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Abstract
Contact angles were measured for CO2-brine interactions on 20 different rocks that represent
the properties of various CO2 storage depositional environments to characterize the
wettability during geologic carbon storage. Three different CO2 phases (gaseous, liquid, and
supercritical) were considered to investigate the effect of pressure and temperature. Bubbles
were studied in two groups of larger and smaller than 500 μm, the latter being more relevant
to pore scale. Variation was observed among contact angle measurements, even while
controlling the sample preparation and cleanliness. The contact angle variations could mainly
be attributed to natural sample heterogeneity, as shown by an increased range of measured
values for the smallest bubbles studied. Despite these variations, the analysis of 1139 contact
angle measurements on 20 samples under 3 different experimental conditions showed that
92.8% of the angles were below 40°, meaning that the samples were primarily strongly-tomoderately water-wet with the average contact angle of 22°. 10% of the angles under
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supercritical conditions were between 40°and 60°. This range of angles constitutes 5% and 4%
of the measurements under liquid and gaseous conditions, respectively. Therefore,
supercritical CO2 was observed to be more wetting than liquid or gaseous CO2.
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1. Introduction
CO2 storage as a well-known technique to reduce carbon footprint includes injection of CO2 into
depleted oil and gas reservoir or deep saline formations [1, 2]. Under the influence of buoyancy, the
stored CO2 tends to move upward in the formations but can be held trapped by different
mechanisms, most importantly structural and residual trapping mechanisms [3].
Structural and residual trapping of CO2 relies on capillary pressure [4] that depends on CO2-brine
interfacial tension (IFT), wettability behavior of the formation rock [5], and the pore structure of the
rock, as shown in Eq. 1:
𝑃𝑐 = 𝑃𝐶𝑂2 − 𝑃𝑏𝑟𝑖𝑛𝑒 =

2𝜎 cos 𝜃
𝑟

(1)

where 𝑃𝑐 is the capillary pressure, 𝑃𝐶𝑂2 is the pressure in the CO2 phase, 𝑃𝑏𝑟𝑖𝑛𝑒 is the pressure in the
brine phase, 𝜎 is the CO2-brine IFT, 𝑟 is the pore throat radius, and 𝜃 is the contact angle at the CO2brine-rock contact point (measured in the brine phase), representing the wettability of the rock.
Some of intermediate-wet to CO2-wet rocks that generate contact angles greater than 90°, makes
the capillary pressure negative leading to the failure of structural trapping and significant reduction
of residual trapping [3, 4, 6-9]. Brine as the typical wetting phase in the reservoirs can readily access
all the pores, while CO2 as the non-wetting phase gets trapped in the larger pores [10]. The
wettability behavior of the formation rocks contacted by the invading CO2 is impacted by multiple
elements, such as rock type, surface heterogeneities, pressure, temperature, and brine salinity [3].
Wettability could also be influenced by the presence of organics [6-8], chemicals such as surfactant
and nanoparticles [11], and CO2-brine IFT [12, 13] in both sandstone and carbonate formations [14,
15].
Characterization of wettability through contact angle measurement has been the subject of
multiple previous studies. Some focused on automatically measure the contact angle at in-situ
conditions using micro computed tomography images [16-18]. Others studied interfacial energies
between gas and liquid phases [19, 20], film thickness on the substrate [21], CO2 phases during
trapping [22, 23], wettability of cap rock minerals [24-26], and various acid gases [27]. The impact
of pressure and temperature has also been investigated using common minerals, such as quartz and
calcite [28, 29] and coal [30]. Other studies have focused on the effect of salt type, brine salinities,
and surface charges [31-33] as well as surface contamination [34] and capillary pressure as a
function of saturation [35, 36].
Despite many experimental attempts to characterize the wettability of formations, there seem
to be discrepancies in the previous contact angle measurements. Other than differences in sample
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preparation, CO2-brine equilibration procedures, and experimental conditions, these discrepancies
could mainly be attributed to natural sample heterogeneity generated by localized variations in
topography, surface roughness, and mineral composition across the rock surface. Several
parametric analyses correlated the variability of wettability behaviors to elements, such as rock type
and compositions, CO2 dissolution under different experimental conditions, surface contamination
through preparing and cleaning the samples, and techniques to generate CO2 bubbles and measure
contact angles [37-39].
Some of these uncertainties were addressed in a recent work [40] by performing contact angle
measurements on 6 different sandstone rocks. In this study, 14 other rocks of limestone, dolomite,
shale, and other types are added to the investigation and the data on all the 20 rock samples are
used to characterize the general wetting behavior of CO2 under different experimental conditions.
In a real subsurface system at these conditions, all the contact angles measured in this study could
be present. Therefore, it is believed that the wettability behavior of the system will be best
understood through a statistical analysis of the contact angles created by the bubbles.
2. Experimental Section
Rock samples were cut to size (1 in. × 0.5 in. × 0.126 in.) from the cores of 20 different reservoirs,
including sandstones (Navajo, Nugget, Bentheimer, Bandera Brown, Berea, Mt. Simon and White
Rim), limestones (Edward Brown and Edward Yellow), dolomite (Dolomite B and Dolomite S), shale
(Bakken, Barnett, Eagle Ford and Mancos) and some other types, such as Carthage Marble
(limestone), Austin Chalk, Lueders (carbonate reef), Limestone, and Basalt. The samples were not
polished in order to observe the effects of differences in the surface roughness. The details of the
sample preparation and cleaning along with other experimental procedure details are explained in
our previous study [40] and also included in Appendix A. Synthetic brine was used as the solution
for all the experiments, based on the Mt. Simon formation brine. Table 1 lists the composition of
the brine.
Table 1 Mt. Simon synthetic brine composition [41].
Salt
NaCl
Nal
CaCl2·2H2O
MgCl2·6H2O
KBr
LiCl
SrCl2·6H2O
Na2SO4

