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ABSTRACT 
 

The objective of this thesis is to choose an optimum surfactant for enhanced oil recovery 

(EOR) in carbonate formations by studying the phase behavior, interfacial tension (IFT) and 

wettability alteration. The cost of surfactant is critical; thus, I have focused on low-cost 

commercial surfactants. An estimated cost of a typical one percent surfactant solution in one 

barrel of injected water is $8.75.  Thus, when a project involves injecting 100,000 barrels per day 

of one percent surfactant solution, the daily cost of surfactant is $875,000.  Thus, in one year, the 

surfactant cost is about $320,000,000. 

I chose three types of surfactants: two anionic surfactants, Enordet 0332 and 0342 olefin 

sulfonates, from Shell; one non-ionic surfactant, Neodol 91-8 ethoxylated alcohol, also from 

Shell and a bio-surfactant, Rhamnolipid, from AGAE technologies. 

In the first part of my study, I studied the phase behavior of the above-mentioned surfactants 

to determine the optimum salinity for each surfactant. Specifically, I prepared ten one-percent 

surfactant solutions with salinities ranging from zero to 90,000 NaCl. I mixed each surfactant 

solution with oil in 1:1 ratio and allowed the mixture to equilibrate for three weeks. The majority 

of the surfactant-oil systems exhibited Winsor type III microemulsion at around 80,000-ppm 

salinity. Therefore, I carried out all tests at this salinity. 

In the second part of my study, I evaluated the effect of each surfactant on IFT reduction and 

wettability alteration. I mixed four one-percent surfactant in 80,000-ppm NaCl brine with the 

same volume of oil, and allowed three weeks for the mixture to reach equilibrium. IFTs were 

measured for the equilibrated mixtures at 25°C, 50°C, and 75°C using a spinning drop 
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tensiometer. The anionic surfactant Enordet 0342 reached the lowest IFT compared with the 

other surfactants studied.  

In the third part of my study, I conducted four wettability studies on several carbonate core 

discs. I aged the cores in oil for five weeks at 2000 psi and 195°F. Then, I used the equilibrated 

surfactant-brine solution and oil to measure contact angle using the drop shape analyzer (DSA) at 

the same temperatures used for the IFT measurement. Three of the four surfactants caused 

wettability alterations, except the bio-surfactant that demonstrated no wettability alterations.  

I have concluded the following results from this study: 

1. The Winsor type III microemulsion (that is, existence of a three-phase microemulsion) 

formed in all of the four mixtures; however, the non-ionic surfactant yielded the largest 

Winsor type III microemulsion volume. 

2. The anionic surfactant, Enordet 0342, exhibited the lowest IFT of 0.000048 dyne/cm while 

the non-ionic surfactant exhibited an IFT of 0.0014 dyne/cm. The anionic surfactant Enordet 

0332 and the biosurfactant exhibited IFT about 0.05 dyne/cm. 

3. Contact angle measurements indicated that both anionic surfactants altered the rock 

wettability to water-wet conditions the most, while the non-ionic surfactant altered 

wettability to the water-wet condition to a lesser level. 

4. The most optimal surfactant for the tested carbonate samples, at 80,000-ppm NaCl and 75°C, 

was the non-ionic surfactant. 
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CHAPTER 1 

INTRODUCTION 

This is an introductory chapter that introduces the reader to the background, problem 

statement, motivation, objectives, methodology, and the organization of the thesis. 

1.1 Background  

Primary and secondary recovery processes produce around one-third of the original oil in 

place (OOIP) worldwide, leaving a significant two-thirds of the oil in the reservoir (Roehl and 

Choquetet 1985). Thus, many companies have directed their efforts towards more research in 

EOR in carbonates, as 61% of the world proved conventional oil reserves are present in the 

middle east, and nearly 70% of which are carbonate reservoirs (BP 2008). 

EOR processes are divided into three main types: Thermal, Gas and Chemical. Thermal EOR 

is mostly used for heavy oil, the mechanism in thermal recovery is injecting hot fluids, such as 

steam into the reservoir to reduce the viscosity of oil, and hence enabling it to flow. Thermal 

recovery consists of steam flooding or in-situ combustion. Gas EOR mainly focuses on medium 

gravity oil, with API between 22° and 31°. The mechanism of this process is based on the 

miscibility between the injected gas and the reservoir oil, as the gas dissolves in the oil the 

specific volume of the oil increases which reduces the viscosity, hence enabling oil to flow 

(Green and Willhite 1998). 

