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ABSTRACT 
 

Contact Angle Hysteresis: Implications for Fluid Flow 

Cristhian Fernando Andrade Corona 

 

Contact angle behavior controls the spreading, sticking, or movement of fluid droplets on 

top of solid substrates, and the immiscible displacement of mixed fluids in porous media. 

Therefore, it influences applications such as oil recovery, CO2 geological storage, water 

transport in unsaturated soils, and DNAPL soil remediation techniques. The attraction 

forces and geometrical-molecular arrangement at the atomic scale define the strength of 

the interfacial tension that changes in response to changes in temperature, pressure, or the 

fluid composition within the system. Contact line behavior such as contact line pinning or 

depinning, microscale roughness, and changes in interfacial tensions influence advancing 

and receding contact angles.  

This study consists of a comprehensive database of published advancing and 

receding contact angles to understand the underlying mechanisms of contact line pinning 

and depinning and the implications of these phenomena on advancing and receding contact 

angles. Calcite experiments that investigate advancing and receding contact angle 

measurements as a function of ionic concentration complement the published literature. 

Critical results include: an advancing contact angle trend with calcite as a function of ionic 

concentration, a point of minimum contact angle hysteresis when brine concentrations are 
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close to 0.1 M, and that contact angle behavior depends on cation type and the calcite 

surface anisotropy.  

Contact line pinning prevents flow and increases contact angle hysteresis. An 

analysis of the database suggests that the wide range of contact angle hysteresis of calcite 

and quartz with water results both from hydrogen bonds and microscale roughness at the 

surface which leads to pinned contact lines. The Jamin effect reduces significantly in 

calcite when the resultant injection brines have an ionic concentration close to 0.1 M. Thus, 

the pressure difference required to displace a non-wetting fluid for a wetting fluid reduces, 

and leads to enhanced recovery of trapped oil, gas or DNAPL.    
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CHAPTER 1.  INTRODUCTION 

1.1. Motivation 

Advancing and receding contact angles control fluid displacement in many physical 

systems. The sliding of a drop is a fundamental atomic scale phenomena with multiscale 

implications (Gao & McCarthy, 2006; Snoeijer & Andreotti, 2013). The solid-fluids 

interactions determine surface tensions and contact line behavior at the molecular scale 

(Israelachvili, 2011; Johansson et al., 2015). Those interactions determine macroscopic 

contact angles. 

The wetting of a system changes by engineering the solid substrates or fluids 

(Drelich et al., 1996; Xie et al., 2002). As a result, reductions or increases in the contact 

angle hysteresis promote or inhibit fluid flow. Contact angle hysteresis has many 

applications in the coating and textile industries, and the environmental and energy fields, 

where contact angle behavior is vital for the recovery of mixed fluids (Morrow & Buckley, 

2011). 

Advancing and receding contact angles and the associated mechanisms of contact 

line pinning and depinning are particularly important for the efficient removal of chemical 

contaminants, residual oil, and gas trapped in reservoirs (Smith & Crane, 1930; Barranco 

et al., 1997). Modifications that target the contact angle hysteresis in reservoirs reduce the 

Jamin effect and enhance fluid mobilization. 

Molecular physical characteristics, such as geometrical arrangement and 

attraction/repulsion forces, are responsible for changes in surface tensions, contact line 

behaviors, and macroscopic contact angle behaviors (Johansson & Hess, 2018).  This thesis 

focusses on the understanding of these phenomena. 
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1.2. Thesis Organization 

This manuscript centers on the understanding of advancing and receding contact angles 

from the micro to the macroscale and focuses on implications to the energy sector. A 

summary of the chapters follows. 

Chapter 2 investigates the pinning and depinning mechanisms of the contact line 

and its implications on advancing and receding contact angles with emphasis on fluid flow. 

The chapter also presents the results of a database compiled from reported advancing and 

receding contact angles in the published literature. An analysis of this database provides a 

direct comparison of the mechanisms that underlie this behavior.  

Chapter 3 investigates the influence of ionic concentration on the advancing and 

receding contact angles of a Calcite-Brine-Air system. Experimental results show a trend 

of advancing contact angles with increases in ionic concentration. Implications address the 

reduction in the differential pressure required to mobilize a non-wetting fluid with a wetting 

fluid and highlight the potential benefits to the energy sector. 

Chapter 4 present the salient conclusions of this research. 
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CHAPTER 2.  IMPLICATIONS OF CONTACT LINE PINNING AND 

DEPINNING IN ADVANCING AND RECEDING CONTACT 

ANGLES 

 

2.1. Introduction 
 

Contact angle behavior is responsible for spreading, sticking, or moving fluid droplets on 

top of solid substrates (Dussan, 1985; Malvadkar et al., 2010; Liu et al., 2020). The coating, 

textile, and mining industries have used contact angle theory to enhance painting products, 

improve printing technologies, create self-cleaning materials, and develop more efficient 

mining separation techniques (Gleiche et al., 2001, Drelich, 2019; Drelich et al., 2020). 

The extraction of light non-aqueous phase liquid LNAPL, dense non-aqueous phase liquid 

DNAPL, trapped oil, and gas also depend on achieving systems with low contact angle 

hysteresis (Mohammad & Kibbey, 2005; Haagh et al., 2017).  

Contact angle hysteresis is the difference between the advancing and receding 

contact angles, which are the maximum and minimum angles of a particular system (Gao 

& McCarthy, 2009; Drelich et al., 2020). These asymptotic values govern fluid 

displacement in mixed wetting conditions (Wright, 1934; ElSherbini & Jacobi, 2006; 

Extrand & Moon, 2014). Contact line behavior such as pinning or depinning of the contact 

line, microscale roughness, and changes in interfacial tensions influence advancing and 

receding contact angles (Öner & McCarthy, 2000; Forsberg et al., 2010; Xu & Choi, 2012).   

Pore size determines the influence of capillary or gravitational forces on the 

stability of trapped oil, gas, and DNAPL in reservoirs. However, the difference between 
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advancing and receding contact angles either facilitates or inhibits mixed fluid flow. A 

contact angle hysteresis of zero implies that minor external disturbances in the system 

result in flow (Extrand & Moon, 2014). Similarly, a contact angle hysteresis far from zero 

is characteristic of systems where flow is harder to initiate (Morrow & Mason, 2001; Cao 

et al., 2015). 

Techniques that appropriately engineer the contact angle hysteresis have the 

potential to improve oil and gas recovery, and remediate toxic chemicals in the subsurface. 

These techniques require an in-depth understanding of contact line pinning and depinning 

mechanisms to achieve low contact angle hysteresis systems (Xu & Choi, 2012).  

