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ABSTRACT 

In order to supply sufficient energy to meet demand, the exploration and 

development of the relatively rich shale gas reservoirs in China are areas of recent 

research focus. In the isothermal methane adsorption experiment, we investigated 

different types of shale from the Yanchang Formation in the Zhangjia Tan area in the 

southeast Ordos Basin in China for organic shale gas exploration. The results show that 

the measured total gas adsorption amounts of Samples 5 and 6 linearly increase with 

pressure increases, and the total adsorption amounts of other samples first rapidly 

increase and then slowly increase and trend to a stable level with increasing pressure. 

The absolute adsorption capacity of these samples is fitted well on the Langmuir 

equation, and it is noted that the methane capacity of Samples 5 and 6 is lower than that 

of other samples; there are differences between the distribution of free gas content in 

shale (Samples 1-4) and siltstone shale (Samples 5 and 6). The free gas content in shale 

(Samples 1-4) is accounts for of 45% of the total gas content. However, in the siltstone 

gas reservoir (Samples 5 and 6), the proportion of free gas is as high as 86%.The 

presence of pore structure, organic matter, and mineral composition in these samples 

exert a limited influence on the methane adsorption capacity, and liquid hydrocarbons are 

the primary influence factor on gas adsorption. However, the sorption capacity of studied 

dry shale samples is dominated by the TOC (total organic carbon) content. In addition, 

the findings show that pressure has a positive effect on the gas adsorption at the lower 

burial depth, and temperature will have a negative influence on the gas adsorption after 

the depth corresponding to the maximum gas adsorption amount. In the theory study, the 
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structure features and diffusion of methane on pure minerals (quartz) from the 

microcosmic view using molecular simulation methods. The results show that methane 

absorption belongs to the physical adsorption process in each simulation, and the van der 

Waals (vdw) term energy supports the main energy in the adsorption system; the 

methane density and diffusion in the quartz pores have strong relationship with 

temperature, pore size, pressure and water content.  
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CHAPTER 1 

INTRODUCTION 

1.1 The Study of the Adsorption Theory 

According to the previous report (Gregg and Sing 1982), adsorption was introduced 

by Gregg and Sing to describe the accumulation of molecules at the surface of the 

adsorbent which creates a film of adsorbate due to surface energy minimization on the 

surface of the material. Adsorption can be divided into two types that depend on the 

nature of force existing between adsorbent and adsorbate molecules: (a) physical 

adsorption and (b) chemical adsorption. For physical adsorption, the Vander Waal’s force 

has an effect on the adsorbate and the adsorbent. The adsorption can be easily reversed by 

heating due to the weakness of the force of attraction between the adsorbate and the 

adsorbent in physical adsorption. However, adsorption is difficult to be reversed in the 

chemical adsorption, because the force of adsorption between the adsorbate and the 

adsorbent are almost the same strength as chemical bonds. Several factors affect the 

adsorption, including the nature of the adsorbate and adsorbent and the surface area of the 

adsorbent and environment factors (pressure, temperature, etc.). In this study, the 

adsorption function is generally used to demonstrate the adsorption characteristics of a 

fixed adsorbate to a fixed adsorbent. The isothermal function is presented: 

               , 

or 

                        (1.1) 
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Scholars measured the relationship between the adsorption amount and concentration or 

pressure under a fixed equilibrium temperature: 

        ,             

                       (1.2) 

In recent years, many researchers and engineers have paid more attention to gas 

isothermal adsorption experiments in reservoir media with the incensement of Coalbed 

gas, shale gas, and tight oil/gas reservoirs. In these gases–solids isothermal adsorption 

experiments, the adsorbent is solid. On the surface of the solid, adsorption occurs and the 

gas is the adsorbate. According to a previous study (Sing et al. 1985), there are six types 

of common adsorption isotherms, which present the different adsorbent surface properties 

and pore properties, as shown in Figure 1 (Balbuena and Gubbins 1992). From the above 

figure, we can see that there is a simple description for each classification in terms of 

pore size. For the larger than 50nm pore size, the pores are called macropores. The widths 

of mesopores range from 2nm to 50nm while the width of micropores is less than 2nm. 

  



 

3 

 

 

 
 

Figure 1.The IUPAC(International Union of Pure and Applied Chemistry) 

classification of adsorption isotherms(Balbuena and Gubbins 1992). 
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1.2 Problem Statement 

Recently, the “EIA’s International Energy Outlook 2017” (Energy Information 

Administration ([EIA], 2017) was launched by the U.S. Energy Information 

Administration. The report presented an assessment of energy demand in China from 

2015 to 2040. The prediction displayed that conventional resources production stayed 

mostly at the same level, while unconventional resources experienced a large growth. 

Especially, domestic shale gas plays an important role in supplying gas resources (e.g. the 

production growth is projected to increase from 2% in 2015 to 33% in 2040), indicating 

that domestic shale gas reservoirs will be gradually focused on to explore and develop in 

China in those years (EIA 2017). shale gas reservoirs that are different from the 

conventional gas reservoirs have poor quality. Therefore, some of the assumed 

mechanisms in the conventional reservoirs are not any more appropriate. For instance, the 

researcher should take the effect of the surface into consideration in shale gas reservoirs. 

Based on the above consideration, many scholars have carried out gas isothermal 

adsorption experiments in reservoir media. The main target of the gas isothermal 

adsorption experiment is to find the significant theory and instructions to explore and 

develop the shale gas reservoir. 

Recently, many researchers have conducted isothermal adsorption experiments to 

observe the methane adsorption behaviours of organic-rich and inorganic shales. For 

example, some researchers examined the methane adsorption capacity of different 

formations through gas isothermal adsorption experiments and discussed relative 

influence determinants such as temperatures, pressures, and water content (Gasparik et al. 

2014a; Ross and Marc Bustin 2009; Rexer et al. 2013; Hou et al. 2014). These research 
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studies are aimed at studying the impacts of the TOC (total organic carbon) content and 

clay minerals on the methane adsorption behaviours. Some isothermal experiments on 

pure minerals (quartz, chlorite, etc) were conducted to evaluate the methane adsorption 

capacity of these pure materials. Some reports presented isothermal adsorption 

experiments on pure clay minerals (illite, chlorite, etc), clay-rich rocks, or pure quartz to 

investigate the gas adsorption behaviours, and they have some discussions on influence 

factors such as temperature, pressure, and sample size (Ji et al. 2012; Liu et al. 2013; Fan 

et al. 2014). 

Other researchers carried out the isothermal experiments about the methane 

adsorption behaviours on different types of kerogen and illustrated the influence of  

environment factors such as pressure, and water moisture (Liang et al. 2016; Liu et al. 

2015; Zhang et al. 2011). A theoretical research approach has been launched in the past 

few years to study the structural properties of gas on the adsorbents through molecular 

simulation methods. Some reports presented the adsorption behaviours and structural 

properties of natural gas on organic-rich shales that were obtained by using the GCMC 

and MD methods ( Liu et al. 2015; Liu and Wilcox 2012; Ambrose et al. 2012). Also, 

some researchers investigated the adsorption behaviours and transport properties of 

natural gas on pure minerals pores through the GCMC and MD methods and had some 

discussion on environmental influence factors (Jin and Firoozabadi 2014b; Cygan et al. 

2012). The adsorption behaviour of methane and ethane in montmorillonite and illite 

pores were carried out by using the computer simulation method (Jin and Firoozabadi 

2014b; Cygan et al. 2012). From the above studies, the experiments and theoretical 

research approaches provide some knowledge about the adsorption behaviours of an 
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adsorbate on an adsorbent. However, there have not been enough studies to present 

comprehensively study on the adsorption behaviours of natural gas on the shales sample 

with residual liquid hydrocarbons and the structural and dynamical properties on isolated 

pure minerals from shale gas reservoirs using the GCMC (Grand canonical Monte Carlo 

program) and MD (Molecular Dynamic) methods. 

1.3 Scope and Objectives of this Work 

The mission of this paper is to investigate the adsorption behaviours of methane on 

samples with liquid hydrocarbons from the Zhangjia Tan area in the southeast Ordos 

Basin by using isothermal experiments and comprehensively considering environmental 

factors to reflect the adsorption mechanism and diffusion of methane on quartz from the 

microcosmic view through the Grand canonical Monte carlo and Molecular Dynamic 

methods. We investigate the adsorption characteristics of inorganic shales from the 

Zhangjiang Tan shale formation and discuss influence factors such as mineral 

composition, organic matters, liquid hydrocarbon and temperature. In addition, we find 

that it mainly includes quartz and clay mineral in zhangjia Tan shale formation, and the 

quartz content is up to 45.6%. Xiong et al comprehensively considered environmental 

factors observe the adsorption behaviors of methane on quartz from the macro-cosmic 

level (Xiong et al. 2016). However, using the micro-cosmic level way to study the 

structure and diffusion on quartz is not carried out. Therefore, the structural and 

dynamical properties on quartz are studied using the molecular simulation method. It was 

expected that the paper results might give a valuable theoretical basis and instructional 

guidance for the exploration of shale gas reservoirs. 
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1.4 Organization of the Dissertation 

 This thesis is illustrated in four chapters. Chapter 1 provides a simple background 

of the adsorption theory together with a problem statement and the research objectives. 

Chapter 2 describes the details of the methane adsorption experiment on the samples with 

residual liquid hydrocarbons under certain pressures and temperatures, including 

descriptions of the main experimental apparatus, details of the experiment samples, and 

presentation of the experiment methodology. In addition, the results of methane 

adsorption are analyzed, and the influence factors on the gas adsorption capacity are 

discussed. Chapter 3 presents the investigation of structural and dynamical properties in 

slit-like quartz pores using molecular simulation. It comprehensively discusses the 

impacts of temperature, pressure, pore sizes, and water moisture on the adsorption 

structure and diffusion of methane on quartz from the microcosmic view. Finally, Chapter 

4 displays the major conclusion of this work and the research trend for further study in 

this field.  
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CHAPTER2 

EXPERIMENTAL STUDY ON THE ADSORPTION  

CHARACTERISTICS OF METHANE ADSORPTION IN 

 THE YANCHANG FORMATION, ORDOS BASIN, CHINA 

2.1Introduction 

Shale gas is one of the unconventional oil and gas reservoirs, which are an important 

energy supplement in the world. In 2013, an assessment of 137 shale formation and 95 

shale basins in 41 countries was launched by the U.S. DOE’S Energy Information 

Administration (EIA). The report evaluated the total risked shale gas resources at 35782 

Tcf (trillion cubic feet) in these countries and 7795 Tcf belongs to risked technically 

recoverable shale gas resources (Administration 2013), indicating that there is a huge 

development potential of shale gas resources in the world. In 2012, the Ministry of Land 

and Resources of the People’s Republic of China estimated the reservoir gas resources at 

134×10
12

m
3
 in China and 19.9×10

12
m

3
 in the southeast Ordos Basin, which means there 

is a great exploration potential of shale gas resources (MLR,2012). There are several sets 

of formations in the Ordos Basin, which include the middle Jurassic and Zhiluo 

Formation, Lower Jurassic Yanan Formation, Upper Triassic Yanchang Formation, 

Carboniferous Benxi Formation, and Permian Shanxi Formation (Duan et al. 2008; Ding 

et al. 2013). According to a report by Liu et al.(2013), the shale gas resources are 

estimated at 1.8202 trillion m
3 

in the Yanchang Formation in the Ordos Basin, which 

suggests that there are rich shale gas resources to explore in this area (Y. Liu, W. Zhou 

2013). 
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Unlike conventional reservoirs, three types of gas exist in shale gas reservoirs, 

including adsorbed gas, free gas, and dissolved gas. In 2002, Curtis presented a survey 

related to the geological, geochemical, and reservoirs parameters for five shale gas 

systems in the United States, suggesting that the adsorbed gas ranges from 20 to 85% in 

shale reservoirs. Therefore, it is significant to study the adsorption characteristics of 

methane in shale to evaluate shale gas resources. Two factors influence the methane 

adsorption capacity, which are environmental factors (temperature, pressure, and 

moisture, etc.) and the chemical and physical properties of shale such as mineralogical 

compositions, porosity, fracture types, etc. According to previous studies ( Liu et al. 2015; 

Xiong et al. 2015), we found that the organic-rich shales are composed of organic matter 

and inorganic matter. The compositions of inorganic matter mainly include clay minerals 

and non-clay minerals. Therefore, it is important for organic matter and mineral 

components to investigate the methane adsorption behaviours on shale. 