This study focuses on chemical EOR only. This is defined as the addition of a chemical agent 

to improve the microscopic and macroscopic displacement efficiency to increase oil recovery. 

Macroscopic displacement refers to the volumetric displacement, whereas microscopic 

displacement refers to oil displacement in pores. Displacement efficiency can be increased by 

improving the water:oil mobility ratio or interfacial tension (IFT) between the immiscible 
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phases. Equations 1.1 and 1.2 relate the IFT to capillary number, where the capillary number, Nc 

is a dimensionless number that describes the ratio between viscous forces and the capillary forces 

during the dynamic displacement. In Equation 1.1 μ is the dynamic viscosity of water; u is the 

interstitial velocity of water; � is the IFT between water and oil. In Equation 1.2 M is mobility, 

kr is the relative permeability and μ is the viscosity. 

� = ���                                   (1.1) 

= ���                              (1.2) 

Figure 1.1 shows a petrophysical model of a carbonate formation, the reservoir from where 

samples are obtained for this project are from Reservoir 1. Reservoir 1 has an average thickness 

of around 43 ft., average porosity of 24% and average permeability of 1.5 md, with reservoir 

temperature and oil gravity of 195°F and 32° respectively. Production from Reservoir 1 started in 

1983 under primary production. In one year it started losing pressure rapidly and water was 

injected for secondary production in 1984. In 1991 the first water breakthrough occurred, and the 

water cut increased from 5% to 24% from 1990 to 2006 (Shibasaki et al. 2006). The reservoir 

currently undergoes water injection at a rate of 800 MB/day and oil is produced at a rate of 560 

MSTB/day. 
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Figure 1.1: Petrophysical model of the formations in the reservoir showing gamma ray, porosity 
and permeability (edited from Strohmenger et al. 2006). 

 

The field is made of 6 facies, for my experiment I used facies 5 (F5) which has permeability 

in the range of 0.5 to 1.5 mD and porosity from 0.18 to 0.25 (Jobe 2013). Jobe's summary 

description is "F5 is heterogeneous with dominant micro/macro porosity and heavy oil stains, 

and the rock texture is Lithocodium-Bacinella boundstone. Abundant Lithocodium-Bacinella 

echinoderm, coral bivalve skeletal debris, and benthic forams are present in this facies. F5, the 

pore sizes are distributed between <5 μm to 70 μm with the majority is less than 10 μm”. 

Reservoir 1 

Reservoir 2 

Reservoir 3 
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1.2 Problem Statement 

One of the most widely used classes of chemicals in EOR is surfactants. It’s unique 

properties result in its application in many industries and in a wealth of published research on the 

subject. Surfactant applications in the petroleum industry are based on colloidal and interfacial 

science. However, there is still lack of good understanding of its phenomenon in oil industry due 

to variations in solutions, salinities, temperature and surfaces. 

1.3 Motivation 

Carbonate formations hold a significant fraction of the conventional oil reserve around the 

world, and in order to produce from the residual oil after both primary and secondary recovery, 

EOR techniques have to be applied. EOR in carbonate formations has been under development 

for the last decade. To date, there is still intense research to understand the challenges presented 

by the unending heterogeneity of carbonate rocks. Surfactant flood (SF) is a chemical EOR 

method that lowers the oil/water interfacial tension and creates emulsions (micellar 

solubilization) that allow the coalescence of trapped oil droplets reducing the capillary pressure 

that leads to a mobile oil bank. 

Based on laboratory experiments SF is supposed to be a leading enhanced oil recovery 

technique. However, field application shows very rapid increase in oil recovery at early stages 

followed by significant reduction in oil production. SF never met expectations, and this is 

believed to be due to the lack of understanding of both carbonate heterogeneity and complex 

surfactant chemistry. In other words, there are many variables that affect reservoir performance 

like temperature, salinity, pH, etc… Thus, this research primarily relied on laboratory data to 



 

 

5 
 

understand the problem, hoping that an improved solution strategy can be developed for future 

field application. 

1.4 Objectives 

Objectives of this research are: 

1. Study the phase behavior of different types of surfactants by determining the effect of salinity 

on the type of microemulsion. 

