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The restriction of hydrocarbon migration within shale reservoirs by pre-adsorbed water necessitates an inves-
tigation into water adsorption control mechanisms within shales. In this study, water vapor adsorption isotherms
obtained from marine and lacustrine shale samples along with isotherms from their organic matter and exper-
imentally verified kerogen molecular models were used to evaluate water adsorption mechanisms, with simu-
lated wet kerogen-quartz nanocomposites. Furthermore, these were also used to investigate organic matter-
inorganic interaction controls on water adsorption. Pore size distribution (PSD) controls on water distribution
in organic matter were obtained via water vapor adsorption and low-pressure nitrogen adsorption analysis, along
with small angle neutron scattering (SANS) analysis. The results reveal water adsorption is linked to changes in
mesopore volume within organic matter and porosity in kerogen models. PSD obtained from the shales only
reveal mesopore controls at high RH, with water adsorption mainly controlled by oxygen functional groups in
organic matter pores and swelling clays. Inorganic controls on water adsorption are also observed in adsorbed
water not tightly bound to the shale surface due to a high montmorillonite content in clay interlayers, and
organic matter interaction with quartz with a negative relationship between the adsorbed water and the quartz
content. Collectively, these findings indicate that CO, migration in shale reservoirs could be inhibited by water
that is distributed in potential CO5 adsorption sites within organic matter pores and montmorillonite.

1. Introduction

Understanding the impact of pore-scale water distribution relative to
other immiscible fluids present within shale formations (Tokunaga,
2009), is critical to hydrocarbon exploitation of shale reservoirs. This is
especially important when changes in adsorption selectivity of hydro-
carbon mixtures due to the presence of pre-adsorbed water (Di Lella
et al., 2006), is factored into the hydrocarbon exploitation process for
shale reservoirs. This is because, unlike conventional reservoirs, shales
are characterised by fluid interactions controlled by capillary forces,
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along with inorganic and organic content (Dehghanpour et al., 2013).
While organic content influence on water adsorption is found in an
induction of wettability complexity within shales (Liang et al., 2016),
that of inorganic content is seen in effective permeability alteration due
to clay mineral hydration (Dehghanpour et al., 2012; Zolfaghari et al.,
2017a). However, it is important to note that adsorption forces also play
a role in water uptake for water wet organic rich shales which are
swelling clay deficient (Dehghanpour et al., 2012), with studies noting
the physical and chemical nature of water interactions with organic
matter (Zhou et al., 2016). These findings along with the critical role

E-mail addresses: sunmd@nepu.edu.cn (M. Sun), menggb@cug.edu.cn (Q. Meng).

https://doi.org/10.1016/j.jhydrol.2023.129672

Received 4 December 2022; Received in revised form 28 April 2023; Accepted 3 May 2023

Available online 13 May 2023
0022-1694/© 2023 Elsevier B.V. All rights reserved.


mailto:sunmd@nepu.edu.cn
mailto:mengqb@cug.edu.cn
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2023.129672
https://doi.org/10.1016/j.jhydrol.2023.129672
https://doi.org/10.1016/j.jhydrol.2023.129672
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2023.129672&domain=pdf

C.F. Ukaomah et al.

organic and inorganic components play in low hydraulic fracture water
recovery (Hu et al., 2015), necessitate an analysis of mechanisms behind
water adsorption.

These mechanisms can be experimentally analysed via sorp-
tion-desorption isotherms described by a relationship between relative
vapour pressure and water content at a given temperature (Arthur et al.,
2016; De La Llave et al., 2010; Shen et al., 2018; Wan et al., 2016). These
isotherms, which are usually linked to a hysteresis loop having a shape
influenced by temperature, pore size, and pore wall hydrophyphilicity
(De La Llave et al., 2012, 2010; Striolo et al., 2005), have been used to
determine inorganic and organic pore size distribution (PSD) (Chen
et al., 2020; Zolfaghari, Dehghanpour, & Xu, 2017; Zolfaghari & Deh-
ghanpour, 2015), and to experimentally verify water condensation dif-
ferences in inorganic and organic pores as being responsible for a higher
possession of gas storage accessible pores by the latter (Li et al., 2017).

However, while experimental isotherms obtained from different
shale formations have revealed a stronger relationship between inor-
ganic content and water vapor adsorption capacity (Wang et al., 2019),
and a relationship between organic content and hysteresis loop vari-
ability (Yang et al., 2020a), the mechanisms behind variations in inor-
ganic or organic pore influence on water vapor sorption isotherms for
different shale reservoirs are yet to be analysed. This is even more
critical under higher temperature conditions which is difficult to impose
in an experiment. This is despite experimental suggestions of water
vapor diffusion coefficient in shales that is usually enhanced at high
temperatures (Sang et al., 2020a). Thus, the superiority of simulated
isotherms over those obtained from experiments being found in an
imposition of higher temperature conditions has led to the usage of a
combination of experimental and simulated water adsorption isotherms
to analyse mechanisms behind water adsorption (Striolo et al., 2005).

Apart from high temperature limitations, another demerit of exper-
imental water adsorption is inaccuracy when used to determine capil-
lary pressure since water sorption in shales is controlled by surface
chemistry not pore size (Lahn et al., 2020; Seemann et al., 2017). This is
despite suggestions of shale PSD obtained from water sorp-
tion-desorption isotherms being superior to those obtained from
experimental techniques like mercury injection capillary pressure
analysis (MICP) (Zolfaghari and Dehghanpour, 2015), and vapor sorp-
tion experiments. These methods have been used to note water
adsorption in shales as being moderately controlled by micropores (<2
nm) and dominantly influenced by mesopores (2 — 50 nm) (Sang et al.,
2020b), with the former having a major influence on monolayer water
adsorption (Bai et al., 2020). Thus, an investigation into water adsorp-
tion controls in shale reservoirs necessitates a conjunction of experi-
mental water sorption-desorption isotherms with various techniques
which can be used to characterise shale nanopore structure.

These techniques include the usage of a combination of water vapor
sorption-desorption isotherms with low-pressure nitrogen adsorption
and small-angle neutron scattering (SANS) to observe micro and meso-
pore controls on water adsorption in shales (Sang et al., 2018a).
Furthermore, a recent usage of SANS to reveal organic and inorganic
controls on water condensation in shales (Sang et al., 2020b), suggests
an insight into water sorption controls in organic rich shales can be
obtained by combining an experimental characterization of organic and
inorganic pore structure with water sorption—desorption.

