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Abstract

EFFECTS OF SURFACE MINERALOGY AND ROUGHNESS ON
CO2 WETTABILITY OF THE MOUNT SIMON SANDSTONE;
IMPLICATIONS FOR PREDICTING CO2 STORAGE CAPACITY
AND PORE SCALE TRANSPORT
Julien Botto M.S.E
The University of Texas at Austin, 2016

Supervisor: Charles Werth

Wettability is a key reservoir characteristic influencing geological carbon
sequestration (GCS) processes such as CO2 transport and storage capacity. Wettability is
often determined on limited number of reservoir samples by measuring the contact angle
at the CO2/brine/mineral interface, but the ability to predict this value has not been
explored. In this work, minerals comprising a natural reservoir sample were identified,
and the influence of their surface roughness, surface charge, and location in the sample
on contact angle was quantified to evaluate controlling mechanisms and predictive
models. A core sample was obtained from Mount Simon formation, a representative
siliciclastic reservoir that is the site of Department of Energy CO2 injection project.
Quartz, microcline, illite, hematite, illite + hematite were identified as dominant minerals
in the core, and contact angle (θ) measurements were conducted over a wide range of
pressure (290-3625 psi) at 40⁰C. At supercritical conditions, individual minerals and the
v

Mount Simon sample were strongly water wet, with contact angles between 27⁰ and 45⁰
and contact angle generally increased with surface roughness, suggesting that brine is
trapped in roughness pits between CO2 and the substrate. There was no relationship
between contact angle and surface charge. A thin section of the Mount Simon sandstone
was examined with a compound light microscope, and reddish precipitates coating quartz
and feldspar grains were apparent. These were evaluated with environmental scanning
electron microscopy (ESEM) and energy dispersive X-ray spectroscopy (EDS). ESEM
images show precipitate morphology that is consistent with clay coatings. The EDS
results identify regions of the precipitate with high iron content. Several predictive
models for contact angle were evaluated, including the Wenzel, and Cassie-Baxter
models, plus new modifications of these that account for alternative surface roughness
geometries and/or the fraction of different minerals comprising the reservoir sample
surface. Modeling results suggest the fraction of illite/hematite covering Mount Simon
grain surfaces is the most important reservoir characteristics that control wettability. To
our knowledge, this is the first study that provides mechanistic insights into the
characteristics of individual minerals affecting the wettability of a natural reservoir
sample.
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INTRODUCTION
The atmospheric concentration of CO2 due to human activities has increased
drastically over the last century, and is the likely driver of climate change [1]. Geological
carbon sequestration (GCS) has the potential to greatly reduce anthropogenic carbon
emissions by capturing CO2 directly from stationary sources and injecting it into deep
subsurface reservoirs [2]. Deep saline formations have the largest carbon sequestration
potential in the US [3], with a total storage capacity of almost a thousand times the total
national CO2 emissions per year [4]. However, concerns regarding CO2 reservoir capacity
and storage safety persist, and represent challenges to implementation of this emerging
technology. Key processes that affect these challenges include CO2 migration pathways
during injection [5] [6] [7] [8], leakage through fractures in the caprock [9] [10] and the
capacity for permanent storage via capillary trapping [11, 12, 13]. While significant
advancements in understanding these processes have been made over the last decade,
considerable uncertainty remains. One factor that affects each of these processes and
contributes to this uncertainty is capillary pressure [14, 15, 16], which is a direct function
of reservoir wettability [17]. Reservoir wettability has frequently been quantified by
measuring the contact angle of CO2 in the pore space [18] or on surfaces [19] of brinesaturated reservoir samples. More frequently, contact angles have been measured on
relatively pure mineral samples that are present in reservoirs, in some cases before and
after exposure to CO2, to probe the controlling mechanisms [19]. Very little work has
been done to connect the mechanisms controlling wettability of pure mineral samples to
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wettability of heterogeneous reservoir samples, where surface roughness, surface charge,
and mineral surface coverage likely play key roles.
The effects of surface roughness on wettability has received considerable
attention in the last decade. However, the effects are still poorly understood. Contact
angle measurements for the wetting phase (e.g., water drop on a hydrophilic surface in
air) have shown both increasing and decreasing trends with increasing surface roughness.
For example, the contact angle for water on aluminum and copper substrates in air
increased with surface roughness [20], but it decreased on a gold substrate [21]. Also, the
contact angle for water on a (hydrophilic) titanium surface in octane increased with
roughness. More consistent results have been obtained for the non-wetting phase (e.g.,
water drop on a hydrophobic surface). For example, the contact angle for brine or water
on a paraffin surface in air increased and stayed constant, respectively, with increasing
roughness [22], and that for mercury on silica glass in air increased [23]. Conventional
theory predicts the contact angle for a wetting phase (e.g., water drop on hydrophilic
surface) should decrease with increasing surface roughness, and that for the nonwetting
phase should increase [24]. Conflicting trends may be due to small differences in sample
preparation or treatment that result in the entrapment of the nonwetting phase between
the wetting phase and rough substrate surface. For example, the aforementioned contact
angle trend for titanium was attributed to the entrapment of octane between water and
titanium [25].
Several models have been developed to account for the effect of surface
roughness on wettability of chemically uniform surfaces. The Wenzel model assumes that
2

the drop (e.g., CO2) invades all roughness asperities on the mineral surface [24]. In
contrast, the Cassie-Baxter model assumes that the surrounding fluid (e.g., brine) invades
all roughness asperities on the mineral surface [26]. For each of the models, sawtooth,
sinusoidal, and square wave geometries of surface roughness have been used [27, 28, 29].
Application of these models to data has been met with varying degrees of success [23, 26,
24] [20, 22, 30, 31]. In general, better agreement is usually obtained for more uniform
surface roughness [32] and when the dimensions of roughness were small compared to
the size of the droplet being analyzed [33].
There are many studies of contact angle measurements on pure mineral samples,
and in some cases the results were related to surface chemical properties, including
surface charge. Contact angle measurements with mineral samples include quartz,
feldspar, calcite and mica, all of which were found to be strongly (θ≤50⁰) to weakly
water-wet (50⁰≤θ≤70⁰). Interpretation of these measurements, however, is confounded by
the large variability in results for similar mineral-fluid systems. For example, contact
angle measurements for water on quartz, feldspar, calcite and mica vary from 0⁰-90⁰,
15⁰-40⁰, 10⁰-60⁰, and 15⁰-75⁰, respectively [19]. At least some of this variability is due
to sample cleaning methods, which can physically alter the mineral surface or leave
residual fluids [34, 35], or differences in solution chemistry. The wettability of a mineral
is affected by surface charge, which is a function of the pH of the surrounding fluids.
Several studies have shown that contact angle values for quartz, microcline (i.e., a
common potassium feldspar), calcite and mica are a maximum at the point of zero charge
[36, 37].
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There are fewer published studies of contact angle measurements on natural
reservoir samples, and even fewer performed with CO2 and brine at reservoir pressure
and temperature.

Reservoir samples evaluated for CO2 wettability under reservoir

conditions include several limestone samples [18, 38], a sandstone [39] and a carbonaterich caprock [40]. Varying contact angles were measured, but they were not related to
basic reservoir properties such as surface roughness, surface charge, or mineralogy.
Instead, they were intended as input data for CO2 transport models and for characterizing
CO2 trapping capacity and leakage process.
The Cassie model was developed to predict the wettability of a chemically
heterogeneous and smooth surface based on wettability of the individual homogeneous
components comprising the composite surface. This model has been applied to control
samples with patterned surface variability, often with good agreement. For example,
hydrophobic and hydrophilic parallel strips were deposited on a gold film by patterning
self-assembled monolayers of hexadecanethiol and mercaptohexadecanoic acid,
respectively. Measured contact angle values for water, a buffer solution, ethylene,
glycerol, glycol and formamide, all in air, agreed with predicted values, while that for
hexadecane in air failed to show good agreement because of its strong affinity for
hydrophilic strips [41]. Similarly, trends in contact angle values (but not absolute values)
for water drops in air on silicon wafers with hexagonal arrays of square posts treated with
different silanization agents agreed with theory [31]. In contrast, poor agreement with
theory was obtained for water on silicon wafers with varying numbers of perfluoroalkyle
(hydrophobic) spots [30]. This model works best when the scale of surface heterogeneity
4

is small compared to the size of the droplet [42]. No models to date have been used to
predict the wettability of a natural reservoir sample comprised of different mineral
fractions. While the Cassie model is perhaps the most relevant, it fails to account for
surface roughness.
The goal of this paper is to quantify the effects of surface roughness, charge, and
mineralogy on CO2 wettability of a natural heterogeneous reservoir sample. The Mount
Simon formation was selected as a typical siliciclastic storage reservoir, and a core from
this formation was obtained at the Illinois Basin-Decatur Site (IBDS). This IBDS is one
of several Department of Energy geological carbon sequestration demonstration sites
[43]. The wettability of the Mt. Simon sandstone sample and its primary mineral
components were measured under reservoir conditions. Both rough and polished samples
were evaluated. Surface mineralogy of the Mt. Simon sandstone was determined using a
combination of polarized light microscopy, elemental dispersive spectroscopy, and x-ray
diffraction. Several theoretical models that account for surface roughness and mineralogy
on contact angle at the CO2/brine/mineral interface were evaluated to interpret how CO2
and brine compete for surface coverage on rough mineral surfaces, and to estimate the
fraction of different minerals on grain surfaces that affect wettability.

