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A B S T R A C T   

There is a limited understanding of the critical impact moisture has on shale gas resource estimation by affecting 
gas adsorption and pore structure. Laboratory experiments on dry and 95% relative humidity (R.H.) isolated 
kerogens are combined with Grand Canonical Monte Carlo (GCMC) and Molecular Dynamic (MD) simulations for 
kerogen models, including matrix and slits (0.5, 1.0, 1.5, and 2.0 nm) with a range of moisture contents (0–42 wt 
% on a total organic carbon content (TOC) basis) to better understand how moisture impacts methane adsorp-
tion. Higher methane adsorption capacities (Qm) and micropore volumes (Vmicro) are observed for simulated 
kerogens since all pores in GCMC are accessible. Moisture has a negative effect on Qm, displaying ‘rapid’, 
‘gentle’, and ‘slow’ stages with increasing moisture in simulation. Reductions in Qm (61–75%) and Vmicro 
(88–93%) are obtained for isolated kerogens containing moisture of 38–70 wt% TOC with up to 56% of the 
moisture in micropores. The same Qm and Vmicro reductions can be reached for the simulated kerogens with 
moisture contents of 4–24 wt% TOC for matrix and slits. The relative coordination number (Cr) from MD 
simulation indicates water has a stronger affinity than methane for all functional groups with preferred sorption 
sites like carboxyl (COOH) under reservoir conditions. The microporosity controls condensed water cluster size. 
Water adsorbed in ultra-micropores (<0.7 nm) leads to ‘rapid’ reduction, the ‘gentle’ Qm reduction stage arises 
from water condensing, and filling of remaining pores at the highest moisture is related to the ‘slow’ Qm 
reduction stage. Therefore, water reduces the methane adsorption capacity of kerogen mainly by occupying and 
blocking the pore volume rather than competing directly with methane for sorption sites.   

1. Introduction 

Gas in place (GIP) for shales is usually estimated from the sum of 
adsorbed and free gas, and considering the moisture impact under 
reservoir conditions provides a more accurate result [1–4]. As the pri-
mary insoluble organic matter in shale, kerogen plays a crucial role in 
shale gas evaluation and production [4–7]. >50% of adsorbed gas in 
shale is contributed by isolated kerogens at dry [4,6,8], and 95% relative 
humidity (R.H.) moisture-equilibrated (wet) conditions [4], due to the 
well-developed microporosity. The generally larger porosity in higher 
maturity kerogen arises from the generation and release of hydrocar-
bons [9–13]. 

Laboratory results indicate moisture has a negative impact on 

methane adsorption capacity, which, together with occupying some 
pore volumes, results in GIP being over-estimated [4,5,14–16]. Re-
ductions of 20–85% in methane adsorption capacities at 97% relative 
humidity (R.H.) for moisture-equilibrated shales have been reported 
[5,15,17,18]. It was believed that this is mainly due to moisture 
blocking the available adsorption sites/pores for methane in clay 
directly and in organic matter indirectly [19,20], since hydrophilic clay 
minerals are the main component to adsorb water in shale [21–24]. 

Whereas, recent experiments reveal that the amount of water 
absorbed in shale is positively related to the content of organic matter, 
possibly because of its oxygen-containing functional groups and, 
compared to the mineral matrix, larger specific surface area [18,25,26], 
confirming water can affect methane adsorption in the organic matter 
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directly. The negative effects of moisture on methane adsorption ca-
pacity of isolated kerogens have been revealed by high-pressure 
methane adsorption experiments [4], where>50% of the methane 
adsorption capacities are lost for 95%R.H. moisture-equilibrated (wet) 
samples. 

Molecular simulation as a practical theory approach, including mo-
lecular dynamic (MD) and Grand Canonical Monte Carlo (GCMC) 
simulation, is widely applied to investigate gas/oil adsorption for 
kerogen in shale [27–31]. GCMC is an effective method to study the gas 
adsorption capacity by the statistic probabilities analysis method, and 
MD simulation can reveal the dynamic adsorption behaviour by ana-
lysing the physical movements of atoms and molecules [32–34]. 
Although kerogen is composed of heterogeneous amorphous polymers 
covering a wide range of compositions it can be classified into four types 
(I, II, III, and IV) and different maturities, with the same type and 
maturity kerogen sharing a similar elemental composition, functional 
groups and structural features [6,7,12,35,36]. The composition and 
structural parameters of different kerogens measured by the X-ray and 
Solid-State 13C nuclear magnetic resonance (NMR) [37] are used for 
construing the representative realistic 3D kerogen molecules [38], 
which are widely applied in simulation research on kerogen [30,39–41]. 
Kerogen has complex pore network where different pore shapes could 
exist [42]. Different kerogen models including graphene proxies 
[43,44], matrices or matrices with dummy pores [29,45,46], kerogen 
slits [27,40,47–49], and kerogen cylindrical pore models [42,50,51] 
have been constructed in simulation, providing insight into kerogen 
pore structure and networks. Although the methane adsorption amounts 
from slit kerogens are slightly higher than that from cylindrical kerogen 
models, their adsorption isotherms present a similar trend [42,50]. 
These simulated kerogen models cover the ultra-micropores (<0.7 nm), 
super-micropores (0.7–2.0 nm), and some mesopores up to 10 nm. 

In contrast to the limited laboratory research on wet isolated kero-
gens [4], the negative effects of moisture on methane adsorption ca-
pacity of simulated kerogen have been revealed by GCMC and MD 
simulations [30,52–54]. Significantly decreased methane adsorption 
was observed for the moist kerogen matrix models with moisture con-
tent from 0.6 to 2.4 wt% [30,54,55], and from 0.6 to 3.0 wt% [56]. 
Molecular simulations have also been carried out on kerogen matrix 
under a wider range of moisture contents from 0.5 to 6.0 wt% to illus-
trate the moisture and salinity effects on methane adsorption, and the 
results indicate 42.5% methane adsorption capacity is reduced for gas 
window kerogen with the moisture content of 6.0 wt% at 65 ◦C [52]. 

The reduced methane adsorption capacity in wet kerogen matrices 
could result from the limited pore volume and/or water could compete 
with the sorption sites for methane [45,54,55], as water has a higher 
affinity with kerogen than methane [46]. However, much more detailed 
research on how water affects methane adsorption in kerogen, consid-
ering the difference of physical micropore structure and exact chemical 
components, is still needed. Moreover, the limited moisture content up 
to 3 wt% for kerogen in most simulations which was taken from studies 
on coal [57,58] or shales [59], is much less than the moisture content in 
isolated kerogen from the experiment (about 15 wt% at 95%R.H.) [4]. 
The molecular simulation work to date has only involved making simple 
comparisons of the predicted methane adsorption isotherms to experi-
mental data for coals, shales, and dry isolated kerogens [45,54,55] due 
to the very limited experimental data on wet kerogens. In addition, the 
models containing moisture used in simulations to date are mainly on 
the kerogen matrix, covering pores <1 nm. However, the larger micro-
pores (1–2 nm) are essential for methane adsorption [60], and moisture 
can block the pore or/and pore neck<1.3 nm and impact the pore 
connectivity of kerogens [4]. 

