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Abstract

Understanding the effects of water on gas adsorption in geological media is of high
importance in order to efficiently control numerous subsurface engineering process operating
at gas/rock interfaces. Due to preferential interaction with clay surfaces, water fills their
porous body, greatly reducing CHs and CO» adsorption capacity. In order to quantitatively
describe CH4 and CO; adsorption by hydrated clay minerals, this work proposes to rely on the
mechanism of gas uptake by dissolution in pre-adsorbed pore water. This approach was
employed to characterise water-saturated porous media of increasing complexity: mesoporous
silica SBA-15 and silica gel with different pore sizes and geometry, isolated illite and
montmorillonite and natural clay-rich rock (the Callovo-Oxfordian formation — COx, France)
in powdered and crushed states. It was found that the solubility in water can reliably explain
the CO, uptakes by hydrated pore systems regardless of their nature as well as the CHy
uptakes, but only for solids with large mesopores and montmorillonite mineral. A so called
“adsorption enhanced gas uptake in pore water” for CH4, exceeding its solubility in bulk
water by a factor of 5-8, was observed for the systems with narrow pore sizes, highlighting
the impact of surface energy on gas uptake and the occurrence of the interaction of weakly-

soluble methane with the surface, promoting its uptake in comparison to pure dissolution.
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1. Introduction

Many geological gas reservoirs are natural subsurface rock formations with high
surface area/void volume ratio, so they may enclose a significant part of trapped CH4, CO»
and other gases in adsorbed state. Clays are major mineral components of gas reservoirs,
determining their porous structure and transport properties (Harrington and Horseman, 1999;
Gensterblum et al., 2015). Multiscale/multiphysics understanding of these geological media is
of prime importance to efficiently adapt deep engineering process, such as shale gas
extraction, natural hydrogen recovery, geological gas storage or CO» sequestration (Benson
and Cole, 2008; Busch et al., 2008; Plaat, 2009; Schaef et al., 2014; Cooper et al., 2016). Gas
migration in clay-rocks are also deterministic for operation as well as safety assessments of
geological radioactive waste disposal sites (Marschall et al., 2005). For instance, in these
systems, at geological time scale, in addition to the release of gaseous hydrogen due to
anaerobic corrosion of steel and reactive metals and to a much smaller degree due to water
radiolysis, a significant part of gaseous organic degradation products or of '*C-containing
species may exist, depending on redox and pH conditions, in form of CH4 or CO> (Grambow,
2016). Gas production processes are normally slow but it is possible that gas generation is
faster than gas dissolution and migration through the engineered barrier components and the
host rock, leading to desaturation of water saturated rock and diphasic gas flow in the

repository and its near field.

Realistic assessment of the capacity of geological gas reservoirs and the migration of
gas through natural barriers should rely not only on textural or geomechanical properties and
composition of rock, but it should also take into account the effect of water which is

omnipresent at near-saturation in many geological systems.

The mechanism of gas adsorption in presence of water is complex and strongly

depends on the type of porous media, the amount of water it contains, pressure and
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temperature conditions. Since water is a polar molecule, it strongly and preferentially interacts
with charged surface species, such as cations or hydroxyl groups, greatly reducing the number
of available sites for the adsorption of other gases and vapours at the surface or inside
micropores. For oxide systems, bearing significant amounts of polar surface species, the
completion of pre-adsorbed water layers occurs at low relative humidity, greatly reducing the
adsorption of CH4 and CO> due to a ‘“competition” effect (Kamimura and Endo, 2015;
Tsujiguchi et al., 2016; AbdulKareem et al., 2018; Wang et al., 2020; Zhao et al., 2020).
Under the same conditions, carbonaceous solids adsorb much lower amounts of water with
the respect to their surface area, so that the process of CHs and CO; adsorption are almost
unaffected by the effects of moisture at low and moderate relative humidity (Billemont et al.,
2011, 2013; Tsujiguchi et al., 2016). In several specific cases, the presence of small amounts
of water in the solid (at the initial stages of hydration) can albeit promote the adsorption of
gases, due to the opening of the interlayer porosity in case of clays (D. I. Grekov et al., 2020;
Ziemianski et al., 2020) or modification of the energetics or the availability of adsorption sites
in case of amphiphilic MOFs (Wang et al., 2017; Benoit et al., 2018) upon water uptake. For
example, in case of smectite clays, the interlayer spaces are usually inaccessible for the
incorporation of gases under fully-dehydrated conditions. At initial stages of water adsorption,
the coordination of H>O molecules to the charge-balancing cations results in expansion of the
interlayer spaces, which makes them accessible for the diffusion of gases (Loring et al., 2012;
Rother et al., 2013; Bowers et al., 2017, 2018, 2019; Loganathan et al., 2017, 2018; Schaef et
al., 2017). It greatly increases CH4 and CO; uptakes in comparison to completely dehydrated
smectite clays, featuring the collapsed state of the interlayers and adsorbing gases mainly at
external particle surfaces (Liu et al., 2013; Liang et al., 2016; Hwang and Pini, 2019; D. L

