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ABSTRACT 

Crude oil price has suffered the biggest fall since the 1991 due to ongoing trade disputes, 

cutting back CO2 emissions, together with the COVID 19 pandemic. However, given that the 

crude oil is the largest source of energy in the world, it will remain important with increasing 

energy demand due to the development of the world industrial sector. Nevertheless, there is a 

pressing need to develop cost-effective and environmentally friendly approaches to improve 

the oil recovery in particular in carbonate reservoirs. This is because more than 60% of the 

world crude oil was discovered in carbonate reservoirs, and approximately 40% or less of the 

original oil in place can be produced by the primary recovery stage and secondary recovery 

stage. Low salinity waterflooding (also called smart waterflooding) appears to be a viable 

means to enhance oil recovery from carbonate reservoirs by shifting the relative permeability 

curves to a lower residual oil saturation. This shift is mainly governed by wettability alteration 

process occurring at oil-brine-carbonate interfaces. While this process has been investigated 

from pore (µm)- to core-scale (cm), detailed understanding at nanoscale with respect to oil 

adhesion forces as a function of pH and oil composition remains unclear. This presents a 

tremendous impediment and uncertainty to manage and predict the performance of low salinity 

waterflooding.  

This research aims to gain a deeper understanding of the controlling factor(s) of oil-brine-

carbonate system wettability with a combination of multi-scale experimental, analytical, and 

geochemical modeling approaches. The effect of oil composition (e.g., non-polar oil, and 

acidic oil components), carbonate mineral impurities (e.g., clay-rich carbonate), and calcite 

dissolution process on the adhesion of oil-brine-carbonate system at nanoscale and sub-pore 

scale have been examined. Moreover, with new understanding from the above work, a novel 

alcohol-assisted enhanced oil recovery (EOR) means was proposed and investigated with 

multi-scale experimental and analytical approaches. 

Results show that the increase of local pH during low salinity waterflooding reduces the 

adhesion forces between the oil components and carbonate (clay) surfaces due to the increase 

of electrostatic forces at the oil-brine and brine-carbonate (clay) interfaces, altering the 

wettability of carbonate system toward hydrophilicity. The results shed light on the 

significance of pH increase during low salinity water injection on adhesion of oil components 

(-CH3 and –COOH) on carbonate (clay) surfaces, providing insights into wettability alteration 

process at nanoscale. In addition, surface roughness variation resulted from calcite dissolution 

process in low salinity water plays a negligible role in contact angle, confirming that contact 

angle measurement remains a valid approach to directly examine the wettability alteration 

process in the low salinity waterflooding. 
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Our results also show that intermediate carbon chain alcohol shifts the wettability of the 

oil−brine−carbonate system to less oil-wet or more water-wet, implying a greater 

hydrophilicity compared to other short carbon chain alcohols. In addition, the number of −OH 

functional group in an alcohol has a negligible effect on the contact angle, whereas increasing 

the length of the carbon chain likely increases the concentration of −OH at the oil−brine 

interfaces, which likely breaks the in-situ bridges between oil and calcite surfaces hence 

increasing hydrophilicity. Furthermore, coreflooding experiments show that wettability 

alteration process achieved by 1-pentanol alcohol at sub-pore level would trigger oil 

detachment, coalescence, transport and thus enhance oil recovery.  

In conclusion, this research extends our knowledge of oil-brine-carbonate system wettability 

from core (cm)-, pore (µm)-scale to nanoscale, providing additional evidence with respect to 

oil adhesion as a function of oil composition and a local pH increase. Moreover, one of the 

more significant findings to emerge from this study is that 1-pentanol-assisted waterflooding 

would be a promising EOR means for carbonate reservoirs where low salinity water/freshwater 

is not available even for high temperature and high salinity reservoir conditions. 
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𝑘𝐵                       Boltzmann constant (1.381×10-23 J/K) 
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Chapter 1.  Introduction  

 1.1 Background  

At the beginning of 2020, the geopolitical and geographical tensions together with the COVID 

19 pandemic affect the crude oil price leading to the biggest fall in the crude oil price since 

1991. However, the global energy demand continues to increase due to the development of the 

global industrial sector, thus increasing the importance of crude oil because it remains the 

largest energy source in the world. Therefore, there is a pressing need to improve oil 

production efficiency by developing cost-effective and environmentally friendly techniques to 

enhance oil recovery (EOR). Due to the fact that more than 60% of the world crude oil was 

discovered in carbonate reservoirs [1, 2], and approximately only 40% of original oil in place 

can be produced by the primary recovery stage and secondary recovery stage [3].  In the 

secondary recovery stage, saline water would be usually injected into the reservoir to maintain 

the reservoir pressure and thus improve oil recovery. However, in this process, the injected 

water may not be able to reduce the residual oil saturation and enhance oil recovery.  

Since the inception of low salinity waterflooding in sandstone two decades ago (which is also 

called i.e., LoSal flooding [4-6], Designer waterflooding [7-9]), the same concept was used 

with an aim to enhance oil recovery from carbonate reservoirs, and also named a Smart 

waterflooding. [7, 10-17] The nature of the physics involved in this process is to reduce the 

residual oil saturation hence enhancing oil recovery through fluid-fluid-rock interactions.  

Published work shows that low salinity water or smart water yields 5-30% additional oil 

recovery in carbonate reservoirs compared to conventional oil recovery [11, 14, 15, 18-24], 

with experimental evidence from contact angle [25-28], spontaneous imbibition [29-31], and 

forced imbibition (core flooding) experiments. While the low salinity waterflooding has been 

studied extensively in sandstone reservoirs with more than ten plausible mechanisms [11, 32-

41], the controlling factor(s) of low salinity flooding in carbonate reservoirs remains 

incomplete, which present a substantial impediment for the implementation of low salinity 

flooding in carbonate reservoirs.  

To constrain the uncertainties of low salinity waterflooding in carbonate reservoirs, a few 

mechanisms have been proposed, such as mineral dissolution (calcite and anhydrite) [15, 23, 

42], change of carbonate surface charges [24, 43], a combination of the mineral dissolution 

and change of surface charge [44, 45], electrical double-layer theory [46-49], in-situ surfactant 

generation [50], and variations in interface viscoelasticity [7, 33, 36, 41, 51], and formation of 

micro dispersions [39, 52].  

The above mechanisms can be categorized into three categories: (1) Fluid-fluid interactions, 

which include variations in interface viscoelasticity [7, 33, 36, 41, 51] and formation of micro-
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dispersions [39, 52] mechanisms. In this classification, the suggested mechanisms point to the 

interaction between the oil and brine (fluid-fluid interaction) [53]. (2) Fluid-rock interactions 

– this includes mineral dissolution (calcite and anhydrite) [15, 23, 42] and in-situ surfactant 

generation [50] mechanisms. In this category, the low salinity effect was elucidated based on 

the brine-carbonate (fluid-rock) interaction with neglecting the effect of the oil composition 

on the wettability. (3) Fluid-fluid-rock interactions – this physiochemical process includes 

electrical double-layer theory [42, 48, 49, 54], adsorption of potential determining ions (PDI) 

[24, 55-57], and the surface complexation at oil-brine and brine-carbonate surfaces [58-61]. 

Publishes work also shows that oil-brine-carbonate interactions play an important role in 

wettability alteration, which has been identified as a key process to trigger incremental oil 

recovery.  

Wettability alteration process likely shifts the oil relative permeability towards a lower residual 

oil saturation. [22, 23, 25, 34, 49, 62-65] This process will not only accelerate the oil 

production, but also lower the residual oil saturation. Several key factors have been reported 

to influence the wettability alteration of carbonate surfaces such as brine salinity and 

composition [21, 22, 25, 29, 48, 57, 60, 66], oil composition [21, 42, 48, 66-69], mineralogy 

of the rock surface [25, 66, 68-70], saturation history [49, 66, 69, 71], and system temperature 

[29, 42, 48, 66, 67]. However, few studies have been done to reveal the impact of oil-brine-

carbonate interactions on fluids flow in porous media with a combination of multi-scale 

experimental techniques, i.e., nanoscale, sub-pore scale, and core scale. This provides a 

tremendous impediment to identify the scalable mechanism(s) which leads to oil detachment, 

coalescence, transport, and oil banking. Moreover, fewer works have been done to look 

beyond the new enhanced oil recovery (EOR) techniques based on the insights of oil-brine-

rock interactions.  

To be more specific, most of the studies elucidated the wettability alteration based on results 

obtained from the contact angle experiments, zeta potential measurements, spontaneous 

imbibition, and force flooding experiments, without understanding the wettability alteration at 

the nanoscale (the basic oil-brine-rock interactions). This presents a tremendous impediment 

to quantify the response of oil composition on the low salinity effect associated with 

wettability alteration. For example, published work indicates that crude oil components play 

an important role in the wettability of the oil-brine-carbonate system from contact angle [46, 

61, 64, 68], surface complexation modeling [42, 58, 60, 61, 72], and core flooding experiments 

[15, 56, 73-75]. However, what is not yet clear is the impact of polar (e.g., -COO-, -NH+) and 

non-polar (e.g., -CH3) on oil adhesion at pore surfaces with the presence of various brines in 

particular from the experimental point of view.  
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Moreover, while existing work confirms that mineralogy of carbonate rocks likely affects the 

oil-brine-carbonate system adhesion, no previous study has investigated the effect of 

impurities (clay-rich carbonate) on the low salinity effect. Furthermore, contact angle 

measurement has been widely used to assess the low salinity effect as a result of the wettability 

shift. However, there has been no reliable evidence that the calcite dissolution on substrates in 

low salinity water may [76] affect the contact angle results. This uncertainty generates 

concerns about wettability shift estimation through contact angle measurements during low 

salinity waterflooding in carbonate reservoirs. Taken together, more research is needed to 

better understand the controls of oil-brine-carbonate interactions pertaining to the wettability 

shift.  

One source of weakness in low salinity waterflooding in carbonate reservoirs for EOR purpose 

is the lack of freshwater in some regions, such as the Middle East (host 70% of carbonate fields 

in the world), East of China, and offshore oil fields. Hence, research is urgently needed to 

enhance oil recovery from carbonate reservoirs where high salinity brine is the only available 

source. There is, therefore, a definite need for exploring new cost-effective, and 

environmentally friendly means in light of existing knowledge in oil-brine-carbonate 

interactions. Published work suggests that adsorption of the potential determining ions (Mg2+, 

Ca2+, and SO4
2-) onto the carbonate leads to detachment of the acidic oil from the carbonate 

surface [15, 24, 55-57, 77], which results in wettability alteration thereby enhancing oil 

recovery. Also, surface complexation modeling shows that low salinity water breaks the 

electrostatic bridges between the opposite charges species on the carbonate surface (>CO3
−, 

>CaCO3
−, >CaOH2

+, >CO3Ca+) and oil surface (-COO−, -NH+, -COOCa+) [58, 60, 61, 72, 78]. 

Collectively together, these existing knowledge shed light on the wettability shift by breaking 

the bridges possibly through chemical additives, which may bridge the functional groups from 

oil surfaces and thus breaking the bonds between oil and rock surfaces. For this study, alcohol-

based chemical additives were used to explore the possible wettability alteration on carbonate 

surfaces even at high salinity and high temperature conditions.  

 1.2 Research Objectives 

This research aims to answer the following two main questions in the area of low salinity 

waterflooding in carbonate reservoirs.  

1) Wettability alteration appears to be an important physicochemical process during the low 

salinity waterflooding in carbonate reservoirs. However, how do oil compositions (e.g., 

acid number and base number), calcite dissolution process affect the oil adhesion at the 

nanoscale and sub-pore scale? Also, how do these processes contribute to oil detachment, 

coalescence, and transport in porous media? 
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2) While low salinity waterflooding has been confirmed as an appealing EOR means, can we 

take advantage of the existing knowledge in oil-brine-carbonate interactions to explore the 

new EOR techniques for carbonate reservoirs where is a lack of low salinity water/fresh 

water, especially for high temperature and high salinity carbonate reservoirs?  

To answer the questions outlined above, a combination of atomic force microscopy, zeta 

potential, contact angle, core flooding, and analytical modeling have been conducted to gain a 

better understanding of the wettability alteration process of the oil-brine-carbonate system 

from the nanoscale to core scale. Moreover, alcohol-assisted EOR techniques have been 

explored for EOR purposes in carbonate reservoirs even at high temperature and high pressure 

conditions with the following sub-objectives. 

1. Elucidating the effect of water chemistry on adhesion force between the non-polar oil 

component and calcite surface by conducting atomic force microscopy (AFM) 

measurements.  

2. Revealing the effect of water chemistry on adhesion force between polar oil components 

and calcite surface by conducting AFM measurements.  

3. Detailing the effect of water chemistry on adhesion force between polar oil component 

and clay: implications for low salinity effect in clay-rich carbonate reservoirs. 

4. Understanding the effect of calcite dissolution on the wettability of the oil-brine-calcite 

system at the sub-pore scale by testing the surface roughness using AFM and measuring 

the contact angle. 

5. Shifting the wettability of carbonate towards hydrophilicity by adding alcohol-based 

chemical additives in brines.  

6. Expanding the application of alcohol-assisted EOR to high temperature and salinity 

carbonate reservoir. 

The main methodologies used in this research to achieve these research objectives are briefly 

listed as the following: 

1.  To achieve objective #1, the influence of brine chemistry on the interaction between 

non-polar oil component and calcite surface was investigated using AFM. In addition, 

to gain a better isotherm thermodynamic understanding, we measured the zeta potential 

of the oil-brine and brine-calcite interfaces, and calculated the disjoining pressure 

isotherm. Furthermore, the contact angle of the non-polar oil-brine-calcite system was 

measured to compare with AFM and disjoining pressure isotherm. 

2. To achieve objective #2, AFM was used to study the impact of water chemistry on the 

adhesion force between the polar oil components and calcite. Additionally, the zeta 

potential of the oil-brine and brine-calcite interfaces was measured for the calculation 
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of disjoining pressure isotherm. Moreover, the contact angle of the polar oil-brine-

calcite system was measured to compare with AFM and disjoining pressure isotherm. 

3. To achieve objective #3, the effect of the brine chemistry on the interaction between oil 

components (polar and non-polar) and mica was investigated by measuring adhesion 

force using AFM, together with zeta potential measurements and disjoining pressure 

isotherm calculation. 

4. To achieve objective #4, both AFM and contact angle experiments were conducted to 

study the effect of calcite dissolution on the contact angle of the oil-brine-calcite system 

at the sub-pore scale. 

5. To achieve objective #5, the influence of adding a small percentage of different alcohols 

on the hydrophobicity of the oil-brine-calcite system was investigated by measuring the 

contact angle and zeta potential of oil-brine and brine-calcite interfaces. 

6. To achieve objective #6,  I measured the contact angles of oil droplets on calcite substrate 

in the presence of 1-pentanol in high and low salinity brines at different temperatures (60, 

100, 140oC), and pressure (10, 20, 30, 40 MPa). Subsequently, core flooding experiments 

were performed to examine the impact of the wettability alteration process at the sub-pore 

level, which would trigger oil detachment, coalescence, transport, and thus enhance oil 

recovery for high temperature and high salinity carbonate reservoirs. 

1.3 Outline and Organisation 

To achieve the above objectives, the following ten chapters were performed to elucidate the 

wettability alteration of the oil-brine-carbonate system from the nanoscale to the core scale. 

Chapter 1 & 2 present the research introduction and literature review. Chapter 3 demonstrates 

the research framework and the methodologies used to achieve the goals of this research. Then 

a combination of experimental (AFM, zeta potential, contact angle experiments) and analytical 

calculation (disjoining pressure isotherm) were obtained in Chapter 4-6. These Chapters cover 

the effect of the oil compositions and water chemistry on the wettability alteration of the oil-

brine-carbonate system at the nanoscale and pore scale.  Furthermore, the surface roughness 

and contact angle measurements were carried out to examine the impact of surface roughness 

on the contact angle due to calcite dissolution in an oil−brine−calcite system at sub-pore and 

pore-scale in Chapter 7. Moreover, the potential of adding a low concentration of alcohol to 

the injected water on increasing the hydrophilicity of the oil-brine-carbonate system was 

investigated in Chapter 8-9. Finally, Chapter 10 presents the overall conclusions and the 

recommendation for future work.  
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Chapter 2.  Literature Review 

 2.1 Introduction 

Two-thirds of the global oil's was discovered in the carbonate formations [1, 2], and less than 

40% of the oil can be extracted by the primary stage (e.g., pressure depletion process) and 

secondary stage (e.g., water injection, gas injection) [3]. This means that more than 60% of oil 

remain at subsurface after the extraction. Therefore, the petroleum industry has been 

continuously working to find economically applicable techniques to enhance oil recovery, and 

thus meets the global energy demand with minimum environmental footprint. Since the 

inception of low salinity waterflooding in sandstone reservoirs two decades ago, a similar 

concept of waterflooding, e.g., smart waterflooding [10-16], low salinity waterflooding [18, 

19, 64, 65, 79-84], engineered waterflooding [83, 85] has been proposed and examined with 

an aim to enhanced oil recovery from carbonate reservoirs. Published work shows that low 

salinity flooding likely yield 5-30% incremental oil recovery compared to conventional high 

salinity water injection (or formation brine reinjection) [11, 14, 15, 18, 19, 22, 23, 65]. 

To understand the physics behind the incremental oil recovery for managing and predicting 

the low salinity waterflooding performance, extensive laboratory work have been conducted, 

for example, contact angle [25-28], micro-model [7, 33, 39, 86, 87], spontaneous imbibition 

[29-31], and forced imbibition experiments (or core flooding) [14, 21, 49, 68]. Several 

published work show that fluid-fluid interactions likely contribute to additional oil recovery 

yielded by low salinity water [7, 33, 39, 87], experimental results, taken together, confirm that 

wettability alteration plays a main role in low salinity EOR-Effect. This is mainly achieved by 

disturbing the oil-brine-carbonate isotherm which has been interpreted using electrical double 

layer [46-49] and surface complexation modeling [42, 58-61, 72].  

To elucidate the wettability alteration by low salinity flooding, a few mechanisms have been 

proposed, such as mineral dissolution (calcite and anhydrite) [15, 23, 42], chemical mechanism 

[11, 15, 24, 57, 88], electrical double layer expansion [46-49], and surface complexation [42, 

58-61, 72] to characterize the wettability alteration process. However, these mechanisms have 

not been examined at a molecular level or nanoscale, presenting a tremendous impediment to 

capture the physics. To fill the gap and reduce the uncertainties of predicting the performance 

of low salinity waterflooding, the effect of the water chemistry on oil-brine-carbonate system 

wettability needs to be examined at the nanoscale together with thermodynamics isotherm 

investigation. This can be done by: 1) Using atomic force microscopy (AFM) to measure the 

adhesion force between different oil components and carbonate surface; 2) Analysing the 

thermodynamic isotherm of the system; 3) Elucidating the effect of low salinity water on 
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wettability at the sub-pore level by conducting contact angle measurements and understand 

the contribution of calcite dissolution on the wetting.  

2.1.1 Mineralogy of Carbonate 

Studying the mineralogy of the reservoir rocks is an essential step prior to the development of 

any oilfield, as it helps to understand the reservoir properties, avoid the formation damage of 

the reservoirs during the oil production, and provide useful information to enhance the oil 

recovery. Carbonate rocks host two thirds of the discovered oil in place [1, 2]. Therefore, 

understanding the mineralogy of carbonate reservoir rocks is one of the key factors to further 

unlock the existing huge Original Oil in Place (OOIP). 

Carbonate rocks are sedimentary rocks and mainly composed of calcium carbonate (CaCO3), 

and the common carbonate minerals are calcite (CaCO3), aragonite (CaCO3), and dolomite 

(CaMg(CO3)2). The calcite forms when the calcium carbonate (CaCO3) crystalizes with a 

trigonal crystal structure, where the aragonite forms when the calcium carbonate (CaCO3) 

crystalizes with an orthorhombic crystal structure. However, most of the aragonite minerals 

were changed spontaneously to calcite while it was buried and heated during the geological 

time, and thus calcite is the main component of the limestone and chalk reservoir rocks. In 

contrast, the dolomite rock is formed when the magnesium in the groundwater substitutes the 

calcium in the calcite crystal. However, the density of the carbonate minerals varies such as 

calcite (2.710 g/cm3), aragonite (2.931 g/cm3), and dolomite (2.866 g/cm3) [89]. 

In addition, carbonate rocks sometimes contain calcium sulfate, hydrated calcium sulfate, and 

a small percentage of clays. In this work, the calcite is used to represent the carbonate rocks 

because it is the main component of carbonate reservoir rocks in addition to being 

commercially available as pure calcite crystals. 

2.1.2 Wettability Alteration on Surfaces and in Carbonate Porous Media 

Typically, different enhanced oil recovery techniques are used in the tertiary oil recovery stage 

to further unlock the remaining oil in place. In this context, altering the wettability of the 

reservoir rock or changing the fluid flow behaviour in the porous media are considered among 

the main mechanisms to reduce the residual oil saturation and to achieve the target of 

increasing the oil recovery factor.  

The wettability of carbonate rock is a description of the selectivity of the carbonate surface to 

contact with oil or water in the oil-brine-carbonate system [90]. The carbonate wettability is 

considered oil-wet if the carbonate surface prefers oil, or it is water-wet if the rock surface 

prefers the water [91], and it could be a mixed-wet if the wettability changes from location to 

location within the same carbonate rock [91-95]. Several factors are influencing the wettability 
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of the carbonate surface, such as oil composition, brine chemistry (pH, salinity, and ions 

composition), rock mineralogy, saturation history, temperature and pressure conditions. 

However, wettability can be explained differently depending on the length scale, such as the 

molecular scale, sub-pore scale, pore scale, and core scale. 

Wettability at the molecular scale (nanoscale, nm) is determined by adhesion between the rock, 

oil, and brine. The nature of the adhesion is determined by the sum of all the intermolecular 

forces that are acting between oil-brine, oil-rock, and brine-rock [96], where these forces could 

be attractive or repulsive depending on the distance between the molecules [96, 97]. However, 

the adhesion strength between one fluid (e.g., oil) and rock surface in the presence of the other 

fluid (e.g., brine) determines the nature of rock wettability.  For example, the greater adhesion 

force between oil and calcite surface in the oil-brine-calcite system indicates that the calcite 

surface is more oil-wet, where the lower adhesion shows that the calcite surface is less oil-wet 

or more water-wet. Since the wettability at this scale length is mainly dependant on the 

intermolecular forces between molecules, the compositions of the oil, brine, and mineral, in 

addition to temperature and pressure are the major controlling factors of the wettability at this 

length scale. 

At the sub-pore scale (from 0.1 to 1µm), the contact angle experiments are the direct tool to 

measure the wettability of the rock surfaces. Contact angle measurements can be achieved by 

imaging a drop of one fluid on the rock surface in the presence of the second fluid; the contact 

angle is measured between the fluid drop and rock surface through the denser fluid (which 

could be the drop or the bulk fluid). The contact angle reading distinguishes between the states 

of the wettability. The rock surface is considered as an oil-wet when the contact angle is greater 

than 90o, where it is considered a water-wet when the contact angle is less than 90o, and finally, 

the rock is intermediate-wet when the contact angle is 90o [90, 98]. The estimation of the 

wettability in this scale is also affected by the surface’s roughness and mineral heterogeneity. 

For example, the wettability alteration process from the flat surface would be greater than the 

pore surfaces with a certain level of surface roughness. Thus, wettability measurements in this 

scale may not represent the real system wettability [99-104].  

Measuring the contact angles at the pore scale is another technique used to evaluate the 

wettability of the reservoir rock by using X-ray microtomography [105-107]. In this length 

scale, the contact angles are varied at different locations due to heterogeneity in surface 

minerals, surface roughness, saturation history, and also because of the fluid movement states 

(advancing and receding). However, the wettability of the system can be estimated from the 

contact angle distribution. For example, Alhammadi et al. [108] observed a shift in the 

distribution of the contact angles at the pore scale as a result of altering the wettability of the 
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rock by aging. But still, the contact angle’s distribution in the pore-scale is not adequate to 

upscale the wettability alteration to the core-scale by prediction of the relative permeability 

curves [109]. 

The fluid distribution in the rock pores is another method to characterize the wettability at the 

pore scale. For instance, in a water-wet system, the oil clusters appear more spherical in shape 

when compared to oil-wet or mixed-wet systems, where the oil clusters appear with a flat 

shape  [110, 111]. Moreover, it was found that in the mixed-wet systems, the oil form a layer 

on the rock surface and also between the interfaces of two brines, which result in the formation 

of a flow path for the oil in the pores [112]. However, the information on the fluid distribution 

and configurations at the pore scale is useful for deriving the relative permeability or 

estimation of capillary pressure [113, 114], and hence, upscaling the wettability alteration to 

the core-scale. 

At core scale experiments, the wettability of the system is estimated through the relationship 

between the capillary pressure and saturation, which can be attained from the data of the 

spontaneous imbibition experiment. In particular, by attaining the forced part of the capillary 

pressure from the cumulative production of displaced fluid and waterfloods against time. 

However, several indices have been proposed to obtain the wettability of the system from the 

relationship between capillary pressure and saturation. The most used indices are the Amott 

and USBM index  [115, 116]. However, apart from the wettability, there are other factors 

influencing the results of these experiments, such as interfacial tension, viscosity, and also 

flow dynamics [117-119], hence making it difficult to interpret the wettability. Also, the re-

scaling of the Leverett J function has been used to characterize the wettability of the system 

by the prediction of the average contact angle [120, 121], but this technique fails to explain 

the mixed wettability. 

In addition, the relative permeability curves have been used to estimate the wettability of the 

system through the water relative permeability endpoint, oil-layer drainage, and water relative 

permeability shape. For example, when the water relative permeability endpoint value is 

greater than 0.6, then it indicates that the system is oil-wet, where the system is mixed-wet for 

the values between 0.6 and 0.3, and it is water-wet for values less than 0.3. Whereas the kro 

near the endpoint describes the oil-layer drainage when the value of kro is less than 0.05, and 

there is a decrease in saturation at the same time. This indicates that the crude oil is flowing 

through a layer of oil, therefore the system is oil-wet or mixed-wet. Similarly, the system is 

oil-wet when there is a sharp rise in the kro and kro crossing the Sw at values less than 0.5. In 

contrast, the system is water-wet if the value of krw is less than 0.2 for Sw = Swi +0.2 [122]. 



 

10 

Wettability alteration towards a more water-wet state is believed to be one of the main 

physiochemical processes behind the low salinity effect, which shifts oil relative permeability 

towards a lower residual oil saturation [22, 49, 62, 63], thus enhancing oil recovery. Therefore, 

in order to understand the controlling factors of the wettability alteration process in carbonate 

reservoirs, several explanations have been developed to predict and quantify the wettability 

alteration, such as mineral dissolution (calcite and anhydrite) [15, 23, 42], chemical 

mechanism [11, 15, 24, 57, 88], electrical double layer expansion [46-49], and surface 

complexation [42, 58-61, 72] to characterize the wettability alteration process. Generally, all 

the mechanisms are associated with oil-brine interaction or/and brine-rock interaction, or/and 

oil-brine-rock interactions. However, it appears that oil-brine-rock interactions are of 

paramount importance, which governs the in-situ wettability of reservoirs during low salinity 

water injection.   

2.1.3 Brine-rock system 

Exposure of the carbonate minerals to the low salinity brine causes carbonate mineral 

dissolution, such as the dissolution of calcite and anhydrite minerals, which occurs due to the 

following chemical reactions: 

CaCO3 + H+ = Ca2++ HCO3
− 

CaCO3 + 2H+ = Ca2++ H2CO3 

CaCO3 + H2CO3 = Ca2++ 2HCO3
− 

CaCO3 + H2O = Ca2++ HCO3
− + OH− 

CaSO4 + 2H2O = Ca2++ SO4
2− + 2H2 

Mineral dissolution is one of the fluid-rock interactions, which has been perceived as the main 

mechanism of the low salinity effect by generating in-situ ions that work as a wettability 

modifier. For example, Hiorth et al. [42] studied the impact of brine chemistry on carbonate 

surface charge and carbonate dissolution. They concluded that mineral dissolution is the 

controlling factor of the low salinity effect. In another work, Evje et al. [123] developed a 

mathematical model to predict the influence of brine-rock chemistry on the wettability 

alteration. Based on their mathematical model, Evje et al. [123] found a direct relationship 

between the wettability alteration and the change in the brine chemistry generated from calcite 

dissolution and precipitation. It is worth mentioning that calcite dissolution during low salinity 

flooding leads to increases in the local pH [20, 82, 124-126], and this pH increase most likely 

affects the oil−brine−carbonate interactions and hence wettability alteration. However, the low 

salinity water may not always cause the pH change at the core or reservoir scale due to the 

buffering effect. 
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Moreover, anhydrite (CaSO4) dissolution was suggested as a key factor for the low salinity 

effect [15, 127, 128]. For example, Pu et al. [127] related the enhanced oil recovery during the 

low salinity flooding to the wettability alteration from weakly water-wet to more water-wet 

system as a result of anhydrite dissolution and the associated release of fine materials and 

dolomite crystals from the surfaces of the pores. In another work, Yousef et al. [23] found that 

injection of the low salinity brine enhanced the pore network connectivity due to the mineral 

dissolution in line with their NMR results. They concluded that a change of the surface charge 

causes the dissolution process and thus wettability alteration. Furthermore, other researchers 

believe that the presence of anhydrite in carbonate is the key for the low salinity effect [15, 

128]. 

In contrast, other published work show that there is no relationship between the low salinity 

effect and dissolution of anhydrite in the oil-brine-carbonate system. For example, Jiang et al. 

[129] conducted spontaneous imbibition and coreflooding experiments to study the low 

salinity effect. They detected anhydrite dissolution during the low salinity flooding in the 

tertiary mode, but without measurable incremental recovery, and suggest that anhydrite 

dissolution may play a minor role in the low salinity effect. Also, Gandomkar et al. [126] 

conducted coreflooding experiments using limestone core samples to investigate the low 

salinity effect in secondary and tertiary modes. They reported no additional oil recovery in the 

tertiary mode, although they used limestone core samples containing anhydrite. In addition, 

Uetani et al. [130] performed spontaneous imbibition experiments to examine the role of the 

anhydrite on the low salinity effect in carbonate rock. They observed a low salinity effect in 

carbonate cores regardless of anhydrite content. Therefore, they confirm that anhydrite is not 

a must to be present in carbonate rocks to yield a low salinity effect. 

2.1.4 Oil and Brine Fluids System 

Apart from brine-rock interaction on low salinity effect, fluid-fluid interactions have also been 

examined to understand their contributions on incremental oil recovery during low salinity 

waterflooding. In particular, salting in and out effect, IFT reduction, and micro-dispersion are 

reviewed in the subsection below. 

Salting in and out effect 

The solubility of the hydrocarbon in water depends on the salinity, where increasing the 

salinity of an aqueous solution leads to a decrease in the solubility of hydrocarbon in the 

aqueous solution. This process is known as the salting-out effect. On the contrary, the 

solubility of hydrocarbon in the aqueous solution increases with decreasing the salinity, and 

this effect is known as salting in effect [11, 131]. 
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When solving a hydrocarbon molecule in water, water molecules form a structure around the 

hydrophobic part through hydrogen bonds; this phenomenon allows hydrocarbon molecules 

to be soluble in water, although hydrocarbon molecule is hydrophobic. However, when adding 

salts, the salts ions break the hydrogen bonds between water molecules and hydrocarbon 

molecules, which results in a decrease in the hydrocarbon solubility, and thus the solubility of 

hydrocarbon decreases with increasing salinity [11]. 

Given that the ionic strength of the salt ions plays an important role in salting in effect, the 

monovalent ions (e.g., Na+) have a lower impact than the divalent ions (e.g., Ca2+, Mg2+). 

Therefore, salting in effect contributes to the low salinity effect by increasing the solubility of 

oil in brine, hence desorption of oil from pores surface [11]. 

Reduction of the Interfacial Tension (IFT) 

During secondary waterflooding, oil clusters are trapped in the porous media due to the 

capillary forces (called residual oil saturation, Sor). One of the effective methods to release this 

trapped oil and to reduce the residual oil saturation is reducing the interfacial tension (IFT) 

between the oil and brine interface. This process leads to a reduction in the capillary forces, 

and thus reduces the residual oil saturation and enhance the oil recovery, such as surfactant 

flooding. However, the interfacial tension between the oil and brine needs to be reduced to 10-

2 dyn/cm to attain a reasonable residual oil reduction [132]. Literature shows that low salinity 

flooding could affect the interfacial tension between the oil and brine, due to the change in 

composition and salinity of the brine phase at the oil and brine interface. There are few 

published works which show that the low salinity water leads to a significant interfacial tension 

reduction between the oil and brine. [133, 134]. For instance, Al Harrasi et al. [18] found that 

one unit of the interfacial tension (1.0 dyn/cm) only reduced when diluting the formation brine 

one hundred times from 194450 ppm to 1944 ppm. Also, Al-Attar et al. [135] reported a 

reduction between 14-30 dyn/cm in the interfacial tension when lowering the salinity of two 

different formations brines. In addition, Yousef et al. [23] performed coreflooding experiments 

and a series of interfacial tension experiments to study the relation between oil-brine 

interaction and the enhancement of the oil recovery. They found that interfacial tension 

reduction was less than 10 dyn/cm, suggesting that low salinity waterflooding has a minor 

effect on interfacial tension between oil and brine. Therefore, the above authors, Al Harrasi et 

al. [18] Al-Attar et al. [135] and Yousef et al. [23] concluded that the interfacial tension of oil-

brine plays a negligible role in the low salinity effect. 
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Micro-Dispersion Formation 

The formation of the micro-dispersions is another fluid-fluid interaction mechanism proposed 

by some researchers to explain the wettability alteration of the reservoir rocks during the low 

salinity flooding [39, 52, 87]. Initially, Emadi et al. [86] provided the first visual evidence of 

the formation of the water micro-emulsion at the oil and brine interface during the low salinity 

flooding.  They suggest that the formation of the water micro-emulsion during the low salinity 

water flooding leads to absorption of surface-active agents from the crude oil-brine interface 

to water micro-emulsion, which in return changes the oil-brine interface charge and 

consequently changes the charge of the fluids-rock interfaces, and thus altering the wettability 

of the carbonate rock. Furthermore, Mahzari et al. [52] conducted a series of fluid 

characterization experiments to study the oil-brine interactions. They reported that decreasing 

the salinity of the brine leads to the formation of water-in-oil dispersion spontaneously, which 

is in line with their colleague’s previous work (Emad et al. [86]). Similarly, Sarvestani et al. 