In recent years, several experiments have studied shale gas reservoir characterization 

to evaluate the exploration potential of shale gas resources. Some researchers conducted a 

set of experiments to investigate the shale gas reservoir properties of the rock that 

influence the gas adsorption capacity. In 2011, Chen et al. conducted a methane 

adsorption experiment for 10 different depth samples that came from the Longmaxi 

Formation shale. The experiment found that an increase in maturity causes an increase in 

methane adsorption capacity under pressure and that a higher organic matter content 

(TOC) positively facilitates methane adsorption (Chen et al. 2011). Zhang et al (2012) 

studied the effects of TOC and thermal maturity shale on gas adsorption capacity, and 

suggested that a higher TOC has a positive impact on the methane adsorption and that the 
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gas adsorption capacity increases with increased thermal maturity. Zhou, Xue, Ning, Guo, 

and Zhang(2018) conducted a gravimetric isothermal adsorption experiment for 

Longmaxi shale under high pressure, suggesting that the TOC and the specific surface 

area of the micropore are main factors that impact the methane adsorption capacity (Zhou 

et al. 2018). The fractal dimension has a positive relationship to the gas adsorption. The 

increase in the methane adsorption capacity with the larger fractal dimension is because 

the larger fractal dimension can provide a higher number of adsorption sites for gas 

accumulation on the surface (Yang et al. 2014). Also, Laing et al. studied the 

mineralogical, microstructural, and physiochemical characteristics of organic rich shale in 

the Sichuan Basin of China. The researchers indicated that there is a higher TOC content, 

which causes a larger fractal dimension, which can cause gas adsorption sites to have a 

greater adsorption capacity (Liang et al. 2015). Many research studies on pure minerals 

(illite, chlorite, etc) evaluate the methane adsorption capacity of pure minerals by using 

gas isothermal adsorption experiments and discuss environmental factors in terms of 

temperature, pressure, and sample size. Xiong, Liu, Liang, and Zeng (2017b) investigated 

the difference in the methane adsorption capacity between kerogen and pure minerals, 

and they found that the methane adsorption capacity of pure minerals is lower than that of 

kerogen in organic-rich shale. Using gas isothermal adsorption experiments, they 

discussed the methane capacity in pure minerals pores (organic pores, clay mineral pores 

and quartz pores) and suggested the methane adsorption capacity in the organic pores is 

higher than that in other pure minerals pores, and the gas adsorption capacity in the 

quartz pores is minimum. Some researchers investigated the methane adsorption 

behaviors of different types of clay minerals using adsorption isothermal experiments. 
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The results cannot reflect the difference of methane adsorption capacity among different 

clay minerals. Ross and Marc Bustin (2009) investigated the methane adsorption capacity 

on the clay minerals (illite，kaolinite，montmorillonite), which presented that the 

maximum of gas adsorption capacity on illite and the minimum of gas adsorption 

capacity on montmorillonite. Ji el al.(2012) demonstrated that different minerals have a 

significant influence on the methane adsorption capacity, suggest that the 

montmorillonite has a larger influence on the gas adsorption capacity than that on other 

minerals, and the quartz has weak impact on the gas adsorption (Ji et al. 2012). Other 

researchers studied that the methane adsorption capacity on clay minerals 

(montmorillonite, kaolinite and illite), suggesting that the maximum of gas adsorption 

capacity on montmorillonite and the minimum of gas adsorption capacity on illite (Liu et 

al. 2013). Other studies conducted methane isothermal adsorption experiments on 

organic-rich shales for different reservoirs formations to observe the methane adsorption 

behaviours and discussed the environmental influences factors (Yang et al. 2014; Hou et 

al. 2014). For example, a GASH project that aimed to obtain a set of adsorption data for 

European black shale was launched by Gasparik et al. in 2013 and showed that the 

sorption capacity of dry samples increased by 40 to 60% compared to 

moisture-equilibrated samples, because some sorption sites are occupied by water 

molecules (Gasparik et al. 2014a). 

In this study, we investigated the adsorption characteristics of inorganic rich shale 

from the Zhangjia Tan shale formation in the southeast Ordos Basin by scanning electron 

microscope (SEM) observation and an isothermal adsorption experiment. Meanwhile, 

some factors that have an influence on methane adsorption capacity are discussed. It is 
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anticipated that experimental results might supply valuable instructional significance for 

the exploration and development of the Zhangjia Tan shale formation reservoirs in the 

southeast Ordos Basin. 

2.2Experimental Apparatus 

In this study, the experimental apparatus that is mainly used is PCTPro, which is 

used to measure gas adsorption. The PCTPro is a fully automated instrument the 

maximum operating pressure 200bar used to study the CCS (Carbon Capture and 

Sequestion), methane adsorption onto geological substrates, and porous solids 

characterization. For this instrument, several highlights include incomparable versatility; 

a wide range of temperature (-260         ; a large variety of samples; and portable 

equipment that is combined with other characterization techniques (x-ray, neutron 

diffraction, and calorimetry). This equipment is based on Sievert’s method, which can be 

seen in Figure 2.1. The reservoir sample, which has a known pressure and volume, is 

connected to a reservoir of known volume and pressure through an isolation valve. When 

the valve is opened, a new equilibrium needs to be established, and the difference in the 

actual measured pressure versus calculated pressure determines the gas adsorption. The 

vaccum is to remove the impurity gas before starting the gas isothermal experiments. 
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Figure 2.1.Principle of Sievert's method. 
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2.3Experimental Samples 

In this work, core samples were gathered from several shale gas wells in the Zhangjia 

Tan area, which is located in the southeast Ordos Basin. The sample number, depths, 

temperature, pressure, and well name are displayed in Table 2.1. The samples that belong 

to the Well 8, Well 91, and Well 1 are pure shale and the samples in Well 5and Well 6 are 

siltstone shale. The sample in Well 4 is slity chiltern shale. The dominant minerals in 

these shale samples are quartz and clay minerals. The quartz contents are between 27.8% 

and 45.6%, and the clay mineral composition range from 27.6% to 45.4%. The above 

results can be attained through x-ray diffraction (XRD) analysis with an X`Pert PRO 

based on the Chinese Oil and Gas Industry Standard SY/T5983-1994 and 

SY/T5163-1995. This work used a LECO CS 230 carbon/sulfur analyzer to estimate the 

TOC content following the Chinese National Standard GB/T19145-2003. It shows that 

the TOC content for these shale samples ranges from 1.56% to 9.74 %, which can be seen 

in Table 2.1. 
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Table 2.1 

Geological and Reservoir Parameters for the Shale Samples 

Sample 

Number 
Well Name Depth(m) 

TOC 

(WT %) 
S1(mg/g) 

Total 

Porosity 

(%) 

Reservoir 

Pressure 

(MPa) 

Reservoir 

Temperat

ure 

(°C) 

1 Well 8 1519.91 5.46 2.68 4.01 15 59 

2 Well 91 1402.33 9.74 1.96 3.67 14 55 

3 Well 1 1500.9 5.79 2.69 4.05 15 58 

4 Well 7 1308.11 4.65 3.12 6.81 13 52 

5 Well 22 1363.04 1.56 1.59 4.60 14 54 

6 Well 22 1353.54 3.55 5.30 3.55 14 53 
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2.4Experimental Methodology 

2.4.1 Experimental Procedures 

To investigate the adsorption characteristics of Zhangjia Tan shale, relatively 

complete experimental studies were conducted, including gas desorption study for shale 

core samples, the microstructure study of shale samples, and methane adsorption 

experimental study. 

It is significant to predict the gas content of a core in the field for evaluating the 

gas-bearing property of the shale. The drilled core plugs are put into a sealed analytical 

bank immediately after the core is pulled out, and the shale gas naturally undergoes 

desorption in the analytical bank. When the recorded volume of the gas no longer 

changes after 50 days from the time the measurement begins, the sample is broken in a 

vacuum seal. In the vacuum, the sample continues to degas for a period of time and the 

amount of gas is recorded. After that, the core is weighed and the analytical gas quantity 

of the unit mass of rock is obtained. According to the recorded result, it is clear that the 

main variation of gas content in the Zhangjia Tan shale is between 0.2 and 2.4ml/g with a 

mean value of 1.30ml/g. Based on consideration of the real process of the drilling core to 

remove the core into a sealed tank, there are a large number of natural gas emissions. 

Therefore, the actual shale gas content is greater than the recorded gas content. 
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To observe the occurrence state of shale gas in the Zhangjia Tan shale samples, a 

polarizing microscope, fluorescence microscope, scanning electron microscope (SEM), 

and energy spectrum analysis technology are utilized. To prepare the shale samples, argon 

ion polishing was performed to obtain a mirror surface that is better to observe pore 

volume types and microstructures. The argon ion polishing can also avoid damage caused 

by the normal polishing technique. In this investigation, we find that a large number of 

liquid hydrocarbons exist in granular pores, dissolution pores, and cracks in the Zhangjia 

Tan shale. The SEM imaging of the micro-structures of shale samples are presented in 

Figures 2.2–2.5. As shown in Figure 2.2, we can observe the development of oil and 

luster drop balls near the granular pores and dissolution pores of the shale. Meanwhile, 

the energy spectrum analysis shows that the content of carbon is very high while the 

percentage of carbon element weight is 70.40% (presumably free oil droplets). In the 

pore network formed by the dissolution pores, there are a large number of liquid 

hydrocarbons in the pores, which can be seen in Figure 2.3. Also, a large number of 

liquid hydrocarbons exist in the inter-granular pores of some secondary mineral 

aggregates. As shown in Figure 2.4a, which is an image of the inter-granular pores of 

pyrite aggregate, the EDS energy spectrum results show that the percentage of carbon 

weight is 44.35% (Figure 2.4c). Based on the EDS spectrum analysis technique, which is 

used to detect the surface of some clay minerals observation, the content of the weight of 

carbon elements is determined to be 10% to 40%. From Figure 2.4d, we see that the 

content of carbon elements is 15.15%, indicating that some liquid hydrocarbons may be 

adsorbed on the surface of clay minerals. Figure 2.5 presents the SEM image of the 

microstructures of micropore shale, and shows that there is no more cementation and 
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liquid hydrocarbon in the micropore. Thus, it becomes an important space for free gas 

occurrence in the micropore. 

From the above study, we find that a large number of micropores and small pores 

develop in the organic and clay minerals in the shale, which may absorb a large amount 

of shale gas. Therefore, there are three forms of gas (free gas, adsorbed gas, and dissolved 

gas) in the Yanchang formation shale. 
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Figure 2.2. (a)The SEM image of the shale, which shows the oil and luster drop balls, 

and (b|) the energy spectrum analysis results. 
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Figure 2.3. (a) The SEM image of the shale, which shows a large number of 

liquid hydrocarbons, and (b) the energy spectrum analysis results. 
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Figure 2.4.(a) The SEM image of the inter-granular pores of pyrite aggregate; (b) the 

SEM image of clay minerals which have liquid hydrocarbons; and (c) and (d) the energy 

spectrum analysis results. 
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Figure 2.5.The SEM image of the microstructures of the micropore shale. 
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The methane adsorption experiments are carried out at certain temperature and 

pressure using Sievert’s method and using a PCTPro gas adsorption instrument with 

500°C maximum temperature and 200bar maximum pressure, which performs a highly 

automated gas adsorption measurement. In this study, less than 80 mesh size grains are 

attained by crushing the shale samples. The shale samples were dried at 60°C for 24 

hours by putting them into the oven before the methane adsorption experiment for the dry 

sample. In the isotherm adsorption process, helium gas was the medium to acquire the 

volume of the shale samples with residual oil, and the acquired adsorption volume was 

converted to the volume of gas under the standard condition (0  C, 101.325kPa). 

Meanwhile, the adsorption experiment was conducted, of which the measured pressure 

ranged from 0 to 12 MPa at 50°C. 

2.4.2 Physical Quantity Calculation 

2.4.2.1 Adsorption Potential Theory Calculation 

According to a previous report (Manes and Lawrence J E Hofer 1969), the 

adsorption potential theory suggests that the main adsorption force between a gas and a 

solid is the dispersion force, and it is not relative to the temperature. Thus, the adsorption 

potential is also not dependent on the temperature. The distribution curve of the 

adsorption potential by adsorption space is unique, and the curve is known as the 

adsorption characteristic curve. The adsorption of the methane process in shale is a 

physical adsorption process. Therefore, the theory of adsorption potential can be used in 

the study of the adsorption mechanism. Because the relationship between gas adsorption 

volume and adsorption potential is unique under different temperatures, we can use this 

principle to calculate other gas adsorption processes at different temperatures according 



 

24 

 

to the gas adsorption process at a known temperature. The method of obtaining the 

characteristic curve of adsorption is as follows (Manes and L. J.E. Hofer 1969): 

        
   

 

  

  
        

  

  
       (2-1) 

where   is the adsorption potential (J/mol); R is the gas constant, the value is 

8.3144J/(mol K); TO is the thermodynamic temperature (K); P is pressure (MPa); Pi is the 

equilibrium pressure of methane; and p0 is the saturation vapour pressure of the methane. 