Grekov et al., 2020; Du et al., 2020; Ziemianski et al., 2020).
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Saturation with water of any porous media and of clay minerals in particular, usually
results in lower capacities for gas uptake (except, perhaps the cases of gas hydrate formation)
in comparison to fully dehydrated counterparts (Merkel et al., 2015a, 2015b; Li et al., 2016;
Feng et al., 2018a). A number of studies carried out on shales, clay rocks, isolated clay
minerals and coals, both in their dry state and equilibrated under different relative humidity
(RH) conditions, revealed a progressive and usually linear decrease in CHs and CO;
adsorption with increasing moisture content, until a threshold value, usually reached above
70% of RH. This is probably due to the filling of the smallest pores by water and hence the
loss of an interconnected gas phase, strongly limiting the accessibility of gas to the overall
pore network (Gensterblum et al., 2013; Merkel et al., 2015a, 2015b, 2016; Kadoura et al.,
2016; Li et al., 2016; Feng et al., 2018b, 2018a). For pure clay phases, it is more related to the
accessibility of surface due to presence of adsorbed water molecules. While several attempts
were made to quantitatively interpret the reported trends, predictive models of gas adsorption
in hydrated clay systems remain highly uncertain (Li et al., 2016; Feng et al., 2018b; Han et
al., 2021). The uncertainty mainly comes from complex issues of the behaviour of gases in
water confined inside nm-sized interparticle and charged interlayer (in case of smectites)
pores, strong heterogeneity of clay minerals and lack of the understanding of gas transport and

porous structure of hydrated geological systems (Holmboe et al., 2012; Massat et al., 2016).

According to recent experimental and molecular dynamics works, the uptakes of
dissolved gases in liquid-filled nm-sized pores (S), are usually greater than given by gas
solubility in bulk liquids (§°) under the same (P, T) conditions. The observed phenomenon,
which refers to the effect of surface energy, was often termed “oversolubility” (Luzar and
Bratko, 2005; Bratko and Luzar, 2008; Pera-Titus et al., 2009; Rakotovao et al., 2010;
Clauzier et al., 2012; Ho et al., 2015; Coasne and Farrusseng, 2019; Liu et al., 2020). It is a

complex phenomenon supposed to be due to the layering of water (solvent) molecules in the
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vicinity of the charged surface of pores of the solid, promoting the organization of the
dissolved gas molecules and/or their interaction with pore wall indicating adsorption
phenomena. In the present work the term “adsorption-enhanced gas uptake in pore water” is
employed instead of “oversolubility”. The apparent solubility enhancement factor s ~ S/S°,
was found to decrease with the increasing S° and to be higher for non-polar solvents (5-30) in
comparison to polar ones, such as water, alcohols or halogenated hydrocarbons (1 — 7) (Pera-
Titus et al., 2009; Rakotovao et al., 2010; Clauzier et al., 2012). Textural properties of porous
solids figure among key factors influencing the observed solubility enhancement factor —
S/8°. For instance, systems with high surface area/pore volume ratio, characteristic for narrow
pores (typically with sizes ranging between 3 and 6 nm) seem to offer the highest observed

S/8° ratios, as compared to larger pore sizes.

The main objective of the present study was to experimentally verify to which extent
the solubility in bulk water can explain CHs and CO» uptake by clay minerals under water-
saturation conditions (Gadikota et al., 2017). To address this question, adsorption isotherms
were measured for a series of porous media of increasing complexity: model mesoporous
silica, pure clay phases (montmorillonite and illite, with interlayers, which are either
accessible or inaccessible for water/gases) and clay -rock samples, all equilibrated under
controlled (97%) RH conditions. Measured adsorption capacities were calculated with the
respect to the amounts of water contained in samples and directly compared to the solubility

of CHy4 and COz in bulk water under the same (P, T) conditions.

2. Materials and methods

2.1. Clays and porous silica
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Davisil silica gel and SBA-15 mesoporous silica were supplied by Sigma Aldrich. Pure-phase
montmorillonite (referred as Mt) was obtained from Na-bentonite Kunipia F, received from
Kunimine industries. Mt of Kunipia F mainly features the substitutions in octahedral layer,
with the structural formula (X(I)o.44)[Al1.56Mgo.305Fe€0.1][Si3.95Al0.05]010(OH)2, where the
principal cationic species in the exchangeable domain (X(I)) is Na* (Suzuki et al., 2004).
After dispersion in deionized water (5 g/l) the <2 um fraction was extracted by centrifugation
at 1000 rpm (170 g) and exchanged with Na by 24 h contact with 0.2 mol/l NaCl solution, 6
cycles of centrifugation at 20000 rpm (44800 g) and washing in deionized water, final
washing in methanol and drying of suspension at 50°C. Illite du Puy (I) was received from
BRGM (Orléans, France) in a Na-exchanged form (Gaboreau et al., 2016). After the
dispersion in demineralized water under ultrasound (30 min), it was further purified from
quartz by an elutriation procedure and exchanged with Na by following the same protocol as
for montmorillonite. In contrast to Mt, I presents the substitutions in both tetrahedral and
octahedral layers and its structural formula is