[136] examined the influence of the water salinity on stabilization of the micro-emulsions 

droplets as one of the dominant mechanisms of the low salinity EOR. They found that lowering 

the salinity of the brine increases the stability of the micro-emulsion droplets, which could 

elucidate the growth in the pressure drop while injecting the low salinity water in their 

experiments. Generally, all the mechanisms based on the fluid-fluid interaction could 

contribute to the low salinity effect. However, more quantitative work remains to be done to 

quantify the contribution of such a process on incremental oil recovery during low salinity 

waterflooding in reservoirs.  

2.1.5 Oil-Brine-Rock Interactions 

To gain a deeper understanding of low salinity EOR-Effect, oil-brine-rock interactions have 

been examined to account for the incremental oil recovery through multi-scale experiments 

and geochemical modeling.  

Potential Determining Ions (PDI) 

Published works show that the presence of some divalent ions in the water is the key factor of 

releasing the adsorbed polar oil components (e.g., -COOH) from the carbonate surface in the 

oil-brine-carbonate system. For example, the divalent cations such as Ca2+, Mg2+, and SO4
2- 

play an important role in the low salinity water EOR Effect, and they are also called potential 

determining ions (PDI) [55-57, 77]. These oil-brine-rock interactions have been examined 

with a combination of contact angle experiments, force flooding experiments, and spontaneous 

imbibition experiments. The experimental results indicate that adjusting the concentration of 

the potential determining ions in the brine affects the oil-brine-carbonate interaction and leads 

to the wettability alteration. For example, Austed et al. [55] found that the presence of the 
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SO4
2- in seawater increases the oil recovery from the chalk core samples in spontaneous 

imbibition experiments. They propose that adsorption of the SO4
2- (PDI) on the chalk surface 

lowers the positive charge at the chalk surface, thus releasing the adsorbed acidic oil 

components from the chalk surface. Also, Zhang et et al. [56] found that the presence of SO4
2- 

in the brine results in an improvement in the oil recovery from chalk core in spontaneous 

imbibition experiments, confirming that wettability alteration occurs at the chalk surface. In 

another work, Strand et al. [57] used chromatographic techniques to study the impact of the 

presence of both Ca2+ and SO4
2- on the oil-brine-carbonate system. They reported that raising 

the concentration of Ca2+ in the brine leads to an increase in adsorption of SO4
2- ions at the 

surface of chalk. The authors suggest a possible mechanism to explain the contribution of the 

Ca2+ on the adsorption SO4
2- on the carbonate surface, which results in changes in charge of 

carbonate surface, thus release of the polar oil components from the carbonate surface and 

enhance the oil recovery. Also, Mg2+ was identified as a potential determining ion which can 

raise the density of the positive charge on the calcite surface by replacing the Ca2+ at high 

temperatures.[77] However, the proposed mechanism for the Mg2+ is close to the mechanism 

suggested by Strand et al. [57]. 

Moreover, atomic force microscopy (AFM) has been used to investigate the impact of potential 

determining ions on the oil-brine-carbonate interactions. For instance, Generosi et al. [137] 

conducted AFM experiments to study the influence of the potential determining ions on the 

adhesion force between the oil and calcite surface. The authors concluded that the presence of 

SO4
2− and Mg2+ ions reduced the adhesion force between the oil (CH3-terminated tip) and 

calcite surface, thereby wettability alteration of calcite to less oil-wet. Also, the molecular 

dynamics simulation has been performed to explore the influence of the potential determining 

ions on adsorption of the polar oil components on carbonate. For example, Bai et al. [138] 

developed a molecular dynamics model to investigate the adsorption of polar oil components 

(acidic oil, -COO-) on calcite, and thus the wettability of the calcite surface. The authors 

reported that the presence of the potential determining ions (Ca2+ and SO4
2-) results in the 

release of the acidic oil component (-COO-) from the calcite. They found that the negative 

SO4
2- ion replaces the negative acidic oil component (-COO-) from the calcite surface, and 

then the positive Ca2+ forms ion-pair with the negative acidic oil component (-COO-) and thus 

detaching the acidic oil components from the calcite surface. 

In conclusion, the most important potential ion is sulfate, which can be added to the low 

salinity brine or it can be generated from the dissolution of anhydrite minerals to yield the low 

salinity effect. However, sulfate is known as the main source of several operational problems. 

For instance, the presence of the sulfate increases the formation of scales such as barium 

sulfate (BaSO4), calcium sulfate (CaSO4), and strontium sulfate (SrSO4), and these scales are 
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sources of problems in the oil fields operation [139-142]. Also, it was found that using brine 

with a high concentration of sulfate caused a reservoir souring issue [143], which is a big 

challenge in the petroleum industry. Therefore, it is important to fully understand the low 

salinity effect so the low salinity effect can be obtained without adding sulfate to the injected 

water and avoid all the problems associated with the presence of sulfate in injected water. 

DLVO-Disjoining Pressure-Electrical Double Layer Forces 

Placing calcite crystal in an aqueous solution results in an electrical field, which causes the 

unequable distribution of different charge ions in the nearness of the calcite surface. Counter 

ions in the solution move toward the surface due to the attraction force with the opposite 

charges at the calcite surface, forming a diffuse layer of charge. At the same time, the similarly 

charged ions in solution move away from the surface, due to the repulsion force with a similar 

charge at the calcite surface [144]. The surface charge and the diffuse layer together form the 

electrical double layer. The concentration of the counterions and co-ions is not distributed 

equally within the electrical double layer, thus developing a potential across the interface. The 

concentration of the counterions is higher in the adjacent solution and decreases as moving 

away from the calcite surface, while the concentration of co-ions increases when moving away 

from the calcite surface.  Calcite surface adsorbs the closest counter ions, forming a fixed layer 

called Stern layer. This layer of fixed counter ions divided into the inner and outer stern layer 

or also called inner and outer Helmoltz layers [145]. However, the surface electrical potential 

at the location of shear or slip plane is known as the zeta potential of the surface and is usually 

measured by the electrophoresis technique. This zeta potential is highly dependent on several 

factors, such as the charge of the surface, pH, salinity, and composition of the aqueous 

solution.  

The pH is strongly influencing the surface charge, due to the protonation and deprotonation of 

the surface sites [46], and the value of the pH, where the surface charge change from positive 

charge to negative charge, is called the Point of Zero Charge (PZC). Zeta potential values of 

the oil-brine and brine-calcite interfaces are used to calculate the electrical double layer forces, 

which is part of the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory as shown in 

Eq 2-1, where the positive and negative disjoining pressure represents repulsive and attractive 

forces between oil-brine and brine-calcite interfaces, respectively.  

 ∏(Total) = ∏(vdw) + ∏(EDL) + ∏(STR) Eq  2 − 1 

Researchers have used DLVO to interpret the low salinity effect on the contact 

angle/wettability/incremental oil recovery increase with different boundary conditions 

(constant charge, or constant potential boundaries). For example, Alshakhas et al. [47] used 
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DLVO to evaluate the effect of low salinity water on the oil-brine-carbonate interaction by 

conducting contact angle and coreflooding experiments. They reported that the low salinity 

effect was confirmed by the calculation of the surface forces, suggesting that surface forces in 

the double layer are responsible for the low salinity effect and additional oil recovery. In 

addition, Mahani et al. [146] used DLVO theory to calculate the interaction potential of the 

oil-brine-carbonate system and to compare its consistency with the contact angle 

measurements at high and low salinity values. They found that lowering the salinity reduces 

the attractive forces or increases the repulsion forces between the crude oil and carbonate 

(double layer expansion), thus wettability alteration from oil-wet to less oil-wet. Although 

DLVO may not be able to quantify the contact angle/wettability alteration, it is a reasonable 

quantitative practice to predict the trend of the wettability shift with the various oil-brine-rock 

system. 

Electrical double layer forces play an important role in the total value of the disjoining 

pressure, and as previously mentioned above, that water chemistry is the main factor affecting 

the zeta potential, thus it is affecting the electrical double layer and, therefore, the total 

disjoining pressure. For that, some researchers have used zeta potential measurements to 

understand the effect of brine salinity on carbonate wettability alteration and oil recovery. For 

instance, Alotabi et al. [46] found that low salinity water increased the negativity of carbonate 

surface (dolomite and limestone), which led to double layer expansion, therefore wettability 

alteration on dolomite and limestone rocks to less oil-wet. Also, Alotabi et al. [147] 

investigated the influence of the ions types and salinity on the zeta potential of oil-brine and 

brine-limestone interfaces. They concluded that the zeta potential of the oil-brine-carbonate 

interfaces directly affects the wettability of the limestone and oil recovery. In addition, Mahani 

et al. [65] conducted contact angle and zeta potential measurements to study the influence of 

the brine chemistry on the wettability alteration of the oil-brine-carbonate system. They 

observed that wettability alteration occurs when low salinity water lowers the zeta potential of 

oil-brine-carbonate interfaces, concluding that surface charge change is possibly the main 

mechanism behind the low salinity effect in carbonate.  

Surface Complexation Modeling 

Surface species at the interface of oil/brine and brine/rock strongly affect the interactions of 

the oil/brine/rock system, thus contributing to the wettability of the system. Surface 

complexation modeling has been applied to understand the effect of water chemistry on a 

number of surface species at these interfaces. Also, oil consists of basic and acidic functional 

groups such as -NH, and -COO-, where the base number and acid number demonstrate the 

concentration of these basic and acidic functional groups, respectively. The surface species of 
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the opposite charges from calcite and oil surfaces attracted to each other and created an 

electrostatic bridge, thus increase the oil-wetness. The number of the electrostatic bridges 

(bond product sum) between the oil and calcite surface species controls the strength of the 

electrostatic attraction thereby the oil-wetness [58]. The bond product sum is a function of oil 

composition [148-150], rock mineralogy [147], salinity [25, 151], and ionic strength [131, 

152]. However, some researchers used surface complexation modeling to elucidate the 

influence of water chemistry on the surface species at the calcite surface. For example, Van 

Cappellen et al. [153] developed a surface complexation model of the carbonate-brine 

interface, which proposes the generation of >CaOH and >CO3H at the surface of calcite when 

exposed to water. Where the protonation/deprotonation of >CaOH and >CO3H calcite surface 

species enables the adsorption of anions and cations from the brine (e.g., CO3
2-, SO4

2-, and 

Ca2+), thus generating a charge on the calcite surface [58]. The overall calcite surface charge 

can be calculated from the overall concentration of differently charged species. In addition, 

Mahani et al. [59] developed a surface complexation model to investigate the effect of pH and 

salinity on zeta potential of the brine-carbonate interface. Their surface complexation model 

demonstrated that increasing pH leads to the formation of surface species, which in return 

influence the overall surface charge, and thus the zeta potential of carbonate. In addition, they 

observed that carbonate surface charge is more sensitive to the pH at low salinity, suggesting 

that brine salinity plays an important role in the pH impact on zeta potential. Moreover, they 

found that lowering salinity increases the numbers of negative surface species, therefore 

reduces the overall positive charge of carbonate surface. However, their surface complexation 

model works for the brine-carbonate interface and cannot investigate the effect of brine 

chemistry on the oil-brine interface. Furthermore, Song et al. [154] conduct zeta potential 

experiments to investigate the effect of potential determining ions (Ca2+, Mg2+, SO4
2−, CO3

2−)  

on the brine-calcite interface. They also developed double layer surface complexation model 

to simulate the results of their experiments and to predict the wettability alteration. Their 

model predicts the zeta potential of calcite with different potential determining ions (Ca2+, 

Mg2+, SO4
2−, CO3

2−) accurately, but the role of the oil-brine interface was not considered in 

this model. 

In parallel, other researchers used surface complexation modeling to elucidate the effect of 

water chemistry on both oil-brine-carbonate interfaces, thus characterizing the wettability 

alteration. For example, Brady et al. [58] established a surface complexation model to calculate 

the bond product sum (BPS), and to study its relationship with the wettability alteration. They 

suggested that decreasing the bond product sum indicates that the wettability of the oil-brine-

carbonate system shifts toward less oil-wet, while increasing the bond product sum designates 

that the wettability of carbonate becomes more oil-wet. Also, Chen et al. [61] used surface 
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complexation modeling to study the factors influencing the wettability of the oil-brie-

carbonate system. They reported that the surface complexation model predicts a similar trend 

of salinity effect on the wettability of contact angle results. In particular, they observed that 

lowering the salinity decreases the bond product sum. In addition, they found that lowering 

the salinity at pH <6 leads to an increase in the calcite oil-wetness for oil with a high base 

number, where reducing the salinity at pH>7 decreases calcite oil-wetness for oil with a high 

acid number. Furthermore, Xie et al. [60] performed contact angle experiments and 

geochemical modeling to examine the influence of pH on the oil-brine-calcite system. They 

found that the bond product sum concept predicts the trend of contact angle measurements, 

suggesting that pH is one of the controlling factors to govern the wettability of the carbonate 

system. 

2.2 Identified Knowledge Gaps 

2.2.1 Effect of Oil Compositions on Low Salinity Effect in Carbonate Reservoirs 

Oil-brine-carbonate interactions play an important role in the carbonate reservoirs wettability 

alteration during low salinity flooding. To better understand the factor(s) controlling the 

wettability alteration process, the effect of brine chemistry on the oil-brine-carbonate 

interactions has been widely explored through experimental and numerical studies [11, 15, 18, 

23-25, 29, 49, 55-57, 59, 88, 137, 155-159]. For instance, Austad et al. [15, 55, 88] and other 

researchers [11, 24, 29, 56, 57, 155-157] have found that the presence of the potential 

determining ions (Ca2+,SO4
2-, and Mg2+) would likely alter the wettability of the oil-brine-

carbonate system toward less oil-wet, and thus increasing the oil recovery [18, 23, 25, 49, 59]. 

Also, previous studies show that reducing the salinity of the brine increases the hydrophilicity 

of the oil-brine-carbonate system, hence decreasing residual oil saturation. Furthermore, to 

gain a better understanding at the molecular level, quartz crystal microbalance (QCM) [158] 

and atomic force microscopy (AFM) [137, 159] have been used to investigate the influence of 

brine chemistry on the interaction between the polar oil and rock. For example, Joonaki et al. 

[158] used QCM to examine the impact of brine composition on the deposition of the 

asphaltene oil species on the rock surface at elevated temperature and pressure conditions. 

They found that brine salinity and composition play an important role in the deposition of the 

asphaltene oil species on the rock surface, thereby affecting the wettability of the oil-brine-

rock system. In addition, Generosi et al. [137] used AFM to study the influence of the potential 

determining ions on the calcite wettability, although the pH effect was not investigated. They 

concluded that the presence of SO4
2- and Mg2+ ions reduced the adhesion forces between CH3-

terminated tip and calcite substrate, and thus increasing the hydrophilicity of the oil-brine-

carbonate system. 
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Apart from the effects of the brine composition on oil adhesion, the oil components also play 

an important role in the oil-brine-carbonate interaction. The published work shows that the 

polar oil composition (acid and base number) plays an important role in the wettability of the 

carbonate surface [70, 73, 160], by playing a part in the surface charge of the oil-brine interface 

[48, 146, 150, 161-163], double layer expansion [48, 138, 146, 150, 161-163], disjoining 

pressure [146, 150, 161-163], and formation of electrostatic bridges with the carbonate surface 

[48, 58, 60, 61, 164]. For example, contact angle, spontaneous imbibition, and core flooding 

experiments show that polar oil components play a crucial role in the oil-brine-carbonate 

interaction, and thus wettability of carbonate surface [15, 48, 55, 75, 165]. In addition, AFM 

has been used to study the influence of salinity on the adhesion force between the oil 

components and hydrophobic surfaces, although the pH effect was not investigated. For 

example, Liu et al. [166] used AFM to investigate the influence of the brine salinity on the 

interaction force between functional oil groups and hydrophobic surfaces. They found that the 

adhesion force between functional oil groups and hydrophobic surfaces decreases with the 

decrease of the brine salinity, and thus the wettability alteration of oil-brine-rock. 

To better quantify and predict the wettability alteration process, surface complexation 

modeling has been implemented to model chemical surface species from oil and calcite 

surfaces, thus characterizing the adhesion of oil and calcite [32, 58-61, 164]. For example, 

Brady et al. [58] developed a surface complexation model to characterize the wettability of 

oil-brine-calcite using a bond product sum concept, which is equal to [–COOCa+] [>CO3
−] + 

[–COOCa+] [>CaCO3
−] + [–NH+] [>CO3

−] + [–NH+] [>CaCO3
−] +  [–COO−] [>CaOH2

+] + [–

COO−] [>CO3Ca+]. They suggest that the potential adhesion between the polar oil and 

carbonate surface decreases with decreasing bond product (less oil-wet system), and the 

potential adhesion between the polar oil and carbonate surface increases with increasing bond 

product (more oil-wet system). However, the above geochemical models were proposed to 

characterize oil-brine-carbonate wettability in light of the interaction of polar oil groups (–

NH+ and –COO−) on carbonate surfaces. Taken together, while there is a considerable 

investigation on the response of the polar oil components to the salinity effect, there are limited 

studies that have been carried out to investigate the response of the non-polar oil components 

to the wettability alteration during the low salinity flooding in the oil-brine-carbonate system, 

and fewer studies have been done to study the impact of the pH increases on the interactions 

between the oil components (non-polar & acidic oil) and carbonate surface at the molecular 

level, although low salinity flooding likely leads to the increase of the local pH in carbonate 

formations. It is worth noting that injecting low salinity water in carbonate leads to an increase 

of the local pH (up to 10) due to the calcite dissolution [20, 82, 124-126], and this pH increase 

most likely affects the oil-brine-carbonate interactions, hence wettability alteration. 
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Generally, the response of the non-polar oil species on wettability alteration as a function of 

salinity and pH remains unclear.  Also, it is widely known how the brine chemistry affects the 

interaction between the polar oil and carbonate surface, but how the pH affects the interactions 

between the oil components (non-polar & acidic oil) and carbonate surface remains unclear. 

Therefore, to reduce ambiguity, in this work, adhesion force measurements using AFM and 

contact angle experiments have been conducted to study the response of the non-polar oil (-

CH3) and acidic oil (-COOH) species to the pH increase during low salinity water injection in 

carbonate reservoirs. Furthermore, we measured the zeta potential of oil-brine and brine-

carbonate interfaces at different pH, and computed the disjoining pressure of the system to 

gain a deeper understanding of the isothermal thermodynamic of the pH effect on the 

interactions between the non-polar oil components and carbonate surfaces (Chapter 4 & 5). 

2.2.2 Role of Clays on Low Salinity Effect: Implications for Clay-Rich Carbonate 

Rocks  

Carbonate rocks are composed primarily of calcite (CaCO3) (e.g., chalk or limestone), and 

with magnesium (MgCO3) (e.g., dolomite). Also, some carbonates may contain anhydrite 

(CaSO4), gypsum (CaSO4.2H2O), and a small percentage of clays minerals. The published 

works indicate that carbonate mineral plays a vital role in the wettability alteration during low 

salinity flooding. For example, Fernø et al. [167] used three different outcrop chalks in 

spontaneous imbibition experiments to investigate the influence of sulfate concentration on oil 

production. They found that the mineralogy sedimentations and compositional differences of 

the chalks play an essential role in response to the sulfate effects. Also, Romanuka et al. [79] 

found that dolomite and limestone core samples respond to the low salinity effects in 

spontaneous imbibition experiments, whereas chalk core samples did not give much response. 

Additionally, other studies suggested that anhydrite is the key factor for the low salinity effect 

in carbonate rocks [64, 127]. 

While the effect of carbonate mineralogy (chalk, limestone, dolomite, and anhydrite) has been 

investigated, there has been little investigation of the effect of the clay impurities in carbonate 

on the wettability of the carbonate. The published works found that clay minerals play an 

important role in the wettability of the sandstone rocks [4, 35, 168, 169], and linked the low 

salinity effect in sandstone to the presence of the clay minerals [4, 6, 40, 168, 170-177]. 

Although carbonate reservoir rocks contain a small percentage of clay (<5 wt%) [178, 179], 

this small percentage covers a significant percentage of the carbonate free surface in the pores 

[179]. This means that the clay impurities likely play a certain role in the low salinity effect. 

However, the effect of clay impurities on the oil adhesion in carbonate remains incomplete, 

which presents a tremendous impediment to understand the response of low salinity water in 

clay-rich carbonate reservoirs.  
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To provide a better understanding and to limit the uncertainties of the wettability alteration 

during low salinity flooding in particular for the clay-rich carbonate reservoirs, we performed 

an experimental investigation to understand the correlation between the pH and adhesion 

forces between oil components and clay surface. Also, to better understand the isotherm 

thermodynamic of the system, I conducted zeta potential measurements and computed the total 

disjoining pressure of the oil-brine and brine-clay interfaces at different pH (Chapter 6).  

2.2.3 Variables and Influencing Factors for the Shift of Contact Angle  

Wettability alteration during low salinity waterflooding in carbonate reservoirs has been 

identified as the main physicochemical processes [83, 168, 174]. The contact angle experiment 

is a simple and straightforward method to evaluate the effect of low salinity on the wettability 

alteration of the oil− brine−carbonate system. For instance, Yousef et al. [14] performed 

contact angle measurements to examine the impact of smart water on low salinity EOR effect 

in carbonate reservoirs. Their results show that initial connate water (213 000 ppm salinity)  

gives a contact angle of 90°, while the twice diluted seawater (29 000 ppm) and ten times 

diluted seawater (6000 ppm) give a contact angle of 80° and 69°, respectively, suggesting that 

reducing the salinity alters the wettability of the carbonate rock from intermediate-wet toward 

weakly water-wet. Alameri et al. [49] also conducted contact experiments to investigate the 

influence of the low salinity water on the wettability alteration of the oil-brine-carbonate 

system. Their results show that reducing the salinity of the seawater from 51 346 to 12 840 

ppm reduces the contact angle from 133° to 117°, suggesting a less oil-wet system. 

Additionally, AlQuraishi et al. [64] reported that the contact angle of the oil−brine−carbonate 

system reduces from 98° to 65° when diluting the seawater 20 times, proposing that reducing 

the salinity can alter the wettability of the carbonate from intermediate-wet to more water-wet 

status. Furthermore, Awolayo et al. [27] found that reducing the salinity of the brine from 261 

210 ppm (formation brine) to 48 280 ppm salinity (synthetic seawater) reduces the contact 

angle of the oil−brine−carbonate system from 135° to 120°. To understand the controlling 

factor(s) of wettability alteration as shown by contact angle decrease with reducing the salinity 

in carbonate reservoirs, electrical double layer theory [42, 49, 54], electrostatic bridging [15, 

25, 77], and surface complexation modeling [58, 59] have been suggested and developed to 

predict the wettability alteration.  

However, there are doubts with respect to the reliability of contact angle results to evaluate the 

wettability alteration process behind the low salinity effect. This is because calcite dissolution 

caused by the low salinity water during contact angle measurement may yield surface 

roughness variation, which may either overestimate or underestimate the wettability alteration 

process. As the published works show that changing the surface roughness affects the contact 

angle measurements in the oil−brine−rock system [180, 181]. For instance, AlRatrout et al. 
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[180] found that increasing surface roughness reduces the contact angle in the 

oil−brine−carbonate system. Additionally, Rücker (2018) concluded that surface roughness 

has a significant impact on the wettability alteration process, which influences the wettability 

measurements of the oil−brine−rock system [181]. However, to mitigate the uncertainties on 

the contact angle measurements, and understand if the surface roughness variation induced by 

calcite dissolution in the presence of low salinity water plays a certain role in contact angle 

measurements, an experimental and analytical study has been conducted in this research 

(Chapter 7).  

2.2.4 Oil-Brine-Carbonate Interactions: Implications for Alcohol-Assisted 

Waterflooding 

Low salinity waterflooding has been identified as a cost-effective and environmentally 

friendly means to enhance oil recovery in carbonate reservoirs, mainly by decreasing 

hydrophobicity. In this context, low salinity water injection would be considered as a viable 

means to enhance the oil recovery in harsh carbonate reservoir conditions (high temperature 

and high salinity), where the Chemical-Enhanced Oil Recovery (Chemical-EOR) approaches 

may not be able to handle economically at such critical conditions in particular at the period 

of low oil prices. However, the shortage of low salinity water sources in most locations (e.g., 

the Middle East countries, Western China, and the offshore oil fields) limits the application of 

this valuable EOR technology. For instance, more than 70% of carbonate fields in the world 

are located in the Middle East [2], where is a lack of freshwater or low salinity water. 

Accordingly, there is an imperative need to find alternative EOR techniques to improve the oil 

recovery in carbonate formations at high salinity and high temperature conditions, where the 

low salinity EOR and the existing Chemical-EOR techniques are not economically viable. 

Published work indicates that adsorption of the potential determining ions (Mg2+, Ca2+ and 

SO4
2-) onto the carbonate causes the detachment of the acidic oil from the carbonate surface 

[15, 24, 55-57, 77], which leads to wettability alteration hence enhancing oil recovery. Also, 

surface complexation modeling shows that low salinity water likely breaks the electrostatic 

bridges between the opposite charges species on the oil surface (-COO−, -COOCa+, -NH+) and 

carbonate surface (>CaOH2
+, >CO3Ca+,>CO3

−, >CaCO3
−) [58, 60, 61, 72, 78]. Collectively 

together, these existing knowledge shed light on the wettability shift by breaking the bridges 

possibly through chemical additives, which may bridge the functional groups from oil surfaces 

and thus breaking the bonds between oil and rock surfaces.  

In light of the existing knowledge from the low salinity effect on the oil-brine-carbonate 

interactions, alcohol-based chemical additives were used to explore the possible wettability 

alteration on carbonate surfaces even at high salinity and high temperature conditions. 
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Therefore, an experimental investigation was conducted to explore the possible wettability 

alteration process by adding a low concentration of alcohol-based chemicals into brines with 

various salinity levels (Chapter 8). Furthermore, I proved that the wettability alteration process 

achieved by 1-pentanol alcohol at the sub-pore level would trigger oil detachment, 

coalescence, transport and thus enhance oil recovery at high temperature and high salinity 

conditions (Chapter 9). 
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Chapter 3.  Research Framework and Methodology 

3.1 Research Framework 

Figure 3-1 below shows the thesis's framework to address the knowledge gaps related to the 

oil-brine-carbonate interactions at different length scales such as nanoscale, sub-pore scale, 

and core scale. Initially, the research focuses on the effect of the low salinity on the oil-brine-

carbonate interactions at the nanoscale (the yellow outlined boxes) by investigating the 

influence of the pH increases on the adhesion force between non-polar/polar oil functional 

groups and calcite surface, thus addressing gaps #1 and #2. Also, the research examines the 

influence of the mineral heterogeneity in carbonate on the low salinity effect. Particularly, the 

role of the clay impurities on the low salinity effect in clay-rich carbonate reservoirs. After 

that, the thesis studies the impact of low salinity brine on the oil-brine-carbonate interactions 

at the sub-pore scale (the blue outlined box). Specifically, the research aims to understand how 

the calcite dissolution caused by low salinity can affect the oil-brine-carbonate interactions at 

the sub-pore scale, thereby the contact angle measurements. 

Later, based on the existing and gained knowledge of the low salinity effect on the oil-brine-

carbonate interactions, the research explores alternative EOR techniques for reservoirs without 

access to low salinity water by adding alcohol to the formation brine to obtain a similar effect 

of low salinity on the oil-brine-interactions (the green outlined boxes). I studied the influence 

of different alcohols at the sub-pore scale to elucidate the alcohol-carbon chain's influence and 

the number of alcohol groups (-OH) on the oil-brine-carbonate system. I also investigated the 

impact of the brine salinity on the performance of alcohols. The research then examines the 

performance of alcohols at high temperature and high salinity at a sub-pore scale. Finally, the 

coreflooding experiments were performed to reveal the impact of the in-situ wettability 

alteration on oil detachment, coalescence, oil banking, and transport in the porous media. 
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Figure 3-1: Research Framework 
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3.2 Methodology 

To achieve the objectives of this research, I designed multi-scale experimental and analytical 

approaches to address the knowledge gaps with a combination of contact angle measurements 

(sessile drop method), zeta potential measurements, disjoining pressure isotherm analysis, 

geochemical modeling, and coreflooding experiments.  

3.2.1 Understanding the Effect of Oil Compositions and Clays on Low Salinity 

Effect in Carbonate Reservoirs  

The existing literature has shown that previous studies on the low salinity effect on oil-brine-

carbonate systems have overlooked the response of the non-polar oil components on 

wettability alteration as a function of salinity and pH. In addition, there are very limited studies 

examining how the pH influences the interactions between the oil components (non-polar & 

acidic oil) and carbonate surface, especially at the molecular scale. Therefore, to address this 

issue, I designed the methodologies in Chapters # 4 & 5 and aimed to understand the impact 

of brine chemistry (pH) on the interaction between oil components (non-polar & acidic oil) 

and calcite surface, hereby the interaction of the oil-brine-carbonate system. To achieve this 

objective, I combined the contact angle, AFM, and zeta potential experiments with disjoining 

pressure calculation to investigate the pH effect on the oil-brine-carbonate system at the 

molecular-scale and sub-pore scale. 

Firstly, I performed a suit of contact angle measurements to elucidate the pH's effect on the 

oil-brine-carbonate system at the sub-pore scale. In particular, I used the sessile drop method 

to conduct contact angle measurements by introducing a droplet of model oil (non-polar/polar) 

on calcite substrate in the presence of 10 000 ppm NaCl brine at different pH values (6.5, 9.5, 

and 11) at ambient conditions. It is worth mentioning that I used monovalent ion only in all 

the experiments with a focus on the pH effect. I did not use the divalent cations (e.g., Ca2+ & 

Mg2+) due to their competition with H+/OH− to adsorb on calcite surfaces, which likely 

compensates for the impact of the pH effect on the oil-brine-calcite interactions. 

Secondly, I used the AFM (WITec alpha 300 SAR) to investigate the effect of the pH on the 

oil-brine-carbonate interactions at the molecular scale by measuring the adhesion force 

between the oil components (non-polar/polar) and calcite surface in the presence of 10 000 

ppm NaCl brine at different pH values (9.5 and 11) at ambient conditions. It is worth noting 

that I selected only high pH values for the adhesion force measurements (9.5 and 11) to avoid 

calcite dissolution, which may influence the adhesion measurements at the nanoscale.  

Thirdly, to further understand the impact of the pH on the oil-brine-carbonate interactions, I 

measured the zeta potential of the oil-brine-calcite interfaces at the ambient conditions. 

However, the zeta potentials of oil-brine and brine-calcite interfaces were measured in the 
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presence of 10 000 ppm NaCl brine at different pH values (6.5, 9.5, and 11) using Malvern 

Zetasizer ZS Nano series equipment, and used the zeta potential results to calculate the 

disjoining pressure of the system. It is worth mentioning that the used AFM in this study can 

only handle the adhesion measurements at ambient conditions, and I aimed to use the impact 

of the pH on the adhesion force between acidic oil and calcite to interpret the impact of the pH 

on the contact angle, thereby the wettability of carbonate. All the experiments (AFM, contact 

angle, and zeta potential measurements) were conducted at ambient conditions. 

While there are some uncertainties related to the experimental and calculation results in this 

methodology (e.g., AFM experiments at high pH, contact angle at pH 6.5, and boundary 

conditions used for the disjoining pressure calculations), I believe that the experiments and the 

disjoining pressure isotherm calculations together can provide an indication on the effect of 

the pH on the adhesion force and wettability alteration process. 

Moreover, while the literature shows that clays play a critical role in the low salinity effect in 

the sandstone rock, there is a lack of research on how the oil-brine-clay interactions respond 

to the low salinity water effect in clay-rich carbonate reservoirs, especially at the molecular 

scale. Therefore, to reduce the ambiguity and to provide a better understanding of the 

wettability alteration during low salinity flooding in the clay-rich carbonate reservoirs, the 

methodology of Chapter # 6 was designed to elucidate the impact of the brine chemistry (pH) 

on the adhesion force between the oil components and clay (mica) in clay-rich carbonate 

reservoirs.  

Initially, I used AFM to measure the adhesion force at the molecular level between oil 

components (non-polar and polar) and mica surface in the presence of 10 000 ppm NaCl brine 

at different pH (7 and 11) at ambient conditions. Then, I used Malvern Zetasizer ZS Nano 

series equipment to measure the zeta potential of the oil-brine-mica interfaces and evaluate the 

impact of the pH on the zeta potential of the oil-brine and brine-mica interfaces. However, the 

zeta potential measurements were conducted in the presence of the 10 000 ppm NaCl brine at 

pH 7 and 11 at ambient conditions. Furthermore, to further understand the isothermal 

thermodynamic of the system, I used zeta potential results to calculate the disjoining pressure 

of the oil-brine-mica system at pH 7 and 11. To avoid the complexity (e.g., ion exchange 

effect) and focus only on the pH effects, I used an aqueous NaCl solution in the adhesion force 

and zeta potential measurements. 

3.2.2 Understanding the Variables and Influencing Factors for the Shift of 

Contact Angle 

Placing calcite crystals in low salinity water causes a dissolution at the calcite surface, which 

results in variation in the surface roughness of the calcite surface at the sub-pore scale. This 
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phenomenon raises doubts about the reliability of contact angle results in the laboratories to 

evaluate the low salinity effects on the wettability alteration at the reservoir scale. This is 

because the surface roughness variation may lead to overestimating or underestimating the 

wettability alteration by low salinity water. Therefore, to limit the contact angle measurement 

uncertainty, the methodology in Chapter #7 was designed to elucidate the role of the surface 

roughness changes caused by calcite dissolution in the presence of LSW on the contact angle 

measurements at the sub-pore scale. To achieve this, I used two calcite samples in two different 

scenarios: 

Scenario One: calcite sample #1 (AFM test) → contact angle measurement in high salinity 

(HS) brine → AFM test. 

