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Abstract

Key points: * The detrimental impact of preadsorbed water on the methane adsorption capacity and rate is more pronounced

than that of water vapor * The distributions of adsorbed methane and water in shale pores were compared between the SAWM

and PMMS * Water vapor preferentially enters mesopores (1.5-20 nm), and preadsorbed water mainly occupies micropores

(0.3-1.5 nm) Abstract Water plays an essential role in shale gas migration and adsorption, and most studies on the influence of

water on shale gas adsorption refer only to moisture-equilibrated shales. To investigate the impact of water vapor on methane

adsorption in shales, three experiments were conducted and compared: (1) pure methane adsorption onto dry shale (PMD),

(2) pure methane adsorption onto moisture-equilibrated shale (PMMS), and (3) simultaneous adsorption of water vapor and

methane (SAWM) onto shale. Comparison of the experimental results reveals that the detrimental impact of water vapor on

methane adsorption is inferior to that of preadsorbed water. Two mechanisms, i.e., water blocking and adsorption competition,

are responsible for the reduction and difference in the methane adsorption capacity and adsorption rate between the PMMS

and SAWM. Compared to the PMD, the methane adsorption capacity decreases by 81-96% in the PMMS, and by 20-49% in

the SAWM. Methane adsorption equilibrium is achieved the fastest in the PMD. Before the equilibration degree reaches 95%,

methane adsorption during the SAWM progresses more rapidly, while the reverse occurs when the equilibration degree exceeds

95%. The pore size distribution and water film thickness calculations indicate that the impacts of water vapor in the SAWM

on micro-to mesopores are weaker than those of preadsorbed water. In the PMMS, adsorbed water mainly
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Abstract 

Water plays an essential role in shale gas migration and adsorption, and most studies on the 

influence of water on shale gas adsorption refer only to moisture-equilibrated shales. To investigate 

the impact of water vapor on methane adsorption in shales, three experiments were conducted and 

compared: (1) pure methane adsorption onto dry shale (PMD), (2) pure methane adsorption onto 

moisture-equilibrated shale (PMMS), and (3) simultaneous adsorption of water vapor and methane 

(SAWM) onto shale. Comparison of the experimental results reveals that the detrimental impact of 

water vapor on methane adsorption is inferior to that of preadsorbed water. Two mechanisms, i.e., 

water blocking and adsorption competition, are responsible for the reduction and difference in the 

methane adsorption capacity and adsorption rate between the PMMS and SAWM. Compared to the 

PMD, the methane adsorption capacity decreases by 81‒96% in the PMMS, and by 20‒49% in the 

SAWM. Methane adsorption equilibrium is achieved the fastest in the PMD. Before the 

equilibration degree reaches 95%, methane adsorption during the SAWM progresses more rapidly, 

while the reverse occurs when the equilibration degree exceeds 95%. The pore size distribution and 

water film thickness calculations indicate that the impacts of water vapor in the SAWM on micro- 

to mesopores are weaker than those of preadsorbed water. In the PMMS, adsorbed water mainly 



occupies micropores (0.3‒1.5 nm), and methane is adsorbed in pores larger than 1.5 nm. In the 

SAWM, methane preferentially occupies micropores; the competition between methane and water 

vapor is mainly concentrated in mesopores (1.5‒20 nm). 

Key words: simultaneous adsorption; moisture equilibration; water vapor; methane; adsorption rate 



1 Introduction 1 

Shale is a typical low-permeability crustal porous medium that strongly restricts mass transport 2 

and induces high pore pressures (Sun et al., 2020). Shales, as unconventional reservoir rocks, usually 3 

exhibit nanometer-scale pore sizes and a large specific surface area (SSA), and are characterized by 4 

a low permeability and high breakthrough pressure (Chalmers & Bustin, 2007). Shales are generally 5 

regarded as host rocks for high-level nuclear waste repositories and caprocks in carbon dioxide 6 

geological storage (Tsang et al., 2012). Due to the widespread occurrence of nanometer-scale pores, 7 

fluid transport in shale exhibits a significant difference from that in conventional rocks dominated 8 

by micrometer-scale pores (Zhang et al., 2020). Shale gas (mainly methane) occurs as free gas in 9 

pores and fractures, as adsorbed gas on the surface of organic matter and inorganic components and 10 

as a small amount of dissolved gas in water, oil, and bitumen (Dasani et al., 2017). Gas adsorption 11 

dynamics in shales play a key role in resource and environmental problems, and gas storage and 12 

transport differ notably in shale (Ma & Yu, 2020). The investigation of gas adsorption dynamics in 13 

shales is important to successfully accomplish methane recovery and carbon dioxide sequestration 14 

in shale gas reservoirs (Rani et al., 2018). Most experimental studies have suggested that the 15 

distribution and transport of water in shales play important role in the pore structure and chemical 16 

composition of shales, and water can further remarkably reduce the adsorption capacity and 17 

diffusivity of shale gas (Berghe et al., 2019; Liu et al., 2019). Therefore, the influence of moisture 18 

on methane adsorption in shales, and the mechanisms of gas-water-shale interaction should be 19 

investigated, which is beneficial to aquifer contamination control, geothermal energy production 20 

and carbon dioxide sequestration. 21 

Water is an important component of gas shale reservoirs. The distribution of water can yield 22 

adverse impacts on the permeability and diffusivity of shale thereby reducing the gas adsorption 23 

capacity and prolonging the time required for gas to reach equilibrium. However, the issue of the 24 

effect of water in shales on the interaction between methane and shale surfaces remains unclear, but 25 

this phenomenon highly affects shale gas flow. Li et al. (2016a) analyzed the thermodynamic 26 

equilibrium between water films and water vapor in clay-rich shale pores and predicted the methane 27 

adsorption capacity at different water saturation levels in shale. The results indicated that methane 28 

adsorption onto clay-bound water films involves gas-liquid interaction. Gensterblum et al. (2014) 29 

presented a conceptual model to explain methane adsorption in the presence of water on coal. Their 30 



results indicated that water tends to form hydrogen bonds with other adsorbed water molecules and 31 

surface-chemical matters. Only the surface chemistry (oxygen-containing functional groups) 32 

controls the competition between preadsorbed water and methane for adsorption sites. Wang et al. 33 

(2018) humidified three Carboniferous shale samples at five levels up to a relative humidity of 89% 34 

and tested their methane capacities under pressures up to 12 MPa. They suggested that water 35 

blocking in methane transport” and “surface competition in gas-solid interaction,” are primarily 36 

responsible for methane capacity variations. 37 

Many efforts have been focused on the adsorption and distribution of water in shale pores. For 38 

example, Sang et al. (2019) measured water vapor adsorption/desorption isotherms in five shales of 39 

the Illinois Basin. Their results suggested that water vapor adsorption in shale is controlled by the 40 

surface chemistry at low relative humidity levels through strong intermolecular bonding but is 41 

affected by pore structure at high relative humidity levels (> 0.9) through capillary condensation. 42 

Wang et al. (2020) analyzed the water distribution in coal, which indicated that water occurs as 43 

physically adsorbed water in micropores, water vapor retained in macropores and cleats, and 44 

capillary-bounded water confined in capillaries of the shale matrix. Li et al. (2016b) performed 45 

nitrogen sorption experiments to study the pore volumes occupied by water in shale. They concluded 46 

that a major difference in wettability occurs between inorganic and organic materials in shale, which 47 

directly results in a more complex water distribution in shale pores. The mechanisms by which 48 

various water distributions may impact the migration, adsorption and desorption of methane in shale 49 

have not yet been thoroughly investigated. Especially when water vapor and methane are 50 

simultaneously adsorbed in natural shale reservoirs, water vapor evaporates from liquid water and 51 

is adsorbed onto pore surfaces to displace methane (Kuchler, 2017; Vengosh et al., 2014). The 52 

diffusivity of methane and water vapor are affected, and the adsorption mechanism of methane and 53 

water vapor becomes more complicated. To date, most experimental studies on the detrimental 54 

influence of water on the shale adsorption capacity and dynamics have been based on the principle 55 

of immiscibility of water and methane, which have been conducted considering only moisture-56 

equilibrated shales (i.e., preadsorbed water) (Gasparik et al., 2012; Tokunaga et al., 2017b; Yuan et 57 

al., 2014a). Data on the simultaneous adsorption process of methane and water vapor onto shale are 58 

scarce, and the understanding of the role of water on gas adsorption in shales remains insufficient. 59 

Hence, it is necessary to investigate the following two circumstances to better understand the water-60 



methane-shale interaction mechanism: (1) methane adsorption onto moisture-equilibrated shale and 61 

(2) simultaneous adsorption of water vapor and methane (SAWM) onto shale. 62 

In this paper, experiments involving pure methane adsorption onto dry Shale (PMD), pure 63 

methane adsorption onto moisture-equilibrated Shale (PMMS) and SAWM were performed on three 64 

shale samples collected from the Qaidam Basin. Based on the experimental results, the effects of 65 

water vapor and preadsorbed water on methane adsorption were investigated. The methane 66 

adsorption capacity and adsorption rate in the PMD, PMMS and SAWM experiments were 67 

compared. Combining the calculation results of the pore size distribution and water film thickness, 68 

the distribution of adsorbed water and methane in shale pores during SAWM and PMMS were 69 

analyzed, and the mechanisms of water-methane-shale interaction during SAWM and PMMS were 70 

revealed. Water vapor and methane adsorption rates in the SAWM process were compared. 71 