The saturation vapour pressure of the methane loses its corresponding physical 

meaning because of methane adsorption in the shale above supercritical conditions. In 

this work, the empirical equations are established at supercritical conditions by Dubinin 

(Kuhn 1967): 

       
 

  
   .         (2-2) 

where pc is the critical pressure of methane (4.62 MPa);   is the methane critical 

temperature (196.06K);and k is a coefficient, which ranges from 2 to 4,involved in the 

adsorption system. Therefore, Equation (2-1) can be presented as: 

   
  

 

  

  
       

  

  
       (2-3) 

The adsorption phase volume is defined as the adsorption site for methane at a 

certain temperature and pressure in shale, and a calculation formula is employed: 

       
 

        
        (2-4) 

where    is the adsorption phase volume (mol/g);      is the actual methane 

adsorption amount (mol/g); M is the gas molecule weight (g/mol); and     is the gas 

adsorption phase density (g/mol). 
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The gas adsorption phase density can be employed using an empirical equation 

(Ambrose et al. 2010): 

   =
   

   
           (2-5) 

where R is the gas constant which is 8.3144J/(mol·K). 

2.4.2.2 Gas Adsorption Calculation 

Adsorption is defined as molecules accumulating at the surface of an adsorbent 

which creates a film of adsorbate because of surface energy minimization on the surface 

of the material (Gregg and Sing 1982). Generally, the adsorption involves a physical and 

chemical process. In this work, the adsorption process belongs to the physical process 

because of the adsorption of methane in shale under supercritical conditions. The 

adsorption process of methane in shale is commonly described by the Langmuir model. 

The Langmuir model belongs to the physical adsorption model of the monolayer 

adsorption theory, which presents the relationship between gas molecules on the surface 

of a solid and measured pressure at a certain temperature (Xiong et al. 2017c). 

    
   

    
          (2-6) 

where       the methane excess adsorption capacity at the equilibrium pressure, cm
3
/g; 

   is the Langmuir pressure, MPa; and    is the Langmuir volume, cm
3
/g. 

According to a previous report (Xiong et al., 2015), the excess adsorption capacity is 

equal to absolute adsorption capacity below the gas critical temperature in the isotherm 

experiment. However, when the temperature is above the gas critical temperature in the 

isotherm experiment, the excess adsorption capacity is not equal to the absolute 

adsorption capacity. In this study, the gas adsorption capacity tested in the isotherm 

experiment is the excess adsorption capacity because of the consequence of gas 



 

26 

 

adsorption in shale under supercritical conditions. Based on Gibbs’ definition, we can use 

Figure 2.6 to present the relationship between the excess adsorption amount and the 

absolute adsorption amount. The area of a in the figure exhibits the excess adsorption 

amount and the total region of a and b shows the absolute adsorption amount (Xiong, 

2017). Because the adsorption phase volume, which is shown by the area of c, cannot be 

taken into account in the actual measurement in the experiment, the gas adsorption 

capacity tested in the isotherm experiment is the excess adsorption capacity, and the real 

adsorption capacity is the absolute adsorption. In previous papers (Tian et al. 2016; 

Ambrose et al. 2010), the relations between excess adsorption capacity and absolute 

adsorption capacity could be employed in non-liquid hydrocarbon samples by Equations 

(2-7) and (2-8): 

            
  

   
 )         (2-7) 

   
  

  
            (2-8) 

where     is the excess adsorption amount, cm
3
/g; P is the equilibrium pressure, 

MPa;    is the free gas phase density, g/cm
3
; and     is the adsorbed phase density, 

g/cm
3
.
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Figure 2.6. Schematic representations of the excess adsorption amount and absolute 

adsorption amount(Xiong et al. 2017c). 
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The absolute adsorption capacity of methane in the isotherm experiment through the 

samples that do not have liquid hydrocarbons cannot directly reflect the shale adsorption 

capacity under formation conditions, so it is significant to obtain the absolute adsorption 

capacity of liquid hydrocarbon samples. However, the gas adsorption capacity of 

non-extracted liquid hydrocarbon samples is commonly affected by the dissolution, and 

the measurement of the absolute adsorption capacity for the liquid hydrocarbon samples 

could not follow the above methods. For the samples containing liquid hydrocarbons, it is 

important to attain the capacity of dissolved gas and excess adsorption amount in the 

isotherm experiment to obtain the absolute adsorption capacity. However, it is difficult to 

effectively separate dissolved gas in the high-pressure adsorption experiment by 

experimental analysis. To solve this problem, the excess adsorption capacity of methane 

is calculated by using pore structure data based on methane adsorption phase density. 

Meanwhile, the absolute adsorption gas amount and dissolved gas content of liquid 

hydrocarbon samples are also calculated. 

(1) Introduction of method using pore structure data  

According to previous studies (Ambrose et al. 2010; Liu et al. 2015; Ma et al. 2015; 

Zhang et al. 2012; Huang et al. 2014), the method of achieving the methane adsorption 

amount is to obtain the pore volume distribution by gas density combined with pore 

structure test data. However, in the real calculation process, the pore shape of the 

micropore is usually assumed by the slit pore model. In this model, the slit pore has a 

parallel geometric form, and the surface of the pore wall is homogeneous. Therefore, it 

can be considered that the pore size is the unique factor affecting the adsorption capacity 
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of the adsorbate under certain temperature and pressure conditions. The isothermal 

adsorption curve of the sample is commonly described as: 

                     
 

 
         (2-9) 

where    is the pore size, which is the distance of the pore size; P is the methane gas 

pressure; and         is the pore size of the isothermal adsorption curve, which is 

usually mol/g or mmol/g;  

From the above equation, we can see that         could ble understood as the pore 

size and is the pressure of P adsorbed methane density; and f (  ) is the aperture function, 

which is a physical measurement meaning that the integration of           is equal to 

the total volume of the adsorbate unit slit pore quality. In practical work, the integral pore 

volume data are often based on the pore size and was divided into several sections, and 

the gas phase density         under different pressures for different pore sizes through 

molecular simulation at fixed temperature can be obtained. Based on the above 

simulation results, the methane isothermal adsorption curve of samples can be calculated. 

(2) Verification of method using pore structure data in this study 

In this work, the feasibility of using the pore structure data test method to test the 

shale samples in this study area is based on the previous simulation results (Ambrose et al. 

2010). In order to avoid the effect of liquid hydrocarbon dissolved gas on the test results, 

we choose the data of methane isothermal adsorption for no liquid hydrocarbon shale 

samples for analysis and verification. Ambrose et al. suggest that the larger 15nm pore 

size organic matter for methane adsorption capacity is very weak, which is negligible. As 

is well known, the molecular diameter of methane is 0.38nm, so we chose the pore size 

distribution range of 0.38nm to 15nm to divide into different pore sections, which is 
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shown in Figure 2.7. The gas adsorption density curve of pores size is equivalent to the 

adsorption capacity of the corresponding pores. Based on Equation (2-4) and Equation 

(2-5), we get the excess and absolute isothermal adsorption curve of the samples at 25 . 

Next, we use Equation (2-1) to obtain the excess and absolute isothermal adsorption 

curves of the samples at an experimental temperature which is 50 , which can be seen in 

Figure 2.7. As shown in Figure 2.7, we can see that there is a good consistency between 

the theoretical excess adsorption gas and the measured excess adsorption gas, and when 

the pressure is above 4MPa, the degree of agreement between the two isothermal 

adsorption curves is higher. The single point error is generally less than 5%, and the error 

between the theoretical calculation of absolute adsorption capacity and the measured 

absolute adsorption amount under the maximum pressure of 9 and 12MPa is 1~5%. The 

above results show that the adsorption capacity of methane calculated by pore structure 

parameters is reliable. 
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Figure 2.7. Pore distribution of shale for the calculation interval in the range of 

0.3-15nm. 
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(a) 

 

 
(b) 

 

Figure 2.8.The excess and absolute adsorption isotherm of methane from both the 

calculation and the experiment without liquid hydrocarbons. 
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(2) Dissolved gas in measured adsorption data 

Some liquid hydrocarbons exist in the shale formation due to the low maturity of the 

Yanchang Formation shale. Therefore, the isothermal measured adsorption gas amount of 

shale samples without oil washing actually consists of two parts: (a) the amount of shale 

adsorbed gas, and (b) the amount of gas dissolved in liquid hydrocarbons. Theoretically, 

the difference between the isothermal absorption curve obtained by the methane 

adsorption test and the theoretical excess adsorption curve calculated by the calculation 

of pore volume without liquid hydrocarbons is the realistic dissolved gas content of the 

sample in the experiment, and the variation of dissolved gas with pressure should 

conform to Henry's law. 

Based on the above method, we obtain the curve of the dissolved gas content with 

pressure, which can be seen in Figure 2.9. We find that the dissolved gas volume 

increases linearly with the pressure, especially above 4MPa, with a high linearity, which 

conforms to the dissolution mechanism described by Henry's law（       ）. This 

result shows that the above method is feasible for correcting the adsorption test quantity 

of a liquid hydrocarbon sample. 
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Figure 2.9. Dissolved gas amount for samples with liquid hydrocarbons. 
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2.4.2.3 Calculation of Dissolved Gas and Free Gas Amount in Underground 

Conditions  

Water and liquid hydrocarbons exist in the shale formation pores in the underground 

condition. In this work, only the solution of liquid hydrocarbons in shale to methane gas 

is considered because of the low solubility of water to natural gas. In this work, the 

estimation method of dissolved gas in crude oil is performed using the following 

equations (Vasquez, M and Beggs, H.D, 1980): 

         
           

  
                  （2-10） 

                                               （2-11） 

where   is the dissolved GOR, scf/STB;    is the oil gravity, °API; T is the 

temperature,      ;     is the gas gravity (air=1) that would result from the separator 

conditions of 100 psig;     is the gas gravity obtained at the separator conditions of P 

and T;    is the actual separator temperature,      ;    is the actual separator pressure, 

Pisa; and                        (the values of which are listed in Table 2.2). 

The volume of liquid hydrocarbons in the pore is predicted by the following equations: 

                
                    (2-12) 

                  (2-13) 

where       the volume of liquid hydrocarbons in slit pores, cm³/g;    is the pyrolysis 

parameter of movable liquid hydrocarbons, and mg/g;    is the methane dissolve gas, 

cm³/g. 

In slit pores in a shale formation, the volume of free gas in the pores is not only 

affected by liquid hydrocarbons and water, but also by the volume of adsorbed gas. On 
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the basis of considering the volume of adsorbed gas, a formula for calculating the content 

of free methane gas has been established in this study. 
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Table 2.2  

Values for the Coefficients 

 

  
Coefficients   ≦30   ＞30 

C1 0.0362 0.0178 

C2 1.0937 1.1870 

C3 25.7240 23.9310 
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                                 (2-14) 

                        (2-15) 

where   is the water saturation, dimensionless;    is the effective porosity, 

dimensionless;    is the volume density of the shale, g/cm3;     is the original oil 

volume factor, dimensionless;    is the gas formation volume factor, 

dimensionless;        the standard pressure at ground, MPa;   is the reservoir 

temperature, K;    is the formation pressure, MPa; and v is the adsorption volume, 

cm
3
/g. 
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2.5Experimental Results and Discussions 

2.5.1. Adsorption Behaviour of Methane for Samples with Liquid 

Hydrocarbons 

The total adsorption amount, which includes the real adsorption amount and 

dissolved gas amount for samples with liquid hydrocarbons, can be obtained directly 

from the gas adsorption isothermal experiment, which can be seen in Figure 2.10. As 

shown in Figure 2.10, the measured total adsorption amounts of Samples 5 and 6 

increases with the pressure increase. In other words, there is a linear increasing curve of 

isothermal adsorption. However, the total adsorption amounts of other samples rapidly 

increase with increasing pressure, and when it reaches a larger pressure range, the gas 

adsorption capacity increase rate decreases and then tends to be stable. In other words, 

the absorption curves of other samples are similar to morphology and the IUPAC 

classification type I adsorption curve (Sing et al. 1985). According to the previous report 

(Xiong et al. 2017c), the absolute adsorption amount could directly reflect the realistic 

adsorption. Therefore, the measured adsorption amount needs to be converted into the 

absolute adsorption amount by using the pore structure data test method to test the shale 

samples with liquid hydrocarbons based on simulation results. From Figure 2.10, it is 

clear that the realistic adsorption amount increases and then keeps at the same level with 

the increased pressure. Also, Figure 2.10 shows that the proportion of dissolved gas 

increases with the increase of pressure. When the pressure is 12MPa, the amount of 

dissolved methane in shale from Sample 1 to Sample 4 accounts for 25%, 14%, 33%, and 

32% of the gas volume of the adsorption test experiments, respectively, and the amount in 

the fifth and sixth samples is 92% and 95%, respectively. Accordingly, Samples 5 and 6 
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have a large amount of dissolved gas and the adsorption behaviour of Samples 5 and 6 

belong to the mechanism of dissolved gas. The reason for this phenomenon may be that 

the two samples are comprised of a silty grain layer, and their adsorption capacity of 

methane is not strong because of the relatively low micropore volume content. The 

phenomenon confirms the previous understanding of the adsorption mechanism that the 

development of micropores in the sample determines its adsorption capacity. Also, it is 

pointed out that the sample containing liquid hydrocarbons also dissolves gas in a 

methane high pressure adsorption test, and the dissolved gas content has a significant 

influence on the test results for the samples with liquid hydrocarbons. 
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Figure 2.10.Measured adsorption amount, absolute amount, and 

dissolved gas amount for six samples with liquid hydrocarbons at 50°C. 
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2.5.2. Conditions of the Formation of Adsorbed Gas, Free Gas, and Dissolved 

Gas 

In this study, the amount of adsorbed gas can be calculated from the test samples 

under the conditions of temperature and pressure of the formation. Based on the above 

results, we can obtain the dissolved gas and free gas volume of shale, and then we can 

analyze the relative proportion of gases in different occurrence states in shale using the 

empirical estimation equation in the underground condition, which gives some basic 

guidance for the gas storage influencing factor and resource evaluation. 