This study is the first to present a detailed comparison of the impact 
of moisture on methane adsorption in kerogen combining experimental 
data and molecular simulation. The mechanistic description of the ef-
fects, considering the microporosity, functional groups and their com-
bined effect is also revealed. Dry and moist kerogen models (matrix, 0.5, 

1.0, 1.5, and 2.0 nm slits) covering the ultra (<0.7 nm) and super- 
micropores (0.7–2.0 nm) are constructed for the molecular dynamic 
(MD) and the Grand Canonical Monte Carlo (GCMC) simulation. The 
consistency of moisture content, microporosity, and methane adsorption 
capacity between experiment and simulation results are compared, 
which can provide solid foundations for further simulation on moist 
kerogen. Moreover, the findings in this study can provide a new 
perspective on understanding methane adsorption in wet kerogen to 
better estimate gas in place for shales. 

2. Methodology 

2.1. Samples and laboratory experiments 

Experimental data of three isolated gas-window kerogen concen-
trates (K1, K2, GHK3) have been obtained from two China shales and 
one UK shale by demineralisation [4]. The two China shales are from 
Wufeng-longmaxi Formation, Sichuan Basin, with Type II kerogen 
[14,61]. The Grange Hill UK shale is from Bowland Basin mixed with 
Type II, III, and IV kerogens, with Type II kerogen predominated 
[62,63]. Both dry and wet (95%R.H. moisture equilibrated) isolated 
kerogens were prepared. The pore characteristics and methane adsorp-
tion capacity of these isolated kerogens were obtained by low-pressure 
gas (CO2, N2) sorption at 0 and − 196 ◦C, and high-pressure methane 
adsorption at 25 ◦C carried out in laboratory conditions by Micro-
meritics Surface Area and Porosity Analyser (ASAP 2420) and the High- 
Pressure Volumetric Analyzer (HPVA-100). Non-Local Density Func-
tional Theory (NLDFT) method based on the carbon slit pore model is 
applied to calculate the pore size distribution (PSD) in this study. Total 
organic carbon content (TOC) and Vitrinite Reflectance (VR, % Ro) were 
measured by Leco CHN628 instruments and LEICA DM4500P micro-
scope. The skeleton and bulk densities of kerogens were obtained from 
Helium pycnometry and Mercury intrusion porosimetry (MIP), with 
Scanning Electron Microscope (SEM) and Transmission Electron Spec-
troscopy (TEM) providing the images of kerogens. All these measure-
ments are described in our previous publications [4,14], except TEM, 
and the preparation of moisture equilibrated kerogens with other 
different R.H. (10, 30, 50, and 70% R.H.). The flowchart of sample 
preparation, experiments, and simulations is given in the Supplementary 
Information, Figure S1, with the details of gas sorption methods pre-
sented in Section S1. 

2.1.1. Moisture equilibrated sample preparation 
Kerogens were dried at 120 ◦C in a vacuum oven (<0.5 mbar) for 48 

h first, before being placed in a vacuum desiccator containing the spe-
cific saturated salt solution at a controlled temperature of 20 ◦C for 48 h. 
A logger in the desiccator was used to monitor the relative humidity (R. 
H.) and temperature. The 95 ± 2%R.H. moisture equilibrated (wet) 
samples were prepared by saturated potassium nitrate (KNO3) solution 
(8 g KNO3/10 mL H2O), which are the wet isolated kerogens used for the 
high-pressure methane adsorption and low-pressure gas adsorption ex-
periments. The 10, 30, 50, and 70%R.H. moisture equilibrated kerogens 
were prepared with saturated potassium hydroxide (KOH) solution(14 g 
KOH/10 mL H2O), magnesium chloride (MgCl2) solution(5 g MgCl2/10 
mL H2O), magnesium nitrate hexahydrate (Mg(NO3)2) solution (18.7 g 
Mg(NO3)2/10 mL H2O), and potassium iodide (KI) solution (15 g KI/10 
mL H2O) [22,64]. The moisture content of kerogens at each condition 
was calculated from the mass difference. 

2.1.2. Transmission Electron Spectroscopy (TEM) 
The holey carbon film (EM Resolutions ltd) was used to support the 

dry-deposited kerogen powder (particle size < 300 nm). Then a JEOL 
2100F Field emission electron gun (FEG) TEM equipped with a Gatan 
Orius camera is used to analyse kerogen samples, operating at 200 kV. 
The TEM images of kerogen are obtained by Gatan Digital Micrograph 
software. 
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2.2. Simulation procedure 

Molecular simulations are carried out by BIOVIA Materials Studio 
software through the all-atom COMPASS force field [65]. It is a widely 
used high-quality force field to consolidate parameters of organic ma-
terials in kerogen research [30,55,66]. Force fields typically include 
bonded and non-boned interactions (Figure S2). The covalent bond 
energy is presented as Equation (1), including the bond angle bending, 
bond stretching, dihedral angle torsion, and inversion energy. The non- 
bond covalent energy includes van der Waals energy (EVan), Coulomb 
energy (Ecoulomb) and hydrogen bond energy (EH) (Equation (2)). In 
COMPASS force field, van der Waals (vdW) force is expressed by LJ-9–6 
function (Equation (3)), the electrostatic force is calculated by the 
Coulombic equation (Equation (4)), and hydrogen bond impact is 
considered in the above forces. The atom-based and Ewald summation 
methods are used for vdW and electrostatic, respectively [33,67], with a 
cut-off distance of 1.55 nm applied, indicating the interactions beyond 
this distance are not considered. In addition, the temperature and the 
pressure in the simulation system are controlled by the Nosé− Hoover 
thermostat and barostat, respectively [68–71]. It is worth noting that the 
dissolved methane in water, as well as the swelling of kerogen, is not 
considered in this simulation study due to their limited effect [72,73]. 

Ebond = Ebond stretching + Eangle +Etorsion +Einversion (1)  

Enonbond = Evan +Ecoulomb +EH (2)  

Evan = D0

[

2 •

(
R0

Rij

)9

− 3 •

(
R0

Rij

)6
]

(3)  

Ecoulomb =
∑

ij
qiqj

Rij
(4)  

where, Ebond is the bond force, Eangle is the bond angle bending energy, 
Ebond stretching is bond stretching energy, Etorsion is the dihedral angle tor-
sion energy, Einversion is inversion energy, also called out-of-plane in-
teractions terms, which are part of nearly all force-fields for covalent 
systems energy, Enonbond is the non-bond energy, EVan is the van der Waals 
force, Ecoulomb is the Coulomb force, EH is the hydrogen bond energy, Rij is 
the distance between the atoms i and j, D0 is the equilibrium L-J well 
depth, R0 is the equilibrium distance, qi , qj are the charges of the atoms 
(i and j) in the system. 

Fig. 1. A) The immature kerogen mo-
lecular unit (KIIA), C252H294O24N6S3; 
B) The early-mature (at the beginning 
of the oil window) kerogen molecular 
unit (KIIB), C234H263O14N5S2; C) The 
middle-late mature (at middle to end of 
oil window stage) kerogen molecular 
unit (KIIC), C242H219O13N5S2; D) The 
overmature (gas window) kerogen mo-
lecular unit (KIID), C175H102O9N4S2; E) 
The maturity stages of different kerogen 
units in Van Krevelen diagram. Modi-
fied from (Ungerer, 2015) [38] and 
(Kelemen, 2007) [37]; F) The KIID low 
density relaxed kerogen model; G) The 
KIID final condensed kerogen matrix 
model; H) The density variation of KIID 
kerogen in dynamic simulation with 
NPT ensemble; I) the KIID kerogen slit 
models.   
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2.3. Construction of kerogen models 

Type II kerogen molecular units built by Ungerer [38] have been 
used in this study. The kerogen molecule units, KIIA, KIIB, KIIC, and 
KIID, represent immature, early-mature (beginning of the oil window), 
middle-late mature (middle to end of the oil window), and overmature 
(gas window) kerogens (Fig. 1A, B, C, and D), respectively, with the 
exact maturity stages shown on the Van Krevelen diagram (Fig. 1E). 