2. Conduct IFT measurements for brine-oil in the presence of different surfactants at different 

temperatures. 

3. Study the effect of surfactants on wettability alteration in carbonates by measuring the 

contact angle. 

4. Choose the optimum surfactant. 

1.5 Methodology 

1. Prepared solutions of different salinities for the four surfactants studied (non-ionic, anionic 

Enordet 0332, 0342 and bio-surfactant). Each solution had 1 wt% of each surfactant and 

varying brine (NaCl) salinity and was placed in a 5ml pipette 1:1 ratio with oil to see the 

phase behavior for different salinities and the different emulsions formed at room 

temperature. 

2. The same procedure was performed as in step 1, but with a fixed salinity 80 kppm with larger 

volume to measure the IFT using the spinning drop tensiometer and the contact angle using 

the drop shape analyzer. 

3. The surfactant solutions to measure the contact angle were mixed with the same volume ratio 

of oil and left to stabilize for 3 weeks. Contact angle measurements were performed using the 
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DSA100. Core samples from a Middle East carbonate reservoir are used along with the 

equilibrated brine and oil. 

1.6 Organization of the Thesis 

This Thesis has five chapters: 

Chapter 1 is the introduction to this research, covering the background, motivation, problem 

statement, objectives and methodology. 

Chapter 2 is the literature review related to surfactants and their mechanism in the reservoir 

from IFT reduction to wettability alteration. 

Chapter 3 shows the laboratory procedure and the equipment used in this study. 

Chapter 4 presents the surfactants study results. 

Chapter 5 presents the conclusions and recommendations. 
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CHAPTER 2   

LITERATURE REVIEW 

This chapter presents the literature related to the objectives of this research starting with the 

surfactants in general, different types, properties and applications, and then discussing the phase 

behavior and the different types of microemulsions, followed by the IFT reduction and the 

chemistry behind it. Lastly, wettability and its enhancement using surfactants is discussed. 

2.1 Surfactants 

The term surfactant is the abbreviation of surface active agents. Surfactant molecules are dual 

in nature. This property originates from their amphiphilic (or amphipathic) structures, which 

comprise both hydrophilic (head) and hydrophobic (tail) groups (Figure 2.1). Surfactants reduce 

both the IFT between immiscible fluids and the surface tension between a solid and a liquid. 

 

 

Figure 2.1: Structure illustration of a surfactant molecule showing the polar hydrophilic head and 
non-polar hydrophobic tail (University of Bristol Surfactant Catalog 2013) 

Surfactants are classified based on their hydrophilic part as; 

1) Anionic: contains a negatively charged head. They are mostly used in sandstone reservoir, 

because of their low cost and good reservoir properties. 
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2) Cationic: contains a positively charged head. Cations are sometimes used in carbonates to 

alter wettability but they are costly (Sheng 2013). 

3) Non-ionic: no head group. They are mainly use as co-surfactants because they are less 

sensitive to salinity, cheap and improve the system phase behavior by increasing the oil 

solubilizing capacity. 

4) Amphoteric: both positive and negative charges may be present. 

Bio-surfactant: surfactants of biological origin, like bacteria or yeast. They are attracting 

much attention recently because of their lower toxicity and high stability. 

Surfactants at low concentrations exist as isolated molecules. As the concentration of the 

surfactant increases, the molecules rearrange such that the hydrophilic portion is in the water 

phase and the hydrophobic portion is in the oil phase. (Schramm 2000) This will reduce the 

interfacial tension significantly. When the concentration reaches the critical micelle 

concentration (CMC) (Figure 2.2), molecules will start to stick together and form structures 

called micelles. Beyond the CMC, the IFT change is nearly negligible (Mukerjee and Mysels 

1971a). 

As shown in Figure 2.3, a study by Friedmann (1986) shows that polymer and surfactant losses 

in Berea sandstone decrease with decreasing brine salinity. This can lead to a conclusion that if 

low-salinity water flooding is applied prior to surfactant diluted in low-salinity water flooding, the 

adsorption of surfactant on rock surfaces (losses) can be reduced significantly. Hence, there will 

be more surfactant available to reduce the IFT of brine-oil, and as a result improve the recovery 

and optimize cost. 
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A          B     C 

  

Figure 2.2: Graph showing the relationship between IFT and surfactant concentration. In region 
A, very low surfactant concentration only slightly changes the IFT. In region B, the IFT 
decreases significantly as the surfactant concentration increases. In region C, at the CMC, the 
surface becomes fully loaded with surfactant molecules and negligible change in the IFT is 
noticed (Xavier 2011). 

