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Abstract

The thickness of the thin wetting film depends on disjoining pressure forces, and it evolves with pH evolution due to brine
acidification at the physical and chemical conditions of geological carbon dioxide storage becoming thinner in response
to dewetting. In the literature, molecular dynamic simulation (MDS) studies have been employed to understand the effect
of pressure/capillary pressure on the thin wetting film evolution. In this paper, a theoretical approach based on the Frum-
kin—Derjaguin Equation (FDE), models of electric double layer repulsion, and van der Waals forces have been used for the
calculation of the wetting film thickness. The approach excluded hydration forces contribution to disjoining pressure forces
due partly to its poorly understood nature, and partly to the high salinity conditions encountered in geological carbon stor-
age. Due to its promising global storage capacity compared to other lithologies, the carbon dioxide—brine—silica systems
was chosen to simulate sandstone saline aquifers. The validation of the model benefited much from literature resources on
data and a universal model of carbon dioxide—brine interfacial tension. Calculated results confirm pH-induced dewetting and
they follow trends controlled by pH and pressure as found in the literature. The novelty of the paper can be seen from the
fact that it has demonstrated a theoretical supplement to MDS studies in addition to justifying the fundamental utility and
versatility of the FDE. Moreover, the paper links for the first time, a transcendental equation to the thin wetting film theory
encountered in the carbon dioxide—solid—brine system found in geological carbon storage.
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g Relative permittivity of material i

£ Permittivity of free space [Fm™']

Y Zeta potential for water containing monovalent
£o(T,0) Dielectric permittivity of pure water as function

of temperature and ze salinity [Fm~!]

e(T,N) Dielectric constant of brine as a function of
temperature and salinity (normality) [Fm™]

£, Relative permittivity [-]

0 Thermodynamic/equilibrium contact angle [°]

v, Main electronic absorption frequency [Hz]

o Interfacial tension between a and f phases

z Disjoining pressure as a function of film thick-
ness [nm]

oy Electrical or double layer disjoining pressure
[pas]

K Inverse of Debye length [nm]

Ap Characteristic distance for potential decay due to
screening

y/;ff Surface potential of interface 1 [V]

V’esz Surface potential of interface 2

Introduction

The thickness of the wetting film on a solid surface is a
parameter of immense thermodynamic significance that mat-
ters in several industrial operations. For instance, in tribol-
ogy, bubbles rubbing on a solid surface was investigated
using interferometry based on a unique experimental setup
that enabled monitoring the thickness profiles of a wetting
film located between the bubble and a hydrophilic glass sur-
face (Karakashev et al. 2014). In the cited study, determina-
tion of the 3D film thickness profiles allowed calculation of
3D maps over the wetted surface, which give a clue regard-
ing efficiency of lubrication or the zero friction concept
(Radoev et al. 2007a, b). Still on tribology, knowledge of
thin wetting film thicknesses variation over solid surfaces
has been used to decipher surface heterogeneity in lubrica-
tion issues (Radoev et al. 2007a, b). In the coating industry,
the thickness of the wetting film is used as a critical guide
to calculating the dry wetting film that is supposed to pro-
vide fire proof/corrosion resistance of coated surfaces (IFTI
2018). In colloidal dispersion systems, compression of the
electric double layer due to the addition of salts is the prin-
cipal cause of double layer contraction which reduces wet-
ting film thickness. For such systems, enhancing dispersion
stability has been achieved, using stabilization by addition
of Hydrophobically Modified Inulin Polymeric Surfactant
(Exerowa et al. 2009), where direct measurement of the wet-
ting film thickness can prove as an indication of surfactant
efficiency.

Within the framework of the Derjaguin—Landrup—Ver-
wey—Ovebeek (DLVO) theory, the thermodynamic basis

@ Springer

of the thin wetting film has been extensively explored.
In this regard, principal to the thermodynamics of the
equilibrium wetting film is the quantitative interpreta-
tion of disjoining pressure, which controls film stabil-
ity (Bergeron 1997; Kuchin et al. 2014). The disjoining
pressure is a physical quantity interpreted as the pressure
needed to separate two parallel plates from each other
when there is an intervening liquid phase (Condon 2006).
It has electrostatic, van der Waals, and non-DLVO con-
tributions in the form of hydration pressure (Altamirano
et al. 2016). In all three contributions, disjoining pres-
sure is a function of wetting film thickness. Therefore,
a precise measurement of disjoining pressure permits
calculation of film thickness. For instance, disjoining
pressure has been measured using a microfabricated
groove for a molecularly thin polymer liquid film on a
solid surface (Fukuzawa et al. 2004a, b), by combining
a thin-film balance with AC impedance spectroscopy
(Yaros et al. 2003), and using atomic force microscopy
technique (Jones et al. 2005; Bowles et al. 2009; Hamil-
ton et al. 2010). Atomic force microscope has also been
used to characterize the nanoscale surface water films
on mica surface exposed to deep ground waters (Gaebel
et al. 2009).

Geological storage of anthropogenic carbon dioxide is
expected to isolate large quantities of the gas compared to
other sequestration options due to the promising global stor-
age potential (Verma et al. 2021). However, while the storage
potential is attractive, water—rock interaction phenomenon that
controls wettability, and the distribution of sub-surface fluid
phases (brine and dioxide) is less understood. In this regard,
the dissolution of injected carbon dioxide under saline aquifer
temperature, pressure and salinity conditions and the conse-
quence interaction of the dissolved species with aquifer miner-
als will result in rock-brine interfacial free energy evolution.
The implication, considering the Young’s equation, is the
change in contact angle/wettability due to pH decrease (Kim
et al. 2012). Therefore, to understand the effect of wettability
evolution on the relative mobility of subsurface fluids (Sun
and Bourg 2020), which impacts gas injection and storage
efficiency under supercritical conditions, quantification of the
water—rock interaction effect by experimental means is neces-
sary. Moreover, the two-phase flow of injected carbon dioxide
and resident formation brine implies the existence of the car-
bon dioxide—brine and brine—solid interface, where disjoining
pressure (Kim et al. 2012) plays a central role in dewetting
issues. Therefore, the DLVO theory must provide a theoreti-
cal basis for the determination of equilibrium film thickness
like those mentioned earlier. In this regard, the Frumkin—Der-
jaguin (FD) equation that links the thermodynamic contact
angle and the integral of disjoining pressure is an attractive
and robust mathematical resource for the determination of
wetting film thickness, given the dependence of disjoining
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pressure on it. While the approaches mentioned earlier rely
on direct measurement of disjoining pressure to calculate film
thicknesses from van der Waals and electrostatic models, the
application of the FD equation facilitates film thickness deter-
mination by integration of experimentally measured thermo-
dynamic/equilibrium measured contact angle. However, while
this approach is feasible, no research work in geological car-
bon storage has so far been devoted to it, apart from research
works on molecular dynamic simulations (Sun and Bourg
2020; Tenney and Cygan 2014; Liu et al. 2021; Hamm et al.
2013; Chen et al. 2016). For instance, used molecular dynam-
ics simulation to demonstrate the microscopic wetting behav-
ior of two solid model surfaces for the first time, where the
effect of contact angle on wetting/thin film was highlighted.
Sun and Bourg (2020) simulated water and CO, at various
pressures between quartz surfaces to probe the thickness of
the adsorbed water film observed between the CO, and quartz
surface, and the radius of curvature of the fluid—fluid interface
as a function of CO, pressure. Their results were discussed
in the context of the relevant interfacial energies, Young’s
equation, and the Gibbs CO, surface excesses at various inter-
faces. Hamm et al. (2013) used MD simulation to examine
fundamental wetting and capillary properties for the system
quartz—water—scCO, systems at a range of pressures where
disjoining pressure effect on the wetting film was fundamental
in the simulation process.