(X(I)o.12Ca0.01Nao.01Ko.53)[ Siz.55Al0.45] [Al1 27Fe(I111)0.36M g0.44] O10(OH)2 (Bardot, 1998).
According to (Bardot, 1998; Bradbury and Baeyens, 2009; Gaboreau et al., 2016), illite du
Puy contain 5-10% of smectite phases. The core samples of a natural clay-rock used come
from the Callovo-Oxfordian (COx) mudstones, East of Paris basin, France (Gaucher et al.,
2004). COx clay rock is mainly composed of clay minerals such as illite (I) and interstratified
illite/smectite (I/S) phases, carbonates (C) and tectosilicates (T). Smectite fraction is mainly
dominated by montmorillonite. Several depths were selected in order to analyse various clay
fractions and I/S ratios. The mineralogical characteristics of the samples were reported in
earlier works (Grekov et al., 2019, 2021; D. Grekov et al., 2020) and are summarized in Table

1.

Table 1. Simplified composition of clay samples.
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Clay fraction

cl | Tectosilicates, Carbonates,
ay sample % % Content Simplified
% composition
Montmorillonite* - - >95 Montmorillonite:
Nlite du Puy - - >95 Illite
COx-EST 48599 Ilite: 75-80%
(-508,3 m) 20-30 25-35 40-50 g ectite: 20-25%
COx-EST 48601 Illite: 60-70%
(-466 m) 20-30 25-30 40-50 Smectite: 30-40%

* extracted from bentonite Kunipia F

Clay samples were ground manually and sieved to collect a size fraction <100 pm. All
the material was ground until it was smaller than 100 pm. Some COx clay rocks were crushed
to the size of ~5-15 mm. Crushed and powdered samples are labelled “C” and “P”
respectively. A part of prepared clays together with mesoporous silica were equilibrated at =

97% of RH at 20°C, inside a desiccator over saturated K2SOj solution during 1 month.

2.2. CH4 and CO:2 adsorption measurements

A manometric method was used for measurement of CHs and CO; adsorption
isotherms at 20°C and pressures ranging between Pam and 8 MPa, following the methodology
reported earlier (D. I. Grekov et al., 2020; Grekov et al., 2021). The principle of the
experimental setup is described in Electronic Supplementary Information. Samples for gas
adsorption measurement are usually outgassed under dynamic vacuum and heating. However,
in the present study, in order to preserve the hydrated structure of humidity-equilibrated
solids, after being packed in measurement cell, powdered or ground samples of 5-8 g were
purged with working gases 3 times and briefly (less than 30 s) evacuated to about 0.1 bar, to
stay above water vapour saturation pressure at 20°C for isotherm measurement. This protocol
was validated by comparing hydrated sample weights before and after isotherm measurement;
the weight variation did not exceed 1%. Note, that under given pressure conditions (up to 9

MPa), some of the H>O molecules could be replaced by CO; or CHy, thus being lost from the
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sample due to their transfer to the gas phase. Also, the observed weight loss could partially be
explained by the sample’s loss, due to sticking of the moist solid to the wall of adsorption
measurement cell. In order to minimize an error propagation, the isotherms for hydrated solids
were measured within two runs (of 3-4 points) on the same sample. CHs adsorption was

measured before COs.

Isotherms were also collected for dehydrated clays and silica; those were outgassed at
170°C for 24 h in an oven, rapidly transferred to the sample cell and further outgassed for
another 24 h under dynamic vacuum, as reported in the previous works (D. I. Grekov et al.,
2020; Grekov et al., 2021). The dead volumes Vg of the sample holder, including free space in
the sample cell, inter-particle voids and micro/mesoporous volume, were determined for dry
and humidity-saturated solids by He expansion at different pressures (2-8 bar) within 4 runs.
Measurement of the Vg4 at pressures above the atmospheric pressure allows to mitigate the

error induced by H>O vapour partial pressure in case of water-saturated samples.

2.3. Thermo-gravimetric analysis (TGA)

The measurements of water content in humidity-equilibrated solids were carried out
with Setaram TG-DSC 111 thermo-gravimetric analyser. 5-20 mg of hydrated solid were
heated in quartz crucibles from ambient temperature up to 800°C under 20 ml/l of He flow.
Temperature-induced weight variations were corrected by subtracting the TGA curves
acquired for an empty crucible.

