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ABSTRACT

We have developed a capillary-based system that is able to measure the contact angle in a
quartz/water/n-decane system at different temperatures up to 200 °C in a pH range of 2-12 under
elevated pressures up to 69 bar. Wettability of the reservoir rock is correlated to oil recovery and
contact angle in a three-phase system, and the contact angle is an important scale of the system
wettability. The obtained data indicate a strong temperature dependence of the contact angle from
25 °C to 200 °C at the neutral pH (increases 1.1° per +5 °C). This positive linear trend cannot be
sufficiently explained neither by the viscous force influencing the dynamic contact angle nor by
the interfacial tension on the water/n-decane interface. Instead, the variation of the interfacial
tension on the solid/liquid interfaces should be considered as well. With the increase of
temperature, pH of the same solution decreases due to a significant change of the ionization
constant of water. The contact angle shows a parabolic trend from the acidic pH to the basic pH at
the same temperature, and the maximum contact angle was observed at the isoelectric point of
quartz. The pH dependence of the contact angle can be explained via the Zeta potential of quartz,
which indicates the degree of electrostatic repulsion between the quartz surface and n-decane. We
used a general correlation to empirically describe the contact angle under different temperatures
and pH. The isoelectric point obtained from the general equation is in good agreement with data
reported in other literature based on the same solid material and method. To verify our
experimental results, we employed the surface tension component (STC) method, which divides
the surface energy into the polar part and the non-polar part, respectively. The calculated results
based on the STC method show a good agreement with our experimentally-measured contact angle.
The STC method suggests that the temperature influences both polar and non-polar interactions

between quartz and water, while pH only changes the polar interaction.
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Chapter 1 Introduction

1.1 Background on Wetting

The wetting phenomenon commonly occurs in daily life, such as when clothes are wetted
by water, or when drops of water are standing on a leaf (Fig. 1-1-1). Wetting means that a liquid
adheres to or is adsorbed into a solid when the liquid comes into contact with the solid. Wetting is
due to the interactions between solid and liquid, which involves two main forces: adhesive force
and cohesive force (Sato et al., 2010). Adhesive force is the attraction force between molecules of
different substances (e.g. between solid molecules and liquid molecules), which causes a liquid to
spread on a solid surface. In contrast, cohesive force is the attraction force between molecules of
an identical substance (e.g., between the liquid molecules themselves). Therefore, it is the cohesive
force that prevents a liquid from spreading on a solid (Martinez, 2009). Assuming there is a
solid/liquid/vapor system (e.g., leaf/water/air system), the competition between the adhesive force
and the cohesive force leads to three possible wetting states: completely wetting, partially wetting,
and completely non-wetting (Fig. 1-1-2). Completely non-wetting indicates the intrusion of a
macroscopic vapor layer between the solid and the liquid. By contrast, a completely wetting state
is when there is a macroscopic liquid layer between the solid and the vapor, and the solid and vapor
are completely separated. Partial wetting corresponds to drops, surrounded by a microscopically
thin film adsorbed on the surface, and completely wetting to a macroscopically thick layer. In a
partial wetting state the surface apart from the droplet is never completely non-wetting (Bonn et
al., 2009). Given this information, we can use a scale to describe the degree of wetting or non-
wetting. This scale is known as wettability.

Fig. 1-1-1. Water drops standing on a leaf (retrieved from fineartamerica.com).



Wettability can be regarded as the tendency of one fluid to spread on or adhere to a solid
surface in the presence of other immiscible fluids. Wettability is an important property that relates
to the surface free energy and geometric structures of a solid (Gao et al., 2010). The concept of
wettability has been widely investigated and applied in different fields, such as electrical
engineering (Park et al., 1995; Deng et al., 2019), electrochemical engineering (Xie et al., 2016;
Jeon, 2019), biochemical engineering (Wang et al., 2018; Li et al., 2020), agricultural engineering
(Stavi et al., 2016), mineral engineering (Faucher et al., 2020), petroleum engineering (Morrow,

1990; Rao et al., 1996).
AR .

Completely wetting Partial wetting Completely non-wetting

Fig. 1-1-2. Three different wetting states.

In accordance with the different wetting states previously introduced, the particular
wettability of a solid material can be categorized as water-wet (hydrophilic), oil-wet (hydrophobic),
or intermediate-wet. Over the past few decades, researchers have developed different techniques
and methods for evaluating wettability, such as the Amott-Harvey method, the United States
Bureau of Mines (USBM) method, the disjoining pressure method, and the surface group method.

In the Amott-Harvey method (Amott, 1959), an oil-saturated sample (e.g., coal) is prepared.
Initially, the sample is in its irreducible water saturation. Then, the sample is submerged into the
water, and the volume of water imbibed spontaneously, Vy,s;, can be measured by the volume of
oil displaced from the sample due to the spontaneous water imbibition process. When the sample
cannot take the spontaneous water imbibition anymore, forced water imbibition is conducted on
the sample by an external power. For instance, the sample may be centrifuged in the water. When
the forced imbibition is not able to expel any more oil from the sample, the forced water imbibition
volume, Vi, r;, can be recorded. Consequently, the water-wet index (WWI) of the sample can be

calculated as:

Wwl = —2wsi__ (1-1-1)

Vwsi+Vwrr

2


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/immiscible-fluid

By preparing the same sample in its irreducible oil saturation and then performing a similar
process via oil imbibition, the oil-wet index (OWI) of the sample can be calculated as well. The
higher the water-wet index, the more water-wet the system is, and vice versa. The difference
between the water index and oil index is called the Amott-Harvey wetting index (AHWI), and the
value of AHWI varies from +1 (strongly water-wet) to -1 (strongly oil-wet).

The USBM method was developed by Donaldson et al. (1969). Compared with the Amott-
Harvey method, the experimental process is similar. However, a capillary pressure drive is
employed for forced displacement in the USBM method. Rather than calculating the volume of
the displacement fluid, in the USBM method, the researcher generates a capillary pressure vs.
water saturation curve (Fig. 1-1-3). In Figure 1-1-3, the area enclosed by ABCDE in the figure, 41,
and the area enclosed by ABDEF, A», are related to wettability by the USBM wettability index:

W =log—. (1-1-2)

Similar to AHWI, USBM has a wettability index whose value ranges from +1 (strongly

water-wet) to -1 (strongly oil-wet).

L

Water saturation

Capillary pressure
m

Fig. 1-1-3. Capillary pressure vs. water saturation curve in the USBM method: A-irreducible oil
saturation, A—B-spontaneous oil imbibition, B—C-forced oil drive, D-irreducible water
saturation, D—E-spontaneous water imbibition, E—F-forced water drive. 4 is the area enclosed
by ABCDE and A4 is the area enclosed by ABDEF.



The concept of disjoining pressure (I14;5) was introduced by Derjaguin in 1936 (Godin et
al., 2012), and it is regarded as the result of Van der Waals forces, the electrostatic forces between
the molecules in the system, and the structural forces due to the water molecules associating with
the hydrophilic surfaces (Donaldson et al. 2008). As depicted in Fig. 1-1-4, there are 2 independent
transition zones at the top and the bottom of the wetting film. If the transition zones do not overlap
with each other, a change in the film thickness will not lead to a change in the system free energy.
However, if the transition zones overlap, the free energy of the system increases. As a consequence,
the equilibrium hydrostatic pressure in the wetting film is different from that in the bulk phase.
Disjoining pressure is the difference between these two pressures. Some authors (Butt et al., 2003)
have suggested that the disjoining pressure can be calculated as the change in the Gibbs free energy
with respect to the film thickness (h) at a constant cross-section area (A), temperature (T'), and
volume (V), multiplied by -1/4:

1 ,0G
Mg = __(_)A,T,V- (I-1-3)
A “oh

MM~{\\\\\\\\\\\\
s s s e i e iy B M

Solid

el
i i e e 0 7 A A

Fig. 1-1-4. The transition zones of the wetting film either do not (left) or do (right) overlap with
each other. The hatched area represents the transition zone.

The physical meaning of the disjoining pressure is the force that tends to separate two
interfaces (Hlrasakl, 1991). As shown in Fig. 1-1-5, it is believed that there exists a wetting film
of liquid between solid material and the meniscus of the bulk phase, assuming the liquid film is
the water phase and the bulk phase is the oil phase. Brady et al. (2016) defined such a circumstance
as the indirect adsorption of the oil phase on the solid. Therefore, in this case, it is the disjoining
pressure that spreads the solid/water interface and the water/oil interface. The Frumkin-Derjaguin

equation is used to correlate the wettability and the disjoining pressure (Kondiparty et al., 2011):



Mo(hodhe + J," Mas(Wydh = s, (1-1-4)

where [1, is the sum of the capillary pressure and the hydrostatic pressure of the oil droplet, h, is
the thickness of the water film at equilibrium, and S is the spreading coefficient, which is related
to the wettability of the solid. If S is greater than 0, the in-contact liquid is able to spread on the

solid. However, if S is less than 0, the in-contact liquid is not able to spread on the solid.

The results obtained by Wasan et al. (2003) suggested that the thicker the water film, the

more water-wet the solid substrate is, and vice versa.

The surface group (or surface complexation) method considers the chemical reactions
between the active species in the bulk phase and the functional groups on the solid surface. The
wettability of the surface is related to the species when the aforementioned reactions reach their
equilibrium. For example, Brady et al. (2016) investigated the wettability alteration (i.e., the
process whereby the wettability of a solid surface is changed) of calcite rock in a calcite/brine/oil
system by changing the pH value. They studied the bond product of the ion pairs (e.g. -COO"
groups from the oil and -CaOH," groups from the calcite) during pH variation. The bond product
is a scale of the degree of electrostatic repulsion between the oil and the solid, and it is given by
the summed products of the concentrations of oppositely charged species on oil and mineral
surfaces (Brady et al., 2012). Generally speaking, the higher the bond product, the more oppositely
charged the species in the system; therefore, the adhesion between the calcite rock and the oil

becomes stronger.

—

Fig. 1-1-5. The water (blue) film between the oil phase (orange) and the solid substrate (grey).

7 e
]

The white line is used as a visual guide for the thickness of the water film.

The surface complexation model can also be employed to predict the alteration of oil
recovery (Sanaei et al., 2019). Meanwhile, the impact of salt type (Lager et al. 2008), salt

5



concentration (Mahani et al., 2018), and pore size (Brady et al., 2016), among other characteristics.
can be studied via the surface group method. This method is not limited to calcite surfaces only,
however; it is also applicable to sandstone (Korrani et al. 2019), kaolinite (Brady et al. 2012), and

silica surfaces (Marmier et al., 1999), to name a few.

1.2 Background on Contact Angle

Along with the evaluation methods introduced in the previous section, the famous Young’s
model introduced by Thomas Young in 1805 can be used to determine the wettability in a three-
phase system. The schematic of Young’s model is shown in Fig. 1-2-1. Unlike in the disjoining
pressure method, in Young’s method, there is no liquid film between the water drop and the solid

substrate. Young’s equation is given as:

cos By = YsoVsw (1-2-1)

ow

where Oy is Young’s contact angle (°). Yo, Ysw» and Yo are the interfacial tensions on the

solid/oil, solid/water, and oil/water interfaces, respectively (mN/m).

il

Yow
Water AN
solid Vsw ... - Yso

Fig. 1-2-1. Schematic of Young’s model. Note the difference at the three-phase contact region
with Fig. 1-1-5.

The contact angle is defined as the angle formed through the water (the denser liquid phase)
where the water/oil interface meets the solid/water interface (Sonia et al., 2014). In Fig. 1-2-1, it
is the angle between vy, (parallel to the substrate surface) and y,,, (tangent to the contour of the

water drop). The contact angle is a common way to describe the wettability of a solid material



(Dwivedi et al., 2017). When the contact angle is zero, the water drop spreads on the solid substrate
completely and the solid surface is ultra-hydrophilic (water-wet); when the contact angle is 180°,
the water drop is repelled by the solid surface completely and the solid surface is ultra-hydrophobic
(oil-wet). According to Treiber et al. (1972), if the contact angle is between 0° and 75°, the surface
is considered water-wet; if it is higher than 75° but less than 105°, the surface is regarded as

intermediate-wet; when the contact angle is larger than 105°, the surface is oil-wet (Fig. 1-2-2).

The concepts of surface tension and interfacial tension are slightly different. Generally
speaking, surface tension exists at the liquid/gas interface, while interfacial tension can exist at the
liquid/liquid, solid/liquid, and solid/gas interfaces. At the phase interface, the molecules in the bulk
of the phases are surrounded in all directions by the same molecules to which they have an equal
attraction. However, those molecules existing at the phase interface are under the impact of
adhesive forces from the molecules of the different phase. Meanwhile, they take larger cohesive
forces from the molecules of the same phase that are located adjacent to them. Therefore, the
molecules at the interface are taking a force that pulls them inward to the direction of their bulk,
and surface tension and interfacial tension are the counter-force to maintain the equilibrium
(Vander Wal, 2020). A concern regarding Eq. (1-2-1) is that unlike Oy and yqw, Yso and Y, are
not directly measurable (Young, 1805; Briggs et al., 1989). This concern is discussed in the next

chapter.

\\B :| B ‘\\II g 9 '\\..\

105°-180°: oil-wet 75°-105°: intermediate-wet 0°-75°; water-wet

Fig. 1-2-2. Different contact angle values correspond to different wettability values of the solid

substrate. The solid substrate is in grey, the water phase is in blue, and the oil phase is in orange.

1.3 Background on Enhanced Oil Recovery

Petroleum engineering became a worldwide significant industry following the oil
discovery in 1859 at Oil Creek, PA. Later, the invention of the internal combustion engine and the
diesel engine during the second Industrial Revolution expanded the demand for oil. Consequently,
oil recovery technology was developed rapidly. In 2020, crude oil production in the United States
reached 18.60 million barrels per day, which constituted approximately 20% of the total crude oil
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production in the world (Energy Information Administration, 2020). Generally speaking, the crude
oil recovery process can be divided into three stages: primary recovery, secondary recovery, and
tertiary recovery, the last of which is also called enhanced oil recovery (EOR).

During the first stage of production, the pressure inside the reservoir is sufficient to drive
the hydrocarbons out of the pores to the wellbore. Primary recovery is then accomplished by the
natural rise of hydrocarbons to the ground surface due to the pressure difference (Thomas, 2007).
As oil production progresses, the pressure in the reservoir decays drastically. For example, it has
been reported that the pressure inside the Ekofisk oil reservoir in the North Sea dropped from 4,000
psi to near 2,200 psi when the cumulative production was less than 10% of the total original oil in
place (OOIP; Lewis et al., 2003). Under such a circumstance, field technicians cannot continue the
extraction via primary recovery. Secondary recovery thus begins. During secondary recovery,
water is injected into the reservoir to maintain the reservoir pressure and act as a driving agent to
displace the oil to the wellbore (Vishnyakov et al., 2020). However, only 30-50% of the total
OOIP can be recovered via primary and secondary recovery (Office of Fossil Energy and Carbon
Management, 2021) Much of the residual oil is still trapped in the porous media, and the trapped
part is difficult to migrate to production wells under the conventional water drive pressure due to
capillary force, adhesion effect on the rock surface, and the heterogeneity of reservoir permeability
(Arsalan et al., 2015). Nowadays, since most of the easy-to-extract oil has already been recovered
from the oil fields, EOR is greatly needed to boost production potential. In studying and applying
EOR, scholars and field technicians do not focus on identifying another immiscible fluid to
displace and drive the trapped oil. Instead, the wettability of the reservoir is one of the foci of EOR

research and application.