This study explores advancing and receding contact angles using a database that 

consists of previously published contact angle data. The literature review includes a wide 

variety of substrates, fluids, and experimental conditions to examine the influence of 

molecular and microscale contact line pinning and depinning mechanisms on fluid flow. 

 

2.2. Database Study 
 

2.2.1. Database description 

 
This study compiles both published asymptotic advancing and receding contact angle data 

from 31 studies and the results of calcite experiments conducted as part of this research 

into a comprehensive database. The database has 442 entries for advancing and receding 

contact angles, with values that range from 0° to 180°. Measurement techniques include 
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the Wilhelmy, tilting, the captive drop/bubble, and the sessile methods. Note: the majority 

of publications report measurements obtained with the sessile method. 

Tables 2.1 and 2.2 provide a detailed description of the database. The database 

includes relevant solid substrates typically encountered in the energy resources field, such 

as calcite, quartz, and mica, in addition to metals and natural fibers (Table 2.1). Table 2.2 

presents widely known high contact angle substrates such as fluorinated surfaces and 

polymers. The tested fluids consist of a variety of gases, chemicals, organic compounds, 

and water with the Solid Substrate-Water-Air as the most common system. The database 

contains several treated surfaces that result in higher contact angle spreading.  
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Table 2.1 Description of various contact angle systems where the main solid substrate is a natural material. 
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Table 2.2 Description of contact angle systems where the main solid substrate is a manufactured material. 
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References for Table 2.1: (Gaudin & Decker, 1967; Ethington, 1990; Crawford et al., 1994; Extrand & Kumagai, 1995; Drelich 

et al., 1996; Drelich et al., 1997; Subrahmanyam et al., 1999; Yang et al., 1999; Kandlikar & Steinke, 2001; Xie et al., 2002; 

Cipriano et al., 2005; Kumar et al., 2005; Dankovich & Gray, 2010; Saraji et al., 2014; Chen et al., 2015; Schellbach et al., 2016; 

Pan et al., 2019). 

References for Table 2.2: (Extrand & Kumagai, 1995; Drelich et al., 1996; Phuvanartnuruks & McCarthy, 1998; Kandlikar & 

Steinke, 2001; Lam et al., 2001; Yamaoka et al., 2001; Taniguchi & Belfort, 2002; Extrand, 2004; He et al., 2004; Krishnan et 

al., 2005; Pierce et al., 2008; Wang et al., 2009; Nilsson et al., 2010; Ruiz-Cabello et al., 2011; Li et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

2.2.2. Data handling 

 
We classify the data based on different system subgroups which include: high or low 

advancing contact angles, systems where water is the primary testing fluid, type of 

measurement technique, systems where the solid substrate is the same but tested using 

different liquids, and where the substrate and liquid are the same but undergo changes in 

the microscale roughness. Contact angle hysteresis allows us to make comparisons between 

all the systems despite the different experimental conditions.  

 

2.3. A general overview of advancing and receding contact angles 

 

Figure 2.1-a shows advancing versus receding contact angles for all systems in the 

database. These values range from 0° to 180°. The most common systems exhibit 

advancing contact angles between 0° to 60°, with receding contact angles between 0° to 

30°. The systems with the largest contact angle hysteresis lie between 90° to 150° of the 

advancing contact angle. The contact angle hysteresis decreases in all systems, after 150° 

of the advancing contact angle. Figure 2.1-a shows calcite experimental contact angle 

values measured during this study. 

Figure 2.1-b shows advancing and receding contact angle values based on the 

measurement technique. The sessile and tilting plate methods are the most common 

measurement techniques, with the sessile method the most frequently used for systems with 

advancing contact angles above 150°. Measurements of systems with advancing contact 

angles between 70° and 120° typically use the Wilhelmy method. 
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Figure 2.1 Values of advancing and receding contact angles included in the database. a) 

Advancing and receding contact angles; blue points highlight calcite experimental data 

from this study, b) Classification of advancing and receding contact angles by measurement 

technique. Data from references Table 2.1 & 2.2. 
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2.4. Advancing and receding contact angles of synthesized substrates 
 

Figure 2.2-a presents advancing and receding contact angles of typical high contact angle 

solid substrates, see further details in Table 2.2. There is a clustering of systems with 

advancing contact angle values that range from 140° to 160°, and receding angle values 

between 120° to 160°. Fluorinated surfaces exhibit the highest advancing and receding 

contact angles of 120° to 170° for an advancing condition and from 60° to 160° for a 

receding condition. However, a particular cluster of fluorinated surfaces presents 

advancing contact angles of 60° and receding contact angles of 30°.  

By contrast, the common polymers in Table 2.2 present smaller contact angles. 

These types of systems present advancing contact angles between 50° to 120° and receding 

values from 20° to 100°. There is also a clustering of these substrates with advancing 

contact angles at around 150° and receding values between 120° to 150°. The ‘Other 

surfaces’ listed in Table 2.2 contain systems with a wide range of advancing and receding 

contact angles. 

Figure 2.2-b shows advancing contact angles versus contact angle hysteresis for 

common high contact angle substrates. In general, the contact angle hysteresis of these 

systems ranges from 0° to 60°. Fluorinated surfaces contain the highest number of systems 

with low contact angle hysteresis; similarly, the class ‘Other surfaces’ consists of many 

systems with low contact angle hysteresis. By contrast, the class ‘Common polymers’ 

contains systems which display a large range of contact angle hysteresis values of between 

10° to 110°. 
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Figure 2.2 Contact angle systems composed of common manufactured substrates, see 

details in Table 2.2. a) Advancing and receding contact angles, b) Contact angle hysteresis 

versus advancing contact angles. Data from references in Table 2.2. 
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2.5. Advancing and receding contact angles of common natural 

substrates 
 

Figure 2.3-a shows advancing contact angles versus receding contact angles of common 

natural solid substrates with further detail in Table 2.1. Advancing contact angles between 

0° to 60° and receding contact angles between 0° to 30° are characteristic of these systems. 

Metal systems present high advancing and receding contact angles within the range of 120° 

to 160° for an advancing condition and from 40° to 160° for a receding condition. Mica, 

coal, and quartz systems exhibit a broad spectrum of advancing and receding contact angles 

that range from 0° to 180°. On the other hand, calcite, biotite, and natural fiber systems 

exhibit advancing contact angles from 0° to 60°. 