2.4. Textural analysis

External specific surface areas were determined from N> adsorption isotherms at -
196°C using the BET method by following the IUPAC recommendations (Thommes et al.,
2015). The total porous volume was calculated from the amount of N> adsorbed at 0.95 p/p°.
Pore sizes were determined from adsorption isotherms by applying the NLDFT (non-local

density functional theory) model with the kernel for cylindrical pore for oxide surface
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(Maddox et al., 1997; Occelli et al., 2002, 2003). Adsorbed N> molecule cross section area at -

196°C used in the calculations was 0.162 nm?>.

Nitrogen adsorption isotherms were collected at relative pressure ranging between 107
and 1 using 3Flex automated static manometric adsorption analyser from Micromeritics.
Before isotherm measurement, all samples were outgassed under dynamic secondary vacuum
at 150°C until residual pressure stabilization for at least 24 h. The volumes of cells
unoccupied with the sample were determined at ambient temperature and at -196°C by helium

expansion.

3. Results and discussion
3.1. CH4 and CO; adsorption by model porous silica

Among large number of works on the effects of moisture on gas physisorption, only a
few studies refer to the systems at complete saturation with water at near-ambient temperature
or above (Liu et al., 2013, 2020; Merkel et al., 2015a, 2016; Feng et al., 2018b). Thereby, in
order to better understand the behaviour of CHs and CO; in nanoconfined water, gas
adsorption measurements on model porous systems saturated with water are required.

Mesoporous silica SBA-15 and silica gel are suitable materials for such assays.

N> adsorption isotherms of SBA-15 and silica gel, shown in Fig. 1 (a), featured shape
IV(a) according to the TUPAC classification (Thommes et al., 2015), confirming their
mesoporous character, as usually reported for such materials (Thielemann et al., 2011;
Cychosz et al., 2017; Kutarov and Schieferstein, 2019). For SBA-15, Hl-type hysteresis
between adsorption and desorption isotherms signified regular narrowly-distributed
cylindrical pores, consistent with the synthesis route of this material. Large H2(b) hysteresis

loop for silica gel, was indicative of ink-bottle pore geometry with the distribution of sizes of
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both, pore bodies and pore openings. This conclusion was supported by the results of pore
size distribution analysis using the NLDFT method. Both mesoporous silica featured close
values of the BET surface area (550 and 480 m?*/g for SBA-15 and silica gel respectively) but
significantly differed in terms of pore volumes (0.42 and 0.87 cm?/g respectively) and pore
size distribution (6-8 and 6-20 nm respectively), Table 2. Thermogravimetric curves of
humidity-saturated materials are represented in Fig. 1 (b). Weight loss of 27 and 47% before
150°C for SBA-15 and silica gel, were assigned to the evaporation of capillary-condensed
water and corresponded to 0.37 g/g and 0.88 g/g of water content with the respect of dry
material. A good agreement between these values and mesopore volumes determined from N>
adsorption, suggested a complete filling of pores with water at 97% of RH. The same
conclusion was driven from a direct analysis of HoO adsorption isotherms for such systems

(Lin et al., 2018; Centineo et al., 2019).

800 0.5
o a)
E K
s 600 _ 0.4 ’
) 5 ,
& | +200 cm¥/g ¢ <=1
E 400 g 0.3
,%‘200 Silica gel > 02 |
= SBA-15

0 02 04 06 08 1
p/p°
100 — 1
b)

80 SBA-15

Am (%)
V (cm?/g)
=
e [}

60

o
S

Silica gel
40 .

o

0 50 100 150 200
T(C)

Fig. 1. (a) N> adsorption (filled symbols) and desorption (empty symbols) isotherms for SBA-
15 (dark blue) and silica gel (ocean blue), (b) TGA curves (of humidity-saturated samples)

and pore size distribution obtained using NLDFT for (c) SBA-15 and (d) silica gel.

CH4 and CO; adsorption isotherms measured for both materials in dry and humidity-

saturated states are represented in Fig. 2. The shape of methane adsorption isotherms for
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dehydrated silica is consistent with a monolayer formation on the pore surface. Higher
adsorption capacity for SBA-15 in comparison to silica gel was due to its higher BET surface
area. The adsorption isotherms of CO, featured a more complex shape with a progressively
ascending component in the higher pressure range instead of a plateau, which could be due to
polymolecular adsorption of subcritical at 20°C CO.. Both materials lost 80-90% of
adsorption capacity under water-saturation conditions, which agrees with commonly observed
trend (Kamimura and Endo, 2015; Merkel et al., 2015a, 2015b, 2016; Li et al., 2016; Feng et
al., 2018a). Isotherms featured a linear shape. In order to verify to which extent one can
consider the solubility of gases in pore water to explain gas uptakes, the adsorbed amounts of
CHs and CO; were calculated with the respect of water content in materials and plotted
against pressure, together with the solubility of these gases in bulk water at 20°C (Diamond

and Akinfiev, 2003; Duan and Mao, 2006), Fig. 2 (c).