MATERIALS AND METHODS
MATERIALS
Liquid CO2 (99.5% purity, Praxair) was used for all experiments. A synthetic
brine was made from DI water and the following salts: sodium chloride, calcium
5

chloride, magnesium chloride, potassium chloride, potassium bromide, lithium chloride,
strontium chloride and borax. All salts are greater than 99% purity, and were purchased
from Alfa Aesar, Sigma Aldrich, MP Biomedicals or Strem Chemicals Inc. Total chloride
and ionic strength in the synthetic brine are 149 g/L and 5.19.

Synthetic brine

composition is based on Mount Simon formation brine, and a detailed comparison of the
two is presented in Table S-1 (Supporting Information), along with individual salt purity
and supplier information.
EXPERIMENTAL SETUP
All contact angle experiments were carried out in a custom-built high pressure
and temperature view cell using the experimental setup shown in Figure 1. The view cell
was previously described by Wang et al [36]; it is a stainless steel cylinder with an outer
diameter of 3.8 inch, an inner diameter of 1 inch, and two sapphire viewing windows on
either end. A glass sample holder 1.5 inch long by 1 inch diameter was placed inside the
view cell. It held the rock or mineral sample at a centered and fixed position. The view
cell was fixed on an L-shaped stainless steel stage, which was fixed to a Solid Aluminum
Optical Breadboard (Newport) by four adjustable screws. The heights of the screws were
adjusted to level the mineral sample.
A CO2 tank was connected to a Teledyne Isco pump model 100DM. The pump
injected CO2 into both a pre-equilibration stainless steel reactor (HIP OC-3 Series) and
the view cell. Heating tape (Briskheat BIH051020L) wrapped around the view cell was
used to control temperature. Two Omega K-type thermocouples were used to measure the
temperature of the heating tape and of the view cell itself, and were monitored by a
6

National Instrument Data Acquisition (NIDAQ) system and Labview software. A
constant temperature of 40⁰C within the view cell was maintained throughout all
experiments. This temperature maintained CO2 in the supercritical state at pressures
above 7.38 MPa, and is representative of temperatures in typical reservoirs [15, 44, 45]
[46]. The phase diagram of CO2 is shown in Figure S-1 (Supporting Information).
Pressure was measured with the internal pressure transducer of the Isco pump. An AVT
CCD camera (Guppy F-038C NIR) with a 16mm zoom lens (Fujinon) was used to
capture images of CO2 bubbles on the mineral surface; these were analyzed using ImageJ
with the axisymmetric drop shape analysis plugin (Dropsnake). Conventionally, contact
angle is measured through the densest phase [47], so in the remainder of this paper
“contact angle” refers to the angle through brine between the CO2/brine interface and the
solid surface.
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Figure 1: Schematic of the experimental setup

EXPERIMENTAL PROCEDURE
Reservoir core and mineral samples were rinsed with DI water, soaked in acetone
for 3 hours, then oven dried at 100⁰C for 2 hours, which is higher than the boiling point
of acetone (57⁰C), and finally sonicated in DI water for one minute. There are alternative
cleaning methods, and they can result in very different results [34, 19]. We chose the
aforementioned method because sample heating likely eliminates residual acetone on the
sample surface, and because sample agitation (e.g., ultrasound) is brief and did not appear
to result in sample loss.
After sonication, the wet sample was placed into the holder, and inserted into the
open view cell. The open ends were sealed with the sapphire viewing windows, and then
8

the view cell was filled with the aforementioned brine pre-equilibrated with CO2 in the
pre-equilibration reactor. A small bubble of supercritical CO2 was then injected directly
from the Isco pump at a constant pressure into the bottom side of the view cell through an
18 gauge needle. Kaveh et al. explored the effect of the bubble size of CO2 on the
wettability of the CO2/brine/Bentheimer sandstone system, and found that bubble
diameters less than 2.3 mm had no significant effect on the contact angle of CO2 [39].
Therefore, only bubbles below this threshold were considered in this study.
The pre-equilibrated brine prevented the CO2 bubble from dissolving, which can
affect the contact angle [48]. Each experiment lasted at least 24 hours, and at least six
different bubbles on the mineral surface were examined during this period. Four different
images were taken and analyzed for each bubble. Replicate samples of the same minerals
were also tested at 20 MPa; individual results are presented in Figure S-2 (Supporting
Information), and were used to calculated average and confidence interval values
presented in this paper. In order to avoid contact angle changes due to hysteresis (Bikkina
et Al) [49], the entire view cell was taken apart and cleaned for each unique experimental
condition (i.e., different pressures and samples).
RESERVOIR CORE AND MINERAL SAMPLE PREPARATION
The Mount Simon core sample used in this study was taken from the CO2
injection well at the Illinois Basin-Decatur site, under the direction of the Midwest
Geological Sequestration Consortium. It is a sidewall core from Verification Well #1,
taken from a depth of 6985.72 ft (2.129 km). Between November 2011 and November
2014, nearly one million metric tons of CO2 were injected over the depth interval of
9

6984-7050 ft (2,135 m), directly into the lower Mount Simon sandstone [50]. The Mount
Simon sandstone is a high permeability material [8], representative of the lower Mount
Simon reservoir.
Contact angles were measured on the Mount Simon core material, and on
dominant minerals previously identified in the Mount Simon formation using
quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN) [50].
Quartz, potassium feldspar, illite, iron-illite and illite-smectite were found to comprise
99.31% of the formation minerals. Therefore, quartz, microcline, and illite samples were
selected. Hematite was also selected because it was previously shown to be present in the
Mount Simon formation [51]. An additional sample comprised of hematite power
deposited on illite was prepared to represent the mixed iron-illite.
A 1 inch diameter x 0.3 inch height sample was cut from the Mount Simon core
sample by Wagner Petrographic. This was used for contact angle measurements. A
standard 30 micron thin section was also prepared by Wagner Petrographic from the
same core. This was used for evaluation of minerals that dominate grain surfaces via
optical microscopy, environmental scanning microscopy, and energy dispersive
spectroscopy. All minerals were purchased from Ward’s science; they were cut with a
wet saw into 1 inch x 1 inch x 0.125-0.3 inch samples. Replicate mineral samples were
polished using crystallite diamond disks, with a fine polishing lap of 6 microns. They
were also sand blasted using an econoline sandblaster (model RA 36-1) to increase
roughness.

The surface roughness was measured using a Wyko NT 9100 Optical

Profilometer. To create the iron-illite sample, approximately 100mg of hematite fine
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powder was uniformly deposited on top of a 1 in2 illite slab in air, cleaned as previously
described. It was then soaked for 12 hours in the synthetic brine at ambient pressure and
temperature, and briefly rinsed with DI water to remove free powder particles from the
surface.
MICROSCOPY AND SPECTROSCOPY METHODS
A Leica DM 2500 compound light microscope was used to characterize the
mineralogy of the Mount Simon thin section. The 2X and 4X objectives were used to
map the location of grains and pores in the thin section, and six pores with grain surface
features found throughout the sample were identified. The 40X and 60X objectives were
used to focus on these pores for characterization of minerals at the pore-grain boundaries.
The eyepiece magnification was 10x, so the maximum magnification was 600x. Images
were taken with and without light polarization. The color of the quartz and feldspar
grains changed from purple to yellow and from light to dark brown, respectively,
throughout the 360o range of the polarized light.
A Philips/FEI XL30 environmental scanning electron microscope (ESEM) was
used at high vacuum with an accumulation of 20kV to characterize the morphology of
minerals in the aforementioned six pores. As our thin section was non-conductive, it was
first coated with 25nm of carbon using a LaddVacuum evaporator. The maximum
magnification was approximately 5800x. ESEM was coupled with energy dispersive
spectroscopy (EDS) to characterize the elemental composition of the minerals of interest.
Spectra were acquired on specific spots as small as 275nm, and on areas as large as
40μm2.
11

WETTABILITY MODELS
Several wettability models have been developed to describe the relationship
between contact angle, surface roughness and surface mineral area coverage. These are
described below in the context of a mineral, CO2, brine system. The Young and Dupré
model can be used to describe the ideal contact angle, 𝜃𝑦 , of a CO2 drop on a flat
homogeneous mineral surface surrounded by brine [17]:
𝛾𝐿𝐹 cos 𝜃𝑦 = (𝛾𝑆𝐹 −𝛾𝑆𝐿 )

(1)

The parameters 𝛾𝐿𝐹 , 𝛾𝑆𝐹 and 𝛾𝑆𝐿 are, respectively, the interfacial tension between
the brine and the CO2, the mineral and the CO2, the mineral and the brine. The Wenzel
model was developed for a rough but chemically homogeneous surface, and assumes the
fluid drop invades all roughness asperities. It uses a roughness ratio, r, defined as the
ratio of the 3D area of the solid surface in contact with the drop to its 2D projection, to
relate the ideal contact angle in equation 1 to the apparent (or measured) contact angle on
a rough surface [24]:
cos θW = rcosθy

(2)

The Cassie model was developed for a flat heterogeneous surface. It assumes that
the fractional surface area of each homogeneous component on the surface, fi , can be
used to relate the ideal contact angle of each homogeneous component to the apparent
contact angle [26]:
cos θC = ∑i fi cosθy,i

(3)

Like the Wenzel model, the Cassie-Baxter model was developed for a rough but
chemically homogeneous surface. However, it assumes the brine surrounding the CO2
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drop fully invades all roughness asperities. Building on the fractional surface coverage
approach used in the Cassie model, and assuming the theoretical contact angle of the
surrounding brine is zero, the theoretical contact angle is related to the apparent contact
angle as follows:
cos θC = fm cosθy,m + 𝑓𝑏

(4)

The parameters fm and 𝑓𝑏 are the fractional surface area coverage of the mineral
and brine, respectively, and θy,m is the theoretical contact angle.
A new model was developed to consider the case when both brine and CO2 invade
and share the roughness asperities of a chemically homogeneous surface. It combines
both the Wenzel (2) and Cassie-Baxter equations (4). A modified roughness ratio, r*, is
proposed, and represents the 3D solid surface area contacted by CO2, divided by its 2D
projection. For square wave, trapezoidal and triangular geometries, r* is respectively:
∑ 𝐻𝑘

1

𝑟𝑠𝑞 ∗ = 𝑓 (𝑟 − 1 − 𝐴 𝑘

)+1

𝑚

2𝐷,𝑡𝑜𝑡

1

1−cos 𝜑

𝑚

sin 𝜑

𝑟𝑡𝑧 ∗ = 𝑓 (𝑟 − 1 − (
1

1

∑ 𝐻𝑘

)𝐴 𝑘

2𝐷,𝑡𝑜𝑡

(5)
)+1

(6)

1

𝑟𝑡𝑔 ∗ = 𝑓 (𝑟 − cos 𝜑) + cos 𝜑

(7)

𝑚

The parameter A2D,tot is the total projected area, ∑𝑘 𝐻𝑘 is the total vertical surface
area of the walls of brine filled pits, and φ is the angle that the trapezoids or triangles
make with the horizontal plane. The parameter r* is used to calculate the surface fraction
𝑟 ∗ 𝑓𝑚

of CO2 which is in contact with the mineral (𝑟 ∗𝑓

𝑚 +𝑓𝑏
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). This fraction is then substituted

into equation 4, and we refer to the resulting equation as the modified Cassie-Wenzel
model:
𝑟 ∗ 𝑓𝑚

cos 𝜃𝐶𝑊 = 𝑟 ∗𝑓

𝑚 +𝑓𝑏

𝑓𝑏

cos 𝜃𝑦,𝑚 + 𝑟 ∗𝑓

(8)

𝑚 +𝑓𝑏

where CW is the apparent contact angle. The Cassie-Wenzel model was then generalized
to consider a rough and chemically heterogeneous surface. The resulting equation will be
referred to as the modified-heterogeneous Cassie-Wenzel model:
cos 𝜃𝐶𝑊𝐻 =

∑𝑖 𝑟 ∗ 𝑖 𝑓𝑖 cos𝜃𝑦,𝑖

(9)

∑𝑖 𝑟 ∗ 𝑖 𝑓𝑖

The full mathematical derivation of equations (1) through (9) can be found in Appendix
A through I. Conceptual illustrations of the above models are presented in Figure 2.
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Figure 2: Schematic of the six different models. a) Flat and homogeneous surface,
Young-Dupré. b) Flat heterogeneous surface, Cassie. c) Rough
homogeneous, Wenzel. d) Rough homogeneous, Cassie-Baxter. e) Rough
homogeneous, modified Cassie-Wenzel, square wave geometry. f) Rough
heterogeneous, modified Cassie-Wenzel. g) Rough heterogeneous, modified
Cassie-Wenzel, trapezoidal geometry. h) Rough heterogeneous, modified
Cassie-Wenzel, triangular geometry.

RESULTS AND DISCUSSION
EFFECT OF PRESSURE ON CONTACT ANGLE VALUES
Equilibrium contact angle values through brine at the CO2/brine/mineral interface
were measured from 2 MPa to 25 MPa (290-3625 psi) for quartz, illite and microcline.
Results are shown in Figure 3. The contact angles for these minerals increase sharply
from 2 to 7.38 MPa, where 7.38 MPa represents the transition from subcritical to
supercritical conditions for CO2 at 40⁰C. Above 7.38 MPa, average values of the contact
angle vary nonuniformly, but within the measured error the contact angles are relatively
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constant and approximately equal (i.e., 41.2o +/- 4o). Many prior studies have shown that
the contact angle increases sharply near the transition to supercritical CO2 conditions [12,
52, 53, 54, 55, 34]. The solubility of CO2 increases rapidly with pressure before the
supercritical state and increases more slowly after that [56], causing the pH of the brine
solution to decrease. For example, the geochemist workbench React module was used to
determine the pH of our brine solution; it decreases from 7.6 at ambient temperature and
pressure to between 3.4 and 4.7 at 40⁰C and 25 MPa. The points of zero charge for
quartz, microcline and illite are between 2.4 and 4 [57, 37, 58]. This means that near the
transition to supercritical CO2, mineral surfaces become less negative (i.e., more neutral),
leading to a greater contact angle (i.e., less brine wetting). The contact angles we
measured for quartz, microcline, and illite are consistent with those in the literature; i.e.,
they are between 0⁰ and 45⁰ below supercritical CO2 conditions and between 24⁰ and 77⁰
for supercritical CO2 [19].
Given the consistent values in contact angle values for quartz, microcline, and
illite above 7.38 MPa, and our focus on reservoir conditions, equilibrium contact angles
values for hematite, illite+hematite, and the Mount Simon sandstone were only measured
from 20 to 25 MPa (2900-3625 psi). In this pressure range, average contact angle values
for these samples show some variation, but do not significantly change (i.e., within
measured error).

More importantly, however, the measured contact angles are

significantly different from those for quartz, microcline, and illite. The average contact
angle for hematite in this pressure range is 28.7⁰ +/- 1.1⁰, while that for illite+hematite is
33.6⁰ +/- 0.3⁰. The average contact for Mount Simon is in between, at 31.4⁰ +/- 2.1⁰.
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This is surprising given that greater than 96.85% by mass of the Mount Simon sandstone
is comprised of quartz (80.46%), K-feldspar (13.2%), and illite (3.19%), and motivates
evaluation of surface roughness and surface mineralogy effects.

Figure 3: Equilibrium contact angle values for the minerals considered. Error bars
represent the 90% confidence interval over at least six different bubbles.
The red vertical line represents the transition from subcritical to supercritical
CO2 conditions.
EFFECT OF ROUGHNESS ON CONTACT ANGLE VALUES
Replicate samples of quartz, microcline, and hematite were polished or
sandblasted to decrease or increase surface roughness, respectively. Replicate samples of
the illite and the Mount Simon sandstone were polished, but these samples were not
17

sandblasted due to their friability. A laser profilometer was used to evaluate the surface
roughness of all samples. A representative surface contour image of microcline is shown
in Figure 4, and similar images for quartz and hematite are presented in Figure S-3
(Supporting Information) and illite and the Mount Simon sandstone are presented in
Figure S-4 (Supporting Information).
The roughness ratio, r, of all samples and the Mount Simon sandstone was
determined directly from the laser profilometer measurements, and values are shown in
Table S-2 (Supporting Information). The roughness ratio decreases with polishing and
increases with sandblasting for all samples except quartz.

For this sample

𝑟𝑛𝑜𝑛−𝑝𝑜𝑙𝑖𝑠ℎ𝑒𝑑 > 𝑟𝑠𝑎𝑛𝑑𝑏𝑙𝑎𝑠𝑡𝑒𝑑 > 𝑟𝑝𝑜𝑙𝑖𝑠ℎ𝑒𝑑 . The reason for this trend is not clear.
Contact angle results for all mineral samples at 20 and 25 MPa are plotted versus
r in Figure 5. Results are not significantly different at the two pressure values. For low
(r<1.5) surface roughness, the contact angle steeply decreased with roughness and for
high (r>1.5) surface roughness, it constantly increased with roughness. This last
observation is not consistent with the Wenzel model which predicts the opposite trend for
contact angle lower than 90⁰(equation 2). This indicates that roughness ratio alone is not
capable of predicting correctly the behavior of the contact angle and that we also have to
account for brine being potentially trapped under the surface asperities.
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Figure 4: 3D profilometer views for microcline. a) Polished, Ra=0.211μm. b) Nonpolished, Ra=3.030μm. c) Sandblasted, Ra=2.250μm.
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Figure 5: Contact angle versus r. Red symbols correspond to experiments done at 20MPa
and black symbols correspond to experiments done at 25MPa.

EFFECT OF MODIFIED ROUGHNESS RATIO R* AND BRINE FRACTION FB ON CONTACT
ANGLE VALUES

The fraction of roughness asperities filled with brine (fb) was also determined
from profilometer results. The average of all vertical positions on the mineral surface was
defined as the Z axis origin, and brine was assumed to fill all pits with a negative height
20

relative to the origin. A binary image of Figure 6a was created, and is shown in Figure
6b. Brine filled pits are in red, and their surface area fraction represents fb.

The

remaining fraction of surface in gray represents fm. The average of all negative heights
was calculated, and represents the uniform height of brine in all pit geometries, H. This is
multiplied by the perimeter length of all brine pits, p, to obtain the total vertical surface
area of walls of brine filled pits:
∑𝑘 𝐻𝑘 = 𝑝𝐻

(10)

Figure 6: 2D profilometer images of the microcline non-polished. a) before color
threshold. b) after color threshold. The red area is the fraction of brine and
the yellow contour is the perimeter of the brine/solid interface

Values of r* for square pits were calculated from fm, ∑𝑘 𝐻𝑘 , and the 2D projected
area of the CO2 on the mineral surface, A2D,tot. Values of r* for trapezoidal or triangle
shaped pits also required the parameter φ, i.e., the angle between pit walls and the
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horizontal plane, which was calculated based on pit geometries measured with the
profilometer as shown in Figure S-4 (Supporting Information). An angle of φ=30⁰ was
selected after averaging the slopes of eight randomly selected pits from each of the four
mineral samples. The non-polished and sandblasted mineral samples had rough and nonflat surfaces, while polished mineral samples had flattened tops as shown in Figure S-5
(Supporting Information). Therefore, triangular shaped pits may be more representative
of the former, while trapezoidal shaped pits may be more representative of the later.
Values of r and r* are listed in Table S-2 (Supporting Information).
The calculated brine fractions for all mineral samples are plotted versus the
roughness ratio in Figure 7. At low surface roughness (r<1.5) the brine fraction increased
with roughness, and then plateaus near 0.5. The Cassie-Baxter model assumes brine is
trapped in the roughness asperities under CO2, and predicts contact angle values will
decrease with increasing brine fraction contacting the CO2 drop (equation 4). Hence, the
Cassie-Baxter model predicts the contact angle will first decrease, and then plateau with
increasing r. Thus, the Cassie-Baxter model also failed to give a good prediction of the
variation in the contact angle. The modified Cassie-Wenzel model predicts that constant
or decreasing brine fraction with increasing roughness r* (which varies in the same way
as r) will result in an increase in the contact angle. For increasing brine fraction with
increasing roughness the model predicts different behavior of the contact angle
depending on the rate of increase of these two parameters. The derivation of these
predictions can be found in Appendix J. For r<1.5 the model predicts a decrease in
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contact angle and for r>1.5, it predicts a constant increase of the contact angle, which is
in agreement with the experimental data. The details of these predictions can be found in
Appendix K. The modified Cassi-Wenzel model is the model which managed to explain
qualitatively the behavior of the contact angle the best.

Figure 7: Brine fraction fb versus r for the different minerals.

COMPARISON OF ROUGHNESS MODELS
Comparison of measured contact angle values to theoretical values determined
using the Wenzel, Cassie-Baxter and modified Cassie-Wenzel models is shown in Figure
23

8, along with an ‘ideal line’ showing where values would fall for perfect agreement.
Values for all mineral samples at 20MPa and 25MPa are shown. The R2 values represent
the sum of the error squared of every point to the ‘ideal line’ and is shown for each
model. For this analysis, only surface roughness and not mineralogical heterogeneity of
the Mount Simon sandstone was considered. The only fitting parameter was the ideal
contact angle; this was adjusted uniformly for each mineral at all pressure (i.e., 20 and 25
MPa) and roughness conditions. Hence, each mineral only has a single ideal contact
angle per model evaluated, regardless of the roughness conditions. The Wenzel model
results in the poorest agreement with experimental data (R2=0.038), suggesting that CO2
does not uniformly invade all roughness asperities on the mineral surface. The CassieBaxter model also results in relatively poor agreement, and suggests complete brine
filling of roughness asperities is not realistic. The modified Cassie-Wenzel model, with
either triangular shape pits for non-polished and sandblasted surfaces and trapezoidal
shape pits for polished surfaces, or all triangular shape pits, results in the best description
of the experimental data. The R2= values are 0.649 and 0.650 for the two geometry
assumptions, respectively, with a maximum error of less than 17%. Results for triangular
and square pits are in Figure S-6 of the Supporting Information. These quantitative results
confirm that the modified Cassi-Wenzel model best describes the experimental data; ideal
contact angles determined with this model are listed in Table 1.
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Mineral
P (Mpa)
θ ideal
CW

Illite
Microcline
Quartz
hematite
20.00 25.00 20.00 25.00 20.00 25.00 20.00 25.00

Mt. Simon
20.00 25.00

43.25 43.14 44.10 41.08 42.38 45.07 37.91

37.64 37.51

35.62

Table 1: Table of the ideal contact angles for the different minerals at 20MPa and 25MPa, assuming a
modified Cassie-Wenzel model.

Figure 8: Model comparison. For sandblasted and non-polished samples, the triangular
geometry with a φ of 30⁰ was chosen and for the polished samples a
trapezoidal geometry with a φ of 30⁰ was chosen. The red dashed line
represent the ‘ideal line’.
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SURFACE CHARGE
Zeta potential values measured at ambient temperature and pressure for quartz,
microcline, illite, hematite and the Mount Simon sandstone in a solution of 0.01M KCl
with a pH of 5.8 are shown in Figure S-7 of the Supporting Information. These minerals
all have a negative surface charge between -34.7mV for microcline and -31.69mV for
illite. Surface charge values were compared to ideal contact angle values for each of the
four mineral samples and the Mount Simon sandstone. There is no apparent trend
between these two parameters. Illite, microcline and quartz all have similar contact angles
(between 41.1⁰ and 45.1⁰ ), but relatively different zeta potentials (-31.69mV, -34.7 mV
and -24.24 mV respectively). Quartz and the Mount Simon sandstone have similar zeta
potential values (-24.44 mV for the Mount Simon), but relatively different contact angles
(between 37.5⁰ and 37.6⁰ for the Mount Simon). The results suggests that surface charge
does not significantly affect the wettability of mineral samples with micron scale
roughness. However, zeta potential measurements were taken at pH 5.8, and at relatively
low ionic strength of 0.01 M (compared to 5.19 M of the brine). Higher ionic strengths
interfered with zeta potential measurements, and could not be evaluated. Hence, further
work under more representative conditions is needed to more fully analyze this
relationship.

MINERALOGY AT THE PORE-GRAIN BOUNDARIES
Mineralogy at the pore-grain boundaries was evaluated for six randomly selected
pores in a thin section of the Mount Simon sandstone. A polarized light microscope
image showing an approximately 5.3mm x 3.5mm area of the thin section sample is
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shown in Figure 9a, along with locations of the six pores labeled A-F. A brightfield
image of Pore C at 400x magnification is shown in Figure 9b. Three quartz grains and
one feldspar grain surround the pore, but all appear completely coated with a
reddish/black precipitate. This indicates that quartz and feldspar have little contact with
fluid in the pore. Similar coatings were evident in the five other pores, and images of
each are presented in Figure S-8 (Supporting Information). The reddish color suggests the
presence of an iron oxide.

Figure 9: a) Large view of the thin section image using a compound light microscope
under polarized light. Letters A through F represent the six pores analyzed
more in depth. b) Close up of pore C under non-polarized light. P: pore, Q:
quartz, F: feldspar.
High resolution SEM images of grain coatings were obtained to aid
characterization, and images at two different magnifications in pore C are shown in
Figure 10. Filamentous coatings are evident on quartz and feldspar surfaces, and these
are characteristic of illitic clays [59]. An EDS analysis of these filaments showed
varying amounts of iron depending on the location within a pore. EDS results for
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locations in pores C and E are shown in Figure 10, and other results are shown in Figure
S-9 (Supporting Information). Out of the 43 EDS spectra acquired on coatings of the six
pores, the average percent ratio of iron to silicon ranges from 1.05% to 92.86%, with an
average of 19.02 %. A histogram displaying the distribution of these values is in Figure
S-10 (Supporting Information).

Figure 10: SEM image of pore C. a) Global view. P: pore, Q: quartz, F: feldspar. The red
box represents the field of view of image b). b) Close up on the rim around
the feldspar grain. c) EDS of spectrum 49 on pore C. d) EDS spectrum on
pore E, having the highest fraction of iron divided by silicon (92,.86%).
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WETTABILITY PREDICTION BASED ON SURFACE ROUGHNESS AND MINERALOGICAL
HETEROGENEITY

Based on SEM, EDS, and XRD measurements, illite and hematite are assumed to
control wettability of the Mount Simon sandstone, and the modified-heterogeneous
Cassie-Wenzel model was used to calculate theoretical contact angle values. Theoretical
values were calculated assuming 1) r* values from individual minerals, 2) r* values from
the Mount Simon sandstone, and 3) r* values for each of the three surface pit geometries.
The fraction of illite and hematite on grain surfaces was used as a fitting parameter. Ideal
contact angles are those determined from individual mineral experiments shown in Table
1. Comparison of model results to experimental values is shown in Figure 11. Results for
the modified-homogeneous Cassie Wenzel model are shown for comparison. The best
results are obtained using r* for triangular shape pits (R2=0.500). However, the model
using rtg* for non-polished samples and rtz* for polished samples gave a very similar
result (R2=0.496). The estimated percentages of illite and hematite with those models are
29% and 71%, respectively. The maximum error between the measured and predicted
values is 7.2%.
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Figure 11: Contact angle of the Mount Simon sandstone predicted with the modifiedheterogeneous Cassie-Wenzel (M-H C-W) model and the modified CassieWenzel (M C-W) model. The pore-grain surface boundary is assumed to be
only comprised of hematite and illite. Results are shown for all different
geometries for the modified-heterogeneous Cassie-Wenzel model and only
for the combination of triangles and trapeziums for the modified CassieWenzel. The denomination “triangles/trapezoids’ signifies that a triangle
geometry was used for the non-polished sample and a trapezoidal geometry
was used for the polished sample.
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ENVIRONMENTAL IMPLICATIONS
Contact angle determination is crucial for determining CO2 storage capacity and
pore scale transport. Indeed, contact angle is one of the important controlling parameters
for CO2 flow in porous media [7]. By equilibrating the buoyancy and capillary forces at
the caprock, we can deduce the maximum total height of CO2, h, that can be stored in a
reservoir [12]:
2𝛾

ℎ = (𝜌 𝑏𝑟𝑖𝑛𝑒/𝐶𝑂2
−𝜌
𝑏𝑟𝑖𝑛𝑒

cos 𝜃

(11)

𝐶𝑂2 ) 𝑔𝑅

where 𝜌𝑏𝑟𝑖𝑛𝑒 and 𝜌𝐶𝑂2 are the density of the brine and CO2 respectively, g is the constant
of gravitational acceleration, and R is the pore throat radius. If the mineralogy of the
caprock is known, then the contact angle can be determined using an approach similar to
those described in this study. For example, two extreme conditions of mineralogy (i.e.
totally controlled by quartz or totally controlled by hematite) will result in a difference in
storage height of CO2 of 15%. Hence it is important to determine the contact angle on real
reservoir rocks at reservoir temperature and pressure. However, more study is needed on
other rock samples such as calcite, different iron oxides, and different types of clay, e.g.,
mica, muscovite, kaolinite or phlogopite.

CONCLUSIONS
We conducted contact angle experiments on quartz, illite, microcline, hematite,
illite+hematite and Mount Simon sandstone. Experiments were done at 40⁰C over a wide
range of pressures (290-3625 psi). All these minerals were found to be strongly water-wet
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(θ≤50⁰). Contact angle increased with pressure and, at supercritical state, quartz, illite and
microcline had a larger contact angle than hematite, illite+hematite and the Mount Simon
sandstone (between 37.2⁰ and 45.2⁰ for the former and between 27.6⁰ and 33.9⁰ for the
latter).
Previous models were not well adapted to predict the effects of surface roughness
on wettability. These models were applied to samples with well controlled roughness,
whereas the roughness of our samples was more irregular. We accounted for irregular
roughness and partial brine wetting by combining the Cassie and Wenzel models. We
investigated three different geometries for our models: square waves, trapezoidal and
triangular shapes. The trapezoidal geometry applied to polished samples, while the
triangular geometry applied to non-polished and sandblasted samples. We introduced a
new coefficient r* which is a function of the mineral fraction, the Wenzel roughness ratio
r, the surface height of the brine entrapped in the asperities, the total 2D surface area and
the angles of the trapezoids and triangles for these particular geometries. We extended
this model to rough and mineralogical heterogeneous surfaces. To our knowledge, this is
the first modeling of contact angles on irregular rough and mineralogical heterogeneous
real samples.
We assessed the mineralogy at the pore-grain boundary of the Mount Simon
sandstone using SEM-EDS and linked it to its contact angle with our model. Illite and
iron oxide were dominant at this boundary and it confirmed our experimental result that
the contact angle of the Mount Simon sandstone was closest to the contact angle of an
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iron-illite sample. The percentage of illite and hematite at the pore-grain boundary was
found to be 29% and 71% respectively after fitting the data.
Using this model, contact angles throughout the entire depth of the reservoir can
be approximated knowing which minerals are present at the pore-grain boundary. This
data can then be used as input for pore-scale transport modeling and for calculating the
maximum height of CO2 possibly stored.
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Appendices

APPENDIX A: YOUNG-DUPRÉ EQUATION
Let’s consider a drop of a liquid resting on a solid in a vapor phase. Let’s call
ASV, ASL and ALV the surface area of the solid /vapor (SV), the surface area of the
solid/liquid (SL) and the surface area of the liquid/vapor (LV) interfaces, respectively.
Considering an infinitesimal increase of the liquid drop, the surface free energy of the
whole system changes as follows:
𝑑𝐹 = 𝛾𝑆𝑉 𝑑𝐴𝑆𝑉 + 𝛾𝑆𝐿 𝑑𝐴𝑆𝐿 + 𝛾𝐿𝑉 𝑑𝐴𝐿𝑉
As we are restricting ourselves to an increase of a liquid drop on a solid surface, we have
𝑑𝐴𝑆𝑉 = −𝑑𝐴𝑆𝐿
With 𝜃𝑦 being the Young contact angle on an ideal flat surface we obtain geometrically:
𝑑𝐴𝐿𝑉 = cos 𝜃𝑦 𝑑𝐴𝑆𝐿
At equilibrium, the change in free energy is equal to 0 so:
𝑑𝐹 = 0
Substituting these three last equations in the change of free energy we obtain:
0 = −𝛾𝑆𝑉 + 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃𝑦
cos 𝜃𝑦 =

𝛾𝑆𝑉 − 𝛾𝑆𝐿
𝛾𝐿𝑉

APPENDIX B: WENZEL EQUATION
Let’s consider a rough surface with a roughness ratio r defined as the ratio of the true 3D
area of the solid surface in contact with the drop to its 2D projection.
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𝛾𝑆𝑉 𝑏𝑒𝑐𝑜𝑚𝑒𝑠 𝑟𝛾𝑆𝑉 and 𝛾𝑆𝐿 𝑏𝑒𝑐𝑜𝑚𝑒𝑠 𝑟𝛾𝑆𝐿
𝛾𝑆𝑉 −𝛾𝑆𝐿
cos 𝜃𝑊 = 𝑟 (
)
𝛾𝐿𝑉
𝑐𝑜𝑠 𝜃𝑊 = 𝑟 cos 𝜃𝑦
APPENDIX C: CASSIE EQUATION
Let’s consider a heterogeneous surface with fi being the fraction of the surfaces
occupied by surface types i in contact with the drop with ∑𝑖 𝑓𝑖 = 1 .
𝛾𝑆𝑉 = ∑𝑖 𝑓𝑖 𝛾𝑖,𝑆𝑉 and 𝛾𝑆𝐿 = ∑𝑖 𝑓𝑖 𝛾𝑖,𝑆𝐿
cos 𝜃𝐶 =

∑𝑖 𝑓𝑖 𝛾𝑖,𝑆𝑉 − ∑𝑖 𝑓𝑖 𝛾𝑖,𝑆𝐿
𝛾𝐿𝑉

cos 𝜃𝐶 = ∑ 𝑓𝑖 𝑐𝑜𝑠 𝜃𝑦,𝑖
𝑖

APPENDIX D: CASSIE-BAXTER EQUATION
Let’s assume a flat surface composed of mineral and brine. Following Cassie
equation we have:
cos 𝜃𝐶𝐵 = 𝑓𝑚 𝑐𝑜𝑠 𝜃𝑦,𝑚 + 𝑓𝑏 𝑐𝑜𝑠 𝜃𝑦,𝑏
And assuming that the contact angle of CO2 on brine is equal to zero we obtain:
cos 𝜃𝐶𝐵 = 𝑓𝑚 𝑐𝑜𝑠 𝜃𝑦,𝑚 + 𝑓𝑏

APPENDIX E: RSQ* CALCULATION
The different notation that will follow are shown in Figure 2.
∑𝑖 𝐴𝑚,𝑖
∑𝑖 𝐴𝑚,𝑖
𝑓𝑚 =
=
𝐴2𝐷,𝑡𝑜𝑡 ∑𝑖 𝐴𝑚,𝑖 + ∑𝑗 𝐴𝑏,𝑗
35

∑𝑖 𝐴𝑚,𝑖 + ∑𝑗 𝐴𝑏,𝑗
∑𝑗 𝐴𝑏,𝑗
1
=
= 1+
∑𝑖 𝐴𝑚,𝑖
∑𝑖 𝐴𝑚,𝑖
𝑓𝑚
𝑓𝑏 =

∑𝑗 𝐴𝑏,𝑗
𝐴2𝐷,𝑡𝑜𝑡

𝑟∗ =

∑𝑖 𝐴3𝐷,𝑖
∑𝑖 𝐴𝑚,𝑖

𝑟=

𝐴3𝐷,𝑡𝑜𝑡
𝐴2𝐷,𝑡𝑜𝑡

For a square wave geometry we have:
𝑟=

∑𝑖 𝐴3𝐷,𝑖 + ∑𝑗 𝐴𝑏,𝑗 + ∑𝑘 𝐻𝑘
𝐴2𝐷,𝑡𝑜𝑡

𝑟𝑠𝑞 ∗ ∑𝑖 𝐴𝑚,𝑖 + ∑𝑗 𝐴𝑏,𝑗 + ∑𝑘 𝐻𝑘
𝑟=
𝐴2𝐷,𝑡𝑜𝑡
𝑟𝐴2𝐷,𝑡𝑜𝑡 − ∑𝑗 𝐴𝑏,𝑗 − ∑𝑘 𝐻𝑘
∑𝑖 𝐴𝑚,𝑖

𝑟𝑠𝑞 ∗ =

∑𝑗 𝐴𝑏,𝑗 ∑𝑘 𝐻𝑘
𝐴2𝐷,𝑡𝑜𝑡
𝑟𝑠𝑞 ∗ = 𝑟 (
)−
−
∑𝑖 𝐴𝑚,𝑖
∑𝑖 𝐴𝑚,𝑖 ∑𝑖 𝐴𝑚,𝑖
𝑟𝑠𝑞 ∗ =

𝑟𝑠𝑞 ∗ =

∑𝑗 𝐴𝑏,𝑗
∑𝑘 𝐻𝑘
𝑟
−
−
𝑓𝑚 ∑𝑖 𝐴𝑚,𝑖 𝑓𝑚 𝐴2𝐷,𝑡𝑜𝑡

∑𝑘 𝐻𝑘
𝑟
1
− ( − 1) −
𝑓𝑚
𝑓𝑚
𝑓𝑚 𝐴2𝐷,𝑡𝑜𝑡

𝑟𝑠𝑞 ∗ =

∑𝑘 𝐻𝑘
1
(𝑟 − 1 −
)+1
𝑓𝑚
𝐴2𝐷,𝑡𝑜𝑡
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APPENDIX F: RTZ* CALCULATION

Figure 12: Zoom on a trapezoid.
For a trapezoidal geometry we have:
𝑟=

∑𝑖 𝐴3𝐷,𝑖 + ∑𝑘(𝐵𝑘 + 𝐿𝑘 )
𝐴2𝐷,𝑡𝑜𝑡
𝐻

𝐻

Applying basic trigonometry we have: 𝐿𝑘 = sin𝑘𝜑 and 𝐵𝑘 = 𝐴𝑏,𝑘 − 𝑡𝑎𝑛𝑘𝜑
Substituting those coefficient in the equation above we have:
∑𝑖 𝐴3𝐷,𝑖 + ∑𝑘 (𝐴𝑏,𝑘 + 𝐻𝑘 (
𝑟=

𝑟=

1
1
𝑠𝑖𝑛 𝜑 − 𝑡𝑎𝑛 𝜑))

𝐴2𝐷,𝑡𝑜𝑡
1 − cos 𝜑
𝑟𝑡𝑧 ∗ ∑𝑖 𝐴𝑚,𝑖 + ∑𝑘 𝐴𝑏,𝑘 + ( 𝑠𝑖𝑛 𝜑 ) ∑𝑘 𝐻𝑘

𝑟𝑡𝑧 ∗ = 𝑟 (

𝐴2𝐷,𝑡𝑜𝑡
∑𝑘 𝐴𝑏,𝑘
𝐴2𝐷,𝑡𝑜𝑡
1 − 𝑐𝑜𝑠 𝜑 ∑𝑘 𝐻𝑘
)−
−(
)
∑𝑖 𝐴𝑚,𝑖
∑𝑖 𝐴𝑚,𝑖
∑𝑖 𝐴𝑚,𝑖
𝑠𝑖𝑛 𝜑

Following the same steps as for the square wave geometry we obtain:
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𝑟𝑡𝑧 ∗ =

1
1 − 𝑐𝑜𝑠 𝜑 ∑𝑘 𝐻𝑘
(𝑟 − 1 − (
)
)+1
𝑓𝑚
𝑠𝑖𝑛 𝜑
𝐴2𝐷,𝑡𝑜𝑡

APPENDIX G: RTG* CALCULATION
For a triangular geometry we have:
𝑟=

𝑟=

∑𝑖 𝐴3𝐷,𝑖 + ∑𝑘 𝐿𝑘
𝐴2𝐷,𝑡𝑜𝑡

𝐴𝑏,𝑘
𝑟𝑡𝑔 ∗ ∑𝑖 𝐴𝑚,𝑖 + ∑𝑘 𝑐𝑜𝑠
𝜑
𝐴2𝐷,𝑡𝑜𝑡

And following a similar procedure we obtain:
𝑟𝑡𝑔 ∗ =

1
1
1
(𝑟 −
)+
𝑓𝑚
𝑐𝑜𝑠 𝜑
𝑐𝑜𝑠 𝜑

APPENDIX H: MODIFIED CASSIE-WENZEL EQUATION
Let’s call Fm the fraction of the surface where CO2 contacts the mineral and Fb the
fraction of surface where CO2 contacts the brine.
Using the Cassie equation we obtain:
cos 𝜃𝐶𝑊 = 𝐹𝑚 cos 𝜃𝑦,𝑚 + 𝐹𝑏 𝑐𝑜𝑠 𝜃𝑦,𝑏
cos 𝜃𝐶𝑊 =

cos 𝜃𝐶𝑊

∑𝑗 𝐴𝑏,𝑗
∑𝑖 𝐴3𝐷,𝑖
cos 𝜃𝑦,𝑚 +
∑𝑖 𝐴3𝐷,𝑖 + ∑𝑗 𝐴𝑏,𝑗
∑𝑖 𝐴3𝐷,𝑖 + ∑𝑗 𝐴𝑏,𝑗

∑𝑗 𝐴𝑏,𝑗
𝑟 ∗ ∑𝑖 𝐴𝑚,𝑖
= ∗
cos 𝜃𝑦,𝑚 + ∗
𝑟 ∑𝑖 𝐴𝑚,𝑖 + ∑𝑗 𝐴𝑏,𝑗
𝑟 ∑𝑖 𝐴𝑚,𝑖 + ∑𝑗 𝐴𝑏,𝑗
cos 𝜃𝐶𝑊 =