In EOR, reservoir wettability can be altered by three different methods: chemical injection,
thermal injection, and gas injection. In chemical injection, chemicals such as surfactants are
injected into the reservoir. The surfactants are able to penetrate the rock and act as a solvent at the
specific temperature and pressure (Pal et al., 2017). For example, sodium dodecyl sulfate (SDS) is
a commonly used surfactant in EOR. It is regarded as amphiphilic due to its specific structure.
SDS has a polar sulfate head group, which is its functional group, and a non-polar tail that consists
of a hydrocarbon chain. As a result, the polar group is hydrophilic while the non-polar group is
hydrophobic. Consequently, when SDS is injected into the reservoir, the non-polar groups sweep
the oil trapped on the rock surface, and the polar groups ensure that SDS and the swept oil stay in
the aqueous phase (i.e., forcing the oil to become the solute). Therefore, the oil recovery is
enhanced by enforcing the mobility of the oil (Kamal et al., 2017). However, the usage of
surfactants has some limitations: the high temperature and pressure inside the reservoir may

hamper the stability of the surfactants (Belhaj et al., 2019), and extra costs might be incurred due
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to the adsorption of the surfactants in the reservoir rock (Sandersen, 2012). In addition to surfactant
flooding, alkane flooding and low-salinity water flooding (LSWF) are within the range of chemical
injection. Chemical injections improve recovery with their high efficiency and causes very damage
to the integrity of the recovery system. However, chemical injections are usually hampered by

their high costs, environmental risks, and unpredictable effectiveness.

In thermal recovery, the temperature inside the reservoir is altered by the hot steam (such
as natural gas) injection to change the wettability of the reservoir. Solar-generated hot steam is
often used in thermal recovery, which reduces the energy costs and carbon footprint of the crude
oil produced. The drawback of this method is that another hot steam injection well is needed and

it is not always economic feasible.

Gas injection accounts for nearly 60% of the total EOR production in the United States
(Enhanced Oil Recovery, Energy. gov). Gases such as carbon dioxide and nitrogen are injected
into the reservoir; then the oil and the gas are mixed in a random proportion (Lou, 2019). The
mixture is in a single phase (i.e., there is no interfacial tension). As a result, the oil saturation of
the reservoir is minimized (Teletzke et al., 2005). The injection of gas can lower the viscosity of
oil. However, the relative low density and viscosity of CO2(g) compared to reservoir oil are

responsible for gravity tonguing and viscous fingering (Masoud, 2015).



Chapter 2 Literature Review

2.1 Contact Angle Measurement Technique

2.1.1 Sessile Drop Method

The sessile drop method is the most commonly utilized method to measure the contact
angle (Yuan et al., 2013). In the sessile drop method, a liquid (e.g., water or oil) drop is metered
onto a solid substrate. The surface of such a substrate should be as smooth and homogeneous as
possible to ensure the accuracy of the measured results. The sessile drop method can be divided

into the drop-profile method, drop-dimension method, and axisymmetric drop shape analysis.

In the drop-profile method, the contact angle is measured by observing the profile (or shape)
of the drop directly. Bigelow et al. (1946) projected a test drop on a screen, from which the outline
of the drop could be shown. Then, they employed a telescope goniometer to complete the contact
angle measurement. The development of the image and photographic technology provides an
alternative for the aforementioned projection, the photo of the drop was taken as for the contact
angle analysis. Compared with the projection, the accuracy of the measurement is enhanced
significantly with the usage of high magnification (i.e. zooming in or out), and the solid/drop
contact line and the three-phase contact point on the photograph can be repeatedly reviewed to
ensure the reliability of the measurement. Hunter (2001) found that the accuracy of such
measurements can be controlled within a + 2° range for those contact angles greater than 20°. In
this method, the contact angle can be measured conveniently using only small amounts of liquid
and a small, flat solid surface. However, the measured results are significantly influenced by the
impurities on the solid surface; preparing an absolutely clean surface is impossible. Another
concern is that the camera focuses on the largest meridian section. In other words, the contact angle
is measured on a single base line where the meridian plane meets the contact line. However, the
contact line may not be perfectly horizontal due to the surface roughness (Chau, 2009). Therefore,
the drop-profile method is regarded as the most convenient method when high accuracy is not

needed.

Unlike in the drop-profile method, in the drop-dimension method, the contact angle is not
directly measured. Instead, it is calculated from the dimension of the drop. For example, Spitze et
al. (1947) measured the height of the drop at equilibrium % and the width of the drop at solid/liquid

contact point d. Then they used the following equation to calculate the contact angle:
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0 2
tan;—;. (2-1-1)

While the aforementioned method considers the equilibrium height and width of the drop,
another strategy of the drop-dimension method, the axisymmetric drop shape analysis-profile
(ADSA-P), fits the famous Young-Laplace equation (Butt et al., 2006) to calculate the contact

angle:

y(+-)=2P, (2-1-2)

R1 R

where R; and R, are the principle radii of the curvature (in m), AP is the pressure difference
between the two sides of the curvature (in Pa), and y is the interfacial tension on the solid/water

interface (in N/m).

2.1.2 Capillary Rise Method

Capillary rise (or capillarity action) is a phenomenon in which the liquid rises or falls
spontaneously inside of a narrow path, such as a capillary tube or the pore throat inside of the rock.
As shown in Fig. 2-1-1, a meniscus is formed because of the internal cohesion of the substance
and the adhesion between the liquid and the solid (Kaliakin, 2017). The curvature of the meniscus
can be either positive or negative depending on the properties of the solid and the liquid. Since the
phase interface is curved, there must a contact angle between the solid and the liquid, and this is
one of the output results of the capillary rise method.

In the capillary rise method, the contact angle can be calculated using the following

equation:
cosE):pyﬂ (2-1-1)

where h is the height of the liquid column at equilibrium (in m), y is the interfacial tension at the
meniscus (in N/m), p is the density of the liquid (in kg/m?), g is the local gravitational acceleration,

(in m/s?), and r is the inner radius of the tube (in m).
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Fig. 2-1-1. Schematic of the capillary rise method. The materials comprising the container and

the capillary wall are different.

The capillary-based system is more appropriate than other methods for representing the
reservoir wettability (Wei et al., 2018). Compared with the sessile drop method, the capillary rise
method outputs the dynamic contact angle, which better reflects the fact that the water/oil interface
is advancing in the reservoir (i.e., a dynamic process). The effect of porosity can be studied by
changing the dimension of the capillary (Li et al., 2014). The capillary rise method can be adapted
to a smaller sample size for measurement since it is hard to deposit drops smaller than 1 mm in the
sessile drop method. However, to the best of our knowledge, most of the capillary-based contact
angle measurement experiments have been conducted under room conditions. It is necessary to

simulate the high-temperature and high-pressure conditions inside the reservoir.

The drawback of the capillary rise method is that it requires a large vessel so that the
meniscus formed in the vessel does not interfere with the one formed in the capillary, thereby
ensuring the precision of the measured height. Therefore, a large amount of liquid is needed
(Mulqueen et al., 2020). In addition, if the curvature of the meniscus is negative (convex), the
weight of the liquid above the apex of the meniscus will be ignored in Eq. (2-1-1), while in theory
this weight should be considered. Researchers have made some corrections to the method (Liu et

al., 2014) to eliminate this flaw. These corrections have made the data treatment more complex.

In porous materials, the direction of the pores (capillaries) may not be solely vertical. The

Washburn equation is another approach to calculate the contact angle inside porous media:

2
cosf = 21X (2-1-2)

yrt’
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where 7 is the viscosity of the liquid, and L is the penetration distance of the liquid in the capillary

within time, t.

The Washburn equation is another convenient approach to calculate the contact angle
inside the capillary. However, it was derived based on the assumption that there is a solid material
containing idealized pores in the shape of parallel capillaries, which is a significant simplification
compared with the real status of porous materials (Zaccardi et al., 2018). Moreover, the Washburn
equation is not suitable for non-Newtonian fluids such as ink and blood.

2.1.3 Wilhelmy Plate Method

The Wilhelmy method, named after German chemist Ludwig Wilhelmy, is another indirect
contact angle measurement approach. The schematic of this method is shown in Fig. 2-1-2. A thin
plate (e.g., glass, platinum, paper) is vertically placed halfway into the liquid. In this method, both
the vertical force that acts on the plate and the dimension of the plate itself need to be confirmed.

Then, the contact angle can be calculated by the following equation:
F
0 = arc cos(E), (2-1-3)

where [ = 2(w + d) (in m), F is the vertical force, (in mN), and y is the surface tension at the

water/air interface (in mN/m).

In modern experiments, the movement of the plate is usually controlled by the computer
(Tiab et al., 2012). As such, the instantaneous vertical force variation can be detected and the
contact angle value can be updated quickly. The plate material does not impact the measured
results as long as it can be wetted by the liquid (Butt et al., 2003). The drawback of this method is
that a relatively large amount of liquid is needed.

13



Fig. 2-1-2. Schematic of the Wilhelmy plate method. The external force F is acted on the bolded

vertical line, and its direction can be either upward or downward.

2.1.4 Microscopy Methods

Some research has focused on determining the contact angle of a small particle (Ducker et
al., 1994; Ralston et al., 1999), but the aforementioned methods are not good options for doing
this. The development of advanced microscopy techniques such as atomic force microscopy (AFM)
has provided solutions to this problem. The interaction forces between the particles and the
aqueous solution can be determined with AFM. Then, the values of the contact angle can be

obtained after a series of theoretical treatments.

Microscopy methods were not commonly employed for contact angle measurement for the
following reasons: Compared with the methods discussed earlier, a complex calculation process
was a part of the microscopy methods and there were several assumptions and ambiguities in the
calculation and analysis as well as the experimental setup and calibration (Johnson et al., 2006).
Nguyen et al. (2003) reported that the three-phase contact point relative to the particle was difficult
to determine, and it was likewise hard to determine whether the obtained contact angle could be

used as a standard by which to judge the wettability of the surface, as discussed in Section 1.2.

2.2 Contact Angle Theories
2.2.1 Young-Dupre Equation

As we mentioned earlier, v, and yg,, cannot be directly measured. The Young-Dupre

equation provides a solution to this problem. When the solid phase is wetted by the water phase,
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the individual phase surfaces that existed previously disappear, and a new interface is formed to
separate the two immiscible phases. This process is related to energy change. The work must be
done to form the new interface is ‘the work of adhesion’ (Ebnesajjad et al., 2015). In a
solid/water/oil system, the total work of adhesion, W,, can be obtained using the following
equation (Licari et al., 2011):

Wi =Yso + Yow — Ysw- (2-2-1)

Combining Eq. (2-2-1) and Young’s equation (Eq. 1-2-1), the following equation can be
obtained:

W, = Yow(1 + cos By). (2-2-2)

Eq. (2-2-2) is known as the Young-Dupre equation. In this equation, W, replaces the
unmeasurable interfacial tensions. Therefore, the Young-Dupre equation makes it possible to
determine the work of adhesion via the available 8y and y,,, measurements. In some cases, the

work of adhesion can be interpreted as the work required to separate one liquid into two parts.

2.2.2 Surface Tension Component Method

The surface tension component (STC) method is a significant reference in our work. This
method was introduced by Oss et al. (2006). In the STC method, the surface tension of a single

phase i, is divided into two parts:

Vi =viVW +viE, (2-2-3)

where the superscript “LW” indicates the Lifshitz-Van der Waals component of the surface tension,
which is due to non-polar interactions, including induction force, dipole-dipole force, and
dispersion force (Chaudhury, 1984). The superscript “AB” indicates the Lewis acid-base
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component of the surface tension, which is due to polar interactions such as hydrogen bonds.

Similarly, for the phase interface, the following equation can be written:

Yiz = VIy + V45, (2-2-4)

where subscripts “1”” and “2” are the immiscible phases 1 and 2, respectively.

The Lifshitz-Vander Waals component of surface tension is due entirely to non-polar

interactions, which can be calculated by the following equation:

Viy = ( /Y%W — YWy =yEW — W 4 2 /y%""y%"". (2-2-5)

The Lewis acid-base component of surface tension is due entirely to polar interactions,

which can be obtained with the following equation:

viz = 2(JYTv: +VY3vz +VYTva +Vvivi), (2-2-6)

where y{ is the electron-acceptor component of y;, and y; is the electron-donator component of
Y;. For non-polar substances, both y{ and y; are 0; for dipolar substances, both y; and y; are

not 0; and for monopolar substances, y; or y; is 0 (Oss, 1993).

Generally speaking, Y'Y can be theoretically calculated. However, based on our literature
review, no theory has been introduced to calculate y‘?B. As a result, it is treated like an empirical
constant that depends on the solvent chemistry, temperature, pH, among other characteristics. A
more detailed discussion of the STC method is provided in Chapter 7.

2.3 Effects of Surface Roughness and Heterogeneity on Contact Angle

Young’s equation is based on the assumption that the surface is absolutely flat, smooth and

homogeneous. However, this kind of ideal surface does not exist. The influences of surface
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roughness and heterogeneity on the macroscopic contact angle measurement are addressed in this
section (Hebbar et al., 2017). We introduce a phenomenon that occurs for the aforementioned
reasons and present two contact angle models considering the effects of surface roughness and
heterogeneity.

2.3.1 Contact Angle Hysteresis

If we take a look at raindrops on a window on a rainy day, we may find that they stick to
the window surface despite the fact that the window is oriented vertically. Meanwhile, the shape
of the raindrops is inclined to the ground. This is due to contact angle hysteresis (CAH), which
keeps the droplets in place even as gravity pulls the droplets downward (Eral et al., 2013). Fig. 2-
3-1 shows CAH on a titling surface. CAH refers to the phenomenon in which there is a difference
between the advancing contact angle (0a) and the receding contact angle (6r). CAH can be
attributed to surface defects (i.e., the surface not ideally smooth and flat) and a possible difference
in the surface chemical composition. Butt et al. (2006) reported that this possible difference is
usually from 5° to 20°. From the point of view of thermodynamics, CAH reflects the activation
energy required for shifting a drop from one metastable state to another (Gao et al., 2006). In recent
years, CAH has played a role in different industrial applications such as ink-jet printing (Krainer
et al., 2020).

Fig. 2-3-1. Schematic of contact angle hysteresis on a titling surface.

2.3.2 Wenzel Contact Angle

To account for the effect of surface defects, Wenzel (1936) proposed the concept of the

‘roughness factor’ to modify Young’s equation. He assumed that the actual surface area of a solid
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surface is increased because of surface roughness, and surface roughness increases the actual solid-
liquid contact area. As a result, the interfacial tension at the solid/liquid and solid/oil interfaces is
changed. Consequently, a different apparent contact angle (i.e., the contact angle obtained based

on a real surface) can be observed.

As shown in Fig. 2-3-2, one important assumption of Wenzel’s model is that the liquid can

penetrate the roughness grooves completely. Then, the Wenzel equation can be written as:

Yow COS Oy = Y(Yso - YSw)s (2-3-1)

where Oy is the Wenzel contact angle and Y is the roughness factor of the solid surface, which
refers to the ratio of the actual solid-liquid contact area and the apparent (geometric) solid-liquid

contact area of the surface.

Combining Young’s equation and the Wenzel equation, we have:

=y WsoeYsw) _ y 50, (2-3-2)

ow

cos By

Fig. 2-3-2. Schematic of Wenzel contact angle. The white part represents air.

The preceding equation indicates that the value of cos By is positively related to roughness
(Y) when the intrinsic contact angle, which is obtained based on an ideal surface, By, is less than
90°. In other words, an increase in the surface roughness will cause the water-wet surface to

become more water-wet. Similarly, when By is greater than 90°, the surface roughness increases,
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and the oil-wet surface becomes more oil-wet. However, there are some inconsistencies between
this predictive trend and the experimental results reported in the literature (Morrow, 1975). In
addition, according to Eq. (2-3-2) there is only a single apparent contact angle value that
corresponds to a roughness factor. If the surface is composed of different kinds of materials and
different roughness structures, such as grains of sand with different amounts of space between
them, it might be hard to determine the value of V', and the 1-1 map between Y and 0y, may not be

guaranteed.

