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Abstract: Illite and Illite-Smectite clays are reportedly the Caney Shale's most prevalent clay 
minerals. The swelling and fines migration of clays may occur when water-based fluids contact the 
clay minerals. This may result in the reduction of pore space and permeability, and wettability 
alteration. Therefore, we quantified the swelling potentials, fines migration and wettability 
alteration of Illite and Illite-Smectite clays upon exposure to model brines and a produced water, 
and a model oil and a crude oil. We measured density, viscosity, pH, TDS, and interfacial tension 
as they are important in multiphase flow and displacement characteristics.  
 
Geomaterial microfluidics is recently being used to study physicochemical interactions of solid-
fluid systems. It facilitates visualizing the surface behavior upon exposure to various fluids. This 
study includes preparation and characterization of Illite-Smectite clay-coated glass capillary tubes. 
Illite and Illite-Smectite clay-coated geomaterial microfluidic surfaces were prepared to investigate 
the effects of first contact fluid, brine salinity, and aging on wettability. In this work, advancing 
and receding contact angles of model brine-air, model oil-air, produced water-air, crude oil-air, 
model brine-model oil systems, and produced water-crude oil systems have been measured in the 
untreated, and clay-coated microfluidic channels of 1000 µm width and 50 µm depth. The aging 
effect was studied by retaining the non-aqueous and aqueous solutions in the corresponding 
microfluidic channels for approximately 24 h in the case of channels first contacted by aqueous and 
non-aqueous solutions, respectively. The advancing and receding contact angles of Caney shale-
crude oil-produced water systems were also measured. 
 
The experimental findings indicate the swelling potential, fines migration, and wettability alteration 
of Illite and Illite-Smectite clays. The results signify the influence of first contact fluid, brine 
salinity, and aging on wettability of the untreated and clay-coated microfluidic surfaces. The 
experiments also demonstrate the wetting nature of the Caney shale samples from reservoir and 
non-reservoir zones. 
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by crude oil first: (e) produced water advancing contact angle and (f) 

produced water receding contact angle in produced water-crude oil 

system before aging; (g) produced water advancing contact angle and 

(h) produced water receding contact angle in produced water-crude 

oil system after aging; Arrow indicates the direction of interface  
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Figure 50: Illite-Smectite clay-coated microfluidic channel contacted by 

produced water first: (a) produced water advancing contact angle and 

(b) produced water receding contact angle in produced water-air 

system before aging; Illite-Smectite clay-coated microfluidic 

channel contacted by crude oil first: (c) crude oil advancing contact 

angle and (d) crude oil receding contact angle in crude oil-air system 

before aging ........................................................................................  
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Figure 51: Illite-Smectite clay-coated microfluidic channel contacted by 

produced water first: (a) produced water receding contact angle and 

(b) produced water advancing contact angle in produced water-crude 

oil system before aging; (c) produced water receding contact angle 

and (d) produced water advancing contact angle in produced water-

crude oil system after aging. Illite-Smectite clay-coated microfluidic 

channel contacted by crude oil first: (e) produced water advancing 

contact angle and (f) produced water receding contact angle in 

produced water-crude oil system before aging; (g) produced water 

advancing contact angle and (h) produced water receding contact 

angle in produced water-crude oil system after aging; Arrow 

indicates the direction of interface .....................................................  
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Figure 52: Snap off phenomenon in Illite-Smectite clay-coated surface 

contacted by crude oil first .................................................................  
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Figure 53: (a) Produced water advancing contact angle and (b) produced water 

receding contact angle in produced water-crude oil-Caney shale rock 

(reservoir zone) system before aging; (c) produced water advancing 

contact angle and (d) produced water receding contact angle in 

produced water-crude oil-Caney shale rock (reservoir zone) system 

after aging. Arrow indicates the direction of movement of crude oil 

droplet .................................................................................................  
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Figure 54: (a) Produced water advancing contact angle and (b) produced water 

receding contact angle in produced water-crude oil-Caney shale rock 

(non-reservoir zone) system before aging; (c) produced water 

advancing contact angle and (d) produced water receding contact 

angle in produced water-crude oil-Caney shale rock (non-reservoir 

zone) system after aging. Arrow indicates the direction of movement 

of crude oil droplet..............................................................................  
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CHAPTER I 
 

 

INTRODUCTION 

 

The Caney shale is a geological formation rich in organic material and is located in Oklahoma and 

Arkansas in the United States. The minerals present in the Caney shale include clay minerals such 

as kaolinite, illite, and smectite, besides quartz and carbonate minerals like calcite and dolomite. 

The presence of these minerals, along with the organic material, makes the Caney shale a potential 

source for hydrocarbons. Therefore, it has been the focus of significant exploration and production 

activity in recent years [1].  

Illite and Illite-Smectite clays are reportedly the Caney shale's most prevalent clay minerals. The 

swelling and fines migration of clays may occur when water-based fluids contact the clay minerals. 

This may result in the reduction of pore space and permeability, and wettability alteration  [2,3]. 

Although swelling is correlated with clay hydration, all clays do not swell when hydrated. The 

swelling characteristics of  clays differ due to changes in their chemical composition and structure 

[4]. The silica tetrahedron (T), alumina octahedron (O), and silica tetrahedron (T) layers of the Illite 

structure are sandwiched together in the ratio of 2:1. The space between these layers is occupied 

by poorly hydrated potassium cations, which account for the lack of swelling [5]. This contrasts 

with other types of clay, such as smectite, which have large, plate-like particles that can absorb 

water and cause swelling. Additionally, Illite clay particles have a higher cation exchange capacity, 

which means they can hold onto positively charged ions such as potassium and magnesium, making
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them less likely to absorb water. The organization of smectites is in quasicrystals, therefore, 

Smectites swell when water or polar organic solvents are imbibed in between smectite quasicrystals 

or between the individual layers that make up a quasicrystal. The replacement of small interlayer 

cations by large organic cations or larger polymeric hydroxyl-metal cations also results in swelling 

[6]. 

In unconventional reservoirs like shale, when clay particles are exposed to low salinity injection 

fluids, fines migration may occur that can plug the narrow pore throats resulting in the  formation 

damage  [7]. Fines migration from clays such as Illite and Smectite could also result in formation 

damage by clogging the narrow pores. Fines migration in shale can cause the formation to become 

less stable. This is because the fine-grained particles can fill the pores and fractures in the shale, 

making it more susceptible to deformation and failure [8]. This can lead to issues such as borehole 

collapse which can cause damage to the well and make it more difficult to extract hydrocarbons. 

The wettability of the formation is also affected by fines migration as they can change the surface 

energy and chemical properties of the rock. This could significantly affect the recovery of 

hydrocarbons. 

Microfluidics is a technology that allows real-time visualization of pore-scale phenomena. 

Microfluidics technology has potential applications in reservoir engineering, a branch of petroleum 

engineering that deals with the study of subsurface reservoirs to understand their characteristics 

and behavior in order to optimize hydrocarbon recovery. Microfluidic devices made up of quartz or 

silicon are used to analyze the fluid behavior in subsurface [9].Microfluidic technology could help 

in flowing fluids through microchannels where capillary forces are dominant. On a microfluidic 

chip, a reservoir network pattern can be etched to simulate multiphase flow through porous media. 

It allows to visualize and quantify wettability of the system [10]. The application of microfluidics 

also includes the development of miniature, highly sensitive sensors that can detect the presence of 

oil and gas in subsurface formations. These sensors can be used to measure reservoir parameters 
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such as pressure, temperature, and fluid saturations, which can help to improve our understanding 

of the reservoir and optimize hydrocarbon recovery [11]. 

Another application of microfluidics is in the development of novel fluid systems for enhanced oil 

recovery (EOR) operations. Microfluidic devices can be used to mimic the rock surface. This can 

be achieved by coating the microfluidic substrates with the minerals present in the rock. Mimicking 

the rock surface on microfluidic channel and analyzing its behavior in presence of oil and water 

can improve oil recovery rates and increase the efficiency of EOR operations. Microfluidics can 

also be used in developing new methods for injecting fluids into the reservoir to replicate micro-

scale injection wells as it provides precise control for fluid injection by adjusting the flowrates to 

even nanoliters/min.  This can significantly improve the efficiency of EOR operations. The 

application of microfluidics  can greatly reduce the cost and risks associated with field testing [12–

14]. 

The wettability of a surface is characterized by the contact angle, a macroscopic quantity that can 

be experimentally measured. Wettability is an important parameter as it controls the flow, location, 

and distribution of fluids in a reservoir. The wettability of a reservoir has an impact on its capillary 

pressure, relative permeability, electrical properties, dispersion, and waterflood behavior [15]. In 

microfluidics, wettability plays a crucial role in controlling the flow and mixing of fluids in the 

small channels and structures [16].  

A thin film of oil on a rock surface can make the surface hydrophobic, and substantially decrease 

the amount of oil that can be recovered. In contrast, a thin film of water on a rock surface can make 

the surface hydrophilic, which makes the rock water-wet and may promote hydrocarbon recovery. 

In both cases, the thickness and the composition of the thin film are important factors that are 

affected by the wettability of the rock surface [17]. The oil and water composition, salinity, 
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temperature, pressure, and the presence of surfactants and other contaminants can affect the 

properties of the thin film, and ultimately the wettability of the rock surface [18]. 

Wettability alteration is considered a viable technique by researchers for more efficient oil 

recovery. For this, the wetting state of a particular rock is altered preferably towards water-wet to 

increase the ultimate oil recovery. Jadhunandan and Morrow (1995) conducted a study to test the 

effect of wettability on oil recovery [19]. It was concluded that the ultimate oil recovery reaches its 

maximum near the intermediate wet state, and not the strongly water-wet state. Salathiel  (1973) 

performed a series of experiments and found that during waterflooding, high oil recovery  was 

obtained from the reservoir of mixed wettability [20]. Therefore, a reservoir’s response to 

waterflooding varies based on its wettability. In the past few decades researchers have reported that 

maximum oil recovery is achieved when the rock is strongly water-wet [21–24]. Recently, Danial 

et al. (2022) investigated the wettability in water floods of viscous oil and found that the oil 

displacement in water-wet systems is mainly governed by capillary phenomenon [25]. C.J. van der 

waals proposed the concept of "disjoining pressure" to describe the interactions between liquids 

and solid surfaces, which laid the foundation for the study of wettability. A comparative analysis 

of conventional techniques was done by Hamid et al. (2022) for evaluating the wettability in shales 

[26]. This study compares three conventional methods used for evaluating wettability in shale 

formations: the Amott-Harvey, the U.S. Bureau of Mines (USBM), and the Contact Angle methods. 

The study revealed that The Amott-Harvey method is relatively easy to perform and provides a 

measure of the irreducible water saturation, but it can be affected by the presence of clay minerals. 

The USBM method is less affected by clay minerals and can provide a measure of the residual oil 

saturation, but it is more time-consuming and requires specialized equipment. The Contact Angle 

method provides a direct measure of wettability, but it can be affected by the roughness and 

heterogeneity of the shale surface. 
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The effect of the first contact fluid on wettability depends on the properties of the fluid and the 

surface it is in contact with. If the first contact fluid has a lower surface tension and/or a higher 

chemical affinity for the surface than subsequent fluids, it may be more difficult for subsequent 

fluids to displace it and change the wettability of the surface.  

Fluid characteristics such as salinity, interfacial tension, and pH could also significantly affect the 

wettability of a surface. Salinity can affect the contact angle by altering the chemical composition 

of the fluid that is in contact with the solid surface. In general, low salinity fluids tend to make the 

surface more water-wet, while high salinity fluids tend to make the surface more oil-wet. At low 

salinities, the double layer at the solid-liquid interface is thick, and water molecules are attracted to 

the surface, leading to a smaller contact angle and a more water-wet surface.  It's important to note 

that salinity effect on wettability can be complex and depend on the type of surface, type of fluid 

and the salinity level. The interfacial tension between oil and water can affect the contact angle of 

the rock surface, which in turn affects the wettability. In general, low interfacial tension tends to 

make the surface more water-wet, while high interfacial tension tends to make the surface more 

oil-wet. In Enhanced Oil Recovery (EOR) methods, pH modification of fluids is employed to alter 

the wettability of the reservoir rock. Alkaline-Surfactant-Polymer (ASP) and Alkaline-Surfactant 

(AS) are two common EOR methods that employ pH modification to achieve better oil recovery. 

pH can affect the wettability of a solid surface by altering the surface charge and the chemistry of 

the fluids that are in contact with the surface.  

