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The wettability of rocks and minerals significantly affects the safety and efficiency of energy-related
subsurface operations. Salinity is an important controlling factor in terms of wettability but has
received limited attention. We studied the effects of salinity-induced chemical reactions on biotite’s
wettability changes under relevant subsurface conditions. Biotite was reacted at 95 °C and 102 atm
of CO, for 70 h in solutions with salinities of 0, 0.1, 0.5, and 1.0 M NaCl. Then, static and dynamic
water contact angles on reacted biotite basal surfaces were measured using a captive drop method.
As a result of enhanced biotite dissolution at higher salinities, increased roughness, more negatively
charged surfaces, and higher densities of hydroxyl groups on the biotite surfaces made biotite basal

surface more hydrophilic. These results provide new information about the interplay of chemical
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reactions and wettability alterations of minerals, providing a better understanding of CO, transport in

subsurface environments.

Introduction

In geologic CO, sequestration (GCS), the wettability of the reservoir rocks and minerals affects the
mobility, residual trapping capacity, and caprock breakthrough pressures of the injected supercritical
CO; (scCO,).(1. 2) Previous experimental and modeling studies have shown that scCO,,
temperatures, pressures, and aqueous chemistries, such as salinity, all impact the wettability of the
rocks and minerals.(3-7) For example, Chiquet et al. reported a transition from water-wet toward
intermediate wettability for mica and quartz with increasing CO, pressures, and mica showed a more
pronounced wettability alteration.(3)

Although the wettability of rocks and minerals has been widely investigated, the results show
considerable uncertainties.(1. 8-11) In CO,/water/silica systems, Jung et al. reported an increase in
contact angles (CAs) with increasing salinity in the range of 0-5 M, whereas Wang et al. found a
slight decrease in the range of 0—1.2 M.(8, 9) Both constant and increasing CAs with higher
CO.pressures were reported for silica.(8. 10) These uncertainties can result from varying surface
roughnesses, surface contaminations, or surface chemical reactions during measurements. (12,

13) Mineral dissolution and secondary phase precipitation were observed even within a short time at
field sites and in laboratory studies under GCS conditions.(14-19) In addition to direct effects of
salinity on wettability caused by interfacial tension,(20) salinity-induced chemical reactions can
change mineral surface properties, thus affecting wettability. However, no studies have
systematically examined the effects of chemical reactions on mineral wettability alterations under
GCS relevant conditions.

Deep saline aquifers are estimated to have a large capacity for CO, storage.(21-24) They contain
highly saline brine, with the CI- concentration generally falling in the range of 0.01-2.2 M.(25-27)For
example, the Frio-1 GCS site has a Na—Ca-Cl type brine with a salinity of ~1.6 M.(27) At the
Weyburn CO,-enhanced oil recovery site, the CI- concentration ranges from 0.4 to 1.0 M.(25) In
addition, salinity compresses the electrical double layer, impacting wettability.(20) Salinity also
affects mineral dissolution and secondary mineral formation.(28, 29) Hence, effects of salinity on
mineral wettability alteration have been studied; however, the effects of salinity-induced chemical
reactions on wettability changes have not been investigated. (3. 8. 9. 30)
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Therefore, this study, conducted under conditions relevant to energy-related subsurface operations,
seeks to systematically relate salinity-induced chemical reactions of biotite, a model mineral in

caprocks (section S1 of the Supporting Information), with subsequent wettability changes, and to

elucidate the mechanisms of wettability changes. Our findings will fill the urgent need to understand
the unexplored relationships among salinity, chemical reactions, and wettability changes of minerals

and thus will provide benefits for environmentally sustainable CO,storage.