Different types of saline aquifers occur in nature, but
those of sandstone origin provide the greatest global stor-
age capacity (William et al. 2016) with promising global
distribution and favorable compressibility (Verma et al.
2021). Similar to Badera et al. (2014). The carbon-diox-
ide-sandstone systems were chosen in the study due to its
acclaimed global potential for anthropogenic carbon dioxide
storage. Herein, models of the electric double layer and van
der Waals disjoining pressure components have been substi-
tuted into the FD equation. Accordingly, integration of the
resulting equation within the limits set by the original FD
equation leads to a transcendental equation that expresses
contact angle as a function of film thickness at a given pH,
temperature and salinity of the system. Determination of
film thicknesses under carbon dioxide pressure induced
dewetting conditions was then carried out based on litera-
ture experimentally measured equilibrium contact angles
for the system carbon dioxide—brine—solid systems under
in-situ conditions of geological carbon storage. Results
of equilibrium film thicknesses correlate with dewetting
trends reported in the literature. The novelty of this work is
judged by its rigorous derivation of the relationship between
equilibrium contact angle and equilibrium film thickness
by integrating models of disjoining pressure in the DLVO
theory and models of surface potentials in the electrochemi-
cal literature into the original FD equation. It serves as a
supplementary research work to those of Kim et al. (2012)

involving direct measurement of wetting film on a mineral
surface and Shiga et al. (2020), who used the FD equation
to study the effect of pressure on total disjoining pressure
and molecular dynamics simulation findings. In this regard,
this paper has demonstrated that theoretical determination of
thin wetting film thickness follows experimentally observed
trends in the literature. In addition, the paper links for the
first time, a transcendental equation to the thin wetting film
encountered in geological carbon storage.

Theoretical development
Contact angle: film thickness relationship

If carbon dioxide is injected into a saline aquifer, a two-phase
flow regime evolves where a gas-formation brine—solid sys-
tem forms with a gas—brine interface and a brine—solid inter-
face. Following the existence of the electric double layers at
the interfaces, double layer repulsion will provide electro-
static contribution to disjoining pressure. Besides, van der
Waals forces will also provide molecular interaction contri-
bution to disjoining pressure as will hydration forces interac-
tions. As gas phase increases, the system pressure increases
such that at a given pressure, equilibrium film thickness
exists. In addition, dissolution of carbon dioxide will cause
water—rock interaction at the solid-liquid interface as pH
evolves. Such a system can be described by the following
schematic given in Fig. 1 (Hirasaki 1991).

a is the gas phase y is the brine phase, f is the solid
phase, £ is the equilibrium film thickness, 6 is the thermo-
dynamic/equilibrium contact angle and ¢*# [mN m™!] is the
interfacial tension between a and f phases.

A practical approach to calculating van der Waals forces
is derived from Lifshitz’ theory, where rather than treat-
ing the total van der Waals energy as a sum of pairwise
interactions between atoms, the theory considers compo-
nent materials as continua with electromagnetic fluctuations
at all frequencies (Ninham and Parsegian 1970). However,
the limitation imposed by the assumption of dielectric con-
tinuum is seen where change in molecular structure at the
solid-liquid interface due to electrostatic (surface charge)
phenomena results in changes in the dielectric permittiv-
ity at the interfacial region. In this paper, the focus is on
geological storage of anthropogenic carbon dioxide in deep
saline aquifers, where salinity conditions minimize the elec-
trostatic effect due to the dependence of zeta potential on pH
and salinity (Hirasakl 1991), which merits the application
of the Frumkin—Derjaguin equation without accounting for
structural forces contribution to disjoining pressure.

Based on the schematic seen in Fig. 1, a robust thermo-
dynamic model, the Frumkin—-Derjaguin equation, provides
a fundamental relationship in the theory of thin films and
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Fig. 1 Schematics of the equi-
librium film thickness (Hirasaki
1991)

Miniscus regime

Thin film regime
Alfa-Gamma
<__Interface
Gamma
Alfa phase(gas)
phase(liquid)
W /’/ Contact angle
: # 7 i _ _ _ _ i}
T Beta phase(solid) Transition '
ho regime

relates all surface tensions between surfaces associated with
a wetting film to its disjoining pressure and contact angle
(Rusanov 2020). The equation reads (Hirasaki 1991).

[So]

1 —cosf = —/ndh—hon(ho) /ayﬂ )

h

0

In Eq. (1), z is the disjoining pressure as a function of
film thickness /. All other parameters have been explained.

Van der Waals forces contribution to disjoining pressure
is given as (Misra et al. 2019):

Ay

Tydw = _677,']13 (2a)

In this equation, Ay is Hamaker constant [J], k. is film
thickness [nm] and = is 3.14.

