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To investigate the water vapor adsorption (WVA) behavior of shale organic matter (OM), we conducted a series
of WVA experiments integrated with gas physisorption, Fourier transform infrared spectroscopy (FTIR), and
small-angle neutron scattering (SANS) on six OM samples with varying types (I, II, and III) and maturities (R:
1.21-3.56 %). The adsorption process was analyzed using the Dent and Freundlich models. Results indicate that
capillary condensation accounts for more than 50% of the total WVA capacity at RH 0.95. Layered adsorption is
primarily governed by pore surface properties: Type III OM, contains carboxyl groups, exhibits the strongest
adsorption strength, whereas overmature Type I OM, despite exhibiting rough pore surfaces and abundant
adsorption sites, shows comparatively weak adsorption strength. Pore volume (PV) and specific surface area
(SSA) provide the spatial basis for adsorption. Moreover, the presence of strongly hydrophilic functional groups
(particularly carboxyl) and enhanced pore connectivity can extend the effective adsorption pore size range,
further facilitating WVA. Among the OM types, Type I exhibits the greatest pore development and connectivity
but lacks hydrophilic functional groups, while Type III shows the opposite characteristics. Maturity also exerts a
significant influence on both pore structure and surface properties. These findings highlight the coupling effects
of pore structure and surface properties in controlling WVA and fill the research gap into the adsorption behavior
of shale OM with different types and maturities.
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1. Introduction

Over the past two decades, shale oil and gas have emerged as vital
components of the global energy mix, attracting widespread attention.
The extensive use of hydraulic fracturing has introduced large volumes
of aqueous fracturing fluids into shale reservoirs (Wang et al., 2025;
Curtis, 2002), which significantly impairs the occurrence and migration
of hydrocarbons. Substantial evidence indicates that water competes
with methane for adsorption sites, leading to a reduction in methane
adsorption by >50 % (Feng et al., 2024; Ma and Yu, 2022; Zhu et al.,
2021; Gasparik et al., 2014; Ross and Marc Bustin, 2009). Moreover, the
presence of water severely diminishes gas transport efficiency of gas
recovery (Zhang et al., 2022; Charriere and Behra, 2010). Therefore, a

comprehensive understanding of the water adsorption behavior of shale
is essential for accurately evaluating and effectively developing shale oil
and gas resources.

Water vapor adsorption (WVA) is widely recognized as a primary
experimental approach for investigating the water adsorption behavior
of shale (Dang et al., 2021; Li et al., 2021; Yang et al., 2020; Sang et al.,
2019; Zolfaghari et al., 2017b). During WVA experiments, as relative
humidity (RH) increases from low to high, the adsorption process
transitions sequentially from monolayer adsorption to multilayer
adsorption, and eventually to capillary condensation (Xie et al., 2023).
Additionally, with increasing RH, water vapor progressively adsorbs and
condenses within pores of increasing diameter (Yang et al., 2020; Zol-
faghari et al., 2017b). Numerous studies have demonstrated that clay
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minerals play a critical role in the WVA capacity of shale (Xie et al.,
2023; Wang et al., 2019; Zolfaghari et al., 2017a). The high WVA ca-
pacity and strong hydrophilicity of clay minerals are attributed to their
negatively charged surfaces and their ability to hydrate exchangeable
cations (Xiong et al., 2023).

Unlike clay minerals, organic matter (OM), despite typically devel-
oping a large number of pores, exhibits highly complex and inconclusive
water adsorption behavior. For instance, Zhu et al. (2021) reported that
shale samples with higher total organic carbon (TOC) content showed
lower WVA capacity. Similarly, some studies suggest that organic pores
are generally water-free or possess weak WVA capacity (Xu et al., 2019;
Zolfaghari et al., 2017b). In contrast, WVA experiments on Illinois
Shales demonstrated that kerogen-rich samples exhibited substantial
WVA capacity (Sang et al., 2019). Shen et al. (2019) also found a posi-
tive correlation between TOC and WVA capacity. However, these studies
primarily focused on whole rock samples rather than isolated OM,
making it difficult to accurately assess the intrinsic water adsorption
behavior of OM itself.

However, only a limited number of studies have employed WVA to
investigate OM isolated from shale (Xing et al., 2025; Ukaomah et al.,
2023; Zhang et al., 2022; Zhu et al., 2021). Regarding the mechanisms of
water adsorption, Ukaomah et al. (2023) proposed that OM adsorbs
water molecules primarily through hydrophilic oxygen-containing
functional groups. In contrast, Zhang et al. (2022) argued that hydro-
phobic OM can still provide adsorption sites via residual water and a
small number of oxygen atoms within its structure. As for WVA capacity,
overmature kerogen from the Qiongzhusi shale was found to exhibit
significantly higher WVA capacity than the original rock (Xing et al.,
2025). Similarly, Ukaomah et al. (2023) reported that the WVA capacity
of isolated OM was several times greater than that of the corresponding
whole rock. Conversely, Zhu et al. (2021) found that kerogen exhibited
extremely weak WVA capacity, only 1/20 that of montmorillonite. It is
well known that the complex and diverse compositions and thermal
evolution histories of OM give rise to distinct physicochemical and
structural properties (Liu et al., 2022; Katz and Arango, 2018; Curtis
et al., 2012; Tissot and Welte, 1984), which may lead to variations in
WVA behavior. Therefore, inconsistencies in previous findings likely
stem from differences in OM type and maturity.

In this study, six OM samples representing different types (I, II, and
III) and maturities from various regions were selected for WVA experi-
ments. The functional group composition and pore structure of the
samples were characterized using Fourier transform infrared spectros-
copy (FTIR), gas physisorption, field emission-scanning electron mi-
croscopy (FE-SEM), and small-angle neutron scattering (SANS). The
WVA processes were analyzed using the Dent and Freundlich models.
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The primary objective was to identify the key factors influencing WVA
behavior of OM and to systematically evaluate the adsorption mecha-
nisms and differences associated with OM type and thermal maturity. It
is important to note that organic pores in OM can be broadly categorized
into primary pores, which originate from biological structures, and
secondary pores, which form during thermal evolution (Wu et al., 2020;
Cardott and Curtis, 2018; Katz and Arango, 2018). Primary pores,
typically ranging from hundreds of nanometers to tens of micrometers,
contribute minimally to the overall shale pore system. In contrast, sec-
ondary nanoscale pores play a dominant role in determining the specific
surface area (SSA) and pore volume (PV) of shale (Liu et al., 2022; Liu
et al., 2017). Accordingly, this study focuses primarily on secondary
organic pores.