Table 2. BET surface area, pore volume (from N> adsorption isotherm) and water content at

97% of RH at 20°C of studied samples.

SBET Vo tot MH,0

Material

(m?/g) (cm’/g) (g/gdry solid)

SBA-15 550 0.42 0.37
Silica gel 480 0.87 0.88
I 131 0.27 0.27
Mt 35 0.03 0.34
EST48599 (P) 38 0.05 0.06
EST48599 (C) 36 0.05 0.07
EST48601 (P) 31 0.03 0.05

EST48601 (C) 30 0.03 0.07
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According to the results in Fig. 2(c), in pressure range investigated herein (0.1-8
MPa), methane featured almost 10 times higher apparent solubility in water confined in SBA-
15 mesopores in comparison to the bulk water. The same order of magnitude of the
“oversolubility” was reported for similar systems studied earlier (Pera-Titus et al., 2009;
Rakotovao et al., 2010; Clauzier et al., 2012). Regardless of the origins of enhanced gas
uptake in nano-confined water as compared to bulk water (higher solubility of gas in ordered
liquid adjacent to the surface or “attractive” interaction of the dissolved gas molecules with
the pore wall, Fig. 2(d)), the surface area/pore volume ratio of the porous solid is the key
factor controlling the process. Thus, in case of silica gel, which in contrast to SBA-15
featured lower surface area/pore volume ratio (550 m?/cm?® vs. 1310 m*/cm?) due to larger
pore sizes, the measured amounts of adsorbed methane exceeded methane solubility in bulk

water by only a factor of 1.8.

The same trend was observed for carbon dioxide, however adsorption-enhanced gas
uptake in pore water was less significant and the adsorbed amounts only slightly exceeded the

solubility of CO; in bulk water (factor of 1.3 for silica gel and 2.7 for SBA-15, Fig. 2 (c)).

w

8

a) eo Silicagel b) eo Silicagel
) eo SBA-15: (3 S 0 SBA-15 o
° 2 ° .
2 = II 9 2 :.6
E = % Ey -
3 & =T 2 *%
21 > o= S -
A §2 [ >*
c - o hd o —o°
0 leonae 28525 0 P ;
0 2 4 6 8 0 1 2 3 4 5
P (MPa) P (MPa)

c) © Silica gel d)
0 SBA15, 6020
L /Q/? o o
o
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Fig. 2. CH4 (a) and CO» (b) adsorption isotherms for SBA-15 (dark blue) and silica gel (ocean

blue) under dehydrated (filled symbols) and water-saturated at 97% of RH (open symbols)
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states, (c) comparison of the solubility of CH4 and CO; in water confined inside SBA-15 and
silica gel pores and in bulk water (red lines) (Diamond and Akinfiev, 2003; Duan and Mao,
2006), (d) schematic illustration of the distribution of water states in nanopores filled with
water: top — strongly-confined ordered pore water (dark blue) and weakly-confined bulk-like
water (light blue), bottom — area of adsorption-enhanced interaction of dissolved gas

molecules with pore wall.

Regarding linear domains of the isotherms, the uptake of CO; by dehydrated solids
exceeded the uptake of CH4 by a factor of 3-5, while in case of the dissolution of these gases
in bulk water, this ratio was as high as 30 (in favour of CO,, respective solubilises are 3.4- 107
and 1.25-10°° mol-cm™-bar! at 20°C) (Diamond and Akinfiev, 2003; Duan and Mao, 2006).
Thereby, for the weakly soluble methane the interaction of the molecules with pore wall of
water-saturated silica promotes the uptake, and for CO; the process is mainly controlled by
dissolution. This conclusion is fully in line with the trends reported in the literature (Luzar
and Bratko, 2005; Bratko and Luzar, 2008; Pera-Titus et al., 2009; Rakotovao et al., 2010;

Clauzier et al., 2012; Ho et al., 2015; Coasne and Farrusseng, 2019; Liu et al., 2020).
3.2. CH4 and CO; adsorption by clay minerals and clay rocks

Illite and smectite phases as well as interstratified illite/smectite are frequently the
principal constituents of many clay-rich rock formations, such as argillite. In contrast to illite,
smectites have interlayers allowing exchange with the pore solutions. The low porosity of
these formations is mainly associated to their clay fraction, so illite and smectite phases
spatial distribution determines textural and fluid transport properties of rocks (Yven and
Sammartino, 2007; Robinet et al., 2015; Song et al., 2015; Gaboreau et al., 2016). Various
isolated phyllosilicate minerals, including mentioned clay phases, were extensively studied by
high-pressure gas adsorption measurements (Giesting et al., 2012; Liu et al., 2013; Pini, 2014;

