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Wettability at mineral-CO, interface in CGS (carbon geosequestration) is a key parameter for risk assessments and storage
capacity estimations. Many studies of wettability achieved inconsistent results, while adhesion could be a potential mechanism
causing huge wettability alteration. CO, adhesion characteristics have been revealed for CO,/brine/mica system under a wide
range of pressures, temperatures, and salinities by analyzing static and dynamic contact angles. Under all experiment conditions,
the average static CA ranges from 19.5° to 32.1°. In 8 MPa experiments, CA decreases from 26.0° to 19.5° with the increasing
salinity. Similar trends were also observed under 12 MPa condition. However, CA does not show clear dependence on pressure. A
concentric probe was designed by which vertical position of the probe can be changed by rotating the screw of the probe holder
while horizontal degrees of freedom are restricted. With this concentric probe, contact angles were obtained at different positions
of the same sample to investigate the effect of heterogeneity of sample surface. Uncertainty and large hysteresis of dynamic contact
angles were found which related with measurement positions. These large hystereses as obvious sign of adhesion had good
repeatability at specific surface positions. Further electron microscope test demonstrated the correlation between large hysteresis
and smoother surfaces which is consistent with the DLVO theory-based water film thickness hypothesis on adhesion. This study
enriched the data on the wettability of mica and may shed light on CO, adhesion on solid surfaces for better understanding the fate
of CO, during sequestration.

trapping [17]. Structural and residual trapping are the two
most important storage mechanisms in the short term, and

The massive burning of fossil fuels and emission of large
amounts of greenhouse gas into the atmosphere have caused
serious greenhouse effects and environmental problems.
However, nowadays the demand for fossil fuels is huge and
mitigating anthropogenic CO, emission from the source is
necessary. CGS (carbon geosequestration) technology in
which CO, is captured from main emitters and injected into
underground geological formations is currently regarded as
an effective solution to the greenhouse effect [1-3]. The in-
jected geological formations can be deep saline aquifers [4],
depleted oil/gas fields [5], and deep coal mines [6-8] where
CO, is trapped by means of four mechanisms: structural
[9, 10], residual [11-14], solubility [15, 16], and mineral

capillary pressure plays a crucial role to resist CO, plume
upward migration [18, 19] and trap disconnected CO,
bubbles between water in rock formation pores after drainage
and imbibition processes [20]. Wettability is a key factor
impacting the magnitude and direction of the capillary force
and is usually quantified by contact angle (CA). Wettability of
caprocks in CO,-brine systems is a key parameter of struc-
tural trapping influencing the efficiency and safety of se-
questration [21, 22].

As representative of clay minerals, mica was usually
selected to characterize wettability of caprocks under CGS
condition in previous research in which CA was measured
[23-28]. Chiquet et al. [25] found that the CA increased
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significantly with pressure and mica exhibited hydropho-
bicity under high pressure. As ion concentration increased
from 0.1 M to 1 M, the hysteresis of dynamic CA increased
by about 25°. Broseta et al. [24] reported that 6,4 increased
more than 30° with pressure showing hydrophobicity as
pressure increased from 5 to 140 bar, and the receding CA 0
increased slightly (from 28° to 45°). Farokhpoor et al. [26]
used stricter cleaning technology and found CA increases
from 15° to 36" with increasing pressure from 1MPa to
30 MPa. They also reported increased CA with reaction time
of a CO, droplet in contact with mica (6=35-61° from 0 to
48 days under 105 bar, 36°C). Wang et al. [29] measured CA
in CO,-brine-phlogopite system and reported lower and
nearly constant CA: 0z =20° and 0, =20-43". Wan et al. [27]
found that reaction with water-saturated supercritical CO,
phase severely roughened the muscovite surfaces and largely
increased CA hysteresis. Reproducibility of dynamic tests
was poor. Using the pendant drop technique, Arif et al. [30]
found that both 04 and 0y increased with pressure and
salinity, but decreased with temperature. Reported data are
divergent, from strongly water-wet to even CO,-wet, with
inconsistent trends of pressure and salinity. Wan et al. [27]
identified several possible common causes: (1) starting
substrates of nominally same composition can have very
different intrinsic surface chemical properties and reactivity,
varjably altered surface chemistry resulting from cleaning
methods, or different initial surface roughness; (2) different
types and amounts of contaminants; (3) phase disequilib-
rium induced CO, droplet dissolution; and (4) CO, and
substrate contact time, procedures, and repetition may affect
water film or CO, stability on the substrate.