This thesis focuses on the influence of brine salinity and first contact fluid on wettability of glass, 

and Illite and Illite-Smectite coated microfluidic surfaces. Advancing and receding contact angle 

data for DI water-air, brine-air, n-decane-air, produced water-air, crude oil-air, brine-n-decane 

systems, and crude oil-produced water systems have been measured in the untreated, Illite, and 

Illite-Smectite coated microfluidic channels. In addition, produced water advancing and receding 

contact angles were measured for Caney shale reservoir and non-reservoir zone core sample. This 
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work can be helpful for petroleum industry as swelling potential, fines migration, and wettability 

alteration of clay minerals are critical aspects for drilling and production operations in shale 

formations. The applications of this work also include enhanced oil recovery in formations rich in 

clay and designing injection fluids to increase production from these formations while maintaining 

the permeability of the formation. 

A brief outline of this study is as follows:  literature review on clay chemistry, its effect on shale 

rocks' productivity, literature review on wettability and mechanisms that impact the wetting 

characteristics of surface, and microfluidics background is provided in chapter 2. Chapter 3 

describes the materials and methods utilized to prepare the clay-coated surface and to investigate 

the effect of salinity and first contact fluid on wettability of untreated and clay-coated microfluidic 

channels. Chapter 4 discusses the results obtained from the study. Finally, chapter5 discusses the 

conclusion and recommendations for future work. 
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

 

2.1 A brief introduction of clay minerals  

Clay is a naturally occurring material composed of fine-grained minerals, mainly hydrous 

aluminum phyllosilicates. These minerals are formed from the weathering and alteration of other 

minerals, such as feldspar and mica, and are made up of aluminum silicate sheets and tetrahedral 

structures of silica and aluminum oxide. In addition to aluminum phyllosilicates, clay may also 

contain other minerals, such as quartz, iron oxides, and organic matter [27]. The exact composition 

of a clay sample depends on the geological conditions under which it was formed, such as the type 

of parent rock, the climate, and the presence of minerals in the soil.  

Clays are classified based on their proportion of sheet structures, such as 1:1 (kaolinite, serpentine) 

and 2:1 (illite, smectite, vermiculite, smectite). Clay minerals are composed of layered silicate 

sheets that are held together by the arrangement of tetrahedron and octahedron structures of silica 

and aluminum oxide. Figure 1 shows the tetrahedron and octahedron structures of clay  minerals. 
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Figure 1: Tetrahedron and Octahedron structure of clay minerals [28]. 
 

Illite is a 2:1 clay mineral i.e., one octahedral layer is in between two tetrahedral layers (T-O-T). In 

the octahedral layer, the aluminum silicate layers contain interlayer cations such as potassium and 

magnesium. These cations restrict the encroachment of water between the layers. This reduces the 

swelling potential of the mineral. Whereas, in smectite, the silicate layers are held together by weak 

van der waals force, and when water is absorbed into the layers they expand and be pushed apart. 

This causes smectite to swell. 

2.2 Impact of clay on producibility of shale 

Clay minerals can impact the porosity and permeability of shale, which are the key factors that 

control the flow of the hydrocarbons. Clay minerals have a large surface area owing to their platy 

structure. Kozeny equation states that permeability is inversely proportional to surface area [29].  

Therefore, presence of clay minerals may reduce the permeability of the formation. Variations in 

the chemical composition, morphology, and physical structure of clay minerals can result in 

differences in their wetting behavior [30].  
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 Fines migration is another characteristic of clay particles that has a considerable impact on shale 

producibility. The net sum of attractive van der waals force and the repulsive electrostatic forces 

and drag forces acting on the particles controls the mobility of the fines. A repulsive electrostatic 

force acts on the particles because generally both the shale rock grain and the clay particle are 

negatively charged. At high salt concentration, the formation water ions could shield the negative 

charge on the clay particles generally resulting in relatively less fines migration than at lower salt 

concentrations. In addition, the van der waals forces could also be sufficiently high enough to hold 

the particles to the grain surface. With decrease in the salinity, the repulsive electrostatic and drag 

force exceeds the attractive van der waals force, hence, resulting in the release of fines in the pore 

space [31]. This phenomenon is known as fines migration, and it can have a significant impact on 

productivity of the formation by clogging the narrow pore throats and reducing the permeability of 

the formation. Figure 2 shows the release of fine particles, and permeability reduction by clogging 

pore space where FEDL, FVLA represents electrostatic force and van der waals force, respectively. 

 

Figure 2: Forces acting on particle (left), Permeability reduction by clogging (right) [32]. 
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2.3 Wettability: A brief introduction 

Wettability is the preference of a fluid to maintain contact with the solid in the presence of another 

fluid. Contact angle is a measure of wettability. It is the angle formed by a droplet of liquid on a 

solid surface at the three-phase contact line as shown in Figure 3.  

 

Figure 3: A typical three phase contact angle. 
 

A static contact angle is not sufficient to determine the wettability of rock/brine/oil system. This is 

because the wettability is determined by multiple contact angles at different three-phase contact 

regions within the pore spaces of the rock. The contact angle described by Young's equation is a 

theoretical value that represents the lowest free energy state of a liquid drop on a surface, based on 

the assumption that the surface is smooth, rigid, chemically homogeneous, insoluble, and non-

reactive. However, the real surfaces do not always meet these assumptions. Surface heterogeneities 

such as roughness or chemical variations can create multiple metastable states for liquid drops, 

leading to a range of contact angles. Therefore, the advancing and receding contact angles are 

measured to quantify this range. Consider a system consisting of a solid surface, a liquid droplet, 

and surrounding fluid, referred to as the solid, liquid, and fluid phase, respectively. The total energy 

of the interfaces in the system can be calculated using the interfacial tension between the solid-

liquid (𝜎𝑠𝑙), solid-fluid (𝜎𝑠𝑓), and liquid-fluid (𝜎𝑙𝑓 ), and the profiles of the solid wall and the liquid 

droplet, and is given by the expression: 
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∫ [𝜎𝑙𝑓 
𝑋

0 √(1 + 𝑦′)2 + (𝜎𝑠𝑙 − 𝜎𝑠𝑓)𝑟(𝑥)]𝑥𝑘𝑑𝑥                                                                           (1) 

In this equation, the variables x and y represent the distance from the center of the droplet and the 

droplet profile, respectively. The parameter x=X refers to the position of the contact line where the 

liquid droplet meets the solid surface. The parameter k is a value of either 0 or 1, which indicates 

whether the droplet is two-dimensional or axisymmetric, r(x) represents the local ratio between the 

actual solid surface area and its projection onto a horizontal plane. The system is subjected to a 

constant liquid volume constraint,  

𝑉 = 2𝜋𝑘 ∫ 𝑥𝑘(𝑦 − 𝑦𝑠)𝑑𝑥
𝑋

0                                                                                                           (2) 

In equation 2, V is the volume of the droplet, and y s is the profile of solid wall. For the system to 

be in a state of equilibrium, it is necessary to minimize the expression given in equation 1, while  

also satisfying the condition set by equation 2 [33]. The equation for the apparent contact angle by 

solving the above-mentioned constraints is given by: 

𝑐𝑜𝑠𝜃 =
𝑟(𝑋)(𝜎𝑠𝑓−𝜎𝑠𝑙 )

𝜎𝑙𝑓 (1−𝑦𝑠
′𝑡𝑎𝑛𝜃)

                                                                                                                   (3) 

If the solid surface is smooth, uniform, rigid, and insoluble, and the interfacial tension between 

solid-liquid, solid-fluid, and liquid-fluid is constant, then the equation (3) becomes the well-known 

Young-Dupre equation. 

𝑐𝑜𝑠𝜃 =
(𝜎𝑠𝑓 −𝜎𝑠𝑙)

𝜎𝑙𝑓
                                                                                                                          (4)                                                                                  

In oil-brine-rock (OBR) systems, a thin layer of water or oil (depending on the system is water-wet 

or oil-wet, respectively) can exist between the liquid droplet and the solid surface, which is due to 

the equilibrium of different forces i.e., van der waals, electrostatic, and structural forces. Therefore, 

the traditional Young-Dupre equation cannot be applied to these systems. To overcome this 
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limitation, Hirasaki (1991) proposed a modified equation for the contact angle of water in OBR 

systems by using thermodynamic analysis [34]. The equation is given by the expression: 

𝑐𝑜𝑠𝜃 − 1 =
1

𝜎𝑜𝑏
[∫ Π(𝐷)𝑑𝐷 + 𝐷𝑜Π(𝐷𝑜)

∞

𝐷𝑜
]                                                                              (5) 

The equation for the contact angle of water in OBR systems involves two components, namely 

Π(D), also referred to as the disjoining pressure denotes the overall pressure between the oil-brine 

interface and the brine-rock interface at a distance D, and D0, which signifies the thickness of the 

equilibrium water film.  

Equation (5) shows that the wetting behavior of a typical OBR system is influenced by three key 

factors: the interfacial tension between the oil and brine, the disjoining pressure across the water 

film, and equilibrium water/oil film thickness. These factors are  determined by various interfacial 

interactions i.e., electrical double layer interaction, van der waals force, structural force, hydrogen 

bond, and chemical interaction [35].  

2.4 Mechanisms that impact the wetting characteristics of surface 

As described in previous section, the wettability of an oil-bearing rock system depends on the 

interactions between the oil, water, and rock interfaces, particularly the interaction across the thin 

films. Therefore, any process that affects these interfacial interactions also affects the wettability. 

This section reviews the currently proposed mechanisms that affect wettability. 

2.4.1 Alteration of interfacial tension between bulk oil and brine 

When mechanisms affect the overlapping electrical double layers (EDLs) across the thin water film 

in an oil-brine system, it also impacts the EDL at the bulk oil-brine interface away from the thin 

water film. This change in the EDL alters the free energy, which in turn changes the interfacial 

tension. According to equation 5, a smaller oil-brine interfacial tension leads to a more water-wet 

condition. This is because a decrease in tension causes the bulk oil-brine interface to expand, 
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resulting in an increased oil contact angle. Although experiments confirm a decrease in bulk oil-

brine interfacial tension, the resulting variation is often not significant enough to cause a notable 

wettability change [41-43]. As a result, the decrease in bulk oil-brine interfacial tension is usually 

considered a supplementary mechanism. 

2.4.2 Multicomponent ion exchange 

The multicomponent ion exchange (MIE) mechanism suggests that high valence ions act as bridges 

to form ion and ligand bindings between oil and rock. Lowering the concentration of these ions 

during low salinity water (LSW) flooding breaks the bindings, weakening the attraction between 

oil and rock and making the system more water-wet [38]. This mechanism also explains the 

significant impact of certain ions, such as sulfate in carbonate reservoirs, which are referred to as 

potential determining ions. Sulfate tends to precipitate with calcium in carbonates, suppressing the 

formation of calcium bonds and altering wettability. 

The researchers performed LSW flooding on a core sample and observed improved oil recovery. 

Next, they washed the core with NaCl solution until there were no high valence ions present. After 

aging the core, they repeated LSW with NaCl solution but found no additional oil recovery [45,46]. 

This suggests that the expansion of the electrical double layer (EDL) without MIE does not 

contribute significantly to enhanced oil recovery. However, this conclusion contradicts some other 

studies that considered EDL expansion a more dominant mechanism than MIE [40]. 

2.4.3 pH change 

The pH level has a significant impact on surface interactions, such as the adsorption of organic 

components to rock surfaces as shown in equation 6 and 7.  

𝐶𝑙𝑎𝑦 − 𝑁𝐻𝑅3
+ + 𝑂𝐻− ⇌ 𝐶𝑙𝑎𝑦 + 𝑅3𝑁 + 𝐻20                                                                             (6) 

𝐶𝑙𝑎𝑦 − 𝑅𝐶𝑂𝑂𝐻 + 𝑂𝐻− ⇌ 𝐶𝑙𝑎𝑦 + 𝑅𝐶𝑂𝑂− + 𝐻20                                                                     (7) 
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During low salinity water (LSW) flooding, the increase in pH level is typically due to the 

replacement of hydrogen ions with adsorbed high valence ions on the rock surface as shown in 

equation 8 [41]. 

𝐶𝑙𝑎𝑦 − 𝐶𝑎2
+ + 𝐻2𝑂 ⇌ 𝐶𝑙𝑎𝑦 − 𝐻+ + 𝐶𝑎2

+ + 𝑂𝐻−                                                                      (8) 

This phenomenon is like multicomponent ion exchange (MIE), and some have suggested that this 

type of pH increase is only a phenomenon of MIE [42]. 