𝑟 ∗ 𝑓𝑚
𝑓𝑏
cos 𝜃𝑦,𝑚 + ∗
∗
𝑟 𝑓𝑚 + 𝑓𝑏
𝑟 𝑓𝑚 + 𝑓𝑏
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APPENDIX I: MODIFIED CASSIE-WENZEL HETEROGENEOUS EQUATION
cos 𝜃𝐶𝑊𝐻 = ∑ 𝐹𝑖 𝑐𝑜𝑠 𝜃𝑖,𝑦
𝑖

∑𝑛 𝐴3𝐷,𝑖,𝑛
𝑟𝑖 ∗ =
∑𝑛 𝐴𝑖,𝑛
𝑓𝑖 =

∑𝑛 𝐴𝑖,𝑛
∑𝑖 ∑𝑛 𝐴𝑖,𝑛

∑𝑛 𝐴3𝐷,𝑖,𝑛
𝑟𝑖 ∗ ∑𝑛 𝐴𝑖,𝑛
𝐹𝑖 =
=
∑𝑖 ∑𝑛 𝐴3𝐷,𝑖,𝑛 ∑𝑖(𝑟𝑖 ∗ ∑𝑛 𝐴𝑖,𝑛 )
If we divide both the numerator and denominator by ∑𝑖 ∑𝑛 𝐴𝑖,𝑛 we then obtain:
𝐹𝑖 =
Thus, cos 𝜃𝐶𝑊𝐻 =

𝑟𝑖 ∗ 𝑓𝑖
∑𝑖 𝑟𝑖 ∗ 𝑓𝑖

∑𝑖 𝑟𝑖 ∗ 𝑓𝑖 𝑐𝑜𝑠 𝜃𝑖,𝑦
∑𝑖 𝑟𝑖 ∗ 𝑓𝑖

We can note that this expression still takes into account the brine entrapped in the
roughness asperities, where 𝑐𝑜𝑠 𝜃𝑏𝑟𝑖𝑛𝑒,𝑦 = 1 and 𝑟 ∗ 𝑏𝑟𝑖𝑛𝑒 = 1
APPENDIX J: INFLUENCE OF R* AND FB ON THE MODIFIED CASSIE-WENZEL APPARENT
CONTACT ANGLE

From Appendix H we have shown that:
cos 𝜃𝐶𝑊 =

𝑟 ∗ 𝑓𝑚
𝑓𝑏
cos 𝜃𝑦,𝑚 + ∗
∗
𝑟 𝑓𝑚 + 𝑓𝑏
𝑟 𝑓𝑚 + 𝑓𝑏

The apparent modified Cassie-Wenzel contact angle 𝜃𝐶𝑊 really depends on r* and
fb since 𝜃𝑦,𝑚 is a constant and fm=1-fb. Let’s investigate the influence of these two
parameters on 𝜃𝐶𝑊 .
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We can divide this study into three cases: when fb does not depend on r*, when fb
increases with r* and when fb decreases with r*. Indeed, there is no relationship between
these two parameters and that is why we have to study three different cases.
Case 1: fb independent of r*
Let’s look at the second term of the addition in the equation above. As fb is a
𝑓𝑏

constant, then if r* increases, 𝐹𝑏 = 𝑟 ∗𝑓

𝑚 +𝑓𝑏

decreases. And consequently cos 𝜃𝐶𝑊

decreases so 𝜃𝐶𝑊 increases.
Case 2: fb decreases with r*
If we rewrite the second term of the addition in the equation above we obtain:
𝑓𝑏
1
= ∗
+ 𝑓𝑏 𝑟 (1 − 𝑓𝑏 )
+1
𝑓𝑏

𝑟 ∗ 𝑓𝑚

If r* increases and fb decreases then

𝑟 ∗ (1−𝑓𝑏 )
𝑓𝑏

increases so

𝑓𝑏
𝑟 ∗ 𝑓𝑚 +𝑓𝑏

decreases.

Consequently 𝜃𝐶𝑊 increases.
Case 3: fb increases with r*
This case is more complex than the previous ones and depend on the rate on how
𝑓𝑏

each parameter increased. Indeed, the increases in r* will make 𝐹𝑏 = 𝑟 ∗𝑓

𝑚 +𝑓𝑏

to decrease

but the increase in fb will make 𝐹𝑏 to increase.
Let’s consider two states 1 and 2 where 𝑟1 ∗ < 𝑟2 ∗ and 𝑓𝑏,1 < 𝑓𝑏,2 and let’s assume
𝑟2 ∗ = 𝑋𝑟1 ∗ with X>1.
Let’s calculate the relationship between 𝑓𝑏,1and 𝑓𝑏,2 that results in no change in
the contact angle 𝜃𝐶𝑊 which implies 𝐹𝑏,1 = 𝐹𝑏,2 . We will then have:
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𝑓𝑏,1
𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1

𝑟1

∗ (1

=

𝑓𝑏,2
𝑟2 ∗ (1 − 𝑓𝑏,2 ) + 𝑓𝑏,2

𝑓𝑏,1
𝑓𝑏,2
=
∗
− 𝑓𝑏,1 ) + 𝑓𝑏,1 𝑋𝑟1 (1 − 𝑓𝑏,2 ) + 𝑓𝑏,2

𝑋𝑟1 ∗ 𝑓𝑏,1
𝑓𝑏,1 𝑓𝑏,2 (1 − 𝑋𝑟1 ∗ )
+
= 𝑓𝑏,2
𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1 𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1
𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1 − 𝑓𝑏,1 (1 − 𝑋𝑟1 ∗ )
𝑋𝑟1 ∗ 𝑓𝑏,1
= 𝑓𝑏,2
𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1
𝑟1 ∗ (1 − 𝑓𝑏,1 ) + 𝑓𝑏,1
We simplify the denominator of each parts:
𝑋𝑟1 ∗ 𝑓𝑏,1 = 𝑓𝑏,2 (𝑟1 ∗ + 𝑓𝑏,1 𝑟1 ∗ (𝑋 − 1))
We simplify by 𝑟1 ∗ and rearrange to finally obtain:
𝑓𝑏,2 =

𝑋𝑓𝑏,1
1 + 𝑓𝑏,1 (𝑋 − 1)

Thus if this condition is satisfied, they will be no change in 𝜃𝐶𝑊 .
We can also deduce with a similar analysis that if
𝑓𝑏,2 >

𝑋𝑓𝑏,1
1 + 𝑓𝑏,1 (𝑋 − 1)

Then 𝐹𝑏,1 < 𝐹𝑏,2 which means that 𝜃𝐶𝑊,1 < 𝜃𝐶𝑊,2 . And if
𝑓𝑏,2 <

𝑋𝑓𝑏,1
1 + 𝑓𝑏,1 (𝑋 − 1)

Then 𝐹𝑏,1 > 𝐹𝑏,2 which implies that that 𝜃𝐶𝑊,1 > 𝜃𝐶𝑊,2
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APPENDIX K: CASE STUDY OF THE EFFECT OF R* AND FB FOR OUR DATA
Case 1: r<1.5
For this range of roughness ratio, fb is increasing with r (Figure 6). We are thus in
case 3 discussed in Appendix J. The calculation of X and the coefficient

𝑋𝑓𝑏,1
1+𝑓𝑏,1 (𝑋−1)

for

the three geometries (square waves, trapezoidal and triangular is shown in table 2. We
can notice that when r goes from 1.041 to 1.075, fb decreased from 0.234 to 0.079 and
that for 1.075<r<1.5 fb increased continuously. However, as globally fb is increasing on
that interval, we considered that fb1 was either 0.234 or 0.079 and we did not account for
this initial decrease. For both cases fb2 was equal to 0.479. For all three geometries and
the two cases for the initial brine fraction we always have:
𝑓𝑏,2 >