2. Samples and methods
2.1. Sample and preparation

Six shale core samples were collected from China for this study, five
from the Sichuan Basin and its surrounding areas, and one from the
Ordos Basin (Fig. 1). These samples were derived from formations
containing Type I OM from the Yanchang Formation (Xiao et al., 2021)
and the Niutaitang Formation (Wang et al., 2024); Type II OM from the
Longmaxi Formation (Liu et al., 2011) and the Wufeng Formation (Niu
et al., 2024); and Type III OM from the Longtan Formation (Wu et al.,
2020). Among them, YC1 and LT1 are argillaceous shale, LM1 is
calcareous shale, while LM2, WF1, and NT1 are siliceous shale. The R,
values of the selected samples range from 1.21 % to 3.56 %. Table 1
provides exhaustive details concerning the samples.

Six shale samples were cut into small pieces of size about 8 mm x 8
mm x 3 mm for FE-SEM observation. Before investigating the OM
samples (Fig. 2), it was necessary to isolate them from the crushed shale
samples (80-100 mesh). The OM samples were extracted using a
chemical extraction procedure applied to powdered shale (Zhang et al.,
2020; Sun et al., 2018). First, the samples were soaked in distilled water
for 2-4 h to allow full swelling, after which the water was removed.
Second, 6 mol/L hydrochloric acid (HCl) and 40 % hydrofluoric acid
(HF) were added to the samples and stirred thoroughly to remove car-
bonates. Third, the residue was treated with 6 mol/L HCI and arsenic-
free zinc powder until no hydrogen sulfide (HyS) gas was produced,
ensuring the complete removal of pyrite. Fourth, OM was separated
using heavy liquid separation with a shaker, followed by multiple rinses
with distilled water to eliminate halide ions. Finally, the purified OM
was stored at 5 °C for 6 h for preservation. To eliminate any remaining
water, the separated OM samples were subsequently evaporated for
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Fig. 1. (a) Location of Sichuan basin and Ordos basin in China (modified from Cui et al., 2024); (b) Location of samples in Sichuan basin and its periphery (modified
from Tian et al., 2024); (c) Location of sample in Ordos basin (modified from Cui et al., 2024).
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Table 1
Basic properties of shale samples.
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Sample ID Formation Depth (m) TOC (%) R, (%) OM type Quantitative analysis of whole-rock minerals (wt.%)
Quartz Calcite Dolomite Plagioclase Pyrite Clays

YC1 Upper Triassic Yanchang 1607 4.21 1.21 I 25 0 1 4 1 66
LM1 Lower Silurian Longmaxi 670 7.58 2.12 I 30 28 5 10 5 21
LM2 Lower Silurian Longmaxi 2350 4.42 2.21 I 46 4 5 7 8 25
WF1 Upper Ordovician Wufeng 645 4.95 2.34 I 64 5 7 3 2 19
LT1 Upper Permian Longtan 937 3.41 2.52 111 31 0 0 3 6 60
NT1 Lower Cambrian Niutitang 927 11.6 3.56 I 74 1 2 2 4 16

Note: TOC = Total organic carbon. R, = Vitrinite reflectance. OM = Organic matter.

Fig. 2. Photo of organic matter extracted from six shale samples.

more than 48 h at 60 °C in a vacuum oven. Following this, the dried OM
samples were analyzed using FTIR, gas (N2 and CO3) physisorption,
SANS, and WVA.

2.2. FE-SEM

Prior to imaging, a 10 nm thick covering of gold was sprayed onto the
sample surfaces to improve conductivity after they were previously
polished with an Ilion+ II (Model 697, Gatan, a broad beam ion milling
system). Images were then collected with a FE-SEM (Zeiss Merlin) at a
working distance of 2-4 mm and a voltage of 1 kV.

2.3. FTIR

Prior to the experiment, 0.2 g of dried OM was mixed with potassium
bromide in a 1:100 ratio and ground in an agate mortar. The resulting
mixture was then placed in a tablet compactor and pressed into a thin
slice at a pressure of 10 MPa. The tablet was dried at 60 °C for 6 h before
being analyzed using a Bruker Vertex 70 infrared spectrometer. Mea-
surements were conducted at 25 °C and 50 % relative humidity. Spectra
were recorded in the wavenumber range of 4000-650 cm™! with a
resolution of 4 cm™!. The experiment was performed in transmission
mode with 16 scans. Raw data were processed using OMNIC software
and subsequently exported.

2.4. Gas physisorption

To prevent damage to the OM samples from high temperatures and to
remove any water and residual volatiles, the samples were degassed at
80 °C for 12 h under vacuum prior to measurement using a Micro-
meritics 2460 apparatus. No adsorption isotherms were recorded at
—196 °C in the relative pressure range of P/Py from 0.009 to 0.995,
while the desorption isotherm was measured from P/Py = 0.995 to 0.2.
The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
theories were applied to determine the Ny SSA and pore size distribu-
tion. CO, adsorption experiments were conducted at 0 °C, with data
recorded for P/Pg ranging from 0.00001 to 0.03. The CO; pore structure

data was calculated using Density Functional Theory (DFT).

2.5. SANS

SANS is a non-destructive radiation-based probing technique. After
collimation, the incident neutron beam is directed onto the sample.
Elastic scattering arises from the contrast in scattering length density
(SLD) between the pores and the solid components of the sample, and
the scattered neutrons are subsequently recorded by a detector (Fig. 3).
After 48 h of drying at 60 °C, the OM samples were put in quartz cells to
be tested to offer raw 2D data. The data were corrected using back-
ground measurements from the empty cell and a quartz sand test of the
same size as the sample. For 2D data without anisotropy, sector inte-
gration is sufficient to extract representative 1D data, which were sub-
sequently analyzed using the polydisperse size distribution model
(PDSM) model. The pore structure data was calculated by the IRENA
plug-in of Igor Pro, in combination with the SLD of sample. According to
the relationship between SLD and maturity (Ruppert et al., 2013), the
SLD of 6 OM samples were calculated (Table 2).

The PDSM model is based on a two-phase system consisting of pores
and a solid matrix. It assumes that the pore shape is spherical, and the
pore structure is evaluated using the following equation:

I(q) = (p = p»)* Y _P(q,7)°F(r)V(r)*NAr o)

where p; and p, represent the SLD values of the solid matrix and pore
space, respectively, r expresses the radius of the pore, P(q,r) stands for
the shape coefficient of the pore with radius r, F(r) is the pore size dis-
tribution function, V(r) signifies the volume of the pore with radius r,
and N is the number of pores.

The scattering intensity I(q) corresponding to different scattering
vectors q is measured experimentally, and pore structure data are ob-
tained through model fitting. Here, ¢ = 4nsin®/4, where A is the wave-
length of the incident neutron and 0 is half of the scattering angle
between the scattered and incident neutrons. According to Radlinski
et al. (2000), the formula r = 2.5/q characterizes the connection be-
tween g and the pore radius (r). Thus, the q range reflects the range of
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Fig. 3. Principle of SANS experiment (modified from Sun et al., 2020).

Table 2

Pore structure parameters obtained from SANS experiments.
Sample SANS SLD SANS flat PDSM Fractal
D (x10%cm?) background Porosity dimension

(em™) (%)

YC1 2.53 0.479 21.21 Dm 2.961
LM1 3.07 0.148 12.45 Ds 2.601
LM2 3.13 0.099 19.21 Ds 2.795
WF1 3.20 0.105 13.05 Ds 2.718
LT1 3.31 0.258 7.11 Ds 2.261
NT1 3.94 0.057 9.91 Ds 2.902

Note: SLD = Scattering length density. Dm = Mass fractal dimension. Ds =
Surface fractal dimension.

experimentally tested pore radius. SANS experiments are typically
conducted by varying the sample-to-detector distance and using
different neutron wavelengths to achieve different q ranges. In this
study, OM samples completed SANS test at the China Spallation Neutron
Source. A constant sample-to-detector distance of 4 m was employed in
the experiment, achieving a g range of 0.0046-0.68 A~! by varying the
incident neutron wavelength (1 = 1-10 [o\).

2.6. WVA

WVA experiments were carried out using the dynamic vapor sorption
(DVS) method. OM samples were tested at 25 °C over a RH range of
0.002-0.95 using a Quantachrome Aquadyne DVS-2 Water Sorption
Instrument. This instrument offers precise temperature and humidity
control, along with accurate mass measurements. The sample chamber
humidity is regulated by mixing dry and moist nitrogen, with a resolu-
tion of 1 %. The temperature control system has a resolution of 0.1 °C,
and the microbalance used for measuring sample mass has a resolution
of 0.1 pg. Prior to the experiment, the sample chamber was purged for
more than 10 min to ensure dryness, and the microbalance was cali-
brated. For each measurement, a sample of approximately 20 mg OM
was loaded into the sample chamber. As the sample mass stabilizes at
each humidity level, the system progressively adjusts the humidity to
the next stage.

Adsorption models are essential for understanding the WVA behavior
in greater detail. The Dent model (Dent, 1977), an extension of the BET
model (Brunauer et al., 1938), not only fits the adsorption data of shale
well, but also divides the procedure into primary and secondary
adsorption. Primary sites on the pore surface exhibit a strong binding
affinity for water molecules, while secondary sites include hydrophobic
areas and multilayer adsorption sites beyond the monolayer adsorption.
Unlike the BET model, which is only applicable in the RH range of

0.05-0.35, the Dent model can be used across the entire experimental
testing RH range. The equation for the Dent model is as follows (Dent,
1977):

_ gnK:RH
Q= (1 — Ko,RH)(1 — K,RH + K1 RH) 2
_ gnKiRH
Q=1 R,RH+ KRH e
K1 KoRH?
Q qmK1 K3 )

~ (1 —K,RH)(1 — K,RH + K:RH)

In this model, Q represents the total WVA capacity (mg/g), and g,
represents the maximum WVA capacity via monolayer adsorption (mg/
g), corresponding to the saturated WVA capacity at primary adsorption
sites. Kj is a dimensionless constant reflecting the adsorption strength at
primary sites, which indicates the interaction intensity between the pore
surfaces and water molecules. K is another dimensionless constant that
represents the adsorption strength at secondary sites. Note that K; and
K only represent the relative adsorption strength and do not correspond
to absolute values. Q; and Q2 represent the WVA capacity of primary and
secondary adsorption, respectively (mg/g).

Additionally, the Freundlich model, an empirical adsorption model
derived from statistical mechanics and thermodynamics, can identify
distinct adsorption processes. The linear form of the Freundlich model is
given by:

InQ = Ink + % InRH 5)
where n is a dimensionless constant indicating the adsorption strength of
OM for water molecules, without reflecting an absolute physical value.
The constant k represents the fitted WVA capacity (mg/g) derived from
empirical modeling and does not correspond to the actual measurable
capacity.

3. Results
3.1. FTIR

Fig. 4 presents the FTIR transmittance spectra of the six OM samples.
The main absorption peaks observed include: the O-H stretching vi-
bration of alcohol/phenol (3200-3700 cm’l), the O-H stretching vi-
bration of carboxyl groups (2500-3200 cm ™, broad and strong), the
C-H stretching vibration of aliphatic hydrocarbons (2850-3000 em™ ),
the C=C skeletal vibration of aromatic hydrocarbons (1450-1600
em™Y), the C-H bending vibration of aliphatic hydrocarbons
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Fig. 4. FTIR spectra of OM samples.

(1350-1450 cm 1), the C-O stretching vibration (1000-1300 cm™Y),
and the out-of-plane C-H bending vibration of aromatic hydrocarbons
(700-900 cm™ ). The positions and intensities of these characteristic
peaks vary significantly among the samples due to differences in OM
type and thermal maturity. The YC1 sample primarily exhibits charac-
teristic peaks in the regions corresponding to aliphatic and aromatic
structures, with distinct peaks at 2846 em ™! and 2915 em”, repre-
senting ~-CHy and —CHs, respectively, which are absent in other samples.
Since NT1 is also a Type I OM, its FTIR spectrum is similar to that of YC1.
However, YC1 no longer exhibits C-H stretching vibrations character-
istic of aliphatic structures (2850-3000 cm ). Additionally, neither
YC1 nor NT1 exhibit O-H stretching vibrations characteristic of hy-
droxyl groups (3200-3700 cm 1), indicating the absence of hydroxyl
groups. In contrast, the LT1, LM1, LM2, and WF1 samples show char-
acteristic peaks not only in the aromatic structures but also in oxygen-
containing functional groups such as O-H and C-O, distinguishing
them from YC1 and NT1. LT1 exhibits a broad peak for the O-H
stretching vibration of the carboxyl groups (2500-3200 cm ™) and a
peak for the C-O stretching vibration of the carboxyl groups (1222
cm ™D, indicating that LT1 contains carboxyl groups. LM1, LM2, and
WF1 exhibit hydroxyl O-H stretching vibration peaks (3200-3700
em™1) and C-O stretching vibration peaks (1000-1300 cm™!) to varying
degrees, indicating the presence of hydroxyl groups.