The equilibrium of these interactions can be altered by changing the pH level. For instance, 

increasing the pH level will desorb both acidic and basic components, which can break the bonds 

between oil and rock and modify the surface charging property, resulting in more water-wet 

conditions. The impact of pH change on surface charging properties can be calculated using the 

corresponding surface complexation model [41]. 

2.4.4 Mineral dissolution and salting in mechanism 

The salting-in effect refers to the increased solubility of organic components on rock surfaces as 

ion concentrations decrease during LSW flooding, resulting in a more water-wet surface due to 

changes in surface charges and thus EDL interactions [43]. However, the validity of the salting-in 

mechanism is a subject of debate, as there is limited evidence supporting it [44]. Another related 

mechanism is mineral dissolution during LSW, which emphasizes the role of ions released by 

dissolution, but this mechanism is also widely challenged [45,46]. Additionally, neither of these 

two mechanisms is expected to have a significant impact at a field scale due to brine equilibration 

during the process [47-48, 50]. 

2.4.5 Expansion of electric double layer 

Ligthelm et al. proposed that the EDL  expansion mechanism is a key factor in wettability alteration 

[39]. The surfaces of rocks and oil are usually negatively charged in brine, creating a repulsive 

force across the thin water film due to overlapping EDLs. The length of the EDL is inversely 
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proportional to the Debye parameter, and during LSW flooding, the EDL thickness increases due 

to the lower ionic concentration. This leads to an enhanced repulsive force across the water film, 

making the system more water-wet as shown in equation 9: 

Π𝐸𝐷𝐿(𝐷) = 𝑛𝑘𝑏𝑇(
2𝜙1𝜙2 cosh(𝜅𝐷)−𝜙1

2−𝜙2
2

(𝑠𝑖𝑛ℎ(𝜅𝐷))2
)                                                                              (9) 

where, ΠEDL(D) is the pressure across water film owing to the EDL interaction, n is the bulk ion 

concentration, kb the Boltzmann constant, T the temperature, 𝜙1, 𝜙2 are the electric potential at the 

oil-brine and brine-rock interface, respectively, and κ is the Debye parameter given by equation 10: 

𝜅 = √
2𝑒2𝑁𝐴 𝐼

𝜀0𝜀𝑟𝑘𝑏𝑇
                                                                                                                           (10) 

where, NA is the Avogadro constant, I the ionic strength, ϵ0 the vacuum permittivity, and ϵr the 

relative permittivity of solution. 

Several experiments have found a correlation between the change in zeta potential and contact 

angle when brines of different salinity are used, which confirms the contribution of EDL interaction 

to wettability alteration [35,48]. EDL expansion is just one mechanism that affects EDL interaction. 

The EDL interaction is determined by the Poisson-Boltzmann equation, the electrostatic 

equilibrium condition, and the surface complexation model. Therefore, any change related to the 

chemical equilibrium in the surface complexation model, such as changes in  pH, will have an 

impact on EDL interaction. If oil and rock surfaces are oppositely charged, the interaction will be 

attractive. The mechanism of EDL expansion is just a special case of the change of EDL interaction 

energy resulting from the change of salt ion concentration. 

2.5 Caney shale clay minerology 

Caney shale is a newly discovered unconventional formation situated in the southern mid-continent 

Anadarko, Ardmore, Marietta, and Arkoma basins. The formation ranges from 60 to 300 meters  
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Table 1: Caney shale minerology on the basis of sidewall cores. A calcareous shale deposit known 
as ‘Mayes’ formation is found at the base of the Caney shale [52]. 
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thick and has a high total organic carbon content of 0.5 to 11%. It is part of the South Central 

Oklahoma Oil Province (SCOOP) and is of Mississippian age. Caney shale is located above the 

Woodford shale. Woodford shale is the primary oil-bearing formation in the area, and has 

significant oil and gas resources [51]. X-ray Diffraction (XRD) data on various Caney core samples 

from different depths show that Illite is the dominant clay mineralogy present in Caney [52–54]. 

Although there are some mixed Illite-Smectite clays, the contribution of Illite predominates over 

Smectite. Table 1 represents the Caney shale minerology on the basis of sidewall cores. 

2.6 Microfluidics Background 

Microfluidics is the study of fluid behavior in small channels with dimensions of tens to hundreds 

of micrometers, where surface forces rather than bulk forces control the flow [54]. Microfluidic 

chips, also known as micromodels, are typically made of transparent materials like glass, 

polydimethylsiloxane (PDMS), polystyrene, or polycarbonate, which allow direct visualization of 

the flow networks created by etching based on a predesigned geometric shape. Microfluidics first 

emerged in the early 1980s and has influenced various fields such as physics, chemistry, 

biochemistry, and biotechnology [55]. Recently, microfluidics has started to be used in petroleum 

industry to study multiphase flow through porous media. The customizable flow network in 

micromodels enables researchers to visually study the fluid flow and the impact of surface and 

interfacial forces, while also allowing for the representation of complex rock networks [56,57]. 

Detailed information on micromodel fabrication can be found in Amirian T.'s (2019) work [58]. 

2.6.1 Geomaterial Micromodels 

While traditional micromodels made of glass or PDMS can accurately depict the subsurface flow 

network through microfabrication, they are limited in their ability to account for the unique surface 

chemistry associated with different rock types. Although these micromodels can partially represent 

fluid flow in sandstone rocks due to the shared silica composition, they are inadequate for 

simulating the flow of fluids in other types of hydrocarbon-bearing rocks such as carbonates (e.g. 
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limestone and dolomite) and shales, which have completely different mineralogies. Carbonates are 

predominantly composed of two crystal forms of CaCO3, Calcite and Aragonite, while shales are 

mainly comprised of clay-rich formations. 

To overcome the limitation of traditional glass micromodels in representing the unique surface 

chemistry of different types of rocks, researchers have developed geomaterial micromodels. These 

micromodels can be created by laser-etching real-rock samples or functionalizing traditional 

micromodels with geomaterials such as coal, calcite, and clay. For instance, Gerami et al. (2017) 

developed a coal micromodel by etching fractures on an actual coal surface and observed fluid 

transport in the micromodel [59]. Shaik et al. (2020) created calcite-coated glass capillary tubes 

and micromodels for studying the effects of cleaning, silane agent, and supersaturation on CaCO3 

deposition on glass surfaces [60]. On the other hand, Song and Kovescek (2015) developed a 

method for preparing clay-coated micromodels by injecting a Kaolinite suspension into silicon 

micromodels [61]. They created a reversible coating by drying the micromodel with flowing air 

and an irreversible coating baked in an oven at 120 °C for 25 minutes. The reversible coating was 

utilized to study clay particle migration during low salinity water flooding, while the irreversible 

coating was used to examine wettability alteration in sandstone reservoirs resulting from clay 

presence. Rupom et al. (2022) coated the glass capillary tubes and straight channel borosilicate 

glass micromodels with Illite clay to represent the pore-scale clay chemistry of Caney shale, a 

Mississippian unconventional play in Southern Oklahoma, USA. The coated microfluidic surfaces 

are heat-treated at low (25 °C) and high temperature (125 °C), and the heat treatment results are 

compared. Also, they aimed to investigate the effect of salinity on clay adsorption on the glass 

surface and overall coating quality [62]. Amirian et al. (2017) developed Illite and Kaolinite coated 

geomaterial surfaces, which were used to investigate low salinity water flooding in sandstone 

reservoirs. The coated micromodel was air-dried at 80 °C for 2 hours to produce a reversible layer 

of clay particles on the glass surface [58]. In contrast to this method, Zhang et al. (2018) developed 
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a layer-by-layer coating technique to functionalize glass and PDMS micromodels with Kaolinite 

and Montmorillonite clay minerals. The process involved injecting 

Poly(diallyldimethylammonium chloride) solution to adhere clay minerals on the substrate surface. 

Static and dynamic flooding of brines were used to evaluate the stability of the coated surface, and 

the coating was found to be more stable than the one achieved by simply injecting clay solution 

through the micromodels [63]. Despite this, the physical adsorption method was used in this study 

for coating to achieve the following: to restrict the use of synthetic materials except clay; to mimic 

the subsurface conditions as much as possible. 

The next chapter will discuss the materials and methods used in this study. 
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CHAPTER III 
 

 

MATERIALS AND METHODS 

 

3.1 Clay Minerals 

The study utilized Illite (IMt-1) and Illite-Smectite mixed layer (70/30 wt.%) clay minerals sourced 

from the Cambrian shales of Silver Hill in Jefferson Canyon, Montana, USA. The clays were 

obtained from the Clay Minerals Society's repository of source clays and were used to coat thin 

bottom flow cells. Since this study is continuation of work by Rupom et al. (2022) [62], therefore, 

Illite-Smectite mixed layer (70/30) was used to coat the capillary tubes for coating characterization. 

Before coating, the clay chips were ground into powder using a ball mill for a period of less than 

five minutes. To prevent any contamination of iron (Fe) or aluminum (Al), tungsten canister and 

balls were used during the grinding process. The chemical composition (mass norm. %) of Illite 

(IMt-1) and Illite-Smectite mixed layer (70/30 wt.%) are as shown in table 2. 
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Table 2: Chemical composition (mass norm. %) of Illite and Illite-Smectite (70/30 wt.%). 

Compound Illite (IMt-1) Illite-Semctite (70/30) 

SiO2 49.3 51.6 
Al2O3 24.25 25.6 
TiO2 0.55 0.039 
Fe2O3 7.32 1.11 
FeO 0.55 <0.01 
MnO 0.03 0.04 
MgO 2.56 2.46 
CaO 0.43 0.67 
Na2O 0 0.32 
K2O 7.83 5.36 
P2O5 0.03 0.04 

 

3.2 Fluids 

The NaCl (99%) and n-decane (99%) were purchased from Sigma Aldrich. For this study we have 

used NaCl brine solutions of four different salinities i.e., DI water (0 ppm), 5k ppm brine, 10k ppm 

brine, 30k ppm brine, and a produced water, and a crude oil obtained from Continental Resources. 

The viscosity measurements were conducted by using RheoSense microVISC. It calculates the 

viscosity based on the pressure drop when fluid passes through the rectangular channel. Interfacial 

tension was measured by using the pendant drop method and the image analysis was carried out 

using drop analysis plugin of ImageJ software. This method requires the density contrast between 

the two fluids i.e., oil and water. Therefore, the densities of fluids were measured by using Mettler 

Toledo DA-100M density meter. It measures the density of fluids by oscillating body method. The 

pH and TDS of produced water were measured using Oakton PC multimeter. 

Table 3: Density of fluids at 20 °C, 1 atm, and viscosity, pH, and TDS of fluids at 18 °C, 1 atm.  

Fluid 
Viscosity 

(cP) 
Density 
(g/cm3) 

pH TDS 
(ppt) 

DI water 1.04 0.994 

- - 

5,000 ppm brine 1.12 1.001 
10,000 ppm brine 1.23 1.004 
30,000 ppm brine 1.26 1.018 

n-decane 0.92 0.732 
Crude oil 2.25 0.790 

Produced water 1.15 1.020 7.25 36.7 
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Table 4: Interfacial tensions of brine-n-decane systems, and produced water-crude oil system 
obtained from Continental Resources at 1 atm and 20°C. 

Non-Aqueous 
Phase 

Aqueous Phase IFT (mN/m) 

n-decane 

DI water 51.18 
5,000 ppm brine 47.51 

10,000 ppm brine 46.27 
30,000 ppm brine 43.81 

Crude oil Produced water 4.9 

 

Table 3 represents the fluids properties. Table 4 represents the interfacial tension between 

model/crude oil(s) and model/produced brine(s). 

3.3 Solid Substrates 

3.3.1 Capillary tubes 

To investigate the impact of the salinity of the base fluid on the adsorption of clay particles onto a 

glass surface, borosilicate glass capillary tubes (90 mm in length, outer diameter ranging from 1.2 

to 1.5 mm, and wall thickness of 0.2 mm) purchased from DWK Life Sciences Kimble (catalog no. 

34505-99) were utilized to develop the coating technique. 

3.3.2 Thin Bottom flow cells 

         Thin bottom flow cells purchased from Micronit Microtechnologies (Enschede, Netherlands), were 

used to conduct the wettability experiments (Figure 4). The flow cells are made up of borosilicate 

glass. The flow cells have three different channels. The length of top and bottom channels is 42 

mm, and the middle channel is 40 mm. The width of top, middle and bottom channel is 0.5 mm, 

1.5, and 1 mm, respectively. The thickness of the flow cell is 1.8 mm. The depth of each channel 

is 50 µm. The distance of channels from the top and bottom surfaces are 1050 µm and 145 µm, 

respectively.  
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Figure 4: Thin bottom flow cells. 
 