𝑋𝑓𝑏,1
1 + 𝑓𝑏,1 (𝑋 − 1)

That implies that the contact angle should decrease with increasing brine fraction
on this roughness interval. This agreed with the experimental data shown in Figure 5.
Xfb,1/(1+fb,1(X-1))
r*
square
0.969
0.971
1.088
1.462
1.558

r*
trapezoid
1.030
1.052
1.392
1.819
1.822

r*
triangle
1.011
1.068
1.440
1.778
1.812

X
(r* sq)
1.041 0.234 1.608
1.075 0.079 1.605
1.356 0.293
1.487 0.468
1.497 0.479
r

fb

X
(r* tz)
1.770
1.733

X
(r* tg)
1.792
1.696

square trapezoid

triangle

0.330
0.121

0.354
0.127

0.351
0.129

Table 2: Table of the brine fraction values, X and coefficient to determine the behavior of
the contact angle value for r<1.5. The three geometries (square waves,
trapezoidal and triangular) have been studied.
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Case 2: r>1.5
In this interval, the brine fraction is either constant or slightly decreasing with the
roughness ratio r. This implies that the contact angle should increase with r (case 1 and 2
of Appendix J). Again, this trend is in a good agreement with the experimental value
displayed in Figure 5.
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Supporting Information
SYNTHETIC BRINE RECIPE
The synthetic brine recipe used in all the contact angle experiments were
developed by the Illinois State Geological Survey, based on information collected from
the Illinois Basin Decatur Project (IBDP). This brine approximate the chemical
composition of the lower Mount Simon Sandstone (6,401 to 7,000 ft; 1,951 to 2,134 m).

Salt

CaCl2

MgCl2 ·

· 2H20

6 H2O

SrCl2 ·

NaCl

KCl

KBr

LiCl

Na2B4O7
6H2O
Strem

Alfa

Sigma

Sigma

MP

Alfa

Alfa

MP
Cemicals

Manufacturer
Aesar

Aldrich

Aldrich

Biomedicals Aesar

Aesar

Biomedicals
Inc MS

Purity
g/L

≥99%

≥99%

114.1598 73.3672

≥99%

≥99%

≥99% 99.9%

99%

≥99%

16.7293

40.296

1.117 0.1222

2.4343

0.7662

Table S-1: Synthetic brine recipe for the lower Mount Simon Sandstone and detail of
manufacturer and purity of each component

PHASE DIAGRAM OF CO2
The critical point occurs at 7.38 MPa (1075 psi) and 31.1⁰C. As all experiments
were conducted at a temperature of 40⁰C, when the pressure is above 7.38 MPa, CO2 is in
its supercritical state and when the pressure is lower than 7.38 MPa, CO2 is in its gas
state.
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Figure S-12: Phase diagram of CO2

REPLICATES
For each mineral, replicate samples were also tested at 20MPa and 40⁰C. The
difference between those replicates is within the error margin so the results does not
depend on the samples.
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Figure S-213: Contact angles of replicates of quartz, microcline, illite and hematite. Error
bars represent the 90% confidence interval on at least six different bubbles.
SURFACE CONTOUR IMAGES
For all minerals, surface contour images were taken with a 3D profilometer and they
are shown in figures S-3 and S-4 below.
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Figure S-3: 3D profiles. a) Quartz polished. b) Quartz non-polished. c) Quartz
sandblasted. d) Hematite polished. e) Hematite non-polished. f) Hematite
sandblasted
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Figure S-414: 3D profiles. a) Illite polished. b) Illite non-polished. c) Mount Simon
polished. b) Mount Simon non-polished

Φ CALCULATION

For the triangular and trapezoidal geometries, the angle φ is the angle between the
Z

pit walls and the horizontal plane. Trigonometrically we obtain: φ = 𝑎𝑟𝑐𝑡𝑎𝑛 X with Z
being the depth of the pit and X being the horizontal distance between the lowest point of
the pit and point where the pit starts. Those two values can be deduced from the 2D
profile images taken with the profilometer and an example of this calculation is shown in
Figure S-5 below.
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𝑍

Figure S-515: 2D profiles of the quartz polished. We have 𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛 𝑋. For the two
profiles shown above, φ =33.8⁰ and φ =34.6⁰.

TRIANGULAR AND TRAPEZOIDAL GEOMETRIES
The shape of the geometries have been deduced from the 2D images of the
surface profiles. An example of these images are displayed on Figure S-6 below for
quartz for the three kinds of roughness. For the sandblasted and non-polished, a triangular
shape suited the profile the best while for the polished sample, a trapezoidal shape was
more representative.
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Figure S-616: 2D profiles for quartz showing a trapezoidal shape for the polished sample
and a triangular shape for the non-polished and sandblasted samples. a)
Polished. b) Non-polished. c) Sandblasted

R AND R* COEFFICIENT FOR THE DIFFERENT MINERALS AND

GEOMETRIES
Ironmicrocline

quartz

Mineral

illite
non

Roughness

non

sandblasted

polish

sandblasted

polish

non
polish

polish

polish

Ra (μm)

2.250

3.030

0.211

1.670

3.750

0.410

2.510

r

1.922

1.699

1.041

1.487

2.199

1.075

1.992

r* (square)

2.162

1.934

0.969

1.558

2.139

0.971

2.832
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r* (trapezium,
2.541

2.325

1.030

1.819

2.866

1.052

1.392

2.553

2.298

1.011

1.778

3.011

1.068

3.243

φ=30⁰)
r* (triangle,
φ=30⁰)
Mount Simon
Mineral

illite

hematite
sandstone
non

Roughness

non polish

polish

sandblasted

non polish

polish

polished
polish

Ra (μm)

3.500

1.020

5.030

2.010

0.591

4.450

6.230

r

2.402

1.902

1.807

1.497

1.356

2.714

2.154

r* (square)

2.762

2.613

1.858

1.462

1.088

2.716

2.051

3.502

3.104

3.302

2.476

1.822

3.693

2.817

3.622

3.046

2.531

1.812

1.440

3.930

2.971

r* (trapeze,
φ=30⁰)
r* (triangle,
φ=30⁰)

Table S-2: Table of the roughness coefficients for the different minerals and geometries.
Ra is the average of the absolute value of all heights
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MODEL COMPARISON FOR SQUARE, TRIANGULAR AND TRAPEZOIDAL
GEOMETRIES

Figure S-717: Comparison of the Wenzel, Cassie-Baxter and Cassie-Wenzel models for
all minerals at all roughness at 20MPa and 25MPa. a) Square wave
geometry. b) Trapezoidal geometry. c) Triangular geometry. d) Triangular
geometry used for non-polished and sandblasted samples and trapezoidal
geometry used for polished samples.
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ZETA POTENTIAL
Zeta potential values measured with a zetameter at ambient temperature and
pressure for quartz, microcline, illite, hematite and the Mount Simon sandstone in a
solution of 0.01M KCl with a pH of 5.8.

Figure S-818: Zeta potential of illite, hematite, the Mount Simon sandstone, quartz and
microcline.
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BRIGHTFIELD IMAGES OF THE COATING AROUND QUARTZ AND
FELDSPAR GRAINS
Images of the six pores were taken under non-polarized light with a compound
light microscope at a magnification of 400x. The reddish/black coating is noticeable
around all the quartz and feldspar grains.

Figure S-919: Brightfield images of the six selected pores at a magnification of 400x. P:
pore, Q: quartz, F: feldspar. a) Pore A. b) Pore B. c) Pore C. d) Pore D. e)
Pore E. f) Pore F

SEM IMAGES OF THE COATING AROUND QUARTZ AND FELDSAPR
GRAINS
SEM images were taken for the six pores. A filamentous coating is visible on all
the pore- grain boundaries.
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Figure S-1020: SEM images of the six pores at a magnification of 318x. P: pore, Q:
quartz, F: feldspar. a) Pore A. b) Pore B. c) Pore C. d) Pore D. e) Pore E. f)
Pore F.

HISTOGRAM OF THE DISTRIBUTION OF THE AMOUNT OF IRON IN THE 43
SPECTRA ANALYZED
A total of 43 EDS spectra were realized at the pore-grain boundary of the six
selected pores. The weight percent of iron as a fraction of the weight percentage of
silicon and its frequency are shown in Figure S-11 below.
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Figure S-1121: Histogram of the frequency of the weight percent of iron as a fraction of
the weight percent of silicon of all 43 spectra.
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