However, research on the effect of adhesion on wet-
tability in CO,-brine-mica system is insufficient and ad-
hesion may account for discrepancy in CA measurements.
Some special phenomena have been discovered in previous
studies on wettability of mica. Chiquet et al. [25] described
wettability alteration caused by contact line pinning or
wettability hysteresis, and Jafari and Jung [31] also reported
decrease in wettability by time due to heterogeneity and
pinning effect of triple line. The pinned contact line rep-
resents a high energy barrier locally [32]. Carre and
Lacarriere [33] indicated that interfacial adhesion could be
the mechanism underlying or contributing to both pinning
and hysteresis. Adhesion usually describes the molecular
affinity of different surfaces at the nanometer level, usually
occurs on extremely smooth surfaces and greatly alters the
wettability. Moreover, adhesion tests of CA measurements
have long been applied in research of petroleum reservoirs.
Using DLVO theory (Derjaguin, Landau, Verwey, and
Overbeek), stability of water films has been predicted in
mineral-water-oil systems which is of significant impact to
wettability [34-36]. DLVO model calculations and mea-
surements of brine films on mica confined by scCO, in-
dicate that water film thicknesses of several nm are stable
[37]. Based on DLVO theory, Wang et al. [29] proposed
adhesion tests controlling parameters (surface roughness,
CO, partial pressure, and pH) related to water film
thickness and consistent experimental results were
obtained.
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Because of experimental limitations, there are many
uncontrollable factors accounting for test diverge, such as
variable procedures for different researchers and surface
heterogeneity. In this study, we emphasized on repeated tests
under consistent conditions in CO,-brine-mica system; in
this way, wettability can be analyzed with fewer influencing
factors (such as pressure, temperature, and salinity). Ir-
regular contact lines and wettability changes are common
features of adhesion, so analysis of these possible phe-
nomena can reveal clues to adhesion.

The experimental device and measuring method of CA
will be introduced in Section 2 of this paper. In Section 3.1,
the influence of pressure, temperature, and salinity on the
static wettability of phlogopite will be analyzed and the
movement characteristics of the bubbles in the static CA
process will be explored. The dynamic contact angle and
various factors affecting dynamic wettability will be analyzed
in Section 3.2, and electron microscope and EDS tests will be
introduced in Section 3.3. Finally, this research will be
summarized at the end of this article.

2. Experimental Methods

Muscovite, as one kind of common mica, was selected for the
analysis as it is a primary mineral of shales. Muscovite and
phlogopite mica have been used in contact angle experiment.
Muscovite of vl grade was provided by Electron Microscopy
Sciences. As the highest quality mica provided, the mus-
covite mica is clear, hard, of uniform color, nearly flat, and
free of all stains, cracks, and other similar defects. Phlogopite
was produced in Lingshou County, Hebei. Pure CO,
(99.99%) was provided by Dalian Airichem Specialty Gases
and Chemical Co., Ltd. Distilled water provided by Watsons,
and 99.5% AR NaCl was used to configure saline solution.
Distilled water was also used during the cleaning process.
Freshly cleaved muscovite sheets are easy to be contami-
nated by impurities due to negatively charged surface, so
attention was paid to avoid contact with noncleaning liquid
substances. Once cleaved, the thin sheet was thoroughly
cleaned with ethanol and distilled water with clean hand
gloves, dried, and immediately sent into the reaction
chamber (for CA measurement). A similar cleaning process
was also adopted in silica and mica CA tests [27, 31, 38].
The whole experimental procedure is shown in Figure 1.
In the preparation phase, CO, was compressed into the
high-pressure tank acted as CO, source, whose pressure was
higher than the experimental value to supply CO, for
subsequent equipment thorough the pressure reducing valve
and check valve. Brine solution and CO, were pre-equili-
brated in a high-pressure stirred tank under scheduled
conditions for at least 24h. A high-pressure reaction
chamber with two parallel visible glasses was designed for
CA measurement. The chamber contains an internal groove
for placing samples on the upper side. The chamber is also
wrapped outside with an electric heater connecting to a
thermocouple for temperature control and inside equipped
with a pressure detector. At the experiment beginning, once
the muscovite sheet was placed, the reaction chamber was
heated to the target temperature and valves 3, 11, and 12
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FIGURE 1: An illustration of the experimental procedure. CO, bubbles and brine used for CA measurements were provided by the stirred
tank with over 24 h balance, so the influence of dissolution can be negligible.