Rexer et al., 2014; Pozo et al., 2017; Hwang and Pini, 2019; Hwang et al., 2019). At constant
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temperature, pressure and water content, the amounts of methane and carbon dioxide
adsorbed by clay minerals depend on their specific surface area and on the accessibility of the
interlayer spaces in case of smectites (D. I. Grekov et al., 2020; Ziemianski et al., 2020;
Hwang and Pini, 2021). The affinity of gas molecules to the clay surfaces correlates with the
nature of exposed charge-balancing cations, structural charges and the shape of clay particles

(Melnitchenko et al., 2000; Loganathan et al., 2020; Grekov et al., 2021).

While the sorption of CO> and CHy in dry state is mainly controlled by available
surface area and remains rather clear concept, sorption of CO», accompanied by dissolution in
pore water needs to be exposed to the same chemical constraints as any dissolved COx:
formation of COz(aq), H2COs, HCOs™ and COs* species, depending on pH conditions and
CO» partial pressure. In order to assess the impact of clay rock pore water composition on
CO» solubility and to account for the non-linear relation between CO; partial pressure and
dissolved CO», geochemical modelling was conducted, using PHREEQC code (Parkhurst and
Appelo, 2013). The pore water model of the Callovo-Oxfordian (Gaucher et al., 2006) clay
rock was used to assess the impact of increased CO; pressure on pore water pH, ionic strength
and CO> solubility in typical clay rock. This model accounts for mineral (calcite, illite,
dolomite, quartz, pyrite, celestine, Fe chlorite) and ion exchange equilibria at 25°C. The initial
equilibrium partial pressure of CO> controlled by the mineral phase equilibria was calculated
to be 10 bar, the pH was 7.21 and the ionic strength 0.11 mol-kg™!. Under these conditions
80% of the total dissolved CO» exists in form of HCO3', 10% as COs> and only 10% as
COz(aq). At an imposed pressure of either 1 or 10 bar CO»(g) respectively, the pore water pH
decreases to 6.06 or 5.48 and the total dissolved CO> becomes to 55% or 82% CO»(aq),
approaching linearity between CO» pressure and dissolved CO> at high pressures. Caused by
acidification of pore water and mineral dissolution, the ionic strength rises to either 0.14 or

0.18 mol-kg™!. However, the impact of slight ionic strength variation on gas solubility is low,
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so its effect is not taken into account. The results of simulation are shown in Fig. S1. The
prevalence of dissolved molecular CO; at elevated CO> pressures was also shown

experimentally (Peng et al., 2013).

CHs and CO: adsorption isotherms for pure-phase illite and montmorillonite are
represented in Fig. 3 (a), (b), (e), (f). Isotherms featured the same shape as in case of model
mesoporous silica and the measured adsorption capacities under dehydrated conditions were
in a good agreement with the results for similar montmorillonite and illite clays, with the
respect to their BET surface areas (Ross and Marc Bustin, 2009; Liu et al., 2013; Jeon et al.,

2014; Liang et al., 2016; Hwang and Pini, 2019; Hwang et al., 2019).
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Fig. 3. Adsorption isotherms for CHy (figures a — d) and for CO; (figures e — h) for single-
phase illite du Puy - I (a), (¢) and montmorillonite - Mt (b), (f) clays and for Callovo-
Oxfordian clay rock samples EST 48599 (c), (j) and EST 48601 (d), (h) under dehydrated
(filled symbols) and humidity-saturated (empty symbols) states. Triangles and circles
correspond to crushed (C) and powdered (P) samples respectively. Gas adsorption isotherms

by water-saturated clays are approximated by a line.

As expected, gas adsorption capacities dropped for both clay minerals under water-

saturation conditions as compared to the dehydrated state. Gas adsorption isotherms by
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hydrated solids had rather linear shape. Montmorillonite loses by hydration about 50% of

adsorption capacity for both gases, while illite — 80% and 90% for CO> and CHj4 respectively.