2.3.3 Cassie-Baxter Contact Angle

As we mentioned earlier, the Wenzel model is not applicable to chemical-heterogeneous
surfaces. To solve this problem, Cassie and Baxter (1944) developed a new approach. They came
up with the concept of ‘complex contact’ to describe the wetting condition of a drop on a
heterogeneous surface. As shown in Fig. 2-3-3, the Cassie-Baxter contact angle is obtained based
on the assumption that the liquid will not leak into the grooves and some air exists in the grooves.
Therefore, most of the liquid will be directly in contact with the solid surface while the other parts

will be in contact with the air. The Cassie-Baxter (CB) equation for this condition is given as:

cos O¢cg = fs cosB; + f, cos O, (2-3-3)

where O¢p is the Cassie-Baxter contact angle, 65 and 6, are the intrinsic contact angle for the
solid-liquid-air and liquid-air-air interface, respectively, and f; and f, are the fractions of the

liquid-solid interface and the liquid-air interfaces, respectively (fs+f,=1).

If 0, 1s taken to be 180° by assuming the liquid is a perfect sphere when the air is in contact

with the liquid, then the CB equation can be rewritten as:

cosOcg = fs(cosB, + 1) — 1. (2-3-4)
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Fig. 2-3-3. Schematic of Cassie-Baxter contact angle. The white part represents air.

It can be predicted from Eq. (2-3-4) that with the increase of the solid-liquid surface area
fration (f;), a higher cos 08¢ value can be obtained. Hence a smaller 8¢ value can be calculated,
and the surface becomes more water-wet. If so, the apparent contact angle should be increased
with the increase of the water/solid contact area. However, a direct challenge to the CB equation
has been presented by Gao et al. (2007). In their experiments, they prepared different materials in
various topographies. Then, they experimentally measured the contact angle by setting f, in Eq.
(2-3-3) to 0. The obtained O was used for theoretical calculation according to CB’s model by
changing the values of f; and f,,. Simultaneously, they measured the contact angle under different
fs and f, by changing the dimensions of the solid material. Unfortunately, they found significant
discrepancies between the experimental results and the calculated results when using the same f;
and f, values. Therefore, they argued that the contact angle is not determined by the solid-liquid
surface area. Instead, the interactions on the three-phase contact line beneath the droplet and the
structure of the contact line are essential for determining the contact angle. This point of view has
been supported by other papers (McHale, 2007; Seo et al., 2015). In addition, it was suggested that
the CB equation is only applicable to those liquid droplets that are sufficiently large compared
with the surface roughness (i.e., grooves on the surface); the size of the drops should be around 3

orders greater than the dimensions of the roughness (Carmeliet et al., 2017).

2.4 Effect of Wettability on Oil Recovery

The wettability of a reservoir is described by complex interactions between the solid (i.e.,
reservoir rock) and the liquids (i.e., water, brine, crude oil) within the pore scale of porous media.
These interactions determine the efficiency of displacement of the oil in the reservoir (Morrow,

1990). As a result, wettability impacts oil recovery.
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It might seem intuitive that a strong water-wet reservoir is associated with strong capillary
imbibition forces, which give the most efficient oil displacement (Agbalaka, 2008). Kulini¢ (2015)
assumed that a much greater oil recovery is reached in a hydrophilic reservoir than in a
hydrophobic reservoir when water is injected into the reservoir to displace the oil. For hydrophilic
rocks, oil is displaced as the front of the waterfloods. For hydrophobic rocks, waterfloods can only
penetrate a narrow path for themselves, while a significant amount of oil is not displaced (Fig. 2-
4-1). However, Falode et al. (2014) tested the oil permeability of a sample that contained quartz
and carbonate under different wettability. Their results showed that the relative permeability of the
crude oil increased from 0.29 to 0.56 when the sample changed from water-wet to oil-wet. Tje
higher the relative permeability of oil, the better the conditions for oil recovery. Therefore,
understanding the correlation between reservoir wettability and oil recovery is significant for

altering reservoir wettability in the right direction for optimal recovery that saves time and money.

Qil recovered

I

Water injection Water injection

Fig. 2-4-1. Water injection of the hydrophilic rock (left) and hydrophobic rock (right) during

secondary recovery. Reproduced based on the opinion of Kulini¢ (2015).

In recent years, there has been an increasing number of reports suggesting that better oil
recovery rate is reached when the reservoir changes from strongly water-wet to intermediate-wet
(Agbalaka, 2008). Jadhunandan et al. (1991) conducted several advanced core analyses for
wettability (ACAW) based on a sandstone/brine/crude oil system. Their results showed that oil
recovery rate by waterflooding is better increased by altering the system from strongly water-wet
to weak intermediate-wet, and they reported the optimum recovery at a 0.2 Amott-Harvey
wettability index. This point of view is supported by other researchers who conducted their
experiments based on various solid materials such as chalk (Graue et al., 1999) and carbonate rock
(Skauge et al., 2006).
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Fig. 2-4-2. Distribution of water and oil in different wetting behaviors of the rock. The oil

recovery vs. wettability plot was reproduced based on Fig. 6 from Wang et al. (2011).

The intermediate-wet reservoir is the most preferred for oil recovery. The relationship
between oil recovery percentage and reservoir wettability is shown in Fig. 2-4-2. If the system is
strongly oil-wet, the oil will be trapped in the small pores on the wall of the reservoir rock, making
it difficult for water to drive the oil in these small pores. If the reservoir is strongly water-wet, the
water phase forms collars in the pore throat. Then the migration of the oil will be blocked, and the
oil will be trapped in the large pores. This phenomenon is called snap-off (Singh et al., 2017).
However, if the reservoir is intermediate-wet, no capillary pressure exists on the intermediate-wet
surface strata (Jiang, 2018). Therefore, the advancing of the water/oil interface is free from the
impact of capillary forces and the non-ideal conditions in strongly water-wet and oil-wet reservoirs.
Injected water will flow evenly through both the large and small pores in the reservoir, increasing
the sweep efficiency and oil recovery rate.

2.5 Temperature and pH Effect on Wettability

Temperature and pH change reservoir wettability. They are in the range of thermal
recovery and chemical injection recovery, respectively. Jadhunandan et al. (1995) reported that the
wettability of sandstone changed from strongly water-wet to intermediate-wet when the
temperature increased from 26 to 80 °C. The same trend has been reported by other authors
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(Sharma et al., 1985; Nasralla et al., 2013). An increase in temperature may improve the mobility
of oil by reducing the surface energy at the water/oil interface and lowering the viscosity of the
crude oil. However, a reverse wettability alteration trend as the temperature increases has been
reported as well (Hjelmeland et al., 1986; Hamouda et al., 2006). The thermal energy may not
influence not only the fluid properties and fluid-fluid interactions but also the solid-fluid
interactions.

The investigation of the pH effect on reservoir wettability is often conducted via the surface
complexation method (Chapter 1). For example, Xie et al. (2018) reported that a calcite rock
surface changed from weakly water-wet to strongly oil-wet when the pH was increased from 3 to
8. This shift occurred because the shift in pH causes a corresponding shift in the number and type
of functional groups on the phase boundaries (interfaces). The sum of the bond product (Chapter
1) is also varied. Hence, the degree of repulsion between the solid surface and oil surface changes.
Al-Rossies et al. (2010) suggested that in addition to affecting functional groups, the increase in
pH lowers the interfacial tension at the water/oil interface, thereby improving oil recovery.

A better understanding of the independent effects of temperature and pH is needed. Based
on our study, the range of experimental temperatures employed was limited (usually less than
100 °C). Compared with the available reservoir conditions (Table 2-1), the 100 °C limitation
prevents us from simulating the actual conditions in a reservoir. Meanwhile, pressure should not
be restricted to atmospheric pressure only. There might be some room for investigating how the
mechanism of wettability alteration is affected by these external conditions. For example, a more
detailed understanding of temperature and pH effects on the solid/fluid, fluid/fluid interactions (e.g.
Van der Waals forces, hydrogen bonds) is necessary. In addition, researchers should study the
coeffect of temperature and pH so they can provide more practical suggestions to EOR.

The contact angle is the most universal measure of the wettability of surfaces (Morrow,
1990). We can better understand how the wettability of a particular surface is altered if we

determine the contact angle dependence based on temperature, pH, and pressure.
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Table 2-1 Available reservoir temperature data.

Reservoir Depth (m) Temperature (°C) Reference
Teapot Dome field, US 2130 120 Gong et al. (2011)
Maverick basin, US 3960 160 Erdlac et al. (2007)
Maverick basin, US 5182 224 Erdlac et al. (2007)
Delaware-Val Verde 7600 220 Erdlac et al. (2007)
basin, US
Utica play, US 2130-3660 100-200 U.S. Energy Information
Administration (2017)
Changji oilfield, China 3000 140 Qin et al. (2018)
Golden Eagle oilfield, 2255 170 Pinnock et al. (2020)
UK
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Chapter 3 Research Objectives

Based on the previous discussion of the contact angle, wettability, and oil recovery we

identify the following main objectives of this study:

1. Conduct experimental studies on contact angle measurement under different external

conditions, such as temperature and pH.

In the previous chapters, we have noted that the wettability of the reservoir is related to oil
recovery. The reservoir wettability changes the external conditions due to the variation in the
interactions at the surface. This process is known as ‘wettability alteration.” The contact angle is
an experimentally measurable parameter that reflects the wettability of the system. As mentioned
in Chapter 2, there is a very limited capillary-based study that investigated contact angle variation
under high temperature, high pressure, varied pH values, and a combination of these important
parameters. Therefore, the first purpose of the present study is to develop a capillary-based system
that is able to measure the contact angle at high temperature and pressure values. The experimental
design should likewise be capable of elucidating a window to learn the influence of other
changeable parameters (e.g., pH, salt concentration, salt type) on the contact angle. Note that in
the experimental system, all these aforementioned parameters can be utilized as a single variable

or combined at random.

2. Understand the impact of temperature and pH on quartz wettability.

As mentioned in Chapter 2, the effects of temperature and pH on wettability alteration
require more investigation. In this study, we focus on contact angle variation in a quartz
capillary/water/n-decane system. The wettability alteration results of the quartz at different
temperatures (from 25 to 200 °C) and pH (from 2-12) can be deduced based on the experimental
results. Broader experimental temperature and pH ranges would allow us better replicate actual
reservoir and EOR conditions.

3. Compare the available numerical models for estimating the contact angle at different

temperature and pH values.

Chapter 2 introduced some of the available theories and methods for contact angle
prediction, such as the surface tension component (STC) method. However, we are not sure if

these models are suitable for our experimental data and if the accuracy of the models will hold
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with the experimental temperature and pH ranges. Therefore, in this study, we will verify if the
available models are applicable to our experimental system and results. If they are not, we will
discuss the reasons. We will also make corrections to identify whether there is a suitable model to
describe the temperature and pH dependence of the contact angle obtained in our study.
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Chapter 4 Experiment

4.1 Experimental Apparatus

The schematic of our experimental system for contact angle measurement is shown in Fig.
4-1. The core part of the system is a large steel cell with a quartz capillary inserted inside. Two
fluid inlets are connected with a Masterflex Single Head Piston Pump from Cole-Parmer (which
can adjust the flow rate from 10 to 300 mL/min), combined with 1/16-inch steel tubing controlled
by the inlet valve. Different fluids (e.g., water, n-decane) can be injected into the capillary
separately. The temperature of the system is controlled by eight heating cartridges (four per side)
and a pre-heater at the fluid inlets. Pressure seals are installed at six different locations on the
system to keep the system pressure constant, and a pressure gauge is employed to monitor the
pressure variation. The system pressure can be adjusted using the pressure relief valve located at
the top of the cell. The illumination of the system is carried out by inserting a fiber-optic light
probe into the cell from the side opposite of inlets. This illumination allows us to see the phase
interface and the three-phase contact point more clearly. A sapphire window is installed at the
center of each side of the cell to provide a visual for monitoring and recording. The system
illumination can be boosted by allowing ambient laboratory light to enter the system from the
windows. The advancing interface is monitored and recorded using a Lumenera Infinity2

Microscopy Camera and computer software.
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Outlet 7
——

Inlet Vale 1 P T
inferl  — Sy il Preheater el

1 Capillary ) ;

|i'I|E‘L2 ________ . R .\\ e : AR A nghtthe
1 TR [k i
L1 Viewort i1 —

Inlet Vale 2 [

Flow Path
Thermocouple

\ | Pressure Gauge . Heat Cartridge

Drain Valve

Fig. 4-1. Schematic of the experimental system.

27



Capillary-based systems have been used in previous studies to investigate the contact angle
(e.g., Barajas et al., 1993; Al-Zaidi et al., 2018) under room conditions. Some non-capillary-based
experimental systems have been developed to investigate the contact angle at high temperatures
(e.g., Plevachuk et al., 2010; Sarmadivaleh et al., 2015; Blake et al., 2019). Our experimental
system is the first capillary-based high-temperature contact angle device. Rather than allowing us
merely to investigate the temperature dependence of the contact angle, our design enables us to
study the effects of pH, flow rate, salt type, salinity and other parameters on the dynamic contact
angle. In addition, three-phase contact point movement can be recorded continuously (about 5 mm)

during the advancement of the fluids along the capillary tube.

4.2 Materials

In our experiments we studied the influence of temperature and pH on the contact angle.
In the experiments in which temperature was the only variable, distilled water (DI water) and
normal decane (nC1o or n-decane, >99%) from Sigma Aldrich were used as the experimental fluids.
Isopropanol (70% in water) from Sigma Aldrich was utilized to flush the system frequently and
eliminate impurities. The contact angle measurements were taken inside a fused quartz capillary
with a 3 mm inner diameter manufactured by Technical Glass Products, Inc. In the experiments in
which both temperature and pH were varied, hydrochloric acid (1.0 N standardized solution) from
Alfa Aesar and sodium hydroxide pellets (>99 %) from Mallinckrodt Baker, Inc. were used for pH

adjustment.

4.3 Methods

The silica surface is covered by a high density (4.6 groups/100 A?) of hydroxyl groups (Si-
OH; Armistead et al., 1969). A Si-OH group is formed when siloxane (Si-O-Si) and water react.
This process is called the surface hydroxylation of silica (Morel et al., 2009). The silica surface
shows different hydroxylation states based on different dry pretreatment temperatures, different
hydroxylation states impact the contact angle (Muster et al., 2001). In our experiments, to
rehydroxylate the silica surface site, the quartz capillary was treated in 80 °C DI water for a week.
Before the test, was performed the quartz capillary was flushed and filled with DI water. In the
experiments studying the pH effect on the contact angle, HCl(aq) or NaOH(aq) was flushed and
filled. The experiments were performed from 25 to 200 °C under a constant pressure of 1000 psi
(69 bar). When the system was heated to a new experimental temperature, two days were given

for the system to reach thermal stability (+0.3 °C). Then, small amounts of fluid were injected into
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the system to introduce the water/n-decane interface. In our experiments the roughness of the
quartz capillary was assumed to be 1. The test of the roughness and homogeneity of the quartz

surface is introduced in the next chapter.

During the experiments, the pump flow rate was set to 0.15 mL/min, and the flow velocity
of the contact line was maintained at 0.71 mm/s. According to the dynamic contact angle theory,
a more significant capillary number, A, leads to a larger contact angle (Hilpert, 2009), while A,

increases with an increase in the flow rate:

A= (4-1)

where u is the dynamic viscosity of the advancing fluid, v is the flow rate, and y,,, is the

interfacial tension on the fluid/fluid interface.

In our experiments, the flow rate variation did not impact the contact angle significantly.
The measured contact angle decreased by around 0.6° when the flow rate was reduced from 0.71
to 0.09 mm/s at 25 °C. The contact angle measurements were carried out when the non-wetting
phase, n-decane, was injected as the advancing phase. When the wetting phase, DI water, was the
advancing phase, the advancing interface moved back and forth within a short section (0.05 mm
to 0.2 mm) along the capillary and suddenly jumped a distance (0.5 mm to 1 mm) away, making
image analysis difficult. The effects of pressure and the capillary diameter were also taken into
consideration. To the best of our knowledge, the contact angle changes significantly under very
high pressure; for instance, the contact angle in a mica/water/n-decane system increases around 8°
when the pressure changes from atmospheric pressure to 30 MPa (Hansen et al., 2000).
Nevertheless, in other studies, the contact angle variation due to pressure changes has been
negligible (Siemons et al., 2006; Li et al., 2007; Song et al., 2020) within an approximate 0—100
bar pressure range. In our experiments, the system pressure was controlled at 1000 psi (69 bar).
Recent studies have shown that the contact angle decreases as the larger capillary diameter
increases capillary/brine/oil (Li et al., 2014) and capillary/brine/air systems (Al-Zaidi et al., 2018).
Therefore, the inner diameter of the quartz capillary was held constant at 3 mm during our

investigation.

The density (p) and viscosity (17) of water and n-decane, the solubility of water in n-decane,
andthe water-decane interfacial tension (y,,,) at each experimental temperature are presented in

Table 4-1. Since the quartz capillary was positioned horizontally during the tests, the impact of
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gravity on the DI water/n-decane interface must be considered when the capillary length, [, is

greater than the capillary radius. [. is defined as:

= |22, (4-2)

where Yo 1S in mN/m,Ap is the fluid density difference in g/mL; and g is the gravitational
acceleration (9.81 m/s?).

The calculated [, decreases linearly from 4.4 mm at 25 °C to at 3.2 mm at 200 °C (Table
4-1); however, it is consistently higher than the diameter of the capillary (3 mm). Therefore, the

influence of gravity on the shape of the interface appears to be negligible.

Table 4-1 Some properties of DI water and n-decane at different temperatures according to the literature.

t(°C)  py (kg/m’) 7y (uPas) Po Mo (WPas)'  Solubility Yow L
! (kg/m?) of waterin  (mN/m)®  (mm)

2 n-decane

(mol %)!
25 1000 891 737 919 0.04 50.25 4.4
50 991 547 718 661 0.14 47.24 4.2
75 978 378 698 502 0.35 44.23 4.0
100 961 282 678 396 0.82 41.21 3.9
125 942 222 656 322 1.73 38.20 3.7
150 919 183 633 267 3.45 35.19 3.5
175 895 155 608 224 6.65 32.18 34
200 868 134 580 191 12.81 29.16 3.2

[1] Calculated by OLI Studio v10; OLI systems, Inc.
[2] From webbook.nist.gov

[3] Extrapolated from Jennings (1967).

4.4 Image Analysis

The focus, contrast ratio and brightness of the videos documenting each experimental

condition were adjusted and optimized at each experimental condition before they were taken. In
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order to determine the impact of surface roughness, videos for each advancing interface (drainage
process) were divided into snapshots at three consistent locations inside the capillary that were
spaced 1.0 mm and 1.6 mm apart. ImageJ software (1.53a) with the Contact Angle plugin by Marco
Brugnara was then used to interpret all contact angles. The schematic of the ImageJ analysis is
shown in Fig. 4-2. The image was rotated 90° clockwise before the following analytical procedure
was performed. First, the base line was generated by selecting the three-phase contact point and
using the point as one end of the horizontal line perpendicular to the capillary wall (the white lines).
Next, the contour line was formed by clicking points along the contour of the DI water/n-decane

interface. Then, the contact angle 0 was calculated based on an ellipse approximation.

During our experiments, the bottom contact points (left-hand side in Fig. 4-2) were slightly
in front of the top contact points in each video. In other words, the other end of the base line was
not the three-phase contact point. Therefore, we analyzed 6 on each side. When comparing ImageJ
with hand calculated 0 results generated by Auto CAD, Image]J gave 0.5° smaller contact angles
than the hand calculations on average. In each temperature and pH condition, the measurement
taken by ImageJ 36 times (18 times for each side of the capillary). In all our experiments, ImageJ’s

calculated 0 gave a 1.2° average and 2.5° maximum of the standard deviation.

Tangent
Contact
Angle

S/

Contour line

Fig. 4-2. ImageJ analysis of the contact angle at the quartz/distilled water/n-decane
interface. The image of the capillary was rotated 90° clockwise for the ImageJ

analysis. The inner quartz surface is outlined in white.
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Chapter 5 Results and Discussion

5.1 Temperature Effect on Contact Angle (25-200 °C) at Neutral pH

Temperature is one of the significant parameters that influence wettability and the contact
angle. Previous studies showed that the temperature dependence of the contact angle is highly
specific to the composition of the three-phase system. In our review, we found that a very limited
number of relevant experiments based on a quartz/brine/n-decane system have been carried out.

Rao (1996) investigated the temperature dependence of the contact angle in a
quartz/brine/crude oil system under 4.4 MPa. Their results showed that the contact angle remained
nearly constant at 20° at the temperature range of 20 to 162 °C. The contact angle linearly increased
from 20° at 162 °C to 180° at 196 °C. The data obtained by Kakati et al. (2018) in a quartz/1 M
NaCl(aq)/n-decane system showed a linearly increasing trend from 25 to 55 °C for the contact
angle. Zhang et al. (2018) measured the contact angle in a solid/brine/crude oil system at elevated
temperatures (35 to 110 °C) from 10 to 70 MPa. Nine different solid materials were tested. For
quartz, the contact angle dropped to 8°; however, it was hard to see the contact angle changes on
the carbonate and calcite surfaces as temperature increased. The contact angle measured by Haagh
et al. (2018) in a quartz/diluted seawater/oil+0.1 mM stearic acid system decreased as the
temperature increased to 40 °C; it then began to increase until 60 °C.

Recognizing that most studies involving quartz are limited within 100 °C, we expanded the
temperature range to 200 °C. Our new experimental results contribute to scholars’ understanding
of wettability alteration in quartz/DI water/n-decane systems and help to elucidate the change in

interactions between different phases across a wide range of temperatures.

5.1.1 Results

Our experimental results regarding the temperature dependence of contact angle from 25—
200 °C are compared to those available in other literature in Fig. 5-1-1. The measured contact
angles in our experimental systems show a strong linear temperature dependence, which increases
1.1° for every 5 °C and follows the 6=0.22T (°C) +14.28 trend (R>=0.988). The standard deviation
of the measured results at each temperature is less than 1.2°, which indicates a level of precision
that is comparable to that of the ImageJ analysis mentioned in Section 4.4. Our experimentally
obtained contact angle at 25 °C (18.9 °) is consistent with other available literature data (22° to

26°). Discrepancies between studies can be found in Fig. 5-1-1, which suggests that the contact
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angle is highly specific to fluid composition and the contact angle measurement technique. Also,

the dynamic contact angles were treated as ‘equilibrium contact angle’ during our experiments.
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Fig. 5-1-1. Contact angle vs. temperature in quartz/liquid/liquid systems. “o”’-This work
(quartz/DI water/decane, 69 bar); “e” (Kakati et al., 2018), quartz/1 M NaCl(aq)/decane; “A”
(Haagh et al., 2018), quartz/diluted seawater/oil+0.1 mM stearic acid; “x” (Zhang et al., 2018)

quartz/synthetic brine/crude oil, 100 bar.

Three representative images taken at 25, 125, and 200 °C during our experiments are shown
in Fig. 5-1-2. These images indicate that the wettability of the system shifted from strong water-
wet at 25 °C to intermediate-wet at 200 °C. The same linear trend is found in studies by Kakati et
al. (2018) and Rao (1999; not shown in Fig 5-1-1). However, the slope in our work (+1.1° per 5 °C)
is lower than the slopes calculated based on their results (+2.2° per 5 °C by Rao [1999], and +4°
per 5 °C by Kakati et al., [2018]). This difference might be attributed to the presence of the salt
composition such as NaCl(aq) in their studies, which may have changed the thickness of the
electric double layer (EDL) and then increased the complexity of the temperature dependence of
the contact angle. Furthermore, our investigation showed that only Haagh et al. (2018) conducted
repeated measurements in their work (i.e., measured the contact angle from several water drops),
making it difficult to determine whether other inconsistencies or sources of error are prevalent in
the published data.
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The same quartz capillary was used during all the tests. To ensure that the quartz surface’s
roughness and heterogeneity did not influence the measured contact angle results, the contact angle
measurements were taken at three different locations along the capillary (Section 4.4). The
measured results are shown in Fig. 5-1-3. The consistency along the length of the capillary distance
at our experimental temperature range suggests that the contact angles were not significantly
influenced by the surface roughness or heterogeneity during our experiments. Therefore, the

surface roughness of the quartz capillary was assumed to be 1 in our work.

Fig. 5-1-2. Images of contact angles for the quartz/DI water/n-decane system at 25 °C, 125 °C,

and 150 °C, showing contour and tangent lines and approximate 0 as a visual guide.
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Fig. 5-1-3. Change in dynamic contact angle for the quartz/DI water/n-decane
system corresponding to different locations inside the capillary at different temperatures

(69 bar); each error bar represents the maximum error in the measurement.
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5.1.2 Discussion

The variation in contact angle 0 should be attributed to the change of chemical properties
of the material surface and/or the forces acting on the interfaces. According to Young’s equation,
if v, and ys,, are independent of temperature, the term Yy, cos® must be independent of
temperature as well. The calculated y,,, value at the water/n-decane interface are listed in Table 5-
1-1, combining with our experimental obtained 0, the values of v, cos 0 at different temperatures
are listed in Table 5-1-1. According to the calculated results, the value of y,,, cos 0 decreases
linearly from 25 to 200 °C by around three times; therefore, y,, and ys,, should not be regarded as
temperature-independent. Unfortunately, while there is a substantial research on y,,,, there is a

limited amount of research on yg, and yqw-

According to the dynamic contact angle theory, the capillary forces (e.g. flow rate and
viscous forces) should be taken into consideration to describe the change of contact angle since
our experimental system is a dynamic system (Schaffer et al., 2000). The following equation was

suggested to correlate the equilibrium contact angle, 8.4, and the dynamic contact angle, 6

(Mumley et al., 1986):

c0S Beq — CcOs O = a?\cﬂ, (5-1-1)

where @ and £ are positive model parameters and A, is the capillary number (Eq. 4-1). If v is
taken as 0.71 mm/s in Eq. (4-1) then A, can be calculated and are listed in Table 5-1-1.

Table 5-1-1 DI water/n-decane interfacial tension (Yow), quartz/DI water contact angle (0), n-decane

viscosity (7], ), and the calculated capillary number (A.) at different temperatures.

t(°0) Yow (MN/m) ! 0(°) Yow €OSO No (uPa s) 2 A
25 50.25 18.9 47.54 919 13.00
50 47.24 24.6 42 .95 661 9.95
75 44.23 29.8 38.38 502 8.07
100 41.21 38.6 32.21 396 6.83
125 38.20 42.9 27.98 322 5.99
150 35.19 48.3 23.41 267 5.39
175 32.18 53.2 19.28 224 4.95
200 29.16 56.1 16.26 191 4.66

[1] Extrapolated from Jennings (1967).
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[2] Calculated by OLI Studio v10, OLI systems Inc.

According to Eq. (5-1-1), assuming 64 remains constant with the temperature change, a
decrease in A, will lead to a smaller 6. In Table 5-1-1, both n, and A, show a linear negative
temperature dependence, while we observed greater 0 values at higher temperatures despite the
deduction of A.. The calculated A. and the experimentally-measured contact angle conflict with

the assumption we made previously based on a constant 6.q. In other words, temperature-

dependent viscous forces are not responsible for the observed shifts in 0 as well as the wetting
behavior of quartz. The aforementioned discussion convinces us that temperature-dependent
wettability models must take adhesion changes at solid/liquid interfaces such as the quartz/DI
water and quartz/n-decane interfaces in our work (i.e., ysw and ygo) into account to have any
predictive power. As noted in the previous chapter, the change in interfacial tension may be due
to the change in the non-polar Van der Waals interactions and the polar acid-base interactions at
the phase interface corresponding to the temperature change, and both polar and non-polar
interactions take place at the solid/water and solid/oil interfaces. In the next chapter, we will

discuss how the temperature influences these interactions.

During our experiments utilizing immiscible water/decane as the fluid components, it can
be found that the solubility of water in n-decane (in mol%) increases from 0.04 % at 25 °C to
12.81% at 200 °C (Table 4-1). Different from our experimental system, regarding the more
complex system during the oil recovery, the partitioning of the components between the fluid
should be considered. The volatilization of lighter components (e.g., as carbon dioxide, methane,
lighter alkanes) from crude oil may partition into the aqueous phase depending on the temperature,
pressure, and composition of the system. This will in turn impact the oil-water interfacial tension
due to the variation in the surface free energy (Fu et al., 1986) and may have implications for yg,,
and y;, also. Returning to Young’s equation, the denominator, v, decreases when the solubility
of one fluid phase in another one increases, causing cos 0 to approach either -1 or +1, depending
on the sign of the numerator. Meanwhile, when the two fluid phases become more ‘similar,” the
values of yg,, and ys, approach each other. Then, the numerator of Young’s equation (Ysw — Vso)
approach 0, causing cos 0 to approach 0 as well. Consequently, the change in the numerator and
denominator in Young’s equation in regard to the solubility change leads the value of cos 0 in

contrasting directions, which increases the uncertainty for analysis.
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5.2 pH (2-12) Effect on Contact Angle at Different Temperatures (25-200 °C)

Compared with the temperature dependence, the pH dependence of the contact angle in the
available literature has a more consistent parabolic trend. No relevant literature based on
quartz/water/n-decane was found. For those similar three-phase systems, Barranco et al. (1997)
measured the contact angle in a quartz/0.4 M NaClO4(aq)/trichloroethylene system. They found
that the contact angle increased by 4° from pH 0.5 to 1.5, and then the contact angle decreased by
13° from pH 1.5 to 10. Carré et al. (2003) conducted their experiments based on a bare
glass/water/air system. The contact angle almost remained constant at 10° from pH 0 to 2, and it
increased to 20° at pH 3. Finally, it decreased to 6° from pH 3 to 6. The results by Cuddy et al.
(2013) in a silica/water/air system show that the contact angle changed from 7° at pH 2 to 8.5° at
pH 3.9, then decreased to 3° at pH 13.

Such a concave parabolic variation trend can be explained from the view of Zeta potential,
. In colloidal science,  is used to describe the stability of particle suspension and investigate
colloid-electrolyte interactions (Gaikwad et al., 2019). A higher magnitude of { (|{>40 mV)
(Kumar et al., 2017) indicates a more significant repulsion between the surface and particles in the
bulk phase. Consequently, the system becomes more stable. Previous studies suggested that the
silica surface is hydrophilic due to the presence of the polar O-H groups in silanols (Rallini et al.,
2017). In other words, the oil-phase, (i.e., n-decane in our experiments) is the bulk phase, or the
phase that will be repelled by the quartz surface. The Zeta potential of quartz indicates the degree
of electrostatic repulsion between the quartz surface and n-decane. The stronger the repulsion, the
more hydrophilic the quartz is, and a smaller contact angle can be observed. In contrast, when C
falls to 0, the weakest repulsion between the quartz surface and n-decane leads to the maximum
contact angle. Correspondingly, the pH value correlated with the maximum contact angle (i.e., the
aforementioned critical pH value), which is called the isoelectric point (pHiep), corresponds to 0
the Zeta potential of the solid material. The reactions taking place at the silica surface can be
written as (Sabia et al., 2000):

—SiOH + H*(aq) © —SiOH} (pH<pHicp), (5-2-1)

—SiOH & —Si0™ + H* (aq) (pH>pHicp). (5-2-2)
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According to these reactions, when pH is lower than pHiep, the quartz surface is positively
charged due to the —SiOHJ group (protonation of the surface). An increase in pH moves the
reaction (5-2-1) to the left (Le Chatelier’s principle), which makes the quartz surface less positively
charged (deprotonation). Then, { of quartz becomes less positive, the electrostatic repulsion
between the quartz surface and n-decane decreases, the system shifts to less-water wet, and the
observed contact angle increases until the pH is equal to pHiep. When pH is higher than pHiep, the
quartz surface is negatively charged with the —SiO™ group (surface deprotonation). The reaction
(5-2-2) will move right-wards with the increase in pH, and there will be more negative charges on
the quartz surface. Then, { of quartz becomes more negative, the system becomes more stable by
repelling n-decane farther away from the quartz surface, the system changes to more water-wet,

and the observed contact angle drops.

Although the variation trend in the contact angle with respect to pH is similar, the value of
pHiep and the maximum contact angle are specific to the three-phase composition. In addition, most
of these pH dependence experiments were carried out under room conditions. In this section, the
pH effect on the contact angle in a quartz/DI water/n-decane system is investigated at different

temperatures (25-200 °C). These experiments show whether a similar parabolic trend is found at

these temperatures and how pH alters the interactions in the three-phase system.

Compared with Section 5.1, which featured an aqueous phase with neutral-pH DI water,
this section relies on an aqueous phase with 102 mol/kg and 10 mol/kg HCl(aq) and NaOH(aq)
to investigate the impact of pH on contact angle. The other experimental conditions were kept

constant. Thus, there are be four different pH values at the same temperature.

5.2.1 Temperature Effect on pH Values

The pH value of a liquid can be written as:

pH = —log [Yb,H*'(aq) * bH"‘(aq)]a (5-2-3)
pH = K, — pOH = pK,, + log [yb,OH‘(aq) * bOH‘(aq)]s (5-2-4)
pH = PXw (5-2-5)

2 b
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where y,, ; 1s the activity coefficient of the ion i on the molal concentration scale, b; is the molality
of the ion i, and pK,, is the negative decimal logarithm of the ionization constant of water. Eq. (5-
2-3) and (5-2-4) are for the aqueous solution in which H"(aq) and OH(aq) can be produced by the
dissociation of the electrolyte, respectively. Eq. (5-2-5) is for pure water in which H'(aq) and OH

(aq) can be produced solely by its ionization.

The molality of the pH-determined ions, H'(aq) and OH(aq), depends on the dissociation
of the acid and base in the aqueous solution, which can be reflected by the association constant,
K, (Lvov et al., 2018). K, is a function of temperature and pressure. The activity coefficients of
HCl(aq) and NaOH(aq) can be obtained based on the Debye—Hiickel theory (Lvov, 2014). The
Debye—Hiickel theory relies on water density (p,,) and the relative permittivity of water (&), in
need, and these two parameters are functions of temperature and pressure. The relative water

properties at the experimental conditions are listed in Table 5-2-1.

Table 5-2-1 Water properties at the experimental conditions.

t (°C) P (bar) Pw (kg/m3)! pKy! Ew
25 69 1000 13.97 78.7
50 69 991 13.24 70.2
100 69 962 12.23 55.8
125 69 942 11.88 49.7
150 69 921 11.61 44 .3
200 69 869 11.28 35.0

[1] From www.energy.psu.edu/tools/ionization0730/index.php

With the obtained water properties, the activity coefficient in dilute aqueous solutions can
be calculated. Then, combining the association constant, charge balance equation, and mass
balance equation, the molalities of the pH-determined ions can be calculated. Plugging the
calculated y, and b into Eq. (5-2-3) to (5-2-5), the pH values of the aqueous solutions at different
temperatures can be obtained (Table 5-2-2) as described in Lvov (2021). The detailed calculation
process is shown in Appendix A. From Table 5-2-2 we can see that the pH values fall as the
temperature increases; for instance, the pH of DI water drops from 6.99 at 25 °C to 5.64 at 200 °C.
However, this does not indicate that the DI water has become more acidic. A solution is regarded
as acidic when and only when the concentration of H"(aq) exceeds that of OH (aq). In the case of
pure water, this will not happen due to the self-ionization reaction of water. pH 7 is usually
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considered the scale of the neutral pH. Nevertheless, this scale decreases when the temperature
increases. As a result, lower pH values at higher temperatures when there is the same concentration

of acid or base can be observed in Table 5-2-2.

Table 5-2-2 Calculated pH values for DI water and different concentrations of the aqueous solution at the

experimental conditions.

¢t (°C) P (bar) 102 mol/kg 10* mol/kg DI water 10* mol/kg 10 mol/kg

HCl(aq) HCl(aq) NaOH(aq) NaOH(aq)
25 69 2.05 4.01 6.99 9.96 11.93
50 69 2.05 4.01 6.62 9.23 11.19
100 69 2.05 4.01 6.12 8.22 10.18
125 69 2.06 4.01 5.94 7.87 9.82
150 69 2.06 4.01 5.81 7.60 9.55
200 69 2.07 4.01 5.64 7.27 9.21

5.2.2 Results

The measured contact angles in the quartz/water/n-decane system at different pH values
and temperatures are shown in Fig. 5-2-1. It can be observed that the temperature dependence of
the contact angle is consistent with the results in Section 5.1. In addition, starting from the acidic
pH, the system becomes less water-wet (the contact angle decreases) with the increase in pH.
However, our experiments show that this trend will be reversed when a critical pH value is reached,
and the critical pH value is different at each temperature. Then, beginning from the critical pH, the
measured 0 decreases when the pH increases to a more basic pH, indicating the system becomes
more water-wet. At the same temperature, the minimum contact angle is consistently observed at
the most basic pH, suggesting that the quartz capillary is more water-wet at the highly-basic region
than the highly acidic region. The average and the maximum standard deviation of the measured
contact angles are 1.1° and 2.5°, respectively.

Due to the lack of available technical reports, we were unable to compare our experimental
results to results found at other temperatures. Fig. 5-2-2 shows a comparison of our experimentally
obtained contact angle at different pH values with the data from the available literature at 25 °C.
A similar contact angle variation trend regarding the pH change can be observed. Our measured
contact angle at pH=2 is very close to the one reported by Barranco et al. (1997), while at pH=4
the difference between our data and Carré et al. (2003) reaches 7.9°. Meanwhile, discrepancies in

the pH value at which the contact angle reaches its maximum can be found. These differences in
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the reported contact angle may be attributed to the differences in fluid composition, solid material,

and measurement technique.
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Fig. 5-2-1. Contact angle vs. pH at different temperatures and 69 bar. The error bars represent

standard deviation.
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Fig. 5-2-2. Contact angle vs. pH in quartz/liquid/liquid systems at 25 °C. “®” This work,
quartz/DI water/decane, 69 bar; “0” (Barranco et al., 2018), quartz/0.4 M NaClO4(aq)/
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trichloroethylene; “0” (Barranco et al., 2018), quartz/0.1 M NaClO4(aq)/ trichloroethylene; “x”
(Carré et al., 2003), bare glass/water/octane.

5.2.3 Discussion

As the previous sections shows, the pH dependence of the contact angle in our experiments
agrees with the aforementioned concave parabolic trend, and a change in temperature does not
influence the trend. The effect of pH on the Zeta potential of quartz has been investigated in many
previous studies (Salopek et al., 2017; Liu et al., 2017; Yang et al., 2018). In these studies, { of
quartz decreases linearly from a slightly positive value (+5 mV to +10 mV) at the acidic pH to a
strongly negative value (-60 to -80 mV) at the basic pH. Therefore, the variation in the electrostatic
repulsion between the quartz surface and n-decane at different pH values accounts for the

wettability alteration in our experimental system.

Amadu et al. (2019) derived the following equation to qualitatively capture the pH

dependence of the contact angle in a solid/liquid/liquid system:

cos 6 = (cos B¢, + 0.5¢ pHE,) — EpHiep pH + 0.5¢ pHZ, (5-2-6)

where B¢, s the contact angle corresponding to pHiep. Both pHje, and 6, were obtained based

on the experimental data from other literature (i.e., they were not theoretically derived or

calculated). The parameter ¢ can be written as:

f e [snkBT]0_5(2.303kBT)2, (5-2-7)

- kBTYow 21 e

where e is the elementary charge (1.602x107'° C), kj is the Boltzmann constant (1.381x102* J/K),
Yow 18 oil-water interfacial tension (mN/m), n is the number density of the ions in the bulk solution
(m?), and ¢ is the relative permittivity of the background electrolyte solution, when the
concentration of the solution is less than 1.5 mol/L. In this equation & can be calculated based on

the relative permittivity of water (Gavish et al., 2016):
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£ =g, — ac, (5-2-8)

where a is a phenomenological ion-specific parameter, known as the total excess polarization of

the ionic species (A). ¢ is the molarity of the background electrolyte solution (mol/L).

We attempted to calculate the contact angle based on our experimental system and the
numerical model by Amadu et al. (2019). However, an inferior agreement was found between the
calculated and the experimental values (see Appendix B). Both y,, and y,,, were assumed to be
pH-independent in their model. The reasons for such a significant discrepancy may be due to the
lack of a background electrolyte solution such as MgClx(aq) utilized by Amadu et al. (2019), or
the high specificity of pHiep and iep in different three-phase systems. More importantly, based on
our discussion of Zeta potential, at least y,, is pH-dependent. Alkaline flooding is a common
technique employed in EOR. In alkaline flooding, chemicals such as NaOH(aq), Na>xCOs(aq), or
NasSiO4(aq) are injected to the wellbore to react with certain types of species in oil to reduce the
interfacial tension at the water/oil interface (yow; Sheng, 2013). Neumann (1974) derived the

following equation for the interfacial tension terms in Young’s equation:

__ YsotYow—2B+/YsoYow
Ysw = 1-2a\/YsoYow ’ (5_2_9)

where @ and f§ are model parameters.

From Eq. (5-2-9), the denominator will decrease if vy, decreases by turning the system
more basic with alkane flooding, while the change of the numerator will be decided by the value
of 8 and y,,, the change of numerator and denominator increases the uncertainty of predicting the
change of y,,. The contact angle in a quartz/brine/crude oil system increased from 24° to 165°
with the presence of 0.5 wt. % NaOH(aq) (Gong et al., 2016) suggesting that the changes in y,,
and v, at different pH values are why cos 6 shifted from a positive value to a negative value.
Therefore, similar to the temperature effect, the interactions on the quartz/water, quartz/n-decane,
and water/n-decane interfaces must be considered to create a wettability/contact angle model with

some predictive capability.

43



5.2.4 Different Approaches to Fitting the Experimental Results

In addition to the equation derived by Amadu et al. (2019, Eq. 5-2-6), a second-order
polynomial relation between 0 (or cos 0) and pH has been reported by some other researchers
(Carré et al., 2003; McCafferty et al., 1999; Virga et al., 2018). Based on this quadratic trend, the
extreme point of the 0 (or cos 0) vs. pH curve was determined to be the pHiep of the solid material.
Therefore, the quadratic equation was used to fit our experimental results at different temperatures.
Fig. 5-2-3 shows the quadratic fitting results at 25 °C. The fitted results suggest that the predictive
power of the quadratic equation can be described as near-substantial (Henseler et al., 2009). The
obtained R? values are 0.769, 0.778, 0.801, 0.724 and 0.774 for 50, 100, 125, 150 and 200 °C,
respectively. Comparing the experimental and the fitted results, the pHie, is 4 based on the
experimental results, while the pH;e,, observed from the quadratic fit is between 5 and 7. Moreover,
there is around a 2.5° difference between the 8;¢, values obtained by the quadratic equation and
the highest experimentally measured contact angle. According to our investigation, if we use the
quadratic equation to fit the reported 0 (or cos 0) vs. pH results in other literature, the R? value of
the quadratic fits will vary from 0.38 (Abdel-Khalek et al., 2015) to 1 (Hurwitz et al., 2010). These

comparisons suggest there might be a different equation to be used.

The cubic equation is also used to fit the experimental results. Fig. 5-2-4 shows the Zeta
potential of quartz at different pH values reported in other literature. Due to the continuous
adsorption of the OH(aq) ion, the double layer will be compacted if the concentration of the
hydroxide ion on the silica surface is too high (Ruan et al., 2018). As a consequence, the
electrostatic repulsion between the surface and the bulk phase will be hampered. The stability of
the system will then drop, and the magnitude of the Zeta potential of quartz will stop increasing
and start to decrease at a specific pH. In the previous quadratic fitting, we found that the magnitude
of the Zeta potential increases monotonically with pH at the basic region. Therefore, the cubic
equation was employed, and Fig. 5-2-5 shows the cubic fitting results at 25 °C. Compared with the
results of the quadratic fit, the obtained R? increased from 0.697 to 0.971, and the obtained R?
values were 1, 0.981, 0.987, 0.967 and 0.887 for 50, 100, 125, 150, and 200 °C, respectively.
Meanwhile, the 8¢, and pH;e, obtained using the cubic equation suggest a smaller discrepancy

with the experimental and the fitted results than that seen with the quadratic fit.
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Fig. 5-2-3. Quadratic fitting results at 25 °C. The dots represent the experimental results, and the

dashed line represents the second-order polynomial curve.
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Fig. 5-2-5. Cubic fitting results at 25 °C. The dots represent the experimental results, and the

dashed line represents the second-order polynomial curve.

To the best of our knowledge, there are no existing theoretical or empirical equations that
describe the correlation among contact angle, pH, and temperature simultaneously. Therefore, we
utilized the curve fitting tool in MATLAB to identify an analytical correlation that depicts contact
angle as a function of pH and temperature via different mathematical combinations (e.g. log(pH),
T%). After fitting a number of times, the empirical equation with the highest accuracy (R?=0.98)

was found to be:

0 = —0.0004432 T2 + 0.6192 T — 54.95 log(T) + 0.6497 pH? — 17.77 pH + 139 log(pH) —
0.00732 (T pH). (5-2-10)

We call Eq. (5-2-10) the ‘general correlation.” The calculated and the experimentally-
obtained contact angles are shown in Fig. 5-2-6.
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calculated using Eq. (5-2-10), and the shapes represent the experimental results (“m”-25 °C;
“A”-50 °C; “m”-100 °C; “o”-125 °C; “A”-150 °C; “0-200 °C).

Fig. 5-2-7 shows the generated tornado plots based on the general correlation. Tornado
plots were used to test the sensitivity of each term in the general correlation. For example, the blue
bar in Fig. 5-2-7 corresponds to the term ‘7%’ indicating that the value of the temperature was
decreased to 80% of its original value (from 298.15 K to 238.52 K). Then, the changed value was
plugged back into the first term on the right-hand side of Eq. (5-2-10), while the other terms
remained unchanged. The calculated 0 value is at the right end of the blue bar. The orange bars
indicate the corresponding values rose to 120% of their original value. The bold horizontal line is
the y-axis, which is the calculated 6 value via the original values. The longer the bar, the more

sensitive the term in the general correlation is.

The tornado plots generated at three representative temperatures and pH values show that
in the general correlation, the ‘7" term is the most sensitive, while the ‘7T*pH’ term is the least

sensitive.
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Fig. 5-2-7. Tornado plots generated based on different experimental conditions. The blue bars
represent the contact angles calculated by changing the corresponding term to 80% of its original
value. The orange bars represent the contact angles calculated by changing the corresponding

term to 120 % of its original value.
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Chapter 6 Isoelectric Point of Silica

By definition, the isoelectric point (iep) corresponds to the zero Zeta potential. An
illustration of Zeta potential is shown in Fig. 6-1. According to the electric double layer (EDL)
theory, the region near the charged surface is divided into the stationary layer and the diffuse layer.
Assuming the surface is negatively charged, the near-surface stationary layer consists of immobile
ions. The Stern layer is within the range of the stationary layer, and it is a layer of counterions
attracted on the surface due to the Coulomb force. The diffuse layer, which can be regarded as the
bulk phase far from the surface, consists of mobile ions that obey Poisson-Boltzmann statistics
(Butt et al., 2006). Zeta potential is the electric potential at the slipping plane, which is the
boundary between the stationary layer and the diffuse layer. The isoelectric point is an important
property for a solid material in the aqueous dispersions. It defines the surface excess of ions,
stability against coagulation, and rheological properties of dispersions, anong other aspects
(Kosmulski, 2016).

The point of zero charge (pHpx) is another commonly investigated property of a solid.
pHpzc 1s related to a zero net surface charge. Miller (2020) suggested that the velocity of the
particles subjected to an external electric field and the net charge at the slipping plane is zero at

pHiep, though that does not necessarily mean the net surface charge is zero at pHiep.

The terms pHiep and pHyp,c are often used interchangeably. For example, the pHiep of solid
materials can be determined via the maximum contact angle (McCafferty et al., 1999; Trevino et
al., 2011), while the same method has been applied to decide the pHp.c (Cuddy et al., 2013; Virga
etal., 2018). Zhou and Lvov et al. (2003) suggested that pHp.c and pHiep are the same in the absence
of specifically adsorbed ions. The specific adsorption can be interpreted as the adsorption of ions
other than H'(aq) and OH"(aq) within the Stern layer. In Chapter 5 we introduced protonation and
deprotonation on the silica surface (Eq. 5-2-1 and 5-2-2), in which the adsorption of non pH-
determined ions was not considered. Therefore, we took pHiep, as the topic to be discussed in this
chapter.

In addition to the contact angle measurement, electrophoresis and electroosmosis can be
used to determine Zeta potential. Most of the modern Zeta potential analyzers work based on
electrophoresis (Schwarz et al., 2000; Simonsson et al., 2018). However, most of the pHiep values
are determined at room temperature. Rodriguez et al. (2006) reported that the pHiep of quartz
dropped from 2.3 at 20 °C to 2.0 at 45 °C. In Wisniewska (2010), the pHiep of silica decreased from
2.2 at 15 °C to 1.95 at 35 °C. Most of the temperature dependence experiments have been
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conducted at temperatures under 100 °C. In this chapter, we investigate the temperature

dependence of the isoelectric point of silica at elevated temperatures up to 200 °C.

Stationary layer

Diffuse layer [Bulk phase)

Negatively charged surface

Distance from the surface

Fig. 6-1. An illustration of the double layer and Zeta potential.

6.1 Isoelectric Point of Silica in This Work

In the previous chapter, we explored different approaches to describing the relation
between pH and contact angle at different temperatures: the quadratic equation, the cubic equation,
and the empirical ‘general correlation’ which includes temperature, pH, and contact angle in a
single equation. From the figures drawn based on these approaches, different isoelectric points,
pHiep, can be observed (Fig. 5-2-3 to Fig. 5-2-6). To determine the exact value of the pHiep, we
need to solve the first-order derivative of the quadratic and cubic equations. For the quadratic
equations, there is only one extreme point, and the extreme point is pHiep. This is the same
treatment that appears in the literature (Carré et al., 2003; McCafferty et al., 1999). In the cubic
equations, however, two extreme points are observed in the cubic equations, and the pH value
corresponding to the higher contact angle is taken to be the value of pHiep. The first-order partial

derivative of the general correlation with respect to pH was derived as:
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g(pH, T) = [%]T = 1.2994 pH — 0.00732 T + % ~17.77. (6-1-1)

The second-order partial derivative of the general correlation with respect to pH was

derived as:

60.37
pHZ '

k(pH) = [ZLORI) 12994 —

o (6-1-2)

The graphs of the first-order and second-order partial derivatives of the general correlation
with respect to pH are shown in Fig. 6-1-1. Fig. 6-1-1 (a) suggests that there are two possible pHiep
values within the 0 to 15 pH range. From Fig. 6-1-1 (b), the second-order derivative indicates the
general equation is concave at the acidic region, and it changes to convex as the pH increases.

Therefore, the pHiep at the basic region should be discarded.
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Fig. 6-1-1. (a) First-order partial derivative of the general correlation with respect to pH, g(pH,
7). (b) Second-order partial derivative of the general correlation with respect to pH, k&(pH).

Based on this discussion, only one pHiep value should be regarded as reasonable. The pHiep
values obtained using the different approaches at different temperatures are shown in Fig. 6-1-2.
The white circle, triangle, and square represent the pHiep values that result from the quadratic fit,
cubic fit, and the general correlation, respectively. From 25 °C to 200 °C, the quadratic fit suggests

the highest pHiep values, the general correlation suggests the lowest pHiep values, and the cubic fit

51



suggests the intermediate pHiep values. The 0iep predicted by these three methods is shown in Fig.
6-1-3, and the predicted 0icp of the cubic equation is always lower than the maximum experimeanlly
measured contact angle. In contrast, the 0;¢, calculated by the cubic equation and the general

correlation are both in good agreement with the experimental maximum.
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Fig. 6-1-2. pHi¢, of silica determined using three different approaches from 25 to 200 °C, in
addition to the data from the available literature at 25 °C. “0” This work, fused silica capillary,
quadratic fit. “A” This work, cubic fit. “0” This work, general equation. “+” (Trevino et al.,
2011), SiO; film treated with plasma vapor. “m” (Schwarz et al., 2000), Sikron from
Quartzwerke. “®” (Gusev et al., 2002), fused silica capillary. “ A (Sabia et al., 2000), fused
S10;. “x” (Noh et al., 1989), Cabot L90 SiOz. “-” (Zhou et al., 2015), quartz from China.
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Fig. 6-1-3. 0, of silica determined using three different approaches from 25 °C to 200 °C,

plotted against the experimentally measured maximum contact angle.

Due to the lack of available pHiep at elevated temperatures, only the pHiep of silica at 25 °C
can be compared. As Fig. 6-1-2 shows, the reported silica pHiep varies from 2.8 to 5.6. We believe
this discrepancy may be due to the difference in the solid material, such as quartz plate, quartz
powder, or silica nanoparticles. In addition, the techniques utilized to estimate pHiep are varied.
Furthermore, the discrepancies in the electrolyte compositions and the pH adjustment chemicals
may influence pHiep values. In Appendix D we present a comprehensive review of the pHiep
reported in literature, which includes information on conditions that may cause a difference in the

obtained pHiep of silica and other similar materials.

The pHiep determined by the general correlation is in good agreement with the results
obtained by Gusev et al. (2002), who used a similar solid material. Cuddy et al. (2013) (not shown
in Fig. 6-1-2) used the same method as we did (determined the pHie, via contact angle
measurement), and they reported pHiep=3.9 £ 0.5 for a SiO; film on the quartz crystal microbalance
(QCM) sensor.

6.2 Temperature Dependence of the Isoelectric Point

The obtained pHiep via the general correlation shows a slight temperature dependence,
decreasing linearly from 4.14 at 25 °C to 3.66 at 200 °C. The negative temperature dependence of
quartz has been reported by other researchers (Rodriguez et al., 2006; Wisniewska, 2010).
However, the slope of our results (-0.029 pH units per 10 °C) is lower than other reported results.
The slope was found to be -0.0125 pH units per 10 °C from 15 °C to 35 °C by Wisniewska (2010)
and -0.124 pH units per 10 °C from 20 °C to 45 °C by Rodriguez et al. (2006).

Bérubé et al. (1968) derived the following thermodynamic relation for oxide surfaces in

which the isoelectric point depends on temperature:

4.6R[0.5 pK,, — pHiep] = “- — AS", (6-2-1)

where R is the molar gas constant (8.314 I mol! K'!), K,, is the water ionization constant, and AH*

and AS™ are the standard enthalpy change and entropy change for transferring the potential-
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determined ions from the bulk solution to the interfacial region at the isoelectric point, respectively,

Jmol ™.

Bérubé et al. (1968) calculated the values of temperature-independent terms AH* and AS™
from the slope and the intercept of the 1/7 vs. 0.5 (pKy, — pHjep) curve. In their work, the
isoelectric point of the solid material, was experimentally obtained. Therefore, to determine the

values of AH" and AS™ for silica, the pHje, at a temperature different from that of room

temperature was needed. The calculated AH* and AS™ are 9580.32 J/mol and -76.67 J/mol,
respectively (Appendix C).

A comparison of the silica pHje, obtained by the general correlation and by the method

suggested by Bérubé et al. (1968) is shown in Fig. 6-2-1. It can be seen that the pHiep resulting
from the general correlation shows a weaker temperature dependence. This difference may be due
to the applicable temperature range and the oxide type to be used for Eq. (6-2-1). In addition, it
has been reported that for some solid materials, the slope of the pHicp vs. ¢ curve decreases when
the temperature is higher than 100 °C and even reverses (i.e., pHiep shows a positive temperature
dependence) when the temperature is around 300 °C (Schoonen, 1994). In addition, by referring
to the phase diagram of quartz (Aasly et al., 2007; Kayama et al., 2018), we can observe that the
phase of silica was in a stable region (a-quartz phase). In other words, our experimental quartz is
free from the impact of phase transformation. Therefore, the high pressure (1000 psi) in our
experiment could only change the suspension ordering at the quartz/aqueous phase interface, and
such a change is in a monotonic direction (Rodriguez et al., 2006). Fig. 6-2-2 shows the
experimental results from Rodriguez et al. (2006). These results show that the isoelectric point of
quartz beomes larger in relation to pH values as the pressure rises. Therefore, the high pressure
may have led to the slighter temperature dependence of silica pHiep in our experiments, More
investigation is needed to understand the mechanism by which pressure influences temperature

dependence of pHiep.
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Fig. 6-2-1. pH;¢p obtained from different approaches at different temperatures.
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Fig. 6-2-2. Zeta potential of quartz at 20 °C and different pressures (quartz from Brazil/0.01 M
NaCl(aq)/air), reproduced from Fig. 3 by Rodriguez et al. (2006).
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Chapter 7 Verification of the Experimental Results

In this chapter, we discuss in more detail the surface tension component (STC) method that
we briefly introduced in Chapter 2. Then, we compare our experimental results with the results
theoretically calculated results using the STC method.

The STC method divides the surface energy into two different parts, the non-polar Lifshitz-
Van der Waals (LW) contribution and the polar Lewis acid-base (AB) one:

y =y"W + yAB, (7-1)

In Eq. (7-1), the Lifshitz-Van der Waals component, y“W, is the result of non-polar
interactions such as dispersion forces. For example, the Lifshitz-Van der Waals contribution to the

interfacial tension at the quartz/water interface can be written as:

vate = (Vg = V" = v — v + 2 frgva (7-2)

where yaw and yxW are the LW components of the surface tension on the quartz surface and the

water surface, respectively.

Based on Eq. (7-1), if the value of yg" and yy," can be obtained, we can calculate ygy -
Israelachvili (1985) suggested using the following equation to calculate the LW component of the

surface tension for a single phase i:

A
Vi = s (7-3)

where Ay is the Hamaker constant (in J), which can be defined for the Van der Waals interaction
between two materials. d, represents the separation distance between the two nearest molecules
of the same phase, which is usually in the order of 1071 m (Duffy et al., 2021).
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The Lewis acid-based component yAB is not theoretically derived according to the basic
properties of different materials. Instead, it is treated more like empirical parameters. Oss et al.
(2006) believed that the single phase has electron-accepting (y;) and electron-donating strength
(v;) and that these two strengths determine yAB of the single phase by the following equation:

VB = 2v}yi. (7-4)

With the acid-base component of the single phase obtained, the acid-base component of

the interfacial tension (e.g., quartz/water interfacial tension) can be calculated as follows:

YaSw = 2( /Y& Yq +VYeYw — \lvé Yo — Jma ) (7-5)

7.1 Temperature Effect on y*W and yAB at Neutral pH

According to Eq. (7-1), to calculate the LW component of a single phase, Ay and d, are
needed. Duffy et al. (2021) reported the values of Ay and d, for quartz, water, and n-decane (Table
7-1-1). By substituting the calculated Ay and d,, into Eq. (7-3), we can obtain the value of y+V for
the single phase. In this way, the LW component of the interfacial tension can be calculated. The
calculated results are listed in Table 7-1-2.

For the non-polar n-decane, both Yrtclo and Yy, are zero. Duffy et al. (2021) fitted the
temperature dependence of yfi, Yq s Y+, and y;, by different quadratic equations. According to

their fitted results, the value of the AB components of the interfacial tension on the interfaces are
listed in Table 7-1-2.

Once all the LW and AB components have been obtained at different temperatures and neutral pH,
the contact angle can be calculated based on Young’s equation. A comparison between the contact
angle calculated via the STC method and the experimentally measured contact angle is shown in
Fig. 7-1-1. A good agreement between the calculated results and the experimental results can be
observed, which demonstrates the applicability of the STC method to our experimental system.
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Table 7-1-1 Ay and d of different phases from 25 °C to 200 °C. q denotes quartz, w denotes water, and
nCjo denotes n-decane. Reproduced based on the results by Dufty et al. (2021).

1 (°C) Apgq Ay w Apnc,y, dog dow doncy,
(10217 (1021 (1021 1) 10°m)  (10°m)  (10"°m)

25 65.5 39.3 48.2 1.65 1.57 1.65
50 65.5 38.2 46.0 1.65 1.57 1.70
75 65.6 37.1 43.8 1.65 1.59 1.76
100 65.7 36.0 41.6 1.65 1.62 1.83
125 65.7 34.8 39.5 1.65 1.66 1.92
150 65.8 33.6 37.4 1.65 1.71 2.01
175 65.8 324 354 1.65 1.77 2.12
200 65.9 31.2 33.5 1.65 1.85 2.25

Table 7-1-2 Liftshitz-Van der Waals component of the interfacial tension at different interfaces.
Reproduced based on the results by Duffy et al. (2021).

1(°C) Y5 Yeohc,o Yiinc,, VB Yetuc,,  Yency,

(mN/m) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m)
25 1.11 0.63 0.07 -15.90 31.85 49.96
50 1.27 1.10 0.01 -14.41 28.54 47.66
75 1.53 1.74 0.01 -12.80 24.95 44.73
100 1.91 2.56 0.05 -11.08 21.21 41.31
125 2.42 3.55 0.11 -9.25 17.45 37.54
150 3.07 4.68 0.17 -7.29 13.80 33.54
175 3.86 5.93 0.22 -5.18 10.43 29.41
200 4.79 7.27 0.26 -2.88 7.54 25.28
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Fig. 7-1-1. Contact angle obtained via the STC method (dashed line) and our experiments (white

dots) at different temperatures.

Both YW and yAB are functions of temperature. The temperature dependence of the
surface tension components of water and quartz is shown in Fig. 7-1-2. In each of plots, the AB
components change significantly with temperature, while the LW components vary only slightly
(there  is almost no  change for  quartz). The  variation trend in
Y4B suggests that the number and strength of hydrogen bonds in water decrease as the temperature

Increases.

We observed negative y42,, values in Table. 7-1-2, a negative surface energy value
suggested that adsorption on a solid surface is typically an exothermic process (Mathur et al., 2005),
and the exothermic process decreases the surface energy. A negative surface energy value will be
observed if the adsorption is strong enough. Therefore, the negative value of Yé—Bw indicates a
strengthened interaction between water and quartz via the hydrogen bonds. This kind of interaction

is weakened as the temperature rises, and the quartz surface becomes less water-wet.
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Fig. 7-1-2. Temperature effect on surface tension components. Reproduced based on the results
by Duffy et al. (2021).
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7.2 pH Effect on YV and yA® at Different Temperatures

In the STC method, the variation in pH leads only to a change in y2B. The Lifshitz-Van
der Waals component is determined by temperature and the distance between two adjacent
molecules. In a three-phase system, hydrogen-bonds are formed between the surface group (e.g.,
silanol groups) and the pH-determined ions in the aqueous phase. Changes in pH alter the number
and type of the surface groups (Chapter 5), as well as the concentration of H'(aq) and OH(aq).

Therefore, the total polar interaction between the surface and the aqueous phase is varied.

In our experimental system, yﬁgw always equals zero since the n-decane is always non-

polar. Y42 is also independent of pH. For instance, in an acidic solution where HCl(aq) is the only

electrolyte, the Gibbs isotherm regarding the water phase can be written as:

dyw
IZ_T = FOH—(aq)dlnaOH—(aq) + FH"’(aq) dlnaH+(aq) + Fcl—(aq)dlnacl—(aq), (7—2—1)

where [G(aq) 1s the surface coverage of the ion i, mol m. Ai(aq) 18 the activity of the ion 7.

Beattie et al. (2014) believed that the adsorption of the Cl'(aq) ion is negligible. In that case,
Eq. (7-2-1) can be rewritten as:

dyw
RT

= FOH_(aq)d lnaOH—(aq) + FH+(aq)dlnaH+(aq) = Fdanw (7-2-2)

In Eq. (7-2-2), vy, is defined by water ionization constant Ky,, which is a function of
temperature instead of pH. Therefore, in our experimental system, y§ and yg are functions of pH

. + —_— + -_—
while Yy, Yw, Ync,,»> ad Ync,, are not.

The available literature in regards to the pH dependence of y{ and yg is limited. Arsalan et
al. (2013) utilized Ottawa sand (99% quartz) for their sample, and they reported the values of yg
and yq at 30, 50 and 80 °C. Dufty et al. (2021) reported the following equation based on the results
from Arsalan et al. (2013):
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/yg /Yq = 0.453 * 0.990°. (7-2-3)

Considering the specificity of different materials, for our system, Eq. (7-2-3) was corrected

as:

/yg/ya = 0.677 * 0.995". (7-2-4)

Then, based on the experimentally obtained contact angle data given in Section 5.2, using

Eq. (7-2-4), we can calculate y{ and yq at different pH values and temperatures. The calculated
Y§ and yq values are listed in Table 7-2-1. The following equations are fitted based on the

calculated results:
va (%N) =1.282x107*t2—0.076 t + 0.014 pH? — 0.1343 pH + 11.72,  (7-2-5)

Ya (m—N) =3.841x107*t2 4 0.032t + 0.065 pH? — 0.588 pH + 26.7. (7-2-6)

49\ m

The R? values of Eq. (7-2-5) and (7-2-6) are 0.99 and 0.92, respectively. Fig. 7-2-1 shows
the contact angles calculated based on the STC method vs. this study’s experimentally obtained

values.
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Table 7-2-1 The calculated yz and yq at different temperatures and pH values.

t(°C) pH Y§ Yq t (°C) pH Y§ Yq
(mN/m) (mN/m) (mN/m) (mN/m)
2.05 9.74 27.07 2.06 4.14 24.60
4.01 9.41 26.14 4.01 3.71 22.05
25 6.99 9.62 26.73 125 5.94 3.78 22.46
9.96 9.83 27.32 7.91 4.24 25.18
11.92 9.87 27.42 9.82 4.39 26.10
2.05 8.39 27.34 2.06 2.96 21.49
4.01 8.07 26.28 4.01 2.67 19.37
50 6.62 8.22 26.77 150 5.81 2.75 19.98
9.23 8.52 27.77 7.60 3.18 23.06
11.19 8.60 28.01 9.55 3.22 23.41
2.05 5.42 26.37 2.07 1.58 17.11
4.01 4.92 23.93 4.01 1.43 15.53
100 6.12 4.96 24.11 200 5.64 1.37 14.88
8.22 5.50 26.74 727 1.71 18.49
10.18 5.64 27.44 9.21 1.80 19.47
60
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Fig. 7-2-1. Contact angle obtained via the STC method (dashed line) vs. the experimental values

(shapes) at different temperatures.

63



The pH dependence of y4® and y42,, are shown in Fig. 7-2-2 and 7-2-3, respectively. It
Note that the pH effect on the hydrogen bonds is much smaller than the temperature effect. The
hydrophilicity of the silica surface stems from its hydrogen-donating and hydrogen-accepting
ability (Schrader et al., 2017), which is reflected in the pH dependence of y4® in Fig. 7-2-2.
Considering the protonation and deprotonation of the surface hydroxyl group introduced in
Chapter 5, the number of Si-OH groups reaches its maximum at pHiep. Iler (1978) reported that
hydrogen bond formation is irrelevant with SiO™ groups, which may have implications for the
SiOH:" groups as well. In our experimental system, complex hydrate complexes are formed due
to the hydrogen bonds between the quartz surface and water molecules in the aqueous phase. The
association can produce several layers of water on the surface or surrounding the solute ion. The
strongly hydrated surface will exert a repulsion force between quartz and water because of the
energy required for perturbation of the ordered structure of the bound layers of water molecules
(Donaldson et al., 2008). Therefore, the magnitude of y‘a\_BW drops since the hydration force has
increased the repulsion between the quartz surface and the aqueous phase. However, for other
mineral surfaces, the functional group may be varied, and a more comprehensive understanding of
the polar interactions between the surface (groups) and the aqueous solution is needed. In particular,
more studies are needed to obtain the AB components based on the intrinsic properties of materials

rather than empirical treatments.
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Fig. 7-2-2. pH dependence of the acid-base component of the surface tension on the quartz (yq®°)

surface at different temperatures.
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water (y‘(}_Bw) interface at different temperatures.
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Chapter 8 Conclusion

In this study, e have developed a new capillary-based system for contact angle
measurement. The system is the first capillary-based technique that enables researchers to study
dynamic contact angles in a solid/liquid/liquid (e.g. quartz capillary/water/n-decane) system at
high temperatures and pressures up to 200 °C and 69 bar. The experimental design provides an
inexpensive method of studying interfacial phenomena as a function of temperature, pH, pressure,
salt type, concentration, and other parameters with controlled flow rate and geometry, thereby
opening up new opportunities for fundamental wettability studies. Our work suggests the following

conclusions can be generated:

1. The surface roughness of the capillary tube was assumed as 1. The contact angles were
measured at three consistent locations on each side of the capillary. Meanwhile, the contact angle
at each position were measured several times by injecting DI water and n-decane into the system.
The average standard deviation of the measured contact angles at these locations for the entire

experiment is around 1.2°.

2. At the neutral pH, the measured capillary/DI water/n-decane contact angle in the new
system increased linearly by 1.1° for every 5 °C within the temperature range 25-200 °C. This
indicates that the quartz shifted from water-wet (18.9°) to weak water-wet (56.1°) as the

temperature increaseed.

3. The temperature dependence of the quartz/water/n-decane contact angles could not be
sufficiently explained by viscous forces or interfacial tension (at the n-decane/water interface)
changing as a function of temperature. Changes to solid/liquid and solid/oil adhesions, which are
influenced by the Van der Waals dispersion type and polar/acid-base type interfacial forces, may

also be responsible for the temperature dependence of the contact angles.

4. Except for neutral-pH DI water, we have experimentally studied the contact angle of a
single system within a 2-12 pH range at a temperature range from 25 to 200 °C. The temperature
and pressure effects on the pH value of the aqueous HCl(aq) and NaOH(aq) were considered. Our
calculated results suggest that the pH of the a single aqueous solution drops as the temperature
rises. However, this does not indicate that the solution becomes more acidic. In fact, due to the
increase in the ionization constant of water at higher temperatures, the scale of the neutral pH

moves to a smaller pH value.

5. The obtained results suggest that there is a concave parabolic relation between 6 and pH

at a constant temperature. The system became less water-wet as the pH increased from the acidic
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region. The maximum 6 was observed at the isoelectric point of quartz, pHiep. The system became

more water-wet as the pH rose.

6. The pH dependence of the contact angles can be explained by the Zeta potential of quartz.
The magnitude of Zeta potential is positively correlated with the electrostatic repulsion between
the quartz surface and n-decane in bulk due to the fact that the quartz surface is hydrophilic. The
magnitude of Zeta potential is related to the quartz surface reactions. Corresponding to the increase
in the pH from the acidic region to the basic region, the Zeta potential of quartz changed from
slightly positive to significantly negative. pHiep is the pH value at which Zeta potential equals zero.

Hence, the weakest repulsion and the maximum 6 (0iep) are found at pHiep.

7. The significant discrepancy between the results calculated using model by Amadu et al.
(2019) and the experimentally-measured results in our work suggests that yg,, is not the only pH-
dependent terms. The pH effects on both solid/liquid and liquid/liquid interactions should be taken
into account. In addition to the previously mentioned pH-independent assumption, the lack of
background electrolyte solutions such as NaCl(aq) might be another reason for the inconsistency

in our experiment.

8. We used the quadratic fit, the cubic fit, and a general correlation as the analytical
equations for our experimental results. The results suggest that the general correlation has a high
R? value, and the obtained pHiep is in good agreement with the data found in the available literature
based on a similar material (fused silica) and method (contact angle measurement). The empirical
general correlation considers the effects of pH and temperature simultaneously, which is not

commonly found in the theoretical or empirical equations reported in other studies.

9. The contact angles calculated via the STC method are in good agreement with our
experimental results. The increase in temperature lowers both polar and nonpolar interactions
between quartz and water, and the variation in the polar interactions is more significant because
the strength of hydrogen bonds weakens as the temperature increases. The pH only affects the
polar interactions, whereas the hydration force increases the repulsion between the quartz surface
and the aqueous phase. The calculated results suggest that the pH effect on the polar interactions
is slight compared to the effect of the temperature. More research on how to determine the AB
components from the intrinsic properties of the material is needed.
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Chapter 9 Future Work Recommendation

In this work, we experimentally studied the effects of temperature and pH on the contact
angle in a quartz/water/n-decane system. In future research, the system components could be
changed, (e.g., from quartz to calcite, from water to NaCl(aq), from n-decane to crude oil). The
influences of other parameters including pressure, salt concentration, and the diameter of the

capillary could be studied as well.

We employed Young’s model in this work. The Young’s model might be extended to the
disjoining pressure model or surface group model. We also assumed the surface roughness as 1 in
this work. In future works, the surface roughness and heterogeneity of different solid surfaces

might be taken into consideration by using the Wenzel model or the Cassie-Baxter model.

Using the STC method, we predicted the surface tension components of the different
phases in our experiment. The polar acid-base surface tension components were not theoretically
obtained from the properties of the materials themselves. Instead, they were treated as empirical
constants. Future works might focus on polar interactions at the phase interface (e.g., hydrogen
bonds) and develop relevant analytical models that can be used to understand and predict variation

in the polar interactions.
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Appendix A Calculation of pH at the Experimental Conditions

The association in the HCl(aq) and NaOH(aq) solution can be written as follows:

H*(aq) + Cl~(aq) » HCl(aq) K4[HCl(aq)], (A-1)

Na*(aq) + OH™ (aq) - NaOH(aq) K,[NaOH(aq)], (A-2)

where K,[HCl(aq)] and K4[NaOH(aq)] are the association constant of HCl(aq) and NaOH(aq),

respectively. The association constant indicates the degree of the association of the ion pairs:

Ka[HCl(aq)] = —Holea__ (A-3)

bH"‘(aq) *bc1-(ag) ’

K,[NaOH(aq)] = —NoHGa) (A-4)

bNat(aq)*PNat(aq)

As the inverse of dissociation, the degree of the association will be influenced by
temperature as well, and it can be reflected by K,. The following equation was suggested to

calculate K, at different temperatures (Lvov et al., 2018):

AGj?ionpair(T, P)=Y AG}fions(T, P) + RT InK,, (A-5)

where AGj("ionpair(T,P) is the summation of standard Gibbs energy values of ions from the

0

association reaction (J mol™'), AG (T, P) is the standard Gibbs energy values of the resulting

'j,ionpair
ion pair (J mol). The relevant AG};pnpair(T,P) and AG};ns(T,P) values regarding the

association of HCl(aq) and NaOH(aq) solution are listed in Table A-1.
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Table A-1 Data of the apparent Gibbs energy of formation for different species at different temperatures
and pressures. Reproduced from Table B.2 and Table B.3 by Lvov et al. (2018).

T(K)  P(bar)  AGN,om0(aq); AGHCE @)y AGNa*aq)j AC0H-Gai AChtayj AGe-(aa.s
(kJ mol ™) (kJ mol ™) (kJmol")  (kJmol')  (kJmol') (kJmol?)
298.15 1 4219 1344 2261.9 1573 0 1313
323.15 | 4225 -137.1 22634 -156.9 0 -132.6
373.15  1.0132 4243 -140.1 -266.7 -155.6 0 -134.6
39815 2.3202 4255 -140.5 -268.5 -154.6 0 1353
42315 47572 -426.9 -140.2 22703 21535 0 -135.8
473.15 155365  -430.3 1373 2742 -150.5 0 -136.0

According to the same reference, the average AG(} change with the pressure is -3.26, -11.43,
-0.60, -6.62, 0 and -4.02 J mol™! bar ! for NaOH(aq), HCl(aq), Na*(aq), OH (aq), H(aq) and CI-
(aq), respectively. We used linear extrapolations to determine the values of AG(} under our

experimental conditions. In our experiments, the pressure was held constant as 1000 psi.Taking
NaOH(aq) at 298.15 K and 69 bar as an example:

AGRaotag), (298-15 K, 69 bar) = AGR,011(aq),; (298-15 K, 1 bar) — 3.256 x (69 — 1) = —421.9 —
3.256 X 68 = —422.1 k] /mol. (A-6)

Similarly, AG(} of other species can be calculated, and the obtained results are listed in
Table A-2.

Table A-2 The calculated AG(} for different species at the experimental conditions.

(0 P Moy AGhce oy AGNarGas AGon-aa A, AGt-a,

(bar)  (k5/mol) (KJ/mol)  (K/mol)  (kF/mol)  (kJ/mol)  (kJ/mol)
25 69 4221 1351 2619 1577 0 1316
50 69 4227 1378 2634 1574 0 1329
100 69 4245 -140.7 -266.8 -156.1 0 1349
125 69 4257 1413 -268.5 -155.1 0 1356
150 69 427.1 -140.9 2704 1539 0 136.0
200 69 -430.4 1379 2743 -150.8 0 1362
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Then, with the calculated values above, the association constants can be obtained with Eq.
(A-5), taking K4[HCl(aq)] at 298.15 K (25 °C) and 69 bar as an example:

K4[HCl(aq), 298.15 K, 69 bar] =

0 0 0
ox AGHCIO (aq)'].(298.15 K,69 bar)_AGCl_(aq),f(Zgg'ls K,69 bar)_AGH"'(aq),f(zgS'ls K,69 bar) _
p RT
—135135.69—(—131563.12)—0
exp ( ) | = exp(-1.441) = 0.237. (A-7)
8.314X%298.15

With the similar approach, we can calculate the values of K,[HCI(aq)] and K,[NaOH(aq)]

at our experimental conditions (Table A-3).

Table A-3 K4[HCl(aq)] and K4[NaOH(aq)] at the experimental conditions.

t (°C) P (bar) k4[NaOH(aq)] k4[HCl(aq)]
25 69 0.369 0.237
50 69 0.499 0.158
100 69 0.582 0.145
125 69 0.532 0.180
150 69 0.447 0.250
200 69 0.258 0.648

The activity coefficient can be calculated based on the Debye-Huckel theory (Lvov,
2014):

2,05
Apuzily

Y = By (&-58)
_ ADHZEIS'S
Iny- = (1+BpgAILSY (A-9)
0.5
Iny, = _ADH|Z+—Z—|Ib, (A-10)

(1+BpyaIg®)
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where y,, y_ and y4 are the activity coefficient of cation, anion, and the mean activity coefficient
of the electrolyte, respectively. z, and z_ are the valance of cation and anion, respectively. I, are
the ionic strength on the molal concentration scale (mol/kg), a is a model parameter, which can be
taken as 4.5 A, Apy and Bpy are model parameters, which depend on water density (py ),

temperature, and the relative permittivity of water (&) by the following equations (Lvov, 2021):

_2.303X1.8246X10°%Xp%5>

ADH - (EWT)I‘S H (A-ll)
_ 50.29xpQ°
Boy = (78.44XT)05" (A-12)

According to Eq. (A-8) to (A-10), for 1-1 electrolyte solutions such as HCl(aq) and
NaOH(aq), the calculated value of y,, y_ and v, is identical. Using data from Table A-4, Apy and
Bpy at 298.15 K can be calculated as:

_ 2.303X1.8246X10°XpQ%5  2.303x1.8246X100x105

ADH,298.15 K — (ewT)L5 - (78.7%298.15)1:5 =1.169 (kg/mOI)O'Sa (A_13)

B _50.29%xp%° _ 50.29%x105
DH,298.15K ™ "¢ 'x7)05 ~ (78.7x298.15)05

= 0.328 (kg/mol)%5 (A)~1. (A-14)

Similarly, we can calculate Apy and Bpy at other temperatures; the calculated values are
listed in Table A-4.
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Table A-4 Different properties of water and the calculated Debye-Huckel model parameters at the
experimental conditions.

t(°C) P (bar) Pw (kg/m?) K, Ew Apn Bpy
o (1 (kg/mol)®3  (kg/mol)®3

(A)!