3.4 Syringe Pumps 

A single Standard Infuse/Withdraw PHD ULTRA™ Programmable Syringe Pump (Figure 5), 

procured from Harvard Apparatus, was utilized for the transportation of fluids to and from the glass 

micromodels and capillary tubes. The pump can deliver fluids continuously at a nanoscale flow 

rate (45 nl/min) by using the glass syringes obtained from Harvard Apparatus, and its 

programmable feature facilitates the automation of the process steps.  

 

Figure 5: Harvard PHD ULTRA™ Programmable Syringe Pump (Courtesy Harvard Apparatus). 
 

3.5 Tubing and Valve 

FEP (Fluorinated ethylene propylene) tubing, having an inner diameter of 0.25 mm and an outer 

diameter of 1.6 mm (1/16"), was used to connect the capillary tube and the pump. PEEK tubing, 

with an outer diameter of 3.175 mm and an inner diameter of 1.6 mm, was employed to connect 

the syringe pump with the microfluidic chip. These components are chemically compatible with 

both aqueous and organic phase liquids used in the study. Swagelok three-way valves were also 

used in this study. Table 5 represents the specifications of tubing. 
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Table 5: Specifications of tubing. 

FEP Transparent Tubing 
• Dimension: 1.16" OD x 0.25 mm ID 

• Max. operating pressure: 200 bar 

• Operating temperature range: -51 °C to 50 °C 

PEEK Tubing 
• 1/8" OD x 1.6 mm ID 

• Max. operating pressure: 276 bar 

3.6 Microscope, Camera and Light Source 

In the microfluidic setup, a 50MP 1080P 60FPS 4K camera, fitted with a 0.7X-4.5X magnification 

C-mount lens, was employed to capture high-quality images and videos of the glass surfaces during 

wettability experiments. To provide illumination, an LED-ring light source, coupled with an 

adjustable 1.5-36 mm optical iris diaphragm, was used. The camera and lens were procured from 

Eakins Repair Tools, the light source from Insein Li Fung Store, and the iris from Walley Optics 

Store of AliExpress.  

Table 6: Microscopy components specifications. 

Camera 

Type: Digital HDMI/USB powered 
Picture pixel: 50MP 
Video frame rate: 4K@30FPS; 1920x1080@60FPS 
CMOS censer:1/2.33 inch 
CMOS pixel:1.55 µm x 1.55 µm 

Lens 

Type: C-mount lens 
Working distance: 95 mm 
Adapter: 0.5X Barlow Lens (Increase working distance) 
Zoom ratio: 6.5:1 
Objective magnification power: 0.7 - 4.5X 
Size: 168 mm (L) * 50 mm (D) 

Light source 
Type: Adjustable brightness LED bottom light source 
Outside Diameter: 90 mm 
Inside Diameter: 63 mm 

Iris 

Outside diameter: 56 mm  
Minimum aperture diameter: 1.5 mm 
Maximum aperture diameter: 36 mm  
Thickness: 6 mm 
Material: Metal 
Blades: 14 pieces 
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Figure 6 illustrates the components of the microscopic system utilized in the microfluidic setup, 

and Figure 7 depicts the system. The specifications of the components can be found in Table 6.  

 

Figure 6: Components of microscopic system. 
 

 

Figure 7: Microfluidic system. 
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Coating characterization and stability evaluations were conducted using FEI Quanta 600 field-

emission gun Environmental Scanning Electron Microscope (SEM), Bruker Energy-Dispersive X-

ray Spectroscope (SEM-EDS) in the Microscopic Laboratory of Oklahoma State University, USA. 

SEM and SEM-EDS were used for coating characterization as described in section 3.7.3. The 

technical specifications of the microscope can be found in Table 7. The data sources used for this 

study include the vendor's website [64] and the microscopy lab of Oklahoma State University [65]. 

Table 7: Specifications of microscope used for SEM and SEM-EDS analysis. 

Microscope Specifications 

FEI Quanta 600 Field-Emission Gun 
Environmental SEM with Bruker Energy-

Dispersive X-Ray Spectroscope 

• Resolution of 1.2 nm at 30 kV, 1.5 
nm at low vacuum mode, and 1.5 
nm at ESEM mode 

• Accelerating voltages up to 30 kV 

• Digital camera system 

• XFlash®6 detector series with 
active areas from 10 to 100 mm2 

 

3.7 Experimental Procedure 

3.7.1 Clay solution preparation  

To coat glass capillary tubes a slurry of Illite-Smectite (70:30 wt.%) clay with a concentration of 

10 wt.% was prepared in NaCl brine. Also, a slurry of Illite clay or Illite-Smectite clay with a 

concentration of 2 wt.% was prepared to coat the thin bottom flow cells for wettability experiments. 

The concentration of clay was determined through several trial experiments, considering the 

requirement for an adequate amount of clay particles to be adsorbed on the surface, and to avoid 

clogging the microchannels. NaCl brine was chosen as the base fluid to replicate subsurface 

reservoir conditions and minimize in situ migration of fines and swelling of clay induced by 

freshwater interaction with clay. 

The impact of salinity on clay adsorption to the glass surface was assessed by utilizing slurries 

prepared with brines of four distinct salinities. The properties of these brines are presented in Table 



 

27 
 

2. As the salinity of the solvent was increased, the clay particles tended to aggregate and settle due 

to a reduction in double layer repulsive forces. Therefore, to keep the clay particles dispersed in the 

solution, the slurries were subjected to ultrasonication using a Branson 2800 Ultrasonic Cleaner for 

30 minutes before being injected into the capillary tubes and the thin bottom flow cells.  

3.7.2 Clay coating procedure 

The objective of coating glass capillary tubes with Illite-Smectite clay was to establish the coating 

procedure and investigate the impact of salinity on clay adsorption to the glass surface. In this 

study, the approach of physical adsorption was utilized to develop the coated surface to achieve 

several objectives, such as avoiding the use of any artificial compounds, replicating the subsurface 

porous environment as closely as possible, and investigating the effect of salinity on physical 

adsorption to the glass surface. The method was adapted from the work of Rupom et al. (2022) 

[62].  

As physical adsorption between the glass surface and clay particles is influenced by Van der waals 

attractive forces, a series of 100 clay solution infusion and withdrawal cycles were executed to 

enhance the interaction of clay particles with the glass surface. Each cycle comprised three steps: 

infusion, delay, and withdrawal. Prior to injection, the solid substrates undergo cleaning with 

Nitrogen Plasma utilizing the PE-50 Plasma Cleaner, acquired from Plasma Etch, USA, to remove 

organic contaminants. 

To maintain the dispersion of clay particles in the solution, the clay solutions were ultrasonicated 

every ten cycles. The syringe pump was utilized to infuse fluids into the capillary tubes at a velocity 

of 26.5 meters/hour, and the fluids were withdrawn at 2.65 meters/hour once the channel was fully 

saturated with clay slurry. A delay of 2 minutes between infusion and withdrawal was maintained 

to allow for adequate time for the clay particles to be adsorbed. The flow rates were determined via 

numerous trial tests to ensure that the clay slurry was evenly delivered into the flow volume and 
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that the fluid carrying unadsorbed and loosely attached particles was displaced without affecting 

the coating. Figure 8 presents a simplified schematic of the clay coating process for glass capillary  

 

Figure 8: Schematic of Illite-Smectite clay coating setup for capillary tubes. 
 

 

Figure 9: Schematic of Illite or Illite-Smectite clay coating setup for thin bottom flow cell. 
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tubes. Following the coating, the capillary tubes were air-dried at 125 °C for 1 hour. The procedure 

for coating thin bottom flow cells (Figure 9) was quite similar. However, unlike the capillary tubes, 

the thin bottom flow cells allowed for visualization of the surface after each coating cycle, and only 

three cycles were observed to be sufficient to uniformly coat the glass surface.  

 

3.7.3 Coating Characterization 

The coated capillary tubes were fragmented into small pieces using tweezers to expose the coated 

surfaces for microscopic characterization. Coating morphology and elemental atomic percentages 

were evaluated using a FEI Quanta 600 Field-Emission Gun Environmental Scanning Electron 

Microscope (SEM) and a Bruker Energy-Dispersive X-ray Spectroscope (SEM-EDS), respectively. 

3.7.4 Experimental procedure for wettability experiments 

The flow rate used to perform the experiment was 50 nl/min to maintain the capillary numbers in 

the range of 10-7 to 10-5. Each experiment consists of two different cases i.e., the microfluidic chip 

was contacted by water at first, and oil at first. In both cases, fluids were injected and withdrawn at 

50 nl/min for obtaining the advancing and receding contact angle data. In the case of a microfluidic 

chip contacted by water first, the water advancing and receding contact angles were measured in 

water-air system, by infusing and withdrawing water at 50 nl/min, respectively. The water injection 

is followed by the oil injection at 50 nl/min to obtain the oil advancing contact angle data for the 

water-oil system. Similarly, oil receding contact angles were measured by withdrawing the oil at 

50 nl/min.  

In the case of a microfluidic chip contacted by oil first, the oil advancing and receding contact 

angles were measured in oil-air system, by infusing and withdrawing oil at 50 nl/min, respectively. 

The oil injection is followed by the water injection at 50 nl/min to obtain the water advancing 

contact angle data for the water-oil system. Similarly, water receding contact angles were measured 
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by withdrawing the water at 50 nl/min. The aging effect was studied by retaining the oil and water 

in the corresponding microfluidic channels for approximately 24 h in the case of channels first 

contacted by water and oil, respectively.  Figure 10 shows the schematic of the experimental setup. 

 

Figure 10: Schematic of the experimental setup for microfluidics-based wettability experiments. 
 

The next chapter will discuss the results obtained from clay coating, swelling potential, fines 

migration and wettability experiments.
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CHAPTER IV 
 

 

RESULTS AND DISCUSSION 

 

4.1 Measurements of Swelling Potentials of Illite and Illite-Smectite Clays  

4.1.1 Swelling potentials of Illite and Illite-Smectite clays to model fluids 

Swelling potentials of Illite and Illite-Smectite (70:30 by wt.%) clays upon exposure to DI water, 

5k ppm brine, 10k ppm brine, and 30k ppm brines, and n-decane are evaluated. The aqueous brine 

solutions were prepared by using NaCl and DI water. For this experiment, we used borosilicate 

glass vials of 15 mm diameter and 45 mm height. The Illite swelling potential experiment was 

conducted for about a day as it was showing a minor increase in height. In contrast, the Illite-

Smectite clay swelled immediately after it encountered DI water and the brine solutions. However, 

there was minor swelling in case of exposure to n-decane. The experiment for swelling potential of 

Illite-Smectite clay was run for 44 h i.e., approximately two days for brine solutions while for n-

decane the experiment was conducted for 27 h. Figures 11 and 12 represents the Clay height (in 

mm) vs time plot(s) for Illite and Illite-Smectite clay, respectively. Figures 13 and 14 represent the 

visual appearance of Illite-Smectite clay in model oil and brines, and visual appearance of Illite and 

Illite-Smectite in model oil and Illite clay in model brines, respectively. 



 

32 
 

 

Figure 11: Swelling Potential of Illite Clay upon exposure to DI water, 5k ppm, 10k ppm, 30k ppm 
brines, and n-decane. 

 

 

Figure 12: Swelling Potential of Illite-Smectite clay upon exposure to DI water, 5k ppm, 10k ppm, 
30k ppm brines, and n-decane. 

. 
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Figure 13: (a) Visual appearance of Illite-Smectite clay in DI water, 5k ppm, 10k ppm, and 30k 
ppm brine solutions just after adding the fluids, (b) after 44 h.                 

  

  

Figure 14: (a) Visual Appearance of Illite and Illite-Smectite in n-decane, and Illite clay in DI water, 
5k ppm, 10k ppm, and 30k ppm brine solutions just after adding the fluids, (b)  after 27 h. 
 

4.1.2 Swelling potential of Illite and Illite-Smectite to continental fluids 

A similar procedure as described in section 4.1.1 was used to conduct the swelling potential of Illite 

and Illite Smectite clay with the crude oil and produced water obtained from Continental Resources. 

The experiment was conducted for a day. Figures 15 and 16 represent the clay height (in mm) vs 

time plots for initial swelling, and after 24 h, respectively. Figure 17 represents the visual 

appearance of Illite and Illite-Smectite clay in crude oil and produced water. 
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Figure 15: Initial swelling upon exposure to crude oil and produced water. 
 