The samples used in the study came from the Zhangjia Tan area in the southeast 

Ordos Basin. The local reservoir formation pressure depths are shown in Table 2.4, and 

the local surface temperature is about 10  . The geothermal gradient is about 10   

    . As shown in Figure 2.11, we can see the realistic methane capacity on the samples 

in the following order: Sample 2> Sample 3> Sample 4> Sample 1> Sample 5> Sample 6. 

This may be due to relative pore volume types. The absolute adsorption amount of 

methane increases with increasing pressure at certain temperatures. This trend is in line 

with the results attained for methane on bulk organic rich shale in different reservoirs by 

Zhang et al. (Zhang et al. 2012). The isotherms generated belong to Type 1 and the 

Langmuir equation, which, as can be seen in Equation (2-6), fit the isotherm curve 

extremely well. The Langmuir fitting parameters are presented in Table 2.3. From the 

table, the results of the Langmuir fitting parameters for different samples in different 

reservoirs in the southeast Ordos Basin can be seen, which show that the adsorption data 

of different samples with residual oil have an extreme fitting in accordance with the 

correlation coefficient (R
2
).  
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Figure 2.11. Absolute adsorption isotherms of methane for samples with liquid 

hydrocarbons under 50°C. 
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Table 2.3 

Fitting Parameters of Methane Isotherm in the Langmuir Equation 

Samples     cm
3
/g.   MPa R

2 

1 1.58  3.66  0.99962 

2 2.02  1.68  0.9998 

3 1.65  1.85  0.99988 

4 1.30  0.79  0.99909 

5 0.24 1.450  0.97989 

6 0.19  1.360  0.99045 
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The    of different samples that come from different reservoirs has a larger 

difference, displaying that there are significantly different in the gas adsorption capacity 

of samples based on the macroscopic view. The results of the gas adsorption amount 

generated using an empirical estimation equation for shale samples in the underground 

condition are shown in Table 2.4. From this table, it is clear to see that the distribution of 

gas content of the Zhangjia Tan shale mainly ranges from 2 to 3.6 cm
3
/g in the 

underground condition. Its gas adsorption amount is greater than that of the Longmaxi 

shale in China (Zhang et al. 2012). However, its gas adsorption amount is lower 

compared to that in the North American shale gas reservoir. Thus, the gas content of the 

shale gas reservoir in the Zhangjia Tan area in China is in the middle level. Meanwhile, 

we find that the results in different samples of adsorbed gas, dissolved gas, and free gas 

volume and the proportion have a larger difference. In general, the dissolved gas amount 

is lower in the shale gas reservoir under conditions of formation. The mean dissolved gas 

account of Samples 1-4 accounts for 0.22 cm
3
/g in the shale formation and it accounts for 

8% of the total gas content. For Samples 5 and 6, which are siltstone, the mean dissolved 

gas account accounts for 22%, which is mainly caused by residual liquid hydrocarbon 

content. Also, we find that the free gas and absolute gas amounts play an important role 

in the shale gas reservoir. However, when the shale gas reservoir mineralogical 

composition is siltstone, there is a large amount of free gas in the shale formation, and the 

content of adsorption gas is relatively low. The distribution of free gas content in the 

shale in Samples 1-4 has a larger difference with that in the other shale in Samples 5 and 

6, which ranges from 0.92 ~2.11cm3/g and accounts for 45% of the total gas content. 

However, in the siltstone gas reservoir, the proportion of free gas is as high as 86%. The 
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distribution range of the adsorbed gas in shale (Samples1-4) is relatively concentrated, 

which is between 1.1 ~1.8cm
3
/g and accounts for 47% of the total gas amount, while in 

siltstone, the proportion of adsorbed gas is less than 10%. 
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Table 2.4  

Parameters of the Gas Adsorption Amount for Shale Samples in the Underground 

Condition 

 

  

Sample 1 2 3 4 5 6 

Lewis 
Barn

ett 

Long 

ma xi 
Well 

Name 
well# 8 

well#

91 
well#1 well#7 well#22 well#22 

Depth/m 1519.91 
1402.

33 
1500.9 

1308.1

1 
1363.04 1356.54 

914~

1829 

1981

~292

6 

1600~

4200 

TOC/ 

wt% 
5.46 9.74 5.79 4.65 1.56 3.55 

0.45~

2.5 
2~7 

1.6~3.

6 

Absolut

e 

Adsorpti

on 

Amount 

Content 

cm³/g 
1.10 1.80 1.39 1.22 0.19 0.17 

   

Proporti

on % 
43% 62% 50% 34% 8% 9% 

   

Dissolve

d Gas 

Conten

t cm³/g 
0.25 0.17 0.24 0.25 0.14 0.45 

   

Propor

tion% 
10% 6% 9% 7% 29% 22% 

   

Free 

Gas 

Conten

t cm³/g 
1.2 0.92 1.14 2.11 2.11 1.38 

   

Propor

tion% 
47% 32% 41% 59% 63% 69% 

   

Total 

Adsorpti

on 

Amount 

cm³/g 

 

2.55 2.89 2.77 3.58 2.44 2.00 
0.4~1

.3 
8~9 

1.73~3

.28 
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2.5.3 Analysis of the Influence Factors of Gas Content in Shale Gas 

2.5.3.1 Effects of Pore Structure 

Three types of pore structures are dependent on the pore size in porous media: (a) 

micropores, (b) mesopores, and (c) macropores. As we know, a fluid in different porous 

media has different migration mechanisms. In micropores, there is a strong gas 

adsorption because of collision between the gas molecules and the solid surface. When 

the pore size is higher than 50nm, the gas migration is dominated by viscous due to the 

contribution between molecules (Wu et al. 2015).The relation between the maximum 

adsorption capacity and pore volume that is the volume of micropores and mesopores is 

illustrated in Figure 2.12, showing that there is a extremely weak positive correlation for 

the samples with residual liquid hydrocarbon. It is clearly seen that the maximum 

Langmuir adsorption capacity increases with the increase of the pore volume both in the 

washed oil samples and the samples with liquid hydrocarbons. This may explain how the 

pore volume of the organic-rich Yanchang Formation shale and the specific surface area 

have a significant positive relationship (R2=0.9859), suggesting an increase in the pore 

volume with the increase of the certain surface area, which can be seen in the previous 

report (X. Liu et al. 2015), and the gas adsorption capacity and the specific surface area 

have a positive correlation in the volume of microepores and mesopores, which is shown 

in a previous study (Yingjie et al. 2015a). Therefore, there is a positive relationship 

between the gas adsorption and 0.38nm-15nm pore volume, suggesting that the 

increasing pore volume facilitates gas adsorption. Also, we have used the secondary 

electron imaging capacity of a field emission scanning electron microscope (FE-SEM) to 

detect some micro-fractures in shale samples, which is shown in Figure 2.5. From that 
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figure, we see that the pore structure diameter ranges from 10nm to 1um, which means its 

pore structure belong to macropores (>50nm). Therefore, the gas content has dissolved 

gas, adsorption gas, and free gas in the macropores with liquid hydrocarbons, and the 

adsorption gas content of the samples with liquid hydrocarbons is relatively lower than 

that of the samples without liquid hydrocarbons. 
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Figure 2.12. The relationships between maximum Langmuir capacity and 0.38-15nm 

pore volume. 

  



 

52 

 

2.5.3.2 Effects of Organic Matter 

According to the previous studies (Bae & Bhatia, 2006; Gasparik et al., 2014b; Lu, 

Li, & Watson, 1995; Zhang et al., 2011), the sorption capacity of the studied shale 

samples is dominated by the TOC content. Therefore, the correlations between the 

desorption content and TOC concentration on different samples in this study area are 

investigated. From Figure 2.13, it is shown that the desorption content and the TOC 

content have a positive correlation for different wells samples including W-Well 1, F 

-Well 1, and Well 22. However, for other wells’ samples correlation curve, there is no 

relationship or a weak relationship between the desorption content and the TOC content. 

Three reasons might explain this phenomenon. On the one hand, there is a certain amount 

of liquid hydrocarbons existing in the shale of the Yanchang Formation in the study area. 

On the other hand, shale gas has a lot of free gas and partial dissolved gas besides 

adsorption gas. In addition, the heterogeneity of shale lithology and gas content may also 

be an important factor that leads to the difference in the correlation between the analytical 

gas content and the total organic carbon content of the sample. 
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Figure 2.13. The relationships between desorption content and TOC (wt%) on 

samples of different wells in the study area. 

Well 22 

Well 27 
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Figure2.14 demonstrates the relationships between the Langmuir volume and TOC 

content. As shown, there is a significantly positive correlation that is a linear relationship 

between the TOC content and the Langmuir volume on the sample without liquid 

hydrocarbons (R2=0.92402). The results illustrate that organic matter is one of the 

determinants that impacts gas adsorption on the dry samples. However, we see that the 

TOC content and the Langmuir volume on the samples without liquid hydrocarbons 

extremely weak correlation (R
2
=0.03711), which shows that the gas adsorption capacity 

on samples with liquid hydrocarbon has no relationships with TOC concentrations. These 

conclusions are similar to those of previous investigations (Ross and Marc Bustin 2009; 

Yingjie et al. 2015a). Also, we can see that the adsorption gas amount of dry samples is 

higher than that of samples with liquid hydrocarbons. This explains that liquid 

hydrocarbons occupy the gas adsorption space leading to the decrease of gas adsorption 

in the samples with liquid hydrocarbons. 
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Figure 2.14. The relationships between Langmuir volume and TOC. 
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2.5.3.3 Effects of Mineral Composition 

From Figure 2.15a, we can observe that the maximum Langmuir sorption capacity 

VL in the quartz decreases with the increase of quartz content. This might be because  

more mineral quartz in the sample can reduce the number of  microspores and increase 

the number of macrospores, which lead to the reduction of specific surface area with the 

increasing quartz  and it is negative for the gas adsorption in the samples with the 

increasing quartz content, which agrees with the conclusions of previous reports (Yingjie 

et al. 2015b; Xiong et al. 2017b). Also, we see that there is a decrease in TOC content 

with increased quartz content in Figure2.15b, presenting that there is a negative relations 

between the TOC content and the quartz content for the studied samples. This finding is 

in line with the previous investigation on the Yanchang Formation ( Liu et al. 2015). 

Consequently, we get the following result that the increase of quartz does not contribute 

to the preservation of organic matter lead to reduce in the content of TOC, and thus in a 

slight methane adsorption capacity of the shale samples.   
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(a) 

 
(b) 

Figure 2.15. The correlations between quartz content and Langmuir volume, TOC 

content.  
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The influence of feldspar content is investigated on the maximum Langmuir capacity 

by plotting the relationship between maximum Langmuir capacity and feldspar 

concentration for the studied samples in this study area, which is shown in Figure 2.16a. 