were opened to charge CO, to target pressure. The pressure
of stirred tank was a little higher than that of the reaction
chamber to inject balanced brine and CO,. As the chamber
got the target temperature, valves 6 and 7 were slightly
opened to slowly inject brine until brine immersed the
muscovite sheet and excess CO, in the chamber was released
from the back pressure valve. After injection, the whole
system would still be balanced for 3 h before measurement.

At the down side of the reaction chamber, there is a
height-adjustable needle holder which can install con-
centric or eccentric probes. Equipped with a concentric
probe, the vertical position of the probe can be changed by
rotating the screw of the probe holder, while horizontal
degrees of freedom are restricted. Equipped with an ec-
centric probe, the probe does a circular motion; thus, CA
can be obtained at different positions of the sample and
four positions were marked as shown in Figure 2. Since the
probe base and the device are threaded, the height of the
probe will change during rotating. In the four marked
positions, position @ is furthest to the muscovite surface
while position @ is the nearest. Distances to the muscovite
surface for positions @, @, ®, and @ are 3.6, 3.2, 2.8, and
2.4 mm, respectively. In previous CA experimental studies,
only concentric probes were adopted, while dynamic CA
results were affected by chemical heterogeneity and dy-
namic CA results of only one position of the sample can be
obtained. Concentric probes can examine wettability of
multiple locations on the sample to analyze CA with
chemical heterogeneity.

The captive drop method was used for CA measurement.
In static CA measurements, valves 8, 12, and 13 were opened
and a balanced CO, bubble from the stirred tank was re-
leased from the probe by controlling valve 9 and hit the mica
surface due to buoyancy force. After the system reached
balance, the three-phase contact angle presented was static
CA. Dynamic CA tests contain two stages: (1) like static tests,
opening valves 8, 12, and 13, the probe slowly released a CO,
bubble near the surface and the bubble gradually expanded
on the surface of the mica. CA when the CO, contact line
was constantly growing during the CO, driving brine
process was called 0y (receding CA); (2) opening valve 10,
closing valves 8, 12, and 13, and reducing the backing
pressure valve, the probe slowly absorbed CO, by controlling
valve 9 and CO, bubble gradually shrunk on the mica
surface. CA when the CO, contact line constantly decreased
during the brine driving CO, process was called 6, (ad-
vancing CA). For convenience, all CAs in this study are
referred in water phase. Furthermore, advancing CA mea-
surements can be separated into two periods. In the first
period, the CO, bubbles started shrinking and CA increased
continuously but the contact line did not move. In the
second period, the contact line started to decrease while CA
maintained a relatively constant value. Angles obtained in
the second period were called 6,. CA images were taken by
using Canon EOS 500d. Images were processed through
ADSA (Axisymmetric Drop Shape Analysis), an analysis
plugin integrated in Image] [39]. The plugin proposed by
Potentbery is based on Laplace equation to calculate the key
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FIGURE 2: (a) Four marked positions for dynamic tests. (b) Eccentric probe with threaded connection to base.

point curvature of the symmetric droplet interface and
interfacial tension by which CAs were calculated.

3. Results and Discussion

3.1. Static Contact Angles. The influence of pressure and
temperature changes on the static wettability of phlogopite is
shown in Figure 3. Static CA angle increased with tem-
perature in the range of 45-80°C, while the influence of
pressure was unclear. Phlogopite exhibits hydrophilicity
under all measurement conditions ranging from 19° to 40°.
The impact of temperature is consistent with Farokhpoor
et al. [26] and Saraji et al. [40] in CO,/quartz/brine system,
while Arif et al. [30] obtained opposite results. Influence of
salinity on phlogopite surface was also investigated under
various pressures and is shown in Figure 4. Static CA in-
creased with salt concentration at phlogopite surface. Impact
of MgCl, and NaCl on wettability was similar expect the
condition of 0.31 mol/L MgCl, which showed larger CA (up
to 38°) under 8-12 MPa. Impact of salinity can be explained
by variations in zeta potentials (high negative values under
low salinities to low negative values under high salinities)
[41, 42] causing less polar surfaces and higher CA.