The coefficient A, of the van der Waals disjoining pres-
sure is the Hamaker constant, which quantifies the extent of
intermolecular interaction. For values greater than zero, the
interaction is attractive in nature. The Hamaker constant of
CO, and H,O can be calculated from the Lifshitz theory,
using experimental data on refractive indices and the relative
permittivities. Generally, A;; means the constant for a mate-
rial i interacting across a vacuum and it is given as (Shiga

et al. 2020):
A 3kBT<£i—1>2 3h’ve(nf—1)2
i = +
4 \e+l) 1622+ 1)

where ky. is the Boltzmann constant, 7 is the temperature,
g;. is the relative permittivity of material i, 7’ is the Planck’s
constant, v, is the main electronic absorption frequency, #, is
the refractive index of material i, and the material numbers

(2b)
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of minerals, CO,, and H,O are 1, 2, and 3, respectively. The
Hamaker constant of the water film sandwiched between the
CO, phase and the mineral phase (A,,3) is calculated from
A}, Ay, and A, based on the mixing rule as:

Apy=Ap+Ap—Ap = <\/A_11 - \/A_33><\/A_22_ \/A_33>
(20)

When the surfaces are sufficiently far apart, the potential
profiles originating from each individual surface will not be
much perturbed by the presence of the other surface, which
permits the application of superposition theory to the deri-
vation of double layer repulsion disjoining pressure. In this
paper, the model based on superposition will be adopted

because of its application to asymmetric systems. The equa-
tion reads (Ohshima 2014; Evans and Wennerstom 1999):

Ty = 2££0K2w;ﬁy/§ffe_Kh 3)

In this equation, z; is the electrical or double layer dis-
joining pressure, €, is relative permittivity [-], £, is permit-
tivity of free space [Fm],k is the inverse of Derbye length
[nm], q/elff is the surface potential of interface 1 [V], and t//fff
[V] is the surface potential of interface 2.

The focus is on geological carbon storage in saline aqui-
fers, where salinities are supposed to be high, and in excess
of 10,000 ppm (Evans and Wennerstom 1999; Kelemen et al.
2019). Under such condition, extension of the classical DLVO
theory by adding hydration forces disjoining pressure compo-
nent is unnecessary, as it becomes important only at moder-
ate or low salinities (Bostrom et al. 2001). Therefore, total
disjoining pressure based on the classical DLVO theory will
be adopted in this work. Substitution of Eqgs. (2a) and (3) into
Eq. (1) gives:
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(s

A
1—cosf = / <_67r7z3 - 26£0K2u/elffw§ffe_Kh>dh — hyr(h,) /07ﬂ “
i

0

Integration gives the first two terms on the right-hand side
of Eq. (4) as:

Ay -
(O'st-zfeow;ﬁwsﬁe )/ ©
0

that of crude oil-brine interface where, the point of zero
charge pH is important (Bonto et al. 2019).
Substitution of Egs. (9) and (10) into Eq. (6) gives:

A
1—cosf=(025"0 25801(( 2.3RT
h? F

0

2
) (pHpe pH)(—pH)E’”““)

1D
23RT \? e
Writing the last term of Eq. (4) in terms of equilibrium film / o' = h,2ee ( T) (PHp,c — pH) (-pH)e™" /07"
thickness and its addition to the result of integration gives:
Ay 12 _—«h 8 2012 —«h | B (6)
1 —cosf = 0.25% —2ee, Ky gl o'’ — h,2ee Ky e "/0'
0

The Debye length, A, is the characteristic distance for
potential decay due to screening (Kesler et al. 2020) and its
reciprocal k is given as (Waggett et al. 2018):

1 g0 kg T -1z
K=—= ™
e2N,2C

where N, is Avogadro’s number [number of particles per
mole] and C is the concentration [moles/m?], T is the tem-
perature in Kelvin, and e is the electronic charge [C].

Using Nernst equation, the surface potential of solid surface
can be written as (Amadu and Miadonye 2019a, b):

_ 2.3RT

Y, =—
F

(pszc - pH) (8)

In Eq. (8), Ris the universal gas constant [J K1, F is Fara-
day constant [C mol™'], pH,,. is the pint of zero charge pH
of surface and pH is the negative logarithm to base 10 of the
hydrogen ion concentration.

Assuming the potential of carbon dioxide-brine interface
can be denoted by phase 1 and that between-brine and solid
surface by phase 2, the following potentials can be written for
the interfaces:

2.3RT

Yor = =5 PH )
2.3RT

Ver = = (PHy,c = pH) (10)

Equation (9) was obtained from Eq. (8) based on the
assumption that the point of zero charge pH is characteris-
tic of a solid surface and must be zero for the carbon diox-
ide-brine interface, given that this interface is different from

At a given pH of aqueous solution defined by pressure,
temperature and salinity, Eq. (11) gives an explicit relation-
ship between the thermodynamic contact angle and the
equilibrium film thickness. Geologically, rock is an aggre-
gate of minerals (Nesse 2000). Therefore, to understand the
water—rock interaction effect on wettability evolution during
CO, injection into saline aquifers, rock forming minerals
have been interacted with dissolved carbon dioxide species
under temperature, pressure and salinity conditions of geo-
logical storage (Shiga et al. 2020, 2012; Jung and Wan 2011;
Saraji et al. 2013), thus, experimental data on contact angle
versus pressure at specified temperatures and salinities will
permit the theoretical determination of the equilibrium film
thickness, using Eq. (11). To achieve the objective, addi-
tional task is required to determine pH at specified tempera-
ture, pressure and salinity conditions. The following section
discusses the additional task involved.

Auxiliary equations

Given carbon dioxide solubility dependence on temperature,
pressure and salinity (Yan et al. 2011), the pH of aqueous
solution is a function of temperature, pressure and salinity.
Therefore, an equation is needed to calculate carbon diox-
ide solubility at a given pressure, temperature and salinity.
Besides, an equation is needed to calculate the dissociation
of dissolved and hydrated carbon dioxide in the form of
carbonic acid. Such an equation provides the basis for the
calculation of hydrogen ion concentration at a given tem-
perature, pressure and salinity which is needed to calculate
film thickness in Eq. (11).

Bahadori et al. (2009) have developed a correlation for
predicting the solubility of carbon dioxide in pure water

@ Springer
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as well as in aqueous sodium chloride solutions based on
reduced variables of temperature and pressure, and thermo-
dynamic interaction parameters. They applied the solubility
model to correlate carbon dioxide solubilities in aqueous
solutions for temperatures between 300 and 400 K and for
pressures from 50 to 700 bars, with good agreement between
predicted and experimental data. Their solubility model is
given as:

X =a+bP, + CP* + dP? (12)

where

x is carbon dioxide solubility-mol L™
a=A +BT,+CT>+DT’
b=A,+B,T,+ C,T? + D,T’
c=A;+BiT, + C3T? + D;T°
d=A,+B,T,+C,T + D;T’

13)

The dissolution of carbon dioxide in brine will produce
hydrogen ions. Assuming experimental brines were prepared
using deionized water, the initial concentration of hydrogen
ions will be negligible compared to that given by the dis-
sociation reaction. Therefore, the pH of the brine can be
calculated as (Amadu and Miadonye 2019a, b):

1 1 \2 1
Koy £ \/(KCA) + 4K, Mmeo,

H=1
pH = log|y —

(14)

The activity coefficient model is given as (Stumm and
Morgan 1996):

) 11/2
log (}/a) = —ADZ [m - 021] (15)

where y,, is the activity coefficient, Ap, is a constant approxi-
mately equal to 0.5 and z is the valence on the ion.