3.2. Gas physisorption

According to the IUPAC classification (Sing, 1985), all Ny adsorption

isotherms fall into type II, indicating the existence of multilayer
adsorption (Fig. 5). Adsorption increases rapidly at low relative pres-
sures (P/Py < 0.1), indicating that nitrogen fills the micropores. When
P/Py reaches 0.1, the isotherm demonstrates an inflection point,
marking the completion of monolayer adsorption and the onset of
multilayer adsorption. As P/P, exceeds 0.9, the adsorption sharply in-
creases, indicating that the samples primarily contain micropores and
mesopores (diameters less than 50 nm), with fewer macropores (di-
ameters greater than 50 nm). Hysteresis loops are observed in all the Ny
adsorption/desorption curves (Fig. 5). The NT1 sample exhibits a Type
H3 loop, while the other five samples exhibit a mixed morphology be-
tween Type H2 and H3 loops. Type H2 and H3 represent slit-shaped and
inkbottle-shaped pores, respectively. In LM1, LM2, WF1, and LT1, the
hysteresis loops do not close at lower P/Pj values. This phenomenon,
also reported in previous studies, may result from OM swelling during
the adsorption process, incomplete desorption of N, or an irreversible
adsorption process (Chen et al., 2018). The CO, adsorption isotherms
explain that the volume of adsorbed gas in the OM samples increases
with the increase of relative pressure (Fig. 6). Unlike nitrogen adsorp-
tion, the isotherm of LT1 for carbon dioxide is significantly higher than
that of other samples, indicating the presence of more micropores. In
addition, the curves of YC1 and NT1 show similar morphological char-
acteristics, while LM1, LM2, and WF1 exhibit a different morphology,
which may be related to the type of OM.

As shown in Table 3, the N3 pore volume (PV) of the OM samples
range from 0.0296 to 0.2682 cm>/g, while CO, PV range from 0.0016 to
0.012 cm®/g. N, derived PV values are significantly higher than those
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Fig. 6. CO, adsorption isotherms obtained from OM samples.

from CO; measurements. This implies that mesopores and macropores
are more developed than micropores in the OM samples. In contrast to
the other samples, which range from 0.0317 to 0.0484 cm®/g, NT1 has a
significantly higher total PV (0.2724 cm®/g). With the exception of LT1,
the Ny SSA of all samples exceeded their COy SSA, suggesting that LT1
has a greater proportion of developed micropores. The N, and CO5 SSA
of the samples vary from 11.32 to 58.14 m?/g and from 5.17 to 40.76
m?/g, respectively, while the total SSA range is from 16.49 to 73.09 m?/

8-

Table 3
Pore structure parameters of OM samples from N, and CO, physisorption.
Sample ID  YC1 LM1 LM2 WF1 LT1 NT1
N2 Ve 0.0467 0.0383 0.0332 0.0296 0.0328 0.2682
(em®/g)
CO2 Vprr 0.0017 0.0042 0.0016 0.0021 0.0120 0.0042
(cm®/g)
Vg (cma/g) 0.0484 0.0425 0.0348 0.0317 0.0448 0.2724
Ny Sger 11.32 30.32 16.33 19.17 20.75 58.14
(m*/g)
CO2 Sprr 5.17 14.64 5.40 7.18 40.76 14.95
(m?/g)
Sg (m%/g) 16.49 44.96 21.73 26.35 61.51 73.09

Note: N2 Vgyg = The PV calculated by N5 physisorption using the BJH theory.
CO, Vpgr = The PV calculated by CO, physisorption using the DFT theory. Ny
Sger = The SSA calculated by N, physisorption using the BET theory. CO» Sppr =
The SSA calculated by CO, physisorption using the DFT theory. The total PV
determined by gas physisorption Vg = Ny Vg + CO2 Vppr. The total SSA
determined by gas physisorption S; = N3 Sger + CO2 Sppr-

3.3. SANS

The SANS profiles of the six OM samples are depicted in Fig. 7a.
Consistent with previous SANS experiments (Cui et al., 2024; Sun et al.,
2019,2018), a “flat” background scattering is observed in the high q
region (q > 0.1 A). This background primarily results from hydrogen
atoms in the OM and clay-associated water (Wen et al., 2024; Bahadur
et al., 2015), which will be discussed in detail later. After converting the
raw data into q*I(q) vs. q* plots, the slope of the linear fit corresponds to
the background value. The background-subtracted raw data were then
fitted using the IRENA macro-plugin in Igor software to obtain the pore
size distribution (2-98 nm) and structural parameters (Fig. 7b, Table 2).
The PV distributions of the six samples differ notably. YC1 and LM2 both
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Fig. 7. (a) SANS profiles of OM samples. (b) PV distribution of OM samples obtained from SANS.

exhibit peaks at pore sizes smaller than 2 nm. LM1 and WF1 show
multiple peaks, primarily at pore sizes below 2 nm and around 5 nm.
NT1 has a single peak at approximately 3 nm, while LT1 displays a peak
around 50 nm, the largest among all the samples. As shown in Fig. S1,
YC1 has mass fractal characteristics, while the other five samples have
surface fractal characteristics. Additionally, NT1 has the largest surface
fractal dimension of 2.902, indicating that it has the greatest pore sur-
face roughness.

It is noteworthy that the pore structure parameters obtained from
SANS exhibit different trends compared to those derived from Ny
adsorption experiments (Fig. 8). Among the six samples, YC1 displays
the highest SANS porosity (21.21 %), while NT1, which has the largest
Ny Vgyh, shows a porosity of only 9.91 %. Moreover, the porosity of NT1
is significantly lower than that of LM1, LM2, and WF1, despite these
samples exhibiting lower Ny Vpjy values. The difference between SANS
and Nj adsorption-derived results suggests that YC1, LM1, LM2, and
WF1 have a higher fraction of closed pores than NT1, since SANS can
characterize both connected and closed pores (Sun et al., 2020a,2024),
whereas low-pressure N adsorption only probes connected pores, these
results highlight the differences in pore connectivity between the sam-
ples. Although LT1 exhibits a similar Ny Vpjg to YC1, LM1, LM2, and
WF1, its SANS porosity is only 7.11 %, indicating a lower proportion of
closed pores.

3.4. WVA

3.4.1. WVA isothermal curves
The adsorption/desorption isotherms of water vapor for the six OM
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Fig. 8. SANS Porosity and Ny Vg of OM samples.

samples at 298.15 K, within the RH range of 0.002 to 0.95, are shown in
Fig. 9. At low RH range (RH < ~0.2), the WVA capacity increases
rapidly, indicating that monolayer adsorption dominates as moisture
adsorbs onto primary sites. In the moderate RH range (approximately
0.2 < RH < 0.7), the isotherm shows a nearly linear increase, suggesting
that multilayer adsorption becomes more prevalent, with adsorption on
secondary sites gradually increasing. In the high RH range (RH > ~0.7),
the WVA capacity increases steeply, signifying that capillary conden-
sation is the dominant process (Xie et al., 2023; Yang et al., 2020). All
samples meet the Type-H3 hysteresis loop and Type Il isotherm based on
the shape of the isothermal adsorption/desorption curves (Sing, 1985).
Among the samples, LT1 exhibits the greatest difference between
adsorption and desorption curves, while WF1 exhibited the smallest
difference. This is primarily attributed to variations in pore surface
properties and pore structures across the samples. Therefore, the degree
of hysteresis observed in the curves reflects significant differences in the
surface characteristics and pore structures of the six samples. Addi-
tionally, significant differences in WVA capacity were observed among
the six samples when RH = 0.95 (Qq.95). NT1 and LT1 both had Qg g5
values exceeding 300 mg/g, much higher than the other four samples
(19.29 to 41.14 mg/g) (Fig. 9 and Table 4).