TGA curves allowed discerning two weight loss domains for hydrated clay minerals:
before 150°C, assigned to the evaporation of physisorbed water and above 500°C, due to the
dehydroxylation of the phyllosilicate structure, Fig. S3. Regarding the amounts of adsorbed
CH4 and CO; per total volume of water physisorbed at saturation, determined from the results
of TGA (without distinguishing between interlayer and pore water in case of montmorillonite)
(Ferrage et al., 2010; Ferrage, 2016; Grekov et al., 2019) one can realise that the solubility of
gases in physisorbed water can reliably explain gas uptakes by both clay minerals, Fig. 4 (a)
and (b). For I, which similarly to silica gel, features large mesopores (the closing of hysteresis
loop between nitrogen adsorption/desorption isotherms at p/p° ~ 0.8, Fig. S2), the absence of
significant enhancement of CHs and CO, uptakes in comparison to the solubility of these
gases in bulk water, could be explained by weak confinement effect of the capillary water due
to low surface area/pore volume ratio, typical for large pore sizes. On the other hand, the
origins of the same behaviour in case of montmorillonite were not entirely clear. Indeed,
under saturation conditions, Mt feature a significant fraction (about 50%) (Ferrage et al.,
2010; Grekov et al., 2019) of strongly confined interlayer water and according to atomistic
simulation works, are able to incorporate gases in the interlayer spaces (Gadikota et al., 2017).
Considering a high confinement of the interlayer water, composed of 2-3 layers of organized
H>O molecules, in view of the foregoing, one should expect adsorption enhanced gas uptake

in interlayer water in comparison to the solubility in bulk water.

Taking into account the prevalence of molecular form of dissolved CO; over HCO3
and CO3% in clay pore water at pCOx pressures > 1 bar and the impossibility of the two latter
species to enter the interlayers at elevated carbon dioxide pressure, only CO> (major species

of dissolved carbon dioxide) can enter the interlayer space of hydrated smectites (Loring et
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al., 2012, 2014; Schaef et al., 2012), depending on RH and possibly the type of interlayer
cations. Thus, the observed picture for montmorillonite may signify the existence of two
antagonistic effects upon gas uptake: on one side, the confinement of CH4 and CO; molecules
in hydrated interlayer space (Myshakin et al., 2013; Bowers et al., 2017; Gadikota et al.,
2017) promoting the apparent adsorption-enhanced gas uptake, and on the other side, a high
ionic force due to the presence of charge-balancing cations, suppressing gas uptake (Li et al.,
2020). As shown by atomistic simulations, an increase of hydrated smectite interlayer
distance results in a decrease of CO; solubility in the interlayer water (Botan et al., 2010)
making it close to that in a bulk water under saturation conditions. According to (Botan et al.,
2010; Gadikota et al., 2017), CO; uptake in the interlayer water (2W and 3W states) exceeds

the solubility in bulk water by only a factor of 2-4.

Fig. 3 (¢), (d), (j), (h) summarizes CHs and CO; adsorption isotherms for dry and
humidity-saturated COx clay rock samples. It was illustrated that several properties of clay
rocks, such as cation exchange capacity or retention of dissolved chemical species, related to
phyllosilicate layer charge and illite/smectite ratio, can be described in “bottom-up” approach
relying on the properties of pure-phase illite and montmorillonite (Tournassat et al., 2009).
This concept cannot directly be employed today to describe the tendencies in gas
physisorption, which, primarily depend on the textural properties of clay minerals. Even
though, the impact of kerogens and other organic matter contents on CHy sorption might need

to be considered as well.

Due to close values of the BET surface area, Table 2, humidity-saturated powdered
and crushed argillite samples adsorbed similar quantities of CH4 and CO,. This observation
was supported by the conclusion of the work (Robinet et al., 2012), which showed that COx

size fraction < 100 um is representative of the bulk rock microstructure.
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Within experimental error CO» uptakes by humidity-saturated COx clay rock (in terms
of mmol/cm? of pre-adsorbed water) were close to CO> solubility in bulk water, Fig. 4. The
measured volumetric uptakes did not significantly differ neither for the clay rock composition
(Table 2) nor for the granulometry of the samples. It is worthy to be noticed that since at low
pressure the CO; uptake in alkaline pore water is dominated by the formation HCO3™ species,
one may expect for COx clay rocks a higher CO; adsorption-enhanced uptake in the
interlayer water at sub-atmospheric pressure range in comparison to a high pressure. This
could not be concluded from the measurements performed far above 1 atm in the frame of this

work. The data reported in Fig. 4 is also summarized in Table 3.
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Fig. 4. Comparison of the solubility of CH4 (a) and CO> (b) in water confined in pores of clay
minerals and in bulk water (red symbols) (Diamond and Akinfiev, 2003; Duan and Mao,
2006). (c) Comparison of CH4 and CO; adsorption-enhanced gas uptake in pore water (S)
with the respect to their solubility in bulk water (S°) at 20 °C (1.25-10° and 3.4-10” mol-cm
3.bar! CHs and CO; respectively) for different porous solids. Violet and yellow squares
correspond to CH4 adsorption isotherms by water-saturated Bossier shale and montmorillonite

from works of (Merkel et al., 2015a) and (Li et al., 2016).
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On the other hand, volumetric CHs uptakes by COx clay rock samples exceeded CHa
solubility in bulk water by a factor of 5-8, which could be due to the effect of confinement in
nanosized pores, by analogy with SBA-15. Combining the inputs from 3D FIB-SEM image
reconstruction, mercury intrusion porosimetry, N> adsorption and recently from
thermoporometry applied to water-saturated clays, it was reported that pores in the Callovo-
Oxfordian clay rock typically range from the order of several nm to several dozens of nm
(Yven and Sammartino, 2007; Song et al., 2015; Gaboreau et al., 2016; Grekov et al., 2019).
Such narrow pore sizes in clay-rocks result from chemo-mechanical constrains acquired
during the diagenesis. They mainly originate from the mechanical compaction due to the
lithostatic pressure and the precipitation of nm-sized mineral grains within the porosity. In
case of isolated Mt, desagregated by ultrasound treatment in aqueous media during
purification procedure, these constrains do not exist. Hence, upon swelling in moist
atmosphere, the inter-granular pores size can be larger in comparison to COx clay rock. As a
consequence, purified clay minerals and raw clay rock samples exhibited different pore sizes
under the saturation conditions, so the enhancement of methane uptake in comparison to its
solubility in bulk water was contrasted for these clay systems. Interestingly, EST 48601
sample featured slightly higher methane uptake in pore water than EST 48599 sample, which
could be explained by narrower pores as suggested by its lower BET surface area / pore

volume ratio (Table 2).

Table 3. The solubility of CHs and CO; in pore water of humidity-saturated solids with the
respect to their solubility in bulk water (5/5°) according to (Diamond and Akinfiev, 2003;

Duan and Mao, 2006.

SBA-15  Silica gel I Mt EST 48599 EST 48601
CH4 10 1.9 1.9 2.5+0.5 5.2+0.5 8+1
CO, 2.7 1.3 1 0.7£0.2 1.7+£0.3 1.6+0.3
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As demonstrated for shales of different maturity, CHs and CO> adsorption capacities
positively correlate with the content of organic carbon (kerogen) in these systems (Ross and
Marc Bustin, 2009; Gensterblum et al., 2013; Merkel et al., 2015a, 2015b; Hu and Mischo,
2020; Klewiah et al., 2020; Li et al., 2021). Due to hydrophobic character of kerogen,
contented up to more than 20% in several shales, organic-rich formations adsorb less water
than clay rocks, under saturation conditions, so their surfaces and pores remain more
accessible for the adsorption of gases, presaging them with higher adsorption capacities than
clay rock characterised by a low content of organic matter (Merkel et al., 2015a, 2016). It is
thus important to exclude the effect of organic matter, to properly adapt the term of
adsorption-enhanced gas uptake in pore water for raw natural clay rocks. In case of COx clay-
rock, containing less than 2% of organic carbon (Gaucher et al., 2004), the effect of kerogen
on CH4 and CO; adsorption should not be significant (Merkel et al., 2015a, 2016). Methane
adsorption data for humidity-saturated pure-phase montmorillonite (Li et al., 2016) and low-
organic carbon Bossier shale (Merkel et al., 2015a) (content of kerogen close to that in COx)
perfectly agreed with the trend reported in this study, Fig. 4 (a), indicating that the observed
effect is not an artefact but a real consequence of adsorption-enhanced gas uptake in pore
water. Consequently, in natural clay rock formations, the results from this study suggested
that CHs and CO, adsorption-enhanced uptakes in pore water can be strongly contrasted,
depending on clay rock mineralogy, their content of organic matter and their texture,

influenced by geological history.

4. Conclusion

Predictive approach and quantitative interpreting of gas adsorption by hydrated porous
media is challenging, especially in case of such complex porous systems as clay minerals or

clay rocks. This work aimed at better understanding the features of CHs and CO, adsorption
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by clays saturated with water under controlled relative humidity conditions, assuming the
mechanism of gas uptake by dissolution in clay water, as proposed earlier (Gadikota et al.,
2017). The quantities of gases adsorbed per total amount of water in hydrated solids were
directly compared with gas solubility in bulk water under the same (P, T) conditions. It was
established that the solubility in water can reliably explain the CO; uptakes by hydrated
porous media regardless of their nature. This observation is in line with relatively low
“oversolubility” of CO» in nanoconfined liquids, as reported earlier (Pera-Titus et al., 2009;
Rakotovao et al., 2010). The methane uptakes were properly described by dissolution as well,
but only in case of solids with larger pores, where the confinement effects are not significant.
On the other hand, in case of COx clay rocks, the adsorption-enhanced solubility of methane
in pore water vs. bulk water (a ratio of 5-8) was observed, supposedly due to narrower pore
sizes, in comparison to other systems, by analogy with SBA-15 silica. This finding potentially
bears important consequences for industrial applications: both in case of shale gas behaviour
and for radioactive waste disposal research: higher “solubility” of methane in the pore space

of very compact clay-rocks should be better considered in performance assessment.
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