 

 
Figure 2.3: Influence of brine composition on surfactant losses (Friedmann 1986). 
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2.2 Phase Behavior 

In SF, a good understanding of the phase behavior and the effect of salinity is required 

(Nelson and Pope 1978). Winsor, 1954, defined three types of microemulsion that can occur in a 

brine-oil-surfactant system based on salinity (Figure 2.4). A microemulsion is an isotropic 

solution of water, oil and surfactant (amphiphile) where, the surfactant makes this system 

thermodynamically stable (Berg 2010). 

 
Figure 2.4: Illustration representing Winsor type 1 (II-), type 2 (II+) and type 3 (III) emulsions 
(Lake 1984). 

 

Winsor type 1 is oil in water microemulsion. This type of microemulsion occurs typically in 

low salinity brine where the surfactant will have good solubility in the aqueous phase and poor 

solubility in the oleic phase. Two phases will exist in this type of microemulsion; excess oil 

phase and microemulsion phase containing mainly brine, small amount of surfactant and 

solubilized oil. Winsor type 2 is water in oil microemulsion. This type of microemulsion exists in 

high salinity brine where the surfactant will have good solubility in the oleic phase and poor 

solubility in the aqueous, because of higher electrostatic forces. Two phases will also exist in this 

type of microemulsion; excess water phase and microemulsion phase containing mainly oil and 

small amount of surfactant with solubilized brine. Winsor type 3 is a three phase microemulsion 



 

 

11 
 

that occurs in medium salinity. It contains both excess oil phase and aqueous phase, and the 

microemulsion phase that is represented by the invariant point. Among the three microemulsion 

types discussed, it is observed that type 3 has the lowest IFT and hence it is the most favorable 

for EOR (Lake 1989). 

2.3 Interfacial Tension 

IFT is a property of the interface between two immiscible phases. It is defined as the force at 

the surface of a specific phase that holds it together. The unit usually used for IFT measurement 

is dynes/cm. Capillary number is a dimensionless quantity representing the ratio between viscous 

forces and capillary forces. When surfactants are added to an oil-brine system, the surfactant 

molecules will lower the IFT as they position themselves on the interface thereby increasing the 

capillary number. This will result in mobilizing the immobile oil until the surfactant is diluted or 

lost due to rock adsorption. IFT measurements are mainly affected by temperature and salinity. 

In Winsor microemulsion types, brine salinity has a profound effect on IFT. (Cai et al. 1996) 

conducted some IFT measurements on oil/brine and alkane/brine mixtures, using three types of 

salts (NaCl, CaCl2 and MgCl2), and found that the salt type doesn’t necessary affect the IFT, but 

the concentration does (as concentration increases, the IFT increases).  

Abdel-Wali, 1996, also investigated the effect of salt and polar component concentration on 

IFT. Between 40 kppm to 80 kppm the IFT was at its minimum but as the salinity increased the 

IFT increased until it reached the maximum at 200 kppm. It is believed that oleic acid (polar 

component) acted as a surfactant until 80 kppm and this helped reaching the minimum IFT, 

however, as the salinity increased, their solubility decreased leading to IFT increase. 
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Xu, 2005, measured the IFT of live oil at reservoir conditions with deionized water, NaCl, 

CaCl2, reservoir brine and 50% diluted reservoir brine. The diluted brine had lower IFT 

compared to the reservoir brine, while the CaCl2 had higher IFT than the NaCl.  

Okasha, 2009, studied the effect of salinity on IFT by creating synthetic brine and dead and 

live oil from Arab-D carbonate reservoir. They used brines with different total dissolved solids 

214 kppm, 108 kppm and 52.3 kppm. As the salinity decreased the IFT decreased for both oils at 

the same pressure and temperature. Dead oil showed lower IFT than the live oil and the reason 

behind this is believed to be dissolved gas in live oil. 

Alotaibi, 2009, investigated the effect of brine salinity on IFT between n-dodecane and NaCl 

brine. The experimental results using the pendant drop showed that lowering the salinity doesn’t 

necessary lower the IFT, but there is critical salt concentration at which minimum IFT is 

achieved. 

