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ABSTRACT 

 

Shale oil is mainly found in nanopores. Clarify the law of shale oil adsorption and 

occurrence characteristics. It is of great significance to increase domestic crude oil 

occurrence and production. Based on the Grand Canonical Monte Carlo (GCMC) 

method, the occurrence model of heptadecane (n-C17) saturated adsorption by 

illite, montmorillonite and kaolinite was successfully constructed. The saturated 

adsorption model was also simulated by molecular dynamics. The adsorption 

pattern and transport process of n-C17 in illite, montmorillonite and kaolinite slits 

were elucidated. The study shows that there is a difference in the adsorption 

capacity of different minerals for alkanes. Montmorillonite>illite>kaolinite and the 

mineral species dominates the isothermal adsorption process. The increase of slit 

pore size and pressure is helpful to increase the adsorption capacity of clay 

minerals to n-C17, while the temperature inhibits the adsorption. Under the same 

temperature and pressure conditions, there was no significant change in the 

position, thickness and density of the adsorption layer of n-C17. in the micropore 

to mesopore range. Excess adsorption increases rapidly with increasing pore size, 

followed by a slow increase. This implies that the percentage of adsorbed state n-

C17 decreases gradually with increasing slit pore size. The desorption rate of n-

C17 was significantly increased by elevating the temperature under the same 

pressure condition. The coupled Grand Canonical Monte Carlo-Molecular Dynamics 

(GCMC-MD) simulation highly restored the adsorption, desorption and transport 

processes of n-C17 in clay minerals. It describes the occurrence law of alkanes in 

shale matrix pores and provides a theoretical basis for shale oil exploration and 

development. 

 

 

 



Journal of Chemistry 
   

 
JCHEM |October, 2024   2 

 

Keywords: Illite; Montmorillonite; Kaolinite; Isothermal adsorption; Density distribution 
 

INTRODUCTION 

China's oil shale is mainly distributed in the continental environment and the shale oil reserves are about 

4.76 × 1010 t, ranking second in the world. It is an important alternative resource for the country to increase 

crude oil reserves and production [1-3]. However, shale oil reservoirs are deeply buried and complex in structure, which 

greatly hinders the exploration and development of shale oil [4-7]. Summarised and compared the advantages and 

disadvantages of Nuclear Magnetic Resonance (NMR), stepwise pyrolysis and molecular simulation [8-10]. It is pointed 

out that the molecular simulation technique is able to describe the adsorption behaviour and occurrence state of shale 

oil in a refined way.  

In view of the superiority of molecular simulation technology in describing the molecular force and molecular transport 

behaviour from the microscopic perspective. Numerous scholars have investigated the mechanism of fluid 

accumulation in shale nanopores using Monte Carlo method, molecular dynamics and density functional theory [11-16]. 

Investigated the law of pressure and temperature on the adsorption of alkanes [17]. The adsorption decreases with 

increasing temperature. Pressure helps to increase the adsorption amount, but the adsorption rate slows down 

gradually. The author used molecular dynamics combined with Fick's first law to study the transport properties of 

multicomponent alkanes in shale illite nanopores [18]. The diffusion of alkanes in the confined space satisfies the linear 

law. The changes of temperature and pressure and pore size are more sensitive to the adsorption of macromolecular 

alkanes. Constructed pore models for different types of shale [19]. Summarise the effects of pore size, temperature, 

maturity and driving force conditions on shale oil endowment and explore the shale oil endowment characteristics and 

flow laws.  

Some scholars have studied the effect of shale oil adsorption properties from the perspective of wettability [20-22]. Yu 

et al., modified inorganic minerals by methylation and hydroxylation [23]. Adsorption simulations were performed for 

different wetting angle models. Based on drawing isothermal adsorption maps. The contact angle variability of alkane 

adsorption on mineral surfaces was elucidated from the hydrophilic point of view. The contact angle variability of 

alkane adsorption on mineral surfaces was elucidated from the hydrophilic point of view. Song et al., constructed a 

model for the fugacity of n-octane and its mixtures in nanopores [24-26]. The effects of pore size, temperature and 

pressure, shale oil fraction and wettability on the fugitive state were analysed. Summarise the effects of pore size, 

temperature, maturity and driving force conditions on shale oil accumulation. Explore the shale oil occurrence 

characteristics and flow patterns.  