3.4.2. Dent model analysis

The Dent model fits all of the WVA results well, with R? values all
greater than 0.99 (Fig. 10, Table 4). As illustrated in Fig. 10, during the
low RH stage (RH < ~0.2), all OM samples, except for NT1, exhibit a
rapid increase in primary adsorption. In this stage, primary adsorption
significantly exceeds secondary adsorption, indicating that water mol-
ecules are quickly adsorbed onto pore surfaces with strong binding
forces. As RH continues to rise (~0.2 < RH < ~0.7), primary adsorption
gradually reaches equilibrium, while secondary adsorption becomes
more prominent, signaling the onset of multilayer adsorption. At the
high RH stage (RH > ~0.7), secondary adsorption increases sharply,
suggesting that capillary condensation becomes the dominant process.
These observations are consistent with previous studies (Xie et al., 2023;
Wang et al., 2019). For all samples, at RH 0.95, secondary adsorption
greatly exceeds primary adsorption, highlighting that multilayer
adsorption and capillary condensation dominating the water adsorption
of OM. Notably, during RH < 0.2, the primary adsorption of NT1 does
not exhibit a rapid increase but instead follows a nearly linear increasing
pattern (Fig. 10). This could be attributed to the weaker binding forces
between its primary sites and water molecules.

As shown in Table 4, the order of qp, for the six OM samples is LM2 <
WF1 < YC1 < LM1 < LT1 < NT1. NT1 exhibits the highest qp,, which
may be due to its significantly higher SSA (Sg) compared to the other
samples (Table 3), providing more primary adsorption sites. In contrast,
LT1, although it has a S; 24 times larger than the other four samples
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Fig. 9. WVA isotherms obtained from OM samples.
Table 4
Parameters of water vapor adsorption and model fitting results.
Sample ID Qo.05 (Mg/g) Dent model Freundlich model
qm (mg/g) K; Kz R? High strength regime RH, Low strength regime
k(mg/g) n R? k(mg/g) n R?
YC1 41.04 4.00 9.949 0.965 0.999 12.374 1.283 0.990 0.6682 48.643 0.240 0.966
LM1 35.13 5.13 10.046 0.909 0.997 16.910 1.171 0.992 0.7492 43.790 0.241 0.983
LM2 24.13 2.65 12.373 0.949 0.997 9.491 1.160 0.985 0.7494 31.409 0.200 0.974
WF1 19.29 3.10 16.007 0.899 0.996 9.877 1.333 0.994 0.7541 24.918 0.248 0.986
LT1 342.68 24.49 26.830 0.991 0.993 62.296 2.149 0.996 0.6852 460.080 0.174 0.990
NT1 512.40 90.55 1.071 0.900 0.997 126.204 1.214 0.996 0.5589 582.833 0.290 0.987

Note: Qp.95 = Maximal WVA capacity at RH 0.95. q,, = The maximum WVA capacity via monolayer adsorption, mg/g. K; = Adsorption constants that reflect the
adsorption strength between primary sites and water molecules. K, = Adsorption constants that reflect the adsorption strength between secondary sites and water
molecules. n = a constant that describes the adsorption strength; k = a constant for WVA capacity, mg/g. RH. = The critical relative humidity between high-intensity

adsorption and low-intensity adsorption regions.

(Table 3), has a qy value 5-9 times higher than these samples. This
might be because its surface contains oxygen-containing functional
groups that are highly hydrophilic (Ukaomah et al., 2023; Sang et al.,
2019). Moreover, LT1 has the highest K; and Ky, indicating that the
binding strength between its primary and secondary sites and water
molecules is stronger than that of the other samples. In contrast, the lack
of hydrophilic functional groups in NT1 likely explains its extremely low
K; and K; values.

3.4.3. Freundlich model analysis

Plotting the WVA data of OM in the form of InQ vs InRH (Fig. 11),
each sample can be divided into two distinct linear regions. The inter-
section point of the two lines corresponds to the critical relative hu-
midity RH, (Fig. 11, Table 4), which represents the transition between
the two adsorption regions. Based on the values of n (Table 4), the two
regions can be classified as high-intensity adsorption and low-intensity

adsorption regions, located at relatively lower and higher RH ranges,
respectively. At higher RH stages, water molecules form capillary
condensation through weak dipole-dipole interactions, resulting in
extremely low adsorption strength in this region (Yang et al., 2021; Sang
et al.,, 2019; Feng et al., 2018). Therefore, regions with low-intensity
represent adsorption dominated by capillary condensation, while re-
gions with high-intensity represent layered adsorption.

The monolayer and multilayer WVA capacities of water are repre-
sented by the values of k in the high-intensity adsorption region, with
the following order: LM2 < WF1 < YC1 < LM1 < LT1 < NT1 (Table 4).
This sequence aligns with the g, values from the Dent model, suggesting
a correlation between the two parameters and implying that monolayer
adsorption may serve as the foundation for multilayer adsorption. In the
low-intensity adsorption region, the k values correspond to the WVA
capacity associated with capillary condensation, following the order:
WF1 < LM2 < LM1 < YC1 < LT1 < NT1 (Table 4). This pattern is
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consistent with the experimentally determined WVA capacity at RH
0.95, where capillary condensation becomes dominant. Notably, LT1
exhibits a significantly higher n value (2.149) in the high-intensity
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adsorption region compared to the other samples, while the n values
for the remaining samples are approximately 1.2. This suggests that
water molecules adsorbed on the pore surfaces of LT1 are more intense
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than that in the other samples, which is agrees with the Dent model
results. In the low-intensity adsorption region, the n values for all
samples are less than 1, typically around 0.2. This region is character-
ized by capillary condensation, where the interactions between the pore
walls and condensed water molecules are weak, primarily governed by
intermolecular forces between water molecules. As a result, the n values
are smaller and show little variation across the samples.

Combining the fitting results of the Dent and Freundlich models, the
monolayer WVA capacity (Qno), multilayer WVA capacity (Qmy), and
capillary condensation WVA capacity (Qc.) for each sample at RH 0.95
were calculated (Table 5). The Qp, is calculated using Eq. (3) when RH
= 0.95. The Qpq is calculated using Eq. (4) when RH = RH.. The Q. is
calculated using Eq. (4) when RH, < RH < 0.95.