IFT changes with time until it stabilizes and this is called dynamic interfacial tension. This 

means IFT measurements at the interface age and this is believed to occur because of the time 

required for the surfactant molecules to diffuse and re-arrange themselves on the surface. Nasr-

El-Din, 1992, examined dynamic IFT in oil-alkali/surfactant system, and concluded that the 

minimum IFT is a function of alkali/surfactant mass ratio and that the time required to reach the 

minimum IFT was 2 min at an alkali-surfactant ratio of 0.1-10 and as the ratio increased the time 

required to reach minimum IFT increased. McCaffery, 1976, discovered that when acidic crude 

oil gets in contact with alkaline solution the IFT starts to drop then it can increase up to three 

orders of magnitude. The mechanism behind this drop and increase is the interaction between the 

acidic species in oil and hydroxide species in the alkali solution forming surface active species. 

Dynamic IFT is related to this process by the rate of diffusion of this active surface agent to 
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A) 

 

 

 

 

B) 

either the interface, bulk or oil phase. The main outside factor that affects the IFT stabilization or 

dynamic IFT after salinity is temperature. As the temperature increases to a certain point, 

minimum IFT is reached faster and it varies in value. 

2.4 Wettability  

Wettability is defined as the tendency of a fluid to adhere to solid surface in the presence of 

another immiscible fluid. In the presence of two fluids, the one that has stronger adhesion to the 

surface is known as the wetting phase (Green and Willhite 1998). 

 
Figure 2.5: The process of oil being swept by water in A) oil-wet and B) water-wet samples 
(Strand 2005). 

 

Figure 2.5A shows that in oil-wet rock, even after the water flood oil will stay in small pores 

because of the stronger adhesion to the rock surface. However, Figure 2.5B shows the water wet 

scenario where the sweeping is of higher efficiency with higher oil recovery and thus, B is 
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considered to be the optimum condition. The measurement of wettability is usually expressed by 

the contact angle between a surface and fluid-fluid interface. It is always measured through the 

denser phase (Figure 2.6). Table 2.1 explains briefly how contact angle can tell us about the 

surface wettability and its strength. 

 

Figure 2.6: Measurement of contact angle in oil/water/solid interface (Strand 2005). 

 

Table 2.1: Contact angles and wettability preferences (Zolotukhin and Ursin 2000) 
Contact angle Wettability preference 

0-30 Strongly water wet  

30-90 Preferentially water wet 

90 Neutral wettability 

90-150 Preferentially oil wet 

150-180 Strongly oil wet 

 

Most of the carbonate reservoirs have heterogeneous wettability rather than uniform, 

Anderson, 1986, mentioned the terms fractional or spotted wettability’s to better represent the 
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carbonate reservoir heterogeneous wettability. Fractional wettability is a result of the variation in 

rock chemical composition in pores and this leads to variable wettability from point to point 

(Green and Willhite 1998). Good understanding of IFT and wettability is required for the perfect 

EOR implementation, as wettability determines the position of the relative permeability curves 

(Figure 2.7). Owens, 1971, States that the wetting preference of a rock surface has a significant 

effect on oil-water relative permeability measurements. For example, as a rock water wetness 

decreases, oil wetness increases, and this means relative permeability to oil decreases and that to 

water increases. Thus, the reservoir flooding prediction can be seriously influenced by 

understanding the reservoir wetting condition. 

 
Figure 2.7: Relative permeability curves showing two systems, a) strongly water wet, b) strongly 
oil wet (Anderson 1986). 

 

Skauge and Spildo, 2007, described that the intermediate wettability can be divided in to 

three classes; mixed-wet-small, mixed-wet-large and fractionally-wet (Figure 2.8). They enforce 

the idea that different pore shapes can develop different wettability. In mixed-wet-small system 

small pores are oil wet while bigger ones are water wet. Mixed-wet-large is the opposite of 



 

 

16 
 

mixed-wet-small having large pores as oil wet and small pores as water wet. The fractionally wet 

system has no relation between size and wettability. 