 

Figure 16: Swelling after 24 h upon exposure to crude oil and produced water. 
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Figure 17: (a) Visual appearance of Illite and Illite-Smectite clay in Continental resources crude oil 
and produced water just after adding the fluids, (b) after 24 h.  

4.2 Microscopic characterization of Illite-Smectite coating 

The coating procedure was adapted from the work of Rupom et al. (2022) [62] as described in 

section 3.7.2.   

  

  

Figure 18: SEM images of Illite-Smectite coated glass capillary tubes at 20,000x magnification 
prepared in (a) 0 ppm (DI water), (b) 5000 ppm, (c) 10,000 ppm, (d) 30,000 ppm NaCl brine 
solutions. 
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Figure 18 shows the 20,000x Scanning Electron Microscopic (SEM) images of the Illite-Smectite 

clay-coated surface with clay solutions prepared in 0 ppm (DI water), 5000 ppm, 10,000 ppm, and 

30,000 ppm.  

4.3 Effect of salinity on Illite-Smectite clay coating 

Glass capillary tubes were coated with 10 wt.% Illite-Smectite clay in NaCl solutions of 4 different 

concentrations (0 ppm, 5000 ppm, 10000 ppm, and 30000 ppm). The surfaces of the coated tubes 

were examined using SEM-EDS, and the results showed that increasing the concentration of the 

NaCl solution led to an improvement in the coverage of the coating. In contrast, when the clay 

slurry was prepared using deionized (DI) water, no adsorption of clay particles onto the glass 

surface was observed. The number of adsorbed particles increased with higher concentrations of 

brine, and with 30000 ppm brine, a quasi-homogeneous coating was achieved. An EDS elemental 

maps of the coated surfaces revealed a higher degree of clay particle adsorption on the glass surface 

when the slurry was prepared using higher salinity brine. These maps show the presence of different 

chemical elements on the coated surface with different color indexes. Figure 19 depicts the results 

of this analysis, with Figure 19(a) showing that the surface coated with clay slurry prepared in 5000 

ppm of brine had an elemental map dominated by the presence of silicon (Si). While Si is a primary 

constituent of both the solid substrate and the clay minerals, the significant dominance of silica 

indicates that the uncoated borosilicate glass surface was the primary source of it otherwise, there 

would have been a significant contribution of other clay components (e.g., Mg, Al, K, Ca, Fe, etc.) 

on the elemental map, as observed in Figures 19(b) and 19(c). An increased concentration of brine 

(10,000 ppm and 30,000 ppm) resulted in an increased adsorption of clay particles, leading to the 

coated surfaces displaying a more even distribution of other clay constituents besides Si on the EDS 

elemental map as shown in Figures 19(c) and 19(d). 
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Figure 19: SEM-EDS images of Illite-Smectite coated glass capillary tube surfaces coated with 10 
wt.% clay prepared in (a) 0 ppm (DI water) NaCl, (b) 5000 ppm NaCl, (c) 10,000 ppm NaCl, and 
(d) 30,000 ppm NaCl solutions. 
 

 

Table 8 represents the contribution of different components of Illite-Smectite clay slurry prepared 

in 0 ppm, 5000 ppm, 10,000 ppm, and 30,000 ppm NaCl solution. The increase in atom % of Mg, 

Al, and Fe along with the corresponding decrease in Si is the indication of efficient coating.  
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Table 8: Contribution of different component of Illite-Smectite clay solution prepared in 0 ppm, 
5000 ppm, 10,000 ppm, and 30,000 ppm NaCl solution.  

 

4.4 Wettability analysis of untreated and clay-coated microfluidic channels  

         Advancing and receding contact angle data for DI water-air, brine-air, n-decane-air, produced 

water-air, crude oil-air, brine-n-decane systems, and crude oil-produced water systems have been 

measured in the untreated, Illite clay-coated, and Illite-Smectite clay-coated microfluidic channels 

of 1000 µm width and 50 µm depth. Contact angles were measured using an online protractor as 

shown in Figure 20. The contact angle between n-decane and DI water system as shown in Figure 

20 is 57° (=180°-123°) as we always measure the contact angle in the denser phase. The advantage 

of using microfluidic channel is that we can measure multiple contact angles along the channel. 

Figure 21 represents the DI water advancing contact angle in DI water-air system by using overlay 

feature in ImageJ software. The darkest (rightmost) interface in the image indicates its current 

position.  

 
Average Atom [%] 

Element 0 ppm 5000 ppm 10,000 ppm 30,000 ppm 

Carbon 12.19±1.32 11.62±1.16 11.37±0.19 11.55±0.54 

Oxygen 53.41±2.01 60.03±2.59 58.92±2.20 57.14±2.32 

Sodium 3.96±0.41 0.00 0.19±0.10 1.15±0.52 

Magnesium 0.1±0.06 0.22±0.04 0.21±0.08 0.26±0.01 

Aluminum 3.36±0.23 7.37±1.53 7.49±2.32 9.05±0.74 

Silicon 25.32±0.76 18.14±2.14 18.24±1.76 16.21±0.84 

Phosphorus 0.00 0.00 0.00 0.00 

Chlorine 0.00 0.00 0.33±0.16 1.28±0.55 

Potassium 1.4±0.12 2.04±0.58 2.68±0.66 2.65±0.39 

Calcium 0.23±0.03 0.00 0.00 0.00 

Titanium 0.00 0.00 0.02±0.02 0.00 

Manganese 0.00 0.01±0.01 0.00 0.00 

Iron 0.04±0.02 0.59±0.18 0.54±0.30 0.71±0.09 

Total 100 100.00 100.00 100.00 
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Figure 20: Representative image of contact angle measurement. 
 

 

            

Figure 21: The temporal progress of interface shown using image overlay in ImageJ. Arrow 

indicates the direction of interface movement. 
 

4.4.1 DI-Water and n-decane system 

4.4.1.1 Untreated microfluidic channel 

Figure 22 represents the advancing and receding contact angles of DI water-air and n-decane-air 

systems. Figure 23 represents the advancing and receding contact angles of DI water-n-decane 

before and after aging (DI water contacted the channel surface first), n-decane-DI water before and 

after aging (n-decane contacted the channel surface first) systems. The before aging base case 

advancing and receding contact angles of DI water-air, n-decane-air, and the DI water-n-decane 

systems in the untreated microfluidic channel contacted by DI water first were ~0 o. DI water 

advancing and receding contact angles in the case of surface contacted by n-decane first were ~180o 

indicating that the surface is behaving as strongly oil-wet before aging. The aging effect was studied 
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by retaining the n-decane and DI water in the corresponding microfluidic channels for 

approximately 24 h in the case of channels first contacted by DI water and n-decane, respectively.  

  

  

Figure 22: Untreated microfluidic channel contacted by DI water first: (a) DI water advancing 
contact angle and (b) DI water receding contact angle in DI water-air system before aging; 
Untreated microfluidic channel contacted by n-decane first: (c) n-decane advancing contact angle 
and (d) n-decane receding contact angle in n-decane-air system before aging. Arrow indicates the 
direction of interface movement. 
 

In the case of DI water first contacted the channel, the DI water receding and advancing contact 

angles in DI water-n-decane system were ~60o–70o and ~80o–90o, respectively. This indicates that 

during DI water receding the surface is behaving as water-wet while when the DI water advances 

the surface behaves as intermediate wet after aging. In the case of n-decane first contacted the 

channel, the DI water advancing and receding contact angles were ~85 o–95o and ~50o–65o, 

respectively. This indicates that during DI water advancing the surface is behaving as intermediate 

wet while when the DI water recedes the surface behaves as water-wet after aging. 
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Figure 23: Untreated microfluidic channel contacted by DI water first: (a) DI water receding contact 
angle and (b) DI water advancing contact angle in DI water-n-decane system before aging; (c) DI 
water receding contact angle and (d) DI water advancing contact angle in DI water-n-decane system 
after aging. Untreated microfluidic channel contacted by n-decane first: (e) DI water advancing 
contact angle and (f) DI water receding contact angle in DI water-n-decane system before aging; 
(g) DI water advancing contact angle and (h) DI water receding contact angle in DI water-n-decane 
system after aging; Arrow indicates the direction of interface movement.  
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4.4.1.2 Illite clay-coated microfluidic channel 

Figure 24 represents the advancing and receding contact angles of DI water-air and n-decane-air 

system. Figure 25 represents the advancing and receding contact angles of DI water-n-decane 

system before and after aging (DI water contacted the channel surface first), n-decane-DI water 

before and after aging (n-decane contacted the channel surface first) systems. The before aging 

advancing and receding contact angles of DI water-air, n-decane-air, and the DI water-n-decane 

systems in the Illite clay-coated microfluidic channel contacted by DI water first were ~0o. The DI 

water advancing and receding contact angles in the case of surface contacted by n-decane first were 

~180o indicating that the surface is behaving as strongly oil-wet before aging. The aging effect was 

studied by retaining the n-decane and DI water in the corresponding microfluidic channels for 

approximately 24 h in the case of channels first contacted by DI water and n-decane, respectively. 

  

  

Figure 24: Illite clay-coated microfluidic channel contacted by DI water first: (a) DI water 
advancing contact angle and (b) DI water receding contact angle in DI water-air system before 
aging; Illite clay-coated microfluidic channel contacted by n-decane first: (c) n-decane advancing 
contact angle and (d) n-decane receding contact angle in n-decane-air system before aging. 
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Figure 25: Illite clay-coated microfluidic channel contacted by DI water first: (a) DI water receding 
contact angle and (b) DI water advancing contact angle in DI water-n-decane system before aging; 
(c) DI water receding contact angle and (d) DI water advancing contact angle in DI water-n-decane 
system after aging. Illite clay-coated microfluidic channel contacted by n-decane first: (e) DI water 
advancing contact angle and (f) DI water receding contact angle in DI water-n-decane system 
before aging; (g) DI water advancing contact angle and (h) DI water receding contact angle in DI 
water-n-decane system after aging; Arrow indicates the direction of interface movement. 
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In the case of DI water first contacted the channel surface, both DI water advancing and receding 

angles were ~180o indicating the surface became strongly oil-wet after aging. In the case of n-

decane first contacted the channel surface, both DI water advancing and receding angles were ~180o 

indicating the surface is still strongly oil-wet after aging.  

4.4.1.3 Illite-Smectite coated microfluidic channel 

Figure 26 represents the advancing and receding contact angles of DI water-air and n-decane-air 

system. Figure 27 represents the advancing and receding contact angles of DI water-n-decane 

before and after aging (DI water contacted the channel surface first), n-decane-DI water before and 

after aging (n-decane contacted the channel surface first) systems. 

   

  

Figure 26: Illite-Smectite clay-coated microfluidic channel contacted by DI water first: (a) DI water 
advancing contact angle and (b) DI water receding contact angle in DI water-air system before 
aging; Illite-Smectite clay-coated microfluidic channel contacted by n-decane first: (c) n-decane 
advancing contact angle and (d) n-decane receding contact angle in n-decane-air system before 
aging. 
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Figure 27: Illite-Smectite clay-coated microfluidic channel contacted by DI water first: (a) DI water 
receding contact angle and (b) DI water advancing contact angle in DI water-n-decane system 
before aging; (c) DI water receding contact angle and (d) DI water advancing contact angle in DI 
water-n-decane system after aging. Illite-Smectite clay-coated microfluidic channel contacted by 
n-decane first: (e) DI water advancing contact angle and (f) DI water receding contact angle in DI 
water-n-decane system before aging; (g) DI water advancing contact angle and (h) DI water 
receding contact angle in DI water-n-decane system after aging; Arrow indicates the direction of 
interface movement. 
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The before aging advancing and receding contact angles of DI water-air, n-decane-air, and the DI 

water-n-decane systems in the Illite-Smectite clay-coated microfluidic channel contacted by DI 

water first were ~0o. The DI water advancing and receding contact angles in the case of surface 

contacted by n-decane first were ~180o indicating that the surface is behaving as strongly oil-wet 

before aging. The aging effect was studied by retaining the n-decane and DI water in the 

corresponding microfluidic channels for approximately 24 h in the case of channels first contacted 

by DI water and n-decane, respectively. In the case of DI water first contacted the channel surface, 

both DI water advancing and receding angles were ~0 o indicating the surface is preferentially 

strongly water-wet even after aging. In the case of n-decane first contacted the channel surface, 

both DI water advancing and receding angles were ~180 o indicating the surface is preferentially 

strongly oil-wet even after aging.  