4. Discussion
4.1. Controlling factors for WVA of OMs

4.1.1. Pore surface properties

Oxygen-containing functional groups in OM are generally considered
hydrophilic and are believed to enhance WVA (Li et al., 2023b; Bai et al.,
2020; Sang et al., 2019). In contrast, aliphatic structures are typically
viewed as hydrophobic and incapable of adsorbing water molecules
(Zhang et al., 2022; Zolfaghari et al., 2017b; Zeng et al., 2015). How-
ever, findings from this study reveal that although LM2 contains hy-
droxyl groups (-OH) and YC1 is dominated by aliphatic groups (-CHy
and —CH3), YC1 exhibits a higher monolayer WVA capacity (qm = 4.00
mg/g) compared to LM2 (qy, = 2.65 mg/g) (Fig. 4, Table 4). This In-
dicates that OM surfaces dominated by aliphatic structures can also
participate in water adsorption. Nevertheless, the lower adsorption
strength constant (K;) of YC1 indicates weaker interaction between its
surface and water molecules relative to LM2 (Table 4). This observation
is consistent with the simulation results of Li et al. (2023a), which
showed that the relative coordination number of water molecules for
—-CH; groups was comparable to that for oxygen-containing functional
groups such as C=0, C-O-C, and —~OH. Moreover, since OM hydrophi-
licity is largely determined by the abundance of functional groups (Hu
et al., 2016), the higher q,, observed in YC1 may also reflect the rela-
tively lower hydroxyl content in LM2.

Previous experimental and simulation studies have demonstrated
that carboxyl groups (-COOH) exhibit substantially stronger hydrophi-
licity than other common functional groups such as -OH, C=0, —CHo,
and -CHs (Li et al., 2023a; Zhang et al., 2015). Consistent with these
findings, the results of this study show that LT1, which is enriched in
—COOH, exhibits significantly higher monolayer WVA capacity (qm) and
surface adsorption strength (K;) compared to LM1, LM2, and WF1,
which predominantly contain ~OH groups (Table 4). This indicates that
—~COOH contributes more effectively to enhancing OM surface hydro-
philicity. Moreover, the markedly higher Ky value of LT1 relative to
other samples suggests that this stronger hydrophilicity can even affect
the secondary adsorption above the monolayer, resulting in stronger
binding of secondary sites with water molecules than in other samples.

It is noteworthy that NT1 exhibits a significantly higher gy, (90.55

Table 5
Monolayer adsorption, multilayer adsorption, and capillary condensation of
water vapor adsorption.

Sample ID Qo (mg/g) Qmu (Mg/g) Qcc (mg/g)
YC1 3.96 6.72 29.72
LM1 5.05 10.37 18.69
LM2 2.62 6.24 14.71
WF1 3.07 6.32 9.90
LT1 24.42 50.58 268.64
NT1 78.48 21.14 407.64

Note: Qmo = the monolayer WVA capacity at RH 0.95. Q,, = multilayer WVA
capacity at RH 0.95. Q.. = capillary condensation WVA capacity at RH 0.95.
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mg/g) than all other samples, despite lacking hydrophilic functional
groups. According to SANS-derived fractal dimension results, NT1 pos-
sesses the highest pore surface roughness (Fig. S1), which is known to
generate a large number of adsorption sites (Chiang et al., 2020). While
such rough surfaces promote increased WVA capacity, they are also
associated with slower adsorption (Gordillo and Marti, 2010; A Manaf
et al., 2019). As a result, NT1 does not exhibit the rapid adsorption
observed in other samples at low RH stage (Fig. 10). Moreover, the
absence of hydrophilic functional groups in NT1 results in weak surface
interaction with water molecules, as indicated by its low K; value
(1.071, Table 4). This weak interaction likely impairs multilayer
adsorption. As shown in Fig. 12, the Qp, of NT1 is significantly lower
than its Qp,o, whereas in other samples, Qp,, is approximately twice that
of Qmo. As the number of adsorption layers increases, the water mole-
cules become more distanced from the surface, reducing the interaction
between pore surface and water molecules (Yang et al., 2021), thereby
limiting multilayer adsorption. Nevertheless, at high RH stage, the water
molecules already adsorbed within the pores act as anchor sites for
capillary condensation (Zhang et al., 2022). Therefore, while NT1's
weak surface-water interactions constrain multilayer adsorption, they
do not inhibit capillary condensation at high RH.

4.1.2. Pore structure

PV and SSA are commonly regarded as key factors influencing WVA
capacity (Sang et al., 2018; Bai et al., 2020). However, due to the po-
larity of water molecules, significant differences exist between WVA and
the physisorption behavior of non-polar gases (Thommes et al., 2013).
Although a general positive correlation is observed between the OM SSA
(Sg) and qpy, as well as between the PV (V) and Qo.gs, notable deviations
are present—for instance, in the cases of LT1 and NT1 (Fig. 13a,b). To
further explore these inconsistencies, BET theory was applied using a
water molecule cross-sectional area of 0.0106 nm? (Newman, 1983) to
calculate the WVA—derived SSA (Sy). In addition, Qg g5 was converted to
the corresponding water volume by assuming a density of 1 g/cm®,
representing the effective pore volume filled by water (Vy). By
comparing the pore structure parameters derived from WVA with those
obtained from gas physisorption (N2 and COs), a more intuitive and
comprehensive understanding of the discrepancies between these two
measurement approaches can be achieved.

As shown in Fig. 14a, the Vy, of LT1 and NT1 is 7.65 and 1.88 times
greater than their Vg, respectively. In contrast, for the other samples, V,,
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is smaller than V. This indicates that, in LT1 and NT1, the pore size
range participating in WVA extends beyond the gas physisorption
techniques, which typically characterize pores smaller than ~200 nm. It
also implies that the pores involved in WVA in LT1 and NT1 are larger in
diameter than those in the other samples. A previous study demon-
strated that, under a given RH, stronger hydrophilicity (a smaller con-
tact angle between the adsorbent and water) promotes water
condensation in larger pores (Zolfaghari et al., 2017b). Therefore, the
involvement of larger pores in LT1 may be attributed to the presence of
strongly hydrophilic -COOH groups. In contrast, NT1 exhibits extremely
low hydrophilicity, suggesting that other factors must account for its
broad WVA-active pore size range. Compared to the other samples, NT1
displays lower closed porosity (see Section 3.3), a more uniform pore
size distribution, and a lower proportion of micropores (Fig. 15), all of
which contribute to improved pore connectivity. Previous studies have
shown that water already adsorbed in shale can block pore throats and
hinder subsequent water vapor diffusion and adsorption (Meng et al.,
2024; Feng et al., 2018). Liu et al. (2022) further noted that poor pore
connectivity exacerbates this blocking effect. Therefore, the superior
connectivity of NT1, although not directly investigated, likely facilitates
water transport within the pore network, mitigates blockage formation,
and enables WVA to occur across a wider range of pore sizes (Mason,
1982).