Figure 2.3-b presents advancing contact angles versus the contact angle hysteresis 

of common natural substrates. These types of systems present a contact angle hysteresis 

that range from 0° to 40°. Metal and coal systems exhibit the lowest contact angle 

hysteresis with values from 0° to 10°, but there are some cases where these systems display 

a hysteresis value of 60°. Mica and quartz systems exhibit a broad spectrum of contact 

angle hysteresis that ranges from 0° to 90°. These values contrast to calcite, biotite, and 

natural fiber systems that contain contact angle hysteresis values of between 0° to 40°.  
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Figure 2.3 Contact angle systems composed of common natural substrates, see details in 

Table 2.1. a) Advancing and receding contact angles, b) Contact angle hysteresis versus 

advancing contact angles. Data from references in Table 2.1. 

 

 

 

 



28 
 

2.6. Effect of fluid composition and roughness on contact angle 

hysteresis 
 

Figure 2.4-a presents advancing contact angles versus the contact angle hysteresis of four 

solid substrates and ten fluids in air. Water displays the largest contact angle hysteresis on 

calcite (40°), quartz (31°), and dodecanethiol (5.5°) in comparison to all other tested fluids. 

Similarly, ethylene glycol also displays high contact angle hysteresis values on biotite 

(20°), calcite (30°), quartz (27°) and dodecanethiol (5°). Other fluids such as 

chlorobenzene, carbon tetrachloride, acetone, cyclohexane, and m-xylene produce contact 

angle hysteresis values of between 3° to 10° in calcite, quartz, and biotite. Methane and 

ethanol produce a contact angle hysteresis of 0° for the same substrates and an advancing 

contact angle of 0°. 

Figure 2.4-b presents advancing and receding contact angles for sandpaper coated 

with Teflon as a function of roughness. The contact angle hysteresis remains at around 60° 

for roughness values between 4 μm to 8 μm. Receding contact angles increase for 

roughness values of  >8 μm. Consequently, there is a significant decrease in contact angle 

hysteresis with a range from 4° to 20°. 
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Figure 2.4 Contact angle systems with similar characteristics. a) Contact angle hysteresis 

versus advancing contact angles when the solid substrates are the same but the testing fluids 

are different b) Advancing and receding contact angles of Teflon coated sandpapers with 

water as a function of roughness. References: (Ethington, 1990; Drelich et al., 1996; 

Nilsson et al., 2010). 
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2.7. Discussion 
 

The contact line is an interface with a small width and height where solid and fluid 

molecules interact in dynamic conditions. Contact line behavior contributes to the apparent 

contact angles; in particular, mechanisms such as pinning and depinning of the contact line 

influence the advancing and receding contact angles (Zhang et al., 2015; Li et al., 2016), 

see figures 2.5 and 2.6. Therefore, contact angle hysteresis depends on molecular and 

microscale phenomena. 

2.7.1. Contact line pinning 

 

Pinning of the contact line primarily prevents movement (Eral et al., 2013). Therefore, 

systems with a pinned contact line exhibit higher advancing contact angles and smaller 

receding contact angles (Xu & Choi, 2012). Hence, a pinned state describes systems with 

high contact angle hysteresis.  

Fundamental molecular level mechanisms - Solid-fluid interactions 

The affinity between the solid and liquid molecules at the molecular scale determines the 

macroscopic contact angle and the pinning of the contact line (Halverson et al., 2010). 

Strong solid-liquid interactions promote bonding between solid and liquid molecules at the 

interface (Johansson et al., 2015; Johansson & Hess, 2018). Systems with hydrophilic solid 

substrates and hydrophilic liquids tend to develop a pinned state with hydrogen bonds 

(Johansson et al., 2015). The non-hydrogen bonds present in other interactions between 

substrates and fluids are less strong and result from Van der Waals Bonding, see figure 2.5-

a. 
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Treated surfaces significantly increase liquid-solid interactions (Phuvanartnuruks 

& McCarthy, 1998). Figure 2.2-a presents an example of this behavior, and shows a cluster 

of fluorinated surfaces with low advancing and receding contact angles. This results from 

the functionalization of the surface by OH groups. The high advancing and receding 

contact angles with water or ethylene glycol on calcite and quartz in figure 2.4-a, represent 

a pinned state with hydrogen bonding due to the presence of oxygen dangling bonds at 

these surfaces (Stipp, 1999; Goumans et al., 2007; Gao et al., 2012).  

 

Figure 2.5 Contact line pinning mechanisms. a) Molecular bonding, b) Molecular friction, 

c) Molecular arrangement d) Micron-scale pinning. Modified from (Carlson et al., 2012; 

Xu & Choi, 2012; Johansson & Hess, 2018) 

 

Atomic and Molecular arrangement 

Let’s consider the atomically smooth solid substrate in figure 2.5-b. Solid substrate atoms 

at the interface have potential wells which depend on the electron configurations. Fluid 
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molecules react to these wells due to the molecular friction that opposes fluid movement 

(Carlson, et al., 2012), a phenomenon that contributes to a pinned contact line.  

Strong solid-liquid interactions also promote a denser packing of liquid molecules 

at the solid-liquid interface when compared to the bulk or the liquid-gas interface seen in 

figure 2.5-c. Highly packed fluid molecules can approach solid density values; for instance, 

water at the solid-liquid interface reaches densities of 1.5 to 2.6 
𝑔

𝑐𝑚3
 (Werder et al., 2001; 

Hong et al., 2009; Dimitrov et al., 2010; Sergi et al., 2012). Therefore, dense packing of 

solid-like liquid molecules prevents flow at the solid-liquid interface and contact line. This 

type of molecular packing is common in calcite, biotite, quartz, and natural fiber substrates 

that exhibit advancing contact angles at around 60° and large contact angle hysteresis, such 

as the clusters in figure 2.3-b. 

Micron-scale roughness 

Patterning and roughness are potential barriers to contact line movement, as illustrated in 

figure 2.5-d. Molecules at the contact line need to climb surface asperities at both 

advancing and receding sites. The geometrical shape of the asperities also contributes to a 

pinned contact line; rounded geometries promote movement when compared to angular 

shapes (Forsberg et al., 2010). Advancing contact angles slightly increase as a result of 

increases in substrate roughness (figure 2.4-b).   

2.7.2. Contact line depinning 

 

By contrast to pinned contact lines, depinned states result in drops that advance, spread, or 

contract (Moffat et al., 2009; Li et al., 2016). Thermal fluctuations or external forces 
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underlie this phenomenon, with the state characterized by flow. These systems also display 

low contact angle hysteresis.  

 

Figure 2.6 Contact line depinning mechanisms. a) Molecular rolling and jumping, b) 

Repulsion forces, c) Microscale depinning. Modified from (Öner & McCarthy, 2010; 

Johansson & Hess, 2018; Karimdoost, 2020) 

 

Fundamental molecular level mechanisms - Molecular jumping and rolling 

Figure 2.6-a shows molecular level mechanisms that govern contact line movement. 

Molecules in the upper levels of the solid-liquid interface roll to the lower levels and 

connect with the solid substrate (Johansson & Hess, 2018). Inertial effects drive this 

mechanism which occurs at the initial stages of spreading (Sun & Webb, 2009). Molecules 

at the contact line can jump from one solid substrate location to another, as a result of 

thermal fluctuations that increase molecular collisions at the interface (Sun & Webb, 2009; 
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Johansson & Hess, 2018; Karimdoost, 2020;). Rolling and jumping imply both a dynamic 

breakage and the creation of bonds between liquid and solid molecules. Figure 2.3-b shows 

Metal-Water-Air systems with zero contact angle hysteresis, as a result of high thermal 

fluctuations. These measurements correspond to systems tested at higher temperatures 

(62°C to 210°C). 

Repulsion forces 

Previous studies suggest solid-liquid configurations in which repulsion forces govern the 

interaction. These systems prevent liquid-solid contact, exhibit larger advancing and 

receding contact angles, and low contact angle hysteresis (Nilsson et al., 2010; Li et al., 

2013). Figure 2.6-b shows Fluorine atoms and a water molecule at the solid-liquid 

interface, similar to a Teflon system that presents a non-stick behavior. Similarly, our 

database presented in figure 2.2-b shows systems in which repulsion at the solid-liquid 

interface governs the interaction; for instance, fluorinated substrates exhibit low contact 

angle hysteresis. 

Micron-scale roughness: depinning 

Surface characteristics such as roughness and patterning influence the shape and tortuosity 

of the contact line (Öner & McCarthy, 2000; Chen et al., 2005; Xu & Choi, 2012). 

Roughness spacing and shape prevent attachment of the contact line to the substrate, and 

Cassie states prevail which result in increased advancing and receding contact angles 

(figure 2.6-c) (Gleiche et al., 2001; Chen et al., 2005). Figure 2.4-b presents an example of 

the decrease in contact angle hysteresis as a function of increases in substrate roughness, a 

phenomenon characteristic of contact line depinning.  



35 
 

2.8. Implications for fluid recovery 
 

Contact line pinning increases advancing contact angles and decreases receding contact 

angles which results in increased contact angle hysteresis (Forsberg et al., 2010). Molecular 

and micron-scale mechanisms define the strength of the pinning. Pinning results from 

solid-liquid interactions and potential barriers both at the atomic and micron-scale degrees 

of roughness. Therefore, the pinning of the contact line prevents fluid flow in mixed 

wetting conditions (Gao & McCarthy, 2009; Cao et al., 2015).  

The majority of global oil remains trapped in carbonates and quartz reservoirs; 

however, carbonate reservoirs contain 60% of the world’s oil reserves (Alghamdi et al., 

1995). Carbonates and quartz have strong interactions with water, which result in favorable 

conditions for hydrogen bonding. Carbonate dissolution caused by injection fluids alters 

surface roughness (Morse & Arvidson, 2002; Bisschop et al., 2006). Consequently, 

hydrogen bonding and surface roughness promote systems with pinned contact lines. 

  Figure 2.7 shows a capillary of a diameter d, filled with fluid A, and a trapped 

droplet of fluid B at a limited equilibrium. Figure 2.7-a shows a system in which advancing 

and receding contact angles are the same, and where the contact angle hysteresis is zero. 

Similarly, figure 2.7-b illustrates a system with a large contact angle hysteresis. Case A 

requires a smaller external force than in case B for the initiation of flow. Consequently, the 

pinning force (ElSherbini & Jacobi, 2006; Gao & McCarthy, 2009; Extrand & Moon, 2014) 

in case A is zero in comparison to case B which is significantly higher.      
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Figure 2.7 Drop/bubble of fluid B trapped in a capillary tube subjected to a differential 

pressure at a limited equilibrium. a) Zero contact angle hysteresis, b) Large contact angle 

hysteresis. 

Contact line pinning is a temporary state and overcome by the modification of  

solid-liquid interactions, surface roughness, increased thermal fluctuations, or the 

application of external forces to a system  (De Ruijter et al., 1999; Sun & Webb, 2009). 

Fluid flow recovery lies in the understanding of contact angle behavior, and in the 

identification of mechanisms to reduce contact angle hysteresis.  
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2.9. Conclusions 
 

This research examined the atomic and micron-scale mechanisms of contact line pinning 

and depinning. It also investigated the influence of contact line behavior in advancing and 

receding contact angles and connects the theory with experimental results compiled in a 

large database. 

Pinning of the contact line results from strong solid-liquid interactions at the 

molecular scale, and potential barriers from both the atomic level and micron-scale 

roughness. A pinned contact line prevents flow and increases contact angle hysteresis. 

Systems prone to pinned states are highly stable. Consequently, mixed fluid flow 

conditions require higher external forces to overcome pinning. This state is characteristic 

of hydrophilic substrates and liquids. 

However, the depinning of the contact line results from repulsion forces at the solid-

liquid interface and from thermal fluctuations that increase molecular collisions in the 

system. The surface roughness and patterning influence contact line tortuosity, and 

decrease the fluid-solid contact. Systems that do not exhibit pinned states have high 

advancing and receding contact angles and low contact angle hysteresis. Therefore, the 

influence of low external forces causes mixed fluid flow in these systems. This state is 

characteristic of fluorinated systems when water is the testing fluid. 

One of the potential mechanisms for ganglia stability in carbonates and quartz 

reservoirs is the pinning of the contact line. Solid-liquid interactions produce hydrogen 

bonds with oxygen atoms at the surface, and mineral dissolution also produces micron-

scale roughness that creates additional barriers for fluid flow. Therefore, the fluid flow of 

these systems depends on finding mechanisms that reduce the contact line pinning.   



 
 
 

CHAPTER 3.  CALCITE CONTACT ANGLE HYSTERESIS: FLUID 

CHEMISTRY EFFECTS 
 

3.1. Introduction 
 

The contact angle hysteresis controls immiscible displacement of mixed fluids in porous 

media (Morrow & Mason, 2001; Santamarina & Jang, 2011) and is critical to applications 

such as oil recovery (Wright, 1934), CO2 geological storage (Espinoza & Santamarina, 

2010; Kim et al., 2019), water transport in unsaturated soils (Miller, 1972), and DNAPL 

soil remediation techniques (Barranco et al., 1997; Mohammad & Kibbey, 2005). 

 
Figure 3.1 Free body diagram at the contact line of two droplets placed on a solid substrate. 

a) Horizontal placement of solid substrate b) Solid substrate tilted until advancing and 

receding contact angles obtained. 