Significant fines migration was observed in the case of DI water-air system (Figures 26 (a) and (b)), 

and in the case of DI water-n-decane system when DI water first contacted the microfluidic channel 

(Figures 27 (a), (b), (c), and (d)). This is because of the electric double layer repulsion between 

clay and water molecules.  Generally, most substrates carry negative charge after being exposed to 

water because of high dielectric constant of water. When positive ions in the aqueous medium are 

not sufficient to shield the negative charge on clay surface, clay particles are released.   

4.4.2 5k ppm brine and n-decane system 

4.4.2.1 Untreated microfluidic channel 

Figure 28 represents the advancing and receding contact angles of 5k ppm brine-air system. Figure 

29 represents the advancing and receding contact angles of 5k ppm brine-n-decane before and after 

aging (5k ppm brine contacted the channel surface first), n-decane-5k ppm brine before and after 

aging (n-decane contacted the channel surface first) systems. The before aging base case advancing 

and receding contact angles of 5k ppm brine-air, n-decane-air, and the 5k ppm brine-n-decane 

systems in the untreated microfluidic channel contacted by 5k ppm brine first were ~0o. 5k ppm 
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brine advancing and receding contact angles in the case of surface contacted by n-decane first were 

~180o indicating that the surface is behaving as strongly oil-wet before aging. The aging effect was 

studied by retaining the n-decane and 5k ppm brine in the corresponding microfluidic channels for 

approximately 24 h in the case of channels first contacted by 5k ppm brine and n -decane, 

respectively.  

  

Figure 28: Untreated microfluidic channel contacted by 5k ppm brine first: (a) 5k ppm brine 
advancing contact angle and (b) 5k ppm brine receding contact angle in 5k ppm brine-air system 
before aging. 

 

 
In the case of 5k ppm brine first contacted the channel, the 5k ppm brine receding and advancing 

contact angles in 5k ppm brine-n-decane system were ~0o indicating the surface is still strongly 

water-wet after aging. In the case of n-decane first contacted the channel, the 5k ppm brine 

advancing and receding contact angles were ~0o indicating that the surface changed the wettability 

from oil-wet to water-wet after aging. This can be attributed to the effect of low salinity water 

flooding.  
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Figure 29: Untreated microfluidic channel contacted by 5k ppm brine first: (a) 5k ppm brine 
receding contact angle and (b) 5k ppm brine advancing contact angle in 5k ppm brine-n-decane 
system before aging; (c) 5k ppm brine receding contact angle and (d) 5k ppm brine advancing 
contact angle in 5k ppm brine-n-decane system after aging. Untreated microfluidic channel 
contacted by n-decane first: (e) 5k ppm brine advancing contact angle and (f) 5k ppm brine receding 
contact angle in 5k ppm brine-n-decane system before aging; (g) 5k ppm brine advancing contact 
angle and (h) 5k ppm brine receding contact angle in 5k ppm brine-n-decane system after aging; 
Arrow indicates the direction of interface movement. 
 



 

49 
 

4.4.2.2 Illite clay-coated microfluidic channel 

Figure 30 represents the advancing and receding contact angles of 5k ppm brine-air system. Figure 

31 represents the advancing and receding contact angles of 5k ppm brine-n-decane before and after 

aging (5k ppm brine contacted the channel surface first), n-decane-5k ppm brine before and after 

aging (n-decane contacted the channel surface first) systems.  

  

Figure 30: Illite clay-coated microfluidic channel contacted by 5k ppm brine first: (a) 5k ppm brine 
advancing contact angle and (b) 5k ppm brine receding contact angle in 5k ppm brine-air system 
before aging. 
 

The before aging advancing and receding contact angles of 5k ppm brine-air, n-decane-air, and the 

5k ppm brine-n-decane systems in the Illite clay-coated microfluidic channel contacted by 5k ppm 

brine first were ~0o. 5k ppm brine advancing and receding contact angles in the case of surface 

contacted by n-decane first were ~180o indicating that the surface is behaving as strongly oil-wet 

before aging. The aging effect was studied by retaining the n-decane and 5k ppm brine in the 

corresponding microfluidic channels for approximately 24 h in the case of channels first contacted 

by 5k ppm brine and n-decane, respectively. In the case of 5k ppm brine first contacted the channel, 

the 5k ppm brine receding and advancing contact angles in 5k ppm brine-n-decane system were 

~0o indicating the surface is still strongly water-wet after aging. In the case of n-decane first 

contacted the channel, the 5k ppm brine advancing and receding contact angles were ~0 o indicating 

that the surface changed the wettability from oil-wet to water-wet after aging. This can be attributed 

to the effect of low salinity water flooding. 
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Figure 31: Illite clay-coated microfluidic channel contacted by 5k ppm brine first: (a) 5k ppm brine 
receding contact angle and (b) 5k ppm brine advancing contact angle in 5k ppm brine-n-decane 
system before aging; (c) 5k ppm brine receding contact angle and (d) 5k ppm brine advancing 
contact angle in 5k ppm brine-n-decane system after aging. Illite clay-coated microfluidic channel 
contacted by n-decane first: (e) 5k ppm brine advancing contact angle and (f) 5k ppm brine receding 
contact angle in 5k ppm brine-n-decane system before aging; (g) 5k ppm brine advancing contact 
angle and (h) 5k ppm brine receding contact angle in 5k ppm brine-n-decane system after aging; 
Arrow indicates the direction of interface movement. 
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4.4.2.3 Illite-Smectite clay-coated microfluidic channel 

Figure 32 represents the advancing and receding contact angles of 5k ppm brine-air system. Figure 

33 represents the advancing and receding contact angles of 5k ppm brine-n-decane before and after 

aging (5k ppm brine contacted the channel surface first), n-decane-5k ppm brine before and after 

aging (n-decane contacted the channel surface first) systems. The before aging advancing and 

receding contact angles of 5k ppm brine-air, n-decane-air, and the 5k ppm brine-n-decane systems 

in the Illite-Smectite clay-coated microfluidic channel contacted by 5k ppm brine first were ~0o. 5k 

ppm brine advancing and receding contact angles in the case of surface contacted by n-decane first 

were ~180o indicating that the surface is behaving as strongly oil-wet before aging.  

  

Figure 32: Illite-Smectite clay-coated microfluidic channel contacted by 5k ppm brine first: (a) 5k 
ppm brine advancing contact angle and (b) 5k ppm brine receding contact angle in 5k ppm brine-
air system before aging. 
 

 

The aging effect was studied by retaining the n-decane and 5k ppm brine in the corresponding 

microfluidic channels for approximately 24 h in the case of channels first contacted by 5k ppm 

brine and n-decane, respectively. In the case of 5k ppm brine first contacted the channel, the 5k 

ppm brine receding and advancing contact angles in 5k ppm brine-n-decane system were ~0o 

indicating the surface is behaving as strongly water-wet after aging. In the case of n-decane first 

contacted the channel, the 5k ppm brine advancing and receding contact angles were ~0 o indicating 

that the surface changed the wettability from oil-wet to water-wet after aging. This can be attributed 

to the effect of low salinity water flooding.  
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Figure 33: Illite-Smectite clay-coated microfluidic channel contacted by 5k ppm brine first: (a) 5k 
ppm brine receding contact angle and (b) 5k ppm brine advancing contact angle in 5k ppm brine-
n-decane system before aging; (c) 5k ppm brine receding contact angle and (d) 5k ppm brine 
advancing contact angle in 5k ppm brine-n-decane system after aging. Illite-Smectite clay-coated 
microfluidic channel contacted by n-decane first: (e) 5k ppm brine advancing contact angle and (f) 
5k ppm brine receding contact angle in 5k ppm brine-n-decane system before aging; (g) 5k ppm 
brine advancing contact angle and (h) 5k ppm brine receding contact angle in 5k ppm brine-n-
decane system after aging; Arrow indicates the direction of interface movement. 
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Significant fines migration was observed in the case of 5k ppm brine-air system (Figures 32 (a) and 

(b)), and in the case of 5k ppm brine-n-decane system when 5k ppm brine first contacted the 

microfluidic channel (Figures 33 (a), (b), (c), and (d)). 

4.4.3 10k ppm brine and n-decane system 

4.4.3.1 Untreated microfluidic channel 

Figure 34 represents the advancing and receding contact angles of 10k ppm brine-air system. Figure 

35 represents the advancing and receding contact angles of 10k ppm brine-n-decane before and 

after aging (10k ppm brine contacted the channel surface first), n-decane-10k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging base case 

advancing and receding contact angles of 10k ppm brine-air, n-decane-air, and the 10k ppm brine-

n-decane systems in the untreated microfluidic channel contacted by 10k ppm brine first were ~0o. 

10k ppm brine advancing and receding contact angles in the case of surface contacted by n-decane 

first were ~180o indicating that the surface is behaving as strongly oil-wet before aging. The aging 

effect was studied by retaining the n-decane and 10k ppm brine in the corresponding microfluidic 

channels for approximately 24 h in the case of channels first contacted by 10k ppm brine and n-

decane, respectively. 

  

Figure 34: Untreated microfluidic channel contacted by 10k ppm brine first: (a) 10k ppm brine 
advancing contact angle and (b) 10k ppm brine receding contact angle in 10k ppm brine-air system 
before aging. 
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Figure 35: Untreated microfluidic channel contacted by 10k ppm brine first: (a) 10k ppm brine 
receding contact angle and (b) 10k ppm brine advancing contact angle in 10k ppm brine-n-decane 
system before aging; (c) 10k ppm brine receding contact angle and (d) 10k ppm brine advancing 
contact angle in 10k ppm brine-n-decane system after aging. Untreated microfluidic channel 
contacted by n-decane first: (e) 10k ppm brine advancing contact angle and (f) 10k ppm brine 
receding contact angle in 10k ppm brine-n-decane system before aging; (g) 10k ppm brine 
advancing contact angle and (h) 10k ppm brine receding contact angle in 10k ppm brine-n-decane 
system after aging; Arrow indicates the direction of interface movement. 
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In the case of 10k ppm brine first contacted the channel surface, both 10k ppm brine advancing and 

receding angles were ~0o indicating the surface is still strongly water-wet after aging. In the case 

of n-decane contacted the channel surface, both 10k ppm brine advancing and receding angles were 

~180o indicating the surface is still strongly oil-wet even after aging.  

4.4.3.2 Illite clay-coated microfluidic channel 

Figure 36 represents the advancing and receding contact angles of 10k ppm brine-air system. Figure 

37 represents the advancing and receding contact angles of 10k ppm brine-n-decane before and 

after aging (10k ppm brine contacted the channel surface first), n-decane-10k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging advancing and 

receding contact angles of 10k ppm brine-air, n-decane-air, and the 10k ppm brine-n-decane 

systems in the Illite clay-coated microfluidic channel contacted by 10k ppm brine first were ~0o. 

10k ppm brine advancing and receding contact angles in the case of surface contacted by n-decane 

first were ~180o indicating that the surface is behaving as strongly oil-wet before aging. The aging 

effect was studied by retaining the n-decane and 10k ppm brine in the corresponding microfluidic 

channels for approximately 24 h in the case of channels first contacted by 10k ppm brine and n-

decane, respectively. 

  

Figure 36: Illite clay-coated microfluidic channel contacted by 10k ppm brine first: (a) 10k ppm 
brine advancing contact angle and (b) 10k ppm brine receding contact angle in 10k ppm brine-air 
system before aging. 
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Figure 37: Illite clay-coated microfluidic channel contacted by 10k ppm brine first: (a) 10k ppm 
brine receding contact angle and (b) 10k ppm brine advancing contact angle in 10k ppm brine-n-
decane system before aging; (c) 10k ppm brine receding contact angle and (d) 10k ppm brine 
advancing contact angle in 10k ppm brine-n-decane system after aging. Illite clay-coated 
microfluidic channel contacted by n-decane first: (e) 10k ppm brine advancing contact angle and 
(f) 10k ppm brine receding contact angle in 10k ppm brine-n-decane system before aging; (g) 10k 
ppm brine advancing contact angle and (h) 10k ppm brine receding contact angle in 10k ppm brine-
n-decane system after aging; Arrow indicates the direction of interface movement. 
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In the case of 10k ppm brine first contacted the channel surface, both 10k ppm brine advancing and 

receding angles were ~0o indicating the surface is still strongly water-wet even after aging. In the 

case of n-decane contacted the channel surface, both 10k ppm brine advancing and receding angles 

were ~180o indicating the surface is still strongly oil-wet even after aging.  