Pre-optimised kerogen units were used to construct initial low den-
sity (0.1 g/cm3) kerogen relaxed matrix models (Fig. 1F). The number of 
kerogen units (10 for KIIA, 10 for KIIB, 10 for KIIC, and 13 for KIID) 
(Table S1) varies depending on 1) the simulated matrix size (final 
kerogen cell is 3.85, 3.70, 3.68, and 3.52 nm cube, respectively) 
should>3.1 nm (twice the cut-off distance), and 2) the simulated system 
should be excessive regarding computational workload. Then, a series of 
molecular dynamic simulations were applied, Geometry Optimisation 
being used to obtain the local minimal energy structure of the initial 
kerogen matrix. A relaxation of 1 ns from 500 ◦C to 100 ◦C with the NVT 
ensemble (0.5 ns) and NPT ensemble (0.5 ns) was conducted to obtain 
the global minimum energy structure. After that, the 1.5 ns dynamic 
simulation was carried out in the NPT ensemble to derive the stable 
condensed kerogen matrix model (Fig. 1G). The system reaches equili-
bration after a dynamic simulation time of 2.5 ns, since the equilibration 
of density is reached (Fig. 1H). The periodic boundary conditions were 
applied in X, Y, and Z directions, which consist of an infinite number of 
units. 

Kerogen slit models with pore width sizes of 0.5 ± 0.2, 1.0 ± 0.2, 1.5 
± 0.2, and 2.0 ± 0.2 nm were also constructed for the overmature 
kerogen (KIID) (Fig. 1I), together with KIID matrix, used to compare 
with the overmature isolated kerogens (K1, K2, and GH3). The slit pore 
width sizes were controlled by adjusting the distance between the cen-
troids of the two kerogen matrix layers when constructing the slit 
models. The unevenness of the kerogen molecular structure (Fig. 1D) 
results in the slit pores being over the range of ± 0.2 nm for the stated 
pore size. Kerogen matrix and slit models with the increasing moisture 
contents (0, 0.6, 1.2, 2.4, 3.6, 6, 9, 12, 15, 18, 21, 24, 27, 30, 36 and 42 
wt% TOC, where wt.% TOC is the moisture weight percentage on a TOC 
basis) were constructed sequentially by water adsorption through Fix 
Loading task with GCMC method to obtain the moist kerogen models 
(‘moist’ is used to distinguish the simulated kerogens from ‘wet’ for the 
isolated kerogens used experimentally). 42 wt% TOC is the maximum 
moisture content that the kerogen models can contain, which is obtained 
on the basis of the water adsorption isotherms for the kerogen models 
(Figure S3). The kerogen models were built as triplicate, and the average 
simulation data were applied to represent the authentic results. 

2.4. Simulation methods 

2.4.1. Methane adsorption by GCMC 
The methane adsorption isotherms up to 300 bar were obtained by 

the GCMC method for the (dry and moist) simulated kerogen models at 
25 and 100 ◦C, since the isotherms are close to reaching equilibrium at 
300 bar. GCMC simulation allows the methane to penetrate into any 
large enough space in the kerogen models. Fugacity was used in the 
GCMC simulation, which can be converted to pressure by the fugacity 
coefficient calculated by the Peng-Robinson equation [30,74]. A total of 
2 × 107 Monte Carlo simulation steps were performed at each pressure, 
with the first 1 × 107 steps for equilibration and the second 1 × 107 steps 
for production. The dual-site Langmuir (DSL) model (Equation (5)) [3] 
developed from classical Langmuir model is used to predict the equi-
librium methane adsorption quantity (Qm) based on the simulation re-
sults of methane adsorption isotherms, which is the same model used for 
fitting and predicting experimental results on isolated kerogens [4]. The 
DSL model is more suitable for the heterogeneous adsorbents since two 
adsorption sites are considered [3]. Methane adsorption at 25 ◦C for the 
kerogen matrix and slit models are used to compare with experimental 

results. 

Qa(P, T) = Qm •

[

(1 − α) b1(T)P
1 + b1(T)P

+ α b2(T)P
1 + b2(T)P

]

(5)  

where, Qa is the absolute adsorption quantity obtained from simulation; 
Qm is the max equilibrium absolute adsorption quantity; b1(T) and b2(T)
are the temperature-dependent equilibrium constants, which are related 
to the energy of adsorption sites; b1(T) and b2(T) are weighted by a 
coefficient (α); α is the fraction of the second type of site (0 < α < 1); P is 
the pressure; T is the temperature. 

2.4.2. Microporostiy measurement 
The micropore volume in the simulation is the Connolly volume 

measured by the dummy probes, the size of which can vary (Fig. 2A). 
The measured surface of a solid (Fig. 2B) can be defined as 1) van der 
Waals surface formed by the outer part of the van der Waals spheres of 
the surface atoms, 2) Connolly surface, which is the probe accessible 
surface and used in simulation studies. This is defined as the surface 
drawn by the bottom of a spherical probe molecule rolling over the van 
der Waals surface. 3) The R-distance surface is located at a distance R 
from the Connolly surface [60]. The corresponding pore volume is the 
region wrapped by the surface, and the accessible pores depend on the 
size and shape of the probe molecules [30,60,75]. In this simulation, the 
micropore size distribution (MPSD) of kerogen models is obtained by the 
micropore volume measured by dummy probes with different diameters 
(d) from 0.10 to 2.0 nm. The dummy probes with various diameters can 
be compared with the gas molecules having the same kinetic diameter, 
such as d = 0.26 nm for Helium (He), d = 0.33 nm for carbon dioxide 
(CO2), d = 0.36 nm for Nitrogen (N2), and d = 0.38 nm for methane 
(CH4) [67,76,77]. The micropore volume (Vmicro) for simulation of dry 
kerogen was measured by the 0.33 nm (CO2 diameter) probe, and for 
moist kerogen, was measured by 0.36 nm (N2 diameter) probe, to be 
consistent with the results from the low-pressure gas adsorption mea-
surements (Supplemental information, Section S1.1), where the micro-
pore volumes of dry and wet isolated kerogens are obtained from CO2 
and N2, and N2 gas sorption, respectively, through the NLDFT model [4]. 

2.4.3. Molecular dynamic simulation 
The affinity between the water/methane molecules and different 

functional groups is revealed by the Radial distribution function (RDF) 
analysis from the MD simulation for the adsorption mechanism analysis. 
The relaxed kerogen matrix (Fig. 1F) was used to eliminate the pore 
structure effect. Different numbers (5, 10, 25, 50, 75, 100, 150, 200, 
250, 300) of methane/water molecules were loaded by Fix Loading and 
GCMC to represent the density and pressure changes for methane 
(0.0002–0.0124 g/cm3, 0.3–18.5 bar at 25 ◦C, 0.4–23.6 bar at 100 ◦C) 
and different moisture contents (0.3, 0.7, 1.7, 3.3, 5.0, 6.6, 10, 13, 17 
and 20 wt% TOC) in the kerogen models (Figure S4). The relative 
number density (g(r)) (Equation (6)) and the relative coordination 
number (Cr) (Equation (7)) were obtained after the 2.0 ns MD simulation 
was carried out at 25 ◦C and 100 ◦C in the NVT ensemble. The first 1.0 ns 
was used for equilibration, and the second 1.0 ns for outputting results. 
The g(r) and Cr of methane and water around a specific functional group 
can indicate the strength of affinity, increasing values of g(r) and Cr 
suggesting stronger affinity. 

g(r) =
ρr

ρcell
=

dN
4πr2dr

N
Vcell

(6)  

Cr =

∑
dN

N
=

g(r) • 4πr2dr
Vcell

(7)  

where, g(r) is the relative number density, ρr is the number density of 
methane/water around the particular functional group, ρcell is the 
number density of methane/water in the simulation cell, dN is the 
amount of methane/water around the functional group when the 
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measured distance is r with the measured thickness of dr (Fig. 2C), N is 
the number density of methane/water in the cell,Vcell is the volume of 
the cell, Cr is the relative coordination number. 