 

The attraction forces and geometrical-molecular arrangement at the atomic scale 

define the strength of the interfacial tension (Young, 1805; Adamson & Gast, 1997; 

Israelachvili, 2011). Changes in temperature (Arif et al., 2016; Santamarina & Sun, 2017), 

the pressure at the bulk phase (Espinoza & Santamarina, 2010; Arif et al., 2016), and fluid 

composition within the system (Barranco et al., 1997; Manciu & Ruckenstein, 2003) alter 
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the interfacial tensions, and consequently modify the contact angles. Surface roughness 

(Wenzel, 1936; Cassie & Baxter, 1944; Morrow, 1975), additional chemical interactions 

(Kim et al., 2019) and the existence of a contact line (Snoeijer & Andreotti, 2013; 

Makkonen, 2017) also influence the contact angle behavior. 

Approximately 60% of world oil reserves remain trapped in carbonate reservoirs 

(Alghamdi et al., 1995), with calcite (CaCO3) being the main mineral component. Accurate 

modeling of oil displacement within carbonate reservoirs requires an advanced 

understanding of contact angle behavior. However, there is minimal research to date on the 

wettability of calcite or carbonate rocks. Moreover, there is a lack of information on 

advancing and receding contact angles, which are vital for the analysis of oil mobilization. 

Smart water flooding or low salinity water flooding are common techniques in 

enhanced oil recovery. The additional oil recovery achieved by these methods relies on the 

unique chemical composition of the injection fluids (Morrow & Buckley, 2011; Su et al., 

2019). Core flooding experiments test a variety of brines to identify the compositions that 

yield higher amounts of recovered oil (Yousef et al., 2011; Aladasani et al., 2012). Changes 

in wettability are critical for oil recovery, yet are not fully understood in calcite systems 

(Su et al., 2019). Some studies have analyzed the influence of salinity on the equilibrium 

contact angles of calcite/carbonates systems (Murtdha & Jagannathan, 2016; Arif et al., 

2017). However, equilibrium contact angles do not provide sufficient information for oil 

displacement models which require advancing and receding contact angles. 

Therefore, this study systematically explores the effect of ionic conditions on 

advancing and receding contact angles on calcite surfaces and investigates the implications 
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of low-salinity flooding on the mobilization of a trapped oil droplet. 

 

 

3.2. Experimental Study: Materials and Methods 
 

 
3.2.1. Materials 

 

This study uses the optical grade natural calcite crystal, Iceland Spar (Ward’s Science +, 

Mexico). We use a diamond saw to obtain slices of 0.5cm thickness. The cutting takes 

place along the planes 0101. Sandpapers with grits #240, 400, 600, 1000 and 1200 polish 

the sample surfaces at a fixed velocity of 200 RPM (Meta-serv 250 Buehler® and 

Buehler® sandpapers). Scanning electron microscopy (SEM) and Atomic force 

microscopy (AFM) (Dimension Icon SPM) images quantify roughness and display features 

of the calcite surface. The polishing procedure produces surfaces with root mean square 

roughness of 38.85 nm (Figure 3.3).  

We prepare NaCl and CaCl2 solutions at concentrations 0.001 M, 0.002M, 0.01M, 

0.02M, 0.1M, 0.2M, 0.5M and 1M (≥98%, ≥99%, Sigma Aldrich). 

3.2.2. Test protocol 

 

The contact angle measurements use the tilting drop method with droplets of 30 μL volume 

placed on the calcite surface, fixed to a stage. The optical tensiometer (Theta-Attension®, 

Biolin Scientific) with a built-in frame allows tilting of the stage at a constant angular 

velocity. We obtain the advancing and receding contact angles at the moment when 

droplets are on the verge of sliding (Lander et al., 1993; Gao & McCarthy, 2006) (Figure 

3.2).  
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Figure 3.2 Droplet on a tilted substrate on the verge of sliding. Advancing and receding 

contact angles at limited equilibrium. 

 

We repeat experiments four times at each salt concentration on two samples to 

ensure the reproducibility and consistency. After each experiment, we flush the surface 

with deionized water and dry the sample with Nitrogen (99% purity). Then, we resurface 

the calcite sample with grits 1000 and 1200 to remove changes in roughness.  

 
Figure 3.3 Calcite surface characteristics after polishing. (a) Atomic force microscopy 3D 

image (25*25 μm side frame) (b) Scanning electron microscopy image (25*25 μm side 

frame). 
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3.3. Experimental Results 
 

We measure the advancing and receding contact angles of the calcite-brine-air system with 

different brine concentrations and types (Table 3.1). Figure 3.4 shows representative 

advancing and receding contact angles of a deionized water droplet and a CaCl2 solution 

droplet (0.1 M) on top of the calcite surface. Clearly the CaCl2 solution droplet presented 

in Figure 3.4-b has smaller advancing contact angles than the deionized water droplet 

(Figure 3.4-a). 

Table 3.1 Calcite-Brine-Air system contact angle experiments. Tested molar 

concentrations  

    Molar concentration [M] 

Surface 1 
NaCl 

0 0.001 0.002 0.01 0.02 0.1 0.2 0.5 1 
CaCl2 

Surface 2 
NaCl 

CaCl2 

 

 
Figure 3.4 Advancing and receding contact angles. a) Deionized water droplet on calcite 

substrate in air, (b) CaCl2 brine droplet at 0.1M concentration. 

 

3.3.1. Effect of CaCl2 on the advancing and receding contact angles 
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Figure 3.5-a shows the advancing and receding contact angles as a function of CaCl2 

concentration for the two calcite surfaces. The average advancing contact angle for the two 

surfaces is 48° for deionized water c(CaCl2)=0M. The advancing contact angle reduces to 

35° at c(CaCl2)=0.1M, after 0.1M the advancing contact angle increases and reaches 43° 

at c(CaCl2)=1M on surface one. Results obtained from surface two follow the same trend 

(Figure 3.5-a). Concentrations of CaCl2 show a limited influence on the receding contact 

angles. The average receding contact angle for both surfaces, when c(CaCl2)=0M is 18°, 

and on surface one decreases to 9° at 0.1M; after this concentration the angle increases to 

25° at 1M. The receding contact angle decreases to 16° at c(CaCl2)=0.1M and remains 

constant with the same value at 1M on surface two. 
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Figure 3.5 Advancing and receding contact angles for a Calcite-Brine-Air system as a 

function of ionic concentration (a) Contact angles with CaCl2 brine. (b) Contact angles with 

NaCl brines. (c) Equilibrium contact angles (0° tilting) of a Calcite-Deionized Water-Air 

system at different angular rotations of the crystal. 
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3.3.2. Effect of NaCl on the advancing and receding contact angles 

 

Figure 3.5-b shows the advancing and receding contact angles as a function of NaCl 

concentration for both surfaces. The average advancing contact angle for deionized water 

is 48°.  By contrast, the advancing contact angle reduces to 37° at c(NaCl)=0.1M and 

increases to 50° at c(NaCl)=1M on surface one. The advancing contact angles follow a 

similar trend on surface two, but at c(NaCl)=1M reach 35°. 

The NaCl brines also exhibit a limited influence on the receding contact angles of 

the calcite system, similar to the CaCl2 brines results. The average receding contact angle 

for deionized water is 18°. On surface one, the receding contact angle decreases to 9° at 

c(NaCl)=0.1M and retains the same value at 1M. Surface two shows a similar trend. 

3.3.3. Effect of anisotropy on contact angles 

 

Experiments also examine the role of anisotropy on the calcite-deionized water-air system. 

We measure the equilibrium contact angle (0° tilting) at every 30° of rotation, using a 

rotating stage. Experiments use the same parameters and cleaning procedures previously 

described.  

Figure 3.5-c shows the equilibrium contact angles of deionized water at different 

crystal orientations. The contact angle at the first crystal orientation is 15°; then, at 30° of 

rotation decreases to 12.5° and increases to a maximum of 16° at 90° of rotation. Further 

rotations cause a decrease in the contact angle at 10° and at 210° of rotation. This cycle 

continues to repeat with rotation. Crystal orientation accounts for differences of 

approximately 8° in the equilibrium contact angles.   
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3.4. Discussion 
 

Experimental results show a trend of advancing contact angles with increases in the ionic 

concentration. Advancing contact angles decrease until 0.1M concentration, when the 

angles reach the minimum, and rise again with increases in salt concentrations. The CaCl2 

brines produce higher contact angles in comparison to the NaCl brines, and surface one 

exhibits slightly different contact angles than surface two. The analysis that follows 

examines three critical parameters which include the inherent anisotropy of calcite crystals, 

ionic concentration and type of cations to explain the overall behavior of advancing and 

receding contact angles in our system. 

 

 

3.4.1. Fundamentals of interfacial tension and advancing contact angle 

 

The Gibbs adsorption model describes the change in the interfacial tension (𝑑𝜎) as a 

function of the surface excess concentration (𝛤𝑖
𝜎) of compounds at the interface and their 

differential chemical potential (𝑑𝑢𝑖) (Espinoza & Santamarina, 2010; Santamarina & Jang, 

2011; Weil, 1966), 

𝑑𝜎 = − ∑ 𝛤𝑖
𝜎 ∗ 𝑑𝑢𝑖

𝑖

                                                             (1) 

Therefore, positive adsorption at the interface results in a decrease in the interfacial tension, 

and negative adsorption at the interface results in an increased interfacial tension.  

Young’s equation relates the equilibrium contact angle (𝜃) with the three interfacial 

tensions of the system at the contact line (Figure 3.1-a): 



47 
 

cos(𝜃) = (
𝜎𝑠𝑣 − 𝜎𝑠𝑙 

𝜎𝑙𝑣
)                                                           (2) 

where 𝜎𝑠𝑣 is the solid-vapor interfacial tension, 𝜎𝑠𝑙 is the solid-liquid interfacial tension, 

and 𝜎𝑙𝑣 is the liquid-vapor interfacial tension.  

A similar equilibrium analysis applies in an advancing condition. The moving 

contact line creates a new solid-liquid interface at the expense of the solid-vapor interface. 

The process of creating the new solid-liquid interface requires work dW (Tadmor, 2004; 

Makkonen, 2017). Consequently, the contact line generates a frictional force F= dW/dx 

which resists advancing of the contact line. That force is equivalent to the interfacial 

tension of the new interface 𝜎𝑠𝑙 (Makkonen, 2017). A force equilibrium at the advancing 

contact line (Figure 3.1-b), that includes the frictional force F, produces: 

𝜎𝑠𝑣 = 𝜎𝑠𝑙 + 𝜎𝑙𝑣 cos(𝜃𝑎) + 𝐹                                                            (3)  

𝜎𝑠𝑣 = 𝜎𝑠𝑙 + 𝜎𝑙𝑣 cos(𝜃𝑎) + 𝜎𝑠𝑙                                                           (4) 

cos(𝜃𝑎) = (
𝜎𝑠𝑣 − 2𝜎𝑠𝑙  

𝜎𝑙𝑣
)                                                            (5) 

3.4.2. Inherent anisotropy of calcite surface 

 

The calcite crystal lattice consists of unit cells of CaCO3 molecules arranged in a 

rhombohedral shape, characteristic of the crystal itself (Stipp et al., 1994;  Stipp, 1999; Gao 

et al., 2017). Figure 3.3 shows the surface topography of the polished calcite surface. After 

polishing, the surface displays grooves oriented in a preferential direction pattern and has 

the same rhombohedral form as the calcite unit cell.  
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The treated calcite surfaces present an anisotropic distribution. Thus, the position 

of the droplets on the surface vary the contact angles (Gleiche et al., 2001; Chen et al., 

2005). Groove density is a function of the calcite crystal orientation. The orientation that 

produces the larger surface contact area with the droplet exhibits the minimum equilibrium 

contact angle; similarly,  the crystal orientation with the smaller surface contact area 

presents the higher equilibrium contact angle (Chen et al., 2005). Intermediate contact areas 

explain the cyclic behavior of our equilibrium contact angle results that have a range of 8°.  

3.4.3. Ionic Concentration 

 

Figure 3.5 shows a clear trend of advancing contact angles with ionic concentration. A 

pronounced decrease is present when the ionic concentration increases from 0 to 0.1M, and 

an increasing trend when the ionic concentration surpasses the 0.1M. Changes in both the 

solid-liquid interfacial tension (𝜎𝑠𝑙) and the liquid-vapor interfacial tension (𝜎𝑙𝑣) govern 

the advancing contact angle behavior in this study. Ionic concentration changes both of 

these variables. Note that the solid-vapor interfacial tension (𝜎𝑠𝑣) remains constant since 

the change in temperature and pressure is negligible.  

Brine-air interfacial tension 𝜎𝑙𝑣 

The Gibbs adsorption model 𝑑𝜎 = − ∑ 𝛤𝑖
𝜎 ∙  𝑑𝑢𝑖𝑖 , predicts that ions in solution increase 

interfacial tension due to negative adsorption at the interface. Figure 3.7 shows a graphical 

explanation of this phenomenon at the brine-air interface. Ions in solution prefer a fully 

hydrated state and avoid the interface (Manciu & Ruckenstein, 2003). As a result, the 

increase in the number of ions in solution raises the ion-dipole interactions. This increases 

the Van der Waals attraction forces of the system (Santamarina & Sun, 2017). Figure 3.6-
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a  (modified from Weissenborn & Pugh, 1996) shows the increase of the brine-air 

interfacial tension as a function of ionic concentration for CaCl2 and NaCl. The increase is 

a linear function of ionic concentration (Weissenborn & Pugh, 1996; Boström et al., 2001; 

Santamarina & Sun, 2017). 

Calcite-brine interfacial tension 𝜎𝑠𝑙 

On the other hand, the solid-liquid interfacial tension 𝜎𝑠𝑙 decreases due to positive 

adsorption at the interface. The calcite zeta potential lies between (-30mV to -10mV) 

within the pH range of our experiments (pH 6 to 10) (Al Mahrouqi et al., 2017). Cations in 

solution interact with the surface through electrostatic attraction as illustrated in Figure 3.7 

(Barranco et al., 1997; Hurwitz et al., 2010; Song et al., 2017). The solid-liquid interface 

reaches a maximum adsorption when the surface is neutralized by counterions and 

corresponds to the maximum decrease in the solid-liquid interfacial tension 𝜎𝑠𝑙. 

Subsequently, the solid-liquid interfacial tension 𝜎𝑠𝑙 remains constant. Figure 3.6-b shows 

the values of the solid-liquid interfacial tension 𝜎𝑠𝑙 of our system with changes in ionic 

concentration. We obtain 𝜎𝑠𝑙 by solving equation 5. 



50 
 

 
Figure 3.6 Interfacial tensions and advancing contact angles (𝜃𝐴) as a function of ionic 

concentration of the Calcite-Brine-Air system. (a) Liquid-vapor interfacial tension 𝜎𝑙𝑣  

(Modified from Weissenborn & Pugh, 1996), (b) solid-liquid interfacial tension 𝜎𝑠𝑙  , and 

(c) advancing contact angles (𝜃𝐴) as a function of ionic concentration.     

3.4.4. Type of Cations 
 
The cation type in the brine alters the interfacial tension between both the solid-liquid and 

the liquid-vapor interface. The measured advancing and receding contact angles obtained 

with CaCl2 are higher than the angles obtained with NaCl. 

The liquid-vapor interfacial tension 𝜎𝑙𝑣 also changes and depends on the type of 

cation dissolved in the brine. For instance, the surface tension of a NaCl brine at 1M is 74.4 
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mN/m, while for CaCl2 brine at 1M is 76.4 mN/m (Figure 3.6-a). There is a higher negative 

adsorption with the CaCl2 brines than with the NaCl brines which follows the Gibbs model 

(Weissenborn & Pugh, 1996). This difference in surface tension results from the size and 

valence of the cation; a smaller cation with a higher valence requires more water molecules 

to stay fully hydrated (Haagh et al, 2017), and consequently there is a higher increase in 

the Van der Waals attraction forces (Ralston & Healy, 1973; Manciu & Ruckenstein, 2003; 

Santamarina & Jang, 2011; Sakuma et al., 2014). In addition, as the Na+ (0.095 nm) and 

Ca2+(0.099 nm) sizes are very similar (Morrow et al., 1998), the interfacial tension changes 

are mainly due to differences in valence. The solid-liquid interfacial tension 𝜎𝑠𝑙 also 

changes with cation type. The higher valence in the Ca2+ produces a stronger electrostatic 

interaction at the interface which causes a stronger decrease in the solid-liquid interfacial 

tension than the Na+. 

 
Figure 3.7 Calcite-Brine-Air contact angle behavior due to interfacial tension changes both 

at the liquid-vapor interface 𝜎𝑙𝑣 and at the solid-liquid interface 𝜎𝑠𝑙. The liquid-vapor 
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interfacial tension 𝜎𝑙𝑣 increases with ionic concentration, and the solid-liquid interfacial 

tension 𝜎𝑠𝑙 decreases as a result of positive adsorption at the interface.  

 

3.4.5. Overall influence on the advancing contact angle 

 

The sharp decrease of approximately 17 mN/m in the solid-liquid interfacial tension 𝜎𝑠𝑙  

and the small increase of 0.2 mN/m in the liquid-vapor interfacial tension 𝜎𝑙𝑣 results from 

the change in ionic concentration from 0M to 0.1M, and leads to the minimum advancing 

contact angle. Therefore, the change in the solid-liquid interfacial tension governs the 

decreasing trend in the advancing contact angle until 0.1M concentration. For salt 

concentrations higher than 0.1M, the increased liquid-vapor interfacial tension 𝜎𝑙𝑣 governs 

the increasing trend in the advancing contact angle as the solid-liquid interfacial tension 

𝜎𝑠𝑙 remains constant. 

3.5. Implications - Jamin effect 
 

Contact angle hysteresis is the difference between the advancing and receding contact 

angles, which controls fluid displacement in reservoirs, and the sliding of drops on surfaces 

(Espinoza & Santamarina, 2010; Eral & Oh, 2013; Liu et al., 2019). In situ factors such as 

the composition of brines and rocks alter the interfacial tensions and the apparent contact 

angles. (Arif et al., 2017; Xie et al., 2018). The interfacial tensions displays small amounts 

of variability (mN/m) however, contact angles can vary from 0° to 180°, and govern  the 

conditions for mixed fluid flow (Jang et al., 2016). 

Engineering the chemical composition of the flooding fluids can destabilize the 

ganglia. The oil industry has used the injection of low salinity fluids for many decades, 

which has resulted in additional recovery  (Morrow & Mason, 2001; Morrow & Buckley, 
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2011). Several tests that account for the additional recovery have used core flooding 

techniques (Aladasani et al., 2012; Kasmaei, 2013; Sheng, 2014). Optimum molar 

concentrations are required to engineer the flooding fluid that produces the highest amount 

of recovery in carbonates. 

 
Figure 3.8 Air bubble trapped in a capillary tube subjected to a differential pressure at a 

limited equilibrium. 