 
Figure 2.8: Schematic showing the classes of intermediate wettability, α is the percentage of oil-
wet pores (Zheng 2012) 

 

2.4.1 Wettability Alteration 

Sharma et al., 2013, studied experimentally the alteration of wettability in carbonate rocks 

from mixed-wet to water-wet under a high temperature and salinity conditions. Results showed 

that a mixture of cationic and non-ionic surfactants can recover 70-80% of oil by spontaneous 

imbibition. Also flooding with a dilute wettability altering surfactant increased the recovery from 

29% to 40% of the original oil in place. 

Mohammed, 2015, evaluated the most reliable approach for wettability alteration. The 

conclusion of the study was that contact angle measurement for evaluation of wettability 

alteration can be sometime misleading even though it is considered to be fast and cheap. 
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Therefore, it should be represented by a different mean. Based on this study the reliable 

technique to represent wettability is spontaneous imbibition. Analyzing the shape of the 

imbibition curves can give a better understanding of oil production due to surfactant usage. 

Amirpour et al., 2015, investigated wettability alteration of two non-ionic surfactants. The 

study showed that the wettability alteration process is affected by the residual oil in pores. The 

contact angle measurement shows that wettability is altered by both surfactants in both 

carbonates and sand stone. 

Standnes and Austad, 2000, studied the effect of surfactants on wettability alteration and 

concluded that the alteration of wettability from oil-wet to less oil-wet or water-wet is linked to 

the formation of ion-pair from cationic surfactants in the aqueous phase and carboxylates from 

the oil phase on the rock surface. Standnes and Austad, 2000, compared cationic surfactants and 

non-ionic surfactants on oil-wet carbonate cores. Cationic surfactant was more efficient in 

yielding higher oil recovery and altering the wettability towards water-wet compared to the non-

ionic surfactant because the interaction between monomers from the surfactant and carboxylates 

adsorbed describes the imbibition mechanism.  

Li et al., 2004, experimentally studied the effect that alkaline and anionic surfactant has on 

wettability. The addition of alkaline altered the wettability to water wet at the beginning, 

however, after a while the wettability started returning to its original wettability as oil wet. The 

addition of anionic surfactant to the alkaline solution showed a similar manner as alkaline, the 

only difference was that the wettability turned to become more water wet at the end. 

Elmofty, 2000, investigated the effect of surfactant addition above the CMC on oil recovery 

in an oil-wet chalk sample. Cationic surfactants resulted in a 70% increase of the original oil in 
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place. It was concluded that the rate of imbibition was inversely proportional to the connate 

water saturation but directly proportional to the system’s temperature. On the other hand, anionic 

surfactants weren’t as efficient as catatonics in terms of rate of desorbing adsorbed oil. 
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CHAPTER 3 

LABORATORY EXPERIMENTS 

This Chapter presents the procedures and methods for the laboratory experiments starting 

with the procedures: core cleaning, CMS 300, ageing, IFT and wettability measurements, along 

with brief explanation and photos of the equipment used. 

3.1 Core Cleaning  

Cores available weren’t preserved, therefore cleaning is required to accurately measure the 

permeability and porosity of the core. The following steps were followed to clean the core 

samples: 

1. The main equipment used for cleaning the cores is the Soxhlet extractor. The solvent used in 

the Soxhlet extractor is toluene. The cores were soaked in toluene for 2-3 days. Leaving the 

cores to soak is not a normal step in core cleaning but having tight cores, this step is added to 

allow imbibition to occur.  

2. The Soxhlet extractor was turned on/off until no oil stains were observed.  

3. Methanol is used to remove any contaminating salts in the cores.  

4. Toluene is used again to make sure that oil trapped behind the salt is removed. The whole 

cleaning process requires approximately two weeks. 

5. Cores were dried for 24 hours in the oven at 250°F, then sealed immediately to avoid any 

humidity capture. 

3.2 Core cutting and ageing 

The next step after cleaning is core cutting to get the discs required to carry out the 

wettability measurements. Dry cutting was used to get 5 discs from the same core, and the reason 

behind using dry cutting is to prevent water contamination.  
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Ageing of the discs was done in a pressure vessel. The vessel was filled with oil and the discs 

where placed inside and pressurized to 2,000 psi and placed in an oven at 195°F for 5 weeks. 