Studies have also emphasized the need for investigations into tem-
perature influence on water sorption in shales via thermodynamic
analysis and modelling of the two phases of water adsorption (Tang
et al., 2017). The efficacy of such an approach can be found in the usage
of modelled experimental water vapor isotherm data along with an
evaluation of isosteric heat determined via the Clausius-Clapeyron
equation (Duan and Li, 2018; Sang et al., 2019a).

In this study, low-pressure nitrogen adsorption and small-angle
neutron scattering analysis along with experimental water vapor iso-
therms are carried out on the organic matter (OM) and shale samples of
the marine Longmaxi shale, lacustrine Qingshankou and Chang 7 shale
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oil formations. These methods are performed in conjunction with high
temperature simulations of water adsorption in experimentally verified
kerogen models of each formation to analyse water adsorption mecha-
nisms for shale reservoirs. Water adsorption is discussed using the
modelled isotherms along with isosteric heat, pore structure and
composition controls obtained from SANS and low-pressure nitrogen
adsorption experimental observation of shale nanopores. Furthermore,
nanocomposites created with kerogen models and quartz are also used
to evaluate water distribution controls in the shale formations. Ulti-
mately, we believe observations that is obtained in this study can be
significant for CO, storage capacity evaluations in shale reservoirs.

2. Methodology
2.1. Samples and experimental techniques

Organic matter in Longmaxi shales was formed in a deep water
continental shelf characterised by an oxygen deficient environment
which aided a high biogenic yield derived from blooming algae, radio-
larians, sponges, pens, and other organisms (Dong et al., 2018). In
comparison to this marine derivation of organic matter, the lacustrine
Chang 7 shales comprises of organic matter generated within a
lacustrine-delta from phytoplankton and terrigenous plants (Chen et al.,
2019). Similarly, organic matter accumulation in the lacustrine Qing-
shankou shales has also been stated as being due to an occurrence of
good preservation conditions along with a high primary productivity
and terrigenous input (Xu et al., 2019).

Shale samples analysed in this study were obtained from the Long-
maxi, Qingshankou, and Chang 7 formations. Offcuts of each sample
were crushed into powdered form (<200 mesh) and used for total
organic carbon (TOC), vitrinite reflectance, and X-ray diffraction mea-
surements via procedures prescribed by Sun et al. (2016). The miner-
alogical and organic matter information obtained is shown in Table 1.
Furthermore, in order to ascertain organic carbon content influence on
water adsorption, solid organic matter (OM) which includes kerogen
and bitumen, was also extracted from offcuts of each shale sample via
chemical extraction procedure following Zhang et al (Zhang et al.,
2020a; Zhang et al., 2020b).

2.1.1. Low pressure nitrogen adsorption and SANS experiments

Low pressure Ny adsorption analysis was undertaken on weighed
powdered organic matter and shale samples (35 — 80 mesh) using the
Quantachrome Autosorb-1 apparatus. The procedure undertaken as
described in our previous study (Finnian Ukaomah et al., 2022). While
several studies have made optimal mesh recommendations based on low
pressure adsorption data in shale samples with various mesh sizes
(Hazra et al., 2018; Mastalerz et al., 2017), the size of mesh that was
used in this study is < 200 which is generally recommended for low
pressure Ny adsorption analysis of shale reservoirs (Han et al., 2016).

Other sample preparation procedures include moisture removal via
degassing of the powdered samples at 110 °C for 5 h in a vacuum.
Considering the influence of temperature on low pressure adsorption
data (Holmes et al., 2017), degassing temperature was 110 °C which is
proposed for shale samples (Singh et al., 2021). Degassing was followed
by measurement of nitrogen adsorption/desorption at 77.3 K within
relative pressures calibrated with saturated vapor pressure of the gas.
The density functional theory (DFT) and the Brauner-Emmet-Teller
(BET) model were then respectively used to obtain the mesopore-
macropore volume (1.4 — 300 nm) and surface area from the nitrogen
adsorption data (Lowell et al., 2004; Thommes et al., 2015).

The SANS experiments were done with the SANS apparatus at the
China Spallation Neutron Source (CSNS) with fixed sample to detector
distance at 4 m, covering a 0.005 A~! to 0.6 A~! Q range via neutrons
that are received at different incident wavelengths (1 — 10 f\). Powdered
shale samples (35 — 80 mesh) containing organic matter and extracted
organic matter were respectively oven dried for 48 h at 60 °C before
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Table 1
Basic compositions of shale samples.
Formation Sample ID  Depth (m) TOCWwt.%) Ro(%)  Whole rock minerals (wt.%) Clay mineral content (wt.%)
Clays  Quartz  Plagioclase  Calcite  Dolomite  Pyrite ~Other K C 1 I/ %
S Sm
Longmaxi JY11-4 2338.1 2.5 2.77 27.8 52.8 5.6 3.6 5.4 4.8 0 0 0 33 67 15
Chang 7 722-48 1606.7 4.2 1.21 66.1 25.2 4.1 0 0 1.4 3.2 6 0 12 82 20
Qingshankou 3HC-4 2459.53 3.8 1.40 60.8 13.1 21.2 0.3 0.5 2.5 1.6 0 6 6 88 5

*TOC = Total organic carbon, K = kaolinite, C = Chlorite, I = Illite, I/S = mixed layer illite and smectite, %S, = percentage of montmorillonite in mixed clays.

being loaded into the SANS apparatus to obtain their pore structure
information.

The scattering length density (SLD) for each shale sample was ob-
tained by volume averaging the SLD value of all shale components (Sun
et al., 2017). The SANS datasets were analysed with the Igor Pro soft-
ware via a polydisperse size distribution model (PDSM) that assumes
shale pores are randomly distributed spheres (Sun et al., 2022). The
relationship between the Q value from the SANS data and the shale pore
radius (R) was established via R = 2.5/Q (Radlinski et al., 2000).

2.1.2. Water vapor adsorption isotherm measurement

Sample preparation for water vapor sorption analysis (WVA)
involved weighed 35 — 80 mesh of the samples (both shale and organic
matter) getting oven-dried at 100 °C for 48 h. This removal of initial
moisture content before conducting the WVA was done to prevent
irreversible pore structure changes. The WVA isotherms were then ob-
tained from gravimetric measurements of water vapor uptake and loss as
a function of relative humidity (RH) in a Quantachrome Aquadyne DVS
sorption analyser at three temperatures (25 °C, 35 °C, and 45 °C), with
RH set from 2% to 95%.

Importantly, the 2% RH was achieved before starting the experiment
via usage of a 100 — 150 cm®/min flow rate. Furthermore, while change
in sample mass during adsorption and desorption processes was
sequentially recorded with a 0.1 pg + 1% accuracy, sample adsorption/
desorption equilibrium conditions at any value of RH comprised<0.001
%,/min sample mass change.