The static CA results of muscovite are summarized in
Table 1. Under all conditions, the average static CA ranges
from 19.5° to 32.1°. In 8 MPa experiments, CA decreases
from 26.0° to 19.5° with the increasing salinity. Similar trends
were also observed under 12 MPa condition. However, CA
does not show clear dependence on pressure. Multiple sets of
repeatability experiments were conducted in 12 MPa, 45°C,
and 1 mol/L NaCl brine, and the results are summarized in
Table 2. For each set of experiments, individual mica sample
was used. Average CA of each set ranges from 18.5° to 29.1°.
In sets 6 and 8, bubbles with larger static CA (32.8" and 34.0°)
were observed.

Wang et al. [28] obtained similar static results in CO,-
brine-phlogopite system. Wan et al. [27] obtained scattered
CA data using the captive CO, droplet method (20-80°)
comparing to the water-droplet method (30-47°); under the
same method, both value and scatter of our static results are
low.

The static CA of most bubbles is the same on the left and
the right side, while under both pressures (8 and 12 MPa), we
observed abnormal bubbles shown in Figure 5 with unequal
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FiGure 3: Phlogopite static CA results with pressure and tem-
perature change at 1 mol/L NaCl.
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45°C.
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TABLE 1: Muscovite static CA results at 5 different conditions and
temperature at 45°C.

Condition Average static CA (")
8 MPa H,O 26.0+2.5
12 MPa H,O 32.1+34
8 MPa 1 mol/L NaCl 224+3.3
8 MPa 2 mol/L NaCl 19.5+2.0
12 MPa 1 mol/L NaCl 22.1+4.1

CA of both sides. CA differences between the left and the
right side were identified as feature for adhesion [28] while
such bubbles are rare. In the whole static tests, only if three-
phase system entered equilibrium would CA be called static.
Once released, a CO, bubble floated up, hit the surface,
rebounded, and finally attached. This process was dynamic,
and surface properties made great difference in determining
bubbles’ movement. Continuous fluctuation in bubbles’
shape was observed at the moment of hit, causing the
constantly changing contact line that made the process more
like a dynamic CA test.

A high-speed camera was used to further explore the
changes in the movement characteristics of the bubbles in
the static CA process. Take the process of bubble movement
at 60°C, 16 MPa, at phlogopite as an example; captured
images showed that the movement of CO, bubbles can be
divided into three stages: bubble growth, bubble rising, and
motion after collision between bubble and mica surface,
which are shown in Figures 6-8, respectively. In the final
stage, the bubble collided with the mica surface under
combined effects of kinetic energy of fluid, surface energy of
the gas-liquid interface, and gravitational potential energy of
the bubble. Deformation of the bubble was extremely se-
rious, and when it reaches a certain level, the bubble
bounced to the opposite direction. The collision-bounce
process happened repeatedly until the bubble kinetic energy
was exhausted. Finally, the shape of the bubble, the length of
the contact line, and the area occupied on the mica surface
remained constant. Therefore, discrepancy of static CA of
two sides may be similar to the cause of CA hysteresis and
influenced by chemical heterogeneity in terms of surface
energy states and roughness.

In order to better describe the situation during the
bubble rising, velocity of the bubble under various pressures
shown in Figure 9 was processed. The velocity at growth
stage is almost 0 and rises continuously under buoyancy
force once the bubble escapes from the injection probe.
Then, the bubble collides with phlogopite surface, velocity
decreases, and bubble bounces away from the surface
changing the direction of velocity. At the farthest distance
from the surface, velocity reaches its minimum value (0),
and then the bubble accelerates again under buoyancy force
and collides with the mica surface again and again. During
repeated collisions, energy is dissipated and fluctuation of
velocity becomes smaller and smaller until quiescence. The
maximum bubble velocity gradually decreases in the range
of 8-14 MPa which can be explained by smaller density
difference during pressure rise. The number of collisions also
decreases with pressure. Velocity analysis shows the

characteristics of bubble movement in the captive drop
method to better understand the connection between static
and dynamic CA measurements.