3. Result and discussion 

3.1. Model validation 

TEM is an effective tool to observe the micropore structure of the 
amorphous organic matters, including carbon or kerogen in shale 
[78–81]. Here, for the isolated kerogens K1 and K2, TEM indicates the 
micropores of kerogen in shale comprise 1) small micropores (<1 nm) 
inside of kerogen matrix (Fig. 3A), and 2) larger micro (>1 nm), meso, or 
even macropore between the kerogen matrix (Fig. 3B and 3C). The small 
micropores (<1 nm) of realistic kerogen matrix (Fig. 3A) can be repre-
sented by the kerogen matrix model (Fig. 1G), and the larger micropores 
(>1 nm) (Fig. 3C) can be represented by kerogen slit models (Fig. 1I). 

The micropore size distributions (MPSD) for dry kerogens from 
simulation and experiment are compared in Fig. 4. The isolated kero-
gens, K1, K2, and GHK3 with VRs of 2.95, 2.58, and 1.95%Ro, respec-
tively, are in the overmature (gas window) stage, which are comparable 
with overmature simulated kerogen (KIID). Fig. 4A confirms that iso-
lated kerogens contain both ultra-micropores (<0.7 nm) and super- 
micropores (0.7–2.0 nm), with two significant peaks. The first (Pul) 
and second (Psu) peaks are in the ranges of 0.3–0.5 nm and 0.7–2.0 nm, 
respectively, with GHK3 having a much smaller Psu peak than K1 and 
K2, indicating most (about 98%) of the pores in GHK3 are ultra- 
micropores (<0.7 nm). 

Three peaks are observed for the simulated kerogen micropore size 
distributions (Fig. 4B). The largest peak, Pin, ranging from 0 to 0.26 nm, 
arises from pores inaccessible experimentally to any gas molecule (even 
He). The smallest peak (Pul) (peak value < 10 mm3/g TOC) (Fig. 4B) is 

very close to the ultra-micropore peak (Pul, peak value is 3–12 mm3/g 
TOC) in the isolated kerogen (Fig. 4A), ranging from 0.3 to 0.5 nm. This 
peak is present in all kerogen models (Fig. 4B). The third peak (Psu, peak 
value < 30 mm3/g TOC) is observed for all the slit models ranging from 
0.8 to 2.0 nm, depending on slit size (Fig. 4B), which is comparable with 
the super-micropore peaks (Psu, peak value < 12 mm3/g TOC) in the 
isolated kerogens (Fig. 4A). 

In summary, the MPSD of dry kerogen from experiment and simu-
lation are comparable, where the KIID matrix and KIID 0.5 nm slit 
models are representative of the ultra-micropores dominating in 
kerogen GHK3, and the 1.0, 1.5, and 2.0 slits models containing both 
ultra-micropores and super-micropores which are comparable to K1 and 
K2. 

Although kerogen structure is complex and heterogeneous, there is a 
relatively consistent range (1.1–1.8 g/cm3) of skeleton densities for 
isolated kerogen, which can be used as a criterion to validate the 
simulated models [6,30,54,82,83]. The skeleton densities of the isolated 
kerogens K1, K2, and GHK3 are 1.17, 1.83, and 1.44 g/cm3, respectively 
(Table 1). A range of 1.10–1.65 g/cm3 for type II isolated kerogens with 
differing maturity has been reported in previous research [6,82–84]. 
The isolated kerogens could contain various denser minerals leading to a 
relatively higher skeleton density from the experiment than simulation 
[6,82,83,85], where in this simulation, the skeleton densities for the 
KIIA, KIIB, KIIC, and KIID matrices are 1.11, 1.12, 1.16, and 1.20 g/cm3, 
respectively (Table S1). A density of 1.0–1.15 g/cm3 for KIIA 
[30,38,53,67], 1.16 and 1.18 g/cm3 for KIIB and KIIC [53], and 
1.18–1.28 for KIID [38,53,55,86] were reported in previous simulations, 
in good agreement with the matrix density obtained from this study. 

In addition, the lower bulk densities (0.21 to 0.59 g/cm3) of K1, K2, 
and GHK3 arises from their high porosity (75–89%) (Table 1). The bulk 
density of kerogen silt models reduces with increased pore volume, for 
KIID 0.5, 1.0, 1.5, and 2.0 nm slits models being 1.12, 1.06, 1.0, and 

Fig. 2. A) Depiction of pore volume measurement by different probes, the probe diameters (d) range from 0.1 to 2.0 nm in this study, B) diagram of van der Waals 
(1), Connolly probe accessible (2), and the accessible, R-distance (3) surfaces of an adsorbent (modified from (Thommes, 2015) [60]), C) diagram depicting methane 
or water molecules around a functional group for calculating relative number density and coordination number. 

Fig. 3. A) TEM image of micropores in isolated kerogen matrix (K1), B) TEM image of a mesopore in isolated kerogen matrix (K2), C) TEM image of a mesopore and 
micropore neck for isolated kerogen matrices (K2). 
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0.94 g/cm3, which is lower than the kerogen KIID matrix density (1.20 
g/cm3). The bulk density of the KIID slit models (0.94–1.12 g/cm3) are 
larger than those of isolated kerogens (0.21–0.59 g/cm3, Table 1) since 
the models only represent kerogen containing certain micropores, and 
there are much more larger pores (meso and macropores) in isolated 
kerogens. 

3.2. Impact of moisture on methane adsorption by simulation 

The impact of moisture on methane adsorption capacity for the KIIA, 
B, C, and D matrices at 25 and 100 ◦C is illustrated in Fig. 5. The equi-
librium methane adsorption capacities (Qm) of the dry kerogen matrices 
increase with maturity and decrease with temperature. The Qm for the 
dry KII A, B, C, D matrices are 16, 20, 28, and 46 mg/g TOC, respec-
tively, at 25 ◦C, compared to the lower values of 13, 18, 21, and 36 mg/g 
TOC, respectively, at 100 ◦C (Fig. 5A and B). The same effects of 
maturity and temperature on methane adsorption capacity is also 
evident for the moist kerogens (Fig. 5 A, B). Moisture has the expected 
negative impact on methane adsorption capacities for the kerogen 
matrices, the isotherms of which are presented in Figure S5. The nega-
tive effect increases with moisture content until values of 9, 12, 12, and 
18 wt% TOC for KII A, B, C, D matrices, respectively, are reached where 
no the methane adsorption capacity remains (Fig. 5 C and D). 

The correlations between Qm reduction and moisture content for the 
kerogen matrices increase gradually until reaching plateau, and the 
increased curves can be divided into three regimes (I, II, III) described as 
‘rapid’, ‘gentle’ and ‘slow’ stages as the increase of moisture content 
(Fig. 5 C, D), with different slopes and knee points observed (Fig. 5 C, D). 
The impact of a given moisture content increases with decreasing 
maturity going from KIID to KIIA. Although the moisture content ranges 
for corresponding stages can differ slightly depending upon maturity 
and temperature, they are approximately within the ranges 0–4 wt% 

TOC, 4–8 wt% TOC, and >8 wt% TOC for ‘rapid’, ‘gentle’, and ‘slow’ 
stages (Fig. 5 C, D). Over 50% reduction in Qm for the KII A, B, C, D 
matrices occurs when the moisture reaches ca. 4 wt% TOC. Moisture has 
the greatest effect on the low maturity kerogen KIIA, since more mois-
ture is needed to occupy (adsorb and condense) in the larger micropores 
for the more mature kerogens. 