3.3 Surfactant Solution Procedure 

The preparation of surfactant solutions was for couple of reasons. First, determining the 

phase behavior of the 4 types of surfactants in different salinity concentrations at ambient 

conditions. Second, to be used for wettability measurements and IFT measurements. The 

surfactant solution preparation is identical for all four types of surfactants and an example of 

preparing 80 kppm salinity and 10 kppm surfactant is as follows: 

1. The concentration of the solution is 1wt% (10 kppm) surfactant and 8 wt% (80 kppm) NaCl 

2. 200 g of solution was created by mixing 182 g of De-ionized water with 2 g of surfactant and 

16 g of NaCl using a magnetic stirrer. 

3. Same procedure was done to create different solution with different salinities, but in all of 

them the surfactant concentration is 1 wt% 

3.4 Experimental Equipment 

3.4.1 CMS 300 

The CMSTM-300 Core Measurement System, from Core Laboratories, can be used to 

determine porosity, permeability, Klinkenberg slip factor, Forchheimer factor (non-darcy flow 

coefficient), and pore volume compressibility. It is divided into four main components: N2 

supply, He supply, a sample holder system and hydraulic oil pressure system (Figure 3.1). 

Helium (He) is injected into the core in order to measure the permeability and porosity (because 

of its stability and low atomic number compared to different elements in the periodic table) while 

Nitrogen (N2) is used to apply a confining pressure to the core. 500 psi is the pore pressure 

applied in the experiments. This system has the ability to go up to 9,800 psi confining stress, 
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handling permeability ranges from 0.1 micro Darcy to 5 Darcy and pore volumes from 0.02 cm3 

to 25 cm3. 

 
Figure 3.1: The Core Measurement System (CMS 300).  

3.4.2 Drop Shape Analyzer 

The drop shape analyzer (DSA 100) is high tech equipment developed to measure the contact 

angle between fluids and solid surfaces under high temperature and pressure (Figure 3.2). 

DSA100 system has a high resolution camera, high precision dosing unit and software among 

other accessories. 
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Figure 3.2: The Drop Shape Analyzer System (DSA100) (taken from: KRUSS manual). 

The contact angle is measured by placing the surface in a chamber that has two glass lids. 

The bulk phase is pumped into the chamber where heat and pressure can be applied then a drop 

is released from the bottom. The drop is illuminated from one side and a camera on the other side 

captures an image of the drop. The equipment uses a digital analysis method to capture the drop 

shape through the camera. 

3.4.3 Spinning Drop Tensiometer 

The spinning drop tensiometer is a device used to ease the measurement of IFT between two 

liquids by analyzing the image of a drop in a rotating capillary (Figure 3.3). The bulk phase is 

placed in a horizontally arranged capillary tube, and a drop of the light phase is placed and then 
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the tube is set in rotation. Due to centrifugal forces the diameter of the drop elongates, the 

angular frequency and the elongated drop diameter correlates with the interfacial tension using 

the Vonnegut correlation (Equation 3.1). 

� = � ∗� ∗ ∆�
               (3.1) 

 
Figure 3.3: Spinning Drop Tensiometer. 

When the bulk phase and the light drop phase are placed in the horizontally arranged 

capillary tube, then set to rotation at high speed, the elongated drop diameter depends on the IFT � between the phases, the angular frequency ω and the density difference Δρ. Thus, knowing the 

densities of the phases and the rotating speed, the IFT can be calculated from the measured drop 

diameter d according to Vonnegut's equation. 
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CHAPTER 4   

SURFACTANT STUDY 

This chapter discusses the lab studies done on different surfactants. The chapter is divided 

into three main studies phase behavior, IFT and contact angle (wettability study) on carbonates. 

The surfactants used in this research are non-ionic surfactant (ethoxylated alcohol), Bio-

surfactant (rhamnolipids) and two anionic surfactants (Internal olefin sulfonates). The 

concentration used for the IFT and contact angle test is 10 kppm surfactant diluted in 80 kppm 

NaCl brine.  

4.1 Surfactant Phase Behavior 

Surfactant phase behavior is used to determine the effectiveness of the surfactant in reservoir 

fluid salinity. Table 4.1 shows the phase type and their description. The methodology for 

carrying the experiments was as follows: 

1.  10 samples of different salinity but with the same surfactant concentration were prepared for 

each of the four surfactants and placed in 5 ml pipettes. 

2. The salinity of the samples ranged from 0-90 kppm NaCl. 

3. Surfactant concentration is 10 kppm in all samples. 

4. