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ABSTRACT  

This thesis presents an evaluation of the effectiveness of a simple chemical Enhanced Oil 

Recovery (EOR) method consisting of a low cost, low molecular weight ketone and a non-ionic 

surfactant for use in waterflooding as an alternative to conventional chemical EOR in 

heterogeneous carbonate reservoirs. We believe adding these simple chemical additives to the 

injection brine should improve oil displacement efficiently significantly—especially in 

heterogeneous carbonate reservoirs. The evaluation includes static experiments using high-salinity 

brine, low-salinity brine, low-salinity brine plus a ketone, and low-salinity brine and a non-ionic 

surfactant—all surrounding a carbonate core in an imbibition cell. The mass transfer environment 

mimics a fracture-matrix interface in fractured carbonate reservoirs, and the driving forces in such 

experiments are spontaneous imbibition, osmosis, and wettability alteration when ketone is used.  

Four different EOR experiments utilizing spontaneous imbibition by capillary action, 

chemical osmosis, and miscible mixing leading to slight wettability alteration and viscosity 

reduction, all in absence of any forced displacement, were conducted on several 1-1/2-inch 

diameter by 1-1/2-inch San Andres carbonate cores in following order: 1) Low-salinity brine EOR 

only, 2) Low-salinity brine EOR with an added non-ionic surfactant, 3) Low-salinity brine EOR 

with a ketone, and 4) Low-salinity brine EOR with a non-ionic surfactant and a ketone. The 

permeability and porosity of the tested cores ranged between 2 to 20 md and 7 to 16%, respectively. 

As mentioned earlier, the oil recoveries resulted from spontaneous imbibition invoked by different 

displacement mechanisms. No forced displacement was included in the experiments for two 

reasons: 1) To mimic fracture-matrix passive oil recovery across fracture-matrix interface. 2) To 

have a similar and comparable approach for all four EOR experiments and associated processes. 

Solution density and pH were continuously recorded during the experiments to determine the oil 

recovery mechanism of each experiment. An increase in the solution pH could lead to wettability 

alteration as a component of EOR mechanism; however, there is reliable evidence that ketones 

alter wettability of cores to water-wet conditions. Experiments reported by Wang, Abeykoon, et 

al. (2019) clearly indicate that ketones alter carbonate wettability to strong water-wet—consistent 

with our experimental results. However, our low-salinity vs. high-salinity experiments indicate 

that low-salinity enters the core by osmosis. 

The results show that low-salinity brine with added ketone yielded the highest overall oil 

recovery of 44%, compared to 11% by low-salinity brine plus surfactant and 11.14% by low-
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salinity brine alone. Finally, the combined use of brine-surfactant-ketone enhanced the oil 

production by 23%.  
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CHAPTER 1 INTRODUCTION 

 This project evaluates the effectiveness of simple chemical EOR methods such as ketones 

and surfactants as an alternative to expensive and unfavorable conventional chemical techniques, 

in conventional carbonate reservoirs. This chapter introduces the reader to the background, 

problem statement, motivation and objectives of this study, analysis methodology, and the thesis 

organization.    

1.1 Background  

About 50% of the world’s known oil reserves are carbonates; however, recovery from such 

reservoirs, even the best quality reservoirs, is usually less than 40%. Two-thirds of the original oil 

in place (OOIP) remains in carbonate reservoirs after primary and secondary recovery methods. 

This low oil recovery is due to the formation heterogeneity and oil-wetness which lead to 

bypassing a portion of the in-place oil by injected water or gas, oil trapping, and residual oil inside 

the pores—resulting in low oil displacement efficiency. Consequently, improved oil recovery 

(IOR) by waterflooding or gas injection can be ineffective when dealing with carbonate reservoirs. 

Unlike water-wet reservoirs, i.e., sandstone formations, where the water is spontaneously imbibed 

into the reservoir matrix, in oil-wet carbonate reservoirs, the injected water will travel to the high-

permeability channels leading to an early water breakthrough, hence, a low ultimate oil recovery 

(Høgnesen et al. 2005). 

Low-salinity brine injection was proposed as an IOR method driven by chemical osmosis 

(Torcuk et al. 2019). Formation brine typically has a very high salinity compared to low-salinity 

brine waterflooding processes. The Khuff carbonate reservoir in Saudi Arabia has a formation 

salinity of about 280,000 ppm (Birkle et al. 2013). The injected brine with low-salinity travels 

through a membrane in the porous media and gets imbibed into the higher salinity formation 

matrix, which expels the oil out of the pores and increases the oil recovery. Low-salinity was first 

proposed as an IOR method for sandstones by Bernard in 1967, as sandstone formations were 

preferred over carbonates. According to Taber and Martin (1983), carbonate formations were 

initially avoided due to the challenges faced with the heterogeneity of the formation and the 

complexity of natural fractures. However, observing the significant oil recovery obtained from 

these naturally fractured reservoirs, more studies were made to understand the mechanisms 
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underlying the performance improvement of such processes (Gupta et al. 2011; Taber and Martin 

1983).  

During conventional waterflooding processes, some of the oil is bypassed and trapped in the 

reservoir by capillary forces. Enhanced oil recovery (EOR) methods are used to increase the 

ultimate oil recovery by changing the chemical composition of the injected brine to produce the 

remaining residual oil. Conventional EOR methods include injecting any of the following: CO2, 

steam, hydrocarbon gas, nitrogen, air, and chemicals. However, each of these techniques is very 

cost-intensive and requires much manpower. The purpose of this study is to focus on cost-effective 

chemical EOR, specifically, to introduce the use of economical and simple chemical additives to 

the injection brine to change its composition and displace the oil more efficiently. The simpler 

chemical EOR systems are promising and can be more beneficial and economical for the long-

term life of the reservoir.  

 

1.2 Problem Statement  

We believe low-concentration water-soluble chemicals (chemical EOR) can improve oil 

recovery economically. The classic chemical EOR methods (consisting of relatively high-

concentrations of complex and expensive chemicals) are not economical on a field application 

scale and are usually harmful to the environment and full of challenges; thus, a less complex and 

cheaper method is of great interest. Conventional reservoirs in the Middle-East, especially in Saudi 

Arabia and readily available water facilities, make such reservoirs a good candidate for water-

based EOR methods. Moreover, it is crucial to understand the mechanisms underlying water-based 

chemical EOR methods to choose the optimum solution that would lead to the highest ultimate oil 

recovery.  

 

1.3 Research Approach 

Water chemistry plays a significant role in waterflooding and water-based EOR techniques 

(chemical flooding). Much of the current water-based EOR techniques are expensive and 

sometimes detrimental to the reservoir life. We believe that the use of simple chemical additives 

can be more useful and more economical for the long-term life of the reservoir. Consequently, we 

will use low-concentrations of non-ionic surfactants and low molecular weight ketones to mobilize 

the remaining in-place oil to improve oil recovery.  
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1.4 Objectives  

 The objectives of this study are:  

1.   Compare low-salinity brine enhanced oil recovery (EOR) in a Permian carbonate core with 

two new systems composed of (1) a low-concentration, non-ionic, ethoxylated alcohol 

surfactant and (2) a low-concentration, low molecular weight ketone solution. The 

experiments consist of (1) forced displacement experiments using a high-speed centrifuge 

and (2) static oil recovery experiments. 

2.   Determine the EOR displacement mechanisms for each system to determine which system 

is more efficient in recovering more oil. The laboratory experiments included contact 

angle, interfacial tension (IFT), pH, and density measurements.  

 

1.5 Methodology  

 The project consists of static and dynamic experiments conducted in MCERS lab, using 

conventional San Andres carbonate core samples obtained from the Central Vacuum Field in New 

Mexico. Static experiments include spontaneous imbibition in a vessel. Dynamic experiments 

include saturating the cores in a high-speed centrifuge. From these experiments, capillary pressure 

curves are determined with respect to water saturation. This is crucial in understanding the 

behavior between the fluids. Oil recovery with respect to time is obtained from spontaneous 

imbibition experiments, and recovery is plotted with respect to time for each system to choose the 

optimum and most efficient system. Four different experiments took place in the following order: 

1) low-salinity brine injection, 2) low-salinity brine with an added non-ionic surfactant, 3) low-

salinity brine with an added ketone, and 4) low-salinity brine with a combination of a non-ionic 

surfactant and a ketone. The purpose of each experiment is to evaluate the effectiveness of 

modifying injection brine on enhanced oil recovery. 

 

1.6 Scope of Study 

 In this study, we focus on carbonates in conventional reservoirs. Thus, for our experimental 

evaluation, we use a core from a conventional carbonate reservoir in the Central Vacuum Field 

located in southeast New Mexico on the Northwestern Shelf of the Permian Basin (Figure 1-1). 

The Vacuum Field was first discovered in 1929, and the development of the field started in late 

1937, where wells were completed on a 40-acre spacing. In 1978, a waterflooding program began, 
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followed by infill drilling development projects with a 20-acre spacing and a 10-acre spacing in 

the late 1980s. The field underwent CO2-injection beginning in 1995. The reservoir comprises 

about 1500 ft dolomite from the San Andres Formation at a depth of about 4500 ft. The San Andres 

dolomite is interbedded with a few dolomitic siltstones. The upper 600-800 ft of the San Andres 

formation makes the main hydrocarbon-bearing. The primary reservoir rocks include peloidal 

dolopackstones, skeletal dolograinstones, and fusulinid dolopackstones. Each of these rocks 

alternate with anhydrite-filled dolomites, which have lower reservoir quality. Between the upper 

and lower San Andres formations, Lovington siltstone, with a very low matrix permeability, acts 

as a seal that separates the two formations. Evaporites, supratidal carbonates, and low-permeability 

siltstones constitute the reservoir seal (Figure 1-2) (Pranter et al. 2004). The extreme reservoir 

heterogeneity and compartmentalization, due to its structure and stratigraphy and variable 

digenetic processes, make it crucial to look for development plans for improving the reservoir 

performance and optimizing production from bypassed pay areas.  