1 is the ionic strength (mol/liter) of the aqueous solution,
defined as follows (Kennedy 1990):

n

1= (z)'c (16)

i

where z; is the charge number on each ion in the solution,
and C; is the concentration of each ion (mol/liter).

The salinity and temperature dependence of the first ioni-
zation constant of carbonic acid formed by the dissolution
and hydration of carbon dioxide (Reddi 2011) is given as
(Aissa et al. 2015):

@ Springer

2936978 17883
InKe,(TS) = =——5— + — LA
N (114T12179 _ 17883 | 13.40776>\/}

— 1.4142451 + 0.26772581°/%
a7

To calculate «, which is the reciprocal of Debye length
using Eq. (7), the relative permittivity of brine at the speci-
fied temperature is required. Stogryn (1971) has published
an empirical correlation for calculating the dielectric permit-
tivity. In this regard, the dielectric permittivity of brine as a
function of temperature and salinity is given as:

go(T,N) = gy(T, 0)a(N) (18)

In this equation, (T, N) is the dielectric constant of brine
as a function of temperature and salinity (normality).

£o(T,0) is the dielectric permittivity of pure water as
function of temperature and zero salinity defined by the fol-
lowing relation (Malmberg and Mariyott 1965):

£0(T,0) = 87.74 — 0.400087 + 9.398 * 107472 + 1.410 % 10773
(19)

a(N) is defined as:

a(N) = 1.000 — 0.2551N + 151 % 1072N? — 6.889 % 107°N?
(20)

The salinity contribution (N) is defined as:

N = 8(1.707 % 1071 + 1.205 % 107°S + 4.058 * 107°5%)
(21

Interfacial tension correlation

In addition to the auxiliary equations required for cal-
culation of related parameters in Eq. (11), knowledge of
interfacial tension for the carbon dioxide—brine system at
specified conditions of temperature, pressure and salinity is
essential. Li et al., (2012) have developed an empirical cor-
relation for the CO,—brine system. Experimental measure-
ments were conducted at temperatures between (298 and
473) K at varying pressures up to 50 MPa, using salinity
range (1-5 mol kg™!) by means of imaging a pendant drop
of CO,-saturated brine surrounded by a water-saturated
CO, phase. The uncertainty at 95% for interfacial tension
is between 0.016 and 0.6 mN m~! (Li et al. 2012). It is
applicable over temperature range (from 25 to 175 Celsius)
and a pressure range (from 2 to 50 MPa). The following
gives the correlation:

¥ = Aym+ B, (22)
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In this equation, A, and B, are pressure and tempera-
ture dependent constants defined in the paper by Li et al.
(2012). The unit of m is mol kg‘l. The correlation was
used for calculating interfacial tensions.

Several researchers have studied the effect of tem-
perature, pressure and salinity on the interfacial tension
between carbon dioxide and brine at geological condi-
tions characteristic of the saline aquifer (Aggeloppous
et al. 2011; Chalbaud et al. 2009). The aim of Li et al.
(2012) was to research the dependence of interfacial
tension on temperature, pressure, and salinity over the
range of conditions applicable to carbon dioxide storage
in underground reservoirs with the principal objective of
arriving at a universal model. Therefore, the universality
of the model used in interfacial tension calculation in this
research work does not warrant addressing salinity range
limitations.

Equilibrium contact angle data

Several studies involving contact angle measurements on
rock minerals have been reported in the literature. For
instance, Jung and Wan (2012) have measured contact
angles on silica for the system carbon dioxide—brine—sil-
ica to simulate carbon dioxide—water rock interaction
effect on contact angle for sandstone saline aquifers (See
Appendix 1). They reported contact angles for different
salinities at 318 K. Chen et al. (2015), have also measured
contact angles on silica for a molar sodium chloride brine
at the same temperature (See Appendix 3). Jafari and Jung
(2018), have also measured contact angle on mica, using
a molar sodium chloride brine (See Appendix 2). To
determine equilibrium film thicknesses using Eq. (11),
pH values were calculated using Eq. (14) while solubili-
ties values were calculated using Eq. (12). To achieve
the objective, equilibrium contact angle data relating to
the cited literature will be used for equilibrium thin film
calculations based on Eq. (11).

Calculated parameters

The reciprocal of Debye length was calculated using Eq. (7).
The ionization constant was calculated using Eq. (17). The
value of the first ionization constant for carbonic acid in 1 M
sodium chloride was calculated as 7.015x 1071°,

The ionic strength and activity coefficient were calcu-
lated using Eqgs. (16) and (15), respectively. The value of
activity coefficient is 0.71. The value of ionic strength for
1 M sodium chloride solution is 1. Regarding Jung and Wan
(2012), the experimental data for 1 molar sodium chloride
solution were used in this work. For Chen et al. (2015), the
experimental data for sodium chloride (1 M) is found in
Appendix 2. Table 1 gives calculated values of parameters
of Eq. (11) and physical constants used.

The Hamaker constant for the system carbon diox-
ide-brine—solid was calculated using Eq. (2b).

The dielectric constant of silica was taken as 3.5, and its
temperature dependence is weak (Jones 2005). The dielectric
constant of mica was taken as 6.8 (Table 2 of (Zulkifli et al.
(2017). The dielectric constant of carbon dioxide as a func-
tion of temperature and pressure was taken from Michels and
Michels (1933), by extrapolating between plots for 40.26 and
49.76 °C (See Appendix 4).

The refractive of carbon dioxide and brine at 45 °C was
calculated using the relationship between relative permittiv-
ity and dielectric constant as (Sebastian 2008)

e, =n’ (23)

In this work, the dielectric constant of sandstone for
Chen et al. (2015) was assumed to represent a wet one and
a median value of 7.5 was taken based on Daniels (1996)
(Table 1).

Hamaker constants were calculated using Egs. (2b) and
(2c¢), using a value of 6.6 * 1073* J s for Planck’s con-
stant (Stanford and Tanner 1985). Most absorption fre-
quencies are in the ultraviolet region and a typical value
of 3 * 10" s~! was taken as the absorption frequency
(Israelachvili 2011), that was used in Hamaker constant
calculation. Values were 0.46 * 1072° for quartz in water

Table 1 Calculated values of parameters and values of physical constants used in the calculations

Parameter Calculated value Physical constants used Value Reference
Kynaci(m™h) 33,420,177,596 Boltzmann constant [J K] 1.381 % 1072 Chairman et al. (1942)
€ :MNaCl 71.19 Electronic charge [C] 1.602 * 107 Chairman et al. (1942)
€W 71.77 Avogadro’s number [number per mol] 6.022 * 107 Chairman et al. (1942)
Permittivity of free space £, [Fm™'] 8.854 * 10712 Chairman et al. (1942)

Kynact: Teciprocal of Debye length scale for 1 M sodium chloride solution

€Mmnacr: Telative permittivity for 1 M sodium chloride solution

€.pw: relative permittivity for deionised water

@ Springer



Journal of Petroleum Exploration and Production Technology

(Bergstrom 1997), 1.34 * 1072 for mica (Bergstrom 1997)
and 9.98 * 1072! for 1 M sodium chloride brine. The die-
lectric constant of mica was taken as 6.4 (Weeks Jr. 1922).
The dielectric constant of carbon dioxide as a function of
pressure at 318 K was read from Appendix 4.

Results and discussion

The key parameters that determine the refractive index
of a gas are the polarizability, temperature, and the pres-
sure (Clergen et al. 1999). Among these, polarizability is
determined by the gas itself. Temperature and pressure
can be varied to determine their effect on the refractive
index of a gas. Tables 2, 3 and 4 show calculated results of
refractive index, using Eq. (23). In all cases, the refractive
index calculated using the dielectric constant data from
Appendix 4 increases with pressure for carbon dioxide,
indicating decrease in the speed of light with pressure. In
all systems, dielectric constant increases with pressure,
consistent with the experimental results of Zhang et al.
(2005), and also consistent with the virial equation for
dielectric constant in terms of pressure and temperature
(Kano and Kuramoto 2021).

The theoretical basis of this work hinges on the ana-
lytical derivation of a transcendental equation that
describes the salinity, temperature, pH and contact angle
dependent equilibrium film thickness for the carbon diox-
ide-brine—solid systems, exploiting the concept of disjoin-
ing pressure within the classical DVLO theory. Hydration
forces are short-range interactions that act at a few nanom-
eters on the mineral surface and are strongly dependent on
the adsorption structure. Generally, the balance between
hydration and DLVB forces at solid-liquid interfaces
govern processes, such as colloidal stability, wetting, ion
adsorption. etc. (Aram et al. 2022). However, the origin
of molecular scale hydration forces and their implications
for surface charge density that controls continuum scale
electrostatic forces in such systems are poorly understood.
Therefore, their contribution to total disjoining pressure
used in the derivation of Eq. (11) was not considered.
Moreover, hydration forces have been reported to decrease

Table2 Calculated refractive index versus pressure for Jafari and
Jung (2018) experimental data

Pressure-MPa Dielectric constant Refractive index

5.00 1.06 1.03
7.80 1.11 1.05
10.00 1.190 1.09
15.00 1.43 1.20

Table 3 Calculated refractive index versus pressure for 1 M sodium
chloride solution for Jung and Wan (2012) experimental data

Pressure-MPa Dielectric constant Refractive index

7.00 1.105 1.05
7.25 1.107 1.05
7.30 1.108 1.05
15.00 1.401 1.18

with high electrolyte concentration (Afzal et al. 1984)
similar to that studied in the present work (1 M sodium
chloride solution). In line with the objective of the study
related to the equilibrium film thickness, the solution to
equation Eq. (11) is necessary. In the mathematical lit-
erature, transcendental equations have been solved, using
diverse mathematical tools. For instance, transcendental
equations have been solved analytically (Perovich et al.
2014, 2007) numerically (Fiedler 1994), using artifi-
cial neural network (Jeswal and Chakraverty 2018) and
using Cauchy’s integral theorem for complex variables
and transforms (Luck et al. 2015). In the present study a
purely analytical method was used based on Maple version
15 developed by the University of Waterloo researchers.
Tables 5, 6 and 7 show the solutions to the equilibrium
film thickness equation as a function of pressure, interfa-
cial tension, Hamaker constant and contact angle.

The Hamaker constant is a coefficient that relates the
interactive van der Waals energy to the distance of separa-
tion between two molecules, where the interactive force is
pair-wise additive and independent of the intervening media.
Generally, the interactions between the particles are relative
to the macroscopic properties of the dielectric constant, and
the refractive index. Negative values of Hamaker constant
arise where the dielectric permittivity of the intervening
medium (brine) is between those of the interacting media
(CO, and substrate) (Lee and Wolfgang 2001).

For Jung and Wan (2012) and Jafari and Jung (2018)
experimental data, Hamaker constants are negative for pres-
sures from 7 to 7.3 MPa and from 5 to 10 Mpa, respectively,
decreasing in negative values. Therefore, van der Waals

Table 4 Calculated refractive index versus pressure for Chen et al.
(2015) experimental data

Pressure-MPa Dielectric constant Refractive index

7.00 1.105 1.05
8.00 1.107 1.05
9.00 1.146 1.07
10.00 1.190 1.09
12.00 1.390 1.18
18.00 1.44 1.20
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Table 5 Calculated equilibrium

. o . Pressure-MPa Contact angle-  Interfacial Hamaker constant- pH Film thick-
ﬁlm.thlckness, interfacial degrees tension-mN/m J# 10720 ness-nm
tension and Hamaker constant
based.on Chen et al. (2015) 21.85 42.49 1.99 3.34 0.930
experimental data 8 225 40.42 1.98 326 0924

23 38.79 1.88 3.18 0.923

10 23.75 37.45 1.78 3.12 0.863

12 23.85 35.53 1.30 3.01 0.754

18 23.92 32.31 1.19 2.79 0.241
Table 6 Calculgted quilibr ium Pressure-MPa Contact angle-  Interfacial Hamaker constant pH Film thick-
ﬁlm'thlckness, interfacial degrees tension-mN/m ness-nm
tension and Hamaker constant
based on 1 M sodium chloride 7 45 42.50 — 957 % 10722 291 0.076
solution for Jung and Wan 7.25 52 41.93 ~9.50 % 10722 290 0.071
(2012) experimental data