Initially, the AFM was used to measure the surface roughness of calcite sample #1. Then, the 

contact angle of the oil droplet on calcite sample #1 was measure in the presence of HS brine. 

Thereafter, the surface roughness of the calcite sample #1 was measured again using AFM to 

evaluate the change in the surface roughness. 

Scenario Two: calcite sample #2 (AFM test) → contact angle measurement in low salinity 

(LS) brine → AFM test → contact angle measurement in HS brine → AFM test.  

Firstly, the AFM was used to measure the surface roughness of calcite sample #2. Secondly, 

the contact angle of the oil droplet on calcite sample #2 was measured in the presence of LS 

brine. Thirdly, the surface roughness of the calcite sample #2 was measured again using AFM 

to evaluate the change in the surface roughness. Thereafter, the contact angle of the oil droplet 

on calcite sample #2 was conducted again in the presence of HS brine. Finally, AFM was used 

again to measure the surface roughness of the calcite sample #2 and evaluate the change in the 

surface roughness. 

Moreover, a geochemical study was conducted through PHREEQC software to evaluate the 

calcite dissolution process in high and low salinity brines and correlate the results with the 

surface roughness variations. 

3.2.3 Testing the Mechanisms of Alcohol-Assisted Waterflooding 

Most of the discovered carbonate oil reservoirs are located in countries where are lack of 

freshwater resources (e.g., the Middle East), which consequently limits the application of the 

low salinity water injection as an enhanced oil recovery (EOR) method. Therefore, it is critical 

to find a new EOR technique to improve oil production in the traditional water flooding stage 

where the high salinity water is used. Therefore, the methodology in Chapter # 8 was designed 

to study the controlling factors of wettability alteration of the oil-brine-carbonate system by 

adding alcohols to the brine. To achieve this objective, I investigated the impact of the alcohol 
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carbon chain length and the number of hydroxy (−OH) functional groups on the contact angle 

of the oil−brine−carbonate system by adding different alcohols (ethanol, isopropanol, 1-

pentanol, and glycerol) in high- and low-salinity brines at ambient conditions. Moreover, zeta 

potentials of brine−calcite and brine−oil interfaces at ambient conditions were measured with 

and without alcohols to elucidate the contact angle measurements on the basis of the 

thermodynamic isotherm. However, the brines used in all the experiments were formulated 

from NaCl and CaCl2 salts only to represent the monovalent and divalent cations in the 

formation brine. The high salinity brine contains 1.00 mol/L NaCl and 0.01 mol/L CaCl2, 

where the low salinity brine was prepared by diluting the high salinity brine 100 times by 

adding ultrapure water.  

Whereas the methodology in Chapter # 9 was designed based on the results obtained from 

Chapter #8. In particular, the methodology was designed to investigate whether the wettability 

alteration obtained by adding alcohol (1-pentanol) at sub-pore level would trigger oil 

detachment, coalescence, transport, and thus enhance oil recovery in high temperature and 

high salinity carbonate reservoirs. To achieve this objective, firstly, I conducted contact angle 

experiments at the sub-pore scale to explore the impact of different temperatures (60, 100, 

140oC) and pressures (10, 20, 30, 40 MPa) on the oil-brine-carbonate interactions in the 

presence of 1-pentanol in high and low salinity brines. Secondly, four coreflooding 

experiments were performed at high temperature (140oC) and high salinity (194450 ppm) at 

reservoir conditions to test the application of mixing a small percentage of 1-pentanol alcohol 

with the high salinity brine to improve the oil production in the secondary and tertiary 

waterflooding modes. 

Note: the photographs of the used equipment in this research are provided in the appendix 

section. 
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Chapter 4.  Response of Non-polar Component on Low Salinity 

Effect in Carbonate Reservoirs: Adhesion Force Measurement Using 

Atomic Force Microscopy* 

4.1 Abstract 

While the effect of polar-oil component on oil-brine-carbonate system wettability has been 

extensively investigated, there has been little quantitative analysis of the effect of non-polar 

components on system wettability, in particular as a function of pH. In this context, we 

measured the contact angle of non-polar oil on calcite surface in the presence of 10 000 ppm 

NaCl at pH values of 6.5, 9.5, and 11. We also measured the adhesion of non-polar oil group 

(–CH3) and calcite using atomic force microscopy (AFM) under the same conditions of contact 

angle measurements. Furthermore, to gain a deeper understanding, we performed zeta 

potential measurements of the non-polar oil-brine and brine-calcite interfaces, and calculated 

the total disjoining pressure.  

Our results show that the contact angle decreases from 125° to 78° with an increase in pH from 

6.5 to 11. AFM measurements show that the adhesion force decreases with increasing pH. Zeta 

potential results indicate that an increase in pH would change the zeta potential of the non-

polar oil-brine and calcite-brine interfaces towards more negative values, resulting in an 

increase of electrical double layer forces. The total disjoining pressure and results of AFM 

adhesion tests predict the same trend, showing that adhesion forces decrease with increasing 

pH. Our results show that the pH increase during low salinity waterflooding in carbonate 

reservoirs would lift off non-polar components, thereby lowering residual oil saturation. This 

physiochemical process can even occur in reservoirs with low concentration of polar 

components in crude oils. 

4.2 Introduction 

Carbonate reservoirs host roughly (>60%) of hydrocarbons (oil and gas) in the world [1], but 

only up to 40% of the oil can be recovered from the reservoirs [3]. The petroleum industry is 

therefore constantly working to develop economically feasible techniques to enhance oil 

recovery in order to meet the growing global demand for energy [182]. One technique that has 

attracted interest within the industry is low salinity waterflooding [83]. Extensive research has 

been done to show that lowering injected brine salinity can improve oil recovery from 

carbonate reservoir at secondary and tertiary mode from 5 to 30% of the original oil in place 

(OOIP) [11, 14, 15, 18, 19, 22, 23, 65]. Wettability alteration towards a more water-wet state 

is believed to be one of the main physiochemical processes behind the low salinity effect, 

which shifts oil relative permeability towards a lower residual oil saturation [22, 49, 62, 63], 

thus enhancing oil recovery. To understand the factors controlling the wettability alteration 

process in carbonate reservoirs, several explanations have been developed and proposed to 
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predict and quantify the wettability alteration, such as electrostatic bridging  [15, 24, 25, 65, 

77], electrical double layer [46, 48, 49, 54] and surface complexation modeling [58, 59].  

 

To be more specific, the existing literature shows that the adsorption of the sulphate onto the 

pore surface would likely shift the surface charge from positive to negative, thus leading to a 

repulsion force between the oil (base and acidic functional groups) and carbonate pore surfaces 

[15]. Additionally, previous studies show that electrical double layer force also plays an 

important role in wettability alteration and release of the oil component from the carbonate 

surface [25, 46, 48, 49, 59].  For example, Mahani et al. [25] measured the zeta potential of 

the oil-brine and brine-carbonate (limestone) interfaces. They found that decreasing the 

salinity leads to an increase in the negative charge of the polar oil-brine and brine-carbonate 

(limestone) interfaces, suggesting a weaker electrostatic adhesion between the polar oil-brine 

and brine-carbonate (limestone) interfaces, and hence recession of the three-phase contact line. 

Furthermore, to gain a deeper understanding at the molecular level, atomic force microscopy 

(AFM) [159, 166] and quartz crystal microbalance (QCM) [158] have been used to examine 

the effect of brine chemistry on polar oil-rock adhesion. For example, Liu et al. [166] used 

AFM to study the effect of salinity on the adhesion force between functional oil groups and 

hydrophobic surfaces. They concluded that the electrical double layer was at least one of the 

controlling factors of adhesion forces, and thus the wettability of oil-brine-rock. In addition, 

Joonaki et al. [158] used QCM to investigate the impact of brine composition on the deposition 

of the asphaltene oil species on the rock surface at elevated temperature and pressure 

conditions. They found that brine composition and salinity play an important role in the 

deposition of the asphaltene oil species on the rock surface, thereby affecting the wettability 

of the oil-brine-rock system.  

 

To better quantify and predict the wettability alteration process, surface complexation 

modeling has been implemented to model chemical surface species from oil and calcite 

surfaces thus characterizing the adhesion of oil and calcite [32, 58-61, 164]. For example, 

Brady et al. [58] developed a surface complexation model to characterize the wettability of 

oil-brine-calcite using a bond product sum concept, which is equal to [-NH+] [>CO3
−] + [-

NH+] [>CaCO3
−] + [-COOCa+] [>CO3

−] + [-COOCa+] [>CaCO3
−] + [-COO−] [>CaOH2

+] + [-

COO−] [>CO3Ca+]. They suggest that the potential adhesion between the polar oil and 

carbonate surface increases with increasing bond product (more oil-wet system), and the 

potential adhesion between the polar oil and carbonate surface decreases with decreasing bond 

product (less oil-wet system). However, the above geochemical models were proposed to 

characterize oil-brine-carbonate wettability in light of the interaction of polar oil groups (–

NH+ and –COO−) on carbonate surfaces. Few research have been done to draw on any 
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structured research into the response of non-polar oil on wettability alteration when low 

salinity waterflooding in carbonate reservoirs, and fewer works have been performed to 

investigate the effect of pH on the adhesion of non-polar oil and calcite, although local pH 

likely increases with low salinity waterflooding in carbonate reservoirs [20, 124, 125, 183]. 

For example, Generosi et al. [137] used AFM to investigate the effect of the potential 

determining ions on the calcite wettability although the pH effect was not examined. They 

found that the presence of Mg2+ and SO4
2- ions decreased the adhesion forces between CH3-

terminated tip and calcite surface thus increasing hydrophilicity. 

 

In conclusion, while the influence of polar oil components on wettability alteration has been 

extensively investigated, in particular in geochemical modeling and molecular-level force 

measurements, researchers have not treated the response of non-polar oil on wettability 

alteration in much detail. Also, we know that the binding/bridging between polar oil 

component-calcite surface would likely decrease with increasing pH, but how non-polar oil 

responds to the increase in pH remains unclear. We therefore hypothesized that non-polar oil 

would be lifted off from calcite surfaces due to the increase in pH during low salinity 

waterflooding. To test this hypothesis, we measured the contact angle of non-polar oil on the 

calcite surface in the presence of an aqueous ionic solution (10 000 ppm NaCl) at pH values 

of 6.5, 9.5, and 11. We also measured the adhesion of the non-polar oil group (–CH3) and 

calcite using AFM under the same conditions of the contact angle measurement. Furthermore, 

to gain a deeper understanding of the isothermal thermodynamic, we performed zeta potential 

measurements of –CH3-brine and brine-calcite interfaces, and calculated the total disjoining 

pressure using a sphere to flat thermodynamic model under constant potential condition. 

4.3 Experimental Procedures 

4.3.1 Materials 

Brine 

To validate our hypothesis and study the influence of pH on the adhesion force between non-

polar oil and carbonate surface, we used NaCl salt (Analytical reagent, 99.9%) and ultrapure 

water (Resistivity 18.2 MΩ) to prepare NaCl brine with 10 000 ppm salinity. It is noteworthy 

that divalent cations (Ca2+ & Mg2+) were not used in this study because of their competition 

with H+/OH− to adsorb on calcite surfaces, which likely compensates for the pH effect on non-

polar oil [146]. Rather, the monovalent ion can better help us to focus on the pH effect. Also, 

to avoid any variation of the pH due to calcite dissolution during the measurements, a piece of 

calcite crystal was submerged in the solution for two days to reach calcite dissolution 

equilibrium. It is worth noting that calcite dissolution can reach equilibrium within 4 hours 
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[82]. Finally, we used 0.250 mol/L of hydrochloric acid and sodium hydroxide solutions to 

adjust the pH of the brine to 9.5 and 11. 

Oil 

Given that this work aims to understand the response of non-polar component on the adhesion 

at calcite surface with the presence of various brines, we used model oil compound containing 

–CH3 groups to represent hydrocarbon functional groups [32, 184, 185]. In this work, we used 

Octadecane (C18H38) for contact angle measurements, and 1-Octadecanethiol (C18H38S) for 

AFM measurements. The strong chemisorption of the thiol group on the gold helps to represent 

the oil on the gold AFM tip [186, 187]. 

Calcite 

To examine our hypothesis, we used calcite crystal (Iceland Spar from Ward's Science) as 

substrates for the contact angle measurements and the AFM experiments. To ensure the 

integrity of experimental measurements, and to avert the surface roughness effect on the 

contact angle and AFM measurements [188, 189], the calcite crystals were cleaved to obtain 

a new clean smooth calcite surface [60], then rinsed with deionized water saturated with calcite 

to remove any small calcite pieces. It is worth noting that we saturated the deionized water 

with calcite to prevent any effect on the new calcite surface during cleaning. Also, it is 

noteworthy that the surface roughness of the new calcite surface used in this work is in a range 

of 4 to 7 nm, which has been reported in our previous work [190].  

Also, we prepared calcite powders with diameters in the range of 10 to 100 μm for the zeta 

potential measurements at the interface of brine-calcite as a function of pH (6.5, 9.5, and 11). 

The calcite powders were prepared using the following steps. Deionized water saturated with 

calcite was used to clean the calcite crystal. Then, the calcite crystal was kept in an oven at 

60° to remove any adsorbed water at surfaces. Afterwards, mortar and pestle were used to 

crush the calcite crystal to fine powders [48]. 

 4.4.2 Contact Angle Measurements 

In this study, we used the sessile drop method (Figure 4-1) to measure the contact angle of 

non-polar oil in the presence of aqueous ionic solution (10 000 ppm NaCl) at pH values of 6.5, 

9.5 and 11 on calcite crystal surfaces. Given that pressure likely plays a negligible role in the 

oil-brine-rock system interactions [191], we measured the contact angle at ambient pressure. 

Also, we performed the contact angle measurements at 27 °C to avoid any solidification of the 

non-polar oil (Octadecane). However, a clean and new calcite substrate was used in the contact 

angle experiments. The substrate was obtained by cleaving a clean calcite sample, which was 

then rinsed with ultrapure water pre-saturated with CaCO3 to remove all the remaining small 
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pieces of calcite from the new surface. Afterward, the new calcite surface was placed into the 

wettability measurement cell which was pre-filled with NaCl solution. After that, a droplet of 

the non-polar oil was then introduced onto the calcite substrate using a syringe. The contact 

angle was monitored and recorded until the contact angle variation with time was negligible. 

It is worth noting that to solely focus on the pH effect on non-polar oil adhesion on calcite 

surfaces, and to compare contact angle results with adhesion force measured by atomic force 

microscopy, we did not use a porous carbonate rock to measure contact angle [192]. 

 

Figure 4-1. Schematic diagram of the contact angle test setup. 

4.4.3 AFM Measurements 

Atomic force microscopy (AFM) is an effective tool for directly measuring the adhesion force 

of the oil-brine-rock system [150, 159, 166, 193-197]. In this work, we used AFM (WITec 

alpha 300 SAR) to measure the adhesion force between the model oil compound and calcite 

in the presence of NaCl brine (10 000 ppm) at pH values of 9.5 and 11 at ambient conditions. 

It is worth noting that we did not measure the adhesion force at pH 6.5 due to the fact that 

calcite dissolution at the surface may significantly affect the oil-brine-calcite adhesion at 

nanoscale. To achieve realistic adhesion force results, we performed about one thousand force-

distance measurements for each of the experiments with one thousand data points for each 

force-distance curve. The average value is reported in the results section. However, WITec 

ProjectFOUR software was used to collect the AFM experimental data. Also, we modified the 

MatLab program developed by Yu et al. [198], and used it to extract adhesion force data for 

multiple measurements at the same time. 

To functionalize the model oil compound onto the AFM tip surface, in all the AFM 

experiments, we used the AFM tips (NPG-10 from Bruker Corporation) coated with gold and 

with a spring constant of 0.06 N/m. A chemical (1-Octadecanethiol, C18H38S) was used to 

functionalize the tip to represent the non-polar oil group (–CH3) [197]. To successfully 
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functionalize the tip, we firstly used a plasma cleaner to clean the AFM tip for 30 min. Then, 

we immersed the AFM tip directly into ethanol at ambient temperature to minimize the gold 

oxide (Au2O3) that forms during the cleaning to metallic gold (Au) [199]. Thereafter, we 

submerged the AFM tip in 1mM of 1-Octadecanethiol (C18H38S) ethanol solution for one day. 

On the completion of the functionalization, the functionalized tip was washed by pure ethanol, 

and then dried by a stream of nitrogen gas prior to AFM measurements [200]. 

4.4.4 Zeta Potential Measurements 

Electrical double layer force may play an important role in the wettability alteration of oil-

brine-mineral systems [48, 201, 202], and this can be computed using the zeta potential of the 

oil-brine and brine-mineral interfaces. Thus, we used a Malvern Zetasizer ZS Nano series to 

measure the zeta potential of –CH3-brine and brine-calcite interfaces at different pH values 

(6.5, 9.5, and 11). However, the zeta potential experiment methodologies are well 

demonstrated by Yang et al. [203]. It is worth noting that all the measurements were conducted 

at 27 °C, and the value of each zeta potential was taken from the average of four measurements. 

4.4.5 Total Disjoining Pressure (Π (Total)) 

To expand our understanding of the isothermal thermodynamic, we calculated the 

intermolecular forces (IMF) between the non-polar oil-brine and brine-calcite interfaces using 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory [204, 205]. 

 ∏(Total) = ∏(Van der Waals) + ∏(electric double layer) + ∏(structural) Eq  4 − 1 

To interpret the AFM adhesion measurements better, we used the sphere to flat geometry 

model to compute the total disjoining pressure at the constant potential condition  [197].  It is 

worth noting that our previous study showed that the sphere to flat geometry model could 

better interpret the adhesion between the tip and flat substrate in AFM experiments compared 

to flat to flat geometry model [197]. 

Van der Waals forces 

Van der Waals force is a long-range interaction, and it can be an attractive or repulsive force, 

depending on the sign of the calculated Hamaker constant  [206]. In this research, the Van der 

Waals intermolecular force was an attractive force, and we computed the Van der Waals 

intermolecular force using the sphere to flat surface geometry model using the following 

model [206]: 

 
∏(Van der Waals) =  − 

𝐴𝑅 

6ℎ2
 Eq  4 − 1 
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where 𝑅 is the sphere radius (m), h the film thickness between the tip and flat substrate (m), 

and A is the Hamaker constant (range between 10−21 to10−19) calculated using equation 4-3, 

below [146]: 

where 𝑘𝐵 is the Boltzman constant (1.381 × 10−23 J/K); 𝑇 is the temperature in kelvin; 𝜀𝑜 is 

the permittivity of oil (2 C/(V.m)) [146]; 𝜀𝑤 is the permittivity of water (78.3 C/(V.m)), and 

𝜀𝑠 is the permittivity of rock (7 C/(V.m)) [146]. 

Electric double layer forces  

Electric double layer forces are a function of the surface charges and brine ionic strength, 

which strongly affects the total disjoining pressure [204]. It is noteworthy that we calculated 

electrostatic potential using the Debye-Huckel equation although some of our zeta potential 

values are a bit greater than 50 mV [207]. 

Where 𝜓1  and 𝜓2  are the zeta potential of the brine-calcite and –CH3-brine interfaces, 

respectively; 𝜀 is the permittivity of vacuum (8.85 × 10−12 C/(V.m)); 𝑅 is the radius of the 

sphere (m), and 𝑘 is the Debye length of solution (m−1). 

The Debye length is computed using equation 4-5 below [204]: 

Where 𝑒 is the electron charge (1.60 × 10−19 C); 𝑧 is the valence of a symmetrical electrolyte 

solution; and 𝑛𝑏 is the ion density in the bulk solution. 

Structural forces  

The structural forces are a short-range interaction (h < 5 nm) compared to the long-range 

interaction forces (Van der Waals and Electric double layer forces). In this research, the 

structural forces were attractive interaction (hydrophobic forces) [205, 208], and we computed 

these using equation 4-6, below [208]: 

where 𝐴𝑠 is the constant range between 106 to 5 × 108 Pa [209]; and 𝜆0 is the structural forces 

decay length range between 0.2 to 1 nm [209]. In our study, we assumed that 𝐴𝑠 = 108 Pa [209] 

and the 𝜆0 = 0.3 nm [210, 211]. 

 
𝐴 =  

3

4
𝑘𝐵𝑇 (

𝜀𝑜 − 𝜀𝑤  

𝜀𝑜 + 𝜀𝑤
) × (

𝜀𝑠 − 𝜀𝑤  

𝜀𝑠 + 𝜀𝑤
) Eq  4 − 3 

 
∏(Electric double layer) =  

2𝜋𝑅𝜀𝜀𝑤𝑘[ 2𝜓1𝜓2 − (𝜓1
2 + 𝜓2

2)𝑒−𝑘ℎ]

(𝑒+𝑘ℎ − 𝑒−𝑘ℎ)
 Eq  4 − 4 

 

𝑘−1 = √
𝜀𝜀𝑤  𝑘𝐵𝑇 

2𝑒2𝑧2𝑛𝑏
 Eq  4 − 5 

 
∏(structural) =  −𝐴𝑠exp (−

ℎ 

𝜆0
) Eq  4 − 6 
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4.4 Results and Discussion 

4.4.1 Effect of pH on the Contact Angle of the Non-Polar Oil-Brine-Calcite 

System  

Our contact angle measurement (measured through the brine phase) shows that increasing the 

pH of the bulk brine leads to a decrease in the contact angle of the non-polar oil-brine-calcite 

system, indicating a more water-wet system. For example, Figure 4-2 shows that the contact 

angle of the non-polar oil-brine-calcite system decreases from 125° to 97° when pH increases 

from 6.5 to 9.5, and decreases further to 78° when the pH increases to 11. This is largely due 

to the fact that pH influences the magnitude and polarity of electrostatic forces at the non-polar 

oil-brine and brine-calcite interfaces [60, 61]. Our results are in agreement with Rezaei et al.  

[212], who reported that increasing the pH of n-decane (non-polar oil)-brine-calcite system 

from 5 to 10 reduces the contact angle from 148° to 51°, suggesting that the wettability of n-

decane-brine-calcite system is dependent on pH. Alameri et al. [49], also reported a similar 

pH effect on the contact angle of the oil-brine-carbonate system. It is also worth noting that 

pH likely significantly affects the interaction of the polar-oil-brine-carbonate system, and thus 

contact angle and wettability. For example, Xie et al. [60], found that increasing the pH from 

3 to 8 increased the contact angle of the oil-brine (Na2SO4)-carbonate system from 53° to 175°. 

Moreover, the trend of the contact angle variation with pH can be predicted by the concept of 

bond product sum [60, 61]. 

 

Figure 4-2. Contact of non-polar oil group (-CH3) with calcite in presence of NaCl solution 

at (A) pH 6.5  (B) pH 9.5 and (C) pH 11. 

4.4.2 Effect of pH on Non-Polar Oil-Calcite Interaction  

The AFM results show that the adhesion force between non-polar-oil and calcite decrease with 

increasing pH (Figure 4-3 and 4-4), supporting our contact angle measurements and 

confirming that the increase of pH caused by low salinity injection likely prompts non-polar 

oil lifting off from pore surfaces. Figure 4-3 shows the average force-distance curves between 

non-polar oil group and calcite in the presence of sodium chloride brine (10 000 ppm salinity) 

at pH 9.5 and 11. The force-distance curves show that the adhesion forces of the non-polar oil 

group (–CH3) decreases from about 9.2 to 2.8 nN (a 3-fold decrease) with an increase in pH 
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from 9.5 to 11. While few studies have been done to examine the impact of pH on non-polar 

calcite adhesion with the aid of AFM, our new results are in agreement with our previous work 

[197], where we found that increasing the pH from 7 to 11 would decrease the adhesion force 

five times (from 890 to 180 pN) between non-polar oil (–CH3) and muscovite in the presence 

of sodium chloride brine with 10 000 ppm salinity. Also, Juhl et al. [207], found that increasing 

the pH from 2 to 8 decreased the adhesion force between non-polar oil (–CH3) and muscovite 

from 1200 to 100 pN.  Additionally, they noticed similar pH impact on the adhesion force 

between non-polar oil (–CH3) and quartz. For example, in their measurements, when 

increasing the pH from 2 to 8 the adhesion force between the non-polar oil (-CH3) and quartz 

decreased from 300 to ≈10 pN. Therefore, we tentatively conclude that increasing the pH 

increases the negative charges of the non-polar oil (−CH3)-brine interface and brine-calcite 

interface thus giving rise to the electrical double layer force, which is discussed in the section 

below. 

 

Figure 4-3. Average force-distance curves of non-polar oil group (-CH3) and calcite in 10 

000 ppm NaCl solution at (A) pH of 9.5 and (B) pH of 11. 
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Figure 4-4. Histograms of adhesion forces between non-polar oil group (-CH3) and calcite in  

10 000 ppm NaCl solution at pH of 9.5 and pH of 11. 

4.4.3 Effect of pH on Zeta Potential of Brine-Calcite and Non-Polar Oil-Brine 

Interfaces  

The zeta potential of the brine-calcite interface is shifted in the negative direction with 

increasing pH (Figure 4-5), which is in line with previous works [213-215]. To be more 

specific, the zeta potential of the brine-calcite decreases from −8.0 mV to −12.0 mV with 

increasing pH from 6.5 to 9.5, and decreases further to −18.3 mV when increasing the pH to 

11. This is consistent with the work of Thompson et al. [214], who found that increasing the 

pH from 9 to 11 decreased the zeta potential of the brine-calcite interface from −19 to −31 

mV. Similarly, Siffert et al. [213], found that the zeta potential of NaCl brine (1mM)-calcite 

interface decreased from −2 to −22 mV when increasing pH from 9 to 11. Additionally, Vdovic 

et al. [215], reported that zeta potential of calcite in 1 mM NaCl brine decreased from −15 to 

−18 mV when increasing the pH from 9 to 10.5. However, the increase of zeta potential 

negativity with pH is mainly due to the deprotonation of the calcite surface sites and the 

increase in the negative calcite surface species >CaO− and >CO3
− according to the following 

geochemical reactions [54, 216]: 

 

Figure 4-5.  Zeta potential of calcite powder as a function of pH in 10 000 ppm of NaCl 

solution. Error bars represent the standard deviation. 

Similar to the brine-calcite interface, increasing pH yields strongly negative zeta potential of 

non-polar oil (–CH3)-brine interface. For example, increasing the pH from 6.5 to 9.5 (Figure 

4-6) decreases the zeta potential of the non-polar oil (–CH3)-brine interface from −35 to −45 

>CaOH0 +OH− = >CaO− + H2O 

>CO3H0 +OH− = >CO3
− + H2O 
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mV, and it decreases further to −64 mV when increasing the pH to 11. This is consistent with 

the work of Jozef et al. [217], who observed that increasing the pH from 6 to 11 leads to a 

decrease in the zeta potential of the non-polar oil (C6H14)-brine from −30 to −35 mV. Also, 

Marinova et al. [218],  observed that raising the pH from 7 to 9 leads to a decrease in the zeta 

potential of the non-polar oil interface from −70 to −100 mV. Additionally, Beattie et al. [219], 

reported that zeta potential of the non-polar oil (hexadecane)-brine decreased from −95 to 

−125 mV when increasing the pH from 7 to 9.5. Taken together, the existing zeta potential of 

non-polar oil-brine implies that increasing pH leads to the adsorption of excess OH− on the –

CH3 -brine interface, thus further shifting the zeta potential to be more negative [217-219]. 

 

Figure 4-6.  Zeta potential of non-polar oil group (-CH3) as a function of pH in 10 000 ppm 

of NaCl solution. Error bars represent the standard deviation. 

4.4.4 Effect of pH on Disjoining Pressure of the Sphere to Flat Model  

To provide deeper thermodynamic insight into the experiments (e.g., contact angle, AFM 

adhesion force and zeta potential measurements), total disjoining pressure calculation was 

performed under constant potential conditions. It is worth noting that positive and negative 

disjoining pressure represents repulsive and attractive forces, respectively. Figure 4-7 shows 

that all pHs (6.5, 9.5, and 11) give negative disjoining pressure (Figure 4-7) in line with the 

AFM measurement. Additionally, the total disjoining pressure increases with increasing pH, 

suggesting greater repulsion in the non-polar oil-brine-calcite systems, which is in agreement 

with adhesion force results. For example, increasing the pH from 9.5 to 11 increases the 

repulsion of non-polar oil-brine-calcite systems in line with the AFM measurement.   

In general, our results show that increases of pH during low salinity flooding in carbonate 

reservoirs lead to detachment of the non-polar oil components (the major oil components) from 

carbonate surface. This physicochemical process may not be modelled using the existing 

geochemical reactions because only the polar functional groups are captured in the 
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geochemical models [58, 61, 78]. However, our results show that the pH increase triggered by 

low salinity waterflooding may lead to the detachment of non-polar component. This implies 

that low salinity waterflooding may also be applied to carbonate reservoirs with low 

concentration of polar component such as low acid number and base number. 

 

Figure 4-7.  Total disjoining pressure under constant potential condition, versus interfacial 

separation of Calcite and non-polar oil with presence of NaCl solution at pH 6.5, 9.5 and 11.  

4.5 Summary and Conclusions  

Wettability alteration is believed to be a major physicochemical factor in the application of 

low salinity water injection in carbonate formations. The effect of polar oil components on 

wettability alteration has been extensively investigated as a function of pH, but researchers 

have not evaluated the response of non-polar oil on wettability alteration in much detail, 

although crude oils are rich in non-polar components. Therefore, we measured the contact 

angle of non-polar oil on the calcite surface in the presence of an aqueous ionic solution (10 

000 ppm NaCl) at pH values of 6.5, 9.5, and 11. In addition, we used atomic force microscopy 

(AFM) to measure the adhesion of the non-polar oil group (–CH3) and calcite at different pH. 

Furthermore, to gain a deeper understanding of the isothermal thermodynamic, we performed 

zeta potential measurements of non-polar oil (–CH3)-brine and brine-calcite interfaces, and 

calculated the total disjoining pressure using a sphere to flat thermodynamic model under 

constant potential conditions. 

Contact angle measurements showed that the contact angle decreases from 125° to 97° with 

increasing pH from 6.5 to 9.5, and decreases further, to 78°, when increasing the pH to 11, 

implying a more water-wet system. AFM adhesion force measurements between the non-polar 

oil group (–CH3) and calcite showed that the adhesion force decreases with an increase in pH 

from 9.5 to 11. The zeta potential data measured indicate that an increase in pH would cause 

a change in the zeta potential of the non-polar oil (–CH3)-brine and calcite-brine interfaces 
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towards more negative values which would then result in an increase in the electrical double 

layer force. The total disjoining pressure and results of AFM adhesion tests follow similar 

trends, showing that adhesion force decreases with increasing pH due to electrical double layer 

expansion thus leads to a water-wet system. Taken together, our results confirm that 

detachment of non-polar oil from carbonate rock continues to take place during low salinity 

water injection, although desorption of non-polar oil from carbonate could not be modeled 

using existing surface complexation models. Also, this work sheds further light on the 

significance of pH increase on non-polar oil-calcite adhesion during low salinity water 

injection, and provides insights into the quantification of carbonate reservoir wettability. 
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Chapter 5.  Influence of pH on Acidic Oil-Brine-Carbonate 

Adhesion Using Atomic Force Microscopy* 

5.1 Abstract 

Wettability alteration seems to be the main physicochemical process during low salinity water 

injection in carbonate formations. A pH increase due to calcite dissolution during low salinity 

water injection may affect oil-brine-rock interaction and thereby wettability. However, far too 

little attention has been paid to quantifying the impact of such an pH increase on acidic oil-

carbonate adhesion. Therefore, we measured contact angles between acidic oil (-COOH) and 

calcite crystal in the presence of 10 000ppm NaCl solutions at different pHs (6.5, 9.5 and 11) 

at ambient conditions. Furthermore, we used atomic force microscopy (AFM) to measure the 

adhesion force between acidic oil groups (–COOH) and calcite substrate at different pHs (9.5 

and 11) at similar conditions of the contact angle experiments. Moreover, to confirm the 

contact angle and AFM results, we measured the zeta potential of oil-brine and calcite-brine 

interfaces at the same condition and calculated the thermodynamic isotherm disjoining 

pressure. disjoining pressure. Our results show that the contact angle reduces from 134 to 95° 

as the pH increases from 6.5 to 11, increasing hydrophilicity. Adhesion force measurements 

show that increasing pH reduces the adhesion force between the acidic oil and carbonate in 

line with contact angle results. Zeta potential results show that increasing the pH increases the 

negativity of the zeta potential of acidic oil−brine and calcite−brine interfaces, implying the 

increase of the electrical double layer force. Furthermore, the total disjoining pressure isotherm 

becomes less negative with increasing pH, implying an increase of hydrophilicity. Taken 

together, our results confirm that a local pH increase due to calcite dissolution during low 

salinity water injection would prevail in the wettability alteration process in particular for high 

acidic oil bearing carbonate reservoirs. 

5.2 Introduction 

Carbonate formations are considered to be the most important oil reserves because they host 

more than 60% of the world’s oil [1].  Nevertheless, the primary oil recovery stage (i.e., 

pressure depletion process) and the secondary oil recovery stage (i.e., gas or water injection) 

produce less than 40% of original oil in place (OOIP) in total from the carbonate reservoirs 

[3]. Low salinity water flooding appears to be a cost-effective and environmentally friendly 

means to achieve the reservoir potential by accelerating oil production while reducing residual 

oil saturation. Extensive work has been conducted at multiscale to investigate the potency of 

the low salinity effect in carbonate formation such as micromodel experiments (calcite 

microfluidic chip) [220], contact angle experiments [14, 23, 25-28, 220], spontaneous 

imbibition experiments [11, 18, 29-31], and forced imbibition experiments [14, 18, 23, 30, 49, 

68], which show 5-30% increase in oil recovery.  
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The wettability alteration process has been confirmed as at least one of the dominant 

mechanisms during low salinity water flooding. Moreover, a few mechanisms have been 

proposed to decipher the wettability alteration process such as dissolution of anhydrite [15] 

and calcite [23, 42], change of the electrostatic charge of the carbonate surface [24, 43], 

combination of the charge change and dissolution mechanisms [44, 45], expansion of the 

electrical double layer [46, 49, 54, 163], generation of in situ surfactant, [50] variations in 

interface viscoelasticity [7, 33, 36, 41, 51], and formation of  microdispersions [39, 52].  