25 69 1000 13.97 78.7 1.169 0.328
50 69 991 13.24 70.2 1.224 0.332
100 69 962 12.23 55.8 1.372 0.342
125 69 942 11.88 49.7 1.465 0.347
150 69 921 11.61 443 1.571 0.353
200 69 869 11.28 35.0 1.838 0.364

[1] From www.energy.psu.edu/tools/ionization0730/index.php

Then, insert the calculated Apy and Bpy values to Eq. (A-10), and we can calculate y .

Taking vy, ,, of 0.01 mol/kg electrolytes as an example:

_ Apngesisklziz_lIR® 1.169%[1x1]|x0.01%5
Iny4 p=0.01 mol/kg 29815k = = (1+Bonsos1s KAIOS) (140328x4.5x0.0108) —0.10187,
V+,p=0.01 mol/kg,298.15K — exp(—0.10187) = 0.903. (A-15)

Similarly, y, 5, at other temperatures and concentrations can be obtained (Table B-5).

With the obtained K, and y.. j, values, we can calculate the molality of H'(aq) and OH"(aq)
at different temperatures and concentrations. Using 0.01 mol/kg HCl(aq) at 298.15 K as an

example: first, we have a mass actions equation based on the association constant:

moleCl(aq)

i'bzo'()lk_g buci(aq)
K,[HCl(aq), 298.15 K, 69 bar| = = = 0.23663.
+,b:0.01T{—gle+(aq)y—,b:o.mrﬁ—?bcr(a‘” 0.903Xby+(aq)be1~(aq)

(A-16)

The second equation is the mass balance of chloride:
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buci(aq) + bei-(aq) = 0.01. (A-17)
The last equation shows the charge balance:
by+aq) = ber-(ag)- (A-18)

Solve the above three equations, and we have: bH+(aq)=bC1—(aq)=9.98><10'3 mol/kg, and
brci(aq)=2-14% 10~ mol/kg. With a similar approach, we can calculate the molality of H'(aq) and
OH (aq) at different temperatures (Table A-5).

The molality calculations are based on the assumption that 5=102mol/kg or 5=10"* mol/kg
in Eq. (B-16) and (B-17). Based on the calculated results in Table B-5, the iteration was not needed.
With both the mean activity coefficient and the molality of the pH-determined ions obtained, we
can calculate the pH values at different temperatures. Taking 298.15 K as an example, the pH
value of the 0.01 mol/kg HCl(aq) can be calculated as:

pH = —log <bH+(aq) x Vi,b,:o.of;:_ﬁ:,zgs.lsx) = —10g(9.98 x 1073 x 0.903) = 2.05. (A-19)
For the 0.01 mol/kg NaOH(aq),

PH = Ky, 298 5k — POH = Ky 20815k — l0g <b0H‘(aq) *Y i b =001 20815 K) =13.97 -
+,b,=0.017298.

[—10g(9.97 x 1073 x 0.989)] = 11.93. (A-20)

For the neutral pH DI water,

pH = “w22m1sk - 39 — 6 99, (A-21)
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Similarly, the pH values at other temperatures and concentrations can be calculated (Table
5-2-2).

Table A-5 The mean activity coefficient of the different concentration electrolytes and the calculated
molality of H(aq), OH (aq) at different temperatures.

1(°C)  Yip=102mol/kg  Y+b=10"* mol/kg by+(aq) b+ (aq) bou-(aq) bon-(aq)
10°mol/kg  10° mol/kg  10° mol/kg  10”° mol/kg
1 2 3 4
25 0.903 0.989 9.98 10.00 9.97 10.00
50 0.899 0.988 9.99 10.00 9.96 10.00
100 0.887 0.987 9.98 10.00 9.95 10.00
125 0.880 0.986 9.98 10.00 9.95 10.00
150 0.872 0.985 9.98 10.00 9.96 10.00
200 0.852 0.982 9.95 10.00 9.98 10.00

[1] Calculated based on y4 and total concentration of 10 mol/kg HCl(aq).
[2] Calculated based on y4 and total concentration of 10 mol/kg HCl(aq).
[3] Calculated based on y4 and total concentration of 10 mol/kg NaOH(aq).

[4] Calculated based on y4 and total concentration of 10 mol/kg NaOH(aq).
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Appendix B Calculate the Contact Angle via the Method by Amadu et al. (2019)

As we briefly introduced in Chapter 5, the following equation was derived by Amadu et al.

(2019) to calculate the contact angle in a three-phase system:

cos B = (cos Biep + 0.5¢ pHY,,) — EpHiep pH + 0.5¢ pH2. (B-1)

When the concentration is less than 1.5 M, the relative permittivity of the electrolyte

solution can be calculated by (Gavish et al., 2016):

£ =g, —ac. (B-2)

According to Molina et al. (2011) and Li et al. (2017), the phenomenological ion-specific
parameter, a, was obtained as 4.443 A and 2.189 A for HCl(aq) and NaOH(aq), respectively. Then,
the molarity of 0.01 mol’kg HCl(aq) at 298.15 K can be calculated as (Lvov, 2014):

PHCI(aq),298.15 KPHCI(aq) 1000.269x0.01
c = = = 0.01 mol/L. B-3
HCI(@q),298-15 K ™ 1000 4 Mycy(aq Prciaq)  1000+36.458x0.01 / (B-3)

The density of HCl(aq) was calculated based on the data reported by Sharygin et al. (1997).
Myci(ag) 1s the molar mass of the solute HCI(I), 36.458 g/mol.

Then, we can calculate the dielectric constant of the HCl(aq) solution:

‘SHCl(aq),298.15 K— 8W,298.15 K — ac = 787 - 444‘3 X 0554‘ X 10_3 = 7866 (B-4)

The number density of the HCl(aq) solution can be obtained by the following equation:
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n=cN, =2x0.01x6.02x 1026 = 1.204 x 1025 L3 (B-5)

Therefore, the ¢ term can be calculated:

_ e nkpTEHCI(aq),298.15 K10.5 »2.303kpT~ 2
fHCl(aq),298.15 K — [ ] ( e )

kpTYow 21
1.062x1071° [1.204X1025X1.381X10_23><298.15><78.66><8.85><10_124-]0.5 2.303><298.15><50.2514-)2 _
1.38X10723x298.15x50.0263 2m 1.062x10719
2.147 x 1073 (B-6)

The calculated Enaor(ag),298.15 k 18 2.147 % 107 for 0.01 mol/kg NaOH(aq) as well. Then,
what we need are pHp,. and 8,.. For fused SiOx(s), Gusev et al. (2002) reported it as 4. Based
on our investigation, the most similar three-phase system with available contact angle data was

from Barranco et al. (1997), and they reported a 27° maximum contact angle for
quartz/water/trichloroethylene at 298.15 K, with 0.01 M NaClO4(aq) as background solution.

Thus, we can plug the calculated parameters back to Eq. (B-1):

cos 8 = (cos B, + 0.5 pHZ,c) — EpHp,e pH + 0.5 pH? = [cos(27°) + 2.147 X 1073 x 2.147 X
1073 x 42] — 6.877 X 107® x 4 pH + 0.5 x 2.147 x 10~ 3pH? = 1.074 x 1073 pH? —
8.589 x 1073 pH + 0.91. (B-7)

The calculated contact angle by Eq. (B-7) are shown in Fig. B-1, and a very poor agreement
can be found between the calculated contact angle and the experimentally measured contact angle
in our experiments. If we repeat the same process by calculating the parameters above based on
10" mol/kg HCl(aq) and NaOH(aq), the consistency is still non-ideal. Considering that we didn’t
utilize background electrolyte solution, if we took a as 0 in Eq. (B-2), unfortunately, the agreement

is still poor (not shown in Fig. B-1). This kind of inconsistency occurs from 25 °C to 200 °C.
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pH

Fig. B-1. The pH dependence of the calculated contact angle based on 0.01 mol/kg (solid line)
and 0.0001 mol/kg (dash line) electrolyte solution via Amadu et al. (2019) method, against our

experimental results (dots) at 25 °C.
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Appendix C Calculation of pHicp based on method by Bérubé et al. (1968)

According to Rotriguez et al. (2006), the equation to correlate the species at the silica

surface can be written as:

—9.8 = —log(H,Si0,) + log(H™) + log (H5Si0y), (C-1)

where log(H,Si0,) = 0.151 — 1162/T, and it is independent of pH. Thus, at 298.15 K, the

following species calculation can be written:

1162
298.15

lOg (H3SiOZ)pzc =-98+ lOg(H4SiO4)293_15 K~ 10g(H+)293.15 K= —-9.8+ 0.151 —
—-9.41.

+4.14 =

(C-2)

Then, we can calculate the isoelectric point of silica at 318.15 K:

—log(H")31815k = PHiep 31815k = —9.8 + log(H4Si04)318.15k — IOg(HssiOZ)iep =—9.8+0.151 —

1162 _
31815 + 9.41 = 3.84. (C-3)

To verify the species calculation, we conducted similar calculations, based on the

experimentally-obtained silica pH;e, at 293.15 K, 2.20, in accordance with Rotriguez et al. (2006).
The calculated pHjep, at 308.15 K is 2.01, which is the same as the experimental results from the

same work.

Back to our work, with the obtained pHiep at 298.15 K and 323.15 K, the following

equations can be written:

A AS*, (C-4)

4.6R[0.5 pKyy, 20815 k — PHiep 20815 k| = 4.6 X 8.314 X [0.5 X 13.97 — 4.14] = PPYT
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AH*
323.1

4.6R[0.5 pKyy, 32315k — PHiep32315K] = 4.6 X 8.314 X [0.5 X 13.24 — 3.84] = - —AS*. (C-5)

Solve Eq. (C-4) and (C-5), and we have: AH*=9580.3 J/mol; AS*=-76.7 J/mol. Therefore,

we can calculate pH;ep, at other temperatures. Taking 373.15 K as an example:

9580.3
4.6R[0.5 pKw 37315k — PHiep 37315 k] = 4.6 X 8314 X [0.5 X 12.23 = pHiep3ra1sk] = 5.5 + 767,

PHiep373.15k = 3.44. (C-6)
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Appendix D Table of the Available pHiep of silica from other literature

Author Solid material Aqueous solution Technique pH Type
Yukselen-Aksoy et Quartz powder HCl(aq) and Zeta Meter <2 if any iep
al. (2010) from Ottawa NaOH(aq) 3.0+ from Zeta
sand Meter Inc.,
VA)
Janior et al. (2014) Quartz powder 0.1 M KCl(aq) and ELS 2.5 iep
form Brazil with NaOH(aq) Analysis Zeta
d50 =13 pm Meter®
mesh size
Rodriguez et al. Commercial 0.1 M HCl(aq) and  Zeta Meter 3.0 2.3 iep
(2006) quartz sample NaOH(aq)
Liu et al. (2017) Commercial HCl(aq) and Colloidal 2.11 iep
quartz sample NaOH(aq) Dynamics
from Wuxi, Zetaprobe
China (Colloidal
Dynamics,
USA)
Zhou et al. (2015) Quartz from 0.1 M HCI (aq) and Zetasizer 2.8 iep
China NaOH (aq) (Malvern
100 mg/L and 1000 ZEN3600)
mg/L humic acid
(HA)
Abaka-Wood et al. Quartz from 1 M HNOs(aq) and Colloidal 2.2 iep
(2017) Australia KOH(aq) Dynamics
AcoustoSizer
IT (Colloidal
Dynamics Inc.,
USA)
Vidyadhar et al. Quartz from 0.2 M HCl(aq) and Zeta Probe 2 iep
(2012) India (>99% NaOH (aq) (Colloidal
purity) 10° M KNO;s (aq) Dynamics,
USA)
Cuddy et al. (2013) SiO; layer on HCl(aq) and Contact angle 3.9+0.5 iep
QSX 303 NaOH(aq)
Noh et al. (1988) Cabot L90 SiO; HCIO4(aq) and Titration 3.2 pzc
NaOH(aq)
Sabia et al. (2000) Fused SiO» 10° M NaCl(aq) Titration 3.5+0.1 pzc
and HCl(aq)
Simonsson et al. Silica sol 0.05-02 M Malvern 4 iep
(2018) NaCl(aq) and ZetaSizer
NaNO:s (aq) Nano
Liang et al. (2017) Quartz (95% 10* M NaCl(aq) ZetaPlus <4 if any iep
purity) from
Geodiscoveries
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Kutzner et al. (2018)

Kutzner et al. (2018)

Kutzner et al. (2018)

Schwarz et al. (2000)
Schwarz et al. (2000)

Salopek et al. (2017)

Farooq et al. (2011)

Martinovic et al.
(2004)
Marion et al. (2015)

Yang et al. (2018)

Gubhra et al. (2019)

Brown et al. (2016)

Sonn et al. (2018)

Szewczuk-Karpisz et
al. (2019)

Lutzenkirchen et al.
(2013)

Silica gel 60
from Merck
Nucleodur 100—
50,

50 um, spherical
Nucleodur 300—
5,5 um,
spherical
Silica spheres up
to size of 2
Sikron from
Quartzwerke
Quartz from
Sigma Aldrich

Quartz aerosol
from Evonik

Quartz from
Delmas mines
Quartz from
Daubois

Quartz from
China (>92%
purity)
Quartz from
Quarzwerke,
washed with
HCl(aq)
Ludox silica

12 nm silica
from sigma-
Aldrich

Silica from
sigma-Aldrich

Octadecyl-
trichlorosilane
covered fused

silica

0.00037-3.7M
NaCl(aq)

0.00037-3.7M
NaCl(aq)

0.00037-3.7 M
NaCl(aq)

NA

NA

HCl(aq)+NaOH(aq)
0.011 M NaCl(aq)

0.5M

HCl(aq)+NaOH(aq)

NaCl(aq),

CaCl, 2H,0O(aq),
MgCl, 6H>O(aq)
0.01 M HNO3(aq)

and KOH(aq)
10 M KCl(aq)

HCl(aq) and
NaOH(aq)

0.01 M NacCl(aq)

0.01 to 0.1 M NaCl

(aq)
1 M HNOs(aq)

0.1 M HCl(aq) and

NaOH(aq)

0.01 M NacCl(aq)
1,10, and 20 mM

HCl(aq)
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NA

NA

NA

Malvern
Zetamaster
Malvern
Zetamaster
ZetaPlus
instrument
from
Brookhaven
Malvern
Zetasizer Nano
ZS

Malvern
Zetasizer 4
Electroacoustic
zeta potential
measurements
Js94H zeta
potential
analyzer
Nano ZS,
Malvern
Instruments

NA

ELS-8000
electrophoretic
light scattering

spectrometer
Zetasizer 3000,
Malvern

Streaming
current and
potential

5.7-6.4

2.3-33

2343

3.2
4.5

around 4

3.3+0.1

<3 if any

<3 if any

23

<2 if any

<3 if any

<1 if any

3-4

pzc

pzc

pzc

iep
iep

iep

iep

iep

iep

iep

iep

iep

iep

iep

iep



Liitzenkirchen et al. Octadecyl- 1,10, and 20 mM
(2013) trichlorosilane KCl(aq)
covered fused
silica substrates
Guseyv et al. (2002) Fused-silica 0.001 M NaCl(aq)
capillary

Givens et al. (2017)  SiO; from Cabot 1M HCl(aq) and
0.8 M NaOH(aq)

Zienkiewicz-Strzatka Aerosil 300 0.1 M NaCl(aq)
et al. (2018) from Evonik
Degussa

Streaming
current and
potential

Streaming
potential

Beckman-
Coulter
Delsa Nano C
potentiometric
titration

3-4

3.1

3

iep

iep

iep

iep

&3
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