7.3 55 41.81 —9.47% 1072 2.90 0.045

15 57 35.58 537 %1072 2.69 0.035
Table 7 I quilibrium Pressure-MPa Contact angle-  Interfacial Hamaoka constant- pH Film thick-
ﬁlm thlc?kness galculatlon, degrees tension-mN/m J# 1072 ness-nm
interfacial tension and Hamaker
constant based on 1 M sodium 5 88 48.89 —283 3.86 0.033
chloride solution fpr Jafari and 78 ’75 4079 216 343 0.034
Jung (2018) experimental data

10 66.6 37.48 -1.23 3.27 0.098

15 41.5 34.71 1.71 3.11 0.013

disjoining pressures are repulsive and decreasing in mag-
nitude. For both cases, Hamaker constant is positive at the
maximum pressure, which translates to attractive van der
Waals repulsion. For the experimental data of Chen et al.
(2015), Hamaker constants are positive at all pressures and
pH values, implying attractive van der Waals disjoining pres-
sure forces leading to a consistent decrease in equilibrium
water film thickness as seen in Table 5. This also agrees with
the observed decrease in equilibrium film thickness with
contact angle increase (Kim et al. 2010). Under conditions
of elevated pressure, temperature and salinity commonly
encountered in geological carbon storage, the thickness of
the water film is less than 10 nm (Tokunaga 2012), which
is theoretically confirmed by the solution to Eq. (11) in the
present study, given that experimental data were acquired
under similar conditions.

For Tables 5, 6 and 7, calculated interfacial tensions using
Eq. (22) decrease with pressure at the given salinity and tem-
perature for the carbon dioxide-brine system, similar to that
reported in the literature (Bachu and Bennion 2009; Chal-
baud et al. 2010). For thin film thickness calculation using
Eq. (11), the point of zero charge pH of mica was taken as
2 (Filipov et al. 2012), which is different from that (3.64)
obtained by Amadu and Miadonye (2022) based on contact

angle versus pH plot. The difference in point of zero charge
pH stems from the fact that there are different types of micas
(Michaud 2016), each with its crystal chemistry that affects
point of zero charge pH (Sverjensky 1994).

The enhanced water wettability of quartz compared to
mica is known in the literature (Jung and Wan 2011), which
is due to higher concentration of Silanol group on the for-
mer. Moreover, the more wetting the substrate, which is
indicated by lower values of contact angle, the thicker the
thin wetting film (Huhtamiki et al. 2018). Therefore, based
on the differences in the surface chemistry of substrates, the
variation of the thin wetting film as shown in Tables 5, 6 and
7 can be explained as follows:

For the silica systems studied in this paper, the thin wet-
ting films for Chen et al. (2015) will be averagely higher
compared to those of Jung and Wan (2012), and this obser-
vation is applicable as seen in Tables 5 and 6, given the
higher values of contact angles for the latter system. On
the basis of surface chemistry, the higher concentration of
silanol group on silica means that the thin wetting film on
mica will be averagely lower than those of silica and this is
evident in Table 7 for the mica system.
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Table 8 Calculated solubility

. Pressure-MPa
and film thickness for the

Calculated carbon diox-

Calculated pH Contact angle from  Equilibrium

. ide solubility-mol/L Appendix 1 film thickness-

present work, and experimental nm
contact angle data for mica—
brine—carbon dioxide system for 7 0.46255 291 45 0.076
1 M sodium chloride solution
based on Jung and Wan (2012) 7.25 0.4856 2.90 52 0.071
experimental data 7.3 0.4912 2.90 55 0.045

15 1.293067 2.69 57 0.035
Table 9 quculated solubility Pressure-MPa Calculated carbon diox- Calculated pH Contact angle Calculated equilib-
and film thickness for this ide solubility-mol/L from Appendix 3  rium film thickness-
work and contact angle data for am
quartz—-brine—carbon dioxide
system for 1 M sodium chloride 7 0.05890 3.34 21.85 0.797
solution based Chen et al.
(2015) experimental data 8 0.09285 3.26 22.5 0.277

9 0.1336 3.18 23 0.273

10 0.1812 3.12 23.75 0.269

12 0.2967 3.01 23.85 0.244

18 0.8066 2.79 23.92 0.276
Table 10 (;alculated solgbility Pressure-MPa Calculated carbon diox-  Calculated pH Contact angle from  Equilibrium
and film thickness for this ide solubility-mol/L Appendix 2 film thickness-
work, and contact angle data nm
for mica—brine—carbon dioxide
system for 1 M sodium chloride 3 0.009 391 79 0.033
solutlpn based Jafari anq June 5 0114 386 88 0.034
experimental data (Jafari and
Jung 2018) 7.8 0.0855 343 87.5 0.098

10 0.1812 3.27 66.5 0.013

13 0.3647 3.11 41.5 0.033

Correlation of equilibrium film thickness to pH

Tables 8, 9 and 10 shows calculated carbon dioxide solubil-
ity using Egs. (12) and (13), pH, pressure, contact angle and
equilibrium thickness. In all cases, as pressure increases,
the solubility of carbon dioxide increases along side dis-
solution at a given temperature and salinity of brine. Con-
sequently, the pH decreases, causing dewetting or contact
angle increase (Jung and Wang 2012) in line with the experi-
mental findings of Tokunaga (2012). The increase of film
thickness with contact angle decreases which corresponds
to trends related to pressure decrease in the present study
has also been experimentally confirmed (Ali et al. 2019).
The van der Waals jump decreases with increasing pH
as ionic strength remains constant (Zachariah et al. 2016).
Debye length is not changing with pH when ionic strength is
kept constant, and this is an effect of surface potential/charge
density. The surface potential is more negative at higher pH,
which strengthens repulsive Electric Double Layer (EDL)
forces at small distances. Consequently, decreasing surface

@ Springer

charge density due to acidification (pH decrease) of carbon
dioxide equilibrated brine at pressure, salinity and tempera-
ture conditions compresses the electric double layer, which
causes film thinning.

Tables 8, 9 and 10 shows calculated solubility versus
pressure at a salinity of 1 M sodium chloride solution at
a temperature of 318 K. In all cases, carbon dioxide solu-
bility calculated using Eqgs. (12) and (13) show increase.
Accordingly, the pH calculated using Eq. (14) decreases
due to the salinity and temperature dependence of the
ionization constant (Eq. 17). The increase in pressure also
causes contact angle increase due to pH decrease (Virga
et al. 2018).