3.3. Comparison between experiment and simulation for the impact of 
moisture on methane adsorption. 

The methane adsorption capacities of the overmature kerogens from 
simulation and experiment at 25 ◦C are compared in Figs. 6 and 7. For 
dry kerogens, the methane adsorption isotherms for the KIID matrix and 
0.5 nm slit models are Type I (a) isotherms [60], similar to that of GHK3 
kerogen, since they mainly contain ultra-micopores (<0.7 nm). The 
isotherms for K1 and K2 kerogens are Type I (b) isotherms [60], matched 
well with that of the KIID 1.5 nm slit model, slightly out of range 
compared to the KIID 1.0 and 2.0 nm slit isotherms (Fig. 6A), consid-
ering the existence of both ultra-micropores (<0.7 nm) and super- 
micropore (0.7–2.0 nm) (Section 3.1). The Qm of the dry KIID matrix, 
0.5, 1.0. 1.5 and 2.0 nm slit models clearly increases with pore size, from 
46, 75, 95, 122, to 148 mg/g TOC (Fig. 6B). The Qm of the dry KIID 
matrix, 0.5, 1.0. 1.5 and 2.0 nm slit models clearly increases with pore 
size, from 46, 75, 95, 122, to 148 mg/g TOC, respectively (Fig. 6B). The 
Qm values from simulation are larger than those from experiment. As for 
the ultra-micropores predominated kerogens, the values of 46–75 mg/g 
TOC for KIID matrix and 0.5 nm slit models are about 2–3 times higher 
than that for GHK3 kerogen (21.25 mg/g TOC). And the Qm of ultra and 
super-micropores models (95, 122, to 148 mg/g TOC for KIID 1.0. 1.5 
and 2.0 nm slit) are roughly up to 2 times higher than the experimental 
Qm values for the dry K1 and K2 (75.8, and 89.6 mg/g TOC, Table 1), 
due to all the pores being accessible for the GCMC method in simulation. 

Fig. 4. The micropore size distributions (MPSD) of A) isolated kerogens (K1, K2, and GHK3) and B) kerogen matrix and slits models. The micropore volumes of the 
isolated kerogens are on a TOC basis to eliminate the impact of residue minerals. 

Table 1 
Basic parameters for the isolated kerogens used in this study.  

Kerogen 
name 

Porosity 
(%) 

Skeleton 
Density (cm3/ 
g) 

Bulk Density 
(cm3/g) 

Dry Vultra 

(mm3/g 
TOC) 

Dry Vmicro 

(mm3/g TOC) 
Dry Qm 
(mg/g TOC) 

Wet Vultra 

(mm3/g 
TOC) 

Wet Vmicro 

(mm3/g TOC) 
Wet Qm 
(mg/g 
TOC) 

Qm 
reduction 

K1 89  1.17  0.21 24 39 75.8 ± 3.96 0  2.7  19.3 75% 
K2 85  1.83  0.43 37 75 89.6 ± 5.01 0  5.9  35.1 61% 
GHK3 75  1.44  0.59 9.8 10 21.25 ±

1.54 
0  1.2  6.1 71% 

Porosity is the ratio of the total pore space divided by the total sample volume, Vultra is the ultra-micropore (<0.7 nm) volume, Vmicro is the total micropore (<2 nm) 
volume. Qm is the maximum equilibrium methane adsorption quantity, the mean of Qm is from triplicate experiments, and the errors represent the dispersion of a 
dataset relative to its average. The ‘wet’ in this table means the 95% R.H. moisture equilibrium isolated kerogens. 
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Moisture reduces the Qm by 75, 61, and 71% for K1, K2, and GHK3, 
respectively (the Qm for wet isolated kerogens being 19.3, 35.1, and 6.1 
mg/g TOC, respectively, (Table 1). The Qm of the KIID models with 
different moisture contents (0–42 wt% TOC) obtained by GCMC simu-
lation at 25 ◦C are presented in Fig. 6B. The moist kerogen structures 

lose all their methane adsorption capacity when the moisture contents 
are 18, 27, 30, 36, to 42 wt% TOC for the KIID matrix, 0.5, 1.0, 1.5, and 
2.0 nm slit models, respectively, indicating more moisture is required 
with increasing pore size (Fig. 6B). 

The Qm reduction for the kerogen slit models (Fig. 7A) can be 

Fig. 5. The equilibrium methane adsorption capacities (Qm) of the KII A, B, C, D matrices with different moisture contents at A) 25 ◦C and B) 100 ◦C, and the Qm 
reductions of KII A, B, C, D matrices with different moisture contents at C) 25 ◦C and D) 100 ◦C. The Qm is calculated based on equation (5) (Section 2.4.1), and the 
Qm reduction is the percentage of the reduced Qm of kerogens compared to the Qm of dry kerogen. Regime I is designated the ‘rapid’ stage relating to the part of the 
curve with the steepest slopes, Regime II is designated the ‘gentle’ stage in the part of the curves around the knees with less steep slopes, and regime III, ‘slow’ stages 
refer to the curves reaching a plateau. 

Fig. 6. A) Methane adsorption isotherms of the dry isolated kerogens and KIID models at 25 ◦C, B) The equilibrium methane adsorption quantity (Qm) of the KIID 
models with different moisture contents at 25 ◦C. The points ‘adsorbed’ in Fig. 6A are the measured data of methane adsorption amount from simulations and 
experiments, and the lines ‘calculated’ are predicted by the DSL model. 
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divided into ‘rapid’, ‘gentle’, and ‘slow’ stages as for the kerogen 
matrices (Fig. 5), with the changes from ‘rapid’ to ‘gentle’ stages being 
less evident with increasing pore size (Fig. 7A). The experimental results 
reveal similar effects for the Qm versus moisture content plot exhibiting 
a linear decreasing stage, a flat stage, and then a convex decreasing stage 
[87]. To find the representative moist kerogen models for the 95% R.H 
wet isolated kerogens, the Qm reductions (61–75%) of wet isolated 
kerogens are marked in Fig. 7A. The moist KIID kerogen (matrix, 0.5, 
1.0, 1.5, and 2.0 nm slit) models across a moisture content range of 4–24 
wt% TOC are selected as the representative moist models, as same Qm 
reductions for wet isolated kerogen are observed (Fig. 7A). Whereas, the 
moisture contents of 4 to 24 wt% TOC for kerogen micropore models 
from the simulation are less than the moisture contents (70, 43, and 38 
wt% TOC for K1, K2, and GHK3) measured for wet (95%R.H.) isolated 
kerogens, suggesting that not all the moisture is in the micropores of 
isolated kerogens. 

The methane adsorption isotherms of the moist KIID matrix, 0.5, 1.0, 
1.5, and 2.0 nm slit models with moisture contents of 6, 12, 15, 18, and 
21 wt% TOC, respectively, have been selected to compare with the 
experimental results (Fig. 7B). The Qm reductions for moist KIID matrix 
and 0.5 nm slit models at 6 and 12 wt% TOC are 74% and 76%, are 
comparable to that (71%) for the wet GHK3 kerogen. Similarly, the Qm 
reductions for the moist KIID 1.0, 1.5, and 2.0 nm slit models at 15, 18, 
and 21 wt% TOC are 70%, 68% and 71%, which are comparable to the 
average Qm reduction (68%) for the wet K1 and K2 kerogens (Fig. 7A). 