As shown in Fig. 14b, the S, is significantly lower than the S, for all
samples, indicating that the water adsorption sites are localized rather
than covering the entire pore surface. This contrasts with findings from
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previous studies on shale and clay minerals, where Sy often exceeds Sq.
Such discrepancies may be attributed to the expansive nature and strong
hydrophilicity of clay minerals, as well as the inability of nitrogen to
access pores smaller than 2 nm, which can lead to an underestimation of
SSA by gas physisorption and an overestimation by WVA (Xiong et al.,
2023; Sang et al., 2019). Notably, LT1 and NT1 exhibit S,,/S ratios of
16.96 % and 26.66 %, respectively, which are significantly higher than
those of the other four samples (ranging from 4.41 % to 9.06 %)
(Fig. 14b). This is partially due to the broader pore size range involved in
WVA for LT1 and NT1, as discussed earlier. Moreover, it suggests that
the density of water adsorption sites on their pore surfaces is higher than
in the other samples. This can be primarily attributed to two factors: (1)
the type and abundance of surface functional groups and their corre-
sponding water coordination numbers (Li et al., 2023a), and (2) the
great number of adsorption sites associated with rough surface (Chiang
et al., 2020; Gordillo and Marti, 2010).

As shown in Fig. 12, the proportion of Q. to Qg g5 for all samples
exceeds 50 %, with a maximum of 80.36 %, indicating that capillary
condensation occupies a dominant fraction in the WVA of OM. This
finding aligns with previous studies (Xing et al., 2025; Zhang et al.,
2022). This is primarily attributed to the mesopore PV of these OM
samples, which accounts for more than 50 % of the total PV (Fig. 15),
providing ample space for capillary condensation of water vapor (Sang
et al., 2019).
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4.2. OMs vs. WVA

OM with different types, maturities, and thermal evolution histories
inevitably exhibits varying WVA behaviors, due to differences in pore
surface properties and pore structures.

4.2.1. OM types vs. pore structures and surface properties

During thermal evolution, OM forms secondary organic pores in
conjunction with hydrocarbon generation. Owing to compositional dif-
ferences, different OM types exhibit distinct hydrocarbon generation
behaviors and associated pore characteristics (Liu et al., 2022). Type I
and Type II OM, which are rich in liptinite, have strong hydrocarbon
generation potential and typically develop well-defined pore structures.
In contrast, Type III OM, predominantly composed of vitrinite, has much
lower hydrocarbon generation capacity (Liu et al., 2022). For instance,
Hui et al. (2024) reported that the initial hydrocarbon generation po-
tential of Type I kerogen can reach 790 mg/g, whereas that of Type III
kerogen is only 85 mg/g. Similarly, Chen et al. (2015) demonstrated that
the organic pore development potential declines progressively from
Type I to Type III OM, with Type I exhibiting pore development capa-
bilities up to tens of times greater than those of Type III. As shown in
Table 3, Type IOM (YC1 and NT1) possesses higher PV than both Type I
(LM1, LM2, WF1) and Type III (LT1) OM. Previous studies have indi-
cated that Types I and II primarily develop mesopores (2-50 nm) and
macropores (>50 nm), while Type III OM is dominated by micropores
(<2 nm) (Chalmers and Bustin, 2008). These observations are consistent
with the FE-SEM imaging results (Fig. S2). Furthermore, CO, adsorption
data confirm that Type III OM (LT1) has a very high SSA, attributable to
its high micropore content (Table 3). Among the three OM types, Type I
(YC1 and NT1) exhibits the largest PVs (0.0484-0.2724 cmg/g) and the
lowest micropore fractions (2.61-5.25 %). In contrast, Types II and III
display smaller PVs (0.0317-0.0448 cm®/g) and significantly higher
micropore fractions (9.00-37.35 %) (Table 3, Fig. 15). These results
suggest that Types II and III have lower pore connectivity than Type I
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OM.

According to Tissot and Welte (1984), immature Type I OM (H/C >
1.5, 0/C < 0.1) is primarily composed of long-chain aliphatic hydro-
carbons. Type II OM (1.0 < H/C < 1.5, 0.1 < O/C < 0.2) contains a
greater proportion of cyclic aliphatic hydrocarbons and significant
amounts of aromatic compounds. In contrast, Type III OM (H/C < 1.0,
0.2 < O/C < 0.3) is dominated by aromatic structures and oxygen-
containing functional groups. These compositional differences lead to
distinct functional group distributions among OM types. As shown in
Fig. 4, Type I OM (YC1) is consists primarily of aliphatic structures and
lacks oxygen-containing functional groups. In contrast, Type II OM
samples (LM1, LM2, and WF1) mainly contains hydroxyl groups, while
Type III OM (LT1) is primarily enriched in carboxyl groups (Salmon
et al., 2011; Robin and Rouxhet, 1978).

4.2.2. Maturity vs. pore structures and surface properties

Immature or low-maturity OM has not undergone significant thermal
cracking or hydrocarbon expulsion and thus retains its original low-
porosity structure. According to Loucks et al. (2012), the development
of secondary organic pores begins at a minimum maturity level of
approximately R, 0.6 %. As maturity increases, these secondary pores
progressively evolve (Cao et al., 2015). In overmature OM, extensive
hydrocarbon generation and expulsion lead to the formation of abun-
dant nanoscale pores, particularly upon entering the “gas window”
(Curtis et al., 2012). Liu et al. (2022) found that PV and SSA increase
with maturity, peaking at R, 2.5-3.0 % before decreasing as maturity
continues to increase, eventually approaching the poorly developed
pore structure of graphite.

Although the SSA of OM appears to be positively correlated with
maturity (Fig. 16a), this relationship may be coincidental. This is pri-
marily because different OM types undergo distinct pore evolution
pathways during thermal maturation, owing to their diverse chemical
compositions (Borjigin et al., 2021). Recent studies have shown that the
hydrocarbon generation window for Type I kerogen is narrower than
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Fig. 16. (a) Relationship between R, and S,. (b) Relationship between R, and V.

that for Types Il and III (Wang et al., 2025), and the threshold R, values
for hydrocarbon generation increase progressively from 0.42 % to 0.74
% across Types I to III (Hui et al., 2024). As a result, the PV of the six OM
samples investigated does not exhibit a consistent trend with increasing
maturity (Fig. 16b). However, among Type II OM samples (LM1, LM2,
and WF1), both SSA and PV tend to decrease as maturity increases from
Ro 2.12 % to 2.34 % (Fig. 16). This observation aligns with previous
findings reporting a decline in PV beyond a maturity threshold of R,
2.0-2.47 % (Zhang et al., 2020). Moreover, the evolution of organic
pores is not solely governed by OM type and maturity. Rigid minerals
within the shale matrix play a crucial role in preserving pore structures
by mitigating compaction-related damage (Knapp et al., 2020; Fishman
et al., 2012). For instance, the high quartz content in NT1 (74 %) likely
contributes to its relatively high PV and SSA despite its overmature state
(R, 3.56 %).