Obviously, there are no correlations between them and the contribution of feldspar 

content to sorption capacity seems to be insignificant for these studied samples. However, 

we observe that the decrease of TOC content is caused by the increasing feldspar content 

in Figure 2.16b, suggesting that it illustrates a negative relationship between the TOC 

content and the feldspar content for the studied samples. For the above investigations, we 

may give out an explanation that the increase of TOC concentration has an influence on 

the gas sorption, and it may be superimposed on other factors such as the increase of the 

potassium feldspar dissolution pore in formation shale, resulting in the finding that 

feldspar content and adsorption gas content has no significant correlation.  
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(a) 

 
(b) 

Figure 2.16. The correlations between feldspar content, Langmuir volume and TOC 

content.  
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In order to study the effect of clay mineral content on the maximum Langmuir 

capacity, we plot the Langmuir capacity against the clay content for the studied samples 

(Figure2.17). The diagram displays that there is no correlation or a weak relation between 

the clay mineral content and the Langmuir capacity, indicating that there is no significant 

contribution of clay content to the sorption capacity on these studied samples. In other 

words, the clay mineral content in the shale formation in the studied area has no effect on 

the gas adsorption behaviours. The above result is in keeping with the previous 

conclusions (Yingjie et al. 2015b; Gasparik et al. 2014a).There is a weak correlation or 

no correlation between the clay mineral content and the Langmuir capacity in this studied 

area. We may explain this finding by the fact that the clay minerals mainly contain an 

illite mixed layer in the Zhangjia Tan shale, and the contribution of illite to methane 

adsorption capacity is very weak under the water condition. In addition, the adsorption 

gas content in clay minerals microporesand mesoporous pores contribute less than that in 

the micropores and mesopores of organic matters, which is because the adsorption space 

in the pores of clay minerals is easily occupied by irreducible water compared to the 

organic micropores, and the wettability of the pore surface in the clay contents have a 

negative effect on the methane adsorption capacity. 
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Figure 2.17. The relationship between Langmuir volume and clay content. 
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2.5.3.4 Effects of Liquid Hydrocarbons 

In this study area, the content of liquid hydrocarbons in shale is relatively high 

residual liquid hydrocarbons, which may block shale pores or occupy certain adsorption 

sites, resulting in the decrease of pore volume and specific surface area leading to the 

decrease of adsorption capacity of methane. We find that the adsorption capacity of shale 

after washing it with oil is about two times before the adsorption capacity through the 

comparison of the methane maximum adsorption capacity of oil shale samples before and 

after the samples are washed (Figure 2.18). This finding indicates that the pore space and 

the surface of clay mineral liquid hydrocarbons may occupy methane adsorption sites, 

thus reducing the methane adsorption capacity of the studied shale. This finding is similar 

to the results of other reports (Hildenbrand et al. 2006; Crosdale et al. 2008; Chalmers 

and Bustin 2008; Gasparik et al. 2014b), suggesting that moisture content reduces the 

adsorption capacity of coals and shales because some of the sorption sites are shared by 

methane and water molecules.  
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(a) 

 
(b) 
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(c) 

Figure 2.18. The methane adsorption curves on the variation of TOC content at 

certain temperature: (a) TOC=4.25%; (b) TOC= 5.46%; and (c) TOC= 9.74%. 
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Figure 2.19 presents the chloroform bitumen "A" and the pyrolysis of S1 associated 

with the Langmuir volume VL correlations diagram. On the whole, the Langmuir volume 

capacity has a decreasing trend with the increase of chloroform bitumen "A" and the 

pyrolysis of S1, which indicates that there are negative relations that the chloroform 

bitumen "A" and the pyrolysis of S1 plot against Langmuir volume VL correlations. 

However, for the samples without residual liquid hydrocarbons, the Langmuir volume VL 

significantly increases because there is no residual asphalt in the pores and it cannot 

reduce the effective adsorption sites and space, which suggests that the residual liquid 

hydrocarbons in the samples cause a decrease in the adsorption volume. From the above 

analysis, for organic matter, there are two ways to influence adsorption gas capacity. The 

first method is the kerogen component provides adsorption sites so the samples have 

more kerogen content, which can improve the maximum Langmuir capacity VL. The 

second way is that the residual liquid hydrocarbons occupy adsorption sites or block 

pores, which reduces the maximum Langmuir capacity VL.  
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(a) 

 
(b) 

 

Figure 2.19. The correlation curve: (a) the Langmuir volume and chloroform 

bitumen and (b) the Langmuir volume and pyrolysis S1. 
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2.5.3.5 Effects of Temperature and Pressure 

Temperature is an important influence factor on the gas content of shale gas. The 

increase of temperature will lead to the decrease of adsorbed natural gas, because the gas 

adsorption process belongs to exothermic process. With the increase of temperature, the 

speed of gas molecules is accelerated, and the adsorption capacity of gas decreases. 

Chalmers and Bustin (2008) found that temperature had a negative power exponent 

relationship with the gas adsorption capacity (Chalmers and Bustin 2008). With the 

increase of temperature, the adsorption capacity of gas decreased rapidly, and its 

influence was much greater than that of organic matter. In addition, temperature also has 

an important effect on dissolved gases, and the solubility of liquid hydrocarbons and 

natural gas in water will decrease with the increase in temperature. At certain 

temperatures, with the increase of pressure, the gas adsorption content increases, but 

when the pressure increases to some extent, the gas content increases slowly because the 

pores and minerals (organic matter) surface is limited. If the hydrocarbons increase, the 

shale formation pressure will be increased and the gas adsorption capacity will be 

increased. 

 Based on the adsorption potential theory, the diagrams of temperature and pressure 

on the adsorption of methane can be obtained. It is assumed that the local surface 

temperature is about 10   and the geothermal gradient is about 0.032    . In addition, 

the pressure is hydrostatic pressure. Based on the above method, we obtained the total 

and methane adsorption prediction profiles, which are shown in Figure 2.20. Figure 2.20a 

presents the relationship between the total gas content and depth. It can be seen that the 

total gas content of Samples 5 and 6, which are sandstone, increase with increasing depth, 
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which is a linear correlation between them. The total gas content of Samples (1-3) that 

are pure shale increases with increasing depth. However, when the depth is more than 

1000m, the total gas content increases slightly compared to that of other types of rock 

samples. For Sample 4 which is slity chiltern shale, its total gas content with a depth 

change trend is located between the above two types of shale total gas content 

distribution. When the depth is very shallow, the total gas content of Sample 4 shows the 

pure shale characteristics, demonstrating that the gas content increase speed is slight with 

the increasing depth. However, when the depth is deeper, especially more than 1000 m, 

the total gas content increases at a stable increasing rate. Figure 2.20b shows the methane 

adsorption profiles with depth at different pressures and temperatures. For this figure, we 

find that the adsorption capacity of shale methane first increases and then decreases with 

the increasing burial depth. That is to say that the methane adsorption capacity of these 

samples increases rapidly at a shallow depth and decreases at an increasing burial depth. 

Accordingly, we find that, when the depth of shale is relatively shallow, pressure plays an 

important role. With increasing depth, the temperature gradually increases its effect on 

the methane adsorption after the depth corresponding to the maximum adsorption 

capacity. This finding is in accordance with other conclusions (Xiong, J., Liu, X., & 

Liang 2018). 

.  



 

71 

 

 
(a) 

 

 
(b) 

Figure 2.20. Plots showing the total and methane adsorption profiles with depth, 

respectively. 
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2.7 Chapter Summary 

In this chapter, the adsorption characteristics of inorganic rich shales from the 

Yanchang Formation in the southeast Ordos Basin are investigated using electron 

microscope (SEM) observation and an isothermal adsorption experiment. We find that 

adsorbed gas, dissolved gas, and free gas exist in the Yanchang Formation, and the gas 

adsorption behaviour on the samples with liquid hydrocarbons is similar to that on dry 

samples. However, the adsorption capacity on the samples with liquid hydrocarbons is 

lower than that on dry samples. In addition, we discuss some influence factors on gas 

adsorption capacity. We find that liquid hydrocarbons represent the primary influence 

factor to reduce the gas adsorption on the samples because part of the limited space is 

occupied by the hydrocarbons. 
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CHAPTER3 

INVESTIGATION OF STRUCTURAL AND 

 DYNAMICAL PROPERTIES IN SLIT-LIKE QUARTZ PORES 

USING MOLECULAR SIMULATION 

3.1Introduction 

In 2017, the EIA reported that the world’s natural gas consumption consisting 

primarily of methane consumption will increase by 43% from 2015 to 2040 because 

natural gas has become an attractive fuel for the electric power and industrial sectors in 

both OECD and non-OECD countries. In the United States, China, and Canada, tight oil 

resources and shale resources play an important role in natural gas supplies. As of 2015, 

shale gas accounted for 50% of the US natural gas production. Based on the US Energy 

Information Administration data analysis, shale gas in the US is expected to reach 70% of 

the US natural gas production in 2040, and shale resource developments in China are 

hope to account for almost 50% of the domestic natural gas production by 2040 to meet 

natural gas consumption demand (EIA 2017). Thus, shale gas will be one of the most 

important energies in near future. 

Shale gas reservoirs mainly contain free gas, dissolved gas, and adsorbed gas. One 

researcher illustrated that the adsorbed gas amount is between 20% and 85% in American 

shale reservoirs (Curtis, 2002). Therefore, it is significantly essential for researchers to 

study the methane adsorption characteristics to find advanced recoverable techniques to 

improve shale and tight oil resources to meet the growing energy demand.  

In order to better understand the petrophysical properties of rock samples from the 

shale gas reservoirs, researchers have used X-ray diffraction (XRD) to analyze the rock 
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mineralogy for shale evaluation. They found that there was an abundant component of 

quartz mineral in some shale samples. For instance, some researchers did an experiment 

on the gas adsorption behaviours on clay-rich rocks, showing that the content of quartz in 

some tested shale samples is as high as 81.6% (Ji et al. 2012). Researchers conducted 

geochemical tests to impact the effects of composition on the reservoir gas capacity in the 

Qaidam Basin, China, suggesting that the shale has high quartz content (87%) (Yingjie et 

al. 2015a). Other researchers studied pore structure and fractural characteristics of the 

organic-rich Yanchang Formation shale in the Ordos Basin, finding that the quartz 

content in the shale ranged from 17.10 to 72.33%, which represents the major 

composition of the shale ( X. Liu et al. 2015). Some researchers investigated the shale 

composition of the Western Canadian Sedimentary Basin, Devonian-Mississippian, and 

Jurassic, suggesting that the average mineral phase of the quartz is over 44% (Ross and 

Marc Bustin 2009). Therefore, it is meaningful for researchers to observe the impact of 

quartz on the adsorption capacity in shale gas reservoirs. 

In recent years, it has become popular for researchers to use computer molecular 

simulation technology, which is a basically theoretical research access to investigate the 

absorption properties of adsorbents. Meanwhile, researchers can obtain the basic 

theoretical investigation of structural and dynamical properties and adsorption behaviours 

of fluid molecules from the microcosmic level. Cracknell, Nicholson, and Gubbins (1995) 

investigated adsorption isotherms and transport diffusivity at different pore sizes through 

computer molecular dynamics (MD) method (Cracknell et al. 1995). Chen et al.(2001) 

investigated the structure I empty gas hydrate by molecular dynamics simulation. Cao 

and Wu (2004) studied adsorption behaviours and the self-diffusion of methane in 
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single-walled carbon nanotubes at different temperatures and pressures under subcritical 

and supercritical conditions using the GCMC and MD methods. They suggested that the 

kinetic energy and intermolecular interactions play an important part in the mobility of 

methane molecules under a supercritical temperature (Cao and Wu 2004). Yang and 

Zhang (2005) studied the structure and diffusion behaviours of CO2 in clay-like slit pores 

through the MD method. Kurniawan, Bhatia, and Rudolph (2006) investigated the binary 

adsorption of CH4/CO2 in carbons with various pore sizes for different pressures and 

temperatures under supercritical conditions using the GCMC method (Kurniawan et al. 

2006). Zhang, Piana, Freij-Ayoub, Rivero, and Choi (2006) investigated the influence of 

different methane concentrations and various temperatures on the diffusion coefficients 

and structure of water-methane mixtures by molecular dynamics simulations. Liu and 

Smit (2009) studied the influence of various temperatures and pressures on the adsorption 

behaviours of CH4, CO2, and N2 in two typical zeolitic imidazolate frameworks using 

the GCMC method. Mosher, He, Liu, Rupp, and Wilcox (2013) observed the impacts of 

pore sizes, different pressures, and various temperatures on the adsorption behaviours of 

methane in micro- and mesoporous carbons using a GCMC method. Huang et al. (2014) 

observed the effects of slit width, temperature, and concentration on diffusion and 

adsorption properties in graphitic slit pores through a MD method. N. Yang, Liu, and 

Yang (2015) studied the adsorption behaviours of carbon dioxide and methane and the 

selectivity of their binary mixture on Na-montmorillonite clay material using the GCMC 

method. Sui and Yao (2016) investigated the adsorption and diffusion behaviours of 

CO2/CH4 on kerogen through the GCMC and MD methods(Sui and Yao, 2016). Xiong, 

Liu, Liu, Liang, and Zeng investigated the methane adsorption behaviours on quartz with 
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different pressures, temperatures, pore sizes, and water content through the GCMC and 

MD methods (Xiong et al. 2016). Xiong,Liu, Liang, and Zeng (2017a) investigated the 

impacts of pore size, temperature, water saturation, and composition on the adsorption 

behaviours of methane in kaolinite pores through a GCMC method. Xiong et al. (2017c) 

studied the adsorption behaviours and structural properties of methane on 

organic-rich/inorganic shales through the GCMC and MD methods. From the above 

reviews, these researches suggest that it is effective to use the molecular simulation 

methods to investigate gas adsorption capacity and the structural and dynamical 

properties of flue gas on an adsorbent. Furthermore, there are not enough reports 

displaying specific information on structural and dynamical properties on pure minerals.. 

