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Abstract

The nanoconfinement effect is crucial in unconventional oil and gas development, yet
the regulatory mechanism of wettability on it remains unclear. In this study, three SBA
type molecular sieves with different pore sizes were used as model materials. Isothermal
adsorption experiments were conducted using a BET analyzer, and pore size distributions
were determined using the BET method and the DFT method, to systematically investigate
the influence of wettability on the nanoconfinement effect. The results show that SBA
molecular sieves with different pore sizes exhibit significantly different propane adsorption
behaviors. SBA-15-4.2 with smaller pore sizes undergo capillary condensation at lower
pressures, while SBA-15 and SBA-15-18 with larger pore sizes require higher pressures.
The pore size distribution of the mixed SBA molecular sieve system exhibits a weighted
superposition characteristic of the individual material pore size distributions, with each
material contributing differently in different pore size ranges. Wettability significantly
affects gas adsorption, diffusion, and condensation processes: unmodified SBA molecular
sieves are highly hydrophilic and unfavorable for propane adsorption; shale pore surfaces
have complex wettability and exhibit unique adsorption preferences for propane. After
hydrophobic modification, the isothermal adsorption curve of the oil-wet SBA composite
system is closer to that of shale, and the shale isothermal adsorption curve can be well fitted
by adjusting the proportion of SBA molecular sieves in the mixture. This study provides a
theoretical basis and experimental means for understanding the production mechanisms of
unconventional reservoirs and optimizing production technologies.

Keywords: nanoconfinement effect; wettability; SBA molecular sieve; isothermal adsorption;
shale oil and gas development

1. Introduction
Large-scale development of unconventional oil and gas resources, such as shale oil [1]

and shale gas [2], has become a strategic choice to ensure energy security [3,4]. However,
the development of these resources is complicated by the prevalence of the nanoconfine-
ment effect [5]. In the confined pore spaces of such reservoirs, substances exhibit unique
physicochemical property changes due to nanoscale confinement [6]. This effect enhances
the interaction between gas molecules and pore walls while the restricted intermolecular
distance leads to changes in adsorption thermodynamic and kinetic behaviors [7,8].
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The nanoconfinement effect fundamentally alters fluid behavior in several ways. Stud-
ies have shown that gas adsorption capacity can significantly increase under nanoconfine-
ment, while diffusion rates decrease by 1–2 orders of magnitude and adsorption isotherms
exhibit non-classical characteristics [6]. Phase transition behavior also shifts significantly.
For example, the liquefaction temperature of methane in 2 nm pores can be 15–20 K lower
than under macroscopic conditions [6]. Consequently, while nanopores can substantially
increase gas adsorption storage capacity, the nanoconfinement effect also makes gas more
difficult to desorb during production [9–11]. This effect determines the occurrence state
and flow patterns of shale oil and gas, directly affecting the accuracy of reserve estimation
and the effectiveness of development strategies [12].

A critical factor in regulating the nanoconfinement effect is wettability, a core param-
eter of solid surface-fluid interaction. Wettability, typically quantified by contact angle,
is essentially a comprehensive manifestation of solid surface energy and fluid interfacial
tension [13]. In the nanopore network of shale reservoirs, fluid behavior is strongly coupled
by the interaction between pore wall and gas molecules [14,15]. The reduction in pore size
leads to a significant increase in the van der Waals interactions between fluid molecules
and the pore wall, causing phase diagram shifts and anomalous phase transition behav-
ior [16,17]. In nanopores, hydrophilic surfaces enhance the oriented adsorption of polar
molecules (such as water and CO2) through hydrogen bonding and dipole interactions,
forming ordered interface layers, while hydrophobic surfaces promote the adsorption and
enrichment of non-polar molecules (such as CH4 and C2H6) through dispersion forces [18].

The regulatory role of wettability on the nanoconfinement effect is multifaceted. It
directly affects molecular arrangement structure, interface layer thickness, and phase
transition critical points by changing the fluid-wall interaction energy, thereby reshaping
the manifestation of the nanoconfinement effect [6]. For instance, Song et al. found that
as the pore radius decreases from 100 nm to 10 nm, the minimum miscibility pressure of
shale oil and CO2 decreases by more than 20%, revealing the regulatory effect of interfacial
tension reduction on phase behavior [7]. Furthermore, wettability changes the energy
barrier at the interface, affecting phase transition kinetics. Hydrophobic surfaces lower the
fluid saturation pressure, making the gas phase easier to form during desorption, whereas
hydrophilic surfaces increase the saturation pressure by enhancing interfacial binding
energy, inhibiting the vaporization process [19,20].

The influence of wettability extends to adsorption selectivity and transport mecha-
nisms. The high specific surface area of nanopores makes adsorption the primary form
of fluid occurrence [21]. Xu et al. confirmed through molecular simulation that methane
exhibits preferential adsorption in kerogen nanopores, while hydrogen is uniformly dis-
tributed due to weak wall interaction forces, demonstrating the decisive influence of
molecular-wall interactions on adsorption selectivity [22]. Li et al. showed through
isothermal adsorption experiments that the adsorption capacity of CO2 in hydrophilic
mesoporous materials increases linearly with pressure, while CH4 in hydrophobic pores
exhibits non-linear adsorption characteristics, confirming the decisive influence of wettabil-
ity on adsorption patterns [6]. Moreover, the classical Darcy’s law fails at the nanoscale,
where fluids exhibit non-classical transport modes such as slip flow and diffusion flow [23].
Zhang et al. found that the micro-nano confinement effect reduces crude oil viscosity by
30–50%, significantly improving CO2 flooding efficiency [24]. Additionally, Feng et al.
found that hydrophobic surfaces can delay gas–liquid separation, while hydrophilic sur-
faces accelerate phase separation; this difference is directly related to the core need for
fluid phase behavior control in shale oil and gas development [19]. The contact angle
magnitude also determines the fluid slip at the pore wall, where hydrophilic pore walls
lead to reduced fluid slip length and increased flow resistance, while hydrophobic surfaces
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can result in significant slip and lower the threshold pressure to initiate flow within the
porous media [25].

Despite the progress, current understanding of wettability and the nanoconfinement
effect has several limitations. First, experimental models are often oversimplified. Meso-
porous materials (such as SBA [26]) were mainly used to achieve wettability regulation
through surface modification; however, there is a lack of composite interfaces of organic
and inorganic matter in shale and multimodal pore size distributions [27]. Second, multi-
factor coupling analysis is insufficient. In actual reservoirs, wettability has strong coupling
with pore structure, fluid composition, and temperature-pressure conditions [28]. Jia et al.
pointed out that when CO2 is injected into shale oil reservoirs, the non-equilibrium phase
behavior in nanopores is correlated with macroscopic seepage, and traditional single-factor
analysis cannot reveal its intrinsic mechanism [29]. Third, the adaptability of theoretical
models is insufficient. Model parameters based on DFT (density functional theory) or MD
(molecular dynamics) are difficult to accurately map to real shale systems [30]. For exam-
ple, the shale oil-CO2 phase behavior model constructed by Song has a prediction error
exceeding 15% when applied to natural shale [31].

To bridge these gaps, this study systematically measures the adsorption isotherms
of N2 and C3H8 in nanopores with different wettability through isothermal adsorption
experiments. Furthermore, shale simulation method was developed based on molecular
sieve composites to construct a mixed wettability model system with a multimodal pore
size distribution.

2. Materials and Methods
2.1. Materials and Equipment

Silica molecular sieves SBA-15, SBA-15-18, and SBA-15-4.2 were all purchased from
Nanjing Jicang Nano Technology Co., Ltd. (Nanjing, China) Ethanol (95%), ammonia
solution (35%), methacryloxypropyltrimethoxysilane (KH-570) were procured from Shang-
hai Macklin Biochemical Technology Co., Ltd. (Shanghai, China) High-purity nitrogen
(99.999%), liquid nitrogen, and a propane-helium mixture were also utilized. The BET
analyses and adsorption heat analyses were conducted using the Surface Area and Pore
Size Analyzer from Quantachrome Instruments (Boynton Beach, FL, USA).

2.2. Determination of Pore Size Distribution and Adsorption Heat of SBA Molecular Sieves

Pore size distribution of the SBA materials before and after hydrophobic modification
was conducted via the BET analysis and evaluated using the DFT method. Prior to the
BET analyses, the samples were dried in a vacuum oven at 120 °C for 12 h to eliminate
surface moisture and volatile impurities, and were then transferred to sample tubes and
sealed for preservation. High-purity nitrogen served as the adsorbate, with liquid nitrogen
providing the experimental temperature. Approximately 0.5 g of the SBA samples was
added to the sample tube. Under vacuum conditions, the sample was heated to 120 °C and
degassed for 6 h to remove surface adsorbates. The sample tube was then immersed in a
liquid nitrogen bath, maintaining a temperature of −196.15 °C (77 K). Nitrogen gas was
introduced incrementally, adjusting the relative pressure (P/P0) range from 0.05 to 0.35,
and the equilibrium adsorption amount at each point was recorded. Multiple points were
tested continuously until the adsorption amount approached saturation. The adsorption
amounts at various relative pressures were plotted against the relative pressure into the
nitrogen adsorption isotherms. The linear portion of the adsorption isotherm was selected,
and the BET equation was utilized to fit the data and calculate the specific surface area.
Based on the adsorption branch data, the DFT model was employed to compute the
pore size distribution (PSD). To determine the change in wettability before and after the

https://doi.org/10.3390/pr14132085

https://doi.org/10.3390/pr14132085


Processes 2026, 14, 2085 4 of 11

hydrophobic modification, propane gas was used as the adsorbate following the above
procedure at 0 °C (273.15 K). The adsorption heat was directly exported from the built-
in software.

2.3. Hydrophobic Modification of SBA Materials by KH-570

KH-570 (methacryloxypropyltrimethoxysilane) features an inorganic-philic siloxy
group at one end and an organic-philic methacryloxy group at the other [32]. When KH-570
reacts with silica molecular sieves, the siloxy groups interact with the abundant hydroxyl
groups on the silica surface, undergoing a dehydration condensation reaction to establish
stable covalent bonds. The introduction of polar groups by KH-570 causes the modified
surface to repel non-polar molecules [33]. To graft the SBA materials with KH-570, 3.6 g of
ammonia water and 10.8 g of water were added into a 50 mL test tube vial. Subsequently,
2 g of molecular sieve was weighed and introduced into the vial. After shaking, the vial was
placed in an oven to preheat for 10 min at 110 °C. The vial was then removed, and 5.4 g of
KH-570 was added. Following uniform shaking, it was returned to the oven and heated for
40 min at a temperature of 120 °C. After heating, the vial was allowed to stand, the separated
liquid layer was removed, and alcohol was added for rinsing. Finally, the vial was placed
in an oven and dried at a 80 °C, yielding the KH-570 modified molecular sieves.

3. Results and Discussion
3.1. Pore Size Distribution Patterns of SBA Molecular Sieve Mixed Systems

According to existing literature [34], when molecular sieve materials with different
pore sizes are mixed, their pore size distribution can be regarded as the weighted super-
position of the individual material pore size distributions. Let the mass fractions of each
molecular sieve material in the mixed system be ω1, ω2, ω3 (corresponding to SBA-15,
SBA-15-4.2, SBA-15-18), and their respective pore size distribution functions be f1(r), f2(r),
f3(r); then the pore size distribution function of the mixed system can be expressed as:

f (r) = ω1 f1(r) + ω2 f2(r) + ω3 f3(r) (1)

The pore distribution of the mixed system at a certain pore size is obtained by weighted
summation of the pore distributions of each individual material at that pore size according
to their mass fractions. SBA-4.2 has a mean pore size of 4.2 nm and contributes significantly
in the small pore size range; SBA-15 has a pore size of 6–11 nm and mainly affects the
medium pore size range, and SBA-15-18 has a pore size of 15–20 nm and dominates the
characteristics of the large pore size range.

During the experiment, the pore size distribution of each material was first measured
individually (shown in Figure 1), then they were mixed at a ratio of 2:4:4. The mixing
process employed a combination of mechanical stirring and ultrasonic dispersion, dur-
ing which the materials were first stirred at a fixed speed in a mechanical stirrer for
preliminary mixing, then transferred to an ultrasonic disperser for further dispersion to
ensure full contact and uniform mixing.

Experimental results shown in Figure 2 show that the pore size distribution of the
mixed system obtained by the DFT method exhibits, to a certain extent, the superposition
characteristics of the individual material pore size distributions.
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Figure 1. Pore size distribution of (a) SBA-15, (b) SBA-15-4.2, and (c) SBA-15-18.

Figure 2. Comparison between the theoretical pore size distribution (fitted curve) of the molecular
sieve mixture via superposition by mass fraction and the actual pore size distribution (experimental
data) of the mixture.

To verify the superposition property of pore size distribution, regression fitting was
performed using the least squares method to determine the weighting coefficients. Let
the pore volume proportions of SBA-15, SBA-15-4.2, and SBA-15-18 in this range be x1, x2,
x3, respectively, and the pore volume proportion of the mixed system in this range be y.
Assuming the weighting equation is:

y = a1x1 + a2x2 + a3x3 (2)

Using the least squares method to minimize

∑(yi − (a1x1i + a2x2i + a3x3i))
2 (3)