g/L
61.67
50.00
78.35
16.53
6.480
9.364
2.434
0.482

Mw(g/mol)
58.443
149.89
147.02
203.33
119.00
42.394
266.64
142.04

mol/L
1.0552
0.3336
0.5329
0.0813
0.0545
0.2209
0.0091
0.0034

The wettability behavior of 20 different rocks in contact with CO2 and brine was analyzed using
a customized contact angle measurement cell as illustrated in Figure 1. The measurements were
performed using a captive method by generating CO2 bubbles underneath the rock samples that
were immersed in synthetic brine. Details of the setup are described in our previous work [40]. All
lines and parts were cleaned with deionized water to remove any impurities, tested with high purity
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nitrogen for leaks, and flushed with CO2 to remove all air. The temperature of the system was
maintained by an oven.

Figure 1 Contact angle measurement setup (left) and diagram (right): a-CO2 cylinder, bEquilibration cell, c-ISCO syringe pumps, d-Measurement cell, e-Light source, lenses and
camera system, f-Image analysis.
First, the entire system was pressurized with CO2 at 800 psig. After brine was equilibrated in the
equilibration cell, CO2 was added, and the CO2-saturated brine was transferred to the measurement
cell. To reach CO2-brine phase equilibrium in the measurement cell, CO2 was circulated between the
equilibration cell and the measurement cell under gaseous (25°C & 800 psig) and supercritical
conditions (45°C & 1800 psig). Once the CO2 bubbles were generated, they were given time to
stabilize in the system, so changes in the contact angles could only be associated with the wettability
alteration rather than CO2 dissolution. The contact angles were measured at the CO2-rock-brine
contact point within the aqueous side. Wettability behaviors were categorized relatively based on
the contact angle ranges defined in Table 2.
Table 2 Contact angles and wettability behaviors [40].
Contact Angle (degrees)
<20
20-40
40-60
60-120
120-140
140-160
>160

Wettability Behavior
Strongly Water-wet
Water-wet
Weakly Water-wet
Intermediate-wet
Weakly CO2-wet
CO2-wet
Strongly CO2-wet

3. Results and Discussions
In the previous work [40], mineralogical and surface characterization of six sandstone samples
were performed using X-Ray Diffraction (XRD) and the surface heterogeneities were analyzed using
Scanning Electron Microscope (SEM) images and optical profilometry. Additionally, surface
elemental analysis was conducted using X-ray Photoelectron Spectroscopy (XPS) to verify the
cleanliness of the samples throughout the experiments. The focus of this study is to analyze the
contact angles on 20 different samples and characterize their wettability behavior.
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Contact angles were measured at the contact point of static CO2 bubbles (detached from the
needle), brine, and the rock surface, when CO2 was at equilibration with the synthetic brine under
three experimental scenarios: 1-Gaseous CO2 at 850 psig and 25°C (G-CO2), 2-Liquid CO2 at 1800
psig and 25°C (L-CO2), and 3-Supercritical CO2 at 1800 psig and 45°C (ScCO2). Several bubbles with
different diameters were generated and positioned at different spots on the rock surface. The
variation of contact angles with bubble diameter for all 20 rock samples are depicted in Figures 2,
3, and 4 at G-CO2, L-CO2, and ScCO2 conditions, respectively.

Figure 2 Contact angle versus CO2 bubble diameter for 20 rock samples at gaseous CO2
conditions (850 psig and 25°C).

Figure 3 Contact angle versus CO2 bubble diameter for 20 rock samples at liquid CO2
conditions (1800 psig and 25°C).
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Figure 4 Contact angle versus CO2 bubble diameter (> 500 µm) for 20 rock samples at
supercritical conditions (1800 psig and 45°C).
Bubbles were essentially generated on a random base without controlling the size and position
on the rock surface. The rock type, brine salinity, and environmental conditions (pressure and
temperature) were fixed for each experiment. The influence of CO2 dissolution into brine was
eliminated by equilibrating the system using brine-saturated CO2 bubbles in a CO2-saturated brine
environment. While the contact angles were largely populated between 10° and 40° at each
experimental condition, no consistent trend was observed, which agrees with previous studies [23,
42-45]. Bubbles with a diameter smaller than 500 m generated at supercritical conditions are of
interest for future studies because they are most representative of the behavior in pores at deep
saline storage conditions. The contact angles associated with these bubbles revealed a higher level
of variation (15°-80°) as plotted in Figure 5. These variations are likely related to the impact of
surface asperities and roughness, which were qualitatively studied before [40] by SEM imaging and
profilometry analysis.

Figure 5 Contact angle versus CO2 bubble diameter (< 500 μm) for some samples at
supercritical conditions (1800 psig and 45°C).
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Variability in contact angles due to highly localized surface heterogeneity was observed across
all the experiments in this study with different rock samples and various CO2 bubble diameters. The
impact of surface roughness on variability of contact angles has been recognized for decades [4650] and addressed in our previous work [40] as well. In this study, a large number of contact angle
measurements and samples are used to discern some general trends on the wettability behavior.
As seen in Figure 6, the histograms of all the measured contact angles across three different
experimental conditions (1139 measurements for 20 samples) are skewed to the right and mainly
concentrated between 10° and 25°. The normal distribution shows that most of the angles (about
92.8%) represent strongly to moderately water-wet behavior (angles smaller than 40°) based on the
categories defined in Table 2. Only a slight portion of the measurements (about 7.8%) relate to
weakly water-wet behavior (angles larger than 40°) as depicted in the distribution. The angles range
between 7° and 88° with a mean of 22° and standard deviation of 11°. The mode and median are
17° and 19° respectively.

Figure 6 Histograms of contact angles across different experimental conditions.
The diagram in Figure 7 also shows that a major portion of the contact angles belongs to strongly
water-wet (green zone) and moderately water-wet (blue zone) behavior, that is 95%, 94%, and 89%
under gaseous, liquid, and supercritical conditions respectively. Additionally, the share of weakly
water-wet (yellow zone) is largest under supercritical conditions (10%) compared to liquid (5%) and
gaseous (4%), meaning the rock samples show more weakly water-wet behavior with ScCO2 that
with L-CO2 or G-CO2. In other words, supercritical CO2 seems to be more wetting than liquid or gas
CO2. Only 1% of the angles represent a wettability behavior that could not be described as waterwet (q > 60°).
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Figure 7 Contact angle distributions and wettability characterization.
The variations in the contact angles of this and previous [40] studies demonstrate that the
physical and chemical characteristics of the rock samples in interaction with CO2 and brine are very
complex and the parameters involved in the process of equilibration and measurements are poorly
understood making the wettability characterization challenging. Despite these challenges, the
results of this study revealed that it is still possible to characterize wettability by controlling
experimental conditions, conducting comprehensive physical and chemical characterization of the
natural samples, and statistically analyzing several bubbles of varying size on different rock samples
at different experimental conditions.
4. Conclusions
The variation of CO2-brine contact angles was investigated in this study using 20 natural rock
samples of different formations. Our previous study on sandstone rocks showed that, despite of
carefully controlling the sample preparation, equilibration process, and CO2 phase behavior, it was
difficult to find any correlation between contact angles and other variables, such as surface
roughness, grain sizes, or chemical heterogeneity caused by different minerals in these grains.
However, this study showed that it is possible to statistically analyze the contact angle
measurements to characterize a general wetting behavior of CO2 on different rocks. By analyzing
1139 bubbles on all 20 samples across three phases of CO2, it was found that most of the angles are
concentrated between 15°and 25°and about 92.8% of the contact angles were below 40°, classified
as strongly water-wet to moderately water-wet. Since all the contact angles measured in this study
could exist in a real subsurface system at the conditions tested, it is believed that the wettability
behavior of the system will be best understood through a statistical analysis of the contact angles
created by the bubbles.
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Appendix A:
Details of Experimental Procedure [40]
Sample Preparation
All samples were cleaned for 5 min. using a Harrick Plasma Cleaner (model PDC-32G) at medium
Radio Frequency (RF) level with air as a carrier gas. X-ray Photoelectron Spectroscopy (XPS) data
were collected after cutting (before cleaning), after cleaning, and after contact angle measurements
to identify possible effects from surface contamination and also to note any effect that the exposure
to brine and CO2 may have on the surface during those measurements. XPS analysis was carried out
with a ULVAC-PHI Versa Probe III instrument using a focused (100 µm) monochromatized Al Kα Xray source (1486.6 eV). The pass energy of the analyzer was 55.5 eV for high-resolution scans.
Binding energies were calibrated using the C 1s peak for adventitious carbon, which was assigned a
binding energy of 284.8 eV. Elemental atomic concentrations were calculated from high-resolution
spectra using PHI-provided sensitivity factors.
Experimental Setup
The wettability behavior of 20 different rock samples in contact with CO2 and brine was evaluated
using a customized contact angle measurement cell. The contact angle measurements were
performed using captive bubble method by generating ScCO2 bubbles underneath the rock samples
immersed in synthetic brine. The high-pressure Hastelloy® measurement cell was custom designed
for pressures up to 10,000 psig and temperatures up to 150 °C. The cell has two high-pressure
sapphire windows (0.5 in.) to facilitate imaging and lighting. Window holders are designed to be Oring free to avoid any contamination from the O-ring or sealing material. The cell uses metal-tometal (coned and thread) sealing commonly used for high-pressure fittings. The rock samples were
mounted inside the high-pressure cell on a Hastelloy® stand, which is connected to a shaft. The shaft
can be rotated 360° and moved horizontally up to 3 inches. Multiple samples can be mounted on
the sample stand as desired. A separate high-pressure cell serves as equilibration cell. Both
measurement and the equilibration cell are partially filled with brine. In the measurement cell
samples are completely immersed in brine. Then CO2 is added to reach desired pressure. After that
CO2 is circulated in the system from measurement cell to equilibration cell and then back to
measurement cell using pair of pumps. Finally, CO2 and brine are equilibrated overnight under
desired temperature and pressure prior to conducting contact angle measurements. After the
experiment, pumps are used to decrease the pressure of the cells to the CO2 tank pressure and then
needle valves are opened very slowly to vent the rest of CO2. Fluid movement in the system was
achieved by using two Teledyne 260D ISCO® syringe pumps controlled in LabVIEW®. The pumps are
used to bring CO2 to high pressures, generate CO2 bubbles, equilibrate CO2 and brine, and maintain
pressure during the measurements. All the tubing, valves, and fittings are made of 316 stainless
steel. Lighting was provided by a Telocentric HP blue illuminator and visualization by a Leica NC
170HD camera with Z16 APO zoom system. The DropSnake plugin for ImageJ48 was used to analyze
the captured images for contact angle evaluation. Figure 3 illustrates the schematic diagram of the
entire experimental setup.
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Contact Angle Measurement Procedure
Before each experiment, all lines and cell parts of the contact angle measurement systems were
cleaned with deionized water to remove any impurities. High purity nitrogen was used to test the
set-up for leaks and CO2 was used to flush the system to remove all air. The temperature of the
contact angle measurement system was maintained by an oven. Initially, the entire system was
pressurized with CO2 at CO2 tank pressure (800 psig). Once brine was equilibrated in the
equilibration cell, CO2 was added using one of the pumps and CO2-saturated brine was transferred
to the measurement cell. CO2 was circulated between the equilibration cell and the measurement
cell until the phase equilibration between CO2 and brine was reached in the measurement cell. The
circulation process to equilibrate the system was conducted for two different experimental
conditions (25°C & 800 psig and 45°C & 1800 psig) representing CO2 at both gaseous and
supercritical conditions, respectively. For high pressures and supercritical experiments, the
experimental conditions need to be reached before the equilibration process can start. A small head
of CO2 was left above the brine in the measurement cell to facilitate the equilibration. Once the
equilibration was completed, CO2 bubbles were generated and observed for at least 1 h to ensure
there were no changes in the bubble diameter due to dissolution of CO2 into brine. Therefore, any
variation of contact angles could only be related to the wettability alteration of the rock sample
rather than dissolution of CO2 into the solution. After confirming the stability of the bubble diameter,
the bubble images were captured by the camera and the contact angles were measured at the
interface of the CO2 bubble, rock sample, and brine. In order to observe the actual contact point of
the bubble with the rock surface and correctly measure the contact angle, the camera was slightly
tilted with respect to the horizontal line and proper magnification and lighting exposure settings
were selected before capturing the image. Several bubbles were captured and analyzed at each
experimental condition to confirm the repeatability of the measurements. The angles were
measured in the aqueous side (brine) as the denser phase.
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