Cong et al., combined with previous research results to summarise the adsorption law of alkanes at different 

temperature and pressure and multi-scale pore size of minerals [27]. The effects of temperature, pressure, pore size 

and fluid properties on adsorption are shown. However, most scholars use isothermal adsorption simulations to 

explore the effects of temperature and pressure, mineral type and crude oil fraction on the adsorption law. Simple 

shale oil storage model is constructed and molecular dynamics simulation is carried out. It is difficult to explore the 

distribution characteristics and diffusion law of crude oil and to reflect the real shale oil storage state [28-30].  

Therefore, based on the temperature and pressure environment under the shale reservoir. The shale oil saturation 

adsorption model was constructed using GCMC-MD and molecular dynamics simulation was carried out. Reduce the 
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adsorption law and diffusion characteristics of alkanes in shale minerals under actual geological conditions. 

Responding to the shale oil in the deep reservoir space. 

MATERIALS AND METHODS 

Geologic background 

The Beibu gulf basin is located in the northwestern part of the South China Sea, adjacent to the Guangdong-Guizhou 

Rise in the north and the South China Sea Rise in the southeast. The basin has a tectonic layout of two depressions 

interspersed with one rise, with the Weixinan. Depression being the secondary tectonic unit within the Northern 

Depression. The lithology of source rocks in Weixinan sag is dominated by semi-deep lake-deep lake facies. Dark gray 

organic-rich shale, a small amount of mudstone and siltstone are developed. There are many development bands and 

complex pore structure and a large number of sapropelic type (type I) or humic-sapropelic type (type II) oil shale are 

developed.  

Different studies have shown that the development of nanoscale micropores of clay minerals provides a large specific 

surface area for shale oil storage. And the pores are mostly filled by organic matter. It is conducive to the transport of 

hydrocarbons evolved from organic matter to the pore space of clay minerals [31]. X-ray Diffraction (XRD) experiments 

showed that the main components of shale reservoirs in this area were clay minerals and the content of illite in some 

sections was as high as 70% (Figure 1). 

Figure 1. Saturated hydrocarbon chromatography mass spectrometry of shale oil in Weixinan Sag, Beibu gulf Basin. 

(a) Shale oil saturated hydrocarbon colour mass spectra; (b) Characteristics of mineral fraction distribution in 

organic-rich oil shale. 

 

 

Therefore, the adsorption model of illite with the main component of shale oil is taken as the research object. 

Molecular dynamics simulation was carried out. Describe the adsorption law and occurrence characteristics of liquid 

hydrocarbons in clay minerals. 

Molecular simulation and analysis methods 

Modelling and methodology: Drits et al., experts successfully predicted crystal structure models for illite, 

montmorillonite and kaolinite based on XRD experiments [32-34]. Ilmenite and montmorillonite are monoclinic crystals 

with a lattice space group of C2/M. Kaolinite, on the other hand, is triclinic (Table 1). Kaolinite, on the other hand, has 

a space group of C1 and is a triclinic crystal (Table 1). Similarly, the spatial positions of the atoms of the three clay 

minerals were also known. 
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Table 1. Crystal cell parameters of clay minerals. 

Mineral type Space group a/Å b/Å c/Å α/° β/° γ/° 

Illite C2/m 5.2 8.98 10.2 90 101.6 90 

Montmorillonite C2/m 5.23 9.06 12.5 90 99 90 

Kaolinite C1 5.15 8.9 7.38 91.93 105 89.79 
 

The single crystal cell models of illite, montmorillonite and kaolinite were constructed by molecular simulation 

technology and ion replacement was carried out to ensure charge balance. In the illite octahedron, one of every six 

Al3+ is replaced by Mg2+, while in the Si-O tetrahedron, one of every eight Al3+ is replaced by Si4+ [35]. Similarly, in the 

Al-O octahedra of montmorillonite, one out of every eight Al3+ is replaced by Mg2+ substitution, while in the Si-O 

tetrahedra, one out of every (Silicon-32) 32 Si4+ is replaced by Al3+ substitution [36].  Crystals of illite and montmorillonite 

undergo ionic substitution, where the substitution positions are randomly distributed but not contiguous on the mineral 

lamellae. The negative charge resulting from the homogeneous substitution is compensated by interlayer cations. The 

interlayer cations populate the centres of the silica-oxygen tetrahedra at the middle level of the interlayer domains. 