4.4.3.3 Illite-Smectite clay-coated microfluidic channel 

Figure 38 represents the advancing and receding contact angles of 10k ppm brine-air system. Figure 

39 represents the advancing and receding contact angles of 10k ppm brine-n-decane before and 

after aging (10k ppm brine contacted the channel surface first), n-decane-10k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging advancing and 

receding contact angles of 10k ppm brine-air, n-decane-air, and the 10k ppm brine-n-decane 

systems in the Illite-Smectite clay-coated microfluidic channel contacted by 10k ppm brine first 

were ~0o. 10k ppm brine advancing and receding contact angles in the case of surface contacted by 

n-decane first were ~180o indicating that the surface is behaving as strongly oil-wet before aging. 

The aging effect was studied by retaining the n-decane and 10k ppm brine in the corresponding 

microfluidic channels for approximately 24 h in the case of channels first contacted by 10k ppm 

brine and n-decane, respectively. 

  

Figure 38: Illite-Smectite clay-coated microfluidic channel contacted by 10k ppm brine first: (a) 
10k ppm brine advancing contact angle and (b) 10k ppm brine receding contact angle in 10k ppm 
brine-air system before aging. 
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Figure 39: Illite-Smectite clay-coated microfluidic channel contacted by 10k ppm brine first: (a) 
10k ppm brine receding contact angle and (b) 10k ppm brine advancing contact angle in 10k ppm 
brine-n-decane system before aging; (c) 10k ppm brine receding contact angle and (d) 10k ppm 
brine advancing contact angle in 10k ppm brine-n-decane system after aging. Illite-Smectite clay-
coated microfluidic channel contacted by n-decane first: (e) 10k ppm brine advancing contact angle 
and (f) 10k ppm brine receding contact angle in 10k ppm brine-n-decane system before aging; (g) 
10k ppm brine advancing contact angle and (h) 10k ppm brine receding contact angle in 10k ppm 
brine-n-decane system after aging; Arrow indicates the direction of interface movement. 
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In the case of 10k ppm brine first contacted the channel surface, both 10k ppm brine advancing and 

receding angles were ~0o indicating the surface is still strongly water-wet even after aging. In the 

case of n-decane contacted the channel surface, both 10k ppm brine advancing and receding angles 

were ~180o indicating the surface is still strongly oil-wet even after aging. Significant fines 

migration was observed in the case of 10k ppm brine-air system (Figures 38 (a) and (b)), and in the 

case of 10k ppm brine-n-decane system when 10k ppm brine first contacted the microfluidic 

channel (Figures 39 (a), (b), (c), and (d)). 

4.4.4 30k ppm brine and n-decane system 

4.4.4.1 Untreated microfluidic channel 

Figure 40 represents the advancing and receding contact angles of 30k ppm brine-air system. Figure 

41 represents the advancing and receding contact angles of 30k ppm brine-n-decane before and 

after aging (30k ppm brine contacted the channel surface first), n-decane-30k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging base case 

advancing and receding contact angles of 30k ppm brine-air, n-decane-air systems in the untreated 

microfluidic channel were ~25o–30o and ~180o, respectively. In the case of surface contacted by n-

decane first, 30k ppm brine advancing and receding contact angles before aging were ~180o 

indicating that the surface is behaving as strongly oil-wet before aging.  

  

Figure 40: Untreated microfluidic channel contacted by 30k ppm brine first: (a) 30k ppm brine 
advancing contact angle and (b) 30k ppm brine receding contact angle in 30k ppm brine-air system 
before aging. 
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Figure 41: Untreated microfluidic channel contacted by 30k ppm brine first: (a) 30k ppm brine 
receding contact angle and (b) 30k ppm brine advancing contact angle in 30k ppm brine-n-decane 
system before aging; (c) 30k ppm brine receding contact angle and (d) 30k ppm brine advancing 
contact angle in 30k ppm brine-n-decane system after aging. Untreated microfluidic channel 
contacted by n-decane first: (e) 30k ppm brine advancing contact angle and (f) 30k ppm brine 
receding contact angle in 30k ppm brine-n-decane system before aging; (g) 30k ppm brine 
advancing contact angle and (h) 30k ppm brine receding contact angle in 30k ppm brine-n-decane 
system after aging; Arrow indicates the direction of interface movement. 
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In the case of surface contacted by 30k ppm brine first, 30k ppm brine advancing and receding 

contact angles before aging were ~150o and 145o indicating that the surface is behaving as oil-wet 

soon after it encounters n-decane which is attributed to the effect of salinity. The aging effect was 

studied by retaining the n-decane and 30k ppm brine in the corresponding microfluidic channels 

for approximately 24 h in the case of channels first contacted by 30k ppm brine and n -decane, 

respectively. In the case of 30k ppm brine first contacted the channel surface, both 30k ppm brine 

advancing and receding angles were ~150o indicating the surface is still oil-wet after aging. In the 

case of n-decane contacted the channel surface, both 30k ppm brine advancing and receding angles 

were ~180o indicating the surface is still strongly oil-wet after aging.  

4.4.4.2 Illite clay-coated microfluidic channel 

Figure 42 represents the advancing and receding contact angles of 30k ppm brine-air system. Figure 

43 represents the advancing and receding contact angles of 30k ppm brine-n-decane before and 

after aging (30k ppm brine contacted the channel surface first), n-decane-30k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging advancing and 

receding contact angles of 30k ppm brine-air, n-decane-air systems in the Illite clay-coated 

microfluidic channel were ~0o. In the case of surface contacted by n-decane first, 30k ppm brine 

advancing and receding contact angles before aging were ~180 o indicating that the surface is 

behaving as strongly oil-wet before aging.  

  

Figure 42: Illite clay-coated microfluidic channel contacted by 30k ppm brine first: (a) 30k ppm 
brine advancing contact angle and (b) 30k ppm brine receding contact angle in 30k ppm brine-air 
system before aging. 
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Figure 43: Illite clay-coated microfluidic channel contacted by 30k ppm brine first: (a) 30k ppm 
brine receding contact angle and (b) 30k ppm brine advancing contact angle in 30k ppm brine-n-
decane system before aging; (c) 30k ppm brine receding contact angle and (d) 30k ppm brine 
advancing contact angle in 30k ppm brine-n-decane system after aging. Illite clay-coated 
microfluidic channel contacted by n-decane first: (e) 30k ppm brine advancing contact angle and 
(f) 30k ppm brine receding contact angle in 30k ppm brine-n-decane system before aging; (g) 30k 
ppm brine advancing contact angle and (h) 30k ppm brine receding contact angle in 30k ppm brine-
n-decane system after aging; Arrow indicates the direction of interface movement. 
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In the case of surface contacted by 30k ppm brine first, 30k ppm brine advancing and receding 

contact angles before aging were ~180o indicating that the surface is behaving as strongly oil-wet 

soon after it encounters n-decane which is attributed to the effect of salinity. The aging effect was 

studied by retaining the n-decane and 30k ppm brine in the corresponding microfluidic channels 

for approximately 24 h in the case of channels first contacted by 30k ppm brine and n -decane, 

respectively. In the case of 30k ppm brine first contacted the channel surface, both 30k ppm brine 

advancing and receding angles were ~180o indicating the surface is preferentially strongly oil-wet 

even after aging. In the case of n-decane contacted the channel surface, both 30k ppm brine 

advancing and receding angles were ~180o indicating the surface is preferentially strongly oil-wet 

even after aging.  

4.4.4.3 Illite-Smectite clay-coated microfluidic channel 

Figure 44 represents the advancing and receding contact angles of 30k ppm brine-air system. Figure 

45 represents the advancing and receding contact angles of 30k ppm brine-n-decane before and 

after aging (30k ppm brine contacted the channel surface first), n-decane-30k ppm brine before and 

after aging (n-decane contacted the channel surface first) systems. The before aging advancing and 

receding contact angles of 30k ppm brine-air, n-decane-air, and the 30k ppm brine-n-decane 

systems in the Illite-Smectite clay-coated microfluidic channel contacted by 30k ppm brine first 

were ~0o.  

  

Figure 44: Illite-Smectite clay-coated microfluidic channel contacted by 30k ppm brine first: (a) 
30k ppm brine advancing contact angle and (b) 30k ppm brine receding contact angle in 30k ppm 
brine-air system before aging. 
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Figure 45: Illite-Smectite clay-coated microfluidic channel contacted by 30k ppm brine first: (a) 
30k ppm brine receding contact angle and (b) 30k ppm brine advancing contact angle in 30k ppm 
brine-n-decane system before aging; (c) 30k ppm brine receding contact angle and (d) 30k ppm 
brine advancing contact angle in 30k ppm brine-n-decane system after aging. Illite-Smectite clay-
coated microfluidic channel contacted by n-decane first: (e) 30k ppm brine advancing contact angle 
and (f) 30k ppm brine receding contact angle in 30k ppm brine-n-decane system before aging; (g) 
30k ppm brine advancing contact angle and (h) 30k ppm brine receding contact angle in 30k ppm 
brine-n-decane system after aging; Arrow indicates the direction of interface movement. 
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30k ppm brine advancing and receding contact angles in the case of surface contacted by n-decane 

first were ~180o indicating that the surface is behaving as strongly oil-wet before aging. The aging 

effect was studied by retaining the n-decane and 30k ppm brine in the corresponding microfluidic 

channels for approximately 24 h in the case of channels first contacted by  30k ppm brine and n-

decane, respectively. In the case of 30k ppm brine first contacted the channel surface, both 30k 

ppm brine advancing and receding angles were ~0o indicating the surface is still strongly water-wet 

even after aging. In the case of n-decane contacted the channel surface, both 30k ppm brine 

advancing and receding angles were ~180o indicating the surface is still strongly oil-wet even after 

aging. In addition, fines migration was not observed in this case.  

4.4.5 Produced water and Crude oil system 

4.4.5.1 Untreated microfluidic channel 

Figure 46 represents the advancing and receding contact angles of produced water-air and crude 

oil-air system. Figure 47 represents the advancing and receding contact angles of produced water-

crude oil before and after aging (produced water contacted the channel surface first), crude oil-

produced water before and after aging (crude oil contacted the channel surface first) systems. In 

untreated microfluidic channels, the before aging base case advancing and receding contact angles 

of produced water-air system were ~45o and ~30o, respectively, and crude oil-air system were ~0o. 

In the case of produced water contacted the channel first, the produced water advancing and 

receding contact angles before aging were ~90o and ~25o–30o, respectively, indicating that during 

produced water advancing, the surface is behaving as intermediate wet and during produced water 

receding, the surface is behaving as water-wet. In the case of crude oil contacted the channel first, 

the produced water advancing and receding contact angles before aging were ~180o indicating that 

the surface is behaving as strongly oil-wet. The aging effect was studied by retaining the crude oil 

and produced water in the corresponding microfluidic channels for approximately 24 h in the case 

of channels first contacted by produced water and crude oil, respectively.  
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Figure 46: Untreated microfluidic channel contacted by produced water first: (a) produced water 
advancing contact angle and (b) produced water receding contact angle in produced water-air 
system before aging; Untreated microfluidic channel contacted by crude oil first: (c) crude oil 
advancing contact angle and (d) crude oil receding contact angle in crude oil-air system before 
aging. 

 
In the case of produced water first contacted the channel surface, the produced water advancing 

and receding angles after aging were ~130o–140o and ~30o indicating that during produced water 

advancing surface is behaving as oil-wet and during produced water receding surface is behaving 

as water-wet after aging. In the case of crude oil first contact the channel surface, both the produced 

water advancing and receding angles were ~180o indicating that the surface is still strongly oil-wet 

after aging.  
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Figure 47: Untreated microfluidic channel contacted by produced water first: (a) produced water 
receding contact angle and (b) produced water advancing contact angle in produced water-crude 
oil system before aging; (c) produced water receding contact angle and (d) produced water 
advancing contact angle in produced water-crude oil system after aging. Untreated microfluidic 
channel contacted by crude oil first: (e) produced water advancing contact angle and (f) produced 
water receding contact angle in produced water-crude oil system before aging; (g) produced water 
advancing contact angle and (h) produced water receding contact angle in produced water-crude 
oil system after aging; Arrow indicates the direction of interface movement. 
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4.4.5.2 Illite clay-coated microfluidic channel 

Figure 48 represents the advancing and receding contact angles of produced water-air and crude 

oil-air system. Figure 49 represents the advancing and receding contact angles of produced water-

crude oil before and after aging (produced water contacted the channel surface first), crude oil-

produced water before and after aging (crude oil contacted the channel surface first) systems. The 

before aging advancing and receding contact angles of produced water-air, and crude oil-air 

systems in Illite clay-coated microfluidic channels were ~0o.  