Experimental Section

Minerals and Chemicals

Biotite (Ward’s Natural Science) was cleaved along the {001} basal plane to 80 + 10 um thick flakes
that were cut into 2.5 cm x 2.5 cm squares. The biotite flakes were sonicated with acetone, ethanol,
and 2-propanol to remove organic matter, then rinsed with deionized (DI) water, and dried with high-
purity nitrogen gas. Clean biotite specimens were also ground using stainless steel blades and

sieved to yield particles with sizes of 53—106 um for further powder dissolution experiments. A more

detailed explanation is available in section S1 of the Supporting Information.
Methods

Biotite flake and powder dissolution experiments were conducted in a 300 mL high-temperature and
high-pressure reactor (Parr Instrument Co.), as used in our previous studies (Figure S1 of

the Supporting Information).(14. 15, 31, 32) To simulate subsurface environmental conditions, the

temperature was 95 °C and the pressure was 102 atm of CO..(32, 33) The calculated initial pH was

3.16 (section S2 of the Supporting Information). Batch experiments were stopped after reaction for

70 h. The aqueous solutions from flake dissolution were filtered through a 0.2 pm polypropylene
membrane and acidified in 1% trace metal nitric acid (HNO,). The dissolved ion concentrations were
then analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES, PerkinElmer
Optima 7300 DV). The reacted biotite flakes were carefully rinsed with DI water, dried with high-
purity nitrogen, and then immediately stored in tubes to avoid any contamination. All samples were
treated the same way. Biotite basal surface morphology and roughness were then examined via
atomic force microscopy (AFM) (Nanoscope V Multimode, Veeco).

Contact angles on prereacted biotite basal surfaces were measured using a captive drop method in
a high-pressure and -temperature CA measurement chamber (Figure S2, Temco, IFT-10), as done
in previous work by Jung and Wan.(8) During the measurement, the temperature and pressure of

the chamber were kept at 48 + 1 °C and 102 atm of CO,, respectively. The temperature was
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considerably lower than the reaction temperature (95 °C) to retard any biotite dissolution during CA

measurements (Figure S3 of the Supporting Information). Both static and dynamic CAs were
measured by generating a CO, bubble on a biotite basal surface. Imaged, combined with DropSnake
and Low-Bond Axisymmetric Drop Shape Analysis (LB-ADSA) plugins, was used to analyze the
CAs. As a convention, the CA values reported hereafter refer to the water phase. The smallest and
largest CAs during dynamic CA measurements were reported as the receding (6s) and advancing
(8) CAs, respectively. The length of the contact line was measured from the CO, receding images.
Reacted biotite powders were measured for ¢ potential by electrophoretic mobility analyzer (Malvern,
Zetasizer). Surface functional groups of oxygen of the reacted dry powders were analyzed by X-ray
photoelectron spectroscopy (XPS).

Detailed information about the methods can be found in sections S3-S5 of the Supporting

Information.

Results and Discussion

Higher Salinity Enhances Biotite Dissolution

Biotite dissolution was significantly enhanced with increasing salinities. Figure 1 shows the released
concentrations of interlayer K and the framework cations Si, Al, Fe, and Mg after biotite flake
(Figure 1A) and powder (Eigure 1B) dissolution in DI water (i.e., 0 M NaCl) and 0.1, 0.5, and 1.0 M
NaCl solutions with 102 atm of CO, at 95 °C for 70 h. lon-exchange reactions between interlayer K
in biotite and Na-* in the solution were promoted at higher salinities, leading to higher concentrations

of K released into the solutions. Higher salinity also enhanced the release of framework cations.

n e b .

Figure 1. Aqueous concentrations of K, Si, Al, Fe, and Mg from the dissolution of biotite flakes (A) and biotite
powders (B) after 70 h in solutions with different salinities (0, 0.1, 0.5, and 1.0 M NaCl) at 102 atm of
CO;and 95 °C.

The surface morphology was altered by salinity as observed in AFM analyses of biotite basal
surfaces (Figure 2). After reaction in DI water for 70 h, the basal surface of biotite was still smooth

and almost unaltered (Eigure 2A). With higher salinities, deeper and more abundant cracks formed
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on the biotite basal surfaces, with crack depths of 4.2 £ 1.3, 7.8 £ 2.4, and 56.0 + 8.4 nm for 0.1, 0.5,
and 1.0 M NaCl samples, respectively. This trend was consistent with more significant ion-exchange
reactions of aqueous Na+ and interlayer K in biotite at higher salinities, which was reported to
contribute to crack formation.(14) Formation of cracks on biotite basal surfaces exposed edge sites,
further enhancing basal surface alteration (Figure 2D). More pronounced formations of cracks
increased the surface roughness (R,) from ~1.5 to 16.6 nm (Eigure 2). For all cases, secondary
mineral formations were not significant, except for a very limited quantity of precipitates
characterized as amorphous silica and fibrous illite, as reported in our previous study.(14) Thus, the

effects of secondary precipitation on roughness changes could be ignored in this study.
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Figure 2. AFM images of biotite basal planes after reaction for 70 h in DI water (A), 0.1 M NaCl (B), 0.5 M
NaCl (C), and 1.0 M NaCl (D) solutions at 102 atm of CO,and 95 °C. The height scale is 60 nm. R, is the
root-mean-square roughness of the corresponding samples. Static CAs measured at 102 atm of CO, and 48
°Cin 0.1 M NacCl brine for the prereacted biotite flakes as in the top AFM images. Each data point represents
the average value of 10 repeated measurements of the CO, droplet on biotite basal surfaces. The error bar

stands for the standard deviation of the measurements.

In addition to morphology changes, dissolution also changed biotite’s surface charge. { potential
measurements (Table S3) show a higher negative charge on biotite powder after reaction at higher
salinities, with —19.1 mV for samples reacted in DI water and —47.6 mV for samples reacted in the
1.0 M NaCl solution. As reported by Bray et al., the release of interlayer K is not charge-
conservative.(34) More significant ion-exchange reactions occurred at higher salinities, and a larger
amount of interlayer K leached into solutions (Figure 1B), resulting in a relative negative charge in

the biotite near surface after reactions.
Chemical Reactions Make Biotite Surfaces More Hydrophilic

To understand how chemical reactions affect biotite’s wettability, we measured high-temperature
and high-pressure CAs for the prereacted biotite flakes. The static CAs of biotite basal surfaces
decreased with increasing salinity (Figure 2). Previous studies indicated the presence of thin water

films on mineral surfaces when scCQO:; is injected into deep subsurface reservoirs.(2, 6. 28, 35-37)If a

mineral surface can sustain thicker water films, it becomes more hydrophilic. To explain the static
CA changes and their relationship to water film thickness, three possible mechanisms can be

considered.
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First, a reaction-induced roughness increase can decrease the CAs. Surface roughness is a crucial
factor impacting surface wettability.(12, 38-41) As indicated by the Wenzel relation, a hydrophilic
solid becomes more hydrophilic when the surface roughness is increased.(42)Rougher surfaces can
support and stabilize thicker water films through both adsorption and capillarity.(43-45) Compared
with those of smooth surfaces, the capillary features of rough surfaces retain the wetting phase
better because they can contain more mass in deeper channels. As shown in Figure 2 in our
experiments, the biotite surface roughness increased from 1.5 £ 0.2 to 16.6 + 1.3 nm after high-
temperature and high-pressure reactions in DI water and 1.0 M NaCl solutions, respectively. Biotite
is a hydrophilic mineral,(46) and a rougher biotite surface can, thus, form thicker water films, with
consequently decreased CAs and enhanced wettability.

Second, reaction-induced changes in surface charge can result in CA change. The surface charge
can affect water film stability and thickness, with higher-magnitude values supporting thicker films
and being important in surface and interface phenomena such as wetting and adhesion.
(20)Tokunaga estimated the thickness of water films by considering van der Waals and electric
double-layer interactions and found that a decreased surface charge of silica can result in a thinner
electric double layer and in substantially thinner adsorbed water films.(20) Similarly, we postulate
that the more negatively charged biotite surface due to a significant loss of K after reaction at higher
salinity (e.g., —19.1 mV in DI water and —-47.6 mV in 1.0 M NaCl) can support thicker water films,
making the surface more hydrophilic. Hence, smaller CAs were observed for biotite basal surfaces
after reaction at increasing salinities. A caveat was raised concerning the use of the { potential
measurements of biotite powders in assessing the effect of surface charge on basal surface
wettability. Powders have more reactive edge surfaces, and the { potential measured is more likely
to be from edge surfaces. However, although the extents of the basal and edge surface charge
changes might be different, the general trend is expected to be the same for the following reasons:
(1) Basal surfaces and edge surfaces were reacted at the same time. (2) The formation of cracks
(Figure 2) exposed edges on biotite basal surfaces that could also contribute to the changes in basal
surface charges.