Based on this, a 4 × 2 × 1 supercell model was expanded from the x, y and z directions. The wall model of the mineral 

was cut out along the (001) direction. A 4 nm, 8 nm, 15 nm and 50 nm thick vacuum layer was added in the z direction 

to complete the three clay mineral slit models (Figure 2). Meanwhile, the adsorbent mass model of n-heptadecane 

was constructed using n-heptadecane as a representative of the heavy component of shale oil [37,38]. Energy 

optimisation of the slit model and the structure of the n-heptadecane molecule to achieve the lowest energy and stable 

structure globally. 

Figure 2. Construction process of clay mineral slit model. (a) Illite crystal model; (b) Montmorillonite crystal model; (c) 

Kaolinite crystal model; (d) Structure diagram of heptadecane molecular model. 

 

 

Reduction of a realistic heptadecane molecule (shale oil heavy saturated hydrocarbon fraction, n-C17). Completed 

modelling of n-C17 fugacity in clay mineral slits. GCMC with molecular dynamics to carry out molecular simulations. 

Secondly, molecular dynamics simulations were performed on the saturated adsorption model. The density 

distribution curve of n-C17 was plotted to analyse the adsorption characteristics and distribution law of n-C17. The 
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molecular dynamics simulation was carried out at a fixed temperature using the Number of particles (N), Volume (V) 

and Temperature (T) system synthesis. The thermal desorption results of n-C17 at different temperature exercises 

were investigated. Finally, the desorption rate was calculated by analysing the change of excess adsorption of n-C17 

at different pore sizes based on the above simulation results. The transition law of n-C17 fugitive state in the variation 

of slit pore size of illite, montmorillonite and kaolinite is shown. 

The molecular simulations involved in this paper were performed using the Material studio software developed by 

Accelrys, Inc. which contains the giant regular Monte Carlo method and molecular dynamics theory and has a powerful 

visualisation interface, which is conducive to the smooth conduct of the study [39]. 

Simulation process 

The optimization of the structure is optimized under the Forcite module. The structural optimization was carried out in 

the Forcite module. Setting parameters: morphology, structure optimization method is selected as smart and step size 

is 100000. Adsorption simulation of the optimized model was carried out using Sorption module. The adsorption 

parameters were obtained from the point-by-point adsorption carried out under the Fixed pressure task. The 

adsorption method was chosen as Metropolis with an equilibrium step size of 100000 and a total step size of 

1000000. A total of three temperature gradient points and 12 pressure points were simulated for the clay reservoir 

(Table 2). 

Table 2. Adsorption simulation temperature and pressure conditions. 

Temperature/K Pressure/MPa 

303.15 
  

0.1 

  

  

3 

  

  

5 

  

  

10 

  

  

15 

  

  

20 

  

  

25 

  

  

30 

  

  

35 

  

  

40 

  

  

45 

  

  

50 

  

333.15 

363.15 

 

Based on this, the occurrence state of n-C17 at 363.15 K and 50 MPa was studied by molecular dynamics. In all the 

above simulations, the electrostatic and van der Waals forces are calculated by Ewald and Atom based methods and 

the force fields are chosen from COMPASS [40], which is suitable for organic molecules, small inorganic molecules and 

covalent molecules of polymers and it has high accuracy in molecular simulation in the field of shale oil research, with 

the following potential energy functions: 

        ......(1)totol b x ele vdwbond angle dihedral improper
E E b E E E x E E          

 

where the first five terms represent the energy distribution from the bond, specifically the sum of the energy changes 

due to bond stretching, bond angle changes, dihedral angle changes, cross terms and off-surface bending potential 

changes. b, θ, ∅, x, they represent bond length, bond angle, dihedral angle and out-of-plane vibration angle, 

respectively. The latter two correspond to non-boning interactions, including electrostatic interactions and Vander 

Waals force interactions, to determine the interactions between particles and help to accurately represent non-

bonding interactions. 

......(2)
i j

ele i j
ij

q q
E
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Where rij is the distance between i and j atoms or molecules. nm; qiqj is the charge of atoms i and j; εij is the depth of 

potential well. kJ/mol; rij
0 is the distance between atoms i and j in equilibrium, nm. 

Calculation method 

According to the above settings and boundary conditions, the adsorption capacity of n-C17 in clay mineral slits under 

different pressures and temperatures was simulated and calculated. The calculation formula is as follows: 

N 1000 ......(4)am

a s

N

N M


 

Where: N is the adsorbed amount in mmol/g; Nam is the number of molecules; Na denotes the number of cells; Ms is 

the molecular weight of a single cell. The integral method based on density distribution curves is well adapted for 

determining the density of hydrocarbon adsorbed phases in deep shale nanopores. Therefore, in order to reveal the 

diffusion pattern of n-C17 in clay minerals. The relative content ratios of adsorbed and free states were clarified. The 

distribution of n-C17 in the slit pores was finely characterised. Based on the density distribution map, the adsorption 

region of n-C17 was defined. All n-C17 in this space is endowed in the adsorbed state and the other regions are the 

endowment space of free n-C17. By integrating and averaging the n-C17 density profiles of the adsorption and free 

zones and comparing them with the absolute adsorption amount, the adsorption and free state occupancy ratio was 

obtained [41,42]. 

RESULTS AND DISCUSSION 

Isothermal adsorption 

Pressure acts as a driving force in adsorption simulations and molecular dynamics simulations, contributing to the 

entry of n-C17 into the slit, leading to an increase in absolute adsorption with increasing pressure [43]. However, as the 

slit pores of the clay minerals were continuously filled with n-C17 (Table 3). The isothermal adsorption curves were 

mainly divided into three stages, 0.1-5 MPa, 5-40 MPa and 40-50 MPa (Figure 3). They correspond to the rapid growth, 

slow increase and dynamic equilibrium of n-C17 content with increasing pressure, respectively, which is in agreement 

with the research results of Zhang et al. [17]. 

Table 3. Theoretically calculated surface areas of clay minerals. 

Mineral type Molecular formula 
Layer 

spacing/Å 

Internal 

surface 

area/m²/g 

External 

area/m²/g 

Total 

surface 

area/ 

m²/g 

Montmorillonite 
Na0.75 (Si7.75 Al0.25)  

(Al3.5Mg0.5) O20 (OH)4 
9.6-21.5 750 50 800 

Illite Ka14 (Si7AlO20) (OH)4 10 0 30 30 

Kaolinite A14 (Si4O10) (OH)8 7.2 0 15 15 
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Figure 3. The isothermal adsorption diagram of clay minerals on n-C17. (a) 4 nm slit pores; (b) 8 nm slit pores; (c) 15 

nm slit pores; (d) 50 nm slit pores. 

 

 

It is obvious that the trends of isothermal adsorption curves of illite, montmorillonite and kaolinite are consistent, but 

the different clays have obvious boundaries in the amount of n-C17 adsorbed. Under the same temperature and 

pressure conditions, the trend of adsorption in terms of minerals is: Montmorillonite>illite>kaolinite. The differences 

in adsorption properties of different clay minerals are mainly due to structural features. Both montmorillonite and illite 

crystals belong to Tetrahedral-Octahedral-Tetrahedral (TOT) type. Both contain Aluminium-Oxygen Octahedra (O-Al) and 

Silica-Oxygen Tetrahedra (O-Si) in the lattice structure. The K+ and Na+ in the crystal interlayers readily form interactions 

with the negatively charged portions of the alkanes.  