2 Methodology 72 

2.1 Samples 73 

The shale samples (S1, S2 and S3) in this study were collected in the Chaiye-2 core drilling well 74 

in the eastern Qaidam Basin, China. The samples were ground into 200 mesh and outgassed in an 75 

oven for 24 hours at 378.15 K prior to the initiation of the following experiments. 76 

Geochemical tests were performed using several methods (Wang & Yu, 2020). The 77 

mineralogical composition and clay content were analyzed with a D8 DISCOVER X-ray diffraction 78 

analyzer based on the SY/T 5163-2010 standard. The total organic carbon (TOC) content was 79 

determined with a Leco SC-144DR carbon/sulfur analyzer based on the GB/T 19145-2003 standard. 80 

The maturity (characterized by the vitrinite reflectance) was quantified with a microphotometer 81 

(Hitachi F7000 MPV-SP) equipped with an oil-immersion objective lens based on the SY/T 5124-82 

1995 standard. The kerogen types were determined with a biological microscope (Axioskop 2 plus) 83 

according to the SY/T 5125-1996 standard. Detailed information is provided in Table 1. 84 

Table 1 Organic matter, mineralogical composition and clay content in the shale samples. 85 

Samples 
Depth 

(m) 

TOC 

(%) 

Ro 

(%) 

Kerogen 

type 

Total 

clay (%) 
Q Pl Py S 

Clay content (%) 

K C I I/S 

S1 911.07 1.23 1.34 Ⅱ2 52 39 2 6 1 21 9 14 56 

S2 957.80 0.38 1.27 Ⅱ2 51 44 2 2 1 17 6 16 61 

S3 1026.3 1.38 1.61 Ⅱ2 37 32 1 2 28 24 11 17 48 

Ro is the vitrinite reflectance, Q is quartz, Pl is plagioclase, Py is pyrite, S is siderite, K is kaolinite, C is chlorite, I 86 



is illite, I/S is a mixed layer of illite and smectite. 87 

According to the International Union of Pure and Applied Chemistry (IUPAC) (Sangwichien et 88 

al., 2002; Sing et al., 1985), nanopores in shales are divided into three grades: micropores (diameter 89 

≤ 2 nm), mesopores (2 nm < diameter < 50 nm), and macropores (diameter ≥ 50 nm). Low-pressure 90 

carbon dioxide and nitrogen adsorption (LPA) and high-pressure mercury intrusion capillary 91 

pressure (MICP) tests were performed to calculate the pore size distribution. Although the MICP 92 

method can measure pores with diameters ranging from 3 nm to 200 μm, this approach does not 93 

accurately characterize ultra-small pores due to structural deformation under high pressures (Wang 94 

& Yu, 2016). CO2 and N2 molecules can access both micro- and mesopores in the low-pressure 95 

adsorption process (Yang & Yu, 2020). As a result, low-pressure CO2 adsorption, low-pressure N2 96 

adsorption and high-pressure mercury intrusion techniques were applied to determine micro-, meso- 97 

and macropores, respectively. The SSA is largely attributed to micro- and mesopores (Gao & Yu, 98 

2018), and CO2 adsorption data were adopted to determine the SSA in this study. The intragranular 99 

porosity and skeletal density were determined via MICP tests (Schlömer & Krooss, 1997). LPA 100 

adsorption tests were conducted with an Autosorb-IQ-MP apparatus according to the GB/T 21650.2 101 

and GB/T 21650.3 standards. MICP tests were conducted with an AUTO PORE IV 9520 mercury 102 

injection meter following the GB/T 21650.1-2008 standard. The isothermal LPA data were analyzed 103 

considering density functional theory (DFT) since this approach has been considered a more 104 

accurate method for pore size distribution analysis at the micro- and mesopore scales (Do & Do, 105 

2003). The microstructure characteristics of the shale samples are given in Figure 1 and Table 2. 106 

The results indicate that the pore types in all the samples mainly include meso- and macropores. 107 

The portions of the micro- to mesopores account for 3.87-5.93% of the total pore volume. 108 

 109 

Figure 1. Pore size distribution and total pore volume of the shale samples. (a) Micropores, (b) mesopores, (c) 110 

macropores. 111 



Table 2 Surface area, pore volume, intragranular porosity and skeletal density obtained via LPA and MICP. 112 

Sample 
Surface 

area (m2/g) 

Micropore 

volume (cm3/g) 

Mesopore 

volume (cm3/g) 

Macropore 

Volume (cm3/g) 

Intragranular 

porosity (%) 

Skeletal density 

(g/mL) 

S1 11.7647 0.0018 0.0166 0.4582 52.1918 2.1030 

S2 10.1211 0.0014 0.0217 0.3673 42.8422 1.7737 

S3 9.9033 0.0014 0.0170 0.4352 53.4421 2.3638 

2.2 Experimental program 113 

Adsorption experiments were conducted according to the GB/T 1560-2004 China national 114 

testing standard at the Beijing Key Laboratory of Water Resources and Environmental Engineering. 115 

A schematic of the apparatus is given in Figure 2. The experimental temperature is controlled at 116 

313.15 K. The limits of the pressure and temperature are 10 MPa and 333.15 K, respectively. The 117 

adsorption system comprises receiver cell, adsorption cell, and high-precision pressure transducers 118 

with an accuracy of 0.001 MPa and an HC2A-IC102 relative humidity-temperature monitoring 119 

probe with accuracies of 0.01 K and 0.01 % (supplied by Rotronic, Switzerland). The inner volumes 120 

of the cells and pipelines were determined with the helium expansion method and amounted to 121 

66.042 and 46.660 cm3 for the receiver and adsorption cells, respectively. 122 

 123 

Figure 2. Schematic of the experimental apparatus. 124 

Four experiments were designed in this study, namely, (1) PMD, (2) PMMS, (3) SAWM and (4) 125 

reference evaporation of liquid water (RELW) experiments. All of the above experiments were 126 

conducted at 1, 3 and 5 MPa. 127 

The procedure of the PMD experiments can be found in Wang and Yu (2019). 128 

In the PMMS experiments, moisture-equilibrated samples with four water saturation levels were 129 

prepared in a sealed desiccator at 313.15 K using saturated aqueous salt solutions of MgCl2, NaBr, 130 

NaCl and K2SO4, and the relative humidity was controlled at 31.6%, 53.17%, 74.68% and 96.41% 131 



(Greenspan, 1977). The water saturation in each shale sample was monitored via weighing. The 132 

moistening procedure was terminated when a constant sample mass was reached, after which the 133 

moisture-equilibrated sample was transferred to the sample cell. The remaining steps are the same 134 

as those for the PMD experiments. The water saturation of the samples (𝑆𝑤) after the moistening 135 

procedure is listed in Table 3. 136 

Table 3 Water saturation in the shale samples under the different relative humidities. 137 

𝑅ℎ 
𝑆𝑤 (%) 

S1 S2 S3 

31.6% 2.09 1.62 1.15 

53.17% 2.40 1.70 1.48 

74.68% 2.68 1.92 1.58 

96.41% 11.59 7.07 4.91 

In the SAWM experiments, as shown in the enlarged details in Figure 3, the adopted CH4-H2O 138 

mixture produces a two-phase system in the adsorption cell: the upper part is a CH4-H2O gas mixture, 139 

and the lower part is liquid water. The procedure of the SAWM experiment is as follows: 140 

(a) The adsorption system was vacuumed, pure methane was injected into the receiver cell 141 

through the regulating valve, and the stabilization time lasted 4 hours. 142 

(b) Approximately 8 g of dried sample was placed in the sample box. 143 

(c) The sample box and 6 mL of deionized water (the temperature of the deionized water was 144 

also 313.15 K) extracted with a calibrated pipette gun (calibrated with 299.15 K of deionized water) 145 

were placed in the adsorption cell. 146 

(d) The sample box, temperature-relative humidity monitoring probe and adsorption cell were 147 

assembled. V2 was opened to allow the pure methane to flow into the adsorption cell. Pressure and 148 

temperature-relative humidity data points were recorded every 1 and 5 s, respectively. The data 149 

collection rate was subsequently increased to 10 s when the variations in pressure is not obvious. 150 

(e) The experiment was terminated when the pressure decay rate fell below the resolution of the 151 

pressure sensor and the relative humidity increment rate within 24 hours was lower than 1%. The 152 

equilibrium moisture content in the sample was immediately weighed with an electronic balance. 153 

(f) All the above experimental steps were repeated, and the experiment on each sample under 154 

equilibrium adsorption pressures of 1, 3 and 5 MPa was completed. 155 

RELW experiments at 1, 3 and 5 MPa were correspondingly conducted to determine the 156 



relationship between the evaporation rate of liquid water and the relative humidity in the adsorption 157 

cell. This relationship was considered when calculating the adsorption amount of water vapor in the 158 