3.2. Dynamic Contact Angles. The mutual displacement of
brine and CO, under geological storage conditions is a
dynamic and complex process, and the study of dynamic
wettability has an important impact on practical engineering
applications. In an ideal three-phase system, the CA should
be a constant value as a thermodynamic quantity. However,
dynamic experiments found that even on a homogeneous
and smooth muscovite surface, the advancing contact angle
is usually greater than the receding contact angle, which is
often referred to as CA hysteresis [25]. CA hysteresis can be
very large, with advancing and receding angles differing by
more than 60° and can be due to mechanical or chemical
effects [43]: (1) effect of surface roughness, (2) effect of
chemical heterogeneity, (3) orientation of surface chemical
groups depending on the phase they are exposed to, and (4)
interdiffusion and interdigitation.

3.2.1. Repeated Experiments in 12 MPa. Dynamic tests were
firstly conducted in 8 MPa which is closing to supercritical
pressure with poor reproducibility. Pressure was then set at
12MPa to avoid instability due to supercritical properties.
Eccentric probes were used, and tests were conducted in four
marked positions. Eight repeated tests were conducted in
12MPa, 1mol/L NaCl, and 45°C, and the results are sum-
marized in Tables 3 and 4. Each set of experiments used the
same cleaved sheet of muscovite and was completed within one
day to reduce the influence of system reaction. The range of
receding CA is similar to that of static CAs, and deviation is
relatively small. However, large advancing CA discrepancy
(from 24" to 69.5°) was observed. It is hard to say which factor
accounted for poor experiment reproducibility, and it is nec-
essary to analyze uncertainties before adhesion, such as surface
properties, surface distance, and bubble contraction speed.

A range of receding CAs was close to that of static CA.
Receding CA of the last two sets was higher than the other
six sets by about 7°. For each set, receding CA of four
positions was similar compared to deviations caused by
data processing. Despite large deviation of advancing CA, it
can be seen that CO, bubbles are more likely to remain on
the muscovite surface with the longer surface distance from
the probe. At position D farthest from the surface, all the
bubbles stayed on the muscovite surface after the test, while
at positions @ and @ closer to the surface, 3 sets of CO,
bubbles finally sucked into the probe. Whether CO,
bubbles finally remained on the surface is also affected by
04. In the 7th and 8th experiments where the advancing
contact angle is larger, all the bubbles remained on the
muscovite surface after the dynamic test, while in the
second set, this phenomenon was only observed at position
® where the probe is farthest. Here, we try to avoid using
“adhesion” because it was found that the distance of the
probe will affect the final state of the CO, bubble, but
surface distance had no obvious effect on advancing CA.
“Adhesion” can only be characterized by the huge change in
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TABLE 2: Muscovite static CA results at 12 MPa, 1 mol/L NaCl, and 45°C.

Sample Bubble 1 (°) Bubble 2 (°) Bubble 3 (°) Bubble 4 (°) Average CA ()
1 224 20.6 20.2 19.3 20.8+1.1
2 20.5 19.7 19.9 19.5 199+0.4
3 18.8 17.7 18.8 18.5 18.5+0.5
4 19.0 21.5 20.2 18.7 199+1.1
5 19.8 20.3 21.2 21.1 20.6+0.3
6 18.2 18.7 20.1 32.8 22.5+6.0
7 24.2 20.8 22.4 25.1 231+1.7
8 21.1 22.2 24.5 34.0 25.5+5.1
9 28.5 30.6 30.1 27.3 29.1+1.3

(a) (b)

FIGURE 5: Static CA experiments at 1 mol/L NaCl and 45°C at muscovite surface. (a) The left two bubbles are symmetrical and could be found
in most cases. (b) The right two bubbles have unequal static CA of both sides and are rare.