Similar to the dry kerogens, the Qm of the moist kerogens from 
simulation are higher than those of the wet kerogens from experiment 
(Fig. 7B). The methane adsorption isotherms of the moist KIID matrix (6 
wt% TOC) and 0.5 nm slit (12 wt.%TOC) models are comparable to 
those for the wet GHK3 kerogens, all being Type I (a). In contrast, the 
isotherms for the wet K1 and K2 kerogens are Type I (b), similar to those 
of the moist KIID 1.0 nm (15 wt.%TOC), 1.5 nm (18 wt.%TOC), and 2.0 
nm (21 wt.%TOC) slit models (Fig. 7B). However, how moisture affects 
the methane adsorption capacity of kerogens in simulation is slightly 
different from experiment. For the isolated kerogens, moisture reduces 
the methane adsorption capacity by taking up the pore space directly, 
or/and blocking the narrow pore necks (<1.3 nm) to hinder the methane 
migration [4], while for the simulated kerogens, moisture can only 
reduce the methane adsorption by occupying the available pore space, 
since all the pores (even closed pores) can be accessed by methane 
molecules in the GCMC simulation. Therefore, the same amount of 

moisture should have a greater effect on the isolated kerogens than the 
simulated kerogens. Thus, at most, 24 wt% TOC moisture being in the 
wet (95%R.H.) isolated kerogen micropores, with the rest in larger 
pores. 

3.4. Comparison of experiment and simulation for the impact of moisture 
on microporosity 

The micropore characteristics for the overmature kerogen (KIID) 
from simulation are defined by d = 0.33 nm (same as CO2 used for dry 
isolated kerogen) and d = 0.36 nm (same as N2 used for wet isolated 
kerogen) probes (Table S2), in order to compare with the results for 
isolated kerogens from low-pressure gas (N2, and CO2) sorption exper-
iment. The experimental results indicate that the reductions in micro-
pore volume of 93, 92, and 88% occur for the wet (95%R.H.) K1, K2, and 
GHK3 kerogens, from 39, 75, 10 mm3/g TOC to 2.7, 5.9, and 1.2 mm3/g 
TOC, respectively (Table 1). The negative impact of moisture on mi-
cropores is also found in simulation, with the micropore volume 
decreasing with increasing moisture content (Fig. 8), where the 

Fig. 7. A) Qm reduction for the KIID matrix, 0.5, 1.0, 1.5, and 2.0 nm slit models with the different moisture contents at 25 ◦C, B) Methane adsorption isotherms of 
wet isolated kerogen and moist KIID models at 25◦ C. The points ‘adsorbed’ in Fig. 7B are the measured data of methane adsorption amount from simulations and 
experiments, and the line ‘calculated’ is predicted by the DSL model. Regime I is designated the ‘rapid’ stage relating to the part of the curve with the steepest slopes, 
Regime II is designated the ‘gentle’ stage in the part of the curves around the knees with less steep slopes, and regime III, ‘slow’ stages refer to the curves reaching 
a plateau. 

Fig. 8. Reductions in micropore volume for the kerogen (KIIA, B, C, and D) 
matrix and KIID 0.5, 1.0, 1.5, and 2.0 nm slit models with increasing mois-
ture content. 
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micropore volume decreases fast at first and then becomes stable with 
increasing moisture content. The same moisture content has a greater 
impact on kerogen models with smaller and less pores (Fig. 8), since 
these pores are more easily taken up by water. All micropores (d = 0.36 
nm) are lost when the moisture contents are 6, 9, 12, 15, 24, 30, 33, and 
36 wt% TOC for the KIIA, KIIB, KIIC, KIID, KIID 0.5 nm slit, KIID 1.0 nm 
slit, KIID 1.5 nm slit, KIID 2.0 nm slit models, respectively (Fig. 8). 

As stated in Section 3.3, when the moisture content is in the range of 
4–24 wt% TOC for the kerogen models, the same Qm reduction 
(61–75%) is obtained as for 95%R.H. wet isolated kerogens (Fig. 7), with 
the micropore reduction being around 85% (Fig. 8), slightly lower than 
the micropore reductions (88–93%) for wet (95%R.H.) isolated kero-
gens. The relatively close reduction of methane adsorption capacity 
(61–75%) and microporosity (85%) at the same moisture content sug-
gests that the accessible micropore volume is the main controlling factor 
for methane adsorption capacity. More moisture (4–27 wt% TOC, cf. 
4–24 wt% TOC) is needed for the kerogen models to reach the same 
micropore reduction (88–93%) than for the wet (95%R.H.) isolated 
kerogen (Fig. 8). However, the micropore volumes for wet isolated 
kerogens are measured at − 196 ◦C by N2, where water becomes ice and 
can potentially block more micropores [4]. The results further indicate 
the moisture in wet isolated kerogens (38–70 wt% TOC) is distributed in 
micropores as well as larger pores, with at most 56% moisture (24 wt% 
TOC in micropores for K1 and K2, and 12 wt% TOC for GHK3). 

Fig. 9 compares the MPSD results for wet/moist kerogens from 
experiment and simulation. All ultra-micropores (<0.7 nm), as well as 
the super-micropores (0.7–2.0 nm) <1.3 nm, are lost experimentally for 
the wet isolated kerogen [4], leaving one prominent micropore peak 
ranging from 1.3 to 2.0 nm (Fig. 9A). Unlike the experimental results, 
not all the pores<1.3 nm are lost when the moisture is in the range of 
4–24 wt% TOC for the KIID matrix and slit models (Fig. 9). As for the dry 
simulated kerogens, there are two peaks (Pin and Pul) for the moist 
kerogen matrix and 0.5 nm slit models (Fig. 9B and C), including the 

inaccessible and ultra-micropore (<0.7 nm). Three peaks (Pin, Pul, and 
Psu) are observed for the moist kerogen 1.0, 1.5, and 2.0 nm slit models 
(Fig. 9D, E, and F), covering the inaccessible, ultra (<0.7 nm) and super- 
micropores (0.7–2.0 nm). Although all the MPSD for the moist kerogens 
in Fig. 9 display a prominent peak for the inaccessible pores (pore size <
0.26 nm), these pores are not accessible for any molecule, even He, 
(diameter is 0.26 nm), which is the same as for the inaccessible pores in 
the dry kerogens as discussed in Section 3.1 (Fig. 4). Both ultra-(<0.7 
nm) and super-micropores (0.7–2.0 nm) exist for moist KIID slit models, 
and increasing moisture content simultaneously reduces Pul and Psu 
(Fig. 9 D-F), suggesting moisture reduces the ultra-(<0.7 nm) as well as 
super-micropore (0.7–2.0 nm) volume simultaneously. 