In this study, it mainly use MD simulation based on equilibrium configurations, 

which can be achieved from the GCMC simulation to observe the density and diffusion 

of gas in a quartz pore. Firstly, the structures of nanoporous pores are built using 

molecular simulation. The structural and dynamical properties in quartz pores are 

investigated to determine how factors including the pressure, temperature, pore sizes, and 

water content influence the behaviours of methane adsorption in quartz for the purpose of 

providing a theoretical basis and instructional guidance for enhancing shale gas 

production in shale gas reservoirs. 
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3.2 Establishment and Validation of the Model 

3.2.1Models 

Methane exists mainly in an adsorbed state in the micropore of sandstone, and 

diffusion is an important way to produce gas in the micropores. Therefore, it is significant 

to study micro-mechanism and the diffusion of CH4 in slit-like quartz pores. 

In this paper, the Using Materials Studio software package in the alpha quartz cell 

structure (4.91   x 4.91   x 5.402  ) presents the construction as an adsorbent structure. 

Meanwhile, the CH4/H2O fluid models come from the Materials Studio software 

package. The simulation quartz unit cell was established in a square box with cyclicity in 

the x and y direction based on the quartz crystal unit cell. The quartz model is a 

6a×5b×5z super-cell structure in the x, y, z direction. Therefore, the size of the quartz 

super-cell structure model can be obtained (x= 2.946nm, y=2.455nm and z=2.521nm), 

and the S which is the crystal surface area of the super-cell structure is 6.261×10
-18

 m
2
. In 

order to obtain the pore size of the quartz super-cell structure model, a void is added in 

the z direction based on the simulation unit cell. The pore size height (H) is obtained by 

setting up a vacuum, and we established different lengths about H to get different pore 

sizes (such as 1nm, 2nm, 2.5nm, 4nm, 6nm). Table 3.21 shows the basic parameters for 

different pore sizes in quartz. The different schematic representations of the vacuum and 

fluid models are presented in Figure 1. 
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Table 3.2.1 

Basic Parameters for Different Slit Pore Sizes in Quartz 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

H 

 

x 

 

y 

 

α 

 

β 

 
γ 

 

S 
Volume Density Mass 

nm nm nm 。 。 
 

。 
×10-18 m2 ×10-20cm3 g/cm3 ×10-20g 

1 2.946 2.454 90 90 120 6.261 3.09 1.64 5.07 

1.5 2.946 2.454 90 90 120 6.261 3.27 1.55 5.07 

2 2.946 2.454 90 90 120 6.261 3.58 1.414 5.07 

2.5 2.946 2.454 90 90 120 6.261 3.90 1.301 5.07 

3 2.946 2.454 90 90 120 6.261 4.21 1.204 5.07 

4 2.946 2.454 90 90 120 6.261 4.84 1.048 5.07 

6 2.946 2.454 90 90 120 6.261 6.09 0.832 5.07 

8 2.946 2.454 90 90 120 6.261 7.34 0.690 5.07 
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(a) Unit α-quartz cell (oxygen; silicon)   (b) H2O fluid model 

 

 

 

 

 

 

(c) CH4 fluid model 

 

 
 

(d) Structure of quartz slit-like pores 

Figure 3.2.1. Fluid models and structures of quartz slit-like pores. 
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In this work, the geometrical structures of different quartz slit pores and the fluid 

molecular model are optimized using the Forcite module of MS software, which can be 

obtained a stable model. The algorithm is smart, the quality of calculation is fine, and the 

force field we chose is COMPASS. Both the Coulomb force interaction and the van der 

Waals force are calculated by the atom interaction-based method. The parameters of the 

adsorbate molecules are displayed in Table 3.2.2. 
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Table 3.2.2  

Parameters of Adsorbate Molecules 

 

Adsorbate Molecules 

 

Bond Length (Å ) Bond Angle(°) 

CH4 1.099 109.472 

H2O 0.957 104.521 
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3.2.2Reliability Verification 

To prove the feasibility of the molecular simulation study method of gas adsorption 

in nanometre pores, this work chooses different pore sizes including1nm, 2nm, 3nm, 4nm, 

and 6nm to obtain the absorption capacity of excess methane under the 333.15k 

temperature in the simulation. The conclusions are used for comparison with earlier study 

on organic and inorganic shale. 

In this paper, the Materials Studio software is used to study the gas adsorption 

behaviours in slit-like quartz pores. In the simulation, the simulated pressure is up to 

30MPa, and each simulation is carried out under a fixed pressure point that contains 15.. 

Meanwhile, this work uses the COMPASS force field, and the output sampling method is 

Metropolis. In the specific calculation processes, each simulation uses the maximum load 

step 3200000, in which 1600000 is the balance step and 1600000 is the process step. Also, 

the work applies the Ewald&Group method to calculate the Coulomb force interaction, 

and the van der Waals force is calculated by the atom interaction-based method.  

Due to this, the simulation temperature is more than the critical temperature of 

methane and the adsorption behaviours of methane on quartz is the supercritical 

adsorption. Therefore, Gibbs suggested a content of the excess adsorption amount under 

supercritical adsorption. That equation(Sircar 1985) is as follows: 

Nex=nab- gva         (2) 

where Nex is the excess adsorption content, g/cm3; nab is the actual gas adsorption content,  

g/cm3;  g is the bulk gas density, in g/cm3, which is calculated through the 

Peng-Robinson equation of state (McCain 1990); and va is the adsorbed phase volume, 

g/cm
3
. In this study, the total gas content could be obtained from each simulation, which 
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is not the actual adsorption gas content. Thus, it needs to have a conversion to the excess 

adsorption amount based on studies by other researchers (Xiong et al. 2017a): 

Nex=N-  gvp/MS         (3) 

where N is the total gas amount, mol/m
2
; vp is the free volume, in g/cm

3
; M is the molar 

mass of gas, g/mol; and s is the surface area of the unit cell, m
2
. The isotherms for the 

total content of methane and the excess adsorption content of CH4 are shown in Figure 3. 

From the figure, it is evident that the total content of methane increases with the slit-like 

pore sizes increase. In Figure 3.23, we can see that the excess adsorption increases with 

the pressure before it achieves the maximum capacity of excess adsorption. Then, it 

decreases with the pressure. Meanwhile, in the figure, it can be seen that, the larger pores 

in the quartz, the smaller the adsorption capacity of excess methane among the mesopores. 

These results agree with those from the previous research (Gasparik et al. 2014a; Yang et 

al. 2015; Xiong et al. 2017b; Xiong et al. 2016). When excess adsorption capacity is 

maximum, there is a maximum pressure (Pmax). The maximum of excess adsorption 

capacity under different vacuums can be seen in Table3, where it displays the maximum 

of gas excess adsorption content ( Nexc-max) and its corresponding maximum pressures 

under different quartz slit-li pores. Although the maximum pressures (Pmax) are different 

from that in previous research due to the setting of different parameters in this study, the 

conclusions are in line with previous works that show that the maximum pressure of 

excess adsorption is between 10 and 19MPa on the organic rich shale (Gasparik et al. 

2014a; Yang et al. 2015; Xiong et al. 2017b; Xiong et al. 2016). 
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Figure 3.2.2. The isotherms of the total adsorption amount of CH4 under different 

pore sizes. 
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Figure 3.2.3. The isotherms of the excess adsorption amount of methane under 

different slit-like pore sizes. 
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Table 3.2.3  

Simulation Results of the Excess Methane Adsorption for Different Pore Sizes 

H, nm Nexc-max/ 

mmol/m
2
(This Study) 

Nexc-max/ 

mmol/m
2
(The Literature) 

Pmax/MPa(This 

Work) 

Pmax/MPa(The 

Literature) 

1 
0.002384 

0.002398.(Xiong et 

al. 2016; Xiong et al. 

2017b) 

15 
18(Xiong et al. 2016; 

Xiong et al. 2017b) 

2 
0.002484 

0.002525.(Xiong et 

al. 2016; Xiong et al. 

2017b) 

17 
18(Xiong et al. 2016; 

Xiong et al. 2017b) 

3 
0.002218 

0.002313(Xiong et 

al. 2016; Xiong et al. 

2017b) 

13 
18(Xiong et al. 2016; 

Xiong et al. 2017b) 

4 
0.002036 

0.00213(Xiong et al. 

2016; Xiong et al. 2017b) 
15 

18(Xiong et al. 2016; 

Xiong et al. 2017b) 

6 
0.002026 

0.00195(Xiong et al. 

2016; Xiong et al. 2017b) 
11 

16(Xiong et al. 2016; 

Xiong et al. 2017b)` 
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3.3 Scheme Design and Calculation Method 

Based on the actual geological conditions of shale gas, this chapter mainly chooses 

various factors that include pressure, temperature, pore sizes, and water saturation to 

study the structural and dynamical properties in slit-like quartz pores. The simulation 

program contains: (1) using different pressures that include 5MPa, 9MPa, 13 MPa, 

17MPa, 21MPa, and 30 MPa to study the effect of methane adsorption and self-diffusion 

in the1nm quartz pore size; (2) choosing different temperatures that involve 30 C,60  C, 

90  C, 100  C, and 120  C to simulate methane adsorption and diffusion in the 3nm 

pore size;(3) choosing different pore sizes (1nm, 2nm, 3nm,4nm, 6nm, and 8nm) under 

different pressures to simulate methane adsorption and diffusion at 60C; and (4) using 

different water consist of 2%, 4%, 8% and 16% under various pressures. In this work, it 

is worth mentioning that the grand canonical ensemble refers to the chemical potential of 

the system in the process of simulation. In the process of GCMC simulation, the 

acceptance probability of three kinds of particles in the system is the function of the 

chemical potential. The relationship between chemical potential and fugacity is: 

 （3-1） 

where       is the gas chemical potential in standard state (J/mol); R is the gas constant 

(J/mol/K); and is   the pressure in the standard state (pa).  

In chemical thermodynamics, the fugacity of real gas is a valid partial pressure that 

instead of the mechanical partial pressure in a precise calculation of the chemical 

equilibrium constant. For ideal gas, the pressure of ideal gas is equal to the fugacity. In 

  ln
f

g RT
p

  

 g

p
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this paper, we use the Peng-Robinson equation of state (McCain, 1990) to calculate the 

fugacity: 

 

   
  

                
               (3-2) 

 

b =0.07780
   

  
         (3-3) 

  =
            

 

  
        (3-4) 

where b is a constant, aT varies with temperature, and ac is the value at the critical 

temperature. 

aT= acα          (3-5) 

α0.5
=1+(0.37464+1.54226ω-0.26992ω2

)（1-Tr
0.5）     (3-6) 

          (3-7) 

where   is a constant which is an acentric factor (each pure substance has a different 

value of acentric factor); Tr is the reduced temperature (the unit is K); Tc is the critical 

temperature (K); and Pc is the critical pressure. Each pure substance has a different value 

of Tc and Pc. 

Substitution of  

Vm =ZRT/P          (3-8) 

(2-1) gives 

Z
3
 – (1-B) Z

2
+ (A-2B-3B2) Z-(AB-B

2
-B

3
) =0      (3-9) 

where 

r

c

T
T

T
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A = 
   

    
          (3-10) 

B=
  

  
           (3-11) 

For mixture rules, 

b =
j

jjby          (3-12) 

and 

aT= )&1()( 5.0

ijTjTij

i j

i aayy  ’      (3-13) 

Subscripts j and i refer to components. Also 

   =   =0          (3-14) 

and  

   =                

For a pure substance, the density can be calculated by 

(g/cm
3
)  （3-15） 

For a pure substance, the fugacity coefficient can be calculated based on the 

Peng-Robinson equation of state. 

In =Z-1-ln (Z-B) -
 

     
   

           

           
          (3-16) 

 

where 

       A = 
   

    
 

B=
  

  
 

For a pure substance, the fugacity can be calculated as  

f= P (MPa)          (3-17) 

pM

ZRT
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For a mixture, the density can be calculated by 

(g/cm
3
) (3-18) 

 (g/cm
3)

 (3-19) 

Based on the Peng-Robinson equation of state, we can calculate the gas phase 

density and fugacity coefficient. Figure3.24 illustrates the relationships between fugacity 

coefficient and density of methane at different conditions. From Figure3.24b, we can find 

that the fugacity coefficient of methane decreases with increasing pressure under a 

specific temperature and increases with increasing temperature at a certain pressure. 