(a) (b) (© (d) (e) ()

FIGURE 6: Schematic diagram of bubble growth. (a) T=0s. (b) T=0.012s. (c) T=0.036s. (d) T=0.120s. (e) T=0.184s. (f) T=0.196s.

wettability as it may cause. According to Laplace pressure F = Dyy;; cos 6, (1)
balance acting downwards on the surface, the net force

parallel to interfacial tension force acting on the rim of the where D, (m) is the diameter of the circle spread by CO,
droplet can be expressed by bubbles on the muscovite surface, (N/m) is the interfacial
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FI1GURE 8: Schematic diagram of motion after collision between bubble and phlogopite surface. (a) T=0.276s. (b) T=0.284s. (c) T=0.296s.
(d) T=0.304s. (¢) T=0.312s. (f) T=0.324s. (g) T=2344s. (h) T=0.500s.
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FiGure 9: Change of bubble velocity with pressure at 80°C and water at phlogopite surface. The distance between probe and sample is
8.52 mm.

TaBLE 3: Receding CA results of repeated experiments at 12 MPa, 1 mol/L NaCl, and 45°C.

Experiment set Position @ POSltlgch)ding CA (g}:))sl(tol)o n® Position @ Average receding CA (6) ()
1 21.3 18.5 19.8 19.6 19.8+1.0
2 18.2 18.9 18.4 19.7 18.8+0.6
3 18.8 18.9 18.6 18.6 18.7+0.1
4 18.3 18.9 — 19.8 19.0+0.6
5 20.0 19.8 18.2 20.0 19.5+0.8
6 22.0 21.7 20.9 20.9 21.3+0.5
7 27.9 25.0 24.5 26.3 259+1.3
8 27.7 26.6 27.1 25.3 26.7+0.9
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TaBLE 4: Advancing CA results of repeated experiments at 12 MPa, 1 mol/L NaCl, and 45°C.

Position D Position @

Experiment set

Position @ Position @

CO, remain or not 04 () CO, remain or not 04 () CO, remain or not 64 () CO, remain or not 6, ()
1 Y 41.3 Y 42.0 N 38.4 Y 43.1
2 Y 30.4 N 24.0 N 31.8 N 39.9
3 Y 51.0 Y 37.8 Y 39.6 N 37.1
4 Y 38.1 Y 41.2 Y - Y 43.5
5 Y 52.1 Y 51.4 N 45.3 N 40.1
6 Y 50.0 Y 49.6 Y 47.0 Y 56.9
7 Y 68.8 Y 64.3 Y 59.7 Y 60.7
8 Y 63.0 Y 58.7 Y 69.5 Y 56.5
“CO, remain or not” means whether CO2 bubbles remain on muscovite after dynamic tests.
tension between CO, and brine, and 0 (°) is dynamic CA. 45 - - 3.0
When 6 and interfacial tension between CO, and brine are
constant value, the force normal to the surface at the three- 404 25
phase interface is related to the diameter of the bubble = 35 e
spreading on muscovite. When the CO, bubble is about to 3 20 &
leave the probe, the shape of the bubble connected to the ﬁj 30 g
probe is the same with the same 0,. Closer the distance of £ 5
probe to muscovite, force needed to drag and detach CO, g 251 = ‘g
bubble from muscovite surface is smaller. Comparing to 204 ©
results of all sets, 04 of the second set was generally small, + 10
while in the seventh and eighth sets, 8, was large. Large 15 -
deviations mainly occurred in different experimental sets. - - - - - - 0.5

For the same set of experiments, at the four measured
positions, 8,4 showed no obvious dependence on the probe
distance and deviation is relatively small.

A typical dynamic contact angle process is shown in
Figure 10. In the dynamic contact angle measurement, the
complete displacement process includes two stages: @
bubbles occupy the surface of mica from nothing and @
bubbles occupy the surface of mica to finally be sucked into
the probe. A measurement process is equally divided into 15
segments according to time to indicate the change of dy-
namic contact angle during the process, which is convenient
for the comparison of multiple dynamic measurements. In
the process of advancing and receding measurement, both
sides of CA remain the same. While in some cases, contact
line pinning or sudden leap was observed, for example, that
happening at position @ at the third set and position @ at
the fifth set, respectively. Dynamic CA and contact line
change of these abnormal dynamic advancing processes are
shown in Figure 11. In position @ of the third set, CAs of
both sides were equal and gradually increased while halfway
CA of left side exceeded the right side and reached maxi-
mum at about 66°. Movement of three-phase contact point
also revealed that, in the final stage, left three-phase point
remained stopped until the bubble left the probe. The other
abnormal set happened at position @ of the fifth set. As
shown in Figure 12, 64 of both sides gradually increased and
stayed in a range and then 8,4 of right side sharply decreased
to a very small value causing the rapid separation of bubble
from the muscovite. From the movement of three-phase
point, we can see that the right three-phase point did little
movement in the early stage but suddenly leaped accom-
panying with sudden decrease of right CA. In the two ab-
normal sets, it seemed that surface energy barrier acting on