Generally, all the mechanisms are associated with fluid−fluid interaction, and/or fluid−rock 

interaction, and/or fluid-fluid−rock interactions. However, it appears that fluid−fluid−rock 

interactions are of paramount importance, which governs the in situ wettability of reservoirs 

during low salinity water injection. Published works show that polar oil components (e.g., 

acidic oil group and basic oil group) play a vital role in the wettability of the carbonate surface 

[15, 48, 55, 58, 60, 70, 73, 75, 165].  For instance, contact angle, spontaneous imbibition, and 

core flooding experiments show that the acidic oil component (−COOH) plays a crucial role 

in the low salinity effect on the oil−brine− carbonate interaction, and hence the wettability of 

carbonate surface [15, 48, 55, 70, 73, 75, 165].  In addition, atomic force microscopy (AFM) 

has been used to study the influence of salinity on the adhesion force between the acidic oil 

components and hydrophobic surfaces, although the pH effect was not investigated. For 

example, Liu et al. [166] used AFM to investigate the influence of the brine salinity on the 

interaction force between the oil components and hydrophobic surfaces. They found that 

reducing salinity decreases the adhesion force between acidic oil groups and hydrophobic 

surfaces, thus altering the wettability of the hydrophobic surfaces. Furthermore, the molecular 

dynamic modeling has been used to elucidate the effect of the salinity on the adsorption of the 

acidic oil species on the carbonate surface. For instance, Bai et al. [138] developed a new 

molecular dynamic model to study the wettability alteration on the carbonate surface by 

analyzing the adsorption of the carboxylate species (R−COO−, acidic oil) on the calcite 

surface. They found that lowering the salinity of the water increases the distance between the 

carboxylate (R−COO−) oil species and the calcite surface due to the double layer expansion 

and, thus, leads to detachment of the carboxylate (R−COO−) oil species and increases the oil 

recovery. Also, they observed that the presence of SO4
2− and Ca2+ ions in the brine lead to the 

detachment of the carboxylate (R−COO−) oil species from the calcite surface. In particular, 

they found that SO4
2− displaces carboxylate (R−COO−) oil species from the calcite surface, 

while Ca2+ forms an ion pair with the carboxylate (R−COO−) oil species, thereby detaching 

the oil from the calcite surface. 

Published work also shows that injecting low salinity water in carbonate leads to an increase 

in the local pH (up to 10) due to calcite dissolution [20, 82, 124-126], and this pH increase 
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most likely affects the oil−brine−carbonate interactions and hence wettability alteration. It is 

worth noting that the low salinity water may not always trigger the pH change at the core or 

reservoir scale as a result of the buffering effect. For example, Al-Attar et al. [135] Adegbite 

et al. [221] and Zaeri et al. [222] report increase of ≤1 pH unit during the low salinity water 

injection in carbonate. However, the local pH increase at the brine−carbonate interface disturbs 

the oil−brine−carbonate geochemical equilibrium and thus breaks the bonds between oil and 

carbonate, which triggers the wettability alteration process [48, 58-61, 82]. In this context, the 

geochemical modeling [58-61], and the contact angle measurements [48, 60, 61, 212] have 

been conducted in the past few years to reveal the key factor(s) of the wettability shift process 

during low salinity water flooding, accounting for the contribution of pH toward wettability 

alteration. For instance, Brady et al. [58] developed a surface complexation model to predict 

the low salinity effect on the wettability of the carbonate system by calculating the bond 

product sum, which is equal to [>CaOH2
+][–COO−] + [>CO3Ca+][–COO−]+ [>CO3

−] [–

COOCa+] + [>CaCO3
−][–COOCa+]  + [>CO3

−][–NH+]  +  [>CaCO3
−][–NH+]. They propose 

that the potential adhesion between the carbonate surface and polar oil species reduces with 

decreasing the bond product sum (more water-wet system), and the potential adhesion between 

the carbonate surface and polar oil species increases with the increasing the bond product sum 

(more oil-wet system). However, they reported that increasing the pH causes a decrease in the 

concentration of the polar oil and calcite surface species (bond product sum), and thus shifts 

the wettability to less oil-wet and increase the oil recovery. Also, Xie et al. [60] investigated 

the effect of pH on the wettability of the oil-brine-carbonate system and the implication of low 

salinity water flooding by conducting contact angle measurements and geochemical modeling. 

They found that at low pH (< 5), the oil-brine-carbonate system usually shows a water-wet 

system, where at pH between 6.5 to 7.5 exhibits oil-wet system, suggesting that pH is one of 

the controlling factors to govern the wettability of carbonate system. 

Contact angle measurements also show that pH plays an important role in the oil-brine-

carbonate interactions, thus wettability alteration. For example, Rezaei Gomari et al. [212] 

conducted contact angle experiments to study the influence of brine chemistry on the acidic 

oil-brine-calcite interaction. They found that the adsorption of the acidic oil groups on the 

carbonate surface decreases with increasing the pH of the brine, and thus increases the 

hydrophilicity of the carbonate surface. In addition, Xie et al. [223] performed contact angle 

measurements to study the influence of brine chemistry and oil composition on the wettability 

of the calcite surface. They found that increasing the pH of the brine from 7 to 12 slightly 

decreases the contact angle, suggesting that increasing the pH reduces the adsorption of the 

acidic oil components (–COO–) on the carbonate surface, thus shifting the wettability of the 

carbonate system to more water-wet. Moreover, Sari et al. [48] preformed contact angle 
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measurements to investigate the influence of the pH on the wettability of the oil-brine-

carbonate system. They found that increasing the pH from 3 to 8 decreases the hydrophilicity. 

However, contradictions remain on the effect of the pH on the acidic oil-carbonate 

interactions, and the response of the acidic oil species on wettability alteration as a function of 

the pH remains unclear. 

In conclusion, while there has been considerable investigation on the response of the acidic oil 

components to the salinity effect, there are limited experimental studies that have been carried 

out to investigate the impact of pH increases due to calcite dissolution on the adhesion force 

between the acidic oil components (-COOH) and carbonate surface at the molecular level. 

Therefore, in this work we aimed to experimentally measure the contact angle of pure acidic 

oil (-COOH) on the calcite crystal in the presence of 10 000ppm NaCl solutions at different 

pH values (6.5, 9.5, and 11) at ambient condition.  Then, we used an atomic force microscope 

(AFM) to measure the adhesion force between acidic oil groups (–COOH) and calcite substrate 

at different pH values (9.5 and 11) at conditions similar to those for the contact angle 

experiments. Moreover, to decipher the AFM and contact angle results, we conducted zeta 

potential experiments and computed the disjoining pressure isotherm as a function of pH. 

5.3 Experimental Methodology 

5.3.1 Experimental Materials 

Carbonate substrate 

In this research, we used Iceland Spar calcite crystal to represent carbonate substrate in the 

adhesion force experiments (AFM) and contact angle experiments. Prior to all the AFM and 

contact angle experiments, the Iceland Spar calcite crystals were cleaved to gain a new clean 

calcite surface [60], which can help to eliminate the impact of surface roughness on the results 

of the experiments [188, 189]. Our previous work shows a surface roughness with a range of 

4 to 7 nm on a new calcite surface, which plays a minor role in adhesion forces [190]. To 

remove small calcite particles from the new calcite substrate, deionized water equilibrated with 

CaCO3 was used to rinse all the new calcite surfaces. 

We also used Iceland Spar calcite crystal to prepare calcite powders for zeta potential 

experiments with diameters of the powder particles ranging from 10 to 100 µm. The steps of 

the preparation of the calcite powders were well explained in previous work [48, 224]. 

Brines 

Given that we aimed to focus on the influence of pH on the wettability of acidic oil component-

brine-carbonate, and divalent cations (Ca2+ and Mg2+) may compensate the pH effect due to 

their adsorption on the calcite surface which in return will reduce the influence of H+/OH- 
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[146], the brine used in this research was prepared using monovalent ion (NaCl) at a 

concentration of 10 000 mg/L.  The brine was prepared by dissolving the analytical reagent 

NaCl salt (99.9%) in ultrapure water with a resistivity of 18.2 MW. It is worth noting that 10 

000 ppm NaCl gives the highest wettability alteration in carbonate in the presence of NaCl 

solution [225]. Furthermore, we placed a small piece of calcite in the NaCl brine for 2 days to 

avoid calcite dissolution during the experiments which most likely lead to pH variation. 

Finally, we obtained the desired brine pH (9.5, 11) by adding 0.250 M NaOH and HCl 

solutions. It is worth noting that when the brine has a pH < than 9, the dissolution process will 

take place and thus lead to unstable adhesion force measurements at the nanoscale. Therefore, 

in this study, high pH values were selected for the adhesion force measurements (9.5 and 11) 

to avoid the calcite dissolution which could influence the adhesion measurements at the 

nanoscale. In this case, we at least can obtain a realistic trend of the pH effect on the adhesion 

force between the acidic oil and the calcite surface, although the low salinity flooding in 

carbonate leads to a pH increase up to 10 [20, 82, 124-126]. 

Oil 

To elucidate the impact of pH on the interaction between the acidic oil components and 

carbonate substrate, a model oil with a carboxylic functional group was used to represent the 

acidic oil component. The model oil used in the adhesion measurements was 11-

mercaptoundecanoic acid (C11H22O2S) with a purity of 100% [150, 166, 197, 201, 226], and 

undecanoic acid (C11H22O2) with a purity of 98% was used for contact angle measurements. It 

is worth noting that strong chemisorption between the gold on the AFM tip and the thiol group 

in 11-mercaptoundecanoic acid (C11H22O2S) would help to functionalize the tip with the model 

oil [186, 187]. Also, it is worthwhile to mention that we did not use non-polar model oil (e.g., 

n-decane) to dilute the TAN of the acidic oil used in the contact angle measurements. This is 

because we aim to compare the contact angle results with the AFM results, which requires 

functional groups to be modified onto the tip of the sensor.  In addition, the effect of the acidic 

oil concentration becomes negligible after a certain level of –COO–. This is because the calcite 

surface contains a limited number of surface species (e.g., >CaOH2
+, >CO3Ca+) which can 

accommodate a similar number of –COO– oil components. 

5.3.2 Contact Angle Experiments 

The sessile drop procedure was conducted in this study to examine the impact of pH increases 

on the contact angle of the acidic oil drop on calcite substrate in the presence of the 10 000 

mg/L NaCl brine. Given that the pH of the brine likely increases from 5 to 10 during the 

injection of low salinity water in carbonate due to the dissolution of the calcite [20, 82, 124-

126], a variation of pH (6.5, 9.5, and 11) was used to examine the influence of pH on the 
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wettability of the acidic oil-brine-carbonate system. We selected pH 11 to run contact angle 

measurements to further examine the trend of the pH effect on wettability. However, to solely 

focus on the impact of pH on the adhesion between the acidic oil and calcite surface, and to 

compare contact angle results with the adhesion force measured by AFM, we performed all 

the contact angle experiments at ambient conditions. The procedure of the contact angle 

measurement was well described in our previous work [224]. It is worth mentioning that, in 

each contact angle experiment, we placed two acidic oil droplets on the calcite substrate and 

reported the average of the contact angle measurements after the equilibrium conditions were 

reached. 

5.3.3 AFM Experiments 

Given that atomic force microscopy (AFM) [150, 159, 166, 193-197] is a well-defined and 

controlled setup for adhesion force at the molecular level, we used WITec alpha AFM (300 

SAR) to examine the impact of the pH on the interaction between the acidic oil component 

and the calcite substrate inside sodium chloride solution (10 000 mg/L) at different pHs (9.5 

and 11). To achieve reliable interaction forces between the calcite surface and the acidic oil 

species, 300 adhesion measurements were obtained. The average value of the adhesion forces 

and the closest force−distance curve to it are presented under Results and Discussion. The data 

from the AFM measurement was collected by WITec ProjectFOUR software; thereafter we 

used the MatLab program to extract the adhesion force measurement data. It is worth noting 

that we used NPG-10 AFM tips from Bruker Corp. in all the AFM experiments, and the 

methods of functionalizing the AFM tip with the model oil are well documented in our 

previous works [197, 224]. 

5.3.4 Zeta Potential Measurements 

We measured the zeta potential of calcite−brine and acidic oil−brine interfaces to investigate 

the impact of pH increases on the zeta potentials of these interfaces, and also to calculate the 

electrical double layer force. Malvern ZS series was used in this study to determine the zeta 

potentials of calcite−brine and acidic oil−brine interfaces at 6.5, 9.5, and 11 pH values. The 

steps of zeta potential measurements are explained in detail by Yang et al. [203]. All the zeta 

potential tests were performed at the same temperature as the contact angle experiments (27 

°C), and the average of four results is reported under Results and Discussion. 

5.4 Total Disjoining Pressure (Π (Total)) 

This section describes the computation of the Derjaguin, Landau, Verwey, and Overbeek 

(DLVO) theory, which can provide a deep understanding of the influence of pH increases on 

the intermolecular forces in the oil−brine−carbonate system [204]. All the meanings and units 

of the symbols in the equations are provided in the Nomenclature. 
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We calculated the total disjoining pressure at constant potential assumption using a sphere on 

flat geometry model [197, 224], which provides a representative demonstration of the 

interaction between model oil on the AFM tip and the calcite surface in the AFM adhesion 

force measurements, in comparison to other geometry models such as the two flat surfaces 

model [197]. 

5.4.1 Van der Waals Forces (Π (vdw)) 

The first part of the total disjoining pressure is the van der Waals force, which is a long-range 

interaction force [206]. In this study, we used the following equation (eq 5-2) to calculate the 

van der Waals intermolecular force: [206]  

However, the sign of the Hamaker constant determines if the van der Waals force is a 

repulsive or attractive force [227], and eq 5-3 was used to calculate the Hamaker 

constant: [146] 

 
𝐴 =  

3

4
𝑘𝐵𝑇 (

𝜀𝑜 − 𝜀𝑤  

𝜀𝑜 + 𝜀𝑤
) . (

𝜀𝑠 − 𝜀𝑤  

𝜀𝑠 + 𝜀𝑤
) Eq  5 − 3 

5.4.2 Electric Double Layer Forces (Π (EDL)) 

Electric double layer forces play an important role in the calculation of the total 

disjoining pressure [204], and this force is a function of the ionic strength of the 

solution and charges of the surfaces. It is worth knowing that some of our zeta potential 

measurements are slightly higher than 50 mV and we computed the electrostatic 

potential by the Debye−Hücke equation [207]. 

 
∏(EDL) =  

2𝜋𝑅𝜀𝜀𝑤𝑘[ 2𝜓1𝜓2 − (𝜓1
2 + 𝜓2

2)𝑒−𝑘ℎ]

(𝑒+𝑘ℎ − 𝑒−𝑘ℎ)
 Eq  5 − 4 

where eq 5-5 was used to calculate k (Debye length of solution): [204]  

5.4.3 Structural Forces (Π (STR)) 

The third part in eq 5-1 is a short-range structural force (h < 5 nm). Structural forces can be 

repulsive forces for the hydrophilic surface and attractive forces for the hydrophobic surface 

[205, 208]. In this study, the structural forces are attractive forces (negative sign in eq 5-6), 

and they are calculated by using eq 5-6: [208] 

 ∏(Total) = ∏(vdw) + ∏(EDL) + ∏(STR) Eq  5 − 1 

 
∏(vdw) =  − 

𝐴𝑅 

6ℎ2
 Eq  5 − 2 

 

𝑘−1 = √
𝜀𝜀𝑤  𝑘𝐵𝑇 

2𝑒2𝑧2𝑛𝑏
 Eq  5 − 5 
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∏(STR) =  −𝐴𝑠exp (−

ℎ 

𝜆0
) Eq  5 − 6 

5.5 Results and Discussion 

5.5.1 Influence of pH on the Contact Angle 

Contact angle experiments show that raising the pH of the NaCl brine lowers the contact angle 

of the acidic oil−brine−calcite system, implying an increase of hydrophilicity. For example, 

the contact angle results in Figure 5-1 demonstrate that raising the pH of the solution from 6.5 

to 9.5 reduces the contact angle of the acidic oil droplets on the calcite substrate from 130° 

(strong oil-wet system) to 110° (less oil-wet system), and the contact angle of the acidic oil 

drop on the calcite substrate reduces further to 80° with raising the pH further to 11, implying 

wettability alteration of acidic oil−brine−carbonate from the strong oil-wet surface to a slightly 

water-wet surface. However, this is mostly because the magnitude and polarity of the 

electrostatic forces of calcite−brine and acidic oil−calcite interfaces are highly sensitive to the 

pH variation [60, 61]. The contact angle results are in line with those of Rezaei Gomari et al. 

[212] who found that adsorption of the oil carboxylic functional group on calcite is controlled 

by the pH of the bulk solution. For instance, Rezaei Gomari et al. [212] found that raising the 

pH of NaCl brine from 5 to 7 causes a reduction in the advancing contact angle of the stearic 

acid/n-decane/water/calcite system from 140 to 95°, and this reduction in the contact angle 

continues to reach 50° when the pH increases further to 10 (see Figure 4 in ref [212]). Also, 

they report that the contact angle of the stearic acid/n-decane/water/calcite system decreases 

from 108 to 82° when the pH of the MgCl2 brine increases from 5 to 7, and the contact angle 

reduces further to 68° with raising the pH to 10 [212].  In addition, Xie et al. [223] observed a 

similar pH effect on the contact angle of the oil−brine−calcite system. They found that raising 

the pH of the brine from 7 to 12 decreases the contact angle of the oil−brine−calcite system, 

and they suggested that increasing the pH reduces the adsorption of the acidic oil components 

(−COO−) on the calcite and, thus, shifts the wettability of the system to more water wet.  

Also, it is worth mentioning that the basic oil components (−NH+) behave oppositely with 

increasing pH. For example, Chen et al. [61] measured the contact angle of oil with a high 

base number on the calcite surface in the presence of brines with different pH values. Their 

results indicate that the contact angle increases from 50 to 81° with increasing the pH from 

4.42 to 5.68 regardless of the salinity; thus increasing the pH decreases the hydrophilicity of 

the calcite surface. 
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Figure 5-1: Contact angle of a drop of acidic oil on calcite substrate in sodium chloride 

(NaCl) solution at different pHs: (A) 6.5, (B) 9.5,  and (C) 11. 

However, the effect of pH on the contact angle can be interpreted from a geochemical 

perspective. For example, the pH increase of NaCl solution in the contact angle experiment 

likely reduces the [–COO-] at the oil surfaces [76, 228], and decreases the [>CaOH2
+] at the 

calcite crystal surface [229], hence reducing the electrostatic bridges between acidic oil and 

calcite surface species and shifting the wettability from strongly oil wet to a less oil-wet 

system. Also, elevating the pH in the contact angle experiment possibly increases the 

[>CaCO3
-] at the calcite crystal surface [60, 61], which may increase the repulsion between 

the [–COO-] at the oil surface and [>CaCO3
-] at the calcite crystal surface [58]. Consequently, 

the contact angle of the acidic oil droplets on the carbonate reduces with pH, shifting the 

wettability of carbonate system from strongly oil-wet to a less oil-wet system. 

In addition to the contact angle results, we found that raising the pH from 6.5 to 11 leads to a 

slight decrease in the interfacial tension (IFT) of the acidic oil-brine interface. For example, 

Figure 2 shows that increasing the pH from 6.5 to 11 decreases the interfacial tension from 11 

to 8.5 mN/m; thereby the IFT plays a minor role in the wettability alteration. Also, this small 

reduction in the IFT confirms that saponification did not occur in the system at pH 11 as the 

saponification leads to a significant reduction in the IFT. However, the IFT results are in line 

with the work of Rezaei Gomari et al. [212] who found that increasing the pH from 5 to 10 

causes a negligible effect on the IFT of short-chain acid (heptanoic acid) and suggested that 

acid dissociation was behind this phenomenon. It is worth noting that heptanoic acid and 

undecanoic acid (model oil used in this study) have the same dissociation constant of 4.8 [230]. 
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Figure 5-2: Effect of pH on the IFT of undecanoic acid−(NaCl) brine interface. Error bars 

show the standard deviation. 

5.5.2 Influence of pH on Adhesion Force 

AFM measurements show that elevating the pH reduces the adhesion forces between the acidic 

oil and carbonate substrate (Figures 5-3 and 5-4), suggesting an increase of hydrophilicity in 

line with contact angle measurements. For example, the average force-distance curves in 

Figure 5-3 show that the average adhesion force decreases from 1317 to 1034 pN (21.5% 

reduction of the adhesion force) when the pH of the brine is raised from 9.5 to 11. In addition, 

Figure 5-4 displays the frequency distribution histograms of adhesion force at pH 9.5 and 11, 

and it is evident that increasing the pH reduces the adhesion force between carboxylic oil 

species and calcite substrate. This reduction is mainly due to the fact that increasing the pH 

increases the negativity of the calcite−brine and acidic oil−brine interfaces, which in return 

increases the electrical double layer forces. Moreover, the adhesion force measurements are in 

line with the published work [7, 196, 197],  For example, the calculation of the total disjoining 

pressure in our previous work [197] shows that raising the pH of the sodium chloride solution 

from 9.5 to 11 decreases the adhesion forces in the acidic oil−brine−rock system. Also, the 

core flooding experiment shows that injection of formation brine in the limestone core yields 

40% OOIP combined with pH incremental from 5.2 to 6. When the pH further increases to 7.5 

with the injection of the diluted seawater, the recovery factor increases to 32% original oil in 

place (OOIP) with a total oil recovery of 72% OOIP [20]. This confirms that desorption of 

acidic oil groups from the carbonate pore surface significantly contributes to the additional oil 

recovery during low salinity water flooding [82]. 
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Figure 5-3: Force-distance curves measured between carboxylic oil species and calcite 

substrate inside sodium chloride (NaCl) solution at different pHs: (A) 9.5 and (B) 11. 

 

Figure 5-4: Frequency distribution histograms of adhesion force between carboxylic oil 

species and calcite substrate inside sodium chloride (NaCl) solution at pH 9.5 and 11(red 

arrow, trend of adhesion force with increasing pH). The wide distribution of the adhesion force 

does not indicate the uncertainty of the measurement but shows the different interactions 

between the acidic oil (–COO–) and the different calcite surface species (e.g., >CaOH2
+, 

>CO3Ca+) at the nanoscale. 

5.5.3 Influence of pH on Zeta Potential 

Acidic Oil-Brine Interface 

Increasing the pH of the aqueous solution shifts the zeta potential of the acidic oil-brine 

interface to a strongly negative value in agreement with the literature [197]. The negativity of 

the zeta potential of the model oil used in this study is higher than that of the zeta potential of 
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crude oil and is mainly due to the higher content of the carboxylic oil group (−COO−). For 

instance, the zeta potential of the acidic oil−brine interface reduces from −55 to −62 mV with 

raising the pH of the NaCl brine from 6.5 to 9.5. Further raising the pH of the brine to 11 

reduces the zeta potential to −65 mV (Figure 5-5). This is mostly because elevating the pH of 

the brine causes deprotonation of the carboxylic functional group according to the reaction R-

COOH = R-COO- + H+, which is well supported by published literature [60, 76, 165]. For 

instance, Brady et al. [76] conducted geochemical modeling to investigate the impact of pH 

variation on the oil surface species. They found that raising the pH of sodium chloride brine 

from 4 to 9 causes an increase in the density of −COO− in the oil surface from 4 to 6 μmol/m2, 

suggesting that at high pH values the oil surface charge would be predominated by the −COO− 

oil group. 

 

Figure 5-5: Zeta potential of acidic oil−(NaCl) brine at pH 6.5, 9.5, and 11. Error bars 

represent the standard deviation. 

Calcite-Brine Interface 

A similar pH effect was observed with the zeta potential of the calcite−brine interface in 

agreement with the literature [213-215]. For example, raising the pH of the sodium chloride 

brine from 6.5 to 9.5 reduces the zeta potential of the calcite−brine interface 4.0 mV units from 

−8.0 to −12 mV. Raising the pH of the sodium chloride brine to 11 reduces the zeta potential 

of the calcite−brine interface furthermore to −18.3 mV (Figure 5-6). This is in line with Siffert 

et al. [213] who reported that the zeta potential of the calcite−brine interface reduced −2 to 

−22 mV with raising the pH of the NaCl solution from 9 to 11. Likewise, Thompson et al. 

[214]  found that the zeta potential of the calcite−brine interface reduces from −19 to −31 mV 

with raising the pH of the aqueous solution from 9 to 11. The experimental data confirms that 

the increase of pH promotes deprotonation of carbonate surface species such as >CaOH and 
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>CO3H and thus increases >CaCO3
− and >CO3

− [229], leading to a shift of the zeta potential 

of the calcite−brine interface toward a more negative value. 

 

Figure 5-6: Zeta potential of calcite−(NaCl) brine at pH 6.5, 9.5, and 11. Error bars represent 

the standard deviation. 

5.5.4 Influence of pH on Total Disjoining Pressure 

To obtain a better understanding of the contact angle results, AFM results, and zeta potential 

results, the total disjoining pressure isotherm was calculated between the acidic oil−brine 

surface and the brine−calcite surface at the constant potential assumption. It is worthwhile to 

mention that negative and positive disjoining pressure values indicate attractive and repulsive 

forces, respectively. Our disjoining pressure calculation (Figure 5-7) shows that all the forces 

at all pH values are attractive forces (negative values), which is in line with the results obtained 

from the adhesion force experiments. Moreover, the disjoining pressure between the acidic 

oil− brine and calcite−brine interfaces increases with increasing pH, thus more repulsion 

forces. This is mainly due to the changes in the zeta potential of the acidic oil−brine and 

calcite−brine interfaces toward more negative values, which leads to an increase in the 

electrical double layer force. However, these increases in the repulsion forces with increasing 

the pH were in agreement with the contact angle and adhesion force measurements. For 

example, Figure 5-7 shows that repulsion forces rise with increasing pH of the system from 

6.5 to 11, supporting Figure 5-1, which shows that the contact angle of an acidic oil droplet on 

calcite substrate shifts from a strongly oil wet system toward the less oil wet system with 

increasing the pH from 6.5 to 11. While the disjoining pressure at pH 11 remains negative over 

the water film thickness, the trend of the disjoining pressure isotherm shift with pH reveals 

that the increase of pH facilitates desorption of acidic functional groups from the carbonate 

surface, shifting wettability toward less oil wet. With a combination of contact angle 

measurements, AFM, zeta potential experiments, and disjoining pressure calculation, we 
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demonstrate that calcite dissolution may not directly contribute to the incremental oil recovery 

of low salinity water injection in carbonate reservoirs, but the pH increase as a result of calcite 

dissolution plays an important role to shift wettability and thus increase oil recovery.  

 

Figure 5-7: Disjoining pressure function of acidic oil (−COOH) and calcite in sodium 

chloride solution at different pHs (6.5, 9.5, and 11). 

Generally, there are some uncertainties related to the experimental and calculation results in 

this study (e.g, contact angle at pH 6.5, AFM experiments at high pH, and boundary used for 

the disjoining pressure calculations). It is worth noting that we may not fully trust the absolute 

value of the results, but the experiments and the disjoining pressure isotherm calculations 

together underscore the importance of the pH on the adhesion force and wettability alteration 

process. 

5.6 Summary and Conclusions 

Wettability shift appears to be an important physicochemical process to trigger incremental oil 

recovery during low salinity water injection in carbonate formations. Oil components and pH 

together play a significant role in in situ wettability. While geochemical modeling together 

with contact angle measurement has been performed to understand the nature of the wettability 

alteration during low salinity water injection, there has been little experimental evidence 

associating acidic oil groups (−COOH) with wettability at a molecular level as a function of 

pH. Therefore, we hypothesize that the pH increase as a result of calcite dissolution during 

low salinity injection decreases the adhesion between the acidic oil group (−COOH) and 

carbonate pore surfaces, leading to detachment of the acidic oil from the carbonate pore 

surfaces and thus improving the oil recovery. To examine our hypothesis, we conducted 

contact angle measurements of an acidic oil (−COOH) drop on a calcite crystal inside (10 000 

ppm) sodium chloride brine at different pH values (6.5, 9.5, and 11). Furthermore, we used 
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atomic force microscopy (AFM) to measure the adhesion force between acidic oil groups 

(−COOH) and the calcite substrate at different pHs (9.5 and 11) at similar conditions of the 

contact angle experiment. Moreover, we conducted zeta potential experiments to examine the 

impact of pH on the total disjoining pressure of the system against the AFM and contact angle 

results. Our contact angle results show that contact angle reduces from 134 to 117° with raising 

pH from 6.5 to 9.5, and the contact angle reduces furthermore to 95° with raising the pH to 

11. Also, the AFM measurements support our contact angle results, showing that the adhesion 

force between the −COOH oil group and calcite reduces from 1.26 to 1.05 nN as the pH of the 

sodium chloride brine increases from 9.5 to 11. Zeta potential results show that raising the pH 

increases the negativity of the zeta potential of the acidic oil−brine and calcite−brine 

interfaces, thus elevating the electrical double layer force. Furthermore, the disjoining pressure 

calculation shows a shift of thermodynamic isotherm from strongly negative to less negative, 

supporting the results of AFM and contact angle experiments, confirming that the increase of 

pH caused by calcite dissolution during low salinity water injection contributes to wettability 

alteration and hence incremental oil recovery. This study sheds light on the significant 

influence of a local pH increase caused by calcite dissolution on the performance of low 

salinity water flooding in particular for high acidic oil bearing carbonate reservoirs. 
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Chapter 6.  Role of Basal-Charged Clays in Sandstone and Clay-

Rich Carbonate Reservoirs: Adhesion Force on Muscovite using 

Atomic Force Microscope* 

6.1 Abstract 

Low salinity waterflooding appears to be an important means to improved oil recovery in 

sandstone reservoirs. Wettability alteration has been identified as the main effect behind low 

salinity waterflooding due to the interaction of oil−brine−rock interfaces, where clay minerals 

play a significant role. While how edge-charged clays (kaolinite-bearing sandstone) contribute 

to wettability alteration during low salinity waterflooding has been well-studied, the role of 

basal charged clays (smectite, illite, and chlorite) in wettability alteration remains unclear. We 

previously confirmed that basal charged clays trigger pH increases (2 to 3) due to ion exchange 

with added impetus of mineral dissolution by means of geochemical modeling (Chen et al. 

Fuel 2018, 112−117). In this work, we hypothesized that the pH increase triggers negative zeta 

potential of both oil−brine and brine−clays, thus increasing double layer expansion, as well as 

hydrophilicity. To test our hypothesis, we measured adhesion force between functional groups 

(−CH3 and −COOH) and muscovite using atomic force microscope (AFM) at pH of 7 and 11 

with NaCl at a concentration of 10 000 mg/L NaCl. To gain a better isotherm thermodynamic 

understanding, we measured zeta potential of brine−muscovite and oil−brine and computed 

total disjoining pressure under constant potential condition using flat to flat and sphere to flat 

thermodynamic models. Zeta potential measurements show that increasing pH shifted the zeta 

potential of oil−brine and brine−muscovite to more negative values thus increasing the 

electrical double layer force. Our AFM measurements show that increasing pH from 7 to 11 

indeed decreased 80% of the adhesion force for both functional groups. Total disjoining 

pressure calculation predicts the same trend as the AFM adhesion measurements. However, 

the sphere to flat thermodynamic model predicts a correct degree of decrease in adhesion force 

compared to AFM, implying that the sphere to flat model should be applied to interpret AFM 

results. Together, our results confirm that basal-charged clays can significantly contribute to 

low salinity effect due to electrical double layer expansion, thus expanding the application 

envelope of low salinity flooding in sandstone reservoirs bearing basal-charged clays. 

6.2 Introduction 

Oil will be an important energy source for the rest of the 21st century [231]. As global energy 

demand continues to increase, the petroleum industry is constantly striving to develop 

economically viable techniques to improve oil recovery to meet this growing demand. 

Manipulating injected water chemistry, namely LoSal flooding by BP [4, 5]  Smart 

Waterflooding by its originators, Austad and co-workers, at the University of Stavanger, Saudi 

Aramco [17], and Designer Waterflooding by Shell [8, 9], has emerged as a cost-effective and 



 

59 

environmentally friendly means to enhanced oil recovery (EOR) in sandstone reservoirs [232, 

233]. Since the inception of this EOR technique, several mechanisms have been proposed to 

describe how the low salinity water improves oil recovery, including fines mobilization [40], 

limited release of mixed-wet particles [40], increased pH and reduced interfacial tension (IFT) 

similar to alkaline flooding , multicomponent ion exchange [4, 6, 35], ion exchange , double 

layer expansion  [30, 37, 234], salting-in [11], salting-out [34], osmotic pressure , formation 

of micro-dispersions [39, 52], and variations in interface viscoelasticity [7, 33, 36, 41, 51]. 

However, all these mechanisms consist of liquid−liquid and solid−liquid interactions, and the 

contribution of each of the interactions to the low salinity effect is still incomplete; especially, 

how liquid−liquid interaction affects the low salinity effect remains unclear although the snap-

off effect may be suppressed during low salinity waterflooding [235, 236]. For instance, 

Bartels et al. [237] used glass micromodels to investigate the effect of clay presence, type of 

oil, and aging on the low salinity effect at pore scale. Their results show that crude oil triggers 

incremental oil recovery during low salinity waterflooding, suggesting that interaction of polar 

oil and solid likely governs the low salinity effect. In contrast, Sohrabi et al. [39] also 

conducted fluid characterization and micromodel experiments to study the mechanism of the 

low salinity effect at pore scale. They concluded that the micro-dispersion mechanism is 

behind the low salinity effect, and it is independent of the rock mineralogy. Rather, they 

believe that oil−brine interactions likely control the wettability. Analogously, Morin et al. [36] 

conducted microfluidic flow to mimic the pore-level flow dynamics, and their results suggest 

that the low salinity effect is dominated by liquid−liquid interfacial viscoelasticity. Similarly, 

Wang et al. [41] used a porous plate to study the effect of the low salinity water on capillary 

pressure hysteresis, and their results show that the low salinity EOR-effect is not only 

attributed to wettability alteration but also to liquid−liquid interactions.   