 

 

Figure 1-1 Location Map Showing the Vacuum Field on the Northwestern Shelf of the 
Permian Basin (Pranter et al. 2004). 
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Figure 1-2 San Andres Reservoir Lithology and Description Log (Pranter et al. 2004). 
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1.7 Thesis Organization  

 This thesis consists of five chapters.  

 Chapter 1 provides the study background, problem statement, motivation, objectives, and 

methodology.  

 Chapter 2 presents the literature review and discusses previous experimental studies on the 

effect of low-salinity brine injection and chemical additives on oil recovery in carbonate reservoirs. 

 Chapter 3 presents the experimental procedures and methods including core cleaning, 

CMS-300 equipment for pore volume, permeability and porosity measurement, high-speed 

centrifuge equipment for determining capillary pressure curves, and spontaneous imbibition 

apparatus for determining oil recovery.   

 Chapter 4 presents results and discussion.  

 Chapter 5 presents conclusions and recommendations. 
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CHAPTER 2 LITERATURE REVIEW  

 This chapter covers an overview and previous studies from the literature and consists of 

sections including: wettability in carbonate reservoirs, waterflooding and low-salinity injection in 

carbonate reservoirs, mechanisms of low-salinity waterflooding, surfactant flooding, and ketone 

flooding. 

2.1 Wettability in Carbonate Reservoirs  

 Wettability is defined as the tendency of a fluid to maintain contact with a solid surface by 

adhesion forces in the presence of another immiscible fluid (Anderson 1986). The surface of the 

calcite is initially water-wet. However, carbonate reservoirs are described as intermediate- to 

preferentially oil-wet systems. This is due to the adsorption of the carboxylic acids in crude oil to 

the calcite surface that changes the wettability to oil-wet (Li et al. 2016). Carbonate rocks are 

positively charged due to excess Ca2+ in the formation brine. The negatively charged acidic 

component of the crude oil (RCOO-) then adsorbs to the positively charged carbonate surface, 

making it oil-wet. The oil-wetness in carbonate reservoirs result in a reduction in the ultimate oil 

recovery.  

 
2.2 Waterflooding and Low-Salinity Injection in Carbonate Reservoirs  

 The rate of imbibition of water during injection processes is affected by two forces, 

capillary and osmotic forces (Li et al. 2016).  

 

2.2.1 Capillary Forces  

Capillary forces are forces that trap the oil inside the pores. It can be overcome either by 

modifying the rock/fluid interactions or fluid/fluid interactions. Capillary pressure can be 

calculated with Equation 2-1: 

 

𝑝& = () *+,-
.                                                                                                                 (2-1) 

 

 The capillary pressure depends on three parameters: surface tension 𝜎, contact angle 𝜃, 

and the pore throat radius r. The pore throat radius is an intrinsic property; it does not change 

during the imbibition process and cannot be changed unless by geomechanics or chemical 
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alterations (Li et al. 2016). However, the surface tension and the contact angle can be modified 

during the imbibition process. Changing the contact angle between the oil droplet and the surface 

of the carbonate rock can modify the wettability towards more water-wet conditions. This changes 

the capillary pressure from negative to positive, causing water to be imbibed into the matrix and 

expelling oil out efficiently. Fluid/fluid interactions are optimized by reducing the interfacial 

tension between the oil and brine, removing the oil droplets from the rock surface, and increasing 

the water-wetness of the rock. Both concepts aim for overcoming the capillary forces by modifying 

the injection brine to an optimum composition and/or by using other enhanced oil recovery 

methods such as surfactants or ketones to improve the reservoir performance, produce the trapped 

oil, and obtain a higher oil recovery.  

 

2.2.2 Osmotic Forces  

Another significant driving force is the osmotic pressure resulting from the molecular 

transport driven by the chemical potential gradient of water (water activity) that drives the flow 

during the existence of a salinity contrast between the formation brine and the injection brine. As 

stated earlier, formation brine has a very high salinity compared to the injected seawater. The 

injected brine with a lower salinity travels through a membrane in the porous media and gets 

imbibed into the higher salinity formation matrix, which expels the oil out of the pores and 

increases the oil recovery (Torcuk et al. 2019).   

The way osmosis work can be represented by a U-tube as shown in Figure 2-1, where both 

hydrostatic heights are initially equal as there is no osmotic pressure exerted. However, with 

enough time after injection, the water with low-salinity travels towards the higher salinity side of 

the membrane making the height of the fluid higher. The difference between the heights during 

and after equilibrium is known as the osmotic pressure. The semi-permeable membrane in the rock 

is called so as flow occurs from low-salinity to high, but not reverse. It only allows small water 

molecules to pass through it. On the other hand, larger molecules and salts are not permitted to 

flow through the membrane as they are held by electrostatic forces (Li et al. 2016). Due to the non-

ideal nature of the semi-permeable membrane, the usual achieved osmotic pressure during 

experiments is different from the calculated theoretical osmotic pressure (Fakcharoenphol et al. 

2014). The difference in pressure due to the membrane restriction to some of the solute ions can 

be quantified by what is known as the membrane efficiency (Padin et al. 2016).   
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Osmotic pressure is a colligative property which depends on the concentration of the 

dissolved ionic solutes in the solution and not their identity. Osmotic pressure can be calculated 

using the van’t Hoff relationship (Equation 2-2): 

 

𝜋 = &234
56789: = 𝑀(𝑅𝑇                                                                                                         (2-2) 

 

van’t Hoff osmotic pressure equation can be used for diluted solutions with low 

concentrations when the permeable membrane is not ion-selective. On the other hand, when the 

solution has a high-concentration and is ion-selective, a chemical activity term is included in the 

osmotic pressure equation, as shown below in Equation 2-3 (Uzun 2018): 

 

𝑝> − 𝑝@ = 𝜋 = − 34
5ABC ln F

GABCH
GABCI J = 𝑀(𝑅𝑇                                                                        (2-3)     

 

 

Figure 2-1 Chemical Osmosis and Osmotic Pressure Concept (Uzun 2018).  

 

2.3 Mechanisms of Low-Salinity Injection in Carbonate Reservoirs   

 There are several mechanisms behind improved oil recovery from low-salinity 

waterflooding. Wettability alteration is proposed to be the dominant mechanism. Yousef et al. 

(2011) investigated the effect of varying injection brine salinity on improving oil recovery using 

composite rock samples from a carbonate reservoir in the Middle-East with live oil. The original 
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seawater injection (57,600 ppm) yielded 74% oil recovery. The total incremental oil recovery 

observed from diluting seawater was about 19%. Diluting seawater twice and 10 times yielded 

significant incremental oil recoveries of ~8.5% and 10%, respectively. Whereas oil recovery 

obtained from 20- and 100-times dilutions were only ~1% and zero additional recoveries, 

respectively. Moreover, contact angle measurements also confirmed that wettability was modified 

into water-wet by diluting seawater. The results of contact angles obtained from seawater followed 

by dilution twice and 10-times were 90°, 80°, and 69°, respectively.   

Al-Harrasi et al. (2012) also conducted spontaneous imbibition and coreflooding 

experiments on carbonate cores to determine the effect of low-salinity brine injection on increasing 

the oil recovery due to wettability alteration. The experiment was conducted on core samples 

obtained from a carbonate reservoir in Oman using dead crude oil at 70 °C. A synthetic brine with 

a salinity of 194,450 ppm was diluted in four different proportions: twice, 5 times, 10 times, and 

100 times. The results showed an increase in the oil recovery by 3-5% OOIP from coreflooding 

and 16-21% from spontaneous imbibition. Additionally, residual oil saturation was reduced with 

coreflooding experiments by 2.4-4%.  

Fathi et al. (2010) suggested that unlike sandstone formations, diluting seawater to obtain 

low-salinity is inefficient in carbonate formations. The conclusion was based on the differences in 

the trends observed in oil recovery obtained from seawater dilution. The oil recovery obtained 

from diluted seawater (1,600 ppm) at 120 °C was about 15% compared to about 60% of OOIP 

obtained from seawater. The proposed reason is that diluting seawater lowers the concentration of 

the active ions Ca2+, Mg2+, and SO4
2- which are essential in releasing the adsorbed oil acidic 

components from the rock surface to change the wetting conditions into water-wet as will be 

discussed further in the next section.  

Great debates are still going on how the process of wettability alteration is occurring in 

low-salinity injection. The main mechanisms that are assumed to be controlling the modification 

of wettability when using low-salinity brine include rock dissolution, ion exchange, electrical 

double layer (EDL), and pH alterations. Moreover, osmosis is another important mechanism 

behind improved oil recovery from low-salinity, independent of wettability alteration.  
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2.3.1 Rock Dissolution  

Rock dissolution, first discovered by Hiorth et al. (2010), states that when low-salinity 

brine is injected, the calcium concentration in brine will become lower. This low concentration 

causes the calcium carbonate in the rock to dissolve and reach equilibrium with brine. When it 

dissolves, there will be a removal of the crude oil component adsorbed to the surface and thus 

change the wettability to water-wet.  

 

2.3.2 Ion Exchange  

Tweheyo et al. (2006) stated that the presence of the Potential Determining Ions (PDI) in 

seawater is pivotal in the wettability alteration process. Ca2+, Mg2+, and SO4
2-

 ions are strong PDI, 

which strongly affect the surface charge of carbonate rocks. They identify the mechanism of the 

wettability alteration, stating that when injecting low-salinity brine, sulfate ions SO4
2- act as a key 

factor in lowering the positive charge of the calcite surface by adsorbing into the positively charged 

surface of chalk, making the charge less positive. This leaves excess calcium, Ca2+ present near 

the surface of the rock due to the lowered electrostatic repulsions. The Ca2+ ions will attach to the 

carboxylic acids adsorbed to the rock and pull it away from the rock, changing the wettability to 

water-wet (Figure 2-2). The presence of Ca2+ and Mg2+ potential determining ions promote the 

adsorption of SO4
2- into the carbonate surface and the desorption of carboxylic acids in the chalk 

surface.  

 

 

Figure 2-2 Schematic of Wettability Alteration Induced by Ion Exchange Caused by  
Low-Salinity Injection. 

 

Moreover, the absence of the PDI means that there will be more of the monovalent ions, 

Na+ and Cl-, which are known as non-active salts and are weaker, making the water film unstable, 
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thus harder to remove the carboxylic acids. The interaction of the potential determining ions with 

the carbonate surface is dependent on the chemical activity in the electrical double layer (EDL) 

and is restricted in the presence of the non-active salts and the concentrations of Na+ and Cl- present 

in the injection brine. The size and the nature of the EDL depend on the salinity and the ionic 

composition of the injection brine (Fathi et al. 2012). More details about EDL will be covered in 

the next subsection.  

Gupta et al. (2011) initiated the concept of Advanced Ion Management (AIMSM), which 

revolves around the selective modification (addition/removal) of ions to significantly increase the 

oil recovery by modifying the rock wettability. This involves the addition of specific salts or 

softening the injected water. Based on coreflooding experiments using dolomite cores from West 

Texas and limestone cores from the Middle-East, the oil recovery obtained from adding sulfate 

ions and lowering the brine salinity was compared to the oil recovery obtained using formation 

brine. The study showed an increase in water-wetness in a carbonate rock due to an increase in the 

positive part of capillary pressure curves. The incremental recovery obtained using seawater with 

4-times sulfate ion concentration was 9% and 5.1% for the dolomite and limestone cores, 

respectively. An extra magnesium chloride MgCl2 was also used with the limestone core to 

minimize anhydrite precipitation, which causes solubility problems that lead to brine instability, 

as was observed with Høgnesen et al. (2005).  

Fathi et al. (2012) conducted a spontaneous imbibition experiment on chalk cores to 

examine the effect of increasing the concentration of sulfate ion in seawater depleted in NaCl. 

Using SW0NaCl-4SO4
2-, an increase in the rate of imbibition was reported, and oil recovery 

increased by about 18% and 14% of OOIP at temperatures of 100 and 120 °C, respectively, 

compared to seawater depleted in NaCl.  

According to Li et al. (2016), increasing the concentration of sulfate ions with the presence 

of magnesium and calcium ions in the injection brine and lowering the ionic strength of the solution 

increases the water-wetness.  

 

2.3.3 Electrical Double Layer (EDL) 

The non-active salts in brine, Na+ and Cl-, form what is known as the Electrical Double 

Layer (EDL) near the surface of the rock. It is formed due to the different charges between the 

carbonate surface and the opposite charge in the brine. This layer acts as a barrier that prevents the 
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interaction of the potential determining ions (PDI) with the carbonate surface. Na+ and Cl- ions are 

not a part of the inner Stern layer as they are not considered potential determining ions. The 

potential ions Mg2+, Ca2+, and SO4
2-, however, depend on the non-active ions because they are 

active in the electrical double layer, affecting the access of the potential ions to the surface of the 

rock. Therefore, lowering the concentration of the monovalent ions results in expanding the EDL, 

allowing better access of PDI towards the carbonate surface, thus a better ability to release the 

carboxylic acids in the crude oil that is adsorbed to the surface of the rock (Fathi et al. 2012).   

Additionally, the ionic strength of the injection water has an effect on the electric charges 

at the oil/brine and rock/brine interfaces. The electric charges affect the EDL thickness and the 

stability of the water film between the rock surface and oil. These electric charges can be quantified 

by what is known as the zeta potential. In a study conducted by Nasralla and Nasr-El-Din (2012), 

zeta potentials were measured at different brine salinities to understand its effect on the oil 

recovery. A more negative zeta potential values were obtained when the injection brine salinity 

was lowered compared to a less negative and close to zero for high-salinity brine. A more negative 

zeta potential was correlated with an increase in the repulsive forces between the rock/oil interface, 

thus leading to EDL expansion, more oil recovery, and wettability change to water-wet conditions. 

Moreover, varying the brine composition compared to the formation brine and introducing low-

salinity brine into the system resulted in increasing the stability of the water film and expanding 

the thickness of the EDL.  

Fathi et al. (2012) concluded that seawater depleted in NaCl favorably changes the 

composition of the EDL, yielding a higher imbibition rate and higher oil recovery. The oil recovery 

obtained from spontaneous imbibition using seawater depleted of NaCl increased by 5-10% OOIP 

compared to seawater only. On the other hand, increasing the concentration of NaCl in the injection 

brine dropped the oil recovery by 5% OOIP. Additionally, oil recovery was observed to decrease 

going from SW0NaCl to SW1NaCl to SW4NaCl.  

 

2.3.4 pH Alterations  

During low-salinity injection, carbonate rock dissolution forms calcium Ca2+ and carbonate 

CO3
2- ions. The carbonate ion attaches to the hydrogen ion, H+ in brine, leaving excess hydroxide 

ion, OH- which increases the pH of the solution from 7 or 8 to about 9 or higher. The pH increase 
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makes an alkaline environment which promotes the generation of in-site surfactant from residual 

oil.  

In a study conducted by McGuire et al. (2005) on Berea sandstone cores from the North 

Sea field, pH increases from about 8 to about 10 was observed when low-salinity brine (1,500 

ppm) was injected as opposed to high-salinity formation brine (15,000 ppm). The oil recovery, as 

a result, increased from 63.6% to 69.4%. Similar to surfactant or alkaline flooding, the pH increase 

promotes wettability alteration, IFT reduction, and generation of in-situ surfactants.  

 

2.3.5 Chemical Osmosis  

Recently, the emphasis has been placed on the phenomenon of osmosis due to its proven 

efficiency, especially with unconventional reservoir IOR/EOR processes, where tight pores and 

ultra-low permeability make capillarity inefficient. It was observed in previous studies by Torcuk 

et al. (2019) that the imbibition of low-salinity water into the matrix is due to osmosis resulting 

from salinity difference, rather than capillary imbibition or gravity forces.  

In a review of the chemical osmosis phenomenon and its effect on oil recovery in oil-wet 

shale formations, Torcuk et al. (2019) concluded that osmosis improves the ultimate oil recovery 

and accelerates production by speeding up the process. It was also noted that the driving force 

behind low-salinity brine flow into the rock matrix is not by osmotic pressure as typically 

interpreted, because initially, there is no osmotic pressure. Therefore, it is a consequence of the 

molecular transport driven by the chemical potential gradient that drives the flow. 

Additionally, a study was conducted by Li et al. (2016) on Three Fork core samples to 

investigate the effect of water salinity and surfactants on spontaneous imbibition through osmosis 

and capillarity in unconventional reservoirs. It was concluded that the rate of imbibition through 

osmosis is affected by the concentration of the ions present in the injection brine and molecules in 

chemical additives like surfactants. A higher imbibition rate with low-salinity brine was reported 

compared to regular seawater. The reasoning is that low-salinity contains fewer salts/ions, leading 

to faster and more efficient imbibition.  

 
2.4 Interfacial Tension Reduction   

 The main objective of lowering the interfacial tension between oil and water is to overcome 

capillary and viscous forces that trap the oil in the reservoir pores during conventional 
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waterflooding. The typical assumption of the IFT between water and oil is 30 dynes/cm (Ramey 

1973). Achieving ultra-low IFT values (10-3) is crucial in increasing the capillary number, as 

shown in Equation 2-4. This is important because exceeding the critical capillary number, which 

is 10-5, is important in reducing the residual oil saturation and increasing the oil recovery. IFT 

reduction can be achieved by using chemical additives such as surface-active agents known as 

surfactants.  

𝑁& = 5M
)                                                                                                                           (2-4) 

 

2.4.1 Types of Surfactants  

Surfactants are surface-active agents that are amphiphilic, meaning that they have a 

hydrophobic (oil-bearing) tail and a hydrophilic (water-bearing) head. Surfactants are used to 

enhance oil recovery by reducing the interfacial tension between oil and water. This is done when 

the surface-active agents react with the oil components, solubilizing interfacial films, and causing 

emulsification. The reduction in the IFT lowers the capillary forces that trap the oil (residual oil). 

Surfactants also change the rock wettability to water-wet by adsorbing to the rock and reducing 

the surface tension between the rock and the fluid. This reduces the irreducible oil saturation and 

enhances oil recovery. 

Surfactants are classified based on their polar head. Their basic types include cationic, 

which is positively charged and attaches to the negatively charged carboxylic acids present in 

crude oil, or anionic and non-ionic, which are soluble in oil hence remove the oil from the surface 

of the rock, changing the wettability to water-wet (Li et al. 2016). Anionic and non-ionic 

surfactants are usually preferred over cationic surfactants due to their lower cost. Anionic 

surfactants adsorb better to the positively charged surface of carbonate compared to non-ionic 

surfactants due to their negative charge. Cationic surfactants are usually not preferred as they are 

considered expensive and usually required in high concentrations, making them uneconomical on 

a field level (Alvarez et al. 2014).  Additionally, non-ionic surfactants are known to be more stable 

under harsh conditions of high salinity. In this study, a non-ionic ethoxylated alcohol surfactant is 

used in a small amount instead of typically used expensive and complex surfactants.  
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2.4.2 Surfactants Phase Behavior  

During surfactant flooding, interactions between the surfactant slug, oil, and brine, form 

thermodynamically stable microemulsions. The formation of microemulsions is due to oil 

solubilizing in water and vice versa. Injection brine salinity is an essential parameter influencing 

which type of behavior occurs. Surfactants phase behavior can be explained by Winsor Type 

Curves (Figure 2-3). According to Winsor (1954), microemulsions phase behavior is classified 

into three different types: 

Type I (II-) Microemulsions: this type represents the formation of oil-in-water 

microemulsions. It occurs when the salinity of the injection brine is lower than the optimum 

salinity. The surfactant in this type forms a microemulsion in water, lowering the water-

microemulsion IFT and leaving excess oil. This leaves the surfactant in the aqueous phase, making 

it challenging to reach ultra-low IFT.  

Type II (II+) Microemulsions: this type represents the formation of water-in-oil 

microemulsions. It occurs when salinity is higher than the optimum salinity. The surfactant in this 

type forms a microemulsion in oil, lowering the oil-microemulsion IFT and leaving excess water. 

This causes surfactant retention (surfactant loss) as the surfactant is trapped in the residual oil.  

Type III Microemulsions: this type represents the formation of microemulsions in a 

middle-phase separated between excess oil and excess brine phases. This lowers the IFT to ultra-

low values, reducing the residual oil saturation. This type occurs at the optimum brine salinity and 

is the most thermodynamically stable among the three types.  

Types I and II microemulsions are not desirable and should be avoided in EOR processes 

as they negatively affect the oil recovery by making it harder to mobilize the residual oil. It is vital 

to analyze phase behavior to understand the interactions between the oil and the surfactant in the 

aqueous solution. This helps in selecting the optimum and most efficient surfactant for oil recovery 

enhancement.  
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Figure 2-3 Microemulsion Phase Behavior and Winsor Type from (Lake 1989).  

 

2.4.3 Bond Number 

Bond number is a dimensionless quantity that describes the ratio of the gravitational forces 

to interfacial tension forces as shown in Equation 2-5:  

 

 𝑁@ = N∆PQR
)                                                                                                              (2-5) 

 

In centrifuge experiments, it is critical to obtain Bond numbers larger than the Critical Bond 

number of 10-5. As can be seen in Equation 2-5, lowering the IFT increases the bond number. This 

leads to lowering the residual oil saturation making the oil more mobile and increasing oil 

recovery.  

 

2.5 Solubility and Wettability Alteration  

The main objective of using chemicals which are soluble in oil is to swell the oil and reduce 

its viscosity, thus, mobilizing the residual oil and enhancing the oil recovery. This can be achieved 

by using chemical additives such as ketones. Ketones are also known to favorably alter the 

wettability of the rock to water-wet conditions as will be explained further in the next sections.  
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2.5.1 Oxygenated Solvents (Ketones)  

Ketones are low molecular weight hydrocarbons, having fewer than 10 carbon atoms per 

molecule, and are soluble in oil and water. The way they are formed is by the oxidation of alcohol 

to form a carbonyl group. This means the carbon-hydrogen bond in alcohol is replaced by a carbon 

atom double-bonded to oxygen. The carbonyl group, when bonded to two other carbon atoms, 

forms what is called a ketone. On the other hand, if the carbonyl group is bonded to one other 

carbon atom and a hydrogen atom, it forms an aldehyde (Clark 2003). Acetone (C3H6O) is the 

simplest form of a ketone. Ketones are clear colorless liquids, with an acetone-like odor. They are 

used for multiple purposes in daily lives, including food additives, perfume ingredients, nail polish 

removers, and some insect repellents.  

The purpose of using mutual solvents like ketones is to take advantage of the mutual 

solubility of these solvents in both water and oil phases. During waterflooding, ketones are driven 

by advection and diffusion. Advection includes the capillary imbibition of the injected brine as a 

carrier of ketone into the core. Mass transfer of ketones from the aqueous phase into the oleic phase 

occurs through molecular diffusion when the ketone reaches first-contact with the oil phase and 

partitions into it. This swells the oil and mobilizes it.  

Ketones enhance the oil recovery by three mechanisms: wettability alteration, oil viscosity 

reduction, and oil swelling. Ketones alter the rock wettability from oil-wet into water-wet while 

keeping the IFT relatively constant (Wang, Abeykoon, et al. 2019). The carbonyl oxygen atom 

(C=O) of ketones has a partially negative charge (Figure 2-4) that attaches to the positively charged 

surface of calcite in carbonate rocks thus weakening the interaction between the carboxylic acids 

in the oil and the rock surface, pushing the polar oil components away from the surface. Ketones 

are soluble in both water and oil. In this study, a simple symmetric diethyl ketone (3-pentanone) 

is used. Its chemical formula is C5H10O or CH3CH2COCH2CH3.  

 

 

Figure 2-4 Polarity of Carbonyl Group in 3-Pentanone Ketone. 
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3-pentanone is less dense than water, with a density of 0.815 g/mL at 25 °C. Its solubility 

in water is about 50 g/L at 20 °C. When ketones solubilize in oil, they cause oil swelling and 

viscosity reduction. This helps in mobilizing the residual oil and increases oil recovery (Figure 2-

5).  

 

 

Figure 2-5 Ketone Mechanism for EOR. 

 

In a study conducted by Wang, Abeykoon, et al. (2019) to determine the effect of adding 

miscible ketones to injection brine on oil recovery from tight limestone cores, it was observed that 

small amounts of 3-pentanone enhance the water imbibition process. This was reflected in contact 

angle measurements and oil recovery obtained from spontaneous and forced imbibition 

experiments using 1.1-wt% 3-pentanone. The contact angle dropped to 26° when 3-pentanone was 

used compared to 123° with reservoir brine. The recovery obtained from reservoir brine was 51.8% 

(12.0% spontaneous imbibition + 39.8% forced imbibition). Whereas, the final total oil recovery 

using 3-pentanone was 67.5% (51.0% spontaneous imbibition + 16.5% forced imbibition). While 

the IFT remained constant, the concluded mechanisms behind enhanced water imbibition and oil 

recovery from 3-pentanone included not only wettability alteration, but also oil viscosity reduction 

and oil swelling due to the miscibility of 3-pentanone in oil. The concentration of 3-pentanone in 

the recovered oil was 18.6-wt% and 0.8-wt% in the aqueous phase, confirming the mass transfer 

of 3-pentanone into the oleic phase, hence mobilizing the oil by reducing its viscosity.          

Similarly, previous coreflooding experiments were conducted by Wang, Baek, et al. (2019) 

on fractured limestone cores from a conventional reservoir using a non-ionic surfactant (2-

ethylhexanol-4PO-15EO) and a ketone (3-pentanone), separately, and comparing their effect on 

oil recovery through wettability modification. Both chemical additives were used in small 
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concentrations of 1.1-wt% and 1.0-wt% for the ketone and surfactant solutions, respectively. 

Results showed that 3-pentanone yielded a sharper and quicker imbibition rate compared to the 

non-ionic surfactant. This was associated with the fact that the 3-pentanone increases the capillary 

force for water imbibition by modifying the wettability while keeping the IFT constant. Unlike the 

3-pentanone, the non-ionic surfactant lowered the brine/oil IFT from 11 mN/m to 0.21 mN/m.  

The mechanism of oil swelling and viscosity reduction by ketone is similar to CO2. 

However, the efficiency of ketones is about 4 times better compared to CO2 due to the higher 

solubility of ketones in oil compared to CO2 (Parsons et al. 2016). In a study conducted by Alzayer 

et al. (2019) to compare the performance of carbonated waterflood with diethyl ether (mutual 

solvent like ketone) waterflood, the ultimate oil recovery of DEE-brine was 3-times higher than 

the carbonated waterflood with incremental oil recoveries of 34% and 11%, respectively.  The 

recovery enhancement in the DEE-brine is assumed to be as a result of the first-contact miscibility 

causing oil viscosity reduction and oil swelling.  

 

2.5.2 Ketones Phase Behavior  

Understanding phase behavior of the oil-brine-ketone system is important to determine the 

solubility preference of the mutual solvent system. This is crucial to provide a better understanding 

on which systems and parameters to use to optimize mass transfer and oil recovery (Parsons et al. 

2016).  

As stated earlier, ketones are mutually soluble in both water and oil. The polar nature of 

ketones makes them slightly soluble in water. However, they are highly soluble with oil through 

their carbon-to-carbon bonding. The solubility preference of the solvent can be identified by the 

partition coefficient. The partition coefficient is represented in the logarithmic value. Log Ko/w 

stands for octanol/water partition coefficient. Octanol is a fatty alcohol and like oil, it is immiscible 

with water.  

The partition coefficient is the ratio of ketone concentration in the octanol (similarly, oil 

phase) to the ketone concentration in the water phase at equilibrium.  

 

log 𝐾V/X = YZ[\]G\V\[	  &V\&[\].G]_V\	  _\	  `V&]G\Va
YZ[\]G\V\[	  &V\&[\].G]_V\	  _\	  XG][.                                                                  (2-6a) 
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𝐾V/X	   = 10d
e69fghfBf9	  RBfR9fg8hgiBf	  if	  :BRghfBC
e69fghfBf9	  RBfR9fg8hgiBf	  if	  jhg98 k

                                                               (2-6b) 

 

A positive Log Ko/w value indicates that the solute is hydrophobic (oil-attracting) meaning 

that it is more soluble in the octanol or oil phase. Consequently, a smaller or a negative Log Ko/w 

value indicates that the solute is hydrophilic (water-attracting) meaning that it is more soluble in 

water. Based on Sigma-Aldrich 3-pentanone Safety Data Sheet, the log of partition coefficient of 

3-pentanone is estimated to be 0.85 (Sigma Aldrich 2020). Experimental and theoretical values of 

the log of partition coefficient were 0.99 and 0.79, respectively according to Stanley et al. (1982). 

Based on the values of the log of partition coefficients mentioned above and Equation 2-6b, 3-

pentanone can be about 6 to 10 times more soluble in the oleic phase compared to the water phase. 

The positive partition coefficient value indicates that the ketone prefers the oil phase over the water 

phase, meaning that ketones are more soluble in oil compared to water.   

During mutual solvent flooding, when the injected brine with solvent is imbibed into the 

matrix of the rock, the solvent preferentially partitions into the oleic phase from the aqueous phase 

causing oil viscosity reduction and oil swelling. This creates an oil bank, so the residual oil is 

mobilized. The volume of the oil increases due to the presence of the solvent as its mole fraction 

is high in the oil phase. On the other hand, the volume of the aqueous phase is reduced. This larger 

molar volume in the oil phase contributes to a higher ultimate oil recovery as oil viscosity is 

reduced and more of the trapped oil is mobilized and produced (Chahardowli et al. 2016).   

K-values can also be correlated with different brine salinities. In experimental studies 

performed to validate the Cubic-Plus-Association (CPA) equation of state model, Parsons et al. 

(2016), confirmed that higher K-values were observed with higher brine salinities. This is due to 

the lower solubility of solvent in higher brine concentrations while still being miscible with oil. 

Similarly, this makes ketone-flooding suitable in harsh conditions such as high-salinity reservoirs, 

where conventional EOR methods are limited.  

Additionally, Holm and Csaszar (1962) conducted experiments to evaluate oil 

displacement due to chemical waterflooding using isopropyl alcohol (water-soluble) and ketones 

including methyl ethyl ketone and acetone (oil-soluble). They stated that displacement efficiency 

is dependent on the solvent relative solubility in the oil and brine phases. They found out that when 

preferentially oil-soluble solvents were used, smaller amounts of the solvent were required to 

displace oil efficiently compared to the amounts required using water-soluble solvents. Moreover, 
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they concluded that oil displacement efficiency is dependent on solvent solubility in the oil phase 

which is mainly affected by oil viscosity and density. It was suggested that ketone flooding is more 

efficient in reservoirs with light oils where oil viscosity is lower as opposed to high-viscosity 

reservoirs. Larger oil viscosities resulted in a less favorable mobility ratios between the oil and 

solvent phase, leading to a lower solubility and lower ultimate oil recovery. On the other hand, the 

lower the oil density and viscosity, the better the solubility with the injected solvent and the better 

the displacement efficiency.  

In a coreflooding study conducted by Wang et al. (2020) to compare 3-pentanone and 

surfactant flooding on improving the oil recovery in a fractured carbonate rock, results showed 

that more than 57.0% of the 3-pentanone was imbibed into the matrix compared to only about 

6.0% with the surfactant. Low surfactant imbibition is due to the low interfacial tension between 

brine and oil caused by the surfactant flooding. 

 

2.6 Nanoparticle Fluids EOR  

Nanoparticles have recently become of a great interest in the EOR research and 

development due to their efficiency in recovering significant amounts of tertiary oil. The 

mechanism of this method is similar to that of surfactants and ketones. They have small sizes of 

1-100 nanometers which gives a strong benefit as when nanoparticles are injected with brine into 

the formation, they can move easily through the porous media forming a bridge between the rock 

surface and the attached oil. This promotes oil desorption from the surface of the rock, favorably 

changing the wettability to water-wet. Silicon dioxide (SiO2) is the most commonly used in 

nanofluids flooding due to its ability to alter the rock wettability to water-wet (Ogolo et al. 2012).  

Laboratory coreflooding experiments were conducted by Olayiwola and Dejam (2020) on 

four Indiana limestone outcrop cores to investigate the effect of nanoparticles on EOR along with 

surfactants and low-salinity brine. In their analysis, a small amount of silica nanoparticles (500 

ppm, 0.05-wt%), anionic surfactant (1,000 ppm, 0.1-wt%), and low-salinity brine (10,000 ppm, 1-

wt%) were used. The results showed that nanofluids combined with surfactants in low-salinity 

waterflooding yielded an incremental oil recovery of 8-11%. 
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2.7 Economics and Cost Estimation 

 To ensure economic success and profit in any given EOR operation, the cost spent on an 

operation should not exceed the ultimate oil recovery obtained. The economic feasibility of any 

project depends on several factors including oil price, reservoir properties, OOIP, oil recovery 

factor, operational costs (OPEX) including the cost of the waterflooding operation, cost of 

chemicals used, cost of handling and lifting, and cost of water treatments, capital expenditure costs 

(CAPEX) including the cost of building chemical and water facilities, taxes, storing and treating 

the chemicals, and the environmental safety. Economic sensitivity analysis and simulation models 

are effective ways to evaluate different EOR processes and to predict recovery and project 

performance.   

Projects are considered economically successful when the incremental oil cost is reduced, 

meaning that the cost required to produce the incremental oil is as lower as possible. Such projects 

are determined by high incremental oil recoveries along with low cost and low concentration 

chemicals (Al-Murayri et al. 2018). The reason chemical EOR is generally not preferred is the 

high cost associated with this method. Therefore, it is crucial to optimize the use of simpler, cost-

effective, and efficient chemical additives. Combining low-salinity waterflooding with chemical 

flooding is a promised economic method as it results in lower mixing costs. This is due to the 

reduced number of water treatment operations needed to dissolve chemicals compared to 

conventional waterflooding (Al-Murayri et al. 2018).  

 

2.7.1 Injection Cost Estimation  

The typical nonionic surfactant cost is $1.85 per pound of surfactant. Additionally, one 

barrel of injection water is equivalent to 350 pounds. Therefore, the cost of injecting a solution 

with 1.0-wt% surfactant can be calculated using the following equation: 

 

Ylm	  an
nna ∗ 𝑎𝑚𝑜𝑢𝑛𝑡	  𝑜𝑓	  𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙	  𝑖𝑛	  𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛	  (𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) ∗ $&�[�_&Ga	  an       (2-7a)  

 

Ylm	  an
`	  nna ∗ 0.01 ∗

$`.�l
an = $�.��l

nna           (2-7b) 
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Consequently, the daily cost of injecting 100,000 barrels of a surfactant solution is 

$647,500. Similarly, the typical commercial ketone price is $1.18 per pound of ketone assuming 

1.0-wt% concentration. Therefore, the cost of injecting a solution with 1.0-wt% ketone is:  

Ylm	  an
`	  nna ∗ 0.01 ∗

$`.`�
an = $�.`Y

nna           (2-7c) 

 

With a daily cost of $413,000.  
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CHAPTER 3 LABORATORY EXPERIMENTS 

This chapter covers the methods and procedures used for the conducted experiments 

including core cleaning, CMS-300 equipment, formation and injection brine preparation, oil 

preparation, contact angle and IFT measurements, high-speed centrifuge experiments, spontaneous 

imbibition experiments, and solution pH and density measurements.  

3.1 Core Preparation and Cleaning    

Cores are obtained from a reservoir composing of the San Andres carbonate formation in 

the Central Vacuum Field in New Mexico. Five cores are plugged with their dimensions presented 

in Table 3-1. The cores are cleaned using Soxhlet Extraction method (Figure 3-1). The purpose of 

cleaning the core is to get rid of the residual oil and water, contaminants, and other impurities 

before conducting the experiments. After cleaning, the cores are dried in the oven at a temperature 

of 60 °C until no change in the core weight is observed.  

 The solvents used to clean the cores include toluene, chloroform, and 2-propanol. Toluene 

is first used for cleaning the core from light oil components. Followed by toluene, chloroform and 

2-propanol are used to clean the core from heavy oil components, water, and precipitated salts 

resulting from the formation water. Due to the presence of anhydrite in the formation, cold Soxhlet 

extraction was done using 2-propanol instead of typically used methanol at specific depths where 

lithology logs showed excess anhydrite. Methanol was not used in this case to prevent dissolving 

the anhydrite in the formation. The following steps explain how the Soxhlet extractor is used:  

 1. A rounded bottom flask is filled with the cleaning solvents and placed above a heating 

mantle.  

 2. The core samples are placed in a chamber above the rounded flask. Two cores are placed 

in each Soxhlet extractor apparatus.  

 3. The solvent is heated until it reaches its bubble point. Then, it starts evaporating to the 

condensing unit at the top of the core chamber and it starts condensing.  

 4. The condensed solvent then starts dripping down into the core until the core is fully 

saturated with the solvent. This lets the solvent soak into the core pores and helps dissolving the 

residual fluids and salts. 

 5. The solvent then reaches the siphon level. This moves the solvents with the dissolved 

fluids and salts into the rounded bottom flask. 
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 6. Due to the differences in the boiling point of the cleaning solvents and the dissolved 

fluids, the cycle is repeated only with the cleaning solvents evaporating and leaving the dissolved 

fluids in the rounded flask. 

The cycle is repeated and the color change in the rounded bottom flask is observed.   

The process of cleaning the light oil components using toluene lasted for a week. In the 

first two days, the Soxhlet extractor was on and color change was observed every 3-4 hours. In the 

first day, an obvious discoloration and oil clouds were observed with a light brown color. Then, 

the color change started to become lighter after four hours. In the second day, the color became 

very light with a light oil cloud observed and eventually became colorless. After two days, the 

Soxhlet extractor was turned off to allow the rock to soak into the toluene. The rock was left 

submerged into the toluene for an additional five days. No color change was observed, and the 

solution remained colorless. If color change was observed, the Soxhlet extractor should have been 

turned on again to make sure the rock is completely cleaned from oil.  

After cleaning the cores with toluene, chloroform and 2-propanol were used separately to 

clean the cores using the hot Soxhlet and cold Soxhlet extraction methods, respectively. The hot 

Soxhlet extraction method using chloroform lasted for a week. Color change was observed in the 

first two days. In the cold Soxhlet extraction method, the cores are left submerged in the 2-propanol 

while the Soxhlet is turned off for four days. The procedure is stopped once fractures became clear 

to notice. No color change is observed during the use of 2-propanol. The cleaned cores are then 

taken and placed inside the oven to dry them at a temperature of 60 °C. Core weight changes were 

recorded for 5 days until no change in weight was observed.  

Table 3-1 Core Samples Information 

Core 
ID 

Fluid Type Depth, 
feet 

Formation Weight, 
grams 

Length, 
inches 

Diameter 
inches 

2 High-Salinity 4518 Lower San 
Andres 

91.963 1.2850 1.4995 

3 Low-Salinity 4450 Upper San 
Andres 

100.184 1.4348 1.4768 

4 Surfactant 4536 Lower San 
Andres 

96.455 1.3750 1.4840 

5 Ketone 4535 Lower San 
Andres 

108.002 1.4190 1.4850 

6 Surfactant-
Ketone-Low-

Salinity 

4514 Lower San 
Andres 

90.600 1.2861 1.4950 
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Figure 3-1 Soxhlet Extractor Cleaning Apparatus (Uzun 2018).  

 

3.2 Porosity, Pore Volume, and Permeability Measurements  

 The porosity, pore volume, and permeability of the core samples are measured by the CMS-

300 Unsteady-State permeameter/porosimeter (Figure 3-2). Each core plug is placed in the core 

holder in the carousel, and a net confining stress is applied using nitrogen gas. The net confining 

stresses used are 800-1200-1500 psi. To obtain the porosity of the core sample, helium gas is 

injected at a pressure of 250 psi and allowed to expand into the core plug. The permeability is 

back-calculated using the Klinkenberg permeability obtained from the pressure decay curve.  
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Figure 3-2 CMS-300 Unsteady-State permeameter/porosimeter (McPhee et al. 2015). 

 

3.3 Fluid Preparation   

This section provides a detailed description of the fluids used in the conducted experiments.  

3.3.1 Brine 

To prepare the brine used for the experiments, KCl was mixed with deionized water at 

different concentrations including formation brine and low-salinity brine (Table 3-2). Brine 

salinities for the two scenarios were 40,000 and 5,000 ppm, respectively.   

Table 3-2 Brine Properties 

Brine Type Concentration, 
ppm 

Brine Density, 
g/cc 

Formation 40,000 1.0406 
Low-salinity 5,000 1.0076 

 

3.3.2 Synthetic Oil 

A synthetic mixture was prepared consisting of 10% of n-pentane, 10% of n-octane, and 

80% of n-tetradecane (Table 3-3). The viscosity of the oil mixture was measured at ambient 

conditions using the Cannon-Fenske Viscometer. In order to identify the oil phase from the brine 

phase, a powdery red dye obtained from Sigma Aldrich was added to the mixture to make it red. 

This provides a better visualization of the oil phase.  
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Table 3-3 Synthetic Oil Properties 

Molecular 
Weight, 
g/mol 

Density, 
g/cc 

Viscosity, 
cp 

Red Dye 
Concentration, 

ppm 
177.35 0.743 1.7854 15 

 

  

3.3.3 Surfactant Solution 

A non-ionic ethoxylated alcohol surfactant provided by Shell company (Neodol 23-6.5) is 

used in a low concentration of 1.0-wt% (Table 3-4).  

 

3.3.4 Ketone Solution   

A simple 3-pentanone ketone with 1.0-wt% is used for the low-salinity with ketone solution 

provided by Sigma Aldrich (Table 3-4).  

Table 3-4 Properties of Chemical Additives 

Property Non-ionic ethoxylated 
alcohol surfactant 

 

3-pentanone ketone 

Density, g/cc 0.966 0.815 
Molecular Weight, g/mol 480 86.13 
Viscosity, cp 27 0.47 
Boiling Point, °C 268 102 
Water Solubility, g/l 0.0244 50 
Critical Micelle 
Concentration (CMC), ppm 

16 NA 

Hydrophilic-Lipophilic 
Balance (HLB), (unitless)  

12 NA 

 

3.3.5 Chemical Injection Systems  

Table 3-5 presents the different tested systems created for each case with their respected 

concentrations and densities.  

Table 3-5 Properties of Injection Systems  

Injection Water Type Concentration, ppm 
 

Density, 
g/cc 

Low-salinity Brine and 
Surfactant 

5,000 ppm KCl and 10,000 ppm 
Surfactant 

1.0146 

Low-salinity Brine and 
Ketone 

5,000 ppm KCl and 10,000 ppm Ketone 1.0125 

Low-salinity Brine and 
Ketone-Surfactant 

5,000 ppm KCl, 5,000 ppm Surfactant, 
and 5,000 Ketone 

1.0123 
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3.4 Contact Angle and Interfacial Tension Measurements  

 The contact angle between the oil phase and the surface of the rock along with the IFT 

between the oil phase and the different brine systems were measured using the Drop Shape 

Analyzer (DSA-100) equipment (Figure 3-3). The equipment consists of a tiny syringe where the 

oil is being held and released, a camera that records the oil drop image, and a computer software 

that analyzes the drop image and determines the readings of the contact angle and IFT. Five 

cleaned chips and five uncleaned chips are prepared with the same properties of the other analyzed 

core samples (Figure 3-4). 

 

 

Figure 3-3 KRÜSS Drop Shape Analyzer (DSA-100) Unit. 
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Figure 3-4 Cleaned Chips (Left Side) and Uncleaned Chips (Right Side) for DSA-100 
Measurements.  

 

3.4.1 Contact Angle Measurements   

For contact angle measurements, each chip is placed at the top of a cuvette which is filled 

with brine including different chemical additives for each measurement. The oil-filled syringe is 

then submerged into the solution and beneath the chip. A small oil droplet is then released and 

captured by the camera. The shape of the droplet is transferred into the computer software and is 

analyzed using the Captive-Bubble method.     

 

3.4.2 Interfacial Tension Measurements  

For the IFT measurements, the same cuvette is filled with the different solutions for each 

measurement. Similar to the previous method, the oil-filled syringe is submerged into the solution 

and an oil drop is released. As the oil droplet is attached to the tip of the needle, the IFT is 

determined by the software from the captured image using the Pendant-Drop method. 

 

3.5 Centrifuge Experiments    

The purpose of these experiments is to obtain capillary pressure curves with respect to 

water saturation to have a better understanding of the wetting conditions and fluids behavior.  

ACES-200 Ultra-High-Speed Centrifuge is used for imbibition and drainage experiments (Figure 

3-5). The main part of the centrifuge equipment is the rotor which has a capacity to hold three 

buckets/cups with three core samples. The buckets and core placing in imbibition and drainage 

processes are different. The reason is that the centrifuge high speed creates a centrifugal force 



 32 

around the buckets which pushes the denser fluid (brine) away from the center of rotation and 

brings the lighted fluid (oil) towards the center. For the imbibition experiment, the core is placed 

at the bottom of the bucket where it is saturated with the denser brine while pushing the oil towards 

the center. On the other hand, in the drainage assembly, the core is placed at the top of the bucket 

saturating the core with oil and pushing the displaced brine away from the center (Figure 3-6).  

 

 

Figure 3-5 ACES-200 Ultra-High-Speed Centrifuge. 
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Figure 3-6 Schematic of Centrifuge Rotor Assembly (Uzun 2018). 

 

3.5.1 Initial Saturation 

Initially, the core samples are saturated with formation brine to establish the initial water 

saturation (Swi = 100%). KCl with a salinity of 40,000 ppm was used as the formation brine. The 

centrifuge equipment consists of three imbibition cups and three drainage cups. For the initial 

saturation process, the imbibition cups are used (Figure 3-7). First, a cushion is placed at the 

bottom of the cup to allow fluid movements inside the cup when the rock is placed. The core is 

then placed on top of the cushion and formation brine is poured into the cup. The centrifuge rotor 

can hold three buckets in which each bucket holds a cup with a core saturated with the specific 

fluid. To ensure that the three buckets are balanced, a weight difference of +/- 0.003 grams must 

be maintained. 

Once the buckets are assembled into the rotor, we input the core and injection fluid 

information into the computer system with the different rotary speeds to be applied. For the initial 

saturation, RPMs of 500-6000 are used. The selected RPM is based on the type of the core used. 
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For instance, conventional cores are delicate and require a lower RPM compared to unconventional 

tight cores which can hold a maximum of about 13,000 RPM. The saturation process lasts about 2 

days.  

The core sample is weighed after the imbibition experiment is done. The weight difference 

between the saturated and dry core, brine density, and the core pore volume are used to calculate 

the initial water saturation using Equation 3-1 shown below:  

 

𝑆X,_(𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) =
�j9g	  (�)���8�	  (�)
���,���	  ��C	  d�RRk

��	  (&&)                                                                       (3-1) 

 

 

Figure 3-7 Imbibition Setup (Uzun 2018). 

 

3.5.2 Drainage 

After establishing the initial water saturation, the centrifuge is calibrated using fluids only 

including brine and synthetic oil. This calibration is important to allow capturing the fluid interface 

accurately during the drainage run. After calibration, the cores are saturated with the synthetic oil 

mixture for the drainage experiment with RPMs of 500-6000 for two days until the irreducible 

water saturation is reached and no more water is being displaced. After this run, the capillary 

pressure curve for the drainage process can be obtained. The capillary pressure (in psi) is calculated 

using Equation 3-2 shown below (Bentsen and Anli 1977): 
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𝑝& = 1.578𝑥10��∆𝜌𝑛(𝑙(𝑟( − `
()                                                                                (3-2) 

 

Note that the equation above is derived from the original capillary pressure equation 

(Equation 3-3) (Ayappa et al. 1989): 

  

𝑝& = `
(∆𝜌𝜔((𝑟(( − 𝑟()                                                                                               (3-3) 

 

However, since the capillary pressure at the outer face is assumed to be zero, Equation 3-

2 is used. 

 

 

Figure 3-8 Drainage Setup (Uzun 2018). 

 

3.6 Spontaneous Imbibition 

 Once oil has displaced the brine in the core until the irreducible brine saturation, 

spontaneous imbibition is performed after modifying the brine composition to obtain an additional 

oil recovery with the different proposed IOR/EOR systems. The purpose of this experiment is to 

see how much oil can be displaced spontaneously. The core plugs are hung by a fishing line and 

submerged into the center of a beaker, without touching any part of it (Figure 3-9). Spontaneous 

imbibition will occur due to the normal gravity force. The weight change as the brine is 
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spontaneously imbibed into the core is recorded each minute while monitoring the displacement 

of any oil droplets by brine. This data is then used to calculate the oil recovery with respect to 

imbibition time.  

 

Figure 3-9 Spontaneous Imbibition Apparatus (Uzun 2018). 
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CHAPTER 4 RESULTS AND DISCUSSION  

This chapter presents the results of the five conducted experiments in the following order: 

base-case high-salinity waterflooding, low-salinity waterflooding, low-salinity with a non-ionic 

surfactant waterflooding, low-salinity with a simple ketone waterflooding, and low-salinity with a 

combination of a non-ionic surfactant and a simple ketone waterflooding.   

4.1 CMS-300 Results  

Porosity, permeability, and pore volume measurements of the core samples are presented 

in Table 4-1. 

Table 4-1 Core Samples Porosity, Pore Volume, and Permeability 

Fluid Type Core 
ID 

Depth, 
feet 

Porosity, 
(%) 

Pore Volume, 
cc 

Permeability, 
md 

High-Salinity 2 4518 10.51 3.9080 2.07 
Low-Salinity 3 4450 12.14 4.8910 7.00 
Surfactant 4 4536 13.10 5.1323 8.00 
Ketone 5 4535 7.40 2.9515 17.00 
Surfactant-Ketone-Low-Salinity 6 4514 11.51 4.2570 2.67 

 

4.2 Contact Angle and IFT Results  

Determining the contact angle between the mineral and the oil in the presence of the fluids 

used and determining the IFT between the oil phase and the injection fluids is crucial in 

understanding the mechanisms driving the oil recovery from the tested systems.   

 

4.2.1 Contact Angle  

Figures 4-1 and 4-2 show the contact angles between the cleaned vs. uncleaned rock 

samples and oil with respect to the different aqueous systems. Changing the brine system from 

formation brine to low-salinity brine dropped the contact angle from 55.4° to 50.7° for the cleaned 

chips and increased it from 40.7° to 46.3° for the uncleaned chips. The change in the contact angle 

was not significant. Also, the used cores were initially water-wet and since the oil mixture used 

did not contain carboxylic acids nor asphaltene, it was not possible to establish oil-wet conditions. 

Additionally, the synthetic brine did not contain potential determining ions like calcium, 

magnesium, and sulfate, that would promote the wettability change. However, oil production from 

low-salinity was still observed which will be discussed further in section 4.4. This indicates that 

the main recovery mechanism of low-salinity system is by chemical osmosis and wettability 
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alteration has a minor effect on improving the oil recovery from low-salinity waterflooding. 

Additionally, adding a small concentration of non-ionic surfactant to the low-salinity brine does 

not necessarily improve the wettability to water-wet as observed in the results. In that case, the 

contact angle increased from 50.7° to 69.2° for the cleaned chips and decreased from 46.3° to 43.3° 
for the uncleaned chips indicating that the small concentration of surfactant was not sufficient 

enough for favorable wettability alteration. On the other hand, adding 3-pentanone ketone to the 

low-salinity brine showed the most efficient performance as the wettability of the rock was altered 

towards more water-wet conditions by reducing the contact angle to 43.4°. Combining low-salinity 

with 3-pentanone ketone and non-ionic surfactant also showed positive results as was seen in the 

contact angle drop to 43.9°. 
 

   
 

 

 
 

 

        
 
  

 
Figure 4-1 Contact Angle Measurements for the Different Tested Solutions Using Cleaned 
Chips.  

High-salinity  brine   Low-salinity  brine  

Low-salinity  brine  +  non-ionic  surfactant  

Low-salinity  brine  +  ketone   Low-salinity  brine  +  non-ionic  
surfactant  +  ketone  

55.4° 50.7° 

69.2° 

43.7° 43.4° 
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Figure 4-2 Contact Angle Measurements for the Different Tested Solutions Using Uncleaned 
Chips.  

 

4.2.2 Interfacial Tension   

Based on the interfacial tension measurements shown in Figure 4-3, shifting from high-

salinity brine to low-salinity brine resulted in a minimal reduction in the IFT from 37 mN/m to 35 

mN/m only. Moreover, it was concluded that the addition of 1.0-wt% of the non-ionic surfactant 

to the low-salinity brine is the most efficient system in terms of IFT reduction. This conclusion 

was based on the IFT reduction from 35 mN/m to 1.79 mN/m. Additionally, combining low-

salinity brine with 0.5-wt% surfactant and 0.5-wt% ketone lowered the IFT to 2.96 mN/m. The 

High-salinity  brine   Low-salinity  brine  

Low-salinity  brine  +  non-ionic  surfactant  

Low-salinity  brine  +  ketone  
Low-salinity  brine  +  non-ionic  

surfactant  +  ketone  

40.7° 46.3° 

43.3° 

50.0° 50.2° 
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reduction is assumed to be independent of the ketone addition as no change in IFT was observed 

during the addition of 1.0-wt% 3-pentanone to the low-salinity brine.  

 

 
 
 

 
 

 
 

 

Figure 4-3 IFT Measurements for the Different Tested Solutions. 

High-salinity  brine   Low-salinity  brine  

Low-salinity  brine  +  non-ionic  surfactant   Low-salinity  brine  +  ketone  

Low-salinity  brine  +  non-ionic  surfactant  +  

ketone  

SFT:  37  
mN/m  

SFT:  35  
mN/m  

SFT:  1.79  

mN/m  
SFT:  35  
mN/m  

SFT:  2.96  
mN/m  
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Figure 4-4 Summary of IFT Results for the Different Tested Solutions. 

 

4.3 Centrifuge Results  

This section presents the initial water saturation results and drainage curves for each core 

obtained by the high-speed centrifuge.  

 

4.3.1 Initial Saturation  

All five core samples were initially saturated with 40,000 ppm formation brine. The results 

are presented in Table 4-2. Note that it was not experimentally possible to establish 100% initial 

saturation for all core samples. This is because the maximum speed applied on each core was 6,000 

RPM. The decision to go until 6,000 RPM was due to the delicate nature of the cores as one of the 

first tested cores broke when 7,000 RPM was applied. Another reason for the lower established 

initial water saturation is the possibility of the presence of residual gas phase (air) in closed pores.  

Table 4-2 Initial Water Saturation Values 

Core ID Depth, 
feet 

Initial Water Saturation, 
fraction 

2 4518 0.7392 
3 4450 0.7812 
4 4536 0.6935 
5 4535 0.7017 
6 4514 0.7136 
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4.3.2 Drainage Cycle 

Drainage curves were generated after each drainage cycle (Figures 4-5, 4-6, 4-7, 4-8, and 

4-9) and irreducible water saturation was determined for each case (Table 4-3). 

Table 4-3 Irreducible Water Saturation Values 

Core ID Depth, 
feet 

Irreducible Water Saturation, 
fraction 

2 4518 0.3067 
3 4450 0.4336 
4 4536 0.2883 
5 4535 0.2917 
6 4514 0.4199 

 

 

Figure 4-5 Drainage Curve for High-Salinity Brine Case. 

 

 

Figure 4-6 Drainage Curve for Low-Salinity Brine Case. 
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Figure 4-7 Drainage Curve for Low-Salinity Brine and Surfactant Case. 

 

 

Figure 4-8 Drainage Curve for Low-Salinity Brine and Ketone Case. 

 

 

Figure 4-9 Drainage Curve for Low-Salinity Brine and Surfactant-Ketone Case. 
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4.4 Spontaneous Imbibition Results 

Spontaneous imbibition experiments were conducted with each core in different systems 

of different injection fluids. The weight change of the core was recorded each minute and 

observations for oil production were made. Oil recovery curves were then plotted with respect to 

time for each system. 

 

4.4.1 Spontaneous Imbibition with High-Salinity Brine  

In this analysis, the core sample was submerged in a solution of the same salinity of the 

formation brine (40,000 ppm). Oil droplets were observed at the surface of the rock as can be seen 

in Figure 4-10. After enough time, oil accumulated at the top of the solution as thin films. The 

density increased during the imbibition from 1.0406 g/cc to 1.0433 g/cc. The high-salinity brine 

spontaneous imbibition experiment resulted in some oil recovery; however, because of power 

outage, the experiment was not completed. 

 

 

Figure 4-10 Spontaneous Imbibition for High-Salinity Brine. 

 

4.4.2 Spontaneous Imbibition with Low-Salinity Brine  

In this analysis, the core sample was submerged in a solution of low-salinity (5,000 ppm). 

Oil droplets as indicated in Figure 4-11 were observed indicating oil displacement due to the 

salinity gradient. Also, since the pore volume of this core was small, oil was formed on the top of 

the surface as a thin film and was difficult to be seen. The pH of the solution increased from 6.3 
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initially to 7.3, indicating an alkaline environment promoting oil production. The density of the 

solution was also measured, and it increased to 1.0201 g/cc compared to the initial solution density 

of 1.0076 g/cc, implying mineral dissolution.  

 

 

Figure 4-11 Spontaneous Imbibition with Low-Salinity Brine. 