SAWM experiments. The procedure of the RELW experiment is the same as that of the SAWM 159 

experiment except that there is no sample in the sample cell. 160 

2.3 Analysis method of the experimental data 161 

2.3.1 Relationship between the water vapor saturation pressure and methane partial pressure 162 

in the adsorption cell 163 

In terms of the water vapor-methane gas mixture contained in the adsorption cell, the saturated 164 

water vapor pressure is affected by the partial pressure of methane, leading to variation in the relative 165 

humidity and evaporation rate of liquid water in the adsorption cell. Therefore, the relative humidity 166 

and saturated water vapor pressure in the adsorption cell should to be calibrated to obtain the 167 

evaporation rate of liquid water in the adsorption cell. The chemical potentials of liquid water and 168 

water vapor should be equal when phase equilibrium is reached. If the total pressure of the mixture 169 

increases by 𝛥𝑃𝑚, when phase equilibrium is again reached, the chemical potentials between the 170 

two phases are given as: 171 

 𝑢𝑙 + (
𝜕𝜇𝑙

𝜕𝑃𝑚
)𝑇𝑑𝑃𝑚 = 𝜇𝑔 + (

𝜕𝜇𝑔

𝜕𝑃𝑚
)𝑇𝑑𝑃𝑚 (1a) 172 

 (
𝜕𝜇𝑙

𝜕𝑃𝑚
)𝑇 = (

𝜕𝜇𝑔

𝜕𝑃𝑚
)𝑇 = (

𝜕𝜇𝑔

𝜕𝑃𝑠
)𝑇(

𝜕𝑃𝑠

𝜕𝑃𝑚
)𝑇 (1b) 173 

where 𝑢𝑙 and 𝜇𝑔 are the chemical potentials of liquid water and water vapor respectively, and 𝑃𝑠 174 

is the saturated vapor pressure of water, which is expressed as (Shibue, 2003): 175 

 𝑙𝑛 (
𝑃𝑠

𝑃𝑐
) =

𝑇𝑐

𝑇
(𝑎4𝜏 + 𝑎5𝜏1.5 + 𝑎6𝜏3 + 𝑎7𝜏3.5 + 𝑎8𝜏4 + 𝑎9𝜏7.5) (2) 176 

where 𝜏 = 1 − 𝑇/𝑇𝑐 , the critical pressure 𝑃𝑐  and critical temperature 𝑇𝑐  of water are equal to 177 

22.064 MPa and 647.096 K, respectively, 𝑎4 −77.859, 𝑎5 −1.844, 𝑎6 −711.786, 𝑎7 −22.680, 178 

𝑎8−715.961, and 𝑎9−1.801. 179 

The molar volume of liquid water can be regarded as a constant since the compressibility of 180 

liquid water is very low. According to the relationship between the molar volume and the chemical 181 

potential and equation of state, Eq. (2b) can be rewritten as: 182 

 
𝑅𝑇

𝑃𝑠
𝑑𝑃𝑠 = 𝑉𝑚

𝑙 𝑑𝑃𝑚 (3) 183 

where 𝑉𝑚
𝑙  is the molar volume of liquid water (cm3/mol). 184 



If the methane partial pressure increases to 𝑃𝑚, the saturated vapor pressure of water changes 185 

from 𝑃𝑠 to 𝑃𝑠
′, and the total pressure of the mixture changes from 𝑃𝑠 to 𝑃𝑠

′ + 𝑃𝑚. Integration of 186 

the left and right sides of Eq. (3) from 𝑃𝑠 to 𝑃𝑠
′ and 𝑃𝑠 to 𝑃𝑠

′ + 𝑃𝑚, respectively, yields: 187 

 𝑅𝑇𝑙𝑛
𝑃𝑠

′

𝑃𝑠
= 𝑉𝑚

𝑙 (𝑃𝑠
′ − 𝑃𝑠 + 𝑃𝑚) (4) 188 

where 𝑃𝑠
′ is the new saturated vapor pressure of water after the methane pressure increases to 𝑃𝑚. 189 

The partial pressure of water vapor 𝑃𝑤 at the different methane pressure and temperature levels 190 

is calculated with: 191 

 𝑃𝑤 = 𝑃𝑠
′𝑅ℎ (5) 192 

where 𝑅ℎ is the relative humidity, which is measured in real time by the monitoring probe in the 193 

adsorption cell. 194 

2.3.2 Adsorption amount of methane 195 

Dalton’s partial pressure law is adopted to calculate the partial pressure of CH4 or H2O in the 196 

CH4-H2O mixture (Zhou et al., 2000), which is given by: 197 

 𝑃𝑖𝑉 = 𝑍𝑖𝑁𝑖𝑅𝑇 (6) 198 

 𝑦𝑖 =
𝑃𝑖𝑍

𝑃𝑍𝑖
 (7) 199 

where 𝑃𝑖 is the partial pressure of gas component i (MPa), 𝑉 is the bulk gas volumes (cm3), 𝑍𝑖 200 

is the compressibility factor of gas component i (dimensionless), 𝑁𝑖  is the amount of gas 201 

component i (mol), R is the universal gas constant (KJ/mol·K), T is the temperature (K), 𝑦𝑖 is the 202 

mole fraction of gas component i in the CH4-H2O gas mixture, 𝑃 is the total pressure of the gas 203 

mixture (MPa), 𝑍  is the corresponding compressibility factor, and 𝑍  and 𝑍𝑖  are calculated in 204 

REFPROP software, which was provided by the National Institute of Standards and Technology 205 

(Heller & Zoback, 2014). 206 

After obtaining the partial pressure of methane via the aforementioned theory, the amount of 207 

adsorbed methane is described as: 208 

 𝑚𝑎 = 𝑚𝑡−𝑚𝑓 (8) 209 

where 𝑚𝑎 is the adsorption amount of methane in shale (mol), 𝑚𝑡 is the total amount of free 210 

methane entering the adsorption cell from the receiver cell (mol), and 𝑚𝑓 is the amount of residual 211 

free methane within the void volume of the adsorption cell (mol). 212 

The Peng-Robinson (P-R) equation was considered to calculate 𝑚𝑓  in the adsorption cell 213 



(Stryjek & Vera, 1986): 214 

 𝑃 =
𝑅𝑇

𝑉𝑚−𝑏
−

𝑎

𝑉𝑚
2 +2𝑉𝑚𝑏−𝑏2 (9) 215 

where 𝑎 = (0.457235𝑅2𝑇𝑐
2/𝑃𝑐)𝛾 , 𝑏 = 0.077796𝑅𝑇𝑐/𝑃𝑐 , 𝛾 = (1 + 𝑘(1 − 𝑇𝑟

0.5))2 , 𝑘 = 𝑘0 +216 

𝑘𝑐(1 + 𝑇𝑟
0.5)(0.7 − 𝑇𝑟) , 𝑘0 = 0.378893 + 1.4897153𝜔 − 0.17131848𝜔2 + 0.0196554𝜔3 , 217 

and 𝑉𝑚 is the molar volume of the residual free methane in the adsorption cell (cm3/mol). 218 

The critical properties of methane and water are presented in Table 4. Mixing rules are crucial 219 

to extend the P-R equation from pure gas to gas mixtures, and one-fluid mixing rules are given in 220 

Eqs. (10)-(12). The interaction parameter 𝐶𝑖𝑗  for methane and water vapor equals to 0.485 221 

(Daridon et al., 1993; Dhima et al., 1998, 1999; Peng & Robinson, 1976; Søreide & Whitson, 1992; 222 

ZareNezhad & Eggeman, 2006). 223 

Table 4 Pure-fluid critical properties applied in the improved P-R equation. 224 

 𝑇𝑐 (K) 𝑃𝑐 (bar) 𝜔 𝑘𝑐  

CH4 190.555 45.95 0.01045 0 

H2O 647.286 220.8975 0.34380 -0.06635 

 𝑎 = ∑ ∑ 𝑦𝑖𝑦𝑗𝑎𝑖𝑗𝑗𝑖  (10) 225 

 𝑏 = ∑ 𝑦𝑖𝑏𝑖𝑖  (11) 226 

 𝑎𝑖𝑗 = (1 − 𝐶𝑖𝑗)√𝑎𝑖𝑎𝑗 (12) 227 

Therefore, 𝑚𝑓 in the adsorption cell can be obtained as: 228 

 𝑚𝑓 =
𝑦𝑚(𝑉𝑠−

𝑚

𝜌𝑠
)