While several mechanisms have been investigated, wettability alteration has been identified 

as the main effect to achieve incremental oil recovery during low salinity waterflooding [83, 

168, 174]. Two mechanisms have been proposed to decipher the controlling factor(s) of the 

wettability alteration. One is the electrical double layer theory, which describes the interaction 

forces between oil/brine and brine/rock interfaces [9, 238, 239]. The other one is surface 

complexation modeling which quantifies the number of surface species at interfaces of 

oil−brine and brine−rock and thus electrostatic forces [72, 76]. Rock mineralogy, in particular, 

clay minerals (e.g., montmorillonite, chlorite, illite, and kaolinite) are important to both 

theories because clay mineral surface chemistry plays a significant role in oil−brine−rock 

interaction and thus wettability [4, 35, 168, 169]. For example, Alotaibi et al. [168] found that 

clay content in sandstone significantly altered the wettability to intermediate or water-wet. 

Also, Berg et al. [174] visualized detachment of oil drops from the montmorillonite clay 
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minerals in low salinity water. Lager et al. [4] reported that cation exchange between oil and 

clays is important to yield low salinity effect. 

Kaolinite mineral has been identified as an important mineral to trigger low salinity effect. For 

example, Seccombe et al. [175] reported that incremental oil recovery increases with 

increasing kaolinite content during low salinity waterflooding in Endicott Field, Alaska. Also, 

core plugs bearing kaolinite achieved 4.5%, 5.5%, and 7.3% of the original oil in place (OOIP) 

during low salinity waterflooding [6, 40, 175]. Moreover, low salinity effect was observed at 

pore network in the presence of kaolinite [170-173, 176, 177]. For example, Robin et al. [176] 

concluded that sandstone wettability is dependent on kaolinite clay using cryo-scanning 

electron microscopy. Jerauld et al. [173] also showed that oil preferentially sticks to kaolinite 

compared to quartz and chert using micromodel and cryo-scanning-electron- microscope. To 

understand how kaolinite affects oil−brine−reservoir rock system wettability, Austad et al. 

[240] proposed a chemical model to qualitatively describe the interaction of the 

oil−brine−kaolinite system. Later, Brady et al. [76, 241] proposed a surface complexation 

model to decipher the controlling factor of wettability alteration during low salinity 

waterflooding. They computed surface species at oil and kaolinite surfaces and proposed a 

parameter, namely bound product sum (BPS), to quantify the electrostatic forces and thus 

wettability. 

Existing reports however also show that kaolinite free sandstone core plugs yield incremental 

oil recovery during low salinity waterflooding. For example, core flooding experiments 

conducted by Austad et al. [240] with kaolinite free showed that low salinity waterflooding 

yields pH increase from 6.7 to 9.6. They concluded that low salinity water promotes the 

substitution of Ca2+ by H+ at the clay surfaces, thus leading to a local pH increase at pore 

surfaces. Similarly, Cissokho et al. [242] also observed a pH increase from 7.3 to 10 during 

low salinity water using kaolinite free sandstone core plugs. They suggested that ion exchange 

and calcite dissolution likely trigger the pH increase during the low salinity flooding. In 

addition, Al-Saedi et al. [243]  observed a pH increase from 7.3 to 9.9 while injecting low 

salinity into chromatography column containing 95% quartz and 5% illite, and they also 

believed that this pH shift is largely due to ion exchange process. Also, Brady et al. [76] 

proposed a geochemical model to decipher the pH increase due to the ion exchange process 

between brine and clays, also between oil and clays. Furthermore, Chen et al. [244] performed 

geochemical modeling to quantify the pH increase against RezaeiDoust et al.’s core flooding 

experiments [131] containing basal-clays only, confirming that ion exchange between low 

salinity water and basal clays (clay-Na + H+ = clay-H + Na+) yields a pH increase. 
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 It is worth noting that low salinity water may not achieve a measurable pH shift from effluent 

with presence of edge charged clays (kaolinite) in core plugs. For example, Nasralla et al. 

[245] showed that kaolinite mixing with low salinity brine gives the lowest pH increase (0.4 

in average), whereas basal charged clay (montmorillonite) gives the highest pH increase (2.1 

in average). Our latest surface complexation modeling [246] also shows that edge charged 

clays (kaolinite) only gives pH increase less than 1 in low salinity water [246]. However, basal 

charged clays can yield pH increase up to 2.5 with ion exchange process. Moreover, Al-Saedi 

et al. [243] observed a low pH increase from 7.3 to 8 while flooding low salinity water into 

chromatography columns containing 95% quartz and 5% kaolinite. Yet, they observed the pH 

increase from 7.3 to 9.9 when the column contains 95% quartz and 5% illite. Moreover, a local 

pH increase [247] due to geochemical reactions may not be monitored from the effluent [240]. 

This is because the pH of the effluent brine can be affected by other factors such as rock 

mineralogy, brine composition, and oil composition [39]. 

The pH increase likely affects oil surface chemical species [60, 76] thus interfacial tension of 

oil and brine, but it has been confirmed that negligible interfacial tension (IFT) variation plays 

a minor role in capillary number and thus residual oil saturation [235]. For instances, Farooq 

et al. [248] showed that increasing the pH of the low salinity NaCl solution (1500 ppm) from 

7 to 9 leads to decrease of the IFT from only 17 to 13 dyn/cm. In addition, they observed that 

IFT between the crude oil and diluted seawater (1500 ppm decreases from only 15 to 12 

dyn/cm while increasing the pH from 7 to 9. Also, Serkan et al. [249] studied the influence of 

aqueous phase pH on the interfacial tension of acidic crude oil and synthetic oil. Similarly, 

their results showed that the aqueous pH increase from 7 to 9 decreases the IFT of the acidic 

crude oil from 17 to 16 dyn/cm. Moreover, AL-Saedi et al. [243] examined the effect of clay 

minerals (kaolinite and illite on functional groups adsorption using chromatography columns. 

They observed that with the presence of 5% kaolinite, low salinity water yields effluent pH 

increase from 7.3 to 8, whereas the concentration of CH3COO− in the effluent increases from 

0.001 to 0.15 μmol due to the desorption process. Similarly, RezaeiDoust et al. [131] reported 

that increasing the pH of the low salinity solution from 5 to 9 leads to decrease of quinolone 

oil adsorption on kaolinite clay for about 4 mg/g kaolinite. 

Moreover, our previous geochemical modeling shows that pH increase due to ion exchange 

and mineral dissolution like decreases the adsorption of oil on mineral surfaces. For example, 

Chen et al. [244] performed geochemical studies against RezaeiDoust et al.’s core flooding 

experiments [131]. The geochemical study shows that bridging number between oil and basal-

charged clays decreases from 3.34 to 0.21 μmol/m2 while increasing the pH of the reservoir 

brine from 5 to 10. However, we did observe a widespread in additional oil recovery at a given 
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bridging number (Figure 7 of ref 109), implying that electrical double layer may need to be 

included to account for low salinity effect in basal charged clays.  

To provide a lens to better understand low salinity effect in basal charge clays, we 

hypothesized that basal charged clays triggers pH increase due to ion exchange, which in return 

leads to strongly negative zeta potential at both oil−brine and brine−clay interfaces, thus 

increasing double layer expansion and hydrophilicity. To test our hypothesis, we measured 

adhesion force between functional groups (−CH3 and −COOH) and muscovite using atomic 

force microscope (AFM) at pH of 7 and 11 with NaCl at a concentration of 10 000 mg/L NaCl. 

To gain a better isotherm thermodynamic understanding, we measured zeta potential of 

brine−muscovite and oil−brine and computed total disjoining pressure under constant potential 

condition using surface−surface and sphere−surface thermodynamic models. 

6.3 Experimental procedures 

6.3.1 Materials 

Brines 

To test our hypothesis and understand the effect of pH on oil−brine−rock adhesion force, we 

synthesized aqueous ionic solution NaCl with a concentration of 10 000 ppm using ultrapure 

water (resistivity 18.2 MΩ) and NaCl salt (AR, 99.9%). It is worth noting that divalent cations 

can facilitate the ion exchange process thus affecting system wettability [32]. To focus on the 

effect of an electrical double layer on the oil−brine−muscovite system, we only used aqueous 

NaCl solution in this study. Moreover, the pH of the solution was adjusted to 7 and 11 using 

0.250 M sodium hydroxide (NaOH) and 0.250 M hydrochloric acid (HCl) solutions. We 

decided to manually adjust pH to 7 and 11 to test our hypothesis for two reasons. First, existing 

reports show that pH increase during low salinity waterflooding can reach up to pH unit of 3. 

For example, a pH increase of 2−3 was observed from four core flooding experiments (bearing 

with basal-charged clays) during the low salinity waterflooding [131]. Similar pH increase was 

also observed by Zhang et al. [250]  who showed a pH increase of 2−3 during low salinity 

waterflooding. Likewise, Xie et al. [234] observed a pH increase from 6 to 9 during low salinity 

water injection. Second, the pH increase during AFM measurements cannot reach to pH unit 

of 3 due to the limited specific surface area. For example, the specific reactive surface area of 

the experimental substrate for the brine−muscovite is around 0.003225 m2/g, which is much 

lower than brine−muscovite powers (100 m2/g) [251, 252] representative of in situ reservoir 

condition. 

Oil 
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Oil composition is important to affect oil−brine−rock interaction and thus wettability. Model 

compounds containing −CH3 and −COOH groups were used to represent hydrocarbon 

functional groups [32, 184, 185]. Therefore, we used 1-octadecanethiol (C18H38S) and 11-

mercaptoundecanoic acid (C11H22O2S) to represent −CH3 and −COOH oil groups, 

respectively. 

Muscovite 

To examine our hypothesis, muscovite sheets (supplied by wards scientific) were used as 

substrates for the AFM experiments and zeta potential measurements. This is because that 

structurally muscovite is characterized as a 2:1 clay mineral, one unity of muscovite consists 

of one octahedral aluminum layer located between two tetrahedral silica layers. Although, illite 

and smectite are 2:1 clay similar to muscovite and chlorite consisting of muscovite structure 

units bonded by a brucite layer. However, also, muscovite has the same range of cation 

exchange capacity (CEC) as these basal charged clays. Moreover, muscovite is a main 

constituent of different formed minerals which widely exist in sandstone reservoirs [253]. 

More importantly, muscovite is an ideal and common basal-clay for atomic force microscopy 

experiments because muscovite cleavage gives a clean and smooth basal-plan, which 

minimizes the surface roughness effect on adhesion force measurements [254]. 

6.3.2 Zeta Potential Measurements 

Electrical double layer force may significantly affect the oil−brine−mineral system wettability, 

which can be calculated using zeta potential at oil−brine and brine−mineral surfaces. 

Therefore, we measured the zeta potential of oil− brine and brine−muscovite using Malvern 

Zetasizer ZS Nano series at different pH (7 and 11). The procedures of the zeta potential 

measurements are well described by Yang et al. [203]. 

6.3.3 AFM Measurements 

To test our hypothesis that pH increase due to the ion exchange likely decreases the adhesion 

force between oil and basal-charged clays, we used atomic force microscopy (WITec alpha 

300 SAR) to measure adhesion force of model compounds and muscovite at pH of 7 and 11 at 

ambient condition. The data of the AFM experiments were collected using WITec 

ProjectFOUR software, and then, the adhesion force data was extracted by using a modified 

MatLab code provided by Yu et al. [198].  

To measure the adhesion force, AFM tips were functionalized. AFM tips (NPG-10) supplied 

by Bruker Corporation were used in all AFM measurements. The cantilever was coated with 

gold with its spring constant of 0.06 N/m. To functionalize the tip and mimic −CH3 and 

−COOH oil groups, 1-octadecanethiol (C18H38S) and 11-mercaptoundecanoic acid 
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(C11H22O2S) were used. We first cleaned a new AFM tip using a plasma cleaner for 30 min. 

The tip then was directly immersed in ethanol at room temperature to reduce the gold oxide 

formed by the plasma treatment to Au [199]. Subsequently, it was immersed into 1 mM of 1-

octadecanethiol (C18H38S) or 11-mercaptoundecanoic acid (C11H22O2S) ethanol solution for 

24h. Finally, the functionalized tips were rinsed with pure ethanol and dried under a nitrogen 

stream [200].  

A contact configuration mode was used in the AFM to obtain the adhesion force measurement. 

To obtain representative adhesion forces, we recorded roughly 1000 force−distance curves 

across the muscovite surface with 1000 data points for each of the force− distance curves. 

Aqueous solutions were prepared 1 day before AFM measurements, and the pH was calibrated 

using a pH meter. 

6.3.4 Total Disjoining Pressure (Π (Total)) 

To gain a better isotherm thermodynamic understanding, DLVO theory was used to compute 

the intermolecular forces between the oil/brine and brine/rock interfaces as a sum [204]. 

We neglected the structural force because it is considered to be a short-range interaction over 

a distance less than 5 nm [206].  To better interpret the adhesion force measured using AFM, 

we computed the disjoining pressure using both flat/flat and sphere/flat geometry models 

under constant potential condition. 

Van der Waals Forces: In the intermolecular forces, van der Waals force plays an important 

role in a small separation and large separation [206], and it is always attractive regardless of 

the charge sign of the surfaces [227]. In this study, the flat−flat and sphere−flat surface 

geometry models were used to compute the van der Waals intermolecular force. 

For flat/flat surfaces model, the van der Waals force is given by [206] 

Where A is the Hamaker constant (assume 8.14 × 10−21 J) [36],   and h is the film thickness 

between the two surfaces (m).  

For the sphere−flat surface model, the van der Waals force is given by [206] 

Where A is the Hamaker constant (assume 8.14 × 10−21 J) [239], h is the film thickness between 

the two surfaces (m), and R is the radius of the sphere (m). 

 ∏(𝑇𝑜𝑡𝑎𝑙) = ∏(vdw) + ∏(𝐸𝐷𝐿) Eq  6 − 1 

 
∏(vdw) =  − 

𝐴 

6𝜋ℎ3
 Eq  6 − 2 

 
∏(vdw) =  − 

𝐴𝑅 

6ℎ2
 Eq  6 − 3 
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Electric Double Layer Force: The electric double layer force is a function of surface 

charges which significantly affects the total disjoining pressure. Moreover, geometry plays an 

important role in the electrical double layer forces. It is worth noting that we used the 

Debye−Huckel equation to calculate electrostatic potential although our zeta potential is 

greater than 50 mV in magnitude [207]. 

For flat−flat surface geometry, the electric double layer force is given by [204] 

Where ψ1 is zeta potential of the interface of brine/muscovite, and ψ2 is zeta potential of the 

interface of oil/brine; εw is the permittivity of water (78.3 C/(V.m).); ε is the permittivity of 

vacuum (8.85 × 10−12 C/(V.m)), and k is the Debye length of solution (1/m). 

The reciprocal of Debye length is described by [204] 

Where kB is the Boltzmann constant (1.381 × 10−23 J/K); T is the temperature in kelvin; e is 

the electron charge (1.60 × 10−19 C); nb is ion density in the bulk solution; and z is the valence 

of a symmetrical electrolyte solution. 

For the sphere−flat surface model, the electric double layer force is given by [204] 

Where ψ1 is zeta potential of the interface of brine/muscovite, ψ2 is zeta potential of the 

interface of oil/brine, and R is the radius of the sphere (m). 

6.4 Results and Discussion 

6.4.1. Effect of pH on Zeta Potential of Brine−Muscovite. 

Increasing the pH triggered a strongly negative zeta potential of brine−muscovite interfaces 

(Figure 6-1) in line with literature works [207, 255-259]. For example, an aqueous solution 

with pH 7 gave a zeta potential of −20 mV, but it became more negative (−28 mV) when pH 

increased to 11. This is in line with the work of Nishimura et al. [256] and Nosrati et al. [257]  

who observed a similar pH effect on the zeta potential of muscovite clays. For instance, 

Nishimura et al. [256] found that increasing the pH from 6 to 10 decreased the zeta potential 

from −25 to −45 mV. Also, Juhl et al. [207] reported that zeta potential of brine−muscovite (1 

mM NaCl) decreased from −50 to −110 mV with increasing pH from 3 to 9. In addition, 

Chorom et al. [260] reported that zeta potential of smectite decreased from −37 to −44 mV 

 
∏(𝐸𝐷𝐿) =  

𝜀𝜀𝑤 𝑘2[ (𝑒+𝑘ℎ + 𝑒−𝑘ℎ)𝜓1𝜓2 − (𝜓1
2 + 𝜓2

2)]

(𝑒+𝑘ℎ − 𝑒−𝑘ℎ)2
 Eq  6 − 4 

 

𝑘−1 = √
𝜀𝜀𝑤𝑘𝐵𝑇 

2𝑒2𝑧2𝑛𝑏
 Eq  6 − 5 

 
∏(𝐸𝐷𝐿) =  

2𝜋𝑅𝜀𝜀𝑤𝑘[ 2𝜓1𝜓2 − (𝜓1
2 + 𝜓2

2)𝑒−𝑘ℎ]

(𝑒+𝑘ℎ − 𝑒−𝑘ℎ)
 Eq  6 − 6 
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with increasing pH from 7 to 9.7. The increase of zeta potential in magnitude with pH is largely 

due to ion exchange in muscovite surfaces [255, 256]. Adsorption of K and Na into muscovite 

surfaces leads to zeta potential increase in magnitude [255]. Moreover, increasing pH 

compensates H+ substitution of Na and K [76] and thus higher zeta potential. 

 

Figure 6-1. Zeta potential of muscovite powders as a function of pH at 10 000 ppm of NaCl 

solution 

6.4.2. Effect of pH on Zeta Potential of −CH3−Brine and −COOH−Brine.  

Similar to brine−muscovite surfaces, increasing pH yielded strongly negative zeta potential 

for oil− brine (−CH3/brine, −COOH/brine). For instance, the zeta potential of −COOH/NaCl 

brine decreased from −46 to −65 mV with increasing pH from 7 to 11 (Figure 6-2). This is 

largely because increasing pH increases −COO− (−COOH =−COO− + H+, log K25
o

C = −5.0). 

For example, Brady et al. [76] modeled oil surface species variation with pH using PHREEQC, 

showing that −COO− increases from 4 to 6 μmol/m2 with increasing pH from 4 to 9 in 1 M 

NaCl brine. This implies that high acidic oil likely triggers more low salinity EOR effects for 

a given pH increase due to the ion exchange process. Analogously, zeta potential of the 

−CH3/NaCl brine decreased from −38 to −64 mV as pH increased from 7 to 11 (Figure 6-3). 

For the nonpolarized oil group (−CH3), the decrease of the zeta potential of the −CH3/NaCl 

brine interfaces with increasing pH is largely because of the adsorption of excess OH− ions on 

the interfaces [217, 218]. 
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Figure 6-2. Zeta potential of the −COOH oil group droplets as a function of pH at 10 000 

ppm of NaCl solution. 

 

Figure 6-3. Zeta potential of the −CH3 oil group droplets as a function of pH at 10 000 ppm 

of NaCl solution. 

6.4.3. Effect of pH on Adhesion Force.  

Figures 5-4 and 5-5 show the force-distance curves between different oil groups and 

muscovite, and Table 6-1 shows the average adhesion force for each of the system. AFM 

measurements show that increasing pH decreased adhesion force between oil−muscovite 

regardless of functional groups, confirming that low salinity effect can take place in sandstone 

reservoirs bearing basal-charged clays. For example, for nonpolar oil group (−CH3), the 

adhesion forces decreased from about 890 to 180 pN (5 time decrease) with pH increasing 

from 7 to 11. Similarly, the adhesion forces between −COOH and muscovite decreased from 

4950 to 500 pN (10 times decrease) when pH decreased from 7 to 11. Our results are in line 

with the work of Shi et al. [196] who reported that increasing pH from 4.5 to 7.5 decreases the 

adhesion force from 390 to 260 pN between −COOH and sandstone grains in the presence of 
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artificial seawater. Analogously, for the −CH3 oil group, adhesion force decreases from 200 to 

116 pN with increasing pH from 4.5 to 7.5 in artificial seawater. Moreover, they also observed 

the same pH effect on the adhesion between oil and sandstone in diluted seawater. 

 

Figure 6-4. Force−distance curve of polar oil group (−COOH) and muscovite in NaCl 

solutions at (A) pH 7 and (B) pH 11. 

 

Figure 6-5. Force−distance curve of nonpolar oil group (−CH3) and muscovite in NaCl 

solutions at (A) pH 7 and (B) pH 11. 

Table 6-1. Average Adhesion Force between Oil Groups and Muscovite at pH 7 and 11.a 

 

Oil group 

-CH3 -COOH 

𝐹𝑎𝑑ℎ
𝑝𝐻 7

            (pN) 890 4950 

𝐹𝑎𝑑ℎ
𝑝𝐻 11

          (pN) 180 500 
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ΔFadh (%) 80 % 90 % 

a To calculate the relative change in adhesion force due to pH increase, the equation below 

was used ( )7 11 7 100
adh adh adh

pH pH pH

adhF F F F= = = = −  ). 

6.4.4. Effect of Functional Oil Groups on Adhesion Force  

The polarized functional group (−COOH group) gave four times greater adhesion force than 

the nonpolar group (−CH3) at pH = 7, implying that polarized functional groups play a 

significant role in the low salinity effect [150, 195]. For example, −COOH gave an adhesion 

force of 5000 pN, but −CH3 yielded an adhesion force of 890 pN. Likewise, at pH = 11, 

−COOH gave an adhesion force of 500 pN, whereas −CH3 showed an adhesion force of 180 

pN. Our results are also in line with the work of Wu et al.  [150] who investigated the adhesion 

force between different oil groups and mica in NaCl solutions. They reported that the adhesion 

force for –COOH and −CH3 were 2541 and 1524 pN in the presence of 8000 ppm of NaCl 

solution, respectively. Besides, Liu et al. [166]  reported that polarized functional groups 

(−COOH and −NH2) give 6 to 10 times greater adhesion force than non-polarized oil groups 

(−CH3 and −C6H5) at quartz surfaces regardless of salinity level. Moreover, Shi et al. [196] 

observed the same, showing that −COOH gives 200 pN adhesion force in low salinity artificial 

seawater at pH 4.5, whereas −CH3 gives 140 pN at pH = 4.5. To better interpret the adhesion 

forces measured using AFM, we computed the disjoining pressure under the constant potential 

condition using flat−flat and sphere−flat surface thermodynamic models which are discussed 

in the section below. 

6.4.5. Effect of pH and Functional Groups on Disjoining Pressure Using Flat−Flat 

and Sphere−Flat Models 

Flat−flat model calculations show that all brines at different pH give positive disjoining 

pressure which exhibits a progressively more repulsive barrier on approach (Figure 6-6). 

Moreover, increasing the pH increases the disjoining pressure, meaning more repulsion, which 

agrees well with the adhesion forces obtained by the AFM. For example, brines with pH = 11 

gave lower adhesion force compared to pH = 7 for both polar and nonpolar groups. 

Sphere−flat model calculations predict the same trend as the flat−flat model, showing that all 

brine gives positive disjoining pressure (Figure 6-7). Moreover, increasing pH increases 

disjoining pressure, implying more repulsion in the oil− brine−muscovite systems in line with 

AFM measurements. For instance, the repulsion of −COOH−brine−muscovite increases with 

pH from 7 to 11. Also, the same trend is observed with the −CH3−brine−muscovite interface. 

However, it appears that the disjoining pressure predicted by the sphere−flat model is almost 

hundred times lower than that in the flat−flat model in part due to the limited contact area 
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compared to the flat−flat model. We believe that the sphere−flat model can better represent 

the AFM experiments which measure the adhesion between a modified tip and a substrate. 

Also, the disjoining pressure difference at different pH can better represent the adhesion 

measured by AFM. For example, AFM measurements show that increasing the pH to 11, 

adhesion become 5 times less for −CH3−brine−muscovite and 10 times for 

−COOH−brine−muscovite in line with the decrease of the energy barrier computed using a 

sphere−flat model. While disjoining pressure calculation predicts the same trend as AFM 

experiments in terms of the magnitude of adhesion force with different pH, disjoining pressure 

calculation fails to interpret the attraction force which was observed in AFM tests. For 

example, disjoining pressure calculation from two different geometry models gives positive 

disjoining pressure, implying repulsion force. Yet, the AFM measurements present attractive 

forces, shown as negative sign. 

This would be attributed to the zeta potential of oil−brine and brine−muscovite powders not 

being representative of zeta potentials of functionalized tip−brine and brine−muscovite 

substrate. To be more specific, zeta potentials in AFM measurements should be lower than 

oil−brine and brine−muscovite powers which we used for disjoining pressure calculation due 

to the limited specific area. However, we did not measure the zeta potentials of functionalized 

tip−brine and brine−muscovite substrate due to the limitation of the equipment, and we 

therefore cannot confirm this mechanism.  

 

Figure 6-6. Total disjoining pressure from flat−flat model. 
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Figure 6-7. Total disjoining pressure from sphere−flat model. 

Our AFM results show that increasing pH from 7 to 11 indeed decreased 80% of the adhesion 

force for both functional groups, confirming that low salinity water likely lifts off oil films 

from pore surfaces thus increasing water-wetting. Similar results were also observed by 

Hassenkam et al. [195, 261, 262] who measured adhesion force of a model oil on sandstone 

grains and model rocks using AFM. Their results show that low salinity water decreases the 

adhesion force between the model oil and both types of rock, implying that adhesion force 

reduction of oil and rock surface in the presence of low salinity water can be achieved at pore 

surfaces in reservoirs. However, it is worth noting that, as Bartels et al. (2017) [237]   and 

(2019) [235] proposed, although low salinity brine triggers adhesion forces decrease at pore 

surfaces, this does not mean that an oil film would percolate at the pore network and core 

scale. This is because different length scale likely limits the low salinity effect as a result of 

wettability alteration. For example, existing spontaneous imbibition tests show that low 

salinity brine yields a much higher incremental oil recovery at secondary mode compared to 

tertiary mode [263, 264]. The same phenomenon has been also observed in core flooding 

experiments [250, 265, 266]. This proves that length scale does affect the low salinity effect 

which needs to be thoroughly constrained. However, we believe that an adhesion force 

decrease in the presence of low salinity water would serve as a predictive indicator of 

wettability alteration. 

6.5 Implications and Conclusions 

In this paper, we hypothesized that basal charged clays trigger pH increase due to ion 

exchange, which in return leads to strongly negative zeta potential at both oil−brine and 

brine−clay interfaces, thus decreasing oil−mineral adhesion force and oil saturation. To test 

our hypothesis, we measured adhesion force between functional groups (−CH3 and −COOH) 

and muscovite in the presence of NaCl with a concentration of 10 000 mg/L NaCl at pH of 7 
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and 11. To gain a better isotherm thermodynamic understanding, we measured zeta potential 

of brine−muscovite and oil−brine and computed total disjoining pressure under constant 

potential conditions using surface−surface and sphere−surface thermodynamic models. 

Zeta potential measurements show that increasing pH leads to strongly negative zeta potential 

for oil−brine and brine−muscovite, thus increasing electrical double layer expansion [37, 267, 

268] as well as repulsive force [36]. Our AFM tests support our hypothesis, showing that 

increasing pH indeed significantly decreased adhesion force regardless of functional groups 

[196, 269]. Moreover, polarized functional group (−COOH group) gave four times greater 

adhesion force than nonpolar group (−CH3), confirming that polarized functional groups play 

a significant role in low salinity effect [58, 60, 76]. We believe that the sphere−flat model 

(DLVO theory) can better interpret the AFM experiments which measure the adhesion 

between a modified tip (sphere) and a substrate (flat). Moreover, the sphere−flat model 

predicts the same degree of adhesion decrease with increasing pH in line with AFM 

measurements. This study reveals the significance of basal charged clays during low salinity 

waterflooding in sandstone reservoirs, thus expanding the application envelope of low salinity 

water in sandstone reservoirs bearing basal charged clays.  
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Chapter 7.  Effect of Surface Roughness Induced by Calcite 

Dissolution on Contact Angle Measurement 

7.1 Abstract 

Low salinity waterflooding appears to be a promising means to improve oil recovery in 

carbonate reservoirs because of a wettability alteration process. Contact angle measurement is 

a direct approach to reveal the wettability alteration in an oil−brine−carbonate system. 

However, questions have been raised about using contact angle measurement to justify the 

wettability alteration. This is because the contact angle may be significantly affected by 

surface roughness variation in the presence of low salinity water because of calcite dissolution 

during the contact angle measurement. To clarify the cause and effect of wettability alteration 

during low salinity waterflooding, we measured the contact angle on two calcite substrates 

with similar surface roughness (7 and 4 nm) in the presence of high-salinity water (1 mol NaCl 

+ 0.01 mol CaCl2) and low salinity water (100 times diluted high-salinity water). Moreover, 

we measured the surface roughness of the substrates before and after the contact angle 

measurements using atomic force microscopy (AFM). Furthermore, we performed a 

geochemical study to quantify the amount of calcite dissolution in the presence of low- and 

high-salinity brines and compared it with surface roughness measurements. Our contact angle 

and AFM results reveal that surface roughness increase due to calcite dissolution in low 

salinity water plays a negligible role in the contact angle, rather confirming that oil−brine−rock 

interactions govern the system wettability. Furthermore, our geochemical study shows that 

low salinity water only dissolves 1.16 × 10−4 mol/mol of calcites in low salinity water during 

the contact angle measurement. We, therefore, eradicate the possibility that surface roughness 

variation due to calcite dissolution in low salinity water would affect contact angle results. 

Consequently, we argue that contact angle measurement remains a valid approach to directly 

examine the wettability alteration process in low salinity waterflooding. 

7.2 Introduction 

Low salinity water (LSW) flooding appears to be a cost effective and environmentally friendly 

means to enhance oil recovery in carbonate reservoirs (e.g., decreasing chemical injection thus 

low capital and operation costs). This is largely because LSW shifts the in situ 

oil−brine−carbonate reservoir system wettability [22, 25, 49, 68], which in return drives the 

relative permeability curves toward lower residual oil saturation [49, 68]. The wettability 

alteration during LSW flooding in carbonate reservoirs has been identified as the main 

physicochemical processes [83, 168, 174]. While the wettability alteration process at the core 

scale has been extensively reported in the lab by the aid of core-flooding experiments [14, 30, 

49, 68] and spontaneous imbibition experiments [29-31], contact angle measurement of the 

oil− brine−carbonate system is a simple and direct approach to examine the wettability 
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alteration in the presence of brines with various ionic strengths. For example, Yousef et al. 

[14] conducted contact angle measurements to investigate the effect of smart water on low 

salinity (LS) EOR effect in carbonate reservoirs. Their contact angle results show that initial 

connate water (213 000 ppm salinity) gives a contact angle of 90°, whereas the twice diluted 

seawater (29 000 ppm) and 10 times diluted seawater (6000 ppm) give a contact angle of 80° 

and 69°, respectively, suggesting that decreasing the salinity shifts the wettability of the 

carbonate rock from intermediate-wet to slightly water-wet. Also, Alameri et al. [49] 

performed contact experiments to study the effect of the LSW on the wettability alteration of 

the carbonate reservoir rocks. Their contact angle results show that lowering the salinity of the 

seawater from 51 346 to 12 840 ppm decreases the contact angle from 133° to 117°, implying 

a less oil-wet system. In addition, AlQuraishi et al. [64] found that the contact angle of the 

oil−brine−carbonate system decreases from 98° to 65° by diluting the seawater 20 times, 

suggesting that lowering the salinity can shift the wettability of the carbonate rock from 

intermediate-wet to more water-wet zone. Moreover, Awolayo et al. [27] show that decreasing 

the salinity of the brine from 261 210 ppm (formation brine) to 48 280 ppm salinity (synthetic 

seawater) decreases the contact angle of the oil−brine−carbonate system from 135° to 120°.  

To understand the contact angle change thus wettability alteration process in the presence of 

LSW in carbonate reservoirs, several mechanisms have been proposed such as change of 

carbonate surface charge [24, 43], combination of the mineral dissolution and change of 

surface charge [44, 45], in situ surfactant generation [50], variations in interface viscoelasticity 

[7, 33, 36, 41, 51] and formation of micro dispersion [39, 52], and dissolution of calcite [23, 

42] and anhydrite [15]. However, it is worth noting that calcite dissolution will only occur 

nearby the injector during LSW flooding. For example, Nasralla et al. [270] coupled 

PHREEQC and reservoir model to investigate calcite dissolution at the core scale and field 

scale during LSW flooding in carbonate rocks. Their results show that the amount of dissolved 

calcite (wt %) almost decreases to zero at the 0.05 cm at the core scale and 5 m at the reservoir 

scale from the inject, implying that calcite dissolution is not relevant at the field scale. 

To gain a deeper understanding of the controlling factor(s) of wettability alteration as shown 

by contact angle decrease with lowering salinity in carbonate reservoirs, electrostatic bridging 

[15, 25, 77], electrical double layer theory [42, 49, 54], and surface complexation modeling 

[58, 59] have been proposed and developed to quantify and predict the wettability alteration. 

Our previous work also show correlations between the contact angle of oil−calcite adhesion 

in the presence of various aqueous ionic solutions [28, 60, 61] and carbonated water [78, 271] 

using surface complexation modeling. However, until recently, questions have been raised 

about the reliability of contact angle results to indicate wettability alteration during LSW 

flooding. This is because calcite dissolution in the presence of LSW during contact angle 

measurement may yield surface roughness difference, which may significantly affect contact 
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angle measurements, thus wettability. For example, existing literature studies show increasing 

surface roughness in the gas−brine−rock system leads to an increase in the contact angle in the 

oil-wet system, whereas the contact angle decreases with increasing surface roughness in the 

water-wet system [103, 272]. AlRatrout et al. [180] also report that increasing surface 

roughness decreases the contact angle in the oil−brine−carbonate system. In addition, Rücker 

(2018) reported that surface roughness has a strong effect on the wettability alteration process 

which effects the wettability measurements of the oil−brine−rock system [181]. Therefore, to 

identify the cause and effect of wettability alteration in the oil−brine− calcite system, in 

particular, to examine if the surface roughness variation induced by calcite dissolution in the 

presence of LSW plays a certain role in contact angle, we measured the contact angle on two 

calcite substrates with similar surface roughness (7 and 4 nm) in the presence of high salinity 

(HS) water (1mol NaCl + 0.01 mol CaCl2) and low salinity (LS) water (100 times diluted HS 

water). Moreover, we measured the surface roughness of the substrates before and after the 

contact angle measurements using atomic force microscopy (AFM). Furthermore, we 

performed a geochemical study to quantify the amount of calcite dissolution in the presence 

of LS and HS brines and compared with surface roughness measurements. 