 

We further explore the effect of brine concentration on the mobilization of trapped 

gas bubbles. Let’s consider a capillary tube of a diameter (𝑑) with a bubble of air trapped 

inside (Figure 3.8). Fluids fill the capillary in both A and B phases, with the system 

(Capillary-Brine-Air) under a maximum pressure difference that creates an advancing 

contact angle (𝜃𝐴) and a receding contact angle (𝜃𝑅). The Jamin effect defines the 

maximum differential pressure that a system can withstand before flow (Smith & Crane, 

1930; Wright, 1934), and the equation below based on (Figure 3.8) describes it: 

𝑃𝑐1 = 𝑃𝑎𝑖𝑟 − 𝑃𝑓1 =
2𝜎𝑙𝑣 cos(𝜃𝑅)

𝑟
                                                            (6) 
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𝑃𝑐2 = 𝑃𝑎𝑖𝑟 − 𝑃𝑓2 =
2𝜎𝑙𝑣 cos(𝜃𝐴 )

𝑟
                                                           (7) 

𝑃𝑓1 − 𝑃𝑓2 =
2𝜎𝑙𝑣 cos(𝜃𝐴 )

𝑟
−  

2𝜎𝑙𝑣 cos(𝜃𝑅 )

𝑟
                                                            (8)  

∆𝑃 =
2𝜎𝑙𝑣

𝑟
∗ (cos(𝜃𝐴) − cos(𝜃𝑅))                                                     (9) 

Here we consider two different scenarios to quantify the Jamin effect. In the first 

case (Figure 3.9-a), the brine in contact with the air bubble at both ends has the same ionic 

concentration C. On the other hand (Figure 3.9-b), the second scenario has an ionic 

concentration C in the left part of the capillary, while the other side remains with the in-

situ brine at a constant ionic concentration (𝐶1 = 1𝑀). Calculations used a capillary 40 𝜇𝑚 

in diameter, the interfacial tension between the brine and the air (𝜎𝑙𝑣) vary as a function of 

ionic concentration, and the advancing and receding contact angles from the values 

obtained in our experiments.  

Figure 3.9 presents the pressure difference of the two scenarios as a function of 

ionic concentration. In scenario A, as the ionic concentration increases from 0 to 0.1M, the 

pressure difference required to mobilize the air bubble decreases significantly from ~1750 

Pa to ~600 Pa, The pressure difference increases with ionic concentration after 0.1M, from 

~600 Pa to 1000 Pa in NaCl, and from ~800 Pa to 2400 Pa with CaCl2. In scenario B, the 

pressure difference follows a similar behavior as scenario A, because the ionic 

concentration has limited influence on the receding contact angles. The NaCl brines exhibit 

the higher drops in pressure difference (∆𝑃) in both cases. 
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Figure 3.9 Jamin effect behavior with increases in ionic concentration within a 40 μm 

diameter capillary tube. (a) Flooding fluids invade both sides of the capillary (b) Flooding 

fluids invade the side of the capillary with the advancing contact angle.  

 

The benefits of identifying an optimal molar concentration for injection brines may 

enhance the mobility of gas trapped in reservoirs. Our calculations show that brines close 

to a concentration of 0.1M reach minimum advancing contact angles in calcite which has 

implications on both gas and enhanced oil recovery.  

3.6. Conclusions 
 

This research examined advancing and receding contact angles as a function of ionic 

concentration on calcite surfaces. The experiments also investigated both the influence of 

cation type and surface properties on advancing and receding contact angles.  
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The treated calcite surfaces exhibit anisotropy. Different crystal orientations lead 

to different contact angles with a range of 8° in the equilibrium contact angle (0° tilting) 

and follow a cyclic trend. In addition, the calcite surfaces display high reactivity; thus, 

when exposed to brines or air, the surfaces react, and change the surface free energy.  

Ionic concentration and cation type influence the advancing contact angles on 

calcite surfaces. The advancing contact angles of a Calcite-Brine-Air system decrease 

when the ionic concentration increases from 0M to 0.1M and reach a minimum advancing 

contact angle. After 0.1M, the decreasing trend ceases, and the advancing contact angles 

start to increase. This trend continues to 1M, the highest molar concentration tested. The 

change in contact angles depends on the type of cation in the solution. In our experimental 

work, cation type accounts for a sustained difference of 3° for all the ionic concentrations 

tested. The solution with Ca2+ cations produced higher contact angles than the solution with 

Na+, a change caused by the difference in valence. 

Our results suggest that residual gas trapped in reservoirs can be extracted by 

engineering the chemical composition of the injection brines. The analysis shows that an 

injection brine within 0.01M to 0.1M ionic concentration, can significantly reduce the 

pressure difference necessary for a gas bubble inside a capillary to flow. Therefore, the 

pressure required to displace a non-wetting fluid for a wetting fluid in a capillary is minimal 

and has the potential to result in more efficient and cost-effective gas or oil recovery.  
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CHAPTER 4.  CONCLUSIONS 

 

Mixed fluid conditions are ubiquitous in the subsurface. Toxic chemicals, trapped oil, and 

gas are examples of mixed fluid systems frequently encountered in the environment and 

the energy resources fields. Removal of these liquids from reservoirs in the subsurface 

requires a deep understanding of advancing and receding contact angles, which define the 

conditions for flow. A molecular and micron-scale perspective allows us to understand 

surface tensions, contact line behavior, and macroscopic contact angle behavior. 

The purpose of this research is to contribute to the understanding of calcite 

wettability, in particular, phenomena that alter contact angle hysteresis. The main 

conclusions of this thesis follow.    

Contact line pinning and depinning 

 

 Contact line pinning prevents mixed fluid flow and increases contact angle 

hysteresis. Systems with pinned states are highly stable, and fluid flow conditions 

require high external forces; with these conditions met by solid-liquid hydrophilic 

interactions. 

 Contact line depinning results from repulsion forces, thermal fluctuations, and 

surface characteristics that decrease fluid-solid contact. Systems without pinned 

contact lines exhibit low contact angle hysteresis; therefore, mixed fluid flow is 

easier to attain in these systems. Fluorinated surfaces and water are examples of 

this behavior. 

 Contact line pinning might result in ganglia stability in carbonates and quartz 

reservoirs. Solid-liquid interactions produce bonding at the surface, and mineral 
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dissolution produces micron-scale roughness that creates additional barriers for 

fluid flow.  

Calcite wettability: Fluid Chemistry effects   

 The treated calcite surfaces exhibit anisotropy. Different crystal orientations lead 

to different contact angles that follow a cyclic trend.  

 Ionic concentration and cation type influence the advancing contact angles on 

calcite surfaces. The advancing contact angles of a Calcite-Brine-Air system 

decrease when the ionic concentration increases from 0M to 0.1M and reach a 

minimum advancing contact angle. The decreasing trend ceases, after 0.1M, and 

the advancing contact angles start to increase.  

 Engineering the chemical composition of the injection brines might result in 

enhanced extraction of residual gas trapped in carbonate reservoirs. An injection 

brine within 0.01M to 0.1M ionic concentration can significantly reduce the 

pressure required to displace a non-wetting fluid for a wetting fluid in a capillary.  
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