The special configurations and interlayer cations play a key role in the adsorption of alkane molecules, which facilitates 

the capture of alkanes by the walls [44]. In addition, montmorillonite and illite have a large specific surface area, which 

provides more adsorption sites for alkane molecules and contributes to the larger n-C17 excess adsorption in the low-

pressure phase figure [45,46]. The absolute adsorption in dynamic equilibrium reached saturation adsorption at an 

adsorption model pressure of 50 MPa. The average increment of montmorillonite to n-C17 adsorption over illite to n-

C17 adsorption was 38.6%. The average increment of adsorption of n-C17 by illite over n-C17 adsorption by kaolinite 

was 55.6%.  

At different temperatures, the isothermal adsorption showed regular changes and the adsorption amount of n-17 

decreased with the increase of temperature. The effect of temperature on the adsorption process is mainly reflected 

in the change of energy. Increasing the temperature of the system will radiate the thermal energy to the alkane 

molecules, so that n-C17 in obtaining energy will be in a high-energy state. Both molecular potential energy and kinetic 
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energy will be increased to different degrees. The adsorbate in the high kinetic energy state possesses a stronger 

ability to escape and the Brownian motion is intensified. This leads to the weakening of the interaction between the 

adsorbed molecules and the mineral surface, making the medium less prone to adsorption. 

Analysis of occurrence states  

The simulation results show that the absolute amount of adsorption of alkanes by clay minerals and kerogen increases 

with the enlargement of the slit pore size. This is because there is a positive correlation between the slit pore diameter 

and the occurrence space of n-C17. In the fugitive space closer to the lamellae, n-C17 is easily captured by the clay 

minerals due to the van der Waals forces on the walls of the clay mineral slits. An adsorption layer was formed at 

about 0.86-3.71 nm from the lamellae, with adsorption densities ranging from 0.41-0.56 mmol/g, resulting in a higher 

density of n-C17 in the adsorption zone. In the fugitive space away from the slit pores, the molecular force of the pore 

wall on the alkane molecules was significantly reduced, making it difficult to form a high-density adsorption layer.  

The n-C17 molecules showed self-aggregation phenomenon and were stored in the slit space in the free state. Due to 

the large number of data points collected in the molecular dynamics simulation analyses, a large number of burrs 

appear in the density distribution curves of n-C17 in clay minerals while improving the accuracy. By defining the 

adsorption and free regions of the alkanes, the proportion of n-C17 assigned in the adsorbed and free states, 

respectively, was calculated using the integral method (Table 4, Figure 4) [41,42]. It is not difficult to find that there is a 

large variability in the adsorption properties of clay minerals for n-C17, with montmorillonite>illite>kaolinite.  

As the pore size increases, kaolinite, which has a smaller adsorption capacity, will be the first to reach the maximum 

excess adsorption capacity. Montmorillonite, which has the strongest adsorption capacity, will be the last to reach the 

maximum excess adsorption capacity. In addition, the modelling of the proportion of different states of n-C17 in clay 

minerals and its adsorption-freedom conversion showed that the excess adsorption gradually saturated with the 

increase of pore size, resulting in a gradual decrease in the proportion of adsorbed state n-C17 (Figure 4). 

Figure 4. Adsorption-dissociation conversion model of n-C17 in clay minerals. (a) The relationship between the excess 

adsorption capacity of n-C17 and the pore size of clay minerals; (b) The conversion law between the occurrence state 

of n-C17 and the pore size of clay minerals. 
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Table 4. The proportion of different occurrence states of n-C17 in clay minerals. 

Pore diameter Mineral type Adsorption state Free state 

4 nm 

Montmorillonite 84.06% 15.94% 

Illite 83.50% 16.50% 

Kaolinite 82.94% 17.06% 

8 nm 

Montmorillonite 73.09% 26.91% 

Illite 60.16% 39.84% 

Kaolinite 53.86% 46.14% 

15 nm 

Montmorillonite 47.53% 52.47% 

Illite 38.65% 61.35% 

Kaolinite 34.80% 65.20% 

50 nm 

Montmorillonite 28.12% 71.88% 

Illite 20.96% 79.04% 

Kaolinite 13.81% 86.19% 
 

The molecular dynamics simulations of high-temperature and low-pressure thermal desorption were completed by 

increasing the temperatures to 303.15 k, 333.15 k and 363.15 k, respectively, at a pressure of 5 MPa. With the 

increase of temperature, n-C17 alkane under thermal desorption gradually changed from adsorption state to free 

state.  