Third, surface functional groups interact with the aqueous phase and affect its adsorption to mineral
surfaces. Both bridging oxygens (T-O-T; T denotes a tetrahedral site) and terminal oxygens (T—OH)
are present on the surface of aluminosilicates.(47, 48) The hydroxy! groups can undergo donor—
acceptor interactions with H,O and make hydrogen bonds; thus, a higher density of hydroxyl groups
makes a surface more hydrophilic.(47. 49) In general, breaking of T-O-T linkages is the key step in

the dissolution of framework cations in aluminosilicates, and terminal oxygens form.(48, 50) We
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hypothesize that dissolution reactions increase the amount of hydroxyl groups, thus making the

biotite surface more hydrophilic. From XPS results (Table S4 of the Supporting Information), we
observed an increase in the level of hydroxyl groups from around 82.9% (DI) to 92.9% (1.0 M NaCl)
on biotite surfaces that reacted at higher salinities. Stronger interactions were expected between
water molecules and the biotite surfaces reacted at a higher salinity, leading to more hydrophilic
surfaces. Therefore, changes in surface functional groups can also be a mechanism for the
increasing hydrophilicity of biotite surfaces.

In summary, reaction-induced roughness, changes in surface charge, and changes in surface
functional groups can affect simultaneously and contribute to the more hydrophilic biotite surfaces.
Compared to the inconsistency in contact angle values of mica minerals summarized by Iglauer et
al.,(1) we suggest that the large uncertainties could come from the different chemical reaction

extents of minerals during measurement.
Reacted Biotite Surfaces Exhibit a Lower CO, Adhesion and Contact Angle Hysteresis

Figure 3 shows representative images captured from dynamic CA measurements indicating
CO.advancing (water receding) and CO, receding (water advancing) processes, and the
corresponding contact angle hysteresis (CAH) values. The CAH is generally expressed as the
difference between the advancing and receding water CAs. A more detailed explanation can be

found in section S7 of the Supporting Information. CO, adhesion refers to the event when the

CO.droplet detached from the needle tip and remained attached to the biotite surface when the
droplet was retracted by the pump. CO, adhesion was observed for all biotite samples. However,
CO.nonadhesion was also observed on biotite samples that reacted with 1.0 M NaCl solution.
CO.adhesion indicates the atomic attractive forces between the contacted surfaces of the
scCO.droplet and the biotite basal surface.(51) The effect of surface roughness on adhesion has
been studied, and a decrease in adhesion force with increasing surface roughness was reported.
(51-54)Thus, the adhesion force was expected to be lower between scCO, and biotite surfaces with

a higher roughness after reaction with 1.0 M NaCl, reducing the incidence of CO, adhesion.

- tn e— o

Figure 3. Dynamic CA measurements of biotite samples after reaction for 70 h with different salinities (0, 0.1,
0.5, and 1.0 M NaCl) at 102 atm of CO. and 95 °C. The CAs were measured in brine with 0.1 M NaCl, at 102
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atm of CO; and 48 °C. (A) These images show CO, advancing (brine receding), CO. receding (brine
advancing), and CO. adhesion or nonadhesion on biotite basal surfaces. (B) This table summarizes the

dynamic CA measurement results.

The CAH also plays an important role in residual CO, trapping, including drainage and imbibition
processes.(2, 55) During the drainage process, the brine is being displaced, and thus, the water
receding CA is representative of this process. Conversely, during the imbibition process, the water
advancing CA is operative.(2) Figure 3 shows larger CAH for those biotite samples for which
CO.adhesion was observed. The contact line is the ternary phase line among biotite, CO,, and brine.
The length of the contact line at the last moment of the CO, receding process, and before
CO.detached from the needle, is shown in Figure 3B. For CO, adhesion samples, the contact line
was pinned (or stuck) to the biotite surface and did not move smoothly. The CO, droplet detached
abruptly from the tip of the needle, leading to longer contact lines. After detachment, the CO.droplet
adhered to the biotite surface. Hong et al. suggested that in the captive drop method, the contact line

pinning results from CAH (section S7 of the Supporting Information).(56) This suggestion can also

explain our finding that CO, adhesion contributed to larger CAH and to longer contact line on mineral
surfaces.(57)

Environmental Implications

Salinities promote biotite dissolution by enhancing ion-exchange reactions, resulting in larger surface
roughness, more negative surface charges, and higher densities of surface hydroxyl groups, which
subsequently impact biotite wettability under GCS relevant conditions. This information has
important implications for capillary trapping and stratigraphic trapping of CO, in GCS sites. In
subsurface sites, the pores are occupied by brine. After scCO,; is injected, it can enter the pore
throats, displacing brine (drainage). When the injection pumps stop, the brine re-enters the pores
(imbibition), leaving some CO, trapped in the pore spaces by capillary forces that is determined by
wettability.(2, 58) Moreover, scCO, may dissolve in brine. The acidified brine can flow into the pores
and react with the minerals. Once chemical reactions between scCO, or acidified brine and minerals
cause wettability changes of pores, the increased hydrophilicity leads to higher capillary pressure. In
other words, it becomes more difficult for CO, to diffuse and be transported through porous
formations, which is beneficial for the residual trapping of CO, and sealing of the caprocks. However,

there are other factors influencing capillary pressure, such as pore size. Mineral dissolution can
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increase the pore size, decreasing the capillary pressure. On the other hand, precipitation can
decrease pore size, resulting in the opposite effect.(59) Therefore, property changes of minerals
induced by reactions are complicated and should be considered carefully.

During the imbibition process, adhesion of CO, droplets onto mineral surfaces can immobilize

CO. and increase the level of CO, residual trapping. Larger CAH leading to more significant
CO.contact line pinning will also inhibit CO, movement. Moreover, in CO,-enhanced oil or gas
recovery, CO; flooding is used to drive oil movement and promote oil production. On the one hand,
inhibition of CO, movement may decrease the oil displacement efficiency. On the other hand, it may
also prevent the bypass flow of scCO, and thus increase oil recovery. Furthermore, CAH affects the
saturation hysteresis during residual CO, trapping, and this information can aid numerical models
that include hysteresis in predicting the CO, distribution because drainage and imbibition cycles
occur during GCS.(60. 61) There is, however, a caveat that adhesion occurring in laboratory scale
experiments can be different from the translation of a meniscus during displacement processes in
the pore space of rocks. Future systematic scale-up studies should improve our understanding of
CO, adhesion.

Although other mica group minerals differ in elemental composition from biotite and can be less
reactive, they share similar subunit structures, containing interlayer, tetrahedral, and octahedral
sheets and having perfect cleavage along the {001} basal planes. If these mica group minerals
undergo reactions under GCS conditions, the effect of these reactions on wettability can therefore be
similar. Thus, a better understanding of the effects of salinity on biotite can help predict the general
dissolution trend of other abundant mica group minerals in shales. Additionally, chemical reaction-
induced surface changes significantly affect wettability. On the basis of the results of this study, we
can also infer that if the chemical reactions triggered smoother surfaces that had fewer surface
charges or contained fewer surface hydroxyl groups, there could be a decrease in the hydrophilicity
of minerals. Here, for the first time, we experimentally related salinity-induced chemical reactions to
the wettability changes of minerals under GCS conditions. Our findings elucidate the relationships
among salinity, chemical reactions, and wettability changes of minerals under conditions relevant to

energy-related subsurface operations, thus benefiting GCS and oil and gas recovery.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at
DOI: 10.1021/acs.estlett.5000359.
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