5 10 25 20 25 30
Dimensionless time

—e— Left dynamic CA
—— Right dynamic CA
—— Length of contact line

F1GUure 10: Dynamic CA and contact line change of the whole
dynamic process at position @ in experiment set 3 at 12 MPa,
1 mol/L NaCl, and 45°C. The process was divided into 30 parts by
time and exhibited CA hysteresis.

certain part of the bubble occupied area and surface het-
erogeneity may account for the unusual phenomenon. Huge
deviation in 6, results was related to contact line pinning or
leap phenomenon. While contact line pinning and leap were
observed at certain position of surface causing dramatically
change of 8,4, the conclusion is that the dynamic wettability
tested is of poor repeatability, and indeed, there is a certain
probability to get large 64 (phenomenon of adhesion) where
the muscovite exhibits intermediate hydrophilicity.

3.2.2. Various Factors Affecting Dynamic Wettability. The
fluid flow in the underground storage environment is
complicated, and the migration rate of brine and CO, varies
from place to place due to the pores sizes. Because the probe
bubble retracting speed was difficult to be consistent in the
experiment, we also verified dynamic characteristics under
two contraction rates (slow and fast) at 8 and 12 MPa. To
avoid the influence of surface differences and system
chemical reaction on the results, experiments were con-
ducted on the same surface and the same position, and the
overall timespan did not exceed 0.5hours. The results are
shown in Figure 13. Under both pressures, 63 was stable. In
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experiment set 5 at 12 MPa, 1 mol/L NaCl, and 45°C. The pro-
cessing method is the same with Figure 8.

8 MPa condition, Oz has approximately 10" fluctuations
while the average value was equal. 12 MPa results were the
same showing that contraction rates did not have a huge
impact on dynamic characteristics.

Impact on the system chemical reaction was also in-
vestigated. Wan et al. [27] proved that long-term exposure in
brine severely roughened the muscovite surface leading to
large CA hysteresis. The dynamic results showed that 84 in
set 2 was the smallest and that in sets 7 and 8 was the largest,
so comparison was focused on these three sets. The dynamic
results of set 2 in positions @ and @ are shown in Figures 14

and 15. At position @, 0 in two tests was very close. 0y in
the early test was about 5° larger than 0z, while in the later
test, CA hysteresis was 0° in the final stage. Hysteresis was
small in both tests. At position ®, dynamic CA showed
similar values. It is interesting to find that processes in right
04 were exceptionally similar with the suddenly decrease in
right 6, at the final stage. Despite small hysteresis in ex-
periment set 2, difference in the left and right 6, was found.
The results of sets 7 and 8 are shown in Figures 16 and 17. In
both sets, values of dynamic results were consistent. The
dynamic results showed good reproducibility at the same
position; thus, proving the poor reproducibility of whole
dynamic tests may be due to factors such as surface het-
erogeneity rather than artificial experimental operations,
system reactions, and contraction rates.

3.3. Electron Microscope and EDS Tests. From the dynamic
results, it can be seen that large discrepancy in wettability
mainly comes from different experimental groups, that is,
different measurement surfaces; even at different positions
on the same surface, dynamic wettability still shows certain
differences. In order to further clarify the effect of adhesion,
we carried out EDS scanning electron microscopy analysis
on experimental samples. Muscovite surfaces were cleaved
from one 25 mm x 25 mm sample with a thickness of about
0.3 mm. Layered cleavage is complete and extremely smooth,
while surface properties may be different. Contamination
may also be introduced in the process. Given huge dynamic
deviations in sets 4 and 7, electron microscope tests were
conducted on the two samples after experiment. A newly
cleaved sample was also tested for comparison. Microscope
and EDS results are shown in Figures 18-20. Comparing the
sample of sets 4 and 7, it is clear that the surface of the former
sample surface contains many dotted unknown substances
and 10 micron-level floc-like substances were found, closing
to which substances seeming to be caused by the curl of the
mica skin were also found. While in the sample of set 7,
under 10000X magnification, the number of dotted sub-
stances was small and no floc-like substances were found.
The total surface looks much cleaner and looks smoother
than set 4.