2.2. Adsorption models

2.2.1. GAB model

To mathematically describe water adsorption in the samples, the
Guggenheim (Guggenheim, 1963), Anderson (Anderson, 1946), and de
Boer (De Boer, 1953), modified extension of the BET model (Brunauer
et al., 1938), is applied over the entire range of RH. This GAB model
differs from the BET theory (Brunauer et al., 1938) by assuming that the
heat from adsorption of multilayers is less than the heat due to lique-
faction, and sorbate molecules beyond the monolayer will continue to
interact with the sorbent surface (Sang et al., 2019b). The model in-
troduces a parameter K into the adsorbed amount V (mg/g) via (Sang
et al., 2019b):

ViuKCoapRy

V= 1
(1 — KR,)[1 — KRy, + CeasKRy) )

Where V,, represents the GAB monolayer capacity (mg/g); Coap a
constant linked to the heat of adsorption; K a constant linked to
adsorption energies within multilayer adsorption sites; Ry, the relative
humidity of water vapor.

2.2.2. Freundlich model

This model assumes that all adsorption sites of a porous solid act
simultaneously despite being unevenly distributed (Freundlich, 1931).
The model is linearly defined as (Sang et al., 2019b):

1
InV = Ink + W InR), (2)

Where V represents adsorbed mass (mg/g); k and n are constants
obtained from the intercept (Ink) and slope (%) of linearly relating InV vs
InRy,.

2.2.3. Hysteresis characterisation

A hysteresis loop is an observed difference in adsorption and
desorption isotherms (Tang et al., 2017; Yang et al., 2020c). In this
study, hysteresis in water vapor isotherms obtained from shale and OM
samples is quantitively described via the Area Hysteresis Index (AHI) as
follows (Tang et al., 2017):

Age — Aua

—a x 100 3

de

AHI =

Where A, and A, respectively represent the area under the
adsorption and desorption isotherms.

2.2.4. Derivation of pore size distribution from water vapor adsorption

Several studies have used the Kelvin equation to characterize PSD
from WVA adsorption isotherms (Chen et al., 2021; Hou et al., 2021;
Yang, Jia, He, et al., 2020a; Zolfaghari, Dehghanpour, & Xu, 2017).
Chen et al. (2021) suggested the insensitivity of the PSD obtained via
WVA from natural and organic free shale samples via the Kelvin equa-
tion to the changes in the contact angle. In addition, despite the spec-
ulation of uniform wettability within the pores, without any
condensation within the organic pores, WVA PSD obtained via the
Kelvin equation can be used in conjunction with the PSD from low
pressure Ny adsorption to acquire the organic PSD (Zolfaghari et al.,
2017b). Thus, in this study, we used the Kelvin equation to characterise
WVA PSD from shale and organic matter samples.

The equation exploits a relationship between RH and pore size when
capillary condensation takes place within the pore (Zolfaghari et al.,
2017b):

In <L) _ 2yVucos0/TR @

RH rp

Where RH represents relative humidity; y surface tension; V,, liquid
molar volume; T temperature; 6 the contact angle; R and r;, universal gas
constant and pore radius. Since pore size is not dependent on the
numerator (Yang et al., 2020a), the pore size of condensed water vapor
filled capillary pores is obtained via (Zolfaghari et al., 2017b):

RTlnG) do,
ry = —————RH
’ 2yVimcosd ~ din(L)

Where @,, represents pore volume fraction of pore sizes less than or
equal to rp,, which does not represent the true pore diameter. Since water
vapor adsorption on pore surfaces also takes place via multilayer
adsorption before capillary condensation, the thickness formed from the
former is considered into pore diameter calculations via:

)

d=2(r, +1) 6)

With Halsey’s equation used to obtain the adsorption layer thickness t as
follows:



C.F. Ukaomah et al.

t = 0.354[5In(2) @
Po

2.3. Molecular simulation

Molecular simulation is a theoretical method of analysing organic
matter interaction with fluids under higher temperature conditions
difficult to impose in an experiment. Thus, in order to ascertain organic
matter influence on water adsorption mechanisms in the shale forma-
tions, water adsorption on their experimentally verified molecular
kerogen models is simulated at 525 K on the Materials Studio (MS)
application. Furthermore, simulation of water distribution in nano-
composites respectively comprising the kerogen models and quartz was
also utilized via MS to evaluate water distribution controls.

2.3.1. Molecular models

Experimentally verified kerogen models used include the Silurian
model (C194Hgs0gN4S7) by Huang et al., (2017), the type II Chang 7 oil
shale kerogen model (C3ppH297018N13S1¢) recently proposed by Wu &
Xu (2022), and the oil prone Qingshankou kerogen model
(C156H159N3010) proposed by Cao et al., (2021). To create 3-D structures
of these models, ten molecules of each model were respectively initially
geometrically optimized using the Condensed-phase Optimized Molec-
ular Potentials for Atomistic Simulation Studies (COMPASS) forcefield
before being placed in an amorphous cell with an 0.1 g/cm?® initial
density and 300 K temperature The forcefield uses a 6-9 Lennard-Jones
potential parameterization with mixing rules described in previous
studies (Sun, 1998).

The amorphous cell setup exceeds the 1700 atoms/cell requirement
prescribed by previous studies (Ungerer et al., 2015). In order to obtain
configurations with the global lowest energy, the cells were respectively
further optimized and relaxed with the COMPASS forcefield via
annealing and molecular dynamics procedures prescribed by Huang
et al., (2018). However, it is critical to note that typical reservoir con-
dition of each formation obtained from stated temperature and pressure
gradients, were used for final NPT molecular dynamics simulations of
the kerogen molecules (Fig. 1), with final relaxation of the Longmaxi
molecules at 360 K and 23.6 MPa (Huang et al., 2017), the Chang 7
model at 346.84 K and 16.9 MPa (Li et al., 2013; Zhao et al., 2021), and
Qingshankou kerogen molecules at 373 K and 42.5 MPa (Feng et al.,
2019; Zhang et al., 2020a; Zhang et al., 2020b). For all simulations, the
Nose-Hoover thermostat was used to control the system temperature
(Hoover, 1985), with pressure imposed via the Berendsen barostat
(Berendsen et al., 1998).

A RATP
oy
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2.3.2. Water adsorption simulation

Water adsorption on the kerogen models was performed via Grand
Canonical Monte Carlo (GCMC) simulations conducted on the MS
sorption module. The simulations are characterised by chemical po-
tential, volume, and temperature system parameters being fixed. The
chemical potential is converted to vapor pressure P (Zhang et al., 2021),
which is calibrated with water saturated vapor pressure (Ps,) deter-
mined from the National Institute of Standards and Technology (Na-
tional Institute of Standards and Technology, 2018). The system relative
humidity was therefore obtained as P/Pgq;.

Water adsorption simulation was then carried out from 5% RH to
95% RH at 525 K with 1 x 10”7 Monte Carlo steps (5 x 10 steps for
equilibration and 5 x 10° for ensemble average). Furthermore, while the
Ewald summation method was used to describe electrostatic interactions
with an accuracy of 0.001 kcal mol~}, Van der Waals atom method-
based interactions between different molecules were determined
within a 15.5 A cut-off distance.

The adsorbed water content S,, was obtained from the number of
water molecules N,, adsorbed on the kerogen models via (Zhang et al.,
2021):

N, xM,

Sy =——"—+
Ny XA

(8)

Where water molar mass (g/mol) is represented by M,,; N4 represents
the Avogadro constant (mol‘l); and A the surface area of simulated
kerogen (mz). The COMPASS forcefield which has been used to simulate
the interaction of fluids with kerogen and quartz (Sui & Yao, 2016; Wu
et al., 2013), was used to parameterize water adsorption in GCMC
simulations.

2.3.3. Water distribution in nanocomposites

To determine water distribution controls in the shale reservoirs,
organic-inorganic nanocomposite models were prepared by coupling
ten molecules of each kerogen model with quartz. Similar to previous
simulations of kerogen-mineral interactions (Faisal et al., 2021), the
a-quartz unit cell (cell dimensions are a = b = 4.9134 A, ¢ = 5.4052 10\,
and a = =90°, y =120°) on MS was used to create a4 x 8 x 1 supercell
used to construct the nanocomposite model.

Wet nanocomposites were then built by using the packing task on MS
to insert 32 water molecules with the density set to 0.4 g/cm? (Fig. 2).
NVT molecular dynamics simulation were then performed at 300 K and
400 ps to bring the wet model to equilibrium which was attained when
temperature vs. simulation time exhibit fluctuations in proximity to the
simulation temperature after rising and approaching an equilibrium

T 3
é;‘i.'!‘-i'
-

Fig. 1. Experimentally verified a) Longmaxi b) Chang 7 and C) Qingshankou kerogen models after NPT simulations. Atom representation: Carbon is grey, oxygen

atoms are red, hydrogen atoms are white, sulphur atoms are yellow.
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Fig. 2. Proposed kerogen-quartz nanocomposites for a) Longmaxi b) Chang 7 and c¢) Qingshankou kerogen models. Silica on the quartz is differentiated from sulphur

in kerogen by bigger yellow-coloured atoms.

point.

To analyse heat treatment controls on water distribution, the nano-
composites were further subjected to NVT 200 ps MD simulations at 400
K. After MD simulations, the quartz surface becomes unfixed, and frames
from the NVT trajectory are used to obtain the concentration profile
from the nanocomposite. The MD simulation of water distribution was
done via COMPASS forcefield parameterization at a 0.1 fs time step.

2.3.4. Kerogen model validation

A comparison of data from the simulated kerogen models with
experimental results are done to ensure their validity for this study. In
the first phase, a comparison of kerogen density reveals the 1.307 g/cm®
and 1.18 g/cm® density respectively obtained from the Longmaxi and
Qingshankou kerogen as falling within experimentally measured density
ranges (1.18 g/cm® to 1.35 g/cm®) for mature type I kerogen (Okiongbo
et al., 2005), with the density obtained from the Chang 7 kerogen model
in this study (that is, 1.12 g/cm®) being very close to this range.

Further validation was also carried out with a helium probe to esti-
mate kerogen porosity according to procedures prescribed by Guo et al.
(2020). This involved using the Conolly surface to obtain the free pore
volume which was then used to determine the kerogen matrix porosity
(Fig. 3). The porosities, respectively, obtained for the Longmaxi (21.78

%), Chang 7 (17.22 %), and Qingshankou models (14.67 %) all fall
within the range experimentally obtained from the Barnet shale (4.45%
—22.50%) (Loucks et al., 2009).

In addition, the H/C, O/C, N/C, and S/C atomic ratios in each model
is equivalent to those from experimentally characterized kerogen in
each formation. This includes ratios from Longmaxi kerogen model
(0.495, 0.046, 0.02, 1.86, 0.036) being equivalent to those obtained
from a highly mature type II kerogen (Huang et al., 2017), and Chang 7
model atomic ratios (0.99, 0.06, 0.043, 0.033) close to those of type II oil
prone Chang 7 kerogen (Wu & Xu 2022). Atomic ratios from the sulphur
deficient Qingshankou model H/C, O/C, and N/C (1.101, 0.064, 0.019)
resemble those experimentally proposed for oil prone kerogen from the
Qingshankou formation (Cao et al., 2021). Overall, the atomic ratios in
the kerogen models indicate a thermal maturity which varies from
Longmaxi > Chang 7 > Qingshankou.

3. Results
3.1. Pore structure (low-pressure nitrogen adsorption, WVA, and SANS)

A correlation of hysteresis loops obtained from shale Ny adsorption
and desorption isotherms (Fig. 4a) with IUPAC recommendations (Sing

Fig. 3. Free pore volume in a) Longmaxi b) Chang 7 and C) Qingshankou kerogen models. Blue regions represent pore volumes.
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Fig. 4. Nitrogen adsorption isotherms obtained from a) shale and b) organic matter samples.

et al., 1985), reveals the presence of inkbottle and slit shaped pores, with
the latter also observed to be dominant in the organic matter samples
(Fig. 4b). Table 2 reveals shale mesopore-macropore volume varies from
0.015 ml/g to 0.019 ml/g, with organic matter specimens characterised
by volume that varies from 0.02 ml/g to 0.032 ml/g. In addition, while
BET surface area in the shales vary from 3.48 m?/g to 12.86 m2/g,
organic matter exhibited a surface area that varies from 11.32 m?/g to
24.54 m?/g. Porosity obtained from Ny adsorption on the shale samples
was found from 2.9 % to 4.6 % (Table 2).

SANS profiles obtained from shale samples reveal scattering curves
which obey a power law within a Q range of ~ 0.001 to ~ 0.1 (Fig. 5).
Power law deviations observed in the scattering profiles are probably
due to long neutron wavelength (12 f\) (Radlinski et al., 1999), micro-
pore scattering (Sang et al., 2018a), and scattering from hydrogen atoms
in organic matter or residual moisture within the pores (Mastalerz et al.,
2012; Radlinski et al., 1999). A comparison of scattering profiles also
reveals that a higher flat scattering background at high Q values
observed in shale sample Z22-48 is probably due to high micro-scale
heterogeneity or water bound within the clay minerals and organic
matter. The former is exemplified by the shale sample having the highest
percentage of montmorillonite within mixed clays (Table 1).

A comparison of porosities obtained from both SANS and Ny
adsorption (Table 2) reveals a similar variation in porosity obtained
from PDSM porosity and Nj for the shale samples, with higher values
from the former being related to the SANS experimental technique that

Table 2

10000

| JY11-4 ~Z22-48 o 3HC-

1000 4 oJY11-4 ~Z22-48 o 3HC-4
100 +
—'E :
10
o 3
1 3
0.1 5

0.01 T T —————

0.001 0.01 0.1 1

Q (A

Fig. 5. SANS raw profiles obtained from the shale samples.

Pore structure obtained from low pressure nitrogen adsorption and SANS analysis of shale and organic matter.

Shale SANS measurements

Sample Shale bulk Organic matter N, adsorption Shale N, adsorption
ID densit;
(e;l::n}gl) Pore volume (ml/g) BET surface Pore volume (ml/g) **Porosity BET surface PDSM Surface *Fraction of
8 (1.4 - 300 nm) area (m?/g) (1.4 - 300 nm) (%) area (m?/g) Porosity (%) area closed pores (%)
(m*/g)

JY11-4 2.45% 0.02 16.04 0.015 3.7 12.86 4.44 36.5 16.67

722-48 2.41% 0.032 11.32 0.012 2.9 3.48 4.43 52.3 34.54

3HC-4 2.43% 0.05 24.54 0.019 4.6 8.83 5.51 50.1 16.52

*Fraction of closed pores = (PDSM porosity — N» porosity)/PDSM porosity.
** Calculated from bulk density.

20btained from mercury injection capillary pressure measurements of shale cores.
PCalculated from PDSM porosity using organic matter density prescribed by Sun et al [1].



C.F. Ukaomah et al.

basically measures both accessible and inaccessible pores within the
samples. This measurement difference also explains as why surface area
measured with SANS varies widely compared to what was found via N».

Pore volume distribution obtained from WVA, SANS, and Ny
adsorption are showing a similar trend over a 1 nm to 100 nm pore size
range (Fig. 6), for all shale samples except JY11-4 which is characterised
by N; pore volume distribution that steadily decreases within this pore
size range. Another exception is also observed in SANS and WVA
revealing sample Z22-48 as being characterised by an initial increase in
pore volume at a lower pore size range compared to the remaining
samples. Considering the organic matter samples (Fig. 7), apart from
showing a comparable pattern, pore volume distribution obtained from
WVA are higher than those obtained from N3 adsorption for all samples
except sample 3HC-4. This variation in pore volume is negatively linked
to the 3HC-4 > Z22-48 > JY11-4 variation in mesopore-macropore
volume observed within the organic matter samples (Table 2). That is,
larger differences in pore volume are observed in organic matter samples
having low mesopore-macropore volumes.

3.2. Water vapor isotherm hysteresis characterisation

Water vapor adsorption/desorption isotherms obtained from all
shale and organic matter samples over the entire RH range (5% to 95%)
at three temperatures (25 °C, 35 °C, and 45 °C) reveal type II adsorption
isotherms with type H3 hysteresis loops (Fig. 8 and Fig. 9) based on
IUPAC classifications (Sing et al., 1985). These isotherms are divided
into a low RH region dominated by monolayer adsorption (RH < 0.2),
intermediate region after termination of monolayer adsorption (RH <
0.8), and a high RH region dominated by capillary condensation (RH
varies from 0.8 to 0.95) (Hou et al., 2021).

All samples were also observed to be characterised by pronounced
hysteresis behaviour at high RH conditions due to multilayer adsorption,
with water adsorption/desorption isotherms obtained from some sam-
ples not converging towards minimum values and remaining open under
low RH conditions. This lack of convergence is profound in isotherms
respectively obtained from shale samples JY11-4 and Z22-48 at 25 °C
and 35 °C (Fig. 8a and 8b), and isotherms obtained from organic matter
sample JY11-4 at all experimental temperatures (Fig. 9).

A comparison of AHI values from shales at all experimental tem-
peratures (Table 3) reveals JY11-4 has the highest AHI value due to
being characterised by maximum hysteresis which occur at a higher RH.
In the organic matter samples (Table 4), this phenomenon is only
observed at 45 °C with sample Z22-48 having the highest AHI values at
25°Cand 35 °C. In addition, a plot of AHI vs. temperature for both shale
and organic matter samples (Fig. 10a and 10b) reveals sample JY11-4
having a weaker negative relationship of these two parameters
compared to other samples.

Journal of Hydrology 621 (2023) 129672
3.3. Modelled adsorption isotherms from experiment

WVA isotherms are fitted with the GAB and Freundlich models to
evaluate organic and inorganic controls on water sorption in the shale
formations. While parameters obtained from GAB and Freundlich fitted
WVA isotherms of the shale (Figs. 11 and 12) are presented in Table 3,
those from organic matter samples (Figs. 13 and 14) are illuminated in
Table 4. Freundlich n parameters being<1 for all samples indicates an
overall low affinity for water, and a similar observation obtained for the
correction factor K which confirms that multilayer adsorption is weaker
compared to adsorption within the monolayer (Sang et al., 2019b).

3.3.1. Shales

For the shale samples, GAB fitting results at all temperatures reveal a
monolayer moisture content (V;,) varying in the order of 3HC-4 > Z22-
48 > JY11-4 (Table 3). In addition, sample JY11-4 is observed as having
the highest binding strength parameter (Cgap) at all experimental
temperatures.

Freundlich fitting of the shale isotherms at all temperatures reveals
the existence of two adsorption regimes with k values obtained from the
entire RH range between those of low (>70% RH) and high (<70% RH)
adsorption strength. k values obtained at < 70% RH are observed to
follow 3HC-4 > Z22-48 > JY11-4, with a similar trend only observed
under > 70% RH conditions at 45 °C as the k values obtained at other
temperatures show 3HC-4 > JY11-4 > Z22-48 (Table 3).

3.3.2. Organic matter

For the extracted organic matter samples (Table 4), GAB fitting re-
veals a V;, exhibiting JY11-4 > 7Z22-48 > 3HC-4 at 35 °C and 45 °C, with
the parameters showing JY11-4 > 3HC-4 > Z22-48 at 25 °C. In addition,
apart from values at 45 °C which reveals JY11-4 as having a value higher
than other samples, Cgap values obtained from the organic samples are
observed as: Z22-48 > JY11-4 > 3HC-4.

Similar to the shale samples, Freundlich fitting of the organic matter
isotherms (Table 4) also was found that k values obtained from the entire
RH range within those obtained from < 70% RH and > 70% RH, with k
values obtained at both RH ranges observed to follow JY11-4 > Z22-48
> 3HC-4 at all experimental temperatures.

3.4. Isosteric heat of adsorption

Several studies have used isosteric heat of adsorption to gain an
insight into how adsorbed water interacts with the shale surface (Duan
and Li, 2018; Sang et al., 2019b). Thus, in this study we used the slope of
In(p) vs. 1/T plots to obtain the isosteric heat of adsorption for shale and
kerogen samples via the Clausius-Clapeyron equation (Sang et al.,
2019b):
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Fig. 6. Pore volume distributions obtained from SANS, WVA, and low-pressure nitrogen adsorption analysis of shale samples.
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Where p represents water vapor pressure (kpa); T temperature (K); R
alf:ﬁ _ 1 AH,; 4) the universal gas constant (Jmol'K™1); and AH,q, the heat of adsorption
o(3) R within a specified water content V (mg/g).
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Table 3
Parameters obtained from fitting WVA isotherms from shale samples.
Model Parameters WVA at 25 °C WVA at 35 °C WVA at 45 °C
JY11-4 722-48 3HC-4 JY11-4 722-48 3HC-4 JY11-4 722-48 3HC-4
GAB Vin(mg/g) 4.45 17.34 33.49 4.01 26.71 79.16 3.7 24.52 27.4
CgaB 3.59 1.41 1.46 4.99 2.25 0.6 5.08 1.6 1.6
K 0.82 0.36 0.38 0.85 0.21 0.32 0.86 0.42 0.42
R? 0.9965 0.9956 0.9996 0.9973 0.9959 0.9996 0.9968 0.9998 0.9998
Freundlich Entire RH k 14.74 14.93 24.67 14.97 14.1 24.36 139 21.37 23.9
n 0.82 0.61 0.86 0.87 0.84 0.78 0.88 0.88 0.88
R? 0.9897 0.9541 0.9992 0.9808 0.99 0.9495 0.9767 0.9985 0.9985
<70% RH k 12.63 21.71 24.34 12.21 16.62 23.97 11.01 20.39 22.79
n 0.87 0.87 0.86 0.95 0.78 0.79 0.98 0.9 0.9
R? 0.9992 0.9535 0.9989 0.9994 0.9927 0.987 0.9989 0.9984 0.9984
>70% RH k 21.19 12.19 25.85 23.39 13.17 24.45 22.22 22.81 25.5
n 0.33 0.61 0.70 0.29 0.75 0.66 0.29 0.71 0.71
R? 0.9727 0.9844 0.9878 0.9852 0.9873 0.99 0.9777 0.9917 0.9917
Areal hysteresis index (%) 27.60 19.76 11.64 14.79 12.72 7.96 14.18 2.66 3.01
Table 4
Parameters obtained from fitting WVA isotherms obtained from organic matter samples.
Model Parameters WVA at 25 °C WVA at 35 °C WVA at 45 °C
JY11-4 722-48 3HC-4 JY11-4 722-48 3HC-4 JY11-4 722-48 3HC-4
GAB Vin(mg/g) 71.69 8.1 12.33 51.44 8.22 6.49 42.85 7.53 5.23
CeaB 1.22 2.32 0.39 2.08 2.35 0.96 2.46 1.9 1.9
K 0.79 0.96 0.77 0.91 0.97 0.86 0.92 0.89 0.89
R? 0.9938 0.9992 0.9985 0.9996 0.9991 0.9997 0.9961 0.9999 0.9999
Freundlich Entire RH k 181.73 40.17 14.98 229.82 43.31 17.3 196.74 30.05 19.62
n 0.61 0.71 0.63 0.63 0.7 0.69 0.68 0.72 0.72
R? 0.9857 0.9407 0.9602 0.9783 0.9296 0.9495 0.9669 0.958 0.958
<70% RH k 145.71 24.08 9.01 168.56 24.85 10.15 134.71 18.18 12.64
n 0.66 0.87 0.76 0.71 0.87 0.84 0.78 0.87 0.87
R? 0.9856 0.9988 0.9839 0.9979 0.9955 0.987 0.9983 0.9965 0.9965
>70% RH k 258.22 96.81 26.66 416.42 113.63 33.82 387.61 53.67 37.3
n 0.32 0.2 0.29 0.23 0.18 0.26 0.22 0.25 0.25
R? 0.9505 0.9908 0.9809 0.9916 0.9991 0.99 0.9892 0.9925 0.9925
Areal hysteresis index (%) 45.28 64.11 39.53 9.96 48.82 26.04 15.37 13.2 13.2
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Fig. 10. Plot of Areal Hysteresis Index against temperature for a) shale and b) organic matter samples.
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Isosteric heat of adsorption (AH,4) values obtained from the shale
samples over a 0.05 mg/g to 11.03 mg/g water content range are
exothermic, and range from 5 kJ/mol to 45 kJ/mol, for the entire
samples except those from Z22-48 approaching the pure water latent
heat of vaporization (AH,q) (42 kJ mol~1) as water content increases
(Fig. 15a). While other samples are only characterised by decreasing
AH,q, values at lower water content before approaching AH,q, as water
content increases, a reverse phenomenon is observed generally in lower
AH,4; values in sample Z22-48. In this sample, this value increases with
water content while remaining below AHygp.

Alike shale samples, AH,4s values obtained from the organic matter
samples over a 0.19 mg/g to 21 mg/g water content range are
exothermic, ranging from 16 kJ/mol to 57 kJ/mol (Fig. 15b). While
sample Z22-48 is characterised by AH,4; which increases at lower water
content before decreasing to approach AH,,, after reaching maximum
AHg4s (57 kJ/mol). However, an opposite trend is observed in sample
JY11-4 which is characterised by a decreasing AH,4 at lower water
content which then steadily increases while remaining less than AHq,
after minimum AHg (28 kJ/mol) is attained. Another important
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phenomenon which contributes to the range of AH,4 values obtained
from the organic matter samples is found in sample 3HC-4 being initially
characterised by a reduction in AHg at lower water content which
starts to increase and approach AH,q, when minimum AH,g, (16 kJ/mol)
is reached.