3.5. Mechanistic description of the impacts of moisture 

3.5.1. Microporosity 
The moisture contents of the isolated kerogens at different relative 

humidities (10, 30, 70, and 95%R.H.) are presented in Fig. 10, which 
shows the gentle increase in the lower humidity range (<30%R.H.) for 
K1, K2, and GHK3 (stage 1), followed by a rapid rise in the higher hu-
midity range for K2 and GHK3 (stage 2), with K1 reaching a plateau at 
the highest humidity. The maximum moisture contents of K1, K2, and 
GHK3 are 15.5, 13, and 9.9 wt%, corresponding to 43, 70, and 38 wt% 
TOC, respectively at 95%R.H. (Fig. 10). At 30%R.H., the isolated 
kerogen moisture contents are in the range of 7.5–17.6 wt% TOC, close 
to the estimated moisture contents in the micropores of kerogen simu-
lated models (4–24 wt% TOC) (Section 3.4). Therefore, stage 1 could be 
due to water adsorbing/condensing in micropores first. Stage 2 at higher 
relative humidities could arise from water starting to fill and condense in 
the larger pores. Similar moisture uptake stages have been reported 
[26], where it was considered that the ‘gentle increase stage’ could be 
related to the monolayer adsorbed water, and the rapid increase could 
associate with the multiple layer and condensation of water. Fisher 

Fig. 9. The MPSD of wet (95%R.H.) isolated kerogen (A) and the MPSD of moist KIID kerogen matrix (B), 0.5 nm (C), 1.0 nm (D), 1.5 nm (E), and 2.0 nm (F) slit 
models at varying moisture content (wt.% TOC). The enlarged MPSD in figure B-F includes the selected moisture content from 0, 2.4, 6, 18, 24, 27, 30, and 42 wt% 
TOC to make the MPSD clear. 
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(1979), Fan (2018), and Wang (2018) [72,87,88] state that water 
condensation may occur in the larger pores following adsorption in the 
smaller pores, as water occupies the micropore first. 

Based on the MD simulation results, the snapshots of the water dis-
tributions in the kerogen 2.0 nm slit model at different moisture contents 
are presented in Fig. 11. First, water adsorbs in the ultra-micropores 
(<0.7 nm) (Fig. 11A), and then starts adsorbing on the surface of 
super-micropores (0.7–2.0 nm) and filling the ultra-micropore (<0.7 
nm) simultaneously (Fig. 11B). Next, water condenses and forms the 
water cluster (Fig. 11C and D), and finally blocks all the micropores 
(Fig. 11E). The same results were also obtained from the MPSD of KIID 

models (Fig. 9), where all the ultra-micropores (<0.7 nm) in the KIID 
matrix model can be filled when the moisture content is 18 wt% TOC 
(Fig. 9B), but not all the ultra-micropores (<0.7 nm) are lost in KIID slit 
models at the same moisture content (Fig. 9E and F). This indicates that 
although water adsorbs in ultra-micropores (<0.7 nm) first, water will 
fill the ultra-micropores and start adsorbing and condensing in the 
super-micropore (0.7–2.0 nm) simultaneously as the moisture content 
increases, as opposed to filling all ultra-micropores (<0.7 nm) 
completely before adsorbing/filling the super-micropores (0.7–2.0 nm). 

Moreover, the reduction in super-micropore (0.7–2.0 nm) volume is 
larger than that for ultra-micropores (<0.7 nm) at 18 wt% TOC mois-
ture, for the KIID models with larger pores (1.5 and 2.0 nm slits, Fig. 9E 
and F), which confirms water preferentially condensing in super- 
micropores (0.7–2.0 nm) rather than continuing to fill the remaining 
ultra-micropores (<0.7 nm) at higher moisture contents, possibly 
related to the strong hydrogen-bonding between water molecules. 
Fig. 11F indicates that the pore connectivity is the main difference be-
tween simulation and experiment, where the blocked pores are inac-
cessible for methane in the experiment but accessible in the GCMC 
simulation. 

3.5.2. The impact of functional groups for moist kerogen 
The main compositional differences in kerogens are controlled by 

various functional groups, where, with increasing maturity, kerogen 
loses many O, N, S, and aliphatic C functional groups due to the gen-
eration of hydrocarbons (Table S3) [37,38]. KIIA, as the immature 
kerogen, includes all kinds of functional groups, as shown in Fig. 12. 

The affinities between water/methane molecules and the functional 
groups are represented by the relative coordination number (Cr) from 
MD simulation, with the immature kerogen KIIA, and overmature KIID 
selected for comparison (Figs. 13 and 14). The results for the other 
models (KIIB and KIIC) are in Figures S6 and S7. The affinity of methane 
is related to pressure and temperature (Fig. 13). At 25 ◦C, the Cr of 
methane for most functional groups are in the range of 0.002–0.008 at 

Fig. 10. The moisture contents of isolated kerogens (K1, K2, and GHK3) at 
different relative humidity conditions. 

Fig. 11. Depiction of how water reduces methane adsorption capacity by filling the microporosity in the 2.0 nm slits for the KIID kerogen model. The green area is 
the area detected by a 0.36 nm diameter probe (N2), the ultra-micropores are mainly inside of the kerogen matrix layers, and the super-micropores are the pores 
space between the matrix layers. 
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low methane amount/pressure (<25 CH4, <1.6 bar, at 25 ◦C) conditions 
(Fig. 13). As the amount of methane and pressure increase (>25 CH4, 
>1.6 bar, at 25 ◦C), the lower Cr are observed (Fig. 13A and C), 
all<0.0015, which indicates that the affinity of methane with these 
functional groups is weaker and shows no significant differences at 
higher pressures. The higher temperature leads to lower Cr (Fig. 13B and 
D). Furthermore, the average Cr of methane with different functional 
groups for KIIA, KIIB, KIIC, and KIID are combined further to present the 
selectivity of methane (Fig. 15). The average Cr of methane for the 
different functional groups are very close (Fig. 15), as expected, con-
firming preferred sorption sites exist. 

The average Cr of water for most functional groups (except COOH for 
KIIA) is close to 0.005 at 25 ◦C, and 0.003 at 100 ◦C, for both KIIA and 
KIID (Fig. 14), much higher than those for methane (<0.0015) (Fig. 13), 
confirming that water, being polar, has a stronger affinity than methane 
with all the functional groups in kerogen. Further, the changes in water 
content have different impacts on affinity compared to methane. At low 
moisture content (<10H2O, <0.7 wt.TOC) in KIIA (Fig. 14 A and B), the 
Cr of water for specific functional groups like COOH and C–S–C ring 
are higher than the Cr for other functional groups (C––O, C-OH, 
C–O–C, C-NH-C, C-N––C, NC3, C–S–C chain). Even lower Cr of water 
is observed for the remaining functional groups (C sp2, C sp3 CH2, and C 

Fig. 12. Examples of the functional groups in the KIIA molecular structure.  

Fig. 13. The relative coordination number (Cr) of methane (CH4) for the different functional groups in kerogen (KIIA and KIID) at 25 ◦C and 100 ◦C. ‘Average’ is the 
average Cr of methane going from 5 to 300 methane molecules. A) KIIA at 25 ◦C, B) KIIA at 100 ◦C, C) KIID at 25 ◦C, D) KIID at 100 ◦C. 
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sp3 CC2) with only minor variations. This trend reflects the selective 
behaviour of water at low moisture contents in KIIA, which contains the 
widest array of functional groups. Whereas, with increasing moisture 
content, water starts condensing to form clusters (Fig. 11), so the Cr is 
not only controlled by the interaction between water and functional 
group but also is impacted by the H-bonding interactions between water 
molecules themselves. For the overmature kerogen (KIID), the Cr of 
water for some N-containing functional groups like C-NH-C and C-N––C 
at low moisture content (<10H2O, <0.7 wt.TOC) are slightly higher 
than those at higher moisture contents, these all being higher than the Cr 
of water for C-containing functional groups (Fig. 14C and D). This 
suggests in overmature kerogens, the lack of O and S- containing func-
tional groups makes the N- containing groups the preferred sorption 
sites. However, the Cr of water for all functional groups in KIID is very 
close (0.005 at 25 ◦C, and 0.003 at 100 ◦C) at higher moisture contents 
due to the formation of water clusters, suggesting the preferred sorption 
sites in N-containing functional groups for overmature kerogen make 
little difference for water adsorption. 