 

4.4.3 Spontaneous Imbibition with Low-Salinity Brine and Surfactant  

In this analysis, the core sample was submerged in a solution of low-salinity (5,000 ppm) 

and 1.0-wt% of a non-ionic surfactant (10,000 ppm) (Figure 4-12). It was observed during this 

case that oil was mixing with the surfactant as the solution color changed to pink eventually. The 

same trend of pH and density increase was observed with this system (Table 4-4).  

 

 

Figure 4-12 Spontaneous Imbibition with Low-Salinity Brine and Surfactant. 
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4.4.4 Spontaneous Imbibition with Low-Salinity Brine and Ketone 

In this analysis, the core sample was submerged in a solution of low-salinity (5,000 ppm) 

and 1.0-wt% of 3-pentanone (10,000 ppm). In the beginning, tiny oil droplets coming out of the 

core were observed. The solution color in this case remained clear (Figure 4-13). The same trend 

of pH and density increase was observed with this system (Table 4-4).  

 

 

Figure 4-13 Spontaneous Imbibition with Low-Salinity Brine and Ketone. 

 

4.4.5 Spontaneous Imbibition with Low-Salinity Brine and Surfactant/Ketone System 

In this analysis, the core sample was submerged in a solution of low-salinity (5,000 ppm), 

0.5-wt% of a non-ionic surfactant (5,000 ppm), and 0.5-wt% of 3-pentanone (5,000 ppm). Initially, 

displaced oil droplets were observed on the surface of the core. Oil accumulated on the top of the 

solution. However, in a short period of time, the accumulated oil mixed with the solution which 

was indicated by the solution color change to pink color (Figure 4-14). The same trend of pH and 

density increase was observed with this system (Table 4-4).  

 

 

Figure 4-14 Spontaneous Imbibition with Low-Salinity Brine, Surfactant, and Ketone. 
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4.4.6 Summary of Spontaneous Imbibition Results   

During spontaneous imbibition experiments, similar trends were observed in each system 

in terms of the constant increase in solution pH and density. The used cores were filled with 

anhydrite which affected the observed results. Anhydrite acts as a seal trapping the oil in the 

formation. The dissolution of anhydrite is assumed to generate in-situ reactive ions like sulfate 

ions. This is assumed to promote wettability alteration and improve oil production. Additionally, 

carbonate dissolution creates vugs which increases the volume of oil produced.  

Based on the analysis of the different systems mentioned above, oil recovery plots with 

respect to time were generated for each system (Figure 4-15). The driving mechanisms for the 

tested system include chemical osmosis induced by low-salinity brine, IFT reduction by the non-

ionic surfactant, and wettability alteration by the 3-pentanone which all contributed to improving 

the water imbibition into the pores resulting in a better oil production.  

 

 

Figure 4-15 Oil Recovery as a Function of Time. 

 

By comparing the oil recovery plots for each system, it can be seen that the injection of 

ketone with low-salinity brine was the optimum system which yielded the highest overall oil 

recovery of approximately 44%. This proves the efficiency of ketones even with a small 

concentration. Additionally, ketones are molecules similar to alcohols which are assumed to 
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constantly dissolve the rock mineral which explains the significant oil recovery obtained. This was 

also confirmed by the increase in the solution density (Table 4-4). Moreover, due to the preference 

of the 3-pentanone to partition into the oil phase, it was assumed that the viscosity of the oil phase 

was slightly lowered by mixing with the ketone which caused swelling to the oil phase and 

promoted high oil production. Surfactants showed a lower recovery efficiency of about 11%. This 

can be attributed to the weaker imbibition compared with ketones which is caused by the reduction 

of IFT between water and oil. Recovery from the low-salinity brine was almost similar with the 

surfactant injection with a recovery factor of 11.14%. Using a smaller concentration of a combined 

system consisting of 3-pentanone, non-ionic surfactant, and low-salinity resulted in a better 

recovery efficiency compared to base low-salinity brine and low-salinity brine with surfactant with 

an incremental oil recovery of about 23%.  

 

Table 4-4 pH and Density Changes for the Tested Systems 

Fluid Type Time pH (-) Density, 
g/cc 

 Start 7.01 1.0406 
High-Salinity End  7.02 1.0433 

    

Low-Salinity 
Start 6.30 1.0076 
End 7.30 1.0201 

 

Surfactant 
Start 6.47 1.0146 
End 7.46 1.0179 

 

Ketone 
Start 6.79 1.0125 
End 7.03 1.0155 

 
Surfactant-Ketone-

Low-Salinity 
Start 6.59 1.0123 
End 7.06 1.0158 

 

Figure 4-16 shows a normalized plot representing saturation differences for each system. 

It can be confirmed that the ketone with low-salinity system is the most efficient as it yielded the 

highest saturation difference of about 35%, followed by the combined surfactant-ketone-low-

salinity system with a difference of 26%. Low-salinity with surfactant and base-case low-salinity 

showed saturation differences of 19% and 15%, respectively.  
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Figure 4-16 Saturation Differences. 

 

4.4.7 Estimation of Capillary and Gravity Forces  

To determine which force is a dominant contributor to the imbibition of water into the 

matrix pores, capillary and gravity forces were determined for the dominant pore throat diameter 

in each tested case (Table 4-5). For capillary pressure calculations, the pore throat diameter was 

calculated using Equation 4-1a (Poate et al. 2015). Capillary and gravity forces were then 

calculated using Equations 4-2 and 4-3, respectively. Based on the results, it can be concluded that 

water imbibition is controlled by significant capillary forces resulting from drainage experiments 

via the high-speed centrifuge. On the other hand, the effect of gravity is neglected due to the small 

density difference between the fluids resulting in much lower values compared with capillary 

forces.   
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Table 4-5 Estimation of Capillary and Gravity Forces 

Fluid Type Dominant Pore Throat 
Diameter, 𝜇m 

Capillary Pressure, psi Gravity Force, 
psi 

High-Salinity  3.087 4.052 0.0160 
Low-Salinity 4.783 3.653 0.0141 
Surfactant 4.702 0.220 0.0146 
Ketone 12.848 1.554 0.0144 
Surfactant-Ketone-
Low-Salinity 

3.132 0.442 0.0145 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS   

In this project, different chemical injection systems were tested with low-salinity brine on 

conventional San Andres carbonate cores. The purpose of the analysis was to come up with an 

efficient system which is simple and cost-effective compared to conventional chemical EOR 

systems and would yield an efficient oil recovery. The analysis consisted of four dynamic 

experiments using a high-speed centrifuge and spontaneous imbibition experiments to compare 

the oil recovery efficiency for each system. This chapter presents the outcomes and conclusions of 

the experiment and recommendations for future work. 

 

5.1 Conclusions  

•   Oil recovery (both pure HC mixtures without acidic components or asphaltenes and crude 

oil with acidic components and asphaltenes) obtained by low-salinity brine injection is 

driven by chemical osmosis as a result of the chemical potential gradient created between 

the injection low-salinity brine and the formation high-salinity. However, crude oils 

containing acidic components and asphaltenes promote oil-wetness. 

•   The fundamental EOR mechanisms by 3-pentanone ketone in my research are: 1) 

wettability change, 2) slight oil viscosity reduction due to mass transfer of ketone into the 

oil phase, and 3) relatively constant IFT.  

•   Using a small concentration of simple 3-pentanone ketone and non-ionic ethoxylated 

alcohol surfactant enhances the oil recovery efficiency by different mechanisms including 

wettability alteration and IFT reduction.  

•   The performance of 3-pentanone in enhancing the oil recovery is remarkable compared to 

the non-ionic surfactant; this is supported by the higher oil recovery of 44% obtained by 3-

pentanone ketone compared to a lower recovery of 11% by the non-ionic surfactant. 

•   Adding 3-pentanone to the non-ionic surfactant increases the water mobility; thus, it 

increases imbibition rate. 

•   Injection of low-salinity brine with 3-pentanone yielded the highest total oil recovery of 

44%, followed by the surfactant-ketone-low-salinity brine system with a recovery of 23%. 

The systems consisting of low-salinity brine only and low-salinity brine with surfactant 

resulted in similar recovery efficiencies of 11.14% and 11%, respectively. 
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5.2 Recommendations 

This research shows an indication of a new application of low-molecular weight ketones 

to water in waterflooding to improve oil recovery at a low cost. Thus, I recommend the following 

items for the future continuation of this research area:  

•   Include numerical modeling to complement experimental results and findings. Confirm the 

efficiency of the process mentioned in this thesis compared to conventional waterflooding 

in terms of incremental oil recovery.   

•   Run experiments with crude oil and age the cores to have a better representation of 

reservoir wetting conditions. 

•   Run the experiments and the IFT and contact angle at temperature and pressure to represent 

reservoir conditions and measure contact angle changes with time for few hours.  

•   Conduct a wide range of experiments to include different ketone-surfactant ratios and 

observe the change in phase behavior. Conduct numerical simulation modeling with the 

same parameters and observe the effect of chemicals on viscosity reduction. 

•   Study the mass transfer inside the porous media to understand how ketones partition into 

the oleic phase from the aqueous phase as well as surfactants. Analyze how the density and 

viscosity of the oleic phase changes as ketone is injected.  

•   Test the effect of injecting chemicals with different brine salinities on changing the 

imbibition rate. Come up with the optimum salinity based on imbibition experiments. Run 

a sensitivity analysis model to determine the optimum salinity that yields the highest oil 

recovery. 

•   Conduct economic evaluation for several potential waterflooding field projects to 

determine the cost-effectiveness of each project. 
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Permissions to use copyrighted material in this thesis (Figures 1-1, 1-2, 2-1, 2-3, 3-1, 3-2, 

3-6, 3-7, 3-8, and 3-9) can be found in Supplemental Files [Permission to Reuse Copyrighted 

Material – Pranter], [Permission to Reuse Copyrighted Material – Uzun], [Permission to Reuse 

Copyrighted Material – Lake], and [Permission to Reuse Copyrighted Material – Zubizarreta].   

 