7.3 Experimental Procedures 

7.3.1 Fluids 

 Brines 

To examine surface roughness effect due to calcite dissolution in LSW on the contact angle, 

we designed two different brines for contact angle measurements. One was HS brine with 1 

mol/L NaCl (AR, 99.9%) and 0.01 mol/L CaCl2 (AR, 99.9%) and the other one was LS brine 

which was 100 times diluted HS brine using ultrapure water (resistivity 18.2 MΩ). To focus 

on the effect of the surface roughness due to calcite dissolution in LS brine on the contact 

angle, we only included Na+ and Ca2+ components in two brines. It is worth noting that to 

experimentally simulate the LSW injection at in situ reservoir conditions, the pH of brines was 

not adjusted, thus allowing calcite dissolution to take place during contact angle measurements 

(Table 7-1). Surface roughness was measured using AFM (WITec alpha 300 SAR) before and 

after contact angle measurements. 

Table 7-1. Brine Composition of HS and LS Brines with the Corresponding pH before and 

after Contact Angle Measurements 

Brine 
Concentration (ppm) TDS 

(ppm) 

pH before contact 

angle test 

pH after contact 

angle test NaCl CaCl2 

HS brine 58 440 1111 59 551 6.76 8.18 
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LS brine 584 11 596 6.01 7.15 

 

 

Oil 

To test the contact angle, we used a crude oil with a density of 0.89 g/cm3 at 20 °C, acid 

number of 1.7 mg KOH/g, and base number of 1.2 mg KOH/g. Also, the oil was contained 

26.3% naphthenes, 3.9 wt% Sulphur, and 3.8 wt% wax. 

7.3.2 Substrates 

To better focus on the effect of surface roughness variation due to calcite dissolution in the LS 

brine on the contact angle, calcite crystals (Iceland spar; Ward’s Science) were used to test the 

contact angle in the presence of LS and HS brines. Prior to contact angle measurements, calcite 

crystals were cleaved from a cleaned calcite sample to obtain a fresh calcite surface. Ultrapure 

water saturated with CaCO3 was then used to flush the fresh surface to remove any existing 

small pieces of calcite on the new calcite surfaces. It is worth noting that we did not use the 

porous carbonate substrate to conduct contact angle measurements because in situ surface 

roughness likely affects contact angles [192], which prevent us from distinguishing the effect 

of surface roughness as a result of mineral dissolution on the contact angle thus wettability. 

7.3.3 Surface Roughness Measurements 

To measure the surface roughness of the substrate before and after contact angle measurements 

in the presence of brines, we used AFM (WITec alpha 300 SAR) to examine the surface 

roughness at ambient conditions of temperature and pressure,44 and WITec Project FOUR 

software was used to collect AFM topography data, background correction, and calculation of 

the surface roughness [198]. The AFM tips (NPG-10) supplied by Bruker Corporation were 

used in all AFM image scanning. It is worth noting that we used average roughness parameter 

to calculate the surface roughness. To be more specific, the software uses the 3D average 

roughness equation (Eq 7-1) to calculate the average roughness of the scanning image [273]: 

where 𝑧̅ is the arithmetic average height [273]: 

 

𝑧̅(𝑁, 𝑀) =
1

𝑁𝑀
∑ ∑ 𝑧(𝑥, 𝑦)

𝑀

𝑦=1

𝑁

𝑥=1

 Eq  7 − 2 

 

𝑅𝑎(𝑁, 𝑀) =
1

𝑁𝑀
∑ ∑|𝑧(𝑥, 𝑦) − 𝑧̅(𝑁, 𝑀)| 

𝑀

𝑦=1

𝑁

𝑥=1

 Eq  7 − 1 
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7.3.4 Contact Angle Measurements 

Prior to contact angle measurements, calcite crystals were cleaved from a cleaned calcite 

sample to obtain a fresh new calcite surface. Ultrapure water saturated with CaCO3 was then 

used to flush the fresh surface to remove any existing small pieces of calcite on the new calcite 

surfaces [48]. Subsequently, the surface roughness of the new calcite substrate was measured 

using AFM at ambient conditions. On the completion of surface roughness measurement prior 

to the contact angle test, the substrate was placed into the cell, which was filled with a certain 

brine in Figure 7-1. The contact angle was then recorded with time until a negligible change 

in the contact angle (usually up to 12 h). The pH of brine was measured before and after contact 

angle measurements. Finally, the ultrapure water saturated with CaCO3 was used again to clean 

the calcite substrate before the AFM test. 

 

Figure 7-1. Schematic diagram of the contact angle experimental setup. 

7.3.5 Experimental Scenarios 

To understand the contribution of surface roughness effect on the contact angle due to calcite 

dissolution in the LS brine, we performed contact angle and AFM measurements in two 

scenarios which are shown below.  

Scenario 1: sample #1 (AFM test) + contact angle measurement in HS + AFM test. 

Scenario 2: sample #2 (AFM test) + contact angle measurement in LS + AFM test + contact 

angle measurement in HS + AFM test.  

We measured the surface roughness of sample #1 and #2 prior to contact angle measurements. 

Subsequently, we measured the contact angle of oil on sample #1 in the presence of the HS 

brine and the contact angle of oil on sample #2 in the presence of the LS brine. Later, we 

measured the surface roughness of the two samples. On the completion of the surface 

roughness of sample #2, we put sample #2 in the HS brine and measured the contact angle of 

the same oil followed by surface roughness measurement. 
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7.4 Results 

7.4.1 Effect of Salinity on the Contact Angle. 

 Lowering the salinity of the brine decreases the contact angle between the oil drop and calcite 

substrate (Figure 7-2), implying that LSW shifts oil−brine−carbonate wettability from oil-wet 

to intermediate-wet. For example, HS water gives a contact angle of 165°, while the contact 

angle decreased to 105° in the presence of LSW (Figure 7-2), in line with literature. For 

example, Yousef et al. [68] reported that lowering the salinity of the brine from 210 000 ppm 

(formation brine) to 29 000 ppm (twice diluted seawater) reduced the contact angle from 82° 

to 75° using porous carbonate rocks. Also, Alameri et al. [49] reported that decreasing the 

salinity of seawater fourfold shifts the contact angle from 133° to 117°, indicating a less oil-

wet system. Moreover, Awolayo et al. [27] found that the contact angle decreases from 135° 

to 120° using porous carbonate rocks when decreasing the salinity from 261 210 (formation 

brine) to 48 280 ppm salinity (synthetic seawater). It is worth noting that using the porous 

carbonate rock for contact angle measurements may not cause significant contact angle 

decrease in the LS brine [25, 68] due to the accumulation of the water in the crevices at the 

rough surface between the oil drop and rock surfaces [180]. Contact angle decrease with 

lowering salinity can be interpreted using existing geochemical modeling [58, 60, 61, 78, 165, 

271]. For example, Brady and Thyne [58] performed surface complexation modeling to 

quantify the electrostatic adhesion of the oil−calcite at different water salinities, and they found 

that decreasing the salinity decreases the bond product sum of the oil−calcite adhesion, thus 

altering the wettability of the oil− brine−carbonate system to less oil-wet. For instance, diluting 

the seawater 2 and 10 times decreases the bond product of [>CaSO4 −][−NH+] from 0.21 to 

0.13 and 0.05 (μmol/m2)2, respectively. 

 

Figure 7-2. Contact angle of sample 1 and 2 in different salinity brines. 

Given, we assumed that the surface roughness of sample #2 increases maybe due to calcite 

dissolution in the presence of the LS brine to examine the surface roughness effect on the 

contact angle, we measured the contact angle of oil on the reused substrate (sample #2) in the 

presence of the HS brine (Figure 7-3). Surprisingly, HS water gives a contact angle of 164° 

almost as same as the contact angle of oil on the sample #1, indicating that oil−brine−calcite 
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interactions govern system wettability rather surface roughness variation due to calcite 

dissolution. To gain a deeper understanding of this physicochemical process, we measured the 

surface roughness of the samples before and after contact angle measurements, which are 

discussed in the subsection below.  

 

Figure 7-3. Contact angle of sample 1 and 2 in HS brines. 

We also noticed that the contact angle reaches the equilibrium much faster in the HS brine 

compared to the LS brine (Figure 7-4). For example, the contact angle required only 5 min to 

reach 154° and stabilize at 165° in 70 min. However, in the presence of the LS brine, it takes 

80 min to reach a contact angle of 90° and more than 300 min to stabilize at 105°. It is difficult 

to explain these results, but it might be related to the Ca2+ level increase in the LS brine as a 

result of the calcite dissolution process, which is time-dependent thus influencing 

oil−brine−calcite interactions [21]. However, this process might not apply to the HS brine 

because calcite dissolution is minor [25], thereby the equilibrium state of the oil− brine−calcite 

can be reached shortly. 

 

Figure 7-4. Change of contact angle in HS and LS brines. 

7.4.2 Effect of Salinity on Calcite Surface Roughness  

To quantify the surface roughness variation due to calcite dissolution in the LS brine, we 

measured surface roughness before and after contact angle measurements using AFM. Figure 

7-5 shows that the HS brine gives a negligible roughness difference before and after contact 
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angle measurements, implying that calcite dissolution is minor in the presence of the HS brine. 

For example, Figure 7-5 shows that prior to the contact angle measurement, the surface 

roughness was 7 nm, and a smaller increase in surface roughness (12 nm) was observed after 

the contact angle measurement. However, the LS brine indeed increased the surface roughness 

from 4 to 17 nm (three folds increase), suggesting that calcite dissolution occurred in the 

presence of the LS brine (Figure 7-6), which would be discussed in the subsection with 

geochemical modeling. 

 

Figure 7-5. Change of the surface roughness of sample #1 due to HS. 

 

Figure 7-6. Change of the surface roughness of sample #2 due to LS. 
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7.5 Discussion 

7.5.1 Response of Surface Roughness Change due to Calcite Dissolution on the 

Contact Angle 

 A combination of contact angle and surface roughness measurements before and after contact 

angle tests suggests that surface roughness increases as a result of calcite dissolution in LSW 

plays a negligible role in contact angle, confirming that the interaction of oil−brine−carbonate 

governs system wettability rather the surface roughness during the LSW flooding. For 

example, Figure 7-6 shows that the LS brine increases surface roughness from 4 to 17 nm due 

to calcite dissolution with a contact angle of 105°, whereas the HS brine gives a negligible 

surface roughness increase with a contact angle of 165°. This confirms that lowering salinity 

shifts oil−brine−carbonate system wettability toward less oil-wet, which has been reasonably 

characterized using geochemical modeling. To rule out the potential contribution of surface 

roughness increase due to calcite dissolution in the LS brine on contact angle decrease, we 

measured the contact angle of oil on the reused sample #2 in the presence of the HS brine, 

which yields a contact angle of 164°, confirming that surface roughness increases due to calcite 

dissolution in the presence of the LS brine plays a limited role in the contact angle. This 

confirms that contact angle measurement remains a direct and practical approach to indicate 

the wettability of the oil−brine−carbonate system, which would provide insights to 

characterize the oil−brine− carbonate interactions thus wettability using thermodynamic and 

electrostatic approaches. 

7.5.2 Analytical Modeling Using the Wenzel Equation 

To gain better understanding on the effect of surface roughness due to calcite dissolution on 

the contact angle thus wettability, we used the Wenzel [103] equation (Eq 7-3) to investigate 

the effect of surface roughness on the contact angle.  

 𝐶𝑂𝑆 𝜃𝑟𝑜𝑢𝑔ℎ = 𝑟 𝐶𝑂𝑆 𝜃𝑠𝑚𝑜𝑜𝑡ℎ Eq  7 − 3 

where r is a roughness factor (Eq 6-4) [103] :  

 Given the definition of the roughness factor in Eq 7-4, we calculated the r before and after the 

dissolutions (sample #2) using the true and reference surface area collected from our AFM 

data. Our calculation shows that the roughness factor is 1.0003 and 1.0040 before and after 

calcite dissolution in the LS brine. Subsequently, we used the Wenzel equation to calculate the 

contact angles at the rough surface as a function of roughness factor as shown in Figure 7-7. 

Figure 7-7 shows that the contact angle at a rough surface is always greater than the smooth 

surface. Also, for a given contact angle at a smooth surface, the contact angle at the rough 

 
𝑟 =

𝑇𝑟𝑢𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑎𝑟𝑒𝑎
 Eq  7 − 4 
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surface increases with the roughness factor. In particular, the contribution of the surface 

roughens on the contact angle at rough surfaces increases when the contact angle is greater 

than 120°. However, with the minor surface roughness change due to calcite dissolution in the 

LS brine, the contact angle difference at smooth and rough surfaces is limited. For example, 

the variation of the roughness factor of sample #2 was less than 0.01, suggesting a negligible 

effect on the contact angle in light of the Wenzel equation [103]. To be more specific, Figure 

7-7 shows that at a given contact angle 160° in the HS brine, the contact angle increases only 

by 1.6° with increasing the roughness factor of 0.01. In the presence of the LS brine with a 

contact angle of 105°, increasing the roughness factor to 0.01 only leads to additional 0.2° 

contact angle increase. Together, we can conclude that surface roughness variation due to 

calcite dissolution is negligible to the oil−brine−carbonate system contact angle thus 

wettability. 

 

Figure 7-7. Effect of the roughness factor on the contact angle (Wenzel equation). 

7.5.3 Geochemical Modeling 

To further confirm that surface roughness increase due to mineral dissolution in LSW flooding 

plays a minor role in system wettability, we performed a geochemical study using PHREEQC 

software [274]  to examine the calcite dissolution process in the presence of either HS brine 

or LS brine. The equilibrium condition for the bulk was calculated as the calcite substrate is 

brought in contact with the brine. To calculate how much calcite dissolved in the HS and LS 

brines, which might change the surface roughness of the calcite substrate, we assumed that the 

interaction of brines with the calcite reached an equilibrium with saturation index equivalent 

to 0 [28]. The geochemical results show that both HS and LS at pH = 6 can only dissolve very 

small amount of the calcite. For example, the HS brine dissolves 5.41 × 10−5 mol/mol of calcite 

and the LS brine dissolves 1.16 × 10−4 mol/mol of calcite, almost twofold calcite dissolution 

than HS, which is in line with previous literature studies. For example, Sari et al. [28] 

performed geochemical modelng to study the effect of water chemistry of the formation brine 
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and diluted formation brine on the calcite precipitation and dissolution. They reported that the 

formation brine with a salinity of 252 244 ppm and the 10 times diluted formation brine 

dissolve 3.966 × 10−3 and 4.091 × 10−3 mol/mol of calcite at low pH (<4.5), respectively. In 

addition, Nasralla et al. [22] used PHREEQC software to investigate the dissolution or 

precipitation of calcite due to injection of the seawater and diluted seawater to limestone core 

samples. They found that 25 times diluted seawater dissolved 2.13 × 10−4 mol/mol of calcite 

and 100 times diluted seawater dissolved 2.10 × 10−4 mol/mol of calcite. Taken together, LSW 

triggers minor calcite dissolution, which does not significantly affect surface roughness of the 

calcite substrate in line with our AFM measurements. This confirms that contact angle 

alteration in the presence of LSW is governed by oil−brine−carbonate interactions rather than 

surface roughness change due to the calcite dissolution on the substrate. 

7.6 Implications and Conclusions 

Contact angle measurement appears to be a direct and practical approach to describe the oil-

brine-carbonate system interactions thus wettability in the presence of aqueous ionic solutions 

for enhanced oil recovery purposes. However, until recently, there has been an increasing 

concern that the contact angle may not be reliable because of the possible surface roughness 

variation as a result of calcite dissolution in the presence of the LS brine. To understand the 

relative contribution of surface roughness effect on the contact angle due to calcite dissolution 

in the LS brine, we thus measured the contact angle of oil droplets on calcite surfaces in the 

presence of HS water (1 mol NaCl + 0.01 mol CaCl2) and LSW (100 times diluted HS water). 

We also measured the surface roughness of calcite substrates before and after contact angle 

measurements using AFM. Moreover, we performed a geochemical study to quantify the 

calcite dissolution in the presence of brines and compared our geochemical study with our 

AFM measurements. 

Contact angle measurements show that the HS brine gives a contact angle of 165°, whereas 

LSW gives a contact angle of 105°, implying a less oil-wet or intermediate system. Surface 

roughness measurement shows that the HS brine leads to negligible surface roughness change, 

but LSW causes surface roughness increase from 4 to 17 nm. Geochemical modeling 

demonstrates that the surface roughness increase in LSW is induced by a small amount of 

calcite dissolution (1.16 × 10−4 mol/mol). Taken together, our results confirm that surface 

roughness variation due to calcite dissolution in LSW plays a negligible role in the contact 

angle. Therefore, the contact angle remains a direct and practical approach to indicate the 

wettability alteration in the presence of various aqueous ionic brines.  
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Chapter 8.  Alcohol-Assisted Waterflooding in Carbonate 

Reservoirs* 

8.1 Abstract 

Low salinity waterflooding has been identified as a cost-effective and environmentally 

friendly means to enhance oil recovery in carbonate reservoirs by decreasing hydrophobicity. 

Published work shows that a low concentration of 1-pentanol can further decrease the 

hydrophobicity, although the mechanism(s) remain unclear. In this work, we aimed to decipher 

the controlling factor(s), which prevail the process of wettability alteration, by adding alcohols 

in injected water. To achieve this aim, we examined the effect of alcohol carbon chain length 

and number of −OH functional groups on the contact angle of oil−brine−carbonate using 

ethanol, isopropanol, 1-pentanol, and glycerol in high- and low salinity brines. Moreover, to 

interpret the contact angle results on the basis of a thermodynamic isotherm, we measured the 

ζ potential of brine−calcite and brine−oil with and without alcohols at ambient conditions. 

Contact angle results confirm that intermediate carbon chain alcohol (1-pentanol) shifts the 

wettability of the oil−brine−carbonate system to less oil-wet or more water-wet, implying 

greater hydrophilicity compared to other short carbon chain alcohols. Also, the number of 

−OH functional groups in an alcohol has a negligible effect on the contact angle and, thus, 

wettability alteration. However, the ζ potential at oil−brine and brine−calcite fails to explain 

the effect of alcohols on the wettability of the oil−brine−carbonate system, implying that the 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory may not account for the effect of 

alcohol on the wettability alteration. We argue that increasing the length of the carbon chain 

likely increases −OH at oil−brine interfaces, which likely breaks the in situ bridges between 

oil and calcite surfaces, thus increasing hydrophilicity. Our finding shows that waterflooding 

efficiency may be boosted by adding 1-pentanol with a low concentration in high-salinity 

carbonate reservoirs, where conventional chemical-assisted enhanced oil recovery (e.g., 

polymer flooding and surfactant flooding) may not be viable.  

8.2 Introduction 

Most of the world’s oil (>60%) was discovered in carbonate reservoirs , and less than 40% can 

be produced by the primary recovery stage (i.e., depletion process) and secondary recovery 

stages (e.g., waterflooding and gas flooding) [3].  Waterflooding has been widely used in fields 

to maintain reservoir pressure, thus improving oil recovery. To further improve the recovery 

factor achieved by conventional waterflooding in carbonate reservoirs, a concept targeting 

oil−brine−carbonate interactions from physiochemical processes have been proposed to 

decrease residual oil saturation by improving displacement efficiency of the injected water, 

namely, low salinity waterflooding , smart waterflooding [17], and designer waterflooding [8, 

9]. To test the concept, contact angle measurements [25-28], spontaneous imbibition [29-31], 
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and core flooding experiments [14, 30, 49, 68] have been performed to show the potential of 

low salinity waterflooding in carbonate reservoirs by yielding 5−30% incremental oil recovery 

[11, 14, 15, 18, 19, 22, 23, 65]. Meanwhile, to predict and upscale the experimental results, a 

few mechanisms have been proposed, e.g., dissolution of calcite [23, 42] and anhydrite [15], 

change of carbonate surface charges [24, 43], a combination of the mineral dissolution and 

change of surface charge [44, 45], in situ surfactant generation [50], electrical double-layer 

theory, and surface complexation modeling. 

To further assist low salinity waterflooding in carbonate reservoirs, a recent study shows that 

adding a small percentage of alcohol (0.5 and 1 wt% 1-pentanol) to high- and low salinity 

water can enhance the wettability alteration toward hydrophilicity in carbonate reservoirs 

[275]. For example, Lu et al. [275] report that adding 0.5 wt% 1-pentanol to low salinity water 

(0.1 M NaCl) decreases 80° of the contact angle in the oil−brine−calcite system. The proposed 

mechanism to account for the significant contact angle decrease is that 1-pentanol likely 

reduces the Ca2+ cation bridges between the acid oil group (e.g., −COO−) and negative calcite 

surface species (>CO3
−) [275]. This is largely attributed to the strong attraction between the 

negative −OH of 1-pentanol and Ca2+ cations in the water film between oil and calcite surfaces. 

While the mechanism of enhancing the hydrophilicity of calcite by adding 1-pentanol remains 

to be further identified, the promising shift of wettability toward hydrophilicity by adding 

alcohols likely expands the application envelop of low salinity enhanced oil recovery (EOR) 

in carbonate reservoirs in Western China and the Middle East. 

In this work, we aimed to decipher the controlling factor(s), which prevail the process of 

wettability alteration, by adding alcohols in injected water. To be more specific, we further 

tested the hypothesis that increasing the number of −OH in alcohol would further facilitate the 

hydrophilicity of oil−brine−carbonate systems. To achieve this aim, we examined the effect 

of the number of −OH functional groups and the length of the carbon chain on the 

oil−brine−carbonate contact angle using ethanol, isopropanol, 1-pentanol, and glycerol in 

high- and low salinity brines. Moreover, to interpret the contact angle results on the basis of a 

thermodynamic isotherm, we measured the ζ potential of brine−calcite and brine−oil with and 

without alcohols at ambient conditions. Finally, a surface complexation model taking place at 

oil−brine interfaces in the presence of alcohols has been proposed to account for the 

hydrophilicity of oil−brine−carbonate systems with alcohols. 

8.3 Experimental Procedures 

8.3.1 Material 

Brines.  
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Two different ionic aqueous solutions were prepared for contact angle and ζ potential 

measurements with and without alcohols. One was high-salinity brine (HS) with 1 mol/L 

sodium chloride (NaCl) and 0.01 mol/L calcium chloride (CaCl2), and the second was low 

salinity brine (LS), which was prepared by diluting HS 100 times using deionized water. 

Ultrapure water with a resistivity of 18.2 MΩ was used in all preparations of the brines. It is 

worth noting that to avoid the complication and focus only on the impact of the alcohols on 

the wettability of the oil−brine−calcite system, we only used NaCl and CaCl2 salts in the two 

brines to represent the mono- and divalent cations in formation brines. 

Alcohols.  

To test our hypothesis and obtain the objective of this research, we selected four different 

alcohols listed in Table 8-1. The elected alcohols contain different carbon chain lengths and a 

different number of functional groups (−OH) with a different molecular structure. 

Table 8-1. Selection of Alcohols with Different Numbers of −OH, Lengths of the Carbon 

Chain, and Molecular Structures 

Name Chemical formula Molecular structure Solubility at water (g/L at 25oC) 

Ethanol C2H6O 
 

completely soluble 

Isopropanol C3H8O 

 
completely soluble 

Glycerol C3H8O3 
 
completely soluble 

1-Pentanol C5H12O 
 

22.8 

 

Oil.  

Given that oil functional groups (e.g., −COO− and −NH+) would play a significant role in oil 

adhesion on calcite surfaces [58, 78, 197], an oil with certain functional groups would be 

important to test the hypothesis. A crude oil with a density of 0.89 g/cm3, acid number (AN) 

of 1.7 mg of KOH/g, and base number (BN) of 1.2 mg of KOH/g was used. Also, gas 
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chromatography−mass spectrometry (GC−MS) shows that the oil is rich in naphthenes with a 

mass concentration of 26.3%, followed by sulfur (3.9%), and wax (3.8%).  

Calcite. 

 Given that calcium carbonate is the main component of the carbonate rocks, we used a calcite 

crystal supplied by Ward’s Science in both contact angle and ζ potential measurements. 

Furthermore, to avoid the effect of the surface roughness on wettability measurements, a 

cleaved calcite crystal was used for contact angle measurements with a clean and smooth new 

surface. Prior to the contact angle measurements, the new calcite surface was flushed using 

ultrapure water saturated with CaCO3 to remove any small calcite pieces [190]. It is worth 

noting that we did not use reservoir carbonate rock in this research because the heterogeneity 

of the surface roughness likely affects the contact angle results [180, 181, 192]. To prepare 

calcite powders for ζ potential measurements, the calcite crystals were cleaned using ultrapure 

water saturated with CaCO3. Then, the clean calcite crystals were placed in an oven at 60° to 

remove remaining water for 24 h. Subsequently, the calcite crystal was crushed to a fine 

powder with a diameter in the range of 10−100 μm for ζ potential measurements [48]. 

8.3.2. Contact Angle Measurements.  

The contact angle measurement remains as a direct approach to examine the 

oil−brine−carbonate system wettability with a negligible variation of surface roughness as a 

result of calcite dissolution [190]. A sessile drop method was used to examine the influence of 

different alcohols (e.g., number of −OH and length of the carbon chain) on the wettability of 

the oil−brine−carbonate system at ambient conditions. Because the pressure has a negligible 

effect on the contact angle of oil−brine−rock systems [191], the contact angle measurements 

were conducted at ambient conditions. To proceed with the contact angle measurement, a new 

calcite surface was glued at the holder of the contact angle measurement cell (Figure 8-1). 

Then, the holder was placed in the cell, which was filled with a certain brine. Subsequently, a 

syringe located at the bottom of the cell was used to introduce an oil droplet onto the calcite 

surface. A high-definition camera and computer system were used to monitor and record the 

contact angle variation until reaching the equilibrium. 
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Figure 8-1. Schematic diagram of contact angle experimental setup [190]. 

8.3.3. ζ Potential Measurements. 

ζ potential plays an important role in the electrical double layer force, which affects the 

disjoining pressure isotherm and, thus the wettability alteration of the oil−brine−rock system 

[48, 201, 202]. To gain a deeper understanding of how alcohols drive the shift of wettability, 

we examined the influence of different alcohols on the ζ potential of the two interfaces 

(oil−brine and brine−calcite) using a Malvern Zetasizer Nano ZS series. To measure the ζ 

potential of oil−brine and brine−calcite mixtures, the oil and brine were mixed at the ratio of 

1:10 (v/v) and 0.4 g of calcite powder was added to 20 mL of brine [275].  Before the samples 

were loaded into the cuvette cell to measure ζ potential, all samples were stirred for 5 min 

using a magnetic stirrer to reach an equilibrium. To minimize the standard deviation of ζ 

potential results, three measurements were made for each of the samples and the average was 

used to represent the ζ potential for each of the samples. 

8.4 Results and Discussion 

8.4.1 Effect of Alcohol on the Contact Angle in High-Salinity Water.  

Figure 8-2 shows that adding alcohols (ethanol, isopropanol, and glycerol) with a 

concentration of 1 wt% only slightly decreases the contact angle in high-salinity brine, whereas 

the same concentration of 1-pentanol significantly decreases the contact angle. For example, 

adding 1 wt% ethanol and isopropanol to high-salinity brine decreases the contact angle of the 

oil−brine−calcite system from 165° to 158° and 160°, respectively. Similarly, adding the same 

concentration of glycerol only decreases the contact angle from 165° to 160°. However, adding 

1 wt% 1-pentanol yields a significant contact angle decrease from 165° to 125° in high-salinity 

brine, in line with Lu et al. [275] under similar conditions. Our results confirm that the length 

of the alcohol carbon chain likely plays an important role in shifting wettability from oil-wet 

to intermediate-wet [275]. For example, the intermediate carbon chain alcohol (1-pentanol) in 
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high-salinity brine reduces 40° (24%) of the contact angle of the oil−brine−calcite system, 

shifting wettability to the less oil-wet system. Nevertheless, adding short carbon chain alcohols 

(ethanol and isopropanol) to high-salinity brine only lowers the contact angle less than 8° 

(5%), implying a negligible effect on the wettability of the oil−brine−calcite system.  

Given that long carbon chain alcohols exhibit more hydrophobic characteristics and are, thus, 

more soluble in oil [275, 276], the adsorption of the −OH group on the oil−brine interface 

would increase. It is plausible to assume that –OH from alcohols likely bridges with acidic 

functional groups (−COO− and −COOCa+) at oil−brine surfaces, which, in return, breaks the 

bonds between oil and calcite surfaces. A more detailed explanation is given in section 3.5. 

Figure 8-2 also shows that increasing the number of –OH groups in alcohol for a given length 

of carbon chain does not contribute to the wettability alteration toward intermediate-wet in the 

oil−brine−calcite system. For instance, adding 1 wt% glycerol (alcohol with three −OH 

functional groups) to the oil−brine−calcite system decreases the contact angle from 165° to 

160°, similar to the performance of ethanol and isopropanol (alcohol with one −OH). Rather, 

1-pentanol (1 wt%, alcohol with one −OH functional group) decreases the contact angle from 

165° to 125°. This is likely because 1-pentanol is less soluble in water compared to glycerol 

for a certain concentration of alcohol in the brine. Therefore, the excess −OH group likely 

adsorbs at oil−brine interfaces to bridge functional groups at oil surfaces, which, in return, 

likely breaks bridges originated from oil−brine−calcite, e.g.,−COO−/(>Ca+ at calcite) and 

−COOCa+/(>CO3
− at calcite) [58, 61, 78]. Consequently, the oil−brine−calcite system 

becomes less oil-wet. 

 

Figure 8-2. Contact angle of oil with calcite in the presence of highsalinity brine with 

different alcohols. 
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8.4.2 Effect of Alcohol on the Contact Angle in Low- Salinity Water.  

Adding 1 wt% alcohols with a low carbon chain (e.g., ethanol and isopropanol) to low salinity 

brine did not decrease the contact angle. Rather, the contact angle increased from 105° to 136° 

compared to low salinity brine without adding alcohols. This implies that low carbon chain 

alcohols may not facilitate the low salinity effect pertaining to wettability alteration toward 

more hydrophilicity. For example, Figure 8-3 shows that adding 1 wt% ethanol and 

isopropanol to low salinity water increases the contact angle of the oil−brine−calcite system 

from 105° to 116° and 136°, respectively. Similarly, mixing 1 wt% glycerol to low salinity 

water increases the contact angle of the oil−brine−calcite system from 105° to 118°. We are 

uncertain why adding alcohols weakens the low salinity effect (increasing hydrophilicity); 

perhaps this is because the increase of −OH in a thin water film increases the bridges between 

oil and calcite surface species and, thus, more adhesion.  

However, adding 1 wt% 1-pentanol alcohol leads to a decrease in the contact angle from 105° 

to 90°, implying that 1-pentanol likely shifts wettability from slightly oil-wet to intermediate-

wet, favoring displacement efficiency and, thus, a lower residual oil saturation [277]. Taken 

collectively, Figure 8-3 shows that increasing the number of −OH functional groups in alcohol 

(glycerol) does not improve the low salinity effect in the oil−brine−calcite system, suggesting 

that accumulation of alcohol in the thin water film may not lead to a stronger water wetting 

state. For instance, mixing 1 wt% glycerol (alcohol with three −OH functional groups) to low 

salinity brine increases the contact angle from 105° to 118° and, thus, a more oil-wet system 

compared to low salinity brine without any alcohols. Rather, adding 1 wt% 1-pentanol (alcohol 

with one −OH functional group) to the low salinity brine shifts the wettability of the 

oil−brine−calcite system to a more water-wet system. This is likely because the solubility of 

1-pentanol at low salinity brine is less than the solubility of glycerol, and thus, more 1-pentanol 

adsorbed at the oil−brine interfaces, which, in return, prompts the hydrophilicity of the 

oil−brine−calcite system. Therefore, we tentatively conclude that adsorption of −OH at the 

oil−brine interface likely determines the wettability of the oil−brine−carbonate system rather 

the accumulation of alcohol within the thin water film between oil and rock surfaces. In 

addition, the alcohol activity coefficient increases with increasing the salinity of the brine and, 

thus, decreases the solubility of alcohol in the brine phase [278, 279]. This process likely 

promotes the movement of alcohol from the thin water film to the oil−brine interface in the 

presence of high-salinity brine. Consequently, more −OH would be accumulated at the 

oil−brine interfaces, which leads to a stronger impact of alcohol on the wettability of the 

oil−brine−calcite system. This is also supported by the contact angle results, which show that 

1-pentanol with 1 wt% significantly decreases the contact angle, thus increasing the 
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hydrophilicity of the oil−brine−carbonate system in high-salinity brine (Figure 8-2) compared 

to low salinity brine (Figure 8-3). 

 

Figure 8-3.  Contact angle of oil on calcite surfaces in the presence of low salinity brine with 

different alcohols. 

8.4.3 Influence of Alcohol on ζ Potential in High-Salinity Water.  

Oil−Brine Interfaces  

Figure 8-4A shows that adding alcohols to high-salinity brine has a minor effect on ζ potential 

of the oil−brine interface, suggesting that the electrical double-layer force may play a 

negligible role in oil− brine−calcite interactions and, thus, wettability. For example, adding 1 

wt% ethanol, isopropanol, or 1-pentanol to high-salinity brine only slightly decreases the 

negativity of the ζ potential of the oil−brine interface from 4.5 to 5.9 mV compared to literature 

data [65, 146], while adding 1 wt% glycerol slightly increases the negativity of ζ potential 

likely as a result of the high number of −OH functional groups at oil−brine interfaces, the 

incremental ζ potential remains to be low (4.5 mV) compared to the ζ potential increase in low 

salinity brine in the literature [65, 146]. 