Meanwhile, we get the result that the density of methane increases with the pressure 

increasing at certain temperature and it decreases with increasing temperature under 

certain pressure. Next, we use Equation (3-17) to obtain the fugacity of methane. 

For mixtures, the fugacity coefficient can be calculated based on the Peng-Robinson 

equation of state 

In  = (Z-1)  
 -ln (Z-B) -

 

     
   

           

           
    

    
      (3-20) 

In  = (Z-1)  
 -ln (Z-B) -

 

     
   

           

           
    

    
      (3-21) 

where 
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j

jay       

i i
i

y pM

ZRT
 

j j

j

y pM

ZRT
 



 

91 

 

  
  

 

  
     

    1(5.0

Ti

i

iay       

   =
             

 

   

 

   =
             

 

   

 

bj =0.07780
    

   
 

bi =0.07780
    

   
 

 

For mixtures, the fugacity of gas and liquid can be calculated as  

          （3-22） 

          （3-23） 

 

 

The fugacity equilibrium can be expressed 

   =              (3-24)  

For instance, using the Peng-Robinson equation of state to get the fugacity of 

methane and the density of CO2/CH4 at certain temperature and different pressures, we 

can see that the fugacity coefficient’s difference between methane and carbon dioxide 

increases with the pressure increasing, and the fugacity of methane is higher than that of 

carbon dioxide in compound gas (see Figure 3.2.5). Also, we see that the density of 

methane and carbon dioxide has an increasing trend with pressure increasing. Therefore, 

we can obtain the fugacity of CO2/CH4 using Equations (3-22) and (3-33). Methane and 

carbon dioxide properties can be achieved from the thermophysical properties of the fluid 

system shown in Table 3.2.4. In this work, the simulated pressure is up to 30MPa and 
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each simulation is under the certain pressure point by temperature point to simulate. Also, 

the simulation method is the same as that mentioned in reliability verification of model to 

get methane adsorption properties. In order to investigate the transport properties of 

methane and predicted the density profiles of the methane molecules in different pore 

sizes, the molecular dynamic method needs to be applied in this work. In the MD 

simulation, the COMPASS force field is used. The work uses the Ewald&Group method 

to calculate the Coulomb force interaction, and the van der Waals force is calculated by 

the atom interaction-based method. The NVT ensemble (the atom number N, volume V, 

and temperature T stay the same in the system) is applied, and the dynamic time is 1ns 

and the Andersen thermostat controls the temperature. Finally, we can achieve an 

equilibrium configuration to calculate the self-diffusion of methane and estimate the 

density distribution of methane.  
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Table 3.2.4  

Fluid Properties 

Gas Type Critical 

Temperature (T c) 

Critical Pressure 

(Pc) 

Acentric Factor 

Methane 190.56K 4.5992 MPa 0.0114 

Carbon Dioxide 304.13K 7.3773MPa 0.2239 
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(a) 

(b) 

Figure 3.2 4. The relationship between fugacity coefficient (a), density (b) and 

pressure under different temperatures. 
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(a) 

(b) 

Figure 3.2.5. The relationship between fugacity coefficient (a) and density (b) of 

CH4/CO2 and pressures at 333.15k (YCH4=0.5, YCO2=0.5). 
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3.4 Result and Discussion 

3.4.1The Energy Variation of the Methane Adsorption System in Quartz 

In this simulation, we use the Condensed-Phase Optimized Molecular Potential for 

Atomistic Simulation Studies (COMPASS) field that is mentioned by previous 

research(Sun, Ren, & Fried, 1998; Sun, 1998). The force field includes the covalent bond 

model, ion model, quasi ion model, and metal model that can describe different molecular 

systems. The covalent bond model is applicable to all organic molecules and inorganic 

covalent bond molecular systems, including small molecules and macromolecules. The 

force field is the same as those used in CFF-type force fields. The function forms consist 

of two parts: (a) valence terms and (b) nonbond interactions. The valence terms include 

diagonal and off-diagonal cross coupling terms, involving bond stretching energy Eb and 

bond angle bending energy E , bond torsion energy E , bond out-of-plane angle bend 

energy E and the cross- coupling terms energy, Ecross. 

E bond = E b+ E + E + E + E cross       (3-24) 

E b= ])()()([ 4

04

3

03

2

02 bbKbbKbbK
b

      (3-25) 

])()()([ 4
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2
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02 


  KKKE     (3-26) 
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For the nonbond interaction, it includes van der Waals (vdw) term energy ijE that is 

used a Lennard-Jones 9-6 function (Lifson et al. 1979) and electrostatic interaction 

energy elecE .  
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For like atom pairs, the Lennard-Jones 9-6 parameters are given; while for unlike 

atom pairs, the off-diagonal parameters use a 6
th

 order combination law to calculate the 

values (Waldman and Hagler 1993). 
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In the COMPASS field, using atomic partial charges represents the electrostatic 

interaction. In the force field, using the bond-increments ij  to display the charge 

separation between two valence-bonded atoms I and j are used as parameters. For atom I, 

the partial charge is the sum of all charge bond increments ij  

q 
j

ijiq             (3-34) 

where j shows all atoms that are valence-boned to atom i. 

Figure3.41illustrates the relationship between the energy of the methane adsorption 

system and different pressures in slit-like quartz pore sizes. From Figure 3.3, we find that 

the valence terms do not have the contribution to adsorb methane in quartz; however, the 

total energy of the adsorption system is contributed to non-bond interactions. Also, we 

obtain the result that the van der Waals (vdw) term energy plays an important role to 

supply the total energy to the adsorption system and the electrostatic interaction energy is 

zero in non-bond interactions. In other words, the electrostatic interaction energy does not 

have a contribution during the process of adsorbing in each simulation, but the van der 

Waals (vdw) term energy makes a big contribution to support the main energy in the 

adsorption system. Meanwhile, that contribution does not depend on pore sizes and 

pressures, which indicates that the process of methane absorption belongs to the physical 

adsorption process in each simulation. When the physical adsorption processes happen in 

the adsorption system, the system releases heat. Consequently, the energy of the system 

will decrease. From Figure 3.3, we can get the conclusion that the energy of the system 

will decrease as the pressure increases; meanwhile, the total energy of the adsorption 

system has no relationship with pore size. 
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3.4.2 Properties of Methane in a Slit Pore 

3.4.2.1 Impact of Pressure                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Figure 3.4.2 displays the density distribution in a 1nm pore size at 333.15k under 

various pressures. The figure shows that the density profiles of methane are symmetric 

about the pore centre. On the other hand, there are two obvious peaks next to the pore 

centre under different pressures, and the density around the centre of the pore is slightly 

less. In other words, there is a build up of methane molecules close the pore walls due to 

the surface potential influence of two pore sides, and some of the methane molecules 

disperse in the pore centre, which can be observed in some snapshots gathered from the 

resistant configuration of the gas adsorption system in each simulation. Meanwhile, this 

indicates that the methane forms an adsorbed monolayer adjoining the pore size under 

different pressures, which is in accordance with a previous research (Zhou et al. 2005) 

that suggests that monolayer adsorption only occurs in supercritical adsorption. The 

finding of the monolayer in this simulation is different from the result of Xiong et al. 

(2016) that determined that the monolayer occurred under low pressures, and the 

multilayer formed under higher pressures due to setting different parameters. Also, we 

can find that, in Figure 3.4, when the pressure increases, the density of the contact layer 

will increase, which will result in the accumulation of methane adjoining the walls of the 

pore sizes due to the stronger interaction forces between methane molecules and two 

sides of the wall of the pore with increasing pressure. The above findings are line with 

other study on the methane adsorption behaviours in carbon pores (Mosher et al. 2013) 

and montmorillonite pores (Jin and Firoozabadi 2013; Jin and Firoozabadi 2014a; Xiong 

et al. 2017b). Meanwhile, from this figure, we indirectly find that the adsorption amount 
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of methane increases with increasing pressure. The finding is similar to those of studies 

on the gas adsorption in porous carbon systems (Mosher et al. 2013) and on the methane 

adsorption on samples of pure illite, kaolinite, and activated carbon (Heller and Zoback 

2014). 
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Figure 3.4.2.Density distributiion of methane in the same pore size at 

333.15k under different pressures. 



 

103 

 

Based on the structural information that can be obtained from the GCMC simulation, 

we can further use it to study the dynamical properties of methane in quartz slit like pores 

size. The diffusion properties of methane are performed by the self-diffusion coefficients 

(D), and the Einstein equation (Helbæk et al. 1996) can be employed: 

D=
6

1  


n

i

ii
t

rtr
dt

d 2
)0()(lim         (3-35) 

where 
2

)0()( ii rtr  is the mean square displacement along the plane of the pore; r i (t) is 

the position of atom i at time t, and ri(0) is the initial position. The diffusion coefficients 

of methane can be calculated under different pressures. Figure 3.4.3 illustrates the 

relationship between the self-diffusion coefficients of methane and pressure. From the 

figure, we can see that an increase in the pressure causes the decrease of the diffusion 

coefficients of methane because the interaction forces between methane and the wall of 

the pore increases with the increasing pressure: resulting in an increasing resistance of 

gas. This result is in line with a earlier report on single-wall carbon nanotubes (Cao and 

Wu 2004) and one on inorganic nanopores (Sharma et al. 2015). Meanwhile, it can be 

seen in Figure 3.4.3 that all the self-diffusion coefficients of methane at different 

pressures are of the order of 10
-8

m
2
/s, which is the same order as that obtained for 

methane under supercritical conditions in single-wall carbon nanotubes by some 

researchers(Cao and Wu 2004). 
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Figure 3.4.3.The self-diffusion coefficients of methane in 

the pore size 1nm at 333k under various pressures. 
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3.4.2.2Impact of Temperature 

Figure 3.4.4 reflects that the density profile is a function of temperature. From this 

figure, we indirectly find that the increase of temperature causes a decrease in the 

adsorption amount of methane. This finding is in accordance with the previous study on 

the methane adsorption in porous carbon systems(Mosher et al. 2013), and it is similar to 

that of other studies. The figure illustrates that the increase in temperature causes the 

density of methane to decrease. From these density distributions of methane at different 

temperatures, we can see that two obvious peaks illustrate that the methane forms a 

monolayer at locations about 7Å and 23Å, respectively. Meanwhile, it can be found that 

the density is over constant at a region around the centre of the pore size. However, there 

is a decrease of density at locations that form a monolayer and at the centre of the pore 

size with increasing temperature. This finding can be explained in that the decrease of the 

interaction force between gas molecules and two sides of the wall is caused by the 

increasing temperature, resulting in a decrease of methane density at different 

temperatures. In other words, the processes of methane adsorption are equal to 

exothermic processes which can be found in Figure 3.4.5 that displays the relationship 

between the isosteric heat of methane adsorption and temperatures. It increases the 

mobility of gas molecules to easily overcome the force keeping the methane away from 

the pore wall, and then it brings out the capacity of gas adsorption to decrease with 

increasing temperature. Also, we can observe that the range of isosteric heat of adsorption 

methane is 7.371-8.177kJ/mol under different temperatures, which is less than 42KJ/mol. 

Therefore, the figure proves that the process of methane adsorption in quartz is a physical 

adsorption process. 
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Temperature is a positive factor that affects the diffusion coefficient. According to 

the previous study (Witherspoon and Saraf 1965), the diffusion of methane needed to 

obtain energies of activation , and the activation energies almost keep a constant at a 

certain range of temperatures. Therefore, from Figure 3.4.5, we can get the conclusion 

that the diffusion of methane needs to get more isosteric heat of adsorption at a lower 

temperature, and the less isosteric heat of adsorption is applied at a high temperature. G. 

Liu et al. (2012) found that the methane diffusion coefficient in sandstone has a dynamic 

relationship with temperature and they observed that the diffusion of methane in 

sandstone increases with increasing temperature based on their experimental 

measurement. Meanwhile, from Figure 3.4.6, we can get the result that the molecular 

transport of methane increases with increasing temperature. Therefore, our simulation 

results that are related to the relationship between the methane diffusion coefficient and 

temperature in sandstones have a similar trend to previous studies based on experimental 

measurement (Liu et al. 2012). 
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3.4.2.3 Impact of Pore Sizes 

In the part of reliability verification, Figure3.2.2 presents the isotherms of the total 

adsorption amount of CH4 in the nanometre quartz pore for different pore sizes using 

GCMC simulations. From Figure 3.2.2, we find that the total amount of adsorption 

increases with the increasing pressure, and that increases in the pore size increase the 

total amount of adsorption. Meanwhile, high pressure favors the adsorption of methane in 

increased pore sizes. This trend coincides with the results for the adsorption of methane 

molecular on kaolinite (Xiong et al. 2017a) and silica nanopotes (Sun, Zhao, Qi, & Li, 

2017) Also, Figure 3.2.2 illustrates that the Langmuir isotherm equation fits the data 

generated from this simulation extremely well and the isotherms in this work are in line 

with type I that was mentioned in the isotherm equation for adsorption in a uni-molecular 

layer in a previous study (Brunauer et al. 1940). Figure 3.4.7 displays snapshots that are 

obtained from molecular simulations at 333k and 17MPa for different pore sizes to better 

observe the adsorbed state of methane molecules inside the pores. From this figure, we 

can see that the arrangement of methane molecules is affected by the increasing pore size. 

For smaller pore sizes, the methane molecules are densely packed along two sides of the 

walls; for the larger pore sizes, the overall compactness of the methane molecules is 

reduced. Thus, we can clearly observe that, even though methane molecules form a single 

molecular layer on both sides of wall, some molecules are distributed in the area that is 

away from the pore sides and the density profile of Figure3.8.2 clearly reflects the contact 

layer seen in Figure 3.4.7. 
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(b) 
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Figure 3.4.7.Snapshots of methane molecules obtained at 17MPa with a pore 

size of (a) 10Å, (b) 20Å, and (c) 30Å. 
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Figure 3.4.8 presents the density distribution of methane at bulk pressure at 21MPa 

under different pore sizes. First of all, we can get the result that the density at the pore 

size centre is considerably low for different pore sizes, and the density almost remains 

constant for the larger pore sizes. The constant density occurs due to this place where 

methane molecules can freely transport and can ignore the surface impact. Also, we can 

see a decrease in the contact layer density with increasing pore size, which is in 

agreement with the methane molecular configuration which Figure 3.4.7 displays. The 

methane molecules accumulate near the pore walls and form a molecular layer because of 

the interaction forces between the molecules and the pore surface. In addition, we can 

investigate that the density distribution of methane decreases with an increase in pore size. 

The findings are in agreement with the preceding investigation on gas adsorption in 

inorganic nanopores (Sharma et al. 2015) and in sodium montmorillonite clay hydrates 

(Titiloye and Skipper 2001). 
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We can see from Figure3.4.9 that the diffusion coefficients of methane are between 

3.68 ×10
8
 and 10.3×10

8
 m

2
/s under 21 MPa with different pore sizes and the diffusivities 

of shale gas are between 6.2×10
8
 and 3.25×10

7
 m/s

2
 under 5 MPa with different pore 

sizes. From the above investigations, we get the result that it is less beneficial for 

methane transport in quartz for higher pressure than that for lower pressure. Also, it can 

be seen from the two figures that the diffusion coefficient of shale gas increases with the 

increase of spacing. Meanwhile, we find that the diffusivity of methane increases slowly 

under higher pressure with increasing pore sizes compared to that under lower pressure, 

and this finding indicates that the ability of diffusion decreases under higher pressure. 

From the density profile of methane, we obtain insight into the structure of methane in 

Figure 3.4.7. As we can see in the pore spacing of 10Å, methane molecules are tightly 

packed within the walls due to the limited space. Meanwhile, methane adsorbed on the 

surface of the walls is dependent on the diffusion coefficient under certain conditions. 

Therefore, the diffusion coefficient of methane in the pore spacing of 10Å is very small, 

which can be seen in the Figure 3.48. However, with increasing pore sizes, methane 

molecules accumulated on the surfaces of pore sides reduce because of the strong affinity 

of the molecules decrease with increasing vacuum in quartz. Even though there is a slow 

diffusion on the pore size surfaces, the gas molecules in the centre of pore sizes display a 

much faster mass transport, owing to the decrease of affinity at the surface. Thus, the 

methane molecules accumulation at the pore walls decrease and the diffusion of gas 

molecules in the center of the pore sizes also accelerates the diffusion of methane on the 

surface, which causes a general growth of diffusion coefficients. As a consequence, the 

general density of the methane also decreases with the vacuum increase in this case. 
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These discoveries are in line with those of a past investigation about the diffusion of 

shale gas reservoirs (Zhai et al. 2014). 
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Figure 3.4.9.The self-diffusion coefficients of methane at 5 MPa and 21 MPa under 

various pore sizes. 
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3.4.2.4Impact of Water Content 

The effect of water content on methane adsorption behaviours in the nanometre pores 

structure of quartz is investigated, which consider the influence factors of different water 

saturations (w% is the ratio between the tall mass of the adsorbed water molecules and 

the simulation cell mass). In this part, we did the simulation work in a 4nm pore size at a 

certain temperature. The snapshots of methane molecules with different water saturation 

in 4nm quartz pores are illustrated in Figure 3.4.10. As can be seen from the figure, the 

water molecules are primarily next to the sides of the quartz pore wall and occupy the 

region adjoining the quartz pore wall. Meanwhile, it can be seen that the oxygen of the 

water molecules points at the surface of the quartz. This might explain that the charges 

are different between the silicon atoms of quartz and the oxygen atoms of water 

molecules. The silicon atoms of quartz have a positive charge and the oxygen atoms of 

water molecules have a negative charge. The water molecules accumulate on the surface 

of the quartz, because there is not only Coulombic force interaction but also van der 

Waals force interaction between the water molecules and the quartz, leading to the 

accumulation of water molecules in the area close to the pore walls of the quartz. The 

above findings tell us that water molecules accumulate and take up the space on the 

surface of the nanometer pores, resulting in a decrease in the methane adsorption space. 

Figure 3.4.11 presents the relationship between total adsorption isotherms and water 

content. As can be seen, the increase in the water content causes the decrease of the total 

adsorption amount because the water molecules mainly accumulate on the surface of the 

quartz pore walls, which can be seen in Figure 3.4.10, which brings about the occupation 

of the space of adsorption methane molecules in quartz. These findings are in accordance 
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with previous reports, which explain that the occupation of the adsorption space of 

methane molecules in quartz leads to a decline in the methane adsorption capacity from 

the analysis of the potential energy distribution on methane adsorption behavoirs in 

quartz pores (Xiong et al. 2016) and methane adsorption capacity in organic matter shale 

(Xiong et al. 2017c). 
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Figure 3.4.10 The distribution of methane molecules with various water saturations 

in a 4nm pore . 
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Figure3.4.12 displays the effect of the diffusion coefficient of methane by different 

water contents. As can be seen, the diffusion of methane increases and then decreases 

with water saturation increase. For this figure, it finds that the increase of water content 

lead to increased diffusion coefficients of methane, when the water content ranges from 0 

to 8% wt. This is mainly because the surface of the quartz is surrounded by water 

molecules and the adsorption space of methane decreases with increasing water 

molecules. Consequently, the interaction force between pore walls and methane decreases, 

resulting in an increase in the mobility of methane. This finding is similar to a previous 

report (Titiloye and Skipper 2001) on hydrated sodium montmorillonite clays. When the 

water saturation is more than 8% wt, the diffusion coefficients of methane have a 

decreased trend. That may be explained by the fact that the water molecules occupy more 

space in the limited quartz pore with the water content increase, and the space of methane 

molecules motivation decreases, suggesting that the distances between the methane 

molecules decrease. As a result, the interaction force between methane molecules makes 

a great contribution, as the ability of diffusion decreases due to the increase of the 

interaction force between methane molecules. All in all, methane diffusion has a strong 

relationship with water content. 
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Figure 3.4.12. Self-diffusion coefficients of methane with different water content at 

33.15k under 21MPa. 
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3.5ChapterSummary 

In the previous report, the researcher（Xiong et al., 2016）mainly studied the 

adsorption behaviour of methane in quartz nanopores. He did not comprehensively 

consider environmental factors (such as temperature and pressure) to reflect the 

adsorption structure and diffusion of methane on quartz from the micro-cosmic level. In 

this study, the GCMC and MD methods is used to investigate the influences of pressure, 

temperature, and pore sizes on the structural and dynamical properties of methane in 

slit-like quartz. The following conclusions were achieved: 

a. The process of methane absorption belongs to a physical adsorption process in 

which the average isosteric heat is less than 42 KJ/mol in each adsorption 

system, and the process of methane absorption is a process of releasing heat. 

Thus, the total energy of the adsorption system has a decreasing trend. 

b. This molecular simulation predicts that monolayer adsorption occurs, which is 

investigated from the density profiles of methane under different pressures, 

temperatures, and pore sizes. 

c. With increasing pressure, the overall density of methane increases because the 

mobility of methane decreases due to the increase in pressure.  

d. With increasing temperature, the overall density of methane decreases because 

the diffusion ability of methane increases due to the increase of temperature. 

e. With increasing pore size, the overall density of methane decreases because 

the diffusion ability of methane increases due to the increase in the distance 

between gas molecules. 
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f. From the micro-structure observations, water molecules accumulate on the 

surface of the quartz wall, which lead to a decrease of methane adsorption 

space, and the methane adsorption capacity is reduced. Also, the methane 

diffusion ability is impacted by different water contents. 
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CHAPTER 4 

CONCLUSION AND RECOMMENDATIONS 

4.1 Conclusions 

The thesis has investigated the methane absorption characteristics from two aspects 

including the experimental study and theory study. 

In the isothermal methane adsorption experiment, we investigated the adsorption 

behaviour on samples with liquid hydrocarbons that come from the Zhangjia Tan area in 

the southeast Ordos Basin of China, and we analyzed the influence of pore structures, 

organic matter, mineral composition, liquid hydrocarbons, temperature, and pressure on 

the methane adsorption capacity. The following conclusions were obtained: 

1. The absolute adsorption capacity of these samples has a similar adsorption 

trend curve, which means its adsorption data is fitted well on the Langmuir 

equation. The absolute methane capacity of these samples mostly first 

increases and then increases slightly and trends to become stable with 

increasing pressure. Meanwhile, we note that there are largely different 

between the methane absolute adsorption capacity on Samples 5 and 6 and 

that on other samples. The methane capacity on Samples 5 and 6 is lower 

than that on other samples in this studied area. 

2. The geological gas in place is estimated on the basis of methane adsorption 

capacity on the tested samples. We observe that the proportion of free gas 

plays an important role in the local siltstone shale reservoirs, which is up to 

86%. 



 

126 

 

3. The gas adsorption capacity influence factors such as pore structures, organic 

matter, mineral composition, and liquid hydrocarbons are investigated. We 

find that the presence of pore structure and mineral composition in these 

samples exert a limited effect on the gas adsorption capacity and liquid 

hydrocarbons are the primary influence factor on gas adsorption. In addition, 

we plot the total and methane adsorption profiles with depth to analyze the 

influences of pressures and temperatures on the methane adsorption capacity. 

The plot shows that pressure has a positive effect on the gas adsorption at a 

lower burial depth, and temperature will have a negative influence on the gas 

adsorption after a depth corresponding to the maximum gas adsorption. 

In the theory study, we observe the adsorption structure and diffusion of methane on 

pure mineral (quartz) from the micro-cosmic view through the GCMC and MD methods. 

We find that methane adsorption is a physical adsorption process, in which the isothermal 

isosteric heat is less than 42 KJ /mol. The different density profiles can be obtained at 

different temperatures, pressures, and pore sizes, which suggest that density has strong 

relations with the diffusion ability of methane. In addition, moisture could have an 

influence on the methane adsorption capacity. 
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4.2 Recommendations 

In order to gain a deeper understanding of methane adsorption characteristics on the 

organic-rich samples in this studied area, we need to consider other factors or aspects to 

analyze the isothermal experiment and theory study. The follow recommendations are 

given for future experimental studies: 

First, we could use the isothermal experiment to study the thermodynamic 

characteristics of methane adsorption in various varieties clay minerals in the future. It 

mainly investigates the surface free energy of clay mineral composition to determine their 

adsorption capacity. 

Second, we could use different pure minerals with residual liquid hydrocarbons to 

test the adsorption capacity and discuss the influences, including pressure, temperatures, 

organic matter, and pore sizes. 

Thirdly, we could establish a new model based on the isothermal adsorption 

experiment to predict the gas adsorption capacity on samples with liquid hydrocarbons. 

In addition, we need to add the N2 adsorption isotherm of this studied area to get the 

specific surface area as regards the pore size that can present the pore size distribution. 

Based on pore size distribution, we can obtain the real pore size range and then use this 

range to assume the pore size distribution to verify the reliability. 

For the theory study recommendations, we can use MS software to establish different 

types of pure clay minerals with liquid hydrocarbon models to study the gas adsorption 

and discuss the parameters in terms of temperature, pore size, pressure and water content. 

In addition, we can establish a new model to simulate the CO2/CH4 competitive 

adsorption in sandstone by using the CMG method. Furthermore, we can use the use 
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GCMC and MD methods to study methane adsorption behaviour in slit-like kaolinite 

pores with liquid hydrocarbons.  
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