Liu et al. (2019) reported that with increasing maturity, Bakken shale
exhibits a more uniform pore-throat size distribution and a more ho-
mogeneous pore structure. Similar trends are observed in Fig. 15. For
Type I OM samples (YC1 and NT1), the more mature NT1 displays a
lower proportion of micropores and a more uniform pore size distribu-
tion. Likewise, for Type II OM samples (LM1, WF1, and LM2), increasing
maturity is associated with a reduced micropore fraction and improved
uniformity in pore size distribution, which enhances pore connectivity.
However, with continued thermal evolution beyond the overmature
stage, OM graphitization may lead to pore collapse or closure, ultimately
impairing pore connectivity (Xue et al., 2022).

With increasing maturity, the functional groups of OM in shale un-
dergo systematic changes, including shortening of aliphatic chains,
enhanced aromaticity, depletion of oxygen-containing groups, and
increased graphitization (Liang et al., 2024; Hackley et al., 2017; Stock
et al., 2017). Consistent trends are observed in this study. As shown in
Fig. 17, the SANS flat background decreases with increasing maturity.
Given that this background signal is associated with hydrogen content in
OM (Bahadur et al., 2015), the decline indicates a progressive loss of
hydrogen, reflecting the shortening of aliphatic chains (Liang et al.,
2024). Moreover, as R, increases, the aliphatic structure in Type I OM
(YC1 and NT1) and hydroxyl groups in Type II OM (LM1, LM2, and WF1)
weaken in the FTIR spectra (Fig. 4). The SANS-derived surface fractal
dimension also increases with maturity (Fig. S1), indicating greater pore
surface roughness (Tian et al., 2024; Chiang et al., 2020; Sun et al.,
2020b). However, the LT1 (Type IIl OM) deviates markedly from these
evolutionary trends in terms of SANS flat background (Fig. 17), func-
tional group evolution (Fig. 4), and surface fractal dimension (Table 2).
This deviation likely reflects a distinct thermal transformation pathway
for Type III OM, differing fundamentally from those of Types I and II
(Hui et al., 2024; Tissot and Welte, 1984).
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4.2.3. WVA mode of OMs

The adsorption of water vapor by OM is governed by two primary
factors: pore surface properties (including functional group type, func-
tional group content, and surface roughness) and pore structure (SSA,
PV, and pore connectivity). The observed WVA behavior thus results
from the interplay between these structural and chemical characteris-
tics. SSA and PV provide the physical basis for WVA (Yang et al., 2020;
Sang et al., 2018). Specifically, the pore surface area enables monolayer
adsorption, while pore volume accommodates multilayer adsorption
and capillary condensation. Meanwhile, the pore surface chemistry
controls both the number of adsorption sites and the strength of inter-
action between water molecules and the surface. Different functional
groups exhibit varying water coordination number (Li et al., 2023a);
hence, the type and abundance of functional groups determine the
density of adsorption sites. Experimental results from this study
(Table 4, K1 values) reveal that samples containing different functional
groups display distinct water adsorption strengths, following the trend:
—COOH (LT1) > -OH (LM1, LM2, WF1) > -CHy/-CH3s (YC1) > rough
surfaces lacking functional groups (NT1). As the number of adsorption
layers increases, the interaction between the pore surface and adsorbed
water molecules diminishes (Yang et al., 2021), indicating that multi-
layer adsorption is also influenced by initial surface adsorption strength.
Additionally, OM samples with stronger hydrophilicity (LT1) or better
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pore connectivity (NT1) exhibit broader pore size distributions for WVA
compared to other samples (Zolfaghari et al., 2017b; Mason, 1982). In
summary, both pore surface properties and pore structure co-regulate
the WVA behavior of OM. The differences in these characteristics
among OM of varying types and maturities ultimately account for the
observed diversity in their adsorption performance.

For instance, YC1 (Type I), although the least mature sample, ex-
hibits a higher PV than the more mature Type II samples LM1, LM2, and
WF1, resulting in a correspondingly higher Qg 9s. While its aliphatic
structures confer relatively weak adsorption strength toward water
molecules, YC1 possesses more adsorption sites than WF1 and LM2,
leading to a higher monolayer WVA capacity (qm). LT1 (Type III) has a
PV comparable to that of YC1; however, the presence of strongly hy-
drophilic carboxyl groups contributes to significantly greater Qg 95, qm,
and surface adsorption strength. NT1 (Type I), with substantially higher
maturity than YC1, demonstrates both larger PV and enhanced pore
connectivity. Despite lacking functional groups, its rough pore surfaces
offer numerous adsorption sites. As a result, NT1 exhibits exceptionally
high Q.95 and qn, values, although the adsorption strength of its surface
remains very low.

It should be noted that, due to the limited number of samples and the
relatively narrow maturity range investigated, the findings presented
here may be subject to biases. In future work, we will perform pyrolysis
on three types of immature OM to generate a series of samples with
progressively increasing maturity. This will enable a quantitative
assessment of how the physicochemical characteristics and WVA ca-
pacity of different OM types evolve with maturity, thereby providing a
more comprehensive understanding of OM-water interactions and WVA
behavior.

5. Conclusion

This study is the first to systematically compare the WVA behavior of
OM samples with varying types and maturities. FTIR and SANS tech-
niques were innovatively integrated to characterize the surface prop-
erties of OM, including functional groups and surface roughness. Key
factors governing the WVA behavior of OM were identified. Based on the
experimental findings, the following conclusions are drawn:

1. WVA of OM increases progressively with RH. Initially, monolayer
adsorption occurs sporadically on the pore surfaces, followed by
multilayer adsorption that leads to capillary condensation. Notably,
capillary condensation—primarily occurring in mesopores—plays a
dominant role in the WVA behavior of OM.

2. The WVA behavior of OM results from the coupled effects of pore
surface properties and pore structure. SSA and PV provide the spatial
foundation for adsorption, while pore surface properties—including
functional group types, functional group abundance, and surface
roughness—govern the adsorption strength, number of adsorption
sites, and the extent of multilayer adsorption. Furthermore, the hy-
drophilicity and pore connectivity collectively determine the range
of pore sizes involved in the adsorption process.

3. Among the three types of OM, Type I appears to exhibits the greatest
potential for secondary pore development and pore connectivity,
providing the largest spatial capacity for water adsorption, despite
lacking strongly hydrophilic functional groups. In contrast, Type III
OM, despite having the lowest potential for pore development and
connectivity, contains strongly hydrophilic functional groups
(especially carboxyl groups), which greatly enhance WVA. Type II
OM displays intermediate adsorption behavior, falling between types
I and III.

4. The pore surface properties and pore structures of OM are strongly
influenced by thermal evolution, resulting in distinct characteristics.
For example, overmature samples (NT1) have significantly larger PV
and SSA than mature samples of the same type (YC1), resulting in a
greater WVA capacity. However, the absence of functional groups
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reduces adsorption strength. Additionally, different types of OM
undergo distinct thermal evolution pathways, resulting in significant
differences in WVA behavior among OM of different types and
maturities.
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