𝑉𝑚
 (13) 229 

where m is the mass of the shale sample (g), which is listed in Table 5, 𝑉𝑠 is the remaining volume 230 

of the adsorption cell after deducting the volume of liquid water and the sample box (40.6598 cm3), 231 

and 𝜌𝑠 is the skeletal density of the sample (g/mL). 232 

Table 5 Mass of the samples (g). 233 

Sample 
SAWM PMD 

1MPa 3MPa 5MPa 1MPa 3MPa 5MPa 

S1 8.1565 8.7840 7.8200 9.0296 9.2287 9.1269 

S2 8.2920 8.9081 8.3382 8.9007 8.7049 9.1398 

2.3.3 Adsorption amount of water vapor 234 

According to the law of mass conservation, the water vapor conversion process in the SAWM 235 

and RELW experiments can be described as: 236 

 𝑤𝑎 = 𝑤𝑒 − 𝑤𝑓 (14a) 237 



 𝑤𝑒𝑟 = 𝑤𝑓𝑟 (14b) 238 

where 𝑤𝑎 is the amount of adsorbed water in shale (mol), 𝑤𝑒 is the evaporation amount of liquid 239 

water in the SAWM experiment (mol), 𝑤𝑓 is the amount of residual free water vapor within the 240 

void volume of the adsorption cell in the SAWM (mol), 𝑤𝑒𝑟 is the evaporation amount of liquid 241 

water in the RELW experiment (mol), and 𝑤𝑓𝑟 is the amount of free water vapor in the RELW 242 

experiment (mol). 243 

Eqs. (14a) and (14b) can be recast into integral form as: 244 

 ∫ 𝑣𝑎
𝑡

0
𝑑𝑡 = ∫ 𝑣𝑒

𝑡

0
𝑑𝑡 − ∫ 𝑣𝑓

𝑡

0
𝑑𝑡 (15a) 245 

 ∫ 𝑣𝑒𝑟
𝑡

0
𝑑𝑡 = ∫ 𝑣𝑓𝑟

𝑡

0
𝑑𝑡 (15b) 246 

where 𝑣𝑎 is the adsorption rate of water in shale (mol/s), 𝑣𝑒 is the evaporation rate of liquid water 247 

in the SAWM experiment (mol/s), 𝑣𝑓 is the water vapor rate increment in the SAWM experiment 248 

(mol/s), 𝑣𝑒𝑟 is the evaporation rate of liquid water in the RELW experiment (mol/s), and 𝑣𝑓𝑟 is the 249 

water vapor rate increment in the RELW experiment (mol/s). 250 

 251 

Figure 3. Relationship between the evaporation rate of water and Rh in the RELW experiment. (a) S1, (b) S2, (c) 252 

S3. 253 

𝑣𝑎 cannot be calculated directly in the SAWM experiments since water vapor originating from 254 

liquid water is continuously absorbed onto the shale sample. As shown in Figure 3, the RELW 255 

experiment is designed to determine the relationship between the vapor-liquid conversion rate and 256 

𝑅ℎ. The evaporation rate (the evaporation amount of liquid water per unit of time) is related to 257 

factors such as the temperature and relative humidity (Wang et al., 2015). According to Dalton's law 258 

of evaporation, the evaporation rate of liquid water is controlled by the relative humidity 𝑅ℎ. In the 259 

SAWM and RELW experiments, the evaporation conditions were identical except for the relative 260 

humidity. Hence, the evaporation rates in both experiments are the same when 𝑅ℎ in the SAWM 261 

experiments is the same as that in the RELW experiments: 262 



 𝑣𝑒(𝑅ℎ) = 𝑣𝑒𝑟(𝑅ℎ) (16) 263 

The 𝑣𝑒  value under the different pressures is obtained by substituting the experimentally 264 

obtained 𝑅ℎ data into the expressions shown in Figure 3. 𝑣𝑓 and 𝑣𝑓𝑟 can also be obtained with 265 

the improved P-R equation. Finally, the amount of adsorbed water in shale can be obtained through 266 

Eq. (14a). 267 

 268 

Figure 4. Amount of water evaporation (𝑤𝑒) and free water vapor (𝑤𝑓) in the adsorption cell in the SAWM 269 

experiments. 270 

Figure 4 shows the calculation results for 𝑤𝑒 and 𝑤𝑓 in the SAWM experiments. The sample 271 

was removed from the adsorption cell and weighed immediately after equilibrium was reached to 272 

determine the equilibrium adsorption amount of water vapor of the shale sample (𝑤𝑎𝑒). The 𝑤𝑎𝑒 273 

values that determined with the two methods are compared in Figure 5, which shows that the 274 

deviation is smaller than 5%. 275 

 276 

Figure 5. Comparison of the 𝑤𝑎𝑒  results obtained via sample weighing and 𝑅ℎ monitoring. 277 



3 Experimental results and discussions 278 

3.1 Experimental results 279 

Figure 6 shows the experimental results for the methane adsorption capacity in the PMD 280 

experiments. Figure 7 depicts the experimental results for the methane and water vapor equilibrium 281 

adsorption amounts in the SAWM experiments. Figure 8 provides the experimental results for the 282 

methane equilibrium adsorption amount in the PMMS experiments. Figure 6 shows that S2 attains 283 

the highest methane adsorption capacity, followed by S1 and S3, and the methane adsorption 284 

capacity of the three samples increases with increasing pressure. In the SAWM experiments, as 285 

shown in Figure 7, the adsorption amount of water vapor is obviously larger than that of methane. 286 

The adsorption amount of water vapor decreases with increasing pressure, and S1 attains the highest 287 

water vapor adsorption capacity, followed by S2 and S3. In the PMMS experiments, as shown in 288 

Figure 8, the methane adsorption capacity decreases with increasing water saturation. Comparing 289 

Figures 6‒8, it is found that methane adsorption amount in the PMD experiments is the largest, 290 

followed by the SAWM and PMMS experiments. 291 

 292 

Figure 6. Equilibrium adsorption amount of methane in the PMD experiments. 293 

  294 

Figure 7. Equilibrium adsorption amount of methane and water vapor in the SAWM experiments. (a) Methane, (b) 295 

water vapor. 296 



 297 

Figure 8. Equilibrium adsorption amount of methane in the PMMS experiments. (a) S1, (b) S2, (c) S3. 298 

Figure 9 shows the variation in the methane and water vapor adsorption amounts over time in 299 

the SAWM experiments. Figures 10–11 show the variation in the methane adsorption amount over 300 

time in the PMD and PMMS experiments. The increase in the obtained methane adsorption curves 301 

is initially linear, after which the slope begins to decrease, eventually approaching zero. In the 302 

PMMS experiments, the lower the water saturation, the sooner the process attains equilibrium. In 303 

the SAWM experiments, the adsorption process of water vapor decelerates with increasing pressure. 304 

 305 

Figure 9. Adsorption amounts of methane and water vapor versus time in the SAWM experiments. (a) S1, (b) S2, 306 

(c) S3. 307 

 308 

Figure 10. Adsorption amount of methane versus time in the PMD experiments. (a) S1, (b) S2, (c) S3. 309 



 310 

Figure 11. Adsorption amount of methane versus time in the PMMS experiments. 311 

3.2 Methane adsorption capacity in the PMD, PMMS and SAWM experiments 312 

Figure 12 shows the variation in the methane adsorption amount with the water content. The 313 

methane adsorption capacity of the moisturized samples is lower than that of the dry samples and 314 

decreases with increasing water content. In the PMMS experiments, the relation between the water 315 

content and methane adsorption amount approximately follows a power function with varying 316 

exponents (the PMD experiment can be considered a special case of the PMMS experiment at a 317 

water content of zero). In the PMMS experiments, the methane adsorption capacity decreases from 318 

0.132–0.322 mmol/g under dry conditions to 0.007–0.017 mmol/g at the highest water level for S1, 319 

the methane adsorption capacity decreases from 0.171–0.472 mmol/g to 0.009–0.020 mmol/g for 320 

S2, and it decreases from 0.093–0.239 mmol/g to 0.006–0.016 mmol/g for S3. Initially, the methane 321 

adsorption capacity distinctly decreases with the water content. As the water content is continuously 322 

increased, the impact of preadsorbed water on the methane adsorption capacity gradually becomes 323 

less obvious. 324 

As shown Figure 12, other studies related to the effect of preadsorbed water on the methane 325 

adsorption capacity of shales (Ma & Yu, 2020; Wang et al., 2018; Yang et al., 2017) were compared 326 

to our study. Ma and Yu (2020) investigated the adsorption dynamics of methane onto Carboniferous 327 



shale under different water contents at 313 K and up to 9 MPa. Their results indicated that the 328 

decrease in the methane adsorption rate at low water saturations is larger than that at high water 329 

saturations. The diffusivity of methane decreases with the increase of water saturations, but the trend 330 

becomes weak at high water saturations. Yang et al. (2017) performed methane adsorption 331 

measurements on four Paleozoic shales with different water contents (dried and moisture 332 

equilibrated at relative humidities of 33%, 53%, 75%, and 97%) at 312 K and up to 25 MPa. They 333 

concluded that the variation in the methane adsorption capacity of shales with the water content can 334 

be divided into three stages: (1) initial decline stage, (2) steep decline stage and (3) slow decline 335 

stage. The slow decline stage of the four samples starts with a relative humidity of 75%, and the 336 

corresponding water contents in the samples are 0.88, 0.63, 0.71 and 1.01 mmol/g. These two studies 337 

indicate that additional preadsorbed water exerts little further influence on the methane adsorption 338 

capacity when the water content exceeds a certain critical value. The data given by Wang et al. (2018) 339 

exhibit a narrow distribution range, and their variation is not notable. They demonstrated that at 𝑅ℎ 340 

levels higher than 75% (the corresponding water content in the samples is 0.38, 0.18 and 0.54 341 

mmol/g), moisture imposes a minimal influence on methane adsorption. 342 

 343 

Figure 12. Relationships between the water content and methane adsorption amount determined by different 344 

authors (the data were cited from Ma and Yu (2020), Yang et al. (2017) and Wang et al. (2018)). 345 

Authors have previously defined the critical water content, i.e., an additional amount of 346 

preadsorbed water does not further affect the methane adsorption capacity (Gasparik et al., 2012; 347 

Merkel et al., 2015, 2016; Ross & Marc Bustin, 2009). Beyond the critical water content, residual 348 

methane molecules become adsorbed at the sites occurring in hydrophobic kerogen, which is 349 

recognized as hydrophobic and exhibiting a preference for hydrocarbon gas. The majority of critical 350 

water content data ranges from 1.11 to 2.78 mmol/g (Feng et al., 2018). In our study, the effect of 351 



preadsorbed water on the methane adsorption capacity becomes less obvious when 𝑅ℎ is higher 352 

than 74.68%, and the corresponding critical water contents for S1, S2 and S3 are 1.49, 1.07 and 0.88 353 

mmol/g, respectively. Wang et al. (2018) suggested that the distribution of hydrophobic and 354 

hydrophilic sites throughout the pore network plays a key role in the effect of water on the methane 355 

adsorption capacity. The shale surface can be envisaged to contain water-prone and methane-prone 356 

sorption sites, with a partial overlap between these sorption sites (Wang & Yu, 2016). Water 357 

remarkably reduces the methane adsorption capacity by occupying these sites prior to the critical 358 

water content. When the water content continues to increase, the sites that can absorb both methane 359 

and water vapor increasingly become saturated, which do not further participate in water adsorption, 360 

thereby exerting a limited impact on the methane adsorption capacity. 361 

It can be clearly seen that the variation trends in the PMMS and SAWM experiments are 362 

different. In the SAWM experiments, with increasing water content, the reduction in the equilibrium 363 

methane adsorption amount does not markedly decrease, as observed in the PMMS experiments. In 364 

the SAWM experiments, the methane adsorption capacity decreases from 0.132–0.322 mmol/g 365 

under dry conditions to 0.07–0.21 mmol/g at the highest water content level for S1, the methane 366 

adsorption capacity decreases from 0.171–0.472 mmol/g to 0.11-0.37 mmol/g for S2, and it 367 

decreases from 0.093–0.239 mmol/g to 0.06–0.19 mmol/g for S3. The methane adsorption amount 368 

is affected by both the pressure and water content in the SAWM experiments. The water content 369 

increases and the methane adsorption amount decreases with decreasing pressure, which leads to a 370 

more obvious reduction in the methane adsorption amount with the water content. The variation 371 

range of the water content in the SAWM experiments is narrower than that in the PMMS 372 

experiments, which is attributed to the inhibiting effect of methane on the evaporation of liquid 373 

water, i.e., the critical water content is not reached in the samples in the SAWM experiments. The 374 

methane adsorption amount in the SAWM experiments is obviously larger than that in the PMMS 375 

experiments at the same water content, suggesting that the negative impact of water vapor on the 376 

methane adsorption capacity of the shale samples is inferior to that of the preadsorbed water amount. 377 

The equilibrium methane adsorption reduction during SAWM and PMMS compared to PMD 378 

were calculated with Eqs. (17) and (18), respectively, and the calculation results are listed in Table 379 

6. The reduction ranges from 81–96% in the PMMS experiments, while it ranges from 20–49% in 380 

the SAWM experiments. It is generally accepted that, in addition to kerogen materials, inorganic 381 



materials such as clay minerals could provide an additional adsorption amount in shale media due 382 

to the high internal specific surface area (Curtis et al., 2011; Ji et al., 2012). Either organic or 383 

inorganic materials could dominate the methane adsorption capacity under dry conditions, while the 384 

adsorption capacity of clay minerals decreases by 80–95% over dry conditions (Ross & Marc Bustin, 385 

2009). Merkel et al. (2015) conducted methane sorption experiments at different water contents and 386 

observed the effect of moisture on the methane adsorption capacity of marine Bossier shale. The 387 

results indicated that moisture-equilibration at 97% 𝑅ℎ and 318 K results in a 78% loss of the 388 

methane adsorption capacity of the tested Bossier shale. They suggested that even very small water 389 

amounts can exert a major impact on methane adsorption capacity of shale. Gasparik et al. (2014) 390 

also reported that the methane adsorption amount in clay-rich shale notably decreases approximately 391 

40%–90% under water-bearing conditions. The above results are consistent with our observations 392 

that water in clay-rich shale plays a key role in determining the methane adsorption amount. 393 

 𝑅𝑠(%) =
𝑚𝑑𝑒−𝑚𝑠𝑒

𝑑𝑒
× 100 (17) 394 

 𝑅𝑝(%) =
𝑚𝑑𝑒−𝑚𝑝𝑒

𝑑𝑒
× 100 (18) 395 

where 𝑅𝑠 is the equilibrium methane adsorption reduction in the SAWM experiments, (%); 𝑅𝑝 is 396 

the equilibrium methane adsorption reduction amount in the PMMS experiments, (%); 𝑚𝑑𝑒 is the 397 

equilibrium methane adsorption amount in the PMD experiments, (mmol/g); 𝑚𝑠𝑒  is the 398 

equilibrium methane adsorption amount in the SAWM experiments, (mmol/g); and 𝑚𝑝𝑒  is the 399 

equilibrium methane adsorption amount in the PMMS experiments, (mmol/g). 400 

Table 6 Reduction in equilibrium methane adsorption in the SAWM and PMMS experiments compared to the 401 

PMD experiments. 402 

Pressure Sample 𝑅𝑠 
𝑅𝑝 

Rh=31.60% Rh=53.17% Rh=74.68% Rh=96.41% 

1MPa 

S1 43.175 86.960 89.730 91.837 94.510 

S2 34.917 89.864 92.466 94.110 94.662 

S3 30.821 82.865 85.975 88.364 93.545 

3MPa 

S1 49.214 87.535 89.792 92.335 94.769 

S2 23.239 90.215 93.394 94.675 96.184 

S3 21.838 81.945 85.157 91.051 94.167 

5MPa 

S1 34.837 87.193 89.245 92.218 94.638 

S2 20.868 89.283 92.019 93.590 95.756 

S3 21.637 84.562 86.572 90.513 93.154 



In the premoistening process, adsorbed water is prioritized over methane in the occupation 403 

process of adsorption sites, which reduces the methane adsorption capacity and methane-surface 404 

interaction. Even at an 𝑅ℎ level of 31.6%, the reduction in the methane adsorption amount in the 405 

PMMS experiments is also notable. Gensterblum et al. (2014) performed methane adsorption 406 

experiments on coal samples under dry and moisture-equilibrated conditions, and the interaction 407 

between preadsorbed water and methane on the coal surface involved volumetric displacement 408 

independent of the gas type. In the SAWM experiments in our study, although water vapor lowers 409 

the adsorption force between methane and shale surfaces, high methane pressures destabilize the 410 

adsorbed water films on the shale surfaces and reduce the water film coverage. The low partial 411 

pressure of water vapor leads to insufficient diffusion and the incomplete occupation of methane 412 

adsorption sites. Water molecules in the SAWM experiments cannot block pathways or occupy 413 

adsorption sites in advance, as was observed in the PMMS experiments. As a result, the effective 414 

surface area of shale and the gas storage potential in the SAWM experiments do not decrease as 415 

notably as those in the PMMS experiments. 416 

As shown in Figure 13, the I/S and quartz contents are positively correlated with the equilibrium 417 

methane adsorption reduction amount in the PMMS experiments. On the one hand, the 418 

illite/smectite mixed layer plays a favorable role in water vapor adsorption by retaining adsorbed 419 

water in interlayer pores (Wang et al., 2018), blocking microchannels and deteriorating clay surfaces. 420 

On the other hand, quartz exhibits a higher hydrophobicity than does the illite/smectite mixed layer, 421 

leading to water preferentially occurring as droplets that block pore throats (Wang et al., 2020). In 422 

the PMMS experiments, as a result, the increasing I/S and quartz contents prominently enhance the 423 

negative effect of pre-adsorbed water on the methane adsorption capacity. This correlation in the 424 

SAWM experiments is obviously weaker than that in the PMMS experiments, which suggests that 425 

the impact of water vapor on the methane adsorption capacity is less affected by the increase in the 426 

I/S and quartz contents. This occurs because in the SAWM experiments, the methane adsorption 427 

capacity is largely constrained by the competition between water vapor and methane molecules on 428 

the shale surface, resulting in a weaker interaction between water vapor and shale. 429 

Figure 13 also shows that the micro- and mesopore volumes achieve a good correlation with the 430 

equilibrium methane adsorption reduction amount in the PMMS experiments, but this correlation is 431 

not obvious in the SAWM experiments. The micro- and mesopore volumes are positively correlated 432 



with the equilibrium methane adsorption reduction amount in the PMMS experiments. However, 433 

the opposite trend is observed in the SAWM experiments. The analysis suggests that preadsorbed 434 

water and water vapor play different roles in the effect of moisture on the methane adsorption 435 

capacity in regard to pore channel blocking. In the PMMS experiments, the increasing micro- and 436 

mesopore volumes enhances the impact of preadsorbed water on the methane adsorption capacity, 437 

indicating that preadsorbed water reduces the methane adsorption capacity via pore filling. In the 438 

SAWM experiments, the increasing micro- and mesopore volumes lowers the negative effect of 439 

water vapor on the methane adsorption capacity, but the effect of the micro- and mesopore volumes 440 

is limited. This occurs because the increase in micro- and mesopore volumes provides more sorption 441 

sites for methane-water vapor competition, which could simultaneously accommodate more 442 

adsorbed methane and water. 443 

 444 

Figure 13. Correlation of the I/S and quartz contents and the pore volume below 40 nm (using both carbon dioxide 445 

adsorption and nitrogen adsorption data) with decreasing equilibrium methane adsorption. 446 

3.3 Methane adsorption rate in the PMD, PMMS and SAWM experiments 447 

Variations in the methane adsorption rate over time and with the water content are shown in 448 

Figure 14. The methane adsorption rate at the initial time increases with increasing pressure and 449 

decreases with increasing water content. In addition, the methane adsorption rate decreases with 450 

increasing time and water content. In the SAWM experiments, the decay in the methane adsorption 451 



rate over time is alleviated with increasing pressure. In terms of the relationship between the water 452 

content and methane adsorption rate in the SAWM experiments, high pressure results in the methane 453 

adsorption rate decaying more rapidly with the water content. The methane adsorption rate at the 454 

initial time in the PMD experiments is the highest, followed by the SAWM and PMMS experiments. 455 

During the first 1000 s, the decline in the methane adsorption rate over time in the PMD experiments 456 

occurs the fastest, followed by the SAWM and PMMS experiments, indicating that the methane 457 

flow rate is obviously reduced by moisture, thereby prolonging the time required for methane to 458 

reach adsorption equilibrium. The comparison of the SAWM and PMMS experiments reveals that 459 

the methane flow rate and nanopore channels are less susceptible to water vapor at the early stage 460 

of the adsorption process. 461 

 462 

 463 

 464 

Figure 14. Variation in the methane adsorption rate with time and water content in the PMD, PMMS and SAWM 465 

experiments. 466 



The ratio of the methane adsorption amount (𝑚𝑥 ) to the equilibrium methane adsorption 467 

amount (𝑚𝑎𝑒) is referred to as the equilibration degree (𝐸𝑥) of the methane adsorption process. 𝑡𝑥 468 

denotes the time when x % of the equilibrium methane adsorption amount is achieved. In this study, 469 

x−10, 50, 80 and 95 was selected to investigate the methane adsorption rate in the PMD, PMMS 470 

and SAWM experiments, and the corresponding 𝑡𝑥  values are shown in Figure 15. 𝑡𝑥  is the 471 

smallest in the PMD experiments, suggesting that methane reaches adsorption equilibrium the 472 

fastest when methane is adsorbed onto dry shale. 𝑡𝑥 increases with increasing relative humidity in 473 

the PMMS experiments. The 𝑡𝑥 value in the SAWM experiments is smaller than that in the PMMS 474 

experiments until the equilibration degree reaches 95%, indicating that methane in the SAWM 475 

experiments can reach the adsorption sites more rapidly before 𝐸95 and that the weakening impact 476 

of preadsorbed water on methane adsorption rate is more prominent. The 𝑡𝑥 value in the SAWM 477 

experiments is larger than that in the PMMS experiments when the equilibration degree exceeds 478 

95%, suggesting that the weakening influence of water vapor on the methane adsorption rate in the 479 

SAWM experiments becomes prominent near the adsorption equilibrium. This phenomenon is 480 

explained as follows: owing to the continuous evaporation of water vapor, there remain certain 481 

adsorption sites for both water vapor and methane near the methane adsorption equilibrium. As a 482 

result, water vapor can replace some of the adsorbed methane molecules through the volume 483 

displacement effect, resulting in some adsorbed methane molecules being desorbed, and the time 484 

required for methane to reach adsorption equilibrium is prolonged. 𝐸80 and 𝐸95 are two important 485 

points in the methane adsorption process. Before 𝐸80, free methane controlled by the concentration 486 

difference flows in the pore channels at a higher rate, and a large amount of methane is adsorbed 487 

onto any vacant adsorption sites. When 𝐸95  is reached, the available sites for further methane 488 

adsorption almost disappear, and the variation in adsorption amount and adsorption rate are the 489 

lowest. Here, 𝑣80 and 𝑣95 are proposed as follows: 490 

 𝑣80 =
𝑚80−𝑚10

𝑡80−𝑡10
 (19) 491 

 𝑣95 =
𝑚95−𝑚80

𝑡95−𝑡80
 (20) 492 



493 

494 

 495 

Figure 15. Values of 𝑡10, 𝑡50, 𝑡80 and 𝑡95 for methane in the PMD, PMMS and SAWM experiments. (a) S1, (b) 496 

S2, (c) S3. 497 

As shown in Figure 16, 𝑣80  and 𝑣95  are negatively correlated with the TOC content, 498 

indicating that an increase in the TOC content reduces the methane adsorption rate, thus prolonging 499 

the time required for methane to reach adsorption equilibrium. Zou et al. (2018) concluded that 500 

organic matter contributes to the methane adsorption rate under high pressures within the initial time 501 

range. Our data indicate that the correlation of 𝑣80 with the TOC content is stronger than that of 502 

𝑣95 with TOC the content, suggesting that the negative impact of the TOC content on the methane 503 

adsorption rate is more obvious at the early stage. Organic matter usually provides the initial 504 

dominant effective sites for methane (Wang et al., 2018). When 𝐸80 is achieved, these effective 505 



sites tend to become saturated, and the micropores become increasingly blocked by the adsorbed 506 

methane and/or water, which results in an obvious restriction in methane transport. It can be inferred 507 

that an increase in the TOC content makes methane transport more susceptible to the accumulated 508 

gases. When 𝐸95  is achieved, the potential energy difference between the adsorption sites is 509 

relatively small, and the adsorption rate is mainly controlled by the interface interaction rate (Ma & 510 

Yu, 2020), resulting in the negative impact of the TOC content on methane transport near the 511 

adsorption equilibrium becoming insignificant. 512 

 513 

Figure 16. Correlation of the TOC content with 𝑣80 and 𝑣95. 514 

As shown in Figure 17, the variation in the methane adsorption rate with the equilibration degree 515 

at varying water contents in the PMMS experiments is investigated. The methane adsorption rate in 516 

the PMMS experiments can be divided into two parts (linear and fluctuating parts). In the first part, 517 

due to the high potential energy of the adsorption sites and the high methane concentration gradient, 518 

the methane adsorption rate distinctly decreases as a liner function of the equilibration degree. A 519 

large portion of vacant sorption sites and a high methane flow rate increase the adsorption amount 520 

during this process. In the second part, bulk methane diffusion disappears, and surface migration 521 

becomes dominant. The vacant adsorption sites for methane are reduced, and the driving force is 522 

lower than that observed in the first part. With increasing water content, the time required for the 523 

first part decreases and the time required for the second part increases. Yuan et al. (2014b) applied 524 

the bidisperse diffusion model to simulate gas transport in shale samples. Their results suggested 525 

that the reduction in gas diffusion coefficient is attributed to water in the pore spaces reducing the 526 



void spaces available for gas transport. This also possibly occurs because moisture can swell clay 527 

minerals, resulting in a reduced pore volume and pore throats. As a result, a notable increase in 528 

preadsorbed water reduces the diffusivity of methane and the proportion of vacant adsorption sites, 529 

resulting in a small diffusion distance of methane and weak interaction between methane molecules 530 

and the shale surface. 531 

 532 

Figure 17. Variation in the methane adsorption rate with the equilibration degree in the PMMS experiments. 533 

The variation in the methane and water vapor adsorption rates with the equilibration degree in 534 

the SAWM experiments was investigated, as shown in Figure 18. The variation in the methane and 535 

water vapor adsorption rates is closely related to the gas pressure. For S1 and S3, the water vapor 536 

adsorption rate is obviously higher than that of methane under 1 MPa, while the methane adsorption 537 

rate is higher than that of water vapor under 3 and 5 MPa. For S2, the methane adsorption rate is 538 

higher than that of water vapor under all pressure steps. The variations in the methane and water 539 

vapor adsorption rates in the SAWM experiments are different. Notably, the methane adsorption 540 

rate decreases linearly with the equilibration degree followed by a small-range fluctuation, and the 541 

water vapor adsorption rate decreases exponentially with the equilibration degree. Because the 542 

partial pressure of methane is much higher than that of water vapor, the inhibitory effect of methane 543 

on liquid water evaporation is obvious, and the driving force of water vapor toward bulk diffusion 544 



is weak. Additionally, methane is usually attracted to shale surfaces via van der Waals forces. The 545 

cooperative nature of water enables water molecules to bond with oxygen-containing functional 546 

groups at adsorption sites with hydrogen bonds, in which hydrogen bonds are 5–10 times stronger 547 

than van der Waals forces (Švábová et al., 2011). The charged regions of clay minerals also absorb 548 

water molecules through the occurrence of interlayer spaces in clay minerals (Singh, 2016). 549 

Therefore, the difference in partial pressure, in addition to the difference in methane-shale and 550 

water-shale interaction mechanisms, are the main factors influencing the variation in the methane 551 

and water vapor adsorption rates in the SAWM experiments. 552 

 553 

Figure 18. Variation in the methane and water vapor adsorption rates with the equilibration degree in the SAWM 554 

experiments. (a) S1, (b) S2, (c) S3. 555 

Comparing Figures 17 and 18, it can be found that the variation in the methane adsorption rate 556 

with the equilibration degree in the SAWM experiments can also be divided into two parts (linear 557 

and fluctuating parts). However, the duration of the linear part in the PMMS experiments is shorter 558 

than that in the SAWM experiments. The comparison results suggest that the detrimental impact of 559 

preadsorbed water on the methane adsorption rate is more obvious than that of water vapor. This 560 

occurs because in the PMMS experiments, the increasing water film thickness during the 561 

premoistening procedure triggers water blocking, narrowing or even blocking of methane diffusion 562 

pathways, and seriously reduces the methane concentration gradient and methane-shale surface 563 

interaction. In the SAWM experiments, the diffusion and adsorption of water vapor in the pores is 564 

constrained by the high partial pressure of methane, and methane can reach the available adsorption 565 

sites more rapidly, thus reducing the detrimental effect of water on the methane adsorption rate. It 566 

is concluded that in the PMMS experiments, the impact of preadsorbed water on the methane 567 

adsorption rate is mostly reflected by the observed resistance and blocking effects. In the SAWM 568 

experiments, the impact of water vapor on the methane adsorption rate is largely reflected by the 569 

above inhibition and competition effects. 570 



3.4 Distribution of adsorbed water in the shale pores in the PMMS and SAWM experiments 571 

The distribution of adsorbed water and the interaction between liquid, gaseous and solid phases 572 

in shale pores have significant impacts in methane adsorption mechanisms. The distribution of 573 

adsorbed water in shale pores can be determined by combining the calculated water film thickness 574 

and pore size distribution. Based on the disjoining pressure theory, the relationship between the 575 

thickness of a water film and the relative humidity inside slit-shaped pores can be described as 576 

(Churaev et al., 2000; Tuller et al., 1999): 577 

 ∏ (ℎ)𝑠𝑙𝑖𝑡 𝑉𝑚
𝑙 = −𝑅𝑇𝑙𝑛(

𝑃𝑤

𝑃𝑠
) (21) 578 

where ℎ is the water film thickness (nm), ∏ (ℎ)𝑠𝑙𝑖𝑡  is the disjoining pressure between liquid film 579 

and solid surface within slit-shaped pores, which is related to ℎ  (MPa), and 
𝑃𝑤

𝑃𝑠
  is the relative 580 

humidity of gaseous methane. 581 

The disjoining pressure between the water film and shale solid surface comprises three parts 582 

(Derjaguin et al., 1987; Li et al., 2016b): 583 

 ∏ (ℎ)𝑠𝑙𝑖𝑡 = ∏ (ℎ)1 + ∏ (ℎ)2 + ∏ (ℎ)3  (22) 584 

where ∏ (ℎ)𝑠𝑙𝑖𝑡  is the total disjoining pressure in slit-shaped pores, ∏ (ℎ)1  denotes the van der 585 

Waals force, ∏ (ℎ)2  is the electrical force, and ∏ (ℎ)3  denotes the structural force. 586 

The van der Waals force is approximately described by (Starov et al., 2007): 587 

 ∏ (ℎ)1 =
𝐴𝐻

ℎ3  (23) 588 

where, 𝐴𝐻 is the Hamaker constant in a gas/water/shale system (J). 589 

In the circumstance of oppositely charged surfaces occurring at relatively small distances, the 590 

electrical force can be approximated as (Starov et al., 2007): 591 

 ∏ (ℎ)2 =
𝜀𝜀0(𝜉1−𝜉2)2

8𝜋ℎ2  (24) 592 

where 𝜀 is the relative dielectric permittivity of liquid water (dimensionless), 𝜀0 is the electric 593 

constant in vacuum (F/m), and 𝜉1 and 𝜉2 are the electric potentials of the solid-liquid and liquid-594 

air interfaces, respectively (V). 595 

The calculation of the structural force can be approximated by a semiempirical equation (Starov 596 

et al. 2007; Tuller et al. 1999): 597 

 ∏ (ℎ)3 = 𝑘𝑒−
𝜆

ℎ (25) 598 



where 𝑘  is the coefficient determining the structural force strength (N/m2) and 𝜆  is the 599 

characteristic length of water molecules (nm). 600 

Without loss of generality, in our study, pores are assumed to be cylindrical, homogeneous and 601 

isotropic. In cylindrical pores, in addition to the disjoining pressure, the cylindrical capillary forces 602 

induced by curved liquid films should be considered. The effective disjoining pressure in a 603 

cylindrical capillary is defined as (Mattia et al., 2012): 604 

 ∏ (ℎ)𝑒𝑓𝑓 =
𝑟

𝑟−ℎ
∏ (ℎ)𝑠𝑙𝑖𝑡 +

𝛾

(𝑟−ℎ)
 (26) 605 

where ∏ (ℎ)𝑒𝑓𝑓  is the effective disjoining pressure within cylindrical pores (MPa), r is the radius 606 

of the cylindrical shaped pores (nm), and 𝛾 is the surface tension at the interface between gas and 607 

liquid water (N/m). 608 

Combining Eqs. (21) and (26), the relationship between ℎ , 𝑟  and 𝑅ℎ  within cylindrical 609 

capillaries can be obtained: 610 

 
𝑟

𝑟−ℎ
∏ (ℎ)𝑠𝑙𝑖𝑡 +

𝛾

(𝑟−ℎ)
= −

𝑅𝑇

𝑉𝑚
𝑙 𝑙𝑛(𝑅ℎ) (27) 611 

The water saturation of a single cylindrical pore is therefore obtained as follows: 612 

 𝑤𝑡(𝑖) =
2ℎ

𝑟
 (28) 613 

The values of the parameters used in Eq. (21)- (26) are listed in Table 7 (Churaev, 1995a, 1995b, 614 

2003; Israelachvili, 2011; Takahashi & Kovscek, 2010). 615 

Table 7 Parameters in the calculation of the water film thickness. 616 

Parameter Symbol Value Unit 

Temperature T 313.15 K 

Liquid water molar volume 𝑉𝑚
𝑙  18 cm3/mol 

Hamaker constant (clay-water-air) 𝐴𝐻 0.8×10-20 J 

Relative dielectric constant of water 𝜀 76.58 - 

Electric constant (vacuum) 𝜀0 8.85×10-12 F/m 

Electric potential difference 𝜉1 − 𝜉2 50×10-3 V 

Coefficient of the structural force 𝑘 1.0×107 N/m2 

Characteristic decay length of water 𝜆 1.5 nm 

Surface tension 𝛾 72×10-3 N/m 

Li et al. (2016a) determined the distribution of the water saturation in pores of different sizes 617 

and suggested that the effect of water on the methane adsorption capacity is mainly attributed to two 618 

aspects: (i) small pores (<6 nm) blocked by water are unavailable for methane adsorption and (ii) 619 

large pores bounded by water films exhibit a transition from gas-solid to gas-liquid interactions. The 620 



water adsorption measurements in their study referred to the moisture-equilibrated method. It is 621 

worth noting that in their research, the relative humidity considered to calculate the water saturation 622 

in the different pore sizes was controlled via saturated salt solutions at room temperature (25 ℃) 623 

rather than the real relative humidity of gaseous methane. Therefore, the water saturations in the 624 

different pore sizes in the PMMS and SAWM experiments should be compared. In the PMMS 625 

experiments, as shown in Figure 19, the water saturation in the shale pores varies with the different 626 

pore radii and is much higher in pores with smaller radii. Xu et al. (2020) applied a 3-D lattice 627 

Boltzmann model to study water adsorption in clay-rich shales, and they concluded that water vapor 628 

is preferentially adsorbed in the small and narrow pore spaces. In our study, as shown in Fig. 19, the 629 

water saturation in all pores is lower than 1 for 𝑅ℎ< 74.68%, suggesting that the thickness of water 630 

film is smaller than the pore radius, and adsorbed water occurs only in the form of water films on 631 

pore surfaces. At low water saturations, water resides largely as adsorbed films on pore surfaces and 632 

to a lesser extent as pendular rings at grain-rain contact points (Tokunaga et al., 2017a). It can also 633 

be observed that the water saturation in pores with radii ranging from 0.37–3.81 nm equals 1 at an 634 

𝑅ℎ level of 96.41%, indicating that the thickness of water film is larger than the pore radius. Hence, 635 

these pores are completely filled with water. 636 

 637 

Figure 19. Water saturation under the different pore radii. (a) S1, (b) S2, (c) S3. 638 

The equilibrium relative humidity in the SAWM experiments is presented in Table 8, which 639 

decreases with increasing pressure. Figure 20 shows that under the same pressure, the equilibrium 640 

relative humidity (𝐸𝑅ℎ) is negatively correlated with the I/S content and is positively correlated 641 

with Ro. Organic matter such as kerogen usually possesses more hydrophobic sites, and the maturity 642 

of kerogen is indicated by Ro (Wang & Yu, 2016). Hydrophobic sites are well developed in highly 643 

mature samples. Therefore, the number of hydrophobic sorption sites throughout the pore network 644 

of the samples is positively correlated with 𝐸𝑅ℎ. The hydrophobicity of S3 is the highest, leading 645 



to a smaller reduction in the equilibrium 𝑅ℎ  value. Figure 19 shows that for S1 and S2 in the 646 

SAWM experiments, the water saturation in all pores is lower than 1 at 1, 3 and 5 MPa, suggesting 647 

that the thickness of water film is smaller than the pore radius, and adsorbed water only occurs in 648 

the form of water films on pore surfaces. For S3 in the SAWM experiments, some fine pores are 649 

fully filled with water under 1MPa, although the pore size range fully filled with water is relative 650 

narrow. A reasonable explanation for this phenomenon is that water vapor diffusion and adsorption 651 

ensue inadequately in micropores due to the hydrophobicity of S3, and water tends to occur as 652 

droplets (Cailliez et al., 2008; Wang et al., 2020). When water droplets completely block narrow 653 

pore throat regions, methane can hardly penetrate the water barrier, which is unfavorable for 654 

methane diffusion and adsorption. As a result, in addition to 𝑅ℎ and the pore size distribution, the 655 

hydrophobicity of shale is also a key factor influencing the water distribution. 656 

Table 8 Equilibrium relative humidity in the SAWM experiments. 657 

Pressure (MPa) S1 S2 S3 

1 0.824 0.825 0.936 

3 0.705 0.791 0.842 

5 0.740 0.757 0.812 

As shown Figure 19, the accessibility of pore radii smaller than 1 nm to water vapor in the 658 

SAWM experiments is inferior to that in the PMMS experiments, namely, water vapor can occupy 659 

and fill micropores more easily in the premoistening procedure. Ruppert et al. (2013) separately 660 

identified the accessibility of clay-rich shale pores to deuterated methane and deuterated water via 661 

ultrasmall-angle neutron scattering and suggested that pores smaller than 30 nm exhibit a higher 662 

affinity for water than for methane. Yang et al. (2020) proposed a multiscale approach combining 663 

molecular simulation and the lattice Boltzmann method to study gas migration in shale nanopores. 664 

Their results indicated that the maximum adsorbed gas density occurs in pores with a size of 4 nm. 665 

In addition to Langmuir single-layer adsorption, the adsorption mechanism involving pore filling 666 

also occurs in micropores (< 2 nm). The micropore volume and SSA provide more sites for methane 667 

adsorption (Heller & Zoback, 2014; Liu et al., 2016). The large SSA and micropores of inorganic 668 

or organic matter are the main overlap areas between water and methane adsorption (Jin & 669 

Firoozabadi, 2014; Wang et al., 2020). The above observations suggest that in the PMMS 670 

experiments, preadsorbed water obviously lowers the methane adsorption amount and rate through 671 

the occupation of micropores (0.3–1.5 nm), which renders microporous adsorption sites unavailable 672 



to methane. Thus, methane fails to form the same multilayer on surfaces occupied by preadsorbed 673 

water, and is mainly adsorbed in pores with radii larger than 1.5 nm. Figure 19 also shows that in 674 

the SAWM experiments, water largely occupies the mesopores (1.5–20 nm). This occurs because 675 

methane with a high partial pressure carries water vapor to the shale surface, methane molecules 676 

preferentially occupy the micropores, and competitive adsorption between methane and water vapor 677 

mainly occurs on the surface of mesopores (1.5–20 nm). In addition, the influence of water on pores 678 

with radii larger than 100 nm is slight, which results from the low water film coverage. 679 

 680 

Figure 20. Relationship between the equilibrium relative humidity 𝐸𝑅ℎ and the I/S content and Ro. (a) 1MPa, (b) 681 

3MPa, (c) 5MPa. 682 

4 Conclusions 683 

Experiments involving pure methane adsorption onto dry shale (PMD), pure methane adsorption 684 

onto moisture-equilibrated shale (PMMS) and simultaneous adsorption of water vapor and methane 685 

(SAWM) onto shale were conducted to investigate: (1) the differences in the effects of water vapor 686 

and preadsorbed water on methane adsorption; (2) the distributions of adsorbed methane and water 687 

in shale pores; (3) the mechanisms of water-methane-shale interaction in the PMMS and SAWM 688 

processes. Several findings were obtained based on the experimental and calculation results. 689 

1. The impact of water vapor and preadsorbed water on the methane adsorption capacity of the 690 

shale samples was quantified. Compared to the methane adsorption capacity in the PMD 691 

experiments, the equilibrium methane adsorption reduction amount ranges from 81–96% in the 692 

PMMS experiments and from 20–49% in the SAWM experiments. Preadsorbed water reduces the 693 

methane adsorption capacity more notably than does water vapor. The micro- and mesopore 694 

volumes are positively correlated with the equilibrium methane adsorption reduction amount in the 695 

PMMS experiments, while the micro- and mesopore volumes are negatively and inconspicuously 696 

correlated with the equilibrium methane adsorption reduction amount in the SAWM experiments. 697 

Correlation analysis suggests that the influences of preadsorbed water and water vapor on the 698 



methane adsorption capacity are different in regard to pore channel blocking: the blocking effect 699 

induced by water vapor on micro- to mesopores is weaker than that induced by preadsorbed water. 700 

2. The equilibrium methane adsorption amount in the SAWM experiments is notably larger than 701 

that in the PMMS experiments at the same water content. In the PMMS experiments, the methane 702 

adsorption amount decreases with increasing water content, the impact of preadsorbed water on 703 

methane adsorption amount becomes less obvious when the water content exceeds the critical value, 704 

and the critical values for S1, S2 and S3 are 1.49, 1.07 and 0.88 mmol/g, respectively. In the SAWM 705 

experiments, the equilibrium adsorption amount of water vapor is 2.5–24 times that of methane. 706 

With increasing water content, the equilibrium methane adsorption amount does not decrease as 707 

notably as that in the PMMS experiments. This indicates that water vapor adsorption is inhibited by 708 

methane, and the critical water content of the samples is not reached in the SAWM experiments. 709 

3. The results of water film thickness calculation suggest that the accessibility of pores with radii 710 

smaller than 1 nm to water vapor in the SAWM experiments is inferior to that in the PMMS. In the 711 

PMMS experiments, preadsorbed water lowers the methane adsorption capacity through the 712 

occupation of micropores (0.3–1.5 nm), and methane is largely adsorbed in pores with radii larger 713 

than 1.5 nm due to the unavailability of micropores. The increase in water film thickness in the 714 

premoistening procedure triggers the water blocking effect, narrows or even blocks methane 715 

diffusion pathways, and seriously reduces the methane concentration gradient and methane-shale 716 

surface interaction. In the SAWM experiments, methane preferentially occupies the micropores, and 717 

water vapor mainly occupies the mesopores (1.5–20 nm) due to competition with methane. In the 718 

SAWM experiments, water vapor diffusion and adsorption in the pores are inhibited by the high 719 

methane partial pressure, and water molecules do not block pore channels nor occupy adsorption 720 

sites in advance, as was observed in the PMMS experiments. 721 

4. To distinguish the impact of water vapor and preadsorbed water on the methane adsorption 722 

rate, the time required for methane to reach 10%, 50%, 80% and 95% of the equilibrium adsorption 723 

amount in the PMD, PMMS and SAWM experiments was compared. The results suggest that 724 

methane reaches adsorption equilibrium the fastest in the PMD experiments. In the PMMS 725 

experiments, the time required for methane to reach adsorption equilibrium increases with 726 

increasing water content. The methane adsorption rate in the SAWM experiments is higher than that 727 

in the PMMS experiments before the equilibration degree reaches 95%. In contrast, when the 728 



equilibration degree exceeds 95%, water vapor can replace some of the adsorbed methane molecules 729 

via the volume displacement effect. The comparison of the methane adsorption rates between the 730 

PMMS and SAWM experiments suggests that the detrimental effect of preadsorbed water on the 731 

methane adsorption rate is more obvious than that of water vapor. In the PMMS experiments, the 732 

influence of preadsorbed water on the methane adsorption rate is largely reflected by the observed 733 

resistance and blocking effects. In the SAWM experiments, the influence of water vapor on the 734 

methane adsorption rate is mainly reflected by the inhibition and competition effects. 735 

5. In the PMMS experiments, the methane adsorption rate distinctly decreases as a linear 736 

function of the equilibration degree followed by fluctuation. In the SAWM experiments, the 737 

methane adsorption rate rapidly decreases in a linear manner with the equilibration degree followed 738 

by fluctuation, and the water vapor adsorption rate decreases exponentially with the equilibration 739 

degree. The deviation in variation in the methane and water vapor adsorption rates in the SAWM 740 

experiments results from the partial pressure difference and the distinct methane-shale and water-741 

shale interaction mechanisms. 742 
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