  

  

Figure 48: Illite clay-coated microfluidic channel contacted by produced water first: (a) produced 
water advancing contact angle and (b) produced water receding contact angle in produced water-
air system before aging; Illite clay-coated microfluidic channel contacted by crude oil first: (c) 
crude oil advancing contact angle and (d) crude oil receding contact angle in crude oil-air system 
before aging. 
 
In the case of crude oil contacted the channel first, both produced water advancing and receding 

contact angles before aging were ~180o, indicating the surface is strongly oil-wet. In the case of 

produced water contacted the channel first, produced water advancing contact angle before aging 

were ~0o, indicating the surface is strongly water-wet. The aging effect was studied by retaining 

the crude oil and produced water in the corresponding microfluidic channels for approximately 24 

h in the case of channels first contacted by produced water and crude oil, respectively.  
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Figure 49: Illite clay-coated microfluidic channel contacted by produced water first: (a) produced 
water receding contact angle and (b) produced water advancing contact angle in produced water-
crude oil system before aging; (c) produced water receding contact angle and (d) produced water 
advancing contact angle in produced water-crude oil system after aging. Illite clay-coated 
microfluidic channel contacted by crude oil first: (e) produced water advancing contact angle and 
(f) produced water receding contact angle in produced water-crude oil system before aging; (g) 
produced water advancing contact angle and (h) produced water receding contact angle in produced 
water-crude oil system after aging; Arrow indicates the direction of interface movement. 
 



 

70 
 

In the case of produced water contacted the channel first, both produced water advancing and 

receding angles after aging were ~0o indicating the surface is still strongly water-wet. In the case 

of crude oil contacted the channel first, both produced water advancing and receding angles after 

aging were ~180o indicating the surface is still strongly oil-wet. Fines migration was observed in 

the case of produced water-air system (Figures 48 (a) and (b)), and in the case of produced water -

n-decane system when produced water first contacted the microfluidic channel (Figures 49 (a), (b), 

(c), and (d)). 

4.4.5.3 Illite-Smectite clay-coated microfluidic channel 

Figure 50 represents the advancing and receding contact angles of produced water-air and crude 

oil-air system. Figure 51 represents the advancing and receding contact angles of produced water-

crude oil before and after aging (produced water contacted the channel surface first), crude oil-

produced water before and after aging (crude oil contacted the channel first) systems.  

  

  

Figure 50: Illite-Smectite clay-coated microfluidic channel contacted by produced water first: (a) 
produced water advancing contact angle and (b) produced water receding contact angle in produced 
water-air system before aging; Illite-Smectite clay-coated microfluidic channel contacted by crude 
oil first: (c) crude oil advancing contact angle and (d) crude oil receding contact angle in crude oil-
air system before aging. 
 



 

71 
 

  

  

    

    

Figure 51: Illite-Smectite clay-coated microfluidic channel contacted by produced water first: (a) 
produced water receding contact angle and (b) produced water advancing contact angle in produced 
water-crude oil system before aging; (c) produced water receding contact angle and (d) produced 
water advancing contact angle in produced water-crude oil system after aging. Illite-Smectite clay-
coated microfluidic channel contacted by crude oil first: (e) produced water advancing contact 
angle and (f) produced water receding contact angle in produced water-crude oil system before 
aging; (g) produced water advancing contact angle and (h) produced water receding contact angle 
in produced water-crude oil system after aging; Arrow indicates the direction of interface 
movement. 
 



 

72 
 

The before aging advancing and receding contact angles of produced water-air, and crude oil-air 

systems in Illite-Smectite clay-coated microfluidic channels were ~0o. In the case of produced water 

contacted the channel first, the produced water receding contact angle before aging in produced 

water-crude oil system is ~30o–40o and the produced water advancing contact angle before aging 

is ~60o–70o indicating that the surface is water-wet to intermediate-wet. In the case of crude oil first 

contacted the channel first, the produced water advancing and receding contact angle before aging 

is ~150o–160o and ~20o–30o, respectively, indicating that during produced water advancing the 

surface is behaving as oil-wet whereas when the produced water is receding the surface is behaving 

as water-wet. Snap off phenomenon was observed in the case of surface contacted by crude oil first. 

This is mainly due to surface heterogeneity. The aging effect was studied by retaining the crude oil 

and produced water in the corresponding microfluidic channels for approximately 24 h in the case 

of channels first contacted by produced water and crude oil, respectively. In the case of produced 

water first contacted the channel first, the produced water advancing and receding contact angle 

after aging is ~55o–60o and ~20o–30o, respectively, indicating the surface is preferentially water-

wet. In the case of crude oil first contacted the channel first, the produced water advancing and 

receding contact angles were ~80o–85o and ~20o–30o indicating that during produced water 

advancing and receding the surface is intermediate wet and water-wet, respectively. Significant 

fines migration was observed in the case of produced water-air system (Figures 50 (a) and (b)), and 

in the case of produced water -n-decane system when produced water first contacted the 

microfluidic channel (Figures 51 (a), (b), (c), and (d)). Also, snap off phenomenon was observed 

after aging as well in the case of channel contacted by crude oil first. Figure 52 represents the snap 

off phenomenon in the case of surface contacted by crude oil first.  

Table 9, 10, and 11 represents the wettability results for untreated, Illite clay-coated, and Illite-

Smectite clay-coated microfluidic channels. 
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Figure 52: Snap off phenomenon in Illite-Smectite clay-coated surface contacted by crude oil first. 

 
 

Table 9: Wettability states of untreated microfluidic channel-brine-oil systems. 

Experiment 

Fluid 

contacting the 

microfluidic 

chip first 

Wettability 

Advancing  

Contact Angle (°) 

Receding  

Contact Angle (°) 

Before 

Aging 

After 

Aging 

Before 

Aging 

After 

Aging 

DI water/ 

n-decane 

n-decane  ~180o ~85o–95o ~180o ~50o–65o 

DI water ~0o ~80o–90o ~0o ~60o–70o 

5k ppm brine/ 

n-decane 

n-decane  ~180o ~0o ~180o ~0o 

5k ppm brine  ~0o ~0o ~0o ~0o 

10k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

10k ppm brine  ~0o ~0o ~0o ~0o 

30k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

30k ppm brine  ~150o ~150o ~145o ~150o 

Produced water/ 

Crude oil 

Crude oil  ~180o ~180o ~180o ~180o 

Produced water  ~90o ~130o–140o ~25o–30o ~30o 
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Table 10: Wettability states of Illite clay-coated microfluidic channel-brine-oil systems. 

Experiment 

Fluid 

contacting the 

microfluidic 
chip first 

Wettability 

Advancing  

Contact Angle (°) 

Receding  

Contact Angle (°) 

Before 

Aging 

After 

Aging 

Before 

Aging 

After 

Aging 

DI water/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

DI water ~0o ~180o ~0o ~180o 

5k ppm brine/ 

n-decane 

n-decane  ~180o ~0o ~180o ~0o 

5k ppm brine  ~0o ~0o ~0o ~0o 

10k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

10k ppm brine  ~0o ~0o ~0o ~0o 

30k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

30k ppm brine  ~180o ~180o ~180o ~180o 

Produced water/ 

Crude oil 

Crude oil  ~180o ~180o ~180o ~180o 

Produced water  ~0o ~0o ~0o ~0o 

 

Table 11: Wettability states of Illite-Smectite clay-coated microfluidic channel-brine-oil systems. 

Experiment 

Fluid 
contacting the 

microfluidic 

chip first 

Wettability 

Advancing  

Contact Angle (°) 

Receding  

Contact Angle (°) 

Before 

Aging 

After 

Aging 

Before 

Aging 

After 

Aging 

DI water/ 
n-decane 

n-decane  ~180o ~180o ~180o ~180o 

DI water ~0o ~180o ~0o ~180o 

5k ppm brine/ 

n-decane 

n-decane  ~180o ~0o ~180o ~0o 

5k ppm brine  ~0o ~0o ~0o ~0o 

10k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

10k ppm brine  ~0o ~0o ~0o ~0o 

30k ppm brine/ 

n-decane 

n-decane  ~180o ~180o ~180o ~180o 

30k ppm brine  ~0o ~0o ~0o ~0o 

Produced water/ 

Crude oil 

Crude oil  ~150o–160o ~80o–85o ~20o–30o ~20o–30o 

Produced water  ~60o–70o ~55o–60o ~30o–40o ~20o–30o 

 

4.5 Wettability results using Caney shale core sample of reservoir zone 

 Figure 53 represents the before and after aging advancing and receding contact angles of produced 

water-crude oil-Caney shale rock from reservoir zone. Produced water advancing and receding 

contact angle in crude oil-produced water system before aging were ~43o and ~20o, respectively, 

indicating that the Caney shale from reservoir zone is water wet. Aging effect was observed by 
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having the crude oil-produced water system in equilibrium for approximately 24 h. After aging, the 

produced water advancing and receding contact angles were ~68o and ~31o, respectively, indicating 

that the surface is preferentially water-wet.  

 

  

Figure 53: (a) Produced water advancing contact angle and (b) produced water receding contact 
angle in produced water-crude oil-Caney shale rock (reservoir zone) system before aging; (c) 
produced water advancing contact angle and (d) produced water receding contact angle in produced 
water-crude oil-Caney shale rock (reservoir zone) system after aging. Arrow indicates the direction 
of movement of crude oil droplet. 

4.6 Wettability results using Caney shale core sample of non-reservoir zone 

Figure 54 represents the before and after aging advancing and receding contact angles of produced 

water-crude oil-Caney shale rock from non-reservoir zone. Produced water advancing and receding 

contact angle in crude oil-produced water system before aging were ~32o and ~15o, respectively, 

indicating that the Caney shale from non-reservoir zone is water wet. Aging effect was observed 

by having the crude oil-produced water system in equilibrium for approximately 24 h. After aging, 

the produced water advancing and receding contact angles were ~36o and ~30o, respectively, 

indicating that the surface is preferentially water-wet.  
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Figure 54: (a) Produced water advancing contact angle and (b) produced water receding contact 
angle in produced water-crude oil-Caney shale rock (non-reservoir zone) system before aging; (c) 
produced water advancing contact angle and (d) produced water receding contact angle in produced 
water-crude oil-Caney shale rock (non-reservoir zone) system after aging. Arrow indicates the 
direction of movement of crude oil droplet. 
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CHAPTER V 
 

 

CONCLUSION 

 

This study aimed to investigate the rock-brine interactions using geomaterial microfluidics. In this 

study, Illite and Illite-Smectite clay-coated surfaces were successfully generated in thin bottom 

flow cells microfluidic chips made of borosilicate glass. As this study is continuation of the work 

performed by Rupom et al. [62], Illite-Smectite coated surfaces were generated in glass capillary 

tubes to characterize the coating efficiency. For this purpose, NaCl brines of 4 different salinities 

(0ppm, 5000 ppm, 10,000 ppm, and 30,000 ppm) were used to test the effect of salinity on clay 

coating. It was observed that with increasing salinity, a more dense and uniform clay coating could 

be obtained on the glass surface. 

This study provides insight about the behavior of clay formations (e.g., swelling potential, fines 

migration, wettability alteration, etc.) upon exposure to model (NaCl brine solutions and n-decane) 

and field fluids (produced water and crude oil).  

In this study, the influence of brine salinity, first contact liquid, and aging in second contact liquid 

on the wettability of untreated, Illite and Illite-Smectite coated glass surfaces was evaluated. The 

study reported that low salinity brine injection results in wettability alteration in all cases i.e., 

untreated, Illite and Illite-Smectite coated surfaces.  In high salinity environment, wettability of 

brine-first-contacted Illite and Illite-Smectite coated surfaces were different. In contrast, the 

wettability of brine-first-contacted untreated and Illite coated surface were similar. This study also 
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reports significant fines migration in the case of Illite-Smectite coated surface when brine contacted 

the channel at first. The wettability analysis of Caney shale core sample from reservoir and non-

reservoir zones was also conducted in this study. The produced water advancing and receding 

contact angles before and after aging indicates that Caney shale from reservoir zone is 

predominantly water-wet.  

There are further opportunities for conducting research on microfluidic chips coated with clay. The 

micromodel of geomaterial created in this study is a simple, straight channel with a single aspect 

ratio. Future studies could involve the development of a consistent coating on a more intricate flow 

network with narrower channels and various aspect ratios, resembling unconventional rocks. This 

would result in a more accurate representation of clay-rich rock formations using the geomaterial 

micromodel. Also, the wettability experiments conducted in this study are at atmospheric pressure 

and room temperature, therefore future studies may be conducted at high pressure and high 

temperature environment to resemble the reservoir conditions. 
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