The phenomenon of n-C17 alkane moving away from the clay mineral wall appeared and the position of the alkane 

adsorption layer gradually shifted flat towards the pore centre.  

The average displacement of the adsorption centre was 4.01 Å and the average decrease of the peak density 

distribution was 0.10 g/cm3. This demonstrated that elevating the temperature favoured n-C17 alkane desorption and 

by increasing the temperature from 303.15 to 333.15 k at 5 MPa, the n-C17 alkane desorption rate in 4 nm kaolinite 

was increased from 6.13 to 33.79%, which was much higher than the n-C17 desorption rate in 4 nm montmorillonite 

(Figures 5-7).  

This is due to the temperature, the characteristics of the clay minerals themselves, the pore size and other factors 

that lead to the phenomenon of inconsistent desorption rate of different clay minerals at different temperatures.  

The phenomenon of inconsistency in the travelling distance of n-C17 alkanes in the thermal desorption on the surface 

of clay minerals exists. In addition, the pores were deformed at high temperatures, which also affected the desorption 

of n-C17 alkanes on the surface of clay minerals.  

Therefore, by elevating the temperature under constant pressure, n-C17ane has desorbability properties and clay 

minerals with less adsorption are more favourable for n-C17ane desorption (Figure 8).  

This provides a new idea for shale oil extraction, using fracturing technology to modify the reservoir pores and enhance 

the fluidity of hydrocarbons, which is conducive to the increase of crude oil occurrence and production [47] 
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Figure 5. Adsorption layer displacement of n-C17 in montmorillonite. (a) 4 nm montmorillonite slit density distribution; 

(b) 15 nm montmorillonite slit density distribution; (c) 35 nm montmorillonite slit density distribution 

 

 

Figure 6. Adsorption layer displacement of n-C17 in kaolinite. (a) 4 nm kaolinite slit density distribution; (b) 15 nm 

kaolinite slit density distribution; (c) 35 nm kaolinite slit density distribution. 

 

 

Figure 7. Adsorption layer displacement of n-C17 in illite. (a) 4 nm illite slit density distribution; (b) 15 nm illite slit 

density distribution; (c) 35 nm illite slit density distribution. 
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Figure 8. Molecular modelling of adsorption layer displacement of n-C17 in illite. (a) at 303.15 k temperature 

condition; (b) at 363.15 k temperature condition. 

 

 

CONCLUSION 

Due to the characteristics of mineral crystal structure, the adsorption capacity of different minerals for alkanes is 

differentiated, with montmorillonite>illite>kaolinite and the mineral species dominating the isothermal adsorption 

process. In a certain range, the increase of slit size and adsorption pressure contributes to increase the adsorption of 

n-C17 by clay minerals, while the temperature is unfavourable to the adsorption behaviour of the minerals.Under the 

same temperature and pressure conditions, the position, thickness and density size of the adsorbed layer of n-C17 

did not change significantly. The excess adsorption increased rapidly with increasing pore size in the microporous to 

mesoporous range, followed by a slow increase. Consequently, the percentage of n-C17 in the adsorbed state 

decreases gradually with the increase of the slit pore size. Under the same pressure, after elevating the temperature, 

the position, thickness and density size of the adsorbed layer of n-C17 changed significantly and the transport length 

satisfied the difference in adsorption energy montmorillonite>illite>kaolinite, the content of n-C17 in the free state 

was montmorillonite<illite<kaolinite. Based on the coupled GCMC-MD method, we successfully constructed the model 

of n-C17 fugacity in illite, montmorillonite and kaolinite, which improves the realism of the fugacity state of alkanes in 

clay minerals. Based on the molecular results of its molecular dynamics simulation, the adsorption-freedom transition 

model of n-C17 in clay minerals was developed to clarify the evolution of alkane fugacity states at different pore sizes. 

It helps to understand the shale oil occurrence characteristics in different pore sizes and provides theoretical basis 

and technical support for the exploration and development of shale oil. 
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