4. Discussion
4.1. Pore structure controls on water adsorption

Studies have used a conjunction of SANS and low pressure nitrogen
adsorption experiments to observe shale pore structure controls on
water vapor adsorption at higher RH (Sang et al., 2018b), with others
using pore volume distributions obtained from WVA and low pressure
nitrogen adsorption to make a similar observation (Gao et al., 2022; Hou
etal., 2021). Thus, to obtain organic matter and inorganic pore structure
controls on water adsorption, we compare shale and organic matter pore
structure parameters obtained from SANS, WVA at 25 °C, and Ny
adsorption.

b) «.
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Fig. 15. Isosteric heat of adsorption obtained from a) shale and b) organic matter samples. Pure water latent heat of vaporization (AHyap) (42 kJ mol 1) is used to

demarcate bound and free water boundary.
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Shale WVA isotherms obtained at 25 °C (Fig. 8a) show 3HC-4 >
JY11-4 > Z22-48 variation of adsorbed volume at RH > 80% that is
similar to mesopore volume and/or porosity variations obtained from
low pressure Ny adsorption (Table 2). SANS is also used to establish a
negative relationship between the fraction of closed pores within the
shale samples and water adsorption at RH > 80% (Table 2). Studies have
shown that both inaccessible and accessible pore measurement can
become possible when SANS and low pressure adsorption are combined
(Chandra et al., 2020), with others methods following the same mea-
surements technique to observe shales with larger mesopore volumes
and nitrogen accessible pores possessing more sites for water conden-
sation at high RH (Sang et al., 2018b). Importantly, since low pressure
nitrogen adsorption is unable to characterize pores sizes<1.7 nm (Sang
etal., 2019b), a possession of the highest fraction of pores inaccessible to
low pressure Ny adsorption, and an observation of a micropore volume
peak (<2nm pore size) in sample Z22-48 obtained from SANS (Fig. 6)
both indicate that an inhibition of water condensation at high RH within
the sample was due to the presence of a small number of external
mesopores, and the presence of bound water in large micropores (less
than but close to 2 nm). The latter was also confirmed by this shale
sample being characterised by a higher flat scattering background at
high Q (Fig. 5). In addition, the higher surface area and closed pore
fraction observed in sample Z22-48 is also possibly due to high mont-
morillonite content which resulted in the formation of inaccessible pores
within interlayer spaces that cannot be accessed by the N» molecules
(Sang et al., 2018a).

Organic matter WVA isotherms at 25 °C (Fig. 9a) reveal a positive
relationship between water vapor adsorption and organic matter mes-
opore volume. Organic matter mesopore controls on water adsorption
are also delineated in a negative relationship between adsorbed water
volume at all experimental RH and mesopore volume (Table 2), and a
reduction in the difference between WVA and Nj pore volume distri-
butions as organic matter mesopore volume increases (Fig. 7). Organic
matter porosity controls are also confirmed by the positive relationship
between simulated adsorbed volume and porosity obtained from the
kerogen models, and experimental organic matter isotherms revealing a
negative relationship between organic matter mesopore volume and
water adsorption. The latter is found in organic matter mesopore volume
varying in opposite trend compared to a JY11-4 > Z22-48 > 3HC-4
organic matter variation in adsorbed volume, GAB V,,, and Freundlich k.
While shale organic matter micropores control water adsorption at
lower RH ranges via monolayer coverage, mesopore control is achieved
at higher RH values via multilayer adsorption (Zhang et al., 2022).

4.2. Inorganic and organic content controls on water adsorption

Several studies have used WVA isotherms to observe organic and
inorganic controls on water adsorption in shale reservoirs (Sang et al.,
2019b; Yang et al., 2021a). In this study, WVA isotherms obtained from
shales and organic matter along with simulated wet kerogen-quartz
nanocomposites reveal an interplay between organic matter and min-
eral content in regards to water adsorption controls.

4.2.1. Clay controls from WVA and isosteric heat

Inorganic controls are first evidenced by an observation of mixed
layer clay content characterised by a positive link to the GAB monolayer
moisture content (Vy,), and the Fruendlich adsorption capacity constant
(k) obtained from the shale samples at high adsorption strength regimes
(Table 3). In addition, the Qingshankou shale sample which is charac-
terised by the highest mixed layer clay content, also has the highest
adsorbed water volume at all observed maximum RH (Fig. 8, Table 1).

Clay content controls on water adsorption are also obtained from the
determination of isosteric heat of adsorption from the shale samples.
They reveal all shale samples apart from the Chang 7 formation as
characterised by an isosteric heat that declines at low adsorbed water
content to a minimum value before gradually approaching the heat of
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vaporization. Isosteric heat of adsorption can be used to determine the
bound water and free water boundary (Quirijns et al., 2005), with
studies using isosteric heat of sorption from wheat grains to suggest that
an increase in isosteric heat at low moisture content is due to monolayer
adsorption induced by highly active polar sites within the sample (Li
et al., 2011). Thus, the observed increase in isosteric heat at low water
content observed in the Chang 7 shale sample is possibly due to a higher
montmorillonite content in the clay interlayers which swells and pro-
vides additional primary water adsorption sites (Fig. 15a). This expan-
sion is verified by isotherms from the shale sample with an increase in
adsorbed/desorbed volume with increasing experimental temperature
(Fig. 8). Furthermore, the occurrence of isosteric heat values obtained
from the Chang 7 shale sample beneath the latent heat of vaporization
(Fig. 15a) also infers that the observed isotherm changes with temper-
ature are due to monolayer moisture not being tightly bound to the shale
surface.

Isosteric heat values obtained from organic matter extracted from the
Chang 7 shale are demonstrating an initial increase at lower water
content, which then approaches the latent heat of vaporization after
attaining a maximum value (Fig. 15b). However, this indication of
expansion in primary adsorption sites within organic matter requires
further investigations in future studies.

4.2.2. Organic matter oxygen functional group (OFG) water interaction

Studies have reported that organic rich shales can adsorb high water
amounts due to the presence of OFGs in organic matter pores (Yang
etal., 2021a), which causes a lack of convergence in experimental water
vapor isotherms. This phenomenon is attributed to the adsorbed water
trapped within the micropore space via hydrogen bonding (Yang et al.,
2020b), with others observing a positive relationship between the
thermal maturity of organic matter and adsorbed moisture (Li et al.,
2020). Furthermore, Bai et al., (2020) recently observed how changes in
the OFGs of organic matter at primary adsorption sites can have a pos-
itive influence on monolayer water adsorption in shales with very little
effect on multi-layered adsorption.