It is hard to distinguish these dotted and floc-like
substances, and parts of them may be contaminated. Iglauer
et al. [44] introduced contamination in CO,-brine-quartz
system and found much larger CA which is inconsistent to
our results. According to their research, the impact caused
by pollution is contrary to our results. Wang et al. [29] il-
lustrated adhesion was most widely observed on extremely
smooth surfaces with roughness on the order of
~10 nanometers. According to hypothesis based on DLVO
theory, the thickness of brine film plays an importance role
in adhesion. On smoother surface, the wet phase is less likely
to accumulate in surface asperities and water film is easier to
get rid of during CO, expansion, thus adhesion happens.
Large hysteresis was found in all the four positions in set 7. If
the mechanism of large hysteresis is adhesion, rather than
saying that adhesion happens by accident, it can be said that
the occurrence of adhesion is common. Despite large
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FIGURE 14: Dynamic results of experiment set 2 at position @ at 12 MPa, 1 mol/L NaCl, and 45°C. The measure time of dynamic tests of left

and right figures is 15:30 and 18: 30, respectively.

deviation in dynamic tests, repeated tests on the same
position were similar and position depended dynamic
characteristics (contact line pinning and leap) were
observed; also, the same sets of dynamic experiments
with fewer uncertainties have smaller deviations, so
partial surface properties may be the key factor for ad-
hesion, and randomness of adhesion may due to surface
heterogeneity. Here, electron microscope tests illustrate
that large hysteresis is related with smoother surface,

supporting the DLVO-based adhesion hypothesis con-
cerning about water film thickness, while other factors
may also account for the hysteresis. Molecular simula-
tion [45] also showed that the CA phenomenon is
strongly affected by the presence of thin liquid films: CA
increased with decreased film thickness and on mediate
hydrophilic surfaces (Q%), water films were absent when
CO, droplets directly contact with the surfaces implying
a film rupture mechanism for CO, adhesion on hydrated
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mineral surfaces. Microscope images of newly cleaved
surface were similar with set 7. Dots can be seen in the
left image, and the right-side surface is pure enough to
find only two dots. Since the muscovite for electron
microscope needs to be sprayed with platinum, the

surface changes of the sample after the experiment
cannot be obtained. Also, because of the large magnifi-
cation, it is difficult to align the scanning area with the
dynamic experimental area. From EDS results, the ele-
ment composition of the three samples is similar.
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FIGURE 19: Electron microscope (10000X magnification) of muscovite after experiment in set 7 and EDS results.
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4. Conclusions

In the present study, we conducted static and dynamic
contact angle tests for CO,/brine/mica system under a wide
range of pressures, temperatures, and salinities. In all static
tests, both muscovite and phlogopite show hydrophilic
property while bubbles of different CA on left and right sides
were found. The average static CA ranges from 19.5° to 32.1°.
In 8 MPa experiments, CA decreases from 26.0° to 19.5° with
the increasing salinity. Similar trends were also observed
under 12 MPa condition. Analysis of bubble movement
during static tests explains the correlation between this
phenomenon and CA hysteresis in dynamic tests. In dy-
namic CA tests, we conducted repeated tests on muscovite
surface under 12 MPa, 45°C, and 1 mol/NaCl condition to
explore effects of adhesion. Uncertainty and large hysteresis
of dynamic results were found. By excluding multiple
possible influencing factors, we found both uncertainty and
hysteresis were related to measurement position, in other
words surface physicochemical heterogeneity. Large hys-
teresis as obvious sign of adhesion had good repeatability at
specific surface positions. Further electron microscope test
demonstrated the correlation between large hysteresis and
smoother surfaces which is consistent with the DLVO
theory-based water film thickness hypothesis on adhesion.
This study enriched the data on the wettability of mica and
analyzed the uncertainty in the wettability measurement. In
future research, it is necessary to explore the wettability of
true heterogeneous geological storage environment.
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