH, likely due to the progressive occupation and 
depletion of primary adsorption sites. In contrast, secondary 
adsorption retains relatively high correlations with BET SSA in 
micropores and mesopores despite a declining trend, as it involves 
multilayer adsorption beyond the primary adsorption sites, 
including the onset of capillary condensation. Consequently, 

Fig. 14. Relationships between BET SSA and water vapor adsorption capacity under different RH.
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secondary adsorption sites persist regardless of RH (Fig. 14(a)–(f)). 
In macropores, a generally negative correlation between SSA and 
water vapor adsorption is observed (Fig. 14(e) and (f)). This may be 
attributed to the dominance of quartz in large pore domains, 
whose surfaces are largely composed of hydrophobic siloxane 
groups, making them unfavorable for water vapor adsorption (Li 
et al., 2016a; Xie et al., 2023).

5.3. Effect of pore structure on heterogeneity

The analysis of pore heterogeneity evolution under varying RH 
provides valuable insights into the microscopic occurrence state 
and mobility of shale oil. Water vapor progressively occupies the 
pore spaces in shale samples with increasing RH, leading to the 
partial occlusion of previously accessible pore networks. This re
duces the effective surface area and connectivity available for 
subsequent nitrogen adsorption, thereby affecting pore heteroge
neity (Fig. 15). A consistent trend is observed between micro- and 
mesopore volume and the D− 10− D0 under various RH (Fig. 15(a) 
and (b)). At low RH (<33%), a negative correlation is evident be
tween micropore content and D− 10− D0 across samples, indicating 
that greater micropore abundance is associated with a more uni
form pore structure. This trend is attributed to the preferential 
filling  of micropores by water vapor under low humidity condi
tions. Higher micropore content leads to a more uniform pore 
system after vapor adsorption, thereby reducing pore structural 
heterogeneity. However, when RH exceeds 56%, only minor 
changes in D− 10− D0 are observed, indicating that water vapor 
adsorption primarily influences micropore heterogeneity at lower 
RH stages. Notably, significant  variation is observed among 

samples. For instance, at 98% RH, several samples exhibit markedly 
low D− 10− D0 values, implying that inter-sample differences are 
not limited to total pore volume, but may also involve differences 
in the three-dimensional spatial configuration  of the pore net
works (Feng et al., 2025).

As RH increases, the D0− D10 exhibits an overall upward trend 
(Fig. 15(c)). However, the D0− D10 decreases with increasing pore 
volume at each RH, and this decreasing trend becomes more 
pronounced at higher RH, indicating the influence  of secondary 
adsorption at this stage. Notably, the observed deviation in sample 
A1-7 may be attributed to its exceptionally high TOC content. The 
relationship between macropore volume and the D0− D10 is pri
marily evident under high RH (85% and 98%), whereas no clear 
correlation is observed at low RH. This suggests that capillary 
condensation in large pores significantly  affects pore heteroge
neity at high RH, and the non-uniform distribution of condensa
tion among macropores further enhances heterogeneity, as 
reflected by higher D0− D10 values in samples with more abundant 
macropores (Fig. 15(d)). Fundamentally, the variation in shale 
reservoir heterogeneity affects pore oil mobility, which in turn 
influences  the production process. Specifically, such moisture- 
induced non-uniform filling  is expected to enhance water block
ing, potentially induce wettability alteration, and reduce oil 
mobility (Wang et al., 2019b; Xi et al., 2023).

5.4. Schematic diagram of pore water occurrence mode

Based on the preceding analysis of water vapor adsorption 
under different RH conditions, a schematic model of the adsorp
tion process was developed (Fig. 16). SEM images indicate that 

Fig. 15. Relationships between pore structure parameters and multifractal parameters under different RH.
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shale in the study area predominantly contains ink-bottle and slit- 
shaped pores (Fig. 16(a)). Pores within clay minerals, particularly 
illite, which is the dominant clay component, provide a substantial 
number of adsorption sites for water molecules. Therefore, a pore 
water adsorption model was constructed based on illite- 
dominated pore structures.

The water vapor adsorption process can be broadly divided into 
three stages according to the morphology of the adsorption iso
therms (Fig. 16(b)). For clarity, stage boundaries were approxi
mated using integer RH values. The first stage is characterized by 
primary adsorption, in which water molecules are primarily 
adsorbed onto smaller pores via hydrogen bonding with surface 
hydroxyl groups or interlayer cations. This stage is dominated by 
physical adsorption, with limited secondary adsorption, and 
typically occurs at RH below 30% (Fig. 16(c)). The second stage 
occurs at RH values between 30% and 70%, during which primary 
adsorption becomes less significant  while secondary adsorption 
gradually dominates. At this stage, most primary adsorption sites 
are occupied, and water molecules begin to adsorb in multilayers 
on pore surfaces (Fig. 16(d)). Capillary condensation may also 
occur in smaller pores during these two initial stages. The third 
stage, generally corresponding to RH above 70%, is dominated 
entirely by secondary adsorption. At this stage, primary adsorption 
is negligible, and water molecules form liquid bridges within 
pores, resulting in capillary condensation and the presence of 
bulk-like liquid water in meso- and macropores (Fig. 16(e)).

6. Conclusions

This study primarily focused on the description of the water 
vapor adsorption process and the factors affecting the primary and 
secondary adsorption contents, as well as the changes in pore 
structure heterogeneity during dynamic adsorption. The main 
conclusions are summarized as follows.

1) The Dent model provided an excellent fit  to the water vapor 
adsorption data, allowing clear differentiation between pri
mary adsorption at specific  surface sites and secondary 
adsorption among water molecules. Primary adsorption fol
lowed a Type I isotherm, whereas secondary adsorption con
formed to Type III.

2) Increasing RH led to a decrease in BET SSA and PV, while APD 
increased. The corresponding continuous decline in both ΔD 
and D− 10− D0 suggests that pore structure heterogeneity is 
primarily governed by the low-value region of the pore size 
distribution. Under low RH, samples with higher micropore 
content tended to exhibit more homogeneous residual pore 
structures. In contrast, higher RH promoted capillary conden
sation in macropores, leading to increased D0− D10 values due 
to the non-uniform condensation process.

3) Clay mineral content significantly  influenced  water vapor 
adsorption, particularly at low RH. Both SSA and PV showed a 
similar promoting effect, primarily within micro- and 

Fig. 16. Water vapor adsorption patterns for shale oil reservoirs.
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mesopores, but their influence diminished as RH increased. In 
addition, macropores exhibited a negative correlation with 
total adsorption capacity, likely due to the suppression of 
capillary condensation in larger pores caused by size- 
dependent condensation thresholds.

4) A conceptual model was proposed for water vapor adsorption. 
At low RH (<30%), monolayer adsorption dominated, primarily 
on pore surfaces. In the intermediate range (30%–70%), multi
layer adsorption prevailed as primary mechanisms weakened, 
especially on meso- and macropore surfaces. At high RH 
(>70%), secondary adsorption became dominant, characterized 
mainly by capillary condensation and liquid water formation in 
larger pores.
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