Although the length of the carbon chain in alcohol also plays a negligible role in the ζ potential 

of the oil−brine interface, 1-pentanol gives the lowest ζ potential compared to other short 

carbon chain alcohols. For example, a short carbon chain alcohol (e.g., ethanol and 

isopropanol) gives a less than 5.0 mV decrease comparable to those in other studies under 

similar conditions [275]. Adding 1-pentanol (intermediate carbon chain alcohol) to high-

salinity brine decreases the magnitude of the ζ potential of the oil−brine interface from −24.2 

to −18.3 mV. Our results imply that alcohol adsorbed at oil−brine interfaces have a minor 

effect on the ζ potential, which may be attributed to the low ionization equilibrium constant of 

−OH (pKa = 16−19 [280]). 
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Brine−Calcite Interfaces  

Figure 8-4B shows that adding alcohols to high-salinity brine has a negligible influence on the 

ζ potential of the brine−calcite interfaces. For example, adding 1 wt% ethanol, isopropanol, or 

1-pentanol to high-salinity brine decreases the ζ potential of the brine−calcite interfaces from 

0.8 to 2.6 mV. Also, adding 1 wt% glycerol decreases 2.0 mV of the ζ potential of the 

brine−calcite interface, although with three −OH functional groups. This suggests that the 

number of −OH functional groups in alcohol plays a negligible role on the ζ potential of the 

brine−calcite interface.  

The length of the carbon chain in alcohol also has a minor impact on the ζ potential of the 

brine−calcite interfaces. For example, adding ethanol and isopropanol (short carbon chain 

alcohols) to high-salinity water decreases only 1.3 and 2.6 mV of the magnitude of the ζ 

potential of the brine−calcite interfaces. Also, 1-pentanol (intermediate carbon chain alcohol) 

only yields minor reduction (0.8 mV) of the ζ potential at the brine−calcite interfaces, implying 

that the length of the carbon chain in alcohol plays a negligible role on the ζ potential of the 

brine−calcite interface. 

 

Figure 8-4.  ζ potential at high-salinity brine of the (A) oil−brine interface and (B) 

brine−calcite interface. Error bars show the standard deviation. 

8.4.4 Influence of Alcohol on the ζ Potential in Low salinity Water.  

Oil−Brine Interface.  

Figure 8-5A shows that adding alcohols to low salinity brine does not strongly affect the ζ 

potential of the oil−brine interfaces. For example, adding 1 wt% ethanol, isopropanol, or 1-

pentanol to low salinity brine decreases the negativity of the ζ potential of the oil−brine 

interface from 0 to 21.5 mV, whereas adding 1 wt% glycerol decreases the negativity of the ζ 

potential of the oil− brine interface from −61.4 to −56.3 mV. However, Figure 8-5A confirms 

that lowering salinity shifts the ζ potential of oil− brine interfaces to strongly negative 
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compared to high-salinity brine largely as a result of an increase of −COO− at oil−brine 

interfaces [58, 60, 61, 78]. 

Figure 8-5A also shows that increasing the length of the carbon chain in alcohols likely 

decreases the ζ potential in magnitude. For example, adding 1-pentanol (intermediate carbon 

chain alcohol) to low salinity brine reduces 21.5 mV of the ζ potential compared to a short 

carbon chain. We assumed that this is possibly attributed to higher dissolution of 1-pentanol 

at the oil−brine interface with excess −OH, which likely links −COO− and −COOCa+ and, 

thus, lowers the ζ potential in magnitude. As a consequence, this physiochemical process 

breaks the bridges between oil and calcite surfaces, forming a more water-wet system, in line 

with our contact angle measurement (Figure 8-3). 

In addition, the number of −OH functional groups in alcohol does not affect the ζ potential of 

the oil−brine interface. For instance, adding 1 wt% glycerol (alcohol with three −OH 

functional groups) to high-salinity brine decreases only 5 mV of the magnitude of the ζ 

potential of the oil−brine interface. However, the magnitude of the ζ potential of the oil−brine 

interface decreases 21.4 mV with adding 1 wt% 1-pentanol (alcohol with one −OH functional 

group) to the high-salinity brine. 

Brine−Calcite Interfaces.  

Figure 8-5B shows that mixing alcohols to low salinity brine has a minor impact on the ζ 

potential of the brine−calcite interfaces. For example, adding 1 wt% ethanol, isopropanol, or 

1-pentanol to low salinity brine shifts the ζ potential of the brine−calcite interface from −5.2 

to −0.7, 0.9, and 0.2 mV, respectively. Also, adding 1 wt% glycerol decreases the ζ potential 

of the brine−calcite interface from −5.2 to −1.2 mV. However, Figure 8-5B confirms that 

lowering salinity decreases the magnitude of the ζ potential of brine−calcite compared to high-

salinity brine (Figure 8-4B), in line with published experimental data at similar experimental 

conditions [27, 59]. 

Moreover, Figure 8-5B shows that the length of the carbon chain in alcohol has a minor impact 

on the ζ potential of the brine−calcite interface. For example, adding ethanol or isopropanol 

(short carbon chain alcohols) to low salinity water decreases the ζ potential of brine−calcite in 

a range of 4.6−6.2 mV in magnitude. Adding 1-pentanol (intermediate carbon chain alcohol) 

yields a comparable reduction of ζ potential (5.4 mV). This is likely because 1-pentanol was 

more concentrated at the oil−brine interfaces than the brine−calcite interfaces. 

Additionally, the number of −OH functional groups in alcohol also plays a negligible role in 

the ζ potential of the brine−calcite interface. For instance, adding 1 wt% glycerol (alcohol with 

three −OH functional groups) to high-salinity brine decreases 4.0 mV of the magnitude of the 
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ζ potential of the oil−brine interface. Also, the magnitude of the ζ potential of the brine−calcite 

interface decreases 5.4 mV with adding 1 wt% 1-pentanol (alcohol with one −OH functional 

group) to the low salinity brine. This is in agreement with the work of Yingda et al. [275] who 

found that the ζ potential of the brine−calcite interface decreases when adding 1 wt% 1-

pentanol to the low salinity brine. 

 

Figure 8-5. ζ potential at low salinity brine of the (A) oil−brine interface and (B) 

brine−calcite interface. Error bars show the standard deviation. 

8.4.5 Proposed Mechanism.  

With a combination of contact angle and ζ potential measurements, we provide one possible 

mechanism accounting for the significant impact of alcohols on wettability alteration as a 

function of salinity. Figure 8-2 shows that increasing the number of −OH functional groups in 

alcohols plays a minor role in the contact angle decrease in high-salinity brine, which implies 

that the accumulation of alcohols at the thin water film between oil and calcite surface may 

not increase hydrophilicity. However, 1-pentanol (1 wt %) significantly decreases the contact 

angle from 165° to 125°, implying that the length of the carbon chain likely determines in part 

the oil−brine−calcite wettability. To be more specific, increasing the number of carbon chains 

increases the dissolution of alcohols to the oil phase [276], in particular at oil−brine interfaces, 

thus increasing the number of −OH at oil−brine interfaces. We propose that the adsorption of 

−OH at the oil−brine interface likely forms an ion−dipole bond with oil surface species, such 

as −NH+, −COO−, and −COOCa+, thus breaking the in situ bridges between oil and calcite 

surfaces (e.g., [−NH+] [>CO3
−],[−NH+] [>CaCO3

−], [−COOCa+] [>CO3
−], [−COOCa+] 

[>CaCO3
−], [−COO−] [>CaOH2

+], and [−COO−] [>CO3Ca+]) (Figure 8-6). This 

physicochemical process may be attributed to a shorter distance between −OH and functional 

groups at oil surfaces compared to the distance between oil and calcite through the thin water 

film thickness (5−30 nm), although the ion−dipole interaction is weaker than the original ionic 

bonding (electrostatic bonding) between chemical surface species at oil and calcite surfaces. 

It is worth noting that the ion−dipole intermolecular interaction may also be generated between 



 

95 

−OH and −COOCa+ through −Oδ− and −Ca+ (proposed in Figures 7-6 and 7-7) [281, 282]. For 

example, partially positive hydrogen in the alcohol functional group (−OH) forms an 

ion−dipole bond with anionic oxygens, and also partially negative oxygen in the alcohol 

functional group (−OH) forms an ion−dipole interaction with the calcium ion. 

 

Figure 8-6.  Effect of 1-pentanol on the wettability of oil−brine−calcite in the presence of 

high-salinity brine. 

 

Figure 8-7.  Effect of 1-pentanol on the wettability of oil−brine−calcite in the presence of 

low salinity brine. 

This mechanism also accounts for the weak performance of alcohols in low salinity brine 

(Figure 8-3) compared to high-salinity brine. For example, Figure 8-3 shows that low salinity 

brine only achieves a 15° contact angle decrease with the presence of 1-pentanol. This is very 

likely due to a higher dissolution of 1-pentanol in low salinity brine and, thus, less −OH 

attached at oil−brine interfaces (Figure 8-7). Consequently, less bridges between 

oil−brine−calcite would be broken by −OH attached at oil−brine interfaces and, thereby, less 

hydrophilicity (Figure 8-7), although low salinity brine likely increases the water film 

thickness. 

In addition, Figure 8-3 shows that, in low salinity brine, short carbon chain alcohols increase 

the hydrophobicity of the oil−brine−calcite system, indicating that increasing dissolution of 

alcohols in the thin water film (i.e., increasing accumulation of −OH in the thin water film) 
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does not promote hydrophilicity. This observation further validates the proposed mechanism 

that increasing −OH at oil−brine interfaces likely increases ion−dipole interactions occurring 

at oil−brine interfaces, breaking the original electrostatic bridges between oil and calcite and, 

thus, promoting the hydrophilicity.  

The proposed mechanism is also supported by ζ potential measurements, which show that the 

ζ potential of oil−brine and brine−calcite does not change significantly with and without 

alcohols for a given salinity, in line with Lu et al. [275] We also tentatively believe that 

increasing the Ca2+ and Mg2+ level in the formation brine (less than 0.01 mol/L) likely weakens 

the performance of 1-pentanol due to the fact that –OH adsorbed at oil−brine interfaces may 

not be able to bridge −COOCa+ and −COOMg+ together. However, further increasing the Ca2+ 

and Mg2+ level results in an increase of −OH at oil−brine interfaces, which, in return, may help 

to break the bridge between oil and calcite surfaces. This may explains why Lu et al. [275] 

observed a contact angle increase with increasing MgCl2 (up to 0.01 mol/L) but a decrease 

with further increasing MgCl2. However, to gain a deeper understanding, more quantitative 

work remains to be made with a combination of molecular simulations and atomic force 

microscopy at the molecular level. 

8.5 Implications and Conclusions 

We aimed to decipher the controlling factor(s), which prevail the process of wettability 

alteration, by adding alcohols in injected water. In particular, we further tested the hypothesis 

that increasing the number of −OH in alcohol would further facilitate the hydrophilicity of 

oil−brine−carbonate systems. To achieve this aim, we examined the effect of the number of 

−OH functional groups and the length of the carbon chain on the oil−brine−carbonate contact 

angle using ethanol, isopropanol, 1-pentanol, and glycerol in high- and low salinity brines. 

Moreover, to interpret the contact angle results on the basis of a thermodynamic isotherm, we 

measured the ζ potential of brine−calcite and brine−oil with and without alcohols at ambient 

conditions. 

Our results confirm that intermediate carbon chain alcohol (1-pentanol) increases the 

hydrophilicity of oil−brine−calcite systems in both high- and low salinity brines, but high-

salinity brine further boosts the effect of 1-pentanol on wettability alteration. Short carbon 

chain alcohols (e.g., ethanol and isopropanol) play a minor effect on wettability characteristics 

of oil−brine−calcite in high-salinity brine, whereas adding short carbon chain alcohols likely 

increases hydrophobicity in low salinity brines. Also, increasing the number of –OH functional 

groups does not decrease the contact angle and, thus, hydrophilicity. Alcohols play a minor 

effect on the ζ potential of the oil−brine and brine−rock interfaces compared to salinity, 

implying that the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory cannot explain 
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the impact of alcohol on the wettability of the oil−brine−carbonate system. However, we 

suggest that the selection of an appropriate alcohol to increase the hydrophilicity of the 

oil−brine−carbonate system should follow two principles. First, the alcohol should be water-

soluble, which enables the alcohol to penetrate the thin water film, thus accumulating at 

oil−brine interfaces. Second, the alcohol may need to have medium-level long carbon chains 

(C5−C10), which would help the accumulation of alcohol at oil−brine interfaces. We also 

suggest that alcohol with multi −OH groups (two to three −OH) and a long carbon chain 

(10−15) would likely further promote the hydrophilicity. Besides, we also believe that 1-

pentanol may be a good candidate to assist waterflooding in high-temperature and high-salinity 

carbonate reservoirs, where conventional chemical-assisted EOR (e.g., polymer flooding and 

surfactant flooding) may not be viable. 

 

  



 

98 * Reference: Al Maskari et al. (2020) in Energy & Fuels, 34(10): p. 12215-12224. 

 

Chapter 9.  1-Pentanol-Assisted Waterflooding in High Salinity 

Brine up to 140°C in Carbonate Reservoirs* 

9.1 Abstract 

A primary challenge of chemical enhanced oil recovery (CEOR) in high temperature (>100oC) 

carbonate fields is to obtain viable and cost-effective chemicals that can survive at such critical 

reservoir conditions. Our previous work shows that alcohol-assisted waterflooding shifts 

wettability in contact angle measurements (subpore level), which can be deciphered from a 

geochemical perspective. In this work, we aimed to examine if the wettability alteration 

process at the subpore level would trigger oil detachment, coalescence, and transport, and thus, 

enhance oil recovery for high temperature and high salinity carbonate reservoirs. To achieve 

this objective, we examined the influence of 1-pentanol alcohol (1 wt%) on the contact angle 

of the oil-brine-calcite system at different temperatures (60, 100, 140oC) and pressures (10, 

20, 30, 40 MPa) in low (596 mg/L) and high salinity brines (59600 mg/L). Furthermore, we 

conducted four core flooding experiments to investigate the application of adding a small 

percentage of 1-pentanol alcohol (0.4 wt%) at secondary and tertiary modes.  Our results show 

that adding 1-pentanol alcohol (1 wt %) alters the wettability of the oil-brine-carbonate system 

from a strongly oil-wet system to an intermediate-wet or weakly water-wet system, suggesting 

a more hydrophilic system compared to brines without 1-pentanol. Increasing the temperature 

increases the contact angle, whereas the temperature effect becomes minor while the 

temperature is greater than 100 °C, implying that 1-pentanol alcohol may be applied to high 

temperature carbonate reservoirs. Also, increasing the salinity increases the wettability shift 

toward hydrophilicity by adding 1-pentanol, expanding the application envelope of 1-pentanol 

alcohol to high temperature and high salinity carbonate reservoirs. Core flooding experiments 

show that adding 0.4 wt % of 1-pentanol to the injected brine results in a 16% incremental oil 

recovery in the secondary mode compared with waterflooding without 1-pentanol at high 

temperature and high pressure. This study sheds light on the significant influence of 1-pentanol 

alcohol-assisted waterflooding on the wettability alteration process, which can lead to oil 

detachment, coalescence, and transport and, thus, enhance oil recovery even in high 

temperature, high pressure carbonate reservoirs. 

9.2 Introduction 

Fossil fuel resources, in particular oils, will remain the primary geo-energy resource for the 

rest of the century [283]. Carbonate reservoir reserves of more than 60% of the world’s original 

oil in place (OOIP) [1, 2], a huge amount of the proved reserves, are stored in a deep subsurface 

where they are exposed to high temperatures up to 170 °C. For example, the depth of the 

Halahatang oil field, Tarim Basin in China, ranges from 7000 to 8000 m at subsurface, with 

temperature from 140 and 172 °C [284].  Depletion and waterflooding together with gas 
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injection have been widely used to enhance the oil recovery from such reservoirs. However, 

the recovery factor remains low, usually less than 40% of the OOIP [3]. To further unlock the 

remaining resources (60% of OOIP), various chemically enhanced oil recovery (CEOR) 

techniques have been investigated in the laboratory, such as surfactant flooding [285], polymer 

injection [286, 287], and alkaline flooding [288]. However, given the high temperature and 

high salinity condition of such carbonate reservoirs, reservoir engineers have been struggling 

to find viable and cost-effective chemicals that can survive and thus enhance oil recovery with 

such reservoir conditions. Although there are some existing commercial surfactants that could 

work in high salinity and high temperature carbonate reservoirs, the high cost of the surfactants 

together with the measurable adsorption of the surfactant on carbonate rocks maybe not be 

viable for field application, in particular in the period of low oil prices [285, 289-291]. 

Therefore, there is a pressing need to develop a cost-effective approach to achieve carbonate 

reservoirs in particular at high temperature and high salinity conditions. 

Although the low salinity waterflooding technique seems to be a leading technique to lower 

residual oil saturation by increasing hydrophilicity in such carbonate fields, the lack of 

freshwater resources in most carbonate reservoirs (e.g., Oman, other Middle East countries, 

Western China, and the offshore oil fields) points to a limitation of low salinity waterflooding. 

For example, 70% of carbonate fields in the world are located in the Middle East [2], where 

there is a lack of freshwater. Therefore, there is a pressing need to develop a cost-effective 

approach to unlock remaining oils in carbonate reservoirs at high temperature and high salinity 

conditions where low salinity water (i.e., freshwater resources) is not available. 

Recently, Lu et al. [275] reported that a small concentration of 1- pentanol alcohol can trigger 

a significant reduction in the contact angle of the oil-brine-carbonate system, suggesting a 

more hydrophilic system. For instance, they show that the contact angle of the carbonate 

system reduces to 80° by adding 1-pentanol alcohol (0.5 wt %) to 0.1 M NaCl brine. They also 

proposed a plausible hypothesis to interpret the contact angle reduction, assuming that −OH 

from 1-pentanol alcohol would capture divalent cations within the water film, thereby breaking 

bridges between the acidic oil groups (−COO−) and calcite surfaces through divalent cations 

(see Figure 10 in ref [275]). In our previous work [292], we tested the hypothesis using 

alcoholbased chemicals with various hydrocarbon-chain lengths and various numbers of 

hydroxyl functional groups (−OH) using ethanol, isopropanol, glycerol, and 1-pentanol in low 

salinity and high salinity brines at ambient conditions. Our results show that mixing 1-pentanol 

alcohol (1 wt %) with 1 mol NaCl + 0.01 mol CaCl2 brine reduces the contact angle of the oil 

droplet on the calcite surface from 165° to 125° [292]. However, our contact angle 

experimental results with a range of alcohol-based chemicals cannot be interpreted with Lu’s 

hypothesis. We therefore hypothesized that ion-dipole interactions between alcohols (−OH) 
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and polar oil species (e.g.,−COOCa+, −COO−, −NH+) at the oil surfaces may be the main force 

to break the initial adhesion between polar oil species and calcite surface species (see Figure 

6 in ref [292]). In this work, we aimed to test our hypothesis that 1-pentanol would trigger 

wettability alteration in porous media during fluid transport, which also adapts to the high 

temperature and high salinity carbonate reservoirs. In this context, we selected 1-pentanol 

alcohol because its intermediate-carbon chain would increase the absorption of 1-pentanol 

alcohol into oil-brine interfaces, which allows 1-pentanol hydroxyl functional groups (–OH) 

to break the electrostatic bridges between polar oil species and calcite surface species. To 

achieve this objective, we measured the contact angles of oil droplets on the calcite substrate 

in the presence of 1-pentanol alcohol (1 wt%) in low and high salinity brines (596, 59600 ppm) 

at different temperatures (60, 100, 140 oC), and pressures (10, 20, 30, 40 MPa). Moreover, to 

confirm that the wettability alteration process achieved by 1-pentanol alcohol can lead to oil 

detachment, coalescence, and transport, and thus enhance oil recovery, we performed four core 

flooding experiments to quantify the incremental oil recovery by injecting 1-pentanol (0.4 

wt%) assisted water at secondary and tertiary modes at high temperature and high salinity. 

9.3 Materials and Experimental Procedures 

9.3.1 Materials 

Brines 

In this study, we used two brine solutions for contact angle experiments with and without 1-

pentanol alcohol. The high salinity (HS) brine contains 1 mol/L NaCl and 0.01 mol/L CaCl2, 

and low salinity (LS) brine was prepared by diluting the high salinity brine 100 times using 

ultrapure water. All the brines were prepared using ultrapure water (resistivity of 18.2 MΩ). It 

is worth noting that NaCl and CaCl2 salts widely exist in reservoir brine, which simulates the 

divalent and monovalent cations in reservoir brines.  

The formation brine (194 450 ppm) used in the core flooding experiments was synthesized 

based on the salt concentrations provided by Al Harrasi et al. [18] as listed in Table 9-1 below. 

It is worth noting that we used FB and FBP as shorthand for the formation brine alone and 

formation brine with 0.4 wt % 1-pentanol, respectively. Also, it is important to mention that 

increasing the salinity of the solution decreases the solubility of 1-pentanol alcohol in the 

solution [278, 279]. We therefore added a relatively low weight percentage of 1-pentanol 

alcohol (0.4 wt %) to the formation brine for the core flooding experiments. 

Table 9-1: Salt concentration in FB 

Salt NaCl CaCl2 MgCl2 Na2SO4 NaHCO3 
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Concentration (mg/L) 151600 32170 18010 1010 12 

 

1-Pentanol Alcohol 

Given that in our previous work 1-pentanol alcohol shows the highest ability to shift the 

wettability of carbonate rock from an oil-wet system toward a weakly water-wet or 

intermediate-wet system compared with other types of alcohols (e.g., ethanol, isopropanol, 

and glycerol) [292], in this work, we used commercially available analytical grade (100%) of 

1-pentanol alcohol in all the experiments. 1-Pentanol (n-amyl alcohol, pentyl alcohol) is an 

intermediate-chain-length alcohol with a straight carbon chain ( ) and 

molecular formula of C5H12O. The relative density of 1-pentanol alcohol is 0.811 g/mL at 25 

°C, and the solubility in water is 22.8 g/L at 25 °C. 

Oil 

Given that adhesion of oil on rock surfaces is largely governed by the polar oil component 

such as -COO- and –NH+ [58, 190, 197, 201, 241, 271, 293], the crude oil used in all the 

experiments had a density of 0.89 g/cm3 at 20oC, with base number (BN) and acid number 

(AN) of 1.2 and 1.7 mg KOH/g , respectively. In addition, the gas chromatograph-mass 

spectrometer analysis test indicates that crude oil contains a mass concentration of 3.9% sulfur, 

26.3% naphthenes, and 3.8% wax.  

Calcite Substrates 

In this study, we used Iceland spar calcite crystal from Ward’s science to represent the 

carbonate rock in all the contact angle experiments. In addition, the Iceland spar calcite crystals 

were cleated to acquire smooth and clean new calcite surfaces. This would help to limit the 

calcite surface roughness effect on the contact angle experiments [180, 181, 189, 190], Before 

the contact angle experiments, the new calcite surfaces were rinsed by ultrapure water 

equilibrated with calcite (CaCO3) to remove all the small calcite pieces from the new calcite 

surfaces [190, 224]. It is noteworthy that we did not use porous substrates from a carbonate 

reservoir in the contact angle experiments because of avoiding the potential uncertainty of 

surface mineral heterogeneity on contact angle results [180, 181, 192]. 

Core Samples 

Four carbonate core samples sourced from a carbonate reservoir in Oman were selected for 

core flooding experiments. The core samples (L= 6.2−6.7 cm, D=3.8 cm) are rich in calcite 

(99.1%) with minor dolomite (0.6%) according to the X-ray diffraction test. Table 9-2 shows 

petrophysical properties of the core samples and the injected fluids for each of the core 

flooding experiment. 



 

102 

Table 9-2: Petrophysical Properties of Core Plugs and the Corresponding Core Flooding 

Fluidsa 

Core flooding 

test 

Core 

sample 

Porosity 

(%) 

Permeability 

(mD) 

Pore 

Volume 

Core flooding 

fluids 

CF1 C1 27.2 5.1 19.1 FB → FBP 

CF2 C2 25.7 1.8 18.4 FB 

CF3 C3 29.7 5.6 22.6 FBP 

CF4 C4 25.9 4.0 18.0 FBP 

aFB: formation brine, FBP: formation brine with 0.4 wt % 1-pentanol. 

9.3.2 Experimental Procedures 

Contact Angle Measurements 

The sessile droplet technique was used in all the contact angle measurements (measured 

through the brine phase) using the Vinic IFT-700 apparatus (Figure 1). It is worth noting that 

while published works show that fluid-calcite interaction likely leads to calcite dissolution 

especially in low salinity brine [58, 61, 72], our previous work shows that calcite surface 

roughness variation caused by dissolution of  calcite in low salinity brine has a minimal effect 

on contact angle measurements [190]. However, in this work, the influence of 1-pentanol 

alcohol on the contact angle of the oil-brine-calcite system was examined as a function of 

temperature (60, 100, and 140 °C) and pressure (10, 20, 30, and 40 MPa) in both LS and HS 

brines. 

To measure the contact angles, a new calcite surface was attached to the substrate holder in 

the Vinic IFT-700 apparatus; thereafter, the system was vacuumed for 2 h until the pressure in 

the IFT cell was below 0.1 bar. Then, the system was filled with brine, and the temperature 

and pressure of the system were adjusted to the desired values. After the system was stabilized 

with the desired temperature and pressure, a drop of the oil was injected on the calcite surface 

using a hand pump through a needle with a diameter of 0.88 mm. Finally, the contact angle 

variation was monitored and recorded using a high definition camera and a computer system 

until the contact angle reaches equilibrium, usually within 4 h. On the completion of the test 

at the desired temperature, the contact angle was measured with increasing pressure for each 

temperature.  



 

103 

 

Figure 9-1.  Schematic diagram of the high temperature-high pressure apparatus for the 

contact angle experiments. 

Core Flooding Experiments 

To examine whether the wettability alteration process occurring at subpore scale leads to oil 

detachment, coalescence, and transport in porous media, we performed four core flooding (CF) 

experiments to investigate the application of 1-pentanol to assist the secondary and tertiary 

waterflooding in high-salinity and high-temperature carbonate reservoirs. The following steps 

were taken to conduct the core flooding experiments. First, each core sample was cleaned 

using organic solvents (toluene and methanol) in a Dean-Stark apparatus to remove any 

organic and inorganic contaminants from its pores. After completing the cleaning step, the 

core sample was dried by placing it in the oven at 60 °C until completely dried. Next, the gas 

permeability and porosity of the core sample was measured using an automatic porosi-

permeameter equipment. Subsequently, the core sample was wrapped, first with a heat shrink 

sleeve, and then with a rubber sleeve to prevent the crossflow between the pore pressure and 

confining pressure. Later, the core sample was placed in the core holder, and the inlet and 

outlet of the core holder were connected to the core flooding system. Upon the completion of 

loading the sample to the system, the confining pressure was increased and maintained at 600 

psi by using a syringe pump. A temperature controller was used to raise the temperature of the 

system to 100 °C. Afterward, the core sample was vacuumed for 24 h to reduce the air in the 

pores, and the temperature was gradually increased to 140 °C for the water saturation process. 

The water saturation process was started by injecting the FB into the core sample which leads 

to an increase in the pore pressure, so the confining pressure was increased gradually at the 

same time to maintain the pressure difference between the pore pressure and the confining 

pressure. When the confining pressure, pore pressure, and temperature stabilized at the desired 

values, the FB injection was continued for 5 PV to ensure that the core sample was fully 
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saturated with the FB. During this process, the absolute permeability of the core sample was 

measured through three different flow rates (0.1, 0.2, and 0.4 cm3/min). However, to promote 

the water saturation step, the core sample was left for 2 days at 350 psi. The core sample was 

then flooded with the crude oil to obtain the irreducible water saturation at a flow rate of 

0.1−0.3 cm3/min until the fraction flow of water reached almost 0 (99.99%). The produced FB 

and crude oil were collected and recorded carefully to calculate the irreducible water saturation 

(Swi) and the oil saturation (So) in the core sample. Thereafter, the sample was kept for 4 weeks 

for the aging process to restore the wettability. After completing the aging time, we started the 

oil recovery step by injecting FB or FBP at a flow rate of 0.15 cm3/min until the water cut 

reached above 99%, and then the injection flow rate was increased to 0.5 cm3/min to minimize 

the end effect during the oil recovery step. During the recovery stage, all the inlet and outlet 

pressures and the volume of the effluent were recorded. It is worth noting that experiments 

CF1 and CF2 were conducted with FB to obtain the reference oil recovery from the 

conventional secondary waterflooding, while CF3 and CF4 were done with FBP to observe 

the effect of adding 1-pentanol to FB on the oil recovery. Additionally, to examine the 

effectiveness of adding 1-pentanol alcohol to enhance the oil recovery at the tertiary mode 

after the conventional waterflooding, we flooded the CF1 with FBP after obtaining the 

reference oil recovery from the conventional FB waterflooding. A schematic diagram of the 

core flooding experiment is shown in Figure 9-2. 

 

Figure 9-2: Schematic diagram of the core flooding setup. 
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9.4 Results and Discussion 

9.4.1 Effect of Salinity, Temperature, and Pressure on the Contact Angle of the 

Oil-Brine-Calcite System 

Decreasing the salinity reduces the contact angle of the oil-brine-carbonate system without 1-

pentanol alcohol, confirming that LS brine increases hydrophilicity of carbonate rock (Figures 

3 and 4). For example, at a given temperature (100oC) and pressure (10 MPa), HS brines gives 

a contact angle of 160°, implying a strongly oil-wet system, whereas LS brine gives a contact 

angle of 88° suggesting an intermediate-wet system. This is in line with our previous work 

[190], which shows that decreasing the salinity from 59 551 to 596 ppm reduces the contact 

angle of the oil droplet on the calcite surface from 165° to 105°. This is also in agreement with 

Alameri et al. [49] who found that lowering the seawater salinity four times decreases the 

contact angle on carbonate rock from 133° to 117°, implying a less oil-wet system. Our contact 

angle reduction in LS brine can be also interpreted using the existing geochemical models [58, 

61, 78]. For example, LS water in our experiment likely decreases [–COO-] at oil surfaces, and 

also reduces of [>CaOH2
+] and [>CO3Ca+] at calcite surfaces compared with high salinity 

water [58, 61, 78]. This process likely decreases the bonds (e.g., [COO-][>CaOH2
+] and [–

COO-][>CO3Ca+]) between the polar oil species and calcite surface species and thus lowers 

the contact angle.   

 

Figure 9-3.  Contact angle of the oil droplet on the calcite surface at 10 MPa and 100 °C: (A) 

in HS brine and (B) in LS brine. 

In addition, our contact angle experiments (Figure 9-4) indicate that the temperature has a 

slight influence on the wettability of the oil-brine-calcite system without 1-pentanol. For 

example, for each of the brines (HS or LS brine) we found almost similar contact angles (±2°) 

for the oil droplet on the calcite surface at different temperatures. This is in agreement with 

Wang and Gupta [191] who show that increasing the temperature from 55 to 93 °C slightly 

varies the contact angle (±3°) of the oil-brine-calcite system. Also, Xie et al. [165] and Sari et 

al. [48] found that the impact of temperature on the contact angle becomes minor after the 

temperature increases above 60 °C (Figure 2 in ref [165] and Figure 2 in ref [48]). On the 

contrary, published works also show that temperature plays a certain role in the wettability of 
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the oil-brine-carbonate system [69, 294]. For instance, Alotaibi et al. [69] reported that, in 

seawater brine (54 Kppm), the contact angle of the oil droplet on the calcite surface reduces 

from 146° to 116° with increasing the temperature from 50 to 90 °C. In addition, Lu et al. 

[294] found a similar temperature effect in the presence of 1 mol of NaCl; the contact angle of 

the oil droplet on the calcite surface reduces from 150° to 80° with increasing the temperature 

from 25 to 65 °C. The two potential explanations likely interpret the discrepancy as the 

following. First, increasing the temperature up to 100 °C decreases [>CO3
−][−COOMg+] and 

[>CaCO3
−][−COOMg+] electrostatic bridges between the polar oil species and calcite surface 

species and thus decreases the contact angle [72]. This is in agreement with Lu et al. [294] 

who observed a contact angle decrease using brine with Mg2+. Second, increasing the 

temperature up to 100 °C decreases [>CaSO4
−][−COOCa+],[>CaSO4

−][−COOMg+], and 

[>CaSO4
−][−NH+] electrostatic bridges between polar oil species and calcite surface species 

and therefore decreases the contact angle [72]. Both explanations are in agreement with 

Alotaibi et al. [69] who observed contact angle decrease using brine with SO4
2− and Mg2+. 

 

Figure 9-4. Contact angle results of the oil droplet on calcite surface at different temperatures 

and pressures: (A) HS brine and (B) LS brine. 

Pressure has a minor influence on the contact angle and, thus, the wettability of the oil-brine-

carbonate system (Figure 9-4). For instance, Figure 9-4 illustrates that increasing the pressure 

from 10 to 40 MPa only varies the contact angle in a 0.2 to 1% change, confirming that the 

pressure has a minimal influence on the wettability of carbonate rock in line with the literature 

[67, 69, 191, 253, 295, 296]. For instance, Alotaibi et al. [69] reported that raising the pressure 

from 200 to 2000 psi reduced only 2° of the contact angle of oil-seawater-calcite from 142° to 

140°. Additionally, Hansen et al. [253]  report that increasing the pressure from 0.1 to 30 MPa 

at 25 °C had a slight effect on the wettability of the decane-water-(calcite + stearic acid) 

system. Collectively together, these experimental observations rule out the wettability 

alteration caused by any pressure variation during the development of oil reservoirs. 
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9.4.2 Effect of 1-Pentanol Alcohol on the Contact Angle in High Salinity Brine 

1-Pentanol alcohol (1 wt %) in HS brine significantly decreases the contact angle of the oil 

droplet on the calcite surface, suggesting a more hydrophilic system. For instance, Figure 9-5 

indicates that mixing 1 wt % of 1-pentanol alcohol to HS brine (at 60 °C and 10 MPa) reduces 

the contact angle from 162° to 84°, shifting the wettability from the strongly oil-wet system 

toward the slightly water-wet system (or intermediate-wet). Similarly, the contact angle of the 

oil droplet on the calcite surface reduces from 162° to 103° at 140 °C and 40 MPa. This 

observation is in line with the work of Lu et al. [275] who report that adding 1-pentanol alcohol 

(1 wt %) to high salinity brine (1 M NaCl) reduces the contact angle of the oil droplet on the 

calcite surface from 135° (without 1-pentanol) to 70°, a 65° reduction, with a strong shift of 

the wettability from a strongly oil-wet system toward a weakly water-wet system, although 

they did not test at high temperature and high pressure. This observation is also in agreement 

with our previous study [292], showing that the contact angle of oil-brine-calcite reduces from 

165° to 125° while mixing 1-pentanol alcohol (1 wt %) to high salinity brine (1 mol NaCl + 

0.01 mol CaCl2) at ambient conditions. We assume that increasing the salinity increases the 

accumulation of 1-pentanol alcohol in the oil-brine interface, which allows a 1-pentanol 

hydroxyl group (−OH) to bridge −COO−, −COOCa+, and −NH+ through ion-dipole 

interactions (see Figure 6 in ref [292]), hence breaking the electrostatic bridges between polar 

oil species and calcite surface species. This process accounts for the shift toward hydrophilicity 

by adding 1-pentanol alcohol [292]. 