Correlation of the electrokinetic properties
of minerals to aqueous pH and film thickness

Since surface charge density/potential is related to aqueous
pH and the electrokinetic properties of substrates, there must
be a correlation between the equilibrium film thickness and
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these parameters, given the dependence of EDL repulsion
on them. Generally, the surface charge on a substrate at a
given pH depends on the point of zero charge pH. Above
the point of zero charge pH, the substrate develops a nega-
tive charge. Accordingly, it develops a positive charge below
the point of zero charge pH (Kosmulski and Maczka 2021).
The minerals studied in this paper are quartz and muscovite
mica. The point of zero charge pH of quartz is on the average
3 (Amadu and Midonye 2017). The point of zero charge pH
of muscovite mica was assumed as 2 in this study (Filippov
et al. 2012). Zeta potential is linked to the electrokinetic
properties of the substrate. The square of the zeta potential
is proportional to the force of electrostatic repulsion between
charged particles and will, therefore, affect the equilibrium
film thickness. Normally, increasing the absolute zeta poten-
tials increases electrostatic stabilization. Consequently, as
the zeta potential approaches zero, electrostatic repulsions
become small compared to the ever-present van der Waals
attraction. Eventually, instability increases, which can result
in equilibrium film thinning.

Recently, Hidayat et al. (2022) reported empirical rela-
tionships that describe the pH dependence of the zeta poten-
tial that provides an essential insight into interfacial electro-
chemistry of silica-water systems at conditions relevant to
carbon dioxide geological sequestration. The following is
the relationship:

£y(mV) = —4.86 # pH + 12.57 (24)

The correlation has a regression coefficient of 0.976.

From Table 7 for Jafari and Jung (2018), film thickness
increases sharply at pH 3.11 to 0.013 nm. At this pH, the
surface of mica is negatively charged, given its point of
zero charge pH equal to 2. The zeta potential of the carbon
dioxide—brine interface will be — 15.11 based on Eq. (24).
Consequently, there is double layer repulsion. At this pH,
the Hamaker constant is positive, indicating van der Waals
attractive disjoining pressure. However, double layer repul-
sion is weak due to high electrolyte concentration lead-
ing to the sharp decrease in film thickness from 0.098 to
0.013 nm as seen from calculation. Therefore, in Table 7,
the electrokinetic property of muscovite mica guaranteed
negative zeta potentials/negative surface charge density/
potentials for all aqueous pH in addition to similar electri-
cal properties at the CO,—brine interface, but double layer
repulsion is weak which, coupled with decreasing van der
Waals repulsion caused a gradual decrease in equilibrium
film thickness.

Unlike van der Waals forces, double layer forces are
sensitive to pH and salinity of the aqueous phase and
can be attractive (Tadros, 2013) or repulsive (Munday
and Capasso, 2010). Generally, the overlap of the elec-
trical double layers of similar electrostatic polarity leads

to repulsive forces at low salt concentrations, which tran-
scend the attractive van der Waals forces, giving rise to
equilibrium film stability as has been observed in colloi-
dal systems (Pavlovic et al. 2016). The double layer forces
weaken progressively with the increasing electrolyte level
due to surface charge screening by the salts. In addition,
anion adsorption on the positively charged surface leads
to reduced surface charge density, and hence, to weaker
double layer forces. In the present study, the 1 M sodium
chloride aqueous solution has a higher concentration, and
the force profile is entirely dominated by the attractive van
der Waals force (Smith et al. 2019). Moreover, considering
Jung and Wan (2012) experimental data calculated cor-
responding pH, the zeta potential of the brine—CO, inter-
face will be negative for the pressure range reported. At
the same time, considering the point of zero charge pH of
silica to be 3, the surface of silica will be barely positively
charged. The implication is that there will be double layer
attraction/disjoining pressure, while the negative value of
Hamaker constant translates to repulsive van der Waals
forces, which decreases with pressure increase, causing
decreased film thickness as seen from calculations. Accord-
ingly, at a pressure of 15 MPa, the Hamaker constant is
positive, implying attractive van der Waals repulsion,
which together with attractive double layer repulsion cause
a further decrease in film thickness as seen in Table 6.

For Chen et al. (2015) experimental data, the zeta poten-
tial of the CO,-interface decreases from large negative at a
lower pressure to small negative at the highest pressure as
seen in Table 9. At the same time, the negatively charged
silica-brine interface decreases dues to pH decrease in
accordance with pH dependent surface charge regulation
(McBride 1989). Consequently, double layer repulsion,
coupled with the high salinity condition decreases. Also,
the positive values of the Hamaker constant for all pres-
sures imply van der Waals attractive repulsion. Conse-
quently, both double layer and van der Waals forces favor
equilibrium film thinning as seen in Table 7 for Jafarai and
Jung experimental data.

In a molecular dynamic simulation study (Sun and Bourg
2020), the values of disjoining pressure were grouped into
three ranges of gas pressure, including dilute gas for gas
pressure =0-2.5 Mpa, dense gas for gas pressure =5.4-6.8
Mpa, and supercritical fluid for gas pressure greater than
7.9 Mpa. For supercritical carbon dioxide, disjoining pres-
sure went from positive to negative values for a system with
partial wetting (6> 0) (Kuchin and Starov 2015). This obser-
vation for the supercritical carbon dioxide case is seen in
Tables 6 and 7 for Jung and Wang (2012) and Jafari and Jung
(2018), respectively, as dominant van der Waals disjoining
pressure goes from positive values due to negative values of
Hamaker constant to a positive value at maximum pressure.
The following section will be devoted toward validation
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Fig.2 Plot of contact angle versus film thickness based on experi-
mental data from Slep et al. (2000) (96 K=96,000 g/mole;
575 K=575,000 g/mole of polystyrene substrate)

of the model calculations against experimental data in the
literature.

Model validation against litereature work

The theory of the effect of intermolecular forces on wetting
film thickness and contact angle is universal and applies not
only to the carbon dioxide-brine solid systems (Slep et al.
2000; Fenistein, et al. 2002; Pahlavan et al. 2018; Mazzoco
and Wayner Jr 1999; Habibi and Dehghanpour 2018). In all
cases, the effect of intermolecular forces is quantified in the
form of disjoining pressure force components that were prin-
cipal to the rigorous derivation of the model. Consequently,
experimental data on equilibrium wetting film thickness
versus equilibrium contact angle provide the basis for vali-
dating model calculations. In this regard, the experimental
data of Slep et al. (2000) was used to check the validity of
model calculations of thin wetting film thickness. In this
cited literature, the authors provided experimental data on
equilibrium contact angle versus equilibrium wetting film
thickness. To validate the model, polynomial curves were
fitted to the plots of their data. Similar plats wre then carried
out of calculated contact angle versus film thickess. Conse-
quently, Fig. 2 shows plots for literature based experimental
data, while Figs. 3, 4 and 5 shows plots for the data.

In the carbon dioxide—brine—solid system, pH is the
principal cause of contact angle changes following carbon
dioxide injection and dissolution in formation brine. Con-
sequently, the existence of the point of zero charge pH of
the solid surface implies maximum dewetting where contact
angle is a maximum at this pH and lower at a pH lower and
above this pH (Carré et al. 2003). This trend is due to the fact
that above the point of zero charge pH, the surface develops
a negative surface charge density, while below this point, it
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Fig.3 Plot of contact angle versus film thickness based on calcula-
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Fig.5 Plot of contact angle versus film thickness based on calcula-
tions using the model and data from Jafari and Jung (2018)

develops a positive surface charge density (Churchill et al.
2004) with the potential to affect the equilibrium contact
angle accordingly. Consequently, a plot of wetting film thick-
ness versus contact angle where a parabolic fit is invoked is
found appropriate in this research work.
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Accordingly, the regression coefficient for polynomial fit
to calculated film thickness versus contact angle angle are
0.84, 0.85 and almost one for Figs. 3, 4 and 5, respectively,
with an average value of 0.89, while the average values for
coefficeints in Fig. 4 is 0.96 corresponding to a difference
of 0.08. Therefore, the model calculates film thickness with
a resonable degree of certainty, given the slight deviation as
seen from comaparison of the regression coefficients.

In foam systems, solution to the linear problem for the
evolution of the fluctuations in the local film thickness
has been used to understand film stability. The approach
allows to calculate the critical thickness at which the system
becomes unstable (Valkovska et al. 2000) In this regard, the
critical wave number depends only on the disjoining pres-
sure and surface tension, and the final form of the theoretical
approach leads to a transcendental equation for the critical
film thickness. Perovich et al. (2014), have studied the prob-
lem of finding an exact analytical closed-form solution of
some families of transcendental equations, which describe
the equilibrium critical thickness of epitaxial thin films.
While the cited research works deal solely with transcen-
dental equations applied to research works concerning film
thickness not related to wettability issues, the present study,
through its rigorous mathematical approach, has related tran-
scendental equations to thin films dealing with the wettabil-
ity of the carbon dioxide—brine—solid systems.

Summary and conclusions

A macroscopic model based on the phenomenological
Young’s equation and the geometric mean method for
interfacial tension, and long-range van der Waals inter-
molecular interaction correctly predicts the trend and
magnitude of contact angle dependence on pressure (Li
et al. 2007). Consequently, by integrating the electric
double layer concept, the concept of disjoining pres-
sure relationship to the thin wetting film in the system
carbon dioxide-brine—solid permits application of the
Frumkin—-Derjaguin (FD) equation for the theoretical
calculation of the thin water film. Herein, the thickness
of the equilibrium water film was obtained based on the
substitution of the van der Waals and double layer repul-
sion models into the FD equation, followed by a rigor-
ous derivation of a transcendental equation that links film
thickness to experimentally accessible parameters. Saline
aquifer depth-dependent CO, and water properties were
used to calculate Hamaker constants for water film on
silica and mica to facilitate determination of film thick-
ness by analytical solution to the derived equation. The
effect of short range hydration forces was neglected in
accounting for total disjoining pressure in the derivation of

film thickness equation partly due to its poorly understood
nature and partly due to the high salinity of the aqueous
system studied in this work. The development of the thin
wetting film can be likened to an imbibition phenomenon,
where a momentary temperature rise due to heat trans-
fer can occur (Aslannejad et al. 2017) due to similarity
to imbibition under temperature effect (Amadu and Pegg
2019). In this paper, the effect of heat transfer on the thin
wetting film was neglected. The possible effect of heat
was also not account for. The following conclusions are
derived from this study:

1. The original Frumkin-Derjaguin equation provides a
theoretical basis for the derivation of a transcendental
equation that expresses the equilibrium thin film as a
function of equilibrium contact angle, pH of aqueous
solution, temperature and salinity and this has been dem-
onstrated in this work.

2. Calculated thin film thicknesses based on the derived
equation in this study agree with experimentally
observed film thicknesses in the literature.

3. Following the theoretical agreement of the derived equa-
tion with experimental observations, this study supple-
ments experimental approaches based on Molecular
Dynamic Simulations for the determination of the thin
water film thickness for the carbon dioxide—brine—solid
system.

4. Under conditions commonly encountered in geological
carbon storage, the thickness of the water film is less
than 10 nm (Tokunaga 2012) and this has been theoreti-
cally confirmed by this work.

5. Negative values of the Hamaker constant encountered
in the carbon dioxide—brine-mineral systems have also
been obtained in the present work based on theoreti-
cal calculations employing the fundamental equation of
Lifshitz macroscopic theory (Takagish et al. 2019) that
uses the macroscopic parameters of dielectric permittiv-
ity and refractive index of interacting media.

6. The carbon dioxide-brine interfacial tension is critical
for calculating the equilibrium thin film thickness using
the model derived from the Frumkin—Derjaguin equa-
tion. A universal model for calculating this parameter
was used for testing the model. The implication is that
the model provides a reliable basis for calculation, given
the consistency of the results compared to literature
reported values.

7. The study links for the first time, a transcendental equa-
tion to the thin wetting film for the carbon dioxide—
solid-brine system encountered in geological carbon
storage.
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Appendix 1. Experimental data for silica-

carbon dioxide-brine system

The entire system was enclosed in a temperature-controlled
glove box maintained at the constant temperature of 45+ 1 °C

during experiment (Courtesy of Jung and Wan 2012).
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Appendix 2: Experimental data for mica-

carbon dioxide-brine: variations

of and initial contact angle with pressure;
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NaCl, d Type V1 with 1 M NaCl, d Type V5
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(Courtesy of Jafari and Jung 2018).
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Appendix 3: Experimental data for quartz-
carbon dioxide-brine systems for water
contact angles on quartz surface

as a function of system pressure when ionic
concentration is 1 M and temperature

is 318 K for monovalent and divalent ions.
Right bottom: photographs of CO, droplet
on quartz surface during static contact
angles measurement. A scale bar of 1 mm
was shown (Courtesy of Chen et al. 2015).
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Appendix 4. CO, relative permittivity (Courtesy of Michels and Michels 1933)
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