The results give a1 = 0.22, a2 = 0.39, and a3 = 0.39, with a ratio of approximately
2:4:4, leading to an R2 value of over 0.99. The fitted weighting coefficients are relatively
close to the actual proportion coefficients. As the mixing process was purely physical,
the fluctuations were likely due to weighing inaccuracies and mixing heterogeneities.
This verifies that the pore size distribution curves of each SBA material superimposed
according to the weighting coefficients can well produce the pore size distribution curve of
the mixture, demonstrating the superposition property of pore size distribution curves.
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3.2. Propane Isothermal Adsorption Characteristics

Isothermal adsorption curves [35,36] are an important basis for studying the propane
adsorption characteristics of SBA molecular sieves with different pore sizes. According
to the BDDT classification [37], isothermal adsorption curves have multiple types: Type I
corresponds to monolayer adsorption or microporous materials; Type II corresponds to non-
porous or macroporous solids; Type IV corresponds to mesoporous materials. The smaller
the pore size, the stronger the constraining effect of the internal nanoconfinement envi-
ronment on gas molecules. The pore size of SBA-15-4.2 is in the smaller range, and the
spatial constraint on gas molecules is more significant. Under this strong confinement
environment, the interactions between gas molecules and between gas molecules and
pore walls are enhanced. As the pressure gradually increases, gas molecules more easily
accumulate in smaller pores and reach higher concentrations, thereby satisfying the con-
ditions for nano-condensation at relatively low pressures, i.e., the transition from gas to
liquid occurs. However, due to the hydrophilic nature of the SBA material (silica-based),
the interactions between the propane and the pore walls are relatively weak; therefore,
the isothermal adsorption curves of the SBA materials only show vague inflection points
(Figure 3), indicating weak nanoconfinement effects.

Figure 3. Comparison between the isotherm adsorption curves of SBA-15, SBA-15-4.2, SBA-15-18 and
that of their mixture (blended system).

When these SBA molecular sieves are mixed, the overall isothermal adsorption curve
presents a relatively smooth shape without obvious steep slopes. This is because the
isothermal adsorption curves of each individual SBA molecular sieve superimpose on
each other. Taking the composite of SBA-15, SBA-15-4.2, and SBA-15-18 at a mass ratio
of 1:1:1 as an example, during the isothermal adsorption process, molecular sieves with
different pore sizes each contribute to the overall adsorption curve. From a mathematical
perspective, the isothermal adsorption curve of the composite system is a superposition
of each individual curve according to the weights. If the adsorption capacities of each
individual molecular sieve are expressed as Q1(P), Q2(P), and 3(P), the adsorption capacity
of the composite system can be expressed as:

Qtot(P) = ω1Q1(P) + ω2Q2(P) + ω3Q3(P) (4)

where ω1, ω2, and ω3 are the mass fractions of each molecular sieve, respectively. Fitting
analysis found that the key coefficients describing this superposition relationship are rela-
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tively close to the actual proportions of each molecular sieve (1:1:1), strongly demonstrating
the superposition property of the adsorption characteristics of the mixed system.

The above phenomena indicate that in the composite system, not only does a superpo-
sition relationship exist in terms of pore size, but the nanoconfinement effect also exhibits a
superposition relationship.

3.3. Influence of Wettability on the Nanoconfinement Effect

Unmodified SBA molecular sieves and shale differ greatly in wettability, which affects
their propane adsorption capacity. From the perspective of surface chemical properties,
the surface of unmodified SBA molecular sieves is mainly composed of silanol groups
and is highly hydrophilic; while shale pore surfaces contain abundant organic matter
and clay minerals, with more complex wettability that includes both hydrophilic and
oleophilic properties, and some regions may also exhibit intermediate wettability. This
fundamental difference in wettability makes the adsorption forces, adsorption selectivity,
and nanoconfinement effects of the two toward propane molecules vastly different.

At the microscopic level, the surface of unmodified SBA molecular sieves is hy-
drophilic, and there is only weak van der Waals force between it and non-polar propane
molecules, making it difficult for propane molecules to adsorb stably. In contrast, shale pore
surfaces have complex wettability, and propane molecules may form stronger interactions
with the surface in the oil-wet regions. Therefore, unmodified SBA molecular sieves have no
specificity for propane adsorption, while shale pores exhibit specific adsorption preferences
for propane molecules based on their own wettability and pore structure. The isothermal
adsorption curve on a shale sample for propane is shown in Figure 4.

Figure 4. Isothermal propane adsorption curve for a shale sample.

From the isothermal adsorption curves (Figures 3 and 4), it can be seen that the propane
adsorption curve of the unmodified SBA molecular sieve composite system differs greatly
from the adsorption curve of shale. This difference is manifested not only in adsorption
capacity but also in the shape and slope of the curves. The adsorption curve of shale
typically has multi-segment characteristics, indicating the existence of multiple wettability
and adsorption mechanisms within its pores, while the adsorption curve of unmodified
SBA molecular sieves is relatively simple and cannot truly reflect the complex adsorption
process in shale pores. Therefore, surface modification of SBA molecular sieves is needed to
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match their wettability with shale in order to accurately simulate the adsorption behavior
of shale gas.

3.4. Adsorption Behavior of Hydrophobically Modified SBA Composite System

To improve the similarity between the composite system and shale adsorption char-
acteristics, hydrophobic modification using KH-570 was conducted to transform the SBA
materials into an oil-wet state. As direct contact angle measurement was challenging on
a powder material such as SBA, adsorption heat was quantified instead as a measure of
wettability, with higher adsorption heat between an organic gas and the solid surface indi-
cating higher extent of oil-wetness. The adsorption heat of propane on the SBA materials
during the adsorption process is compared in Figure 5. It is evident that the adsorption
heat for all materials increased post-modification, suggesting stronger affinity between the
molecular sieve surfaces and propane. This can be regarded as proof that the SBA materials
become more oil-wet due to KH-570 treatment.

Figure 5. Comparison of adsorption heat between propane and (a) SBA-15, (b) SBA-15-4.2, and
(c) SBA-15-18 before and after hydrophobic modification by KH-570

A least squares optimization model was employed to determine the mixing ra-
tio of the SBA materials, minimizing the mean squared error (MSE) between the pore
size distribution after compositing and the shale pore size distribution to solve for the
optimal ratio:

min ∑[ω1 f1(xi) + ω2 f2(xi) + ω3 f3(xi)− fshale(xi)]
2 (5)

The constraint conditions are ω1 + ω2 + ω3 = 1 and ωi > 0 (i = 1, 2, 3), solved using
the fmincon function in MATLAB (Version R2024a) to be approximately 0.3, 0.3, and 0.4.

Experimental results show (Figure 6) that the isothermal adsorption curve of the
oil-wet SBA composite system is closer to the isothermal adsorption curve of shale. This
result fully demonstrates the important influence of wettability on phase behavior [38].
The change in wettability affects the adsorption, diffusion, and condensation processes of
gas molecules on the material surface and within the pores. In the oil-wet environment,
the interaction between gas molecules and the material surface is more similar to that in
shale pores, making the adsorption capacity, adsorption selectivity, and nanoconfinement
effect more similar to those of shale.

Compared with the unmodified SBA mixture, the isothermal adsorption curve shape
of the modified SBA mixture for propane is closer to that of shale with a similar pore size
distribution, but not completely overlapping. The reason is that the degree and unifor-
mity of modification of SBA by the selected silane coupling agent may not be completely
consistent with shale, but the fact that the result is close to shale further proves the key
role of wettability in regulating adsorption phase behavior. This method of SBA molecular

https://doi.org/10.3390/pr14132085

https://doi.org/10.3390/pr14132085


Processes 2026, 14, 2085 9 of 11

sieve modification and mixing can facilitate the studies on hydrocarbon phase transitions
in unconventional reservoirs by simulating the pore size and wettability of shale and using
composite systems of SBA molecular sieves with different pore sizes.

Figure 6. Comparison between the isotherm propane adsorption curves for SBA-15, SBA-15-4.2,
SBA-15-18, their mixture, the shale sample.

4. Conclusions
This study systematically investigated the influence of wettability on the nanocon-

finement effect using SBA-type molecular sieves as model porous media. By comparing
unmodified hydrophilic surfaces with hydrophobically modified oleophilic surfaces, the fol-
lowing conclusions are drawn:

(1) The pore size distribution of the mixed SBA molecular sieve system exhibits super-
position characteristics of the individual materials. This characteristic provides an
important reference for simulating shale pore structure and studying gas adsorption
and diffusion in unconventional reservoirs.

(2) SBA molecular sieves can be hydrophobically modified using silane coupling agent
KH-570, leading to increased adsorption heat of propane, and therefore greater oil-
wetness on modified SBA materials.

(3) After hydrophobic modification of SBA molecular sieves, the isothermal adsorption
curve of the oil-wet SBA composite system is closer to that of shale, further proving
the key role of wettability in regulating adsorption phase behavior. This provides
an effective experimental method for studying gas adsorption in shale gas reservoirs
and helps to more accurately understand the production mechanisms of unconven-
tional reservoirs.

These findings provide not only a theoretical basis for understanding the occurrence
state of shale oil and gas but also an effective experimental methodology for simulating
nanoconfinement effects under reservoir conditions.
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