 

Figure 9-5. Contact angle of the oil droplet on calcite at 60 °C and 10 MPa and 140 °C and 

40 MPa: (A) in HS brine; and (B) in HS brine with 1 wt % of 1-pentanol. 

Figure 9-6B demonstrates that increasing the temperature increases the contact angle of the oil 

droplet on the calcite substrate in the presence of HS brines with 1-pentanol alcohol (1 wt %). 

For instance, Figure 9-6B indicates that increasing the temperature of the system from 60 to 
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100 °C increases the contact angle the oil droplet on the calcite substrate from 85° to 100°. 

This is largely because the solubility of 1-pentanol alcohol in the aqueous phase increases with 

increasing the temperature [297], and in return, less 1-pentanol alcohol would  dissolve into 

oil and accumulate at the oil-brine interfaces. This physiochemical process would prevent 1-

pentanol alcohol from bridging chemical surface species at oil-brine surfaces such as −COO−, 

−COOCa+, and −NH+), thus, less hydrophilicity [292].  Figure 9-6B also shows that further 

increasing the temperature from 100 to 140 °C has a minimal impact on the contact angle 

increase, thereby expanding the application of 1-pentanol alcohol in high temperature 

carbonate reservoirs. For example, increasing the temperature of the oil-(HS)-brine-calcite 

system from 100 to 140 °C has a minor impact on the contact angle (+3°). We are uncertain 

why increasing temperature further above 100 °C only causes a minor effect on the wettability; 

perhaps this is because high temperature weakens the intermolecular hydrogen bonds between 

alcohol and the water molecule. This process decreases the solubility of alcohol in the brine 

while increasing its concentration at oil-brine interfaces [298, 299]. Figure 9-6 also confirms 

that pressure does not affect the contact angle in the presence of 1-pentanol alcohol in line 

with the contact angle results without 1-pentanol (Figure 9-4). Taken together, our results 

clearly show that 1-pentanol alcohol can trigger a shift of wettability from the oil-wet system 

toward an intermediate-wet system on calcite surfaces. While increasing the temperature up 

to 100 °C likely increases contact angle thus lowers the hydrophilicity (from water-wet to 

slightly water-wet), the negative effect of temperature above 100 °C on wettability becomes 

minor. More importantly, at a temperature of 140 °C, 1-pentanol alcohol (1 wt %) in HS brine 

remains to shift the wettability from a strongly oil-wet system (CA = 162°) toward the 

intermediate-wet system (CA = 103°), suggesting that 1-pentanol alcohol may be a practical 

alternative to enhance the oil recovery in high salinity and high temperature carbonate 

formations as a result of the wettability alteration. 

 

Figure 9-6. Contact angle results of the oil droplet on calcite surface at different temperature 

and pressure:(A) HS brine only (B) HS brine with 1-pentanol. 
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9.4.3 The Effect of 1-Pentanol Alcohol on the Contact Angle in Low Salinity Brine  

Adding 1-pentanol alcohol slightly reduces the contact angle and, thus, hydrophilicity in the 

presence of LS brine at a low temperature (60 °C), while the contact angle increases with 

increasing temperature (Figures 9-7 and 9-8) in line with the performance of 1-pentanol 

alcohol in the HS brine. For instance, Figure 9-7 indicates that mixing 1-pentanol alcohol (1 

wt %) with LS brine at 60 °C and 40 MPa reduces the contact angle of the oil droplet on the 

calcite surface from 88° to 81°. This is likely at low temperature; a fraction of 1-pentanol 

alcohol absorbs in the oil-brine interface and thus increases the hydrophilicity of the calcite 

surface as discussed in the above section. This is also in line with our previous work [292], 

which illustrates that the contact angle of the oil droplet on the calcite surface reduces from 

105° to 90°. Analogously, Lu et al. [275] reported that the contact angle of the oil droplet on 

the calcite surface reduces to 23° when mixing 1-pentanol alcohol (1 wt %) with low salinity 

brine (0.01 M NaCl). Moreover, similar to HS brine, Figure 9-8 demonstrates that increasing 

the temperature increases the contact angle and, thus, the hydrophobicity in LS brine with 1-

pentanol alcohol (1 wt %). For instance, Figure 9-7 presents that contact angle of the oil-

(LS)brine-calcite increases from 88° to 101° with increasing the temperature from 60 to 100 

°C, increasing the hydrophobicity. This is likely due to the fact that increasing the temperature 

increases the solubility of 1-pentanol alcohol in the brine, which yields an increase of the 

accumulation of 1-pentanol hydroxyl groups (−OH) inside the thin water film. This physical 

process likely increases the electrostatic bridges between polar oil species and calcite surface 

species through ion-dipole interactions, therefore, increasing the hydrophobicity of the system, 

although more quantitative validation remains to be made to understand this process.  

 

Figure 9-7. Contact angle of the oil droplet on the calcite surface at 60 oC  and 40 MPa and 

100 °C and 40 MPa: (A) in LS brine and (B) in LS brine with 1 wt % of 1-pentanol. 
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Figure 9-8. Contact angle results of the oil droplet on the calcite surface in LS water at 

different temperatures and pressures: (A) LS brine only and (B) LS brine with 1-pentanol. 

9.4.4 Confirmation of Our Previous Proposed Mechanism for 1-Pentanol 

Increasing Hydrophilicity in High Salinity and High Temperatures 

Figure 9-9 shows our proposed mechanism (modified based on our previous proposed 

mechanism in Figure 6 in ref [292]), accounting for the wettability shift toward hydrophilicity 

by adding 1-pentanol alcohol as a function of temperature. At in situ reservoir conditions, the 

interaction among oil-brine-calcite can be interpreted using a number of bonds generated from 

chemical surface species at polar oil-brine and brine-carbonate surfaces [58, 60, 61], After 

adding 1-pentanol alcohol in the brine regardless of salinity, 1-pentanol alcohol is mainly 

soluble in the brine phase, and the concentration of 1-pentanol alcohol in the oil phase is small 

[275]. However, the accumulation of 1-pentanol alcohol at the oil-brine interface likely breaks 

the original electrostatic bridges between polar oil species and calcite surface species through 

the thin water film (e.g., [−COO−] [>CaOH2
+], [−NH+] [>CaCO3

−], [−NH][>CO3
−], [−COO−] 

[>CO3Ca+], [−COOCa+] [>CaCO3
−], and [−COOCa+] [>CO3

−]). This is likely achieved by 

bridging −COO−, −COOCa+, and −NH+ through the hydroxyl functional group (−OH) 

provided by 1-pentanol alcohol (Figure 9-9) with ion-dipole interactions. This physiochemical 

process likely breaks the bridges between polar oil species and calcite surface species, 

accounting for the shift toward hydrophilicity by adding 1-pentanol alcohol [292]. This 

hypothesis is supported by Figure 9-6 which shows that 1-pentanol alcohol (1 wt %) alters the 

wettability of the calcite surface from a strongly oil-wet system toward an intermediate-wet 

system in HS brine. Increasing the temperature increases the solubility of 1-pentanol alcohol 

in the aqueous phase [297], thus likely decreasing the accumulation of 1-pentanol alcohol in 

the oil-brine interface (Figure 9-9). Consequently, this would decrease the number of bridges 

between the hydroxyl functional group (−OH) and polar oil groups at oil-brine interfaces, 

which results in a slight shift from water-wet system toward a less water-wet system with 

increasing temperature up to 100 °C. This hypothesis is also supported by Figure 9-6B which 
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shows that increasing the temperature from 60 to 100°C increases the contact angle of the oil-

(HS)brine-calcite system from 85° to 100°. However, this negative effect of temperature above 

100 °C on wettability becomes negligible, possibly because desorption of 1-pentanol alcohol 

from the oil-brine interface to the HS brine decreases with increasing the temperature further 

above 100 °C. 

 

Figure 9-9. Influence of the temperature on the 1-pentanol hydrophilicity effect in the oil-

brine-carbonate system in HS brine. 

9.4.5 Effect of 1-Pentanol Assisted Waterflooding at the Secondary Mode 

1-Pentanol (0.4 wt %) assisted waterflooding yields almost 16% (original oil in place, OOIP) 

of additional oil recovery at the secondary mode compared with waterflooding without 1-

pentanol, confirming that the wettability alteration process achieved by 1-pentanol can lead to 

the oil detachment, coalescence, and transport and, thus, enhance oil recovery. For example, 

conventional waterflooding yields about 55% of the OOIP, while the conventional 

waterflooding with 0.4 wt % of 1-pentanol achieves an average of 71% of the OOIP (Figure 

9-10). To be more specific, CF1 (waterflooding without 1-pentanol) shows about 32.7% of oil 

recovery before water breakthrough, whereas CF3 (waterflooding with 1-pentanol) gives 

45.9% of oil recovery prior to water breakthrough, as shown in Table 9-3 and Figure 9-10A. 

This shows that 1-pentanol delays the breakthrough oil recoveries, indicating a wettability 

alteration toward less hydrophobicity during the injection of FBP [164, 277].  In addition, the 

results of the CF1 and CF3 experiments in Table 9-3 show that residual oil saturation (Sor) was 

reduced from 0.46 during FB injection to 0.31 during FBP injection. Furthermore, the water 

relative permeabilities at the residual oil saturation (Krw(Sorw)) of CF1 and CF3 show that 

adding1-pentanol (0.4 wt %) to the waterflooding lowers the Krw(Sorw) from 0.26 during FB 

injection to 0.17 during FBP injection. This decrease in the Sor and Krw(Sorw) caused by the 1-

pentanol effect further confirms the in situ wettability shift during the FBP, hence, increasing 

the hydrophilicity of carbonate and enhancing the oil recovery.  
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Table 9-3: Core flooding results 

Coreflooding Coreflooding fluid Swi RFBreakthrough (%) Krw(Sor) Sor RFTotal (%) 

CF1 FB 0.21 32.7 0.26 0.46 54.3 

CF2 FB 0.17 46.4 0.33 0.45 54.9 

CF3 FBP 0.20 45.9 0.17 0.31 68.9 

CF4 FBP 0.22 49.1 0.23 0.35 72.3 

A similar performance of 1-pentanol was observed from CF2 and CF4 as shown in Table 9-3 

and Figure 9-10B, further confirming that waterflooding with 1-pentanol can enhance the 

wettability alteration during secondary oil recovery, increasing the total oil recovery from 

carbonate reservoirs. For instance, Table 9-3 shows that 1-pentanol (CF4) lowers the Sor and 

Krw(Sorw) to 0.35 and 0.23, respectively, whereas without 1-pentanol, conventional 

waterflooding (CF2) gives Sor = 0.45 and Krw(Sorw) = 0.33, confirming that the wettability 

alteration was toward a less oil-wet system with 1-pentanol.  

 

Figure 9-10: Oil recovery from core flooding experiments: (A) CF1 vs CF3 and (B) CF2 vs 

CF4. Pressure drop from core flooding experiments: (C) CF1 vs CF3 and (D) CF2 vs CF4.    

9.4.6 Effect of 1-Pentanol Assisted Waterflooding in the Tertiary Mode 

Figure 9-11 shows that 1-pentanol assisted waterflooding in the tertiary mode only gives 5.4% 

additional oil recovery in the tertiary mode, which is far less than the incremental oil recovery 

made in the secondary mode. For example, FB in CF1 yields a total oil recovery of 54.3% of 
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OOIP after 12 PV FB injection, whereas FBP slightly increases the oil recovery to 59.7% of 

OOIP after the same amount of pore volume injection and reduced the Sor from 0.46 after FB 

injection to 0.40. Moreover, the incremental oil recovery was obtained after injecting 7 PV of 

FBP, indicating that the effect of 1-pentanol on the wettability alteration may take a longer 

time to occur at high water saturation. The similar phenomena can be seen from low salinity 

waterflooding in the tertiary mode as well, which usually gives a lower incremental oil 

recovery compared to the secondary mode [20, 234, 250, 263, 300].  This is most likely 

attributed to the flow path created by the conventional FB flooding in the secondary mode 

which decreases the displacement efficiency even at the pore network [20]. In this context, 1-

pentanol likely passes through the pores easily in the tertiary mode. Therefore, limiting the 

penetration of 1-pentanol alcohol into the thin water film between the oil and the carbonate 

surface thus lowers the effectiveness of 1-pentanol alcohol to alter the wettability of carbonate 

toward the less oil-wet system. The lower incremental oil recovery in the tertiary mode also 

implies an uncertainty of the timing for the application of 1-pentanol alcohol-assisted 

waterflooding. We tentatively believe that the incremental oil recovery (from 1-pentanol 

assisted waterflooding) would decrease with increasing in situ water saturation. However, 

more core flooding experiments with pore network modeling may need to be done to relate 

the incremental oil recovery with the in situ water saturation.  

 

Figure 9-11: Oil recovery and pressure drop from core flooding experiments CF1 under 

tertiary mode. 

9.5 Summary and Conclusions  

On the basis of our previous work, [292] in this paper, we aimed to examine the wettability 

alteration process achieved by 1-pentanol alcohol at the subpore level that would trigger oil 

detachment, coalescence, and transport and thus enhance oil recovery for high temperature 

and high salinity carbonate reservoirs. To achieve this aim, we examined the influence of 1-
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pentanol alcohol (1 wt %) on the contact angle of oil-brine-calcite at different temperatures 

(60, 100, 140 °C) and pressures (10, 20, 30, 40 MPa) in HS and LS brines. Furthermore, we 

conducted four core flooding experiments to examine the application of adding a small 

percentage of 1-pentanol alcohol (0.4 wt %) to assist the conventional secondary 

waterflooding in the carbonate reservoir under high temperature and high salinity conditions. 

Our contact angle experiments confirm that 1-pentanol alcohol (1 wt %) alters the wettability 

of the oil-brine-carbonate system from a strongly oil-wet system (without 1-pentanol) toward 

a weakly water-wet or an intermediate-wet system, favoring a reduction of residual oil 

saturation and thus incremental oil recovery. More interestingly, HS brine would further 

improve the performance of 1-pentanol alcohol with respect to shifting the wettability from a 

strongly oil-wet system toward an intermediate-wet system. This finding brings a practical 

application of 1-pentanol-assisted waterflooding to enhance the oil recovery in high salinity 

carbonate formations. Moreover, while increasing the temperature up to 100 °C increases the 

contact angle (20%) with the presence of 1-pentanol alcohol in HS brine, the temperature effect 

becomes negligible with further increasing the temperature to 140 °C (4%). Additionally, our 

core flooding results support the contact angle results and show that adding 0.4 wt % of 1-

pentanol to the injected brine yields 16% of additional oil recovery at the secondary mode. 

This study would likely expand the application of 1-pentanol-assisted waterflooding in harsh 

reservoir conditions which are widely found in Oman and other Middle Eastern countries, as 

well as in the western part of China. Taken together, 1-pentanol-assisted waterflooding maybe 

a viable and cost-effective means to enhance the oil recovery in high temperature and high 

salinity carbonate formations where freshwater is not available.  
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Chapter 10.   Conclusions, Recommendations and Outlook for 

Future Work 

10.1 Conclusions 

Low salinity waterflooding appears to be a cost-effective and environmentally friendly means 

for enhanced oil recovery (EOR) in carbonate reservoirs, in particular in the period of low oil 

prices. However, the low salinity waterflooding technique has not been widely applied in 

carbonate oil reservoirs due to the remaining uncertainties. For example, while the wettability 

alteration process has been identified as an important physicochemical process behind low 

salinity waterflooding, the effect of oil composition, calcite dissolution process, and pH on oil 

adhesion remains unclear, especially at the nano and sub-pore scale. Also, the effect of the 

mineralogy of carbonate reservoirs, in particular clay-rich carbonate reservoirs on the 

wettability alteration process has been received little attention. To address the above issues, 

this research was conducted with a combination of atomic force microscopy, contact angle 

measurements, disjoining pressure isotherm, and geochemical modeling as a function of 

salinity, ion type, and ionic strength.  

In addition, given the fact that not every carbonate reservoir would have access to low salinity 

water, such as reservoirs in the Middle East and Western China, a new EOR approach was 

examined through multi-scale experimental approaches. To be more specific, in light of 

existing knowledge in the oil-brine-rock interactions, this research also investigated the 

mechanisms and potential of 1-pentanol-assisted enhanced oil recovery from sub-pore scale 

to core scale with a combination of contact angle measurements, zeta potential measurements, 

and coreflooding experiments.  

The conclusions from this thesis can be categorized into three aspects as followings: 

1. Oil-brine-calcite interactions at nanoscale as a function of oil composition, pH and its 

implications to low salinity waterflooding in carbonate reservoirs. 

2. Role of clay impurities on low salinity effect in clay-rich carbonate reservoirs at the 

molecular level, and validity of contact angle measurements associated with calcite 

dissolution to show the wettability alteration.  

3. Influence of 1-pentanol on oil-brine-calcite interaction at sub-pore, and core-scale, 

and its implications to enhanced oil recovery.  
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10.1.1 Oil-brine-calcite interactions at nanoscale as a function of oil composition, 

pH and its implications to low salinity waterflooding in carbonate reservoirs. 

Given that wettability is mainly governed by oil-brine-rock interactions, oil composition 

would play an important role in wettability alteration during low salinity waterflooding in 

carbonate reservoirs. While the effect of polar oil components on wettability alteration has 

been well examined using contact angles measurements and coreflooding experiments as a 

function of pH, but researchers have not evaluated the response of non-polar oil on wettability 

alteration in much detail. Also, while geochemical modeling together with contact angle 

measurement have been performed to understand the nature of the wettability alteration during 

low salinity water injection, there has been little experimental evidence associating acidic oil 

groups (-COOH) with wettability at a molecular level as a function of pH. To address the 

above knowledge gaps, a combination of atomic force microscopy (AFM), zeta potential 

measurements, disjoining pressure isotherm estimation were conducted with non-polar oil 

group (–CH3) and acidic oil groups (-COOH) as a function of pH. 

AFM adhesion force measurements between the non-polar oil group (–CH3) and calcite show 

that the adhesion force decreases with an increase in pH from 9.5 to 11, accounting for the 

decrease of contact angle with pH, hence increasing hydrophilicity. The zeta potential data 

shows that increasing pH shifts the zeta potential of the non-polar oil (–CH3)-brine and calcite-

brine interfaces towards more negative values, resulting in an increase in the electrical double 

layer force. The total disjoining pressure and AFM adhesion tests follow the same trend, 

showing that adhesion force decreases with increasing pH due to electrical double layer 

expansion, thus leading to a water-wet system. Taken together, our results confirm that 

detachment of non-polar oil from carbonate rock continues to take place during low salinity 

water injection. Also, this work sheds further light on the significance of pH increase on non-

polar oil-calcite adhesion during low salinity water injection, and provides insights into the 

quantification of carbonate reservoir wettability. 

Similar to non-polar oil groups (-CH3), polar oil groups with –COOH exhibit a similar 

response to calcite adhesion with respect to pH.  For example, the AFM measurements support 

contact angle results, showing that the adhesion force between the -COOH oil group and 

calcite reduces from 1.26 to 1.05 nN as the pH of the sodium chloride brine increasing from 

9.5 to 11. Zeta potential results show that raising the pH increases the negativity of the zeta 

potential of the acidic oil-brine and calcite-brine interfaces, thus elevating the electrical double 

layer force. Furthermore, the disjoining pressure calculation shows a shift of thermodynamic 

isotherm from strongly negative to less negative, supporting the results of AFM and contact 

angle experiments, confirming that the increase of local pH caused by calcite dissolution 

during low salinity water injection likely contributes to wettability alteration hence 
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incremental oil recovery. This study sheds light on the significant influence of a local pH 

increase caused by calcite dissolution on the performance of low salinity waterflooding in 

particular for high acidic oil bearing carbonate reservoirs. 

10.1.2 Role of clay impurities on low salinity effect in clay-rich carbonate 

reservoirs at the molecular level, and validity of contact angle measurements 

associated with calcite dissolution to show the wettability alteration. 

Given that clay minerals play an important role in local pH variation, it is important to 

understand how clay minerals in particular basal-charged minerals, respond to oil-mineral 

adhesion. Also, contact angle measurement appears to be a direct and practical approach to 

describe the oil-brine-carbonate system interactions thus wettability in the presence of aqueous 

ionic solutions for enhanced oil recovery purposes. However, until recently, there has been an 

increasing concern that the contact angle may not be reliable because of the possible surface 

roughness variation as a result of calcite dissolution in the presence of the LS brine. To address 

the above issues, AFM, zeta potential measurements, and disjoining pressure isotherm were 

combined to investigate the effect of low salinity water in clay-rich carbonate reservoirs on 

the adhesion between the clay and different oil groups (−CH3 and –COOH) as a function of 

pH. Also, AFM, contact angle measurements, and geochemical modeling were combined to 

examine if the surface roughness variation induced by calcite dissolution in the presence of 

LSW plays a certain role in contact angle. 

Zeta potential measurements show that increasing pH leads to strongly negative zeta potential 

for oil−brine and brine−muscovite, thus increasing electrical double layer expansion [37, 267, 

268] as well as repulsive force [36]. AFM tests support the hypothesis, showing that increasing 

pH indeed significantly decreased adhesion force regardless of functional groups [196, 269]. 

Moreover, the polarized functional group (−COOH group) gives four times greater adhesion 

force than nonpolar group (−CH3), confirming that polarized functional groups play a 

significant role in the low salinity effect [58, 60, 76]. Sphere−flat model (DLVO theory) can 

better interpret the AFM experiments which measure the adhesion between a modified tip 

(sphere) and a substrate (flat). Moreover, the sphere−flat model predicts the same degree of 

adhesion decrease with increasing pH in line with AFM measurements. This study reveals the 

significance of basal charged clays during low salinity waterflooding in sandstone reservoirs, 

thus expanding the application envelope of low salinity water in sandstone reservoirs bearing 

basal charged clays. 

Surface roughness measurement shows that the high salinity water (HSW) leads to negligible 

surface roughness change, but low salinity water (LSW) causes a surface roughness increase 

from 4 to 17 nm. Geochemical modeling demonstrates that the surface roughness increase in 
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LSW is induced by a small amount of calcite dissolution (1.16 × 10−4 mol/mol). Taken together, 

our results confirm that surface roughness variation due to calcite dissolution in LSW plays a 

negligible role in the contact angle. Therefore, the contact angle remains a direct and practical 

approach to indicate the wettability alteration in the presence of various aqueous ionic brines. 

10.1.3 Influence of 1-pentanol on oil-brine-calcite interaction at sub-pore, and 

core-scale, and its implications to enhanced oil recovery 

Low salinity waterflooding has been identified as a cost-effective and environmentally 

friendly means to enhance oil recovery in carbonate reservoirs by decreasing hydrophobicity. 

However, low salinity waterflooding may not be practical for reservoirs without access to 

freshwater resources such as reservoirs in Western China and the Middle East. Therefore, it is 

of vital importance to develop a new cost-effective EOR technique with a deep understanding 

of oil-brine-rock interaction. In this context, adding various alcohols (with various numbers of 

the carbon chain and -OH) in injected water was examined to explore the potential of the 

wettability alteration process in carbonate reservoirs. This investigation was conducted with a 

combination of contact angle measurement, zeta potential measurements, disjoining pressure 

isotherm calculation. Moreover, the influence of 1-pentanol alcohol (1 wt%) on the wettability 

alteration process was examined through the measurement of contact angle of oil-brine-calcite 

at different temperatures (60, 100, 140oC) and pressures (10, 20, 30, 40 MPa) in high and low 

salinity water. Furthermore, four core flooding experiments were conducted to examine the 

application of adding a small percentage of 1-pentanol alcohol (0.4 wt%) to assist 

waterflooding at high temperature and high salinity conditions.  

Results show that intermediate carbon chain alcohol (1-pentanol) increases the hydrophilicity 

of oil−brine−calcite systems in both high- and low salinity brines, but high-salinity brine 

further boosts the effect of 1-pentanol on wettability alteration. Short carbon chain alcohols 

(e.g., ethanol and isopropanol) play a minor effect on wettability characteristics of 

oil−brine−calcite in high-salinity brine, whereas adding short carbon chain alcohols likely 

increases hydrophobicity in low salinity brines. Also, increasing the number of –OH functional 

groups does not decrease the contact angle and hydrophilicity. Alcohols play a minor effect 

on the ζ potential of the oil−brine and brine−rock interfaces compared to salinity, implying 

that the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory cannot explain the impact 

of alcohol on the wettability of the oil−brine−carbonate system. 

Moreover, contact angle experiments further confirm that 1-pentanol alcohol (1wt %) alters 

the wettability of the oil-brine-carbonate system from strongly oil-wet system (without 1-

pentanol) toward weakly water-wet or an intermediate-wet system, favoring a reduction of 

residual oil saturation thus incremental oil recovery. More interestingly, high salinity water 
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would further improve the performance of 1-pentanol alcohol with respect to shifting the 

wettability from strongly oil-wet system toward an intermediate-wet system. This finding 

brings a practical application of 1-pentanol-assisted waterflooding to enhance the oil recovery 

in high salinity carbonate formations. Additionally, the coreflooding results support the 

contact angle results and show that adding 0.4 wt% of 1-pentanol to the injected brine yields 

16% of additional oil recovery at the secondary mode. This study would likely expand the 

application of 1-pentanol-assisted waterflooding in harsh reservoir conditions which are 

widely found in Oman, other Middle Eastern countries, as well as in the Western part of China. 

Taken together, 1-pentanol-assisted waterflooding maybe a viable and cost-effective means to 

enhance the oil recovery in high temperature and high salinity carbonate formations where 

freshwater is not available. 

10.2 Recommendations and Outlook for Future Work  

While this research experimentally reveals the impact of oil composition and local pH 

variation, surface roughness on in-situ wettability alteration, some quantitative work remains 

to be done to better model the low salinity waterflooding performance at both core- and 

reservoir-scale. For example, the oil detachment process may be characterized using 

thermodynamics and electrostatics (including both polar- and non-polar components). Then 

an analytical model may need to be proposed to be incorporated into the existing reservoir 

simulator and thus better model the physics behind the low salinity waterflooding.  

In addition, the contact angle measurements and the core flooding experiments confirm that 

adding intermediate carbon chain alcohol (1-pentanol) to the injected brines can shift the 

wettability of carbonate rock from a strong oil-wet state toward the less oil-wet state. However, 

further work is required to achieve a deeper understanding of the alcohol effect to improve the 

confidence in applying the Alcohol-Assisted waterflooding to enhance the oil recovery in 

carbonate formations under harsh conditions. For example, the mechanism behind the 

wettability alteration still needs to be further investigated. Also, how 1-pentanol affects the 

wettability alteration at the pore-scale requires further evaluation, and the optimum 

concentration of 1-pentanol to enhance the oil recovery at different temperatures and different 

salinities (provide a framework for petroleum industry with respect to the optimal 

concentration of 1-pentanol to use at certain temperature and salinity) needs to be assessed. 

Therefore the following research activities are recommended for future work: 

❖ Coupling AFM adhesion measurements and surface complexation modeling or 

molecular dynamic simulation to understand the mechanism(s) behind the effect of 

intermediate carbon chain alcohol on the wettability of the oil-brine-carbonate system. 
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❖ Using a micro-model and micro-CT scanning advantage to understand how 1-pentanol 

alcohol affects the wettability alteration at the pore-scale flow in carbonate rocks. 

❖ Combining the contact angle and core flooding experiments to provide a framework 

to help the petroleum industry determining the minimum concentration of 1-pentanol 

that can be used to enhance the oil recovery from carbonate reservoirs at certain 

temperatures and certain salinities. 

❖ Using the core flooding results together with numerical modeling to predict the 

relative permeability curves, which will be helpful to upscale the 1-pentanol alcohol 

effect from lab-scale to the reservoir-scale and evaluate the economic value of the 

application of 1-pentanol-assisted waterflooding to enhance the oil recovery in 

carbonate formations. 
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Appendix 1 

In this section, attribution tables for all publications are presented here to illustrate 

contribution from all co-authors. 
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Appendix 2  

In this section, the copyright agreements between the author and journals are included to 

reuse the author’s own publication in this thesis. 

Chapter 4, Article: “Response of Non-Polar Oil Component on Low Salinity Effect in 

Carbonate Reservoirs: Adhesion Force Measurement Using Atomic Force Microscopy” 
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Chapter 5, Article: “Influence of pH on Acidic Oil−Brine−Carbonate Adhesion Using 

Atomic Force Microscopy” 
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Chapter 6, Article: “Role of Basal-Charged Clays in Low Salinity Effect in Sandstone 

Reservoirs: Adhesion Force on Muscovite using Atomic Force Microscope” 
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Chapter 7, Article: “Influence of Surface Roughness on the Contact Angle due to Calcite 

Dissolution in an Oil−Brine−Calcite System: A Nanoscale Analysis Using Atomic Force 

Microscopy and Geochemical Modeling” 
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Chapter 8, Article: “Alcohol-Assisted Waterflooding in Carbonate Reservoirs” 
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Chapter 9, Article: “1‑Pentanol-Assisted Waterflooding in High Salinity Brine up to 140 °C 

in Carbonate Reservoirs 
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Appendix 3  

In this section, the photographs of the main devices are presented here: 

 

 

 

Figure A-1: Photograph of Atomic force microscopy (WITec alpha 300 SAR) 

 

 

 

 

Figure A-2: Photograph of Malvern Zetasizer ZS Nano series 
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Figure A-3: Photograph of Vinic IFT-700 apparatus 

 

 

 

 

Figure A-4: Photograph of Our labs contact angle cell 
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Figure A-5: Porosi-permeameter instrument (AP-608) 

 

 

 

 

Figure A-6: Photograph of plasma device 
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Appendix 4  

In this section, the results and additional information are presented here: 

Chapter 4,5&6: 

❖ Stages of force distance curve 

 

Figure A-9: Change of contact angle in HS and LS brines. 

Chapter 7: 

❖ Table A-1: Contact angle results 

Sample Brine 

Contac Angle 

(o) 

1 High salinity brine 165 

2 High salinity brine 164 

2 Low salinity brine 105 

 

❖ Change of contact angle in high and low salinity brines 

 

Figure A-7: Change of contact angle in HS and LS brines. 
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❖ The difference between the true surface area and reference surface area in roughness factor 

equation: 

 

 

 

Figure A-8: True surface area and reference surface area. 

Chapter 8: 

❖ Table A-2: Contact angle in the presence of high salinity brine 

 
Contact Angle (o) 

HSW 165.0 

HSW+1% Ethanol 158.0 

HSW+1% Isopropanol 160.0 

HSW+1% Glycerol 160.0 

HSW+1% Pentanol 125.0 

 

❖ Table A-3: Contact angle in the presence of low salinity brine 

 
Contact Angle (o) 

LSW 105.0 

LSW+1% Ethanol 116.0 

LSW+1% Isopropanol 135.0 

LSW+1% Glycerol 118.0 

LSW+1% Pentanol 90.0 

 

❖ Table A-4: Zeta potential in the presence of high salinity brine 

 
𝑟 =

𝑇𝑟𝑢𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑎𝑟𝑒𝑎
 Eq  7 − 4 
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Zeta potential (mV) 

 
oil/brine brine/Calcite 

HSW -24.2 10.1 

HSW+1% Ethanol -19.3 8.8 

HSW+1% Isopropanol -20.7 7.5 

HSW+1% Glycerol -28.7 8.1 

HSW+1% Pentanol -18.3 9.3 

 

❖ Table A-5: Zeta potential in the presence of low salinity brine 

 
Zeta potential (mV) 

 
oil/brine brine/Calcite 

LSW -61.4 -5.2 

LSW+1% Ethanol -61.8 -0.7 

LSW+1% Isopropanol -54.2 0.9 

LSW+1% Glycerol -56.3 -1.2 

LSW+1% Pentanol -39.9 0.2 

 

Chapter 9: 

❖ Table A-6: Contact angle results of the oil droplet on the calcite surface at different 

temperatures and pressures in the presence of the HS brine only. 

  Pressure (MPa) 

Temperature (C) 10 20 30 40 

60 161.5 161.1 161.6 162.0 

100 160.2 160.7 161.7 162.1 

140 160.5 160.9 161.3 161.7 

 

❖ Table A-7: Contact angle results of the oil droplet on the calcite surface at different 

temperatures and pressures in the presence of the HS brine with 1% 1-pentanol 

  Pressure (MPa) 

Temperature (C) 10 20 30 40 

60 83.8 84.3 86.2 84.6 

100 98.9 99.9 99.6 100.3 

140 101.2 103.1 102.2 102.9 
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❖ Table A-8: Contact angle results of the oil droplet on the calcite surface at different 

temperatures and pressures in the presence of the LS brine only 

  Pressure (MPa) 

Temperature (C) 10 20 30 40 

60 88.6 88.3 88.5 88.4 

100 87.8 88.5 88.3 88.4 

140 88.3 88.4 88.6 88.5 

 

❖ Table A-9: Contact angle results of the oil droplet on the calcite surface at different 

temperatures and pressures in the presence of the LS brine with 1% 1-pentanol 

  Pressure (MPa) 

Temperature (C) 10 20 30 40 

60 81.2 81.3 81.4 81.6 

100 101.1 100.9 100.9 101.0 

140 96.7 97.0 96.9 97.3 

 

❖ Table A-10: Some Petrophysical Properties of Core Plugs 

Core sample Porosity (%) Gas Permeability (mD) Pore Volume (CC) 

C1 27.2 7.4 19.1 

C2 25.7 4.5 18.4 

C3 29.7 8.2 22.6 

C4 25.9 5.4 18.0 

 