In this study, an indication of organic matter maturity control on
water adsorption is signified by highly mature Longmaxi shale sample
having higher Cg4p and AHI values than less mature samples from other
shale reservoirs despite having the lowest clay content. The former
observation differs from previous relationship of high Cgap values to
water adsorption on primary adsorption sites due to low thermal
maturity of organic matter in shales (Yang et al., 2021a). In addition,
while the negative relationship observed between AHI and temperature
for both shale and organic matter samples (Fig. 10a and 10b) are in
agreement with similar observations to temperature controls on AHI
variation in shales (Tang et al., 2017), the Longmaxi samples revealed to
have less affected by temperature. This is probably due to the higher
OFG content of the organic matter in the shale which restricted the
desorption of adsorbed water. The higher adsorbed water volume in the
Longmaxi organic matter samples is also linked to the presence of more
OFG.

Studies have posited on how OFG rich asphaltene in organic matter
being pre-adsorbed on the quartz surface could reduce the water affinity
of the mineral in shales (Li et al., 2020). Thus, WVA isotherms obtained
from the extracted organic matter and kerogen models (Fig. 9 and
Fig. 16) reveal that despite being characterised by a high quartz content,
water adsorption on the mature Longmaxi shale sample was inhibited by
a pre-adsorption of OFG rich organic compounds on the quartz surface.

The control of organic matter OFG on water interaction with quartz
is also revealed in nanocomposite water distribution variations with
temperature. Snapshots of water distribution in the nanocomposites
under increasing temperature reveal water clustering on the quartz
surface and adsorbed around kerogen polar groups (Fig. 17). However,
due to the larger amounts of OFGs in the Longmaxi kerogen, water
adsorbed on the kerogen OFGs become clustered on the quartz surface
due to kerogen clustering induced by a temperature increase to 400 K



C.F. Ukaomah et al.

1.0x10%4 O Longmaxi
O Qingshankou
1 & Chang7 o g
o o
5| o
8.0x10 o o
—~ o
ol 1 o
8
eo -5
SF60x107 o
g ]
g
=] A
o AN
o AN
S 5| A A
o 4.0x105 N A A o0 O
= N o o o
= 1 o o
A o
2.0x10 ©
o
{1 o
0.0 . . . . . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
RH

Fig. 16. Water vapor adsorption isotherm obtained from kerogen molecu-
lar models.

Fig. 17. Temperature influence on water distribution in a) Longmaxi b) Chang
7 and c) Qingshankou nanocomposites.

(Fig. 17a). In addition, compared to profiles obtained from other
nanocomposites (Fig. 18b and 18c), two prominent 400 K peaks on
concentration profiles obtained from the Longmaxi nanocomposites also
reveal a higher clustering of kerogen molecules on the quartz surface as
temperature increases (Fig. 18a).
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Thus, we speculate that an inhibition of organic matter quartz
interaction is facilitated by lower quartz content and organic matter
OFG, which in turn caused higher water adsorption observed in the
quartz deficient Chang 7 and Qingshankou shale samples. Overall, this
explains the quartz content control on water adsorption evidenced by
GAB monolayer moisture content V,, varying from quartz deficient
shales to quartz rich samples as follows: 3HC-4 > 7Z22-48 > JY11-4.
Thus, while several studies have confirmed that thermal maturity of the
organic matter controls water affinity (Hu et al., 2016) and adsorption in
shale formations (Yang et al., 2021a), and apart from the fact that car-
bon aromaticity of the organic material also impacts water wettability in
shales (Jagadisan and Heidari, 2020), our observations suggest that its
necessary to also consider pre-adsorption of oxygen functional groups of
the organic matter on mineral surfaces.

4.3. Water distribution and CO, storage implications

Shale reservoirs contain water which occur as free water within the
pore space or adsorbed pore surface water (Yang et al., 2021b). Studies
have observed how the CO; storage capacity of shales is controlled by an
occurrence of free water in reservoir pores (Hagemann et al., 2016), and
adsorbed water on hydrophilic clay nanopores (Jin and Firoozabadi,
2014), with others using WVA isotherms to obtain adsorbed and free
water distribution controls in shale reservoirs (Yang et al., 2021b).

In this study, PSD obtained from WVA, SANS, and low-pressure ni-
trogen adsorption illustrated mesopore control on water adsorption in
shales at high RH, with WVA isotherms revealing water distribution as
being controlled by the interaction of water with OFGs in organic matter
pores, and mixed layer clays. While primary site adsorption is controlled
via monolayer coverage induced by the latter, the distribution of water
in shale organic matter micropores is attributed to condensation at
secondary adsorption sites after primary site adsorption has taken place
(Yang et al., 2021b). In addition, water distribution in extracted organic
matter analysed in this study was facilitated by decreasing mesopore
volume and increase in OFG within organic matter, with quartz controls
on water adsorption linked to an interaction with OFGs in organic
matter.

The migration of injected CO» in shales is inhibited by the occupation
or blocking of CO, adsorption sites by water adsorbed on hydrophilic
clays and organic matter OFGs (Huang et al., 2021). Thus, while CO5
migration in other samples will be mainly suppressed by water occu-
pation of potential CO5 adsorption sites in organic matter pores, the
presence of pre-adsorbed water induced by the hydrophilic mixed layer
montmorillonite will severely stop the migration of injected CO5 into the
Chang 7 shale oil reservoir. This pre-adsorbed water which is not tightly
bound to the shale surface, will block potential CO, adsorption sites in
the shale reservoir during the CO5 injection process.

5. Conclusion

An experimental and molecular dynamics simulation into water
adsorption in marine and lacustrine shales was undertaken to obtain
water adsorption controls in shale reservoirs. WVA analysis and low-
pressure nitrogen adsorption were performed on shale and organic
matter samples along with SANS measurements from shales along with
high temperature WVA simulations and water distribution in kerogen-
nanocomposites with experimentally verified kerogen models. Based
on the results the following key observations on water adsorption con-
trols was seen:

1. While water adsorption in shales at high RH is aided by a decrease in
mesopore volume, organic matter is characterised by a similar con-
trol at all RH and an increase in oxygen functional groups.

2. Water adsorption at all RH in shales is strongly controlled by the
interaction of water with oxygen functional groups in organic matter
pores and mixed layered clays, with a negative relationship between
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water adsorption and quartz content being due to the interaction of
oxygen functional groups within organic matter and quartz.

3. The presence of high amounts of montmorillonite within clay in-
terlayers of shales can induce water distribution not tightly bound to
the shale surface.

4. These findings are significant for hydrocarbon exploitation of shale
reservoirs and also suggest that CO5 migration in shale reservoirs will
be inhibited by an occurrence of water in potential CO5 adsorption
sites within organic matter pores, and montmorillonite induced
water distribution that is not tightly bound to the shale surface.
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