The average Cr of water for all functional groups in KIIA, KIIB, KIIC, 
and KIID at 25 ◦C and 100 ◦C (Fig. 15) shows that Cr of water for COOH 

is highest, followed by the S-containing functional groups, especially 
cyclic C–S–C and N-containing functional groups. Although the 
average Cr at 100 ◦C is lower than that at 25 ◦C, the strongest affinity of 
water is still with COOH (Fig. 15), the increase in temperature only 
leading to weaker affinity. 

3.5.3. Discussion on the combined effects of microporosity and functional 
groups on water and methane adsorption 

A smaller pore size would enhance water adsorption for a given 
adsorption site, due to its higher adsorption potential, according to the 
potential theory of Polany [89]. The adsorption of water can be divided 
into primary and secondary sorption [23,90]. Water adsorbed on 
kerogen directly is the primary adsorption (monolayer), which is 
directly related to the ultra-micropores (<0.7 nm), number and type of 
the preferred functional groups. Secondary sorption is multi-layer 
adsorption and condensation of water. The increase of moisture con-
tent will not affect the primary adsorption once all these primary sites 
are adsorbed by water, which mainly occurs at extremely low moisture 
contents (Fig. 11A and B). In comparison, the adsorption on secondary 
sites is directly related to the pre-adsorbed water. The adsorption and 
condensation of water on secondary sites is limited by the available pore 
space (Fig. 11 C, D, and E) rather than the preferred functional groups. 
Water adsorption on the secondary sites would increase with moisture 
content until all the pores are filled. The higher maturity samples 
potentially contain a more restricted distribution of functional groups 
and more micropores. The larger equilibrium moisture content in the 
over mature kerogen (Fig. 5) proves that microporosity has a stronger 
effect than the functional groups on water adsorption. 

The dynamic behaviour of water in kerogens with increasing mois-
ture content can be divided into four stages, considering the combined 
effects of microporosity and functional groups. The effect of each stage 
on methane adsorption related to the Qm ‘rapid’, ‘gentle’ and ‘slow’ 
reduction is explained. 

Stage (a) water molecules adsorb on the primary sites of preferred 
functional groups in ultra-micropores (<0.7 nm) or adsorbed on the 
ultra-micropore (<0.7 nm) if no preferred functional groups are found, 
correlated to the monolayer water adsorption in ultra-micropores (<0.7 
nm) (Fig. 11 A). 

Stage (b) water starts to adsorb on the primary sorption sites of the 
super-micropores (0.7–2.0 nm) or adsorbs on the secondary sites (pre- 
absorbed water) in ultra-micropores (<0.7 nm), reducing both ultra and 

Fig. 14. The relative coordination number (Cr) of water (H2O) for the different functional groups in kerogen (KIIA and KIID) at 25 ◦C and 100 ◦C. ‘Average’ is the 
average Cr of methane over the range 5 to 300 methane molecules. A) KIIA at 25 ◦C, B) KIIA at 100 ◦C, C) KIID at 25 ◦C, D) KIID at 100 ◦C. 

Fig. 15. The relative average coordination number of methane and water in the 
KIIA, KIIB, KIIC, and KIID kerogen models over the range of 5 to 300 molecules. 
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super-micropore (Fig. 11 B), correlated to the monolayer adsorption in 
super-micropores (0.7–2.0 nm), and multi-layer water adsorption/ 
condensation in ultra-micropores (<0.7 nm) (Fig. 11B). During stage (a) 
and (b), water occupying (adsorbing and condensing) in ultra- 
micropores (<0.7 nm) and starting adsorping in super-micropores 
(0.7–2.0 nm), reducing methane adsorption space directly, which lead 
to the ‘rapid’ Qm reduction in Fig. 5 C, D, and Fig. 7 A at low moisture 
contents stage. 

Stage (c), water keeps adsorbing on all the secondary sites by H- 
bonds (Fig. 11C, D), multi-layer adsorption forming water clusters, in all 
the micropores. As a result, the water clusters in stage (c) reduce the 
methane adsorption space (for simulated and isolated kerogens) and 
affects their migration (for isolated kerogens), which is related to the 
‘gentle’ Qm reduction stage. 

Stage (d) water keeps condensing as larger clusters until all the 
available pores are filled (Fig. 11 E). In this stage, the constantly 
increasing water can fill the remainder of the less accessible pores for 
methane, having little impact on the methane adsorption, which cor-
relates to the ‘slow’ Qm reduction in Fig. 5C, 5D, and Fig. 7A. 

For isolated kerogens, the effects of water clusters blocking pore 
necks can lead to a larger Qm reduction than for simulated kerogens, 
which could be even more evident than the ‘gentle’ Qm reduction stage. 
In addition, the pore volume occupied by water is hard for methane to 
access, as the water adsorbed on the primary or secondary sites 
controlled by H-bonds which is stronger than the van der Waals in-
teractions for methane molecules. 

In earlier work, water was believed to reduce methane adsorption by 
a combination of affecting the microporosity as well as reducing the 
number of potential adsorption sites for methane or by directly occu-
pying polar adsorption sites that would otherwise be available for 
methane [24,26,87,91,92]. These studies assumed that there were 
preferred sorption sites for methane. However, the results from this 
research indicate that there are only preferred sorption sites for water 
but not for methane. Water can thus affect methane adsorption by 
occupy or/and blocking the available microporosity for methane rather 
than completely occupy the sorption sites available for methane. 

4. Conclusions  

1) The negative impact of water on methane adsorption capacity can be 
divided into ‘rapid’, ‘gentle’ and ‘slow’ three stages as the increase of 
moisture. A range of 4–24 wt.%TOC moisture content is needed for 
KIID matrix and slit models to reach the same reduction of Qm 
(61–75%) and Vmicro (88–93%) as 95%R.H. (wet) isolated kerogens. 
At most, 56% of moisture in wet isolated kerogen is stored in mi-
cropores. The relatively close reduction of methane adsorption ca-
pacity and microporosity at the same moisture content suggests 
accessible microporosity volume is the main controlling factor for 
methane adsorption.  

2) Water has a much stronger affinity with functional groups than 
methane. Preferred sorption sites exist for water but not for methane 
at reservoir conditions. Thus, the preferred sorption sites directly 
control water primary/monolayer adsorption at the low moisture 
contents, while the pore volume limits the water secondary adsorp-
tion (multiple-layer or condensation).  

3) Ultra-micropores (<0.7 nm) are the primary pores responsible for 
water adsorption at low moisture contents. Water then fills the ultra- 
(<0.7 nm) and super-micropore (0.7–2.0 nm) simultaneously as 
moisture content increases.  

4) Water occupying (adsorbing and condensing) ultra-micropores 
(<0.7 nm) and starting adsorping super-micropores (0.7–2.0 nm) 
reduces methane adsorption space directly, leading to the ‘rapid’ Qm 
reduction stage at extremely low moisture contents. The condensed 
water clusters in most micropores can relate to the ‘gentle’ Qm 
reduction stage. Water fills the remaining less accessible pores for 
methane at higher moisture contents, having little impact on the 

methane adsorption, which correlates to the ‘slow’ Qm reduction 
stage. Therefore, water affects methane adsorption by occupying or 
blocking the available microporosity for methane rather than occu-
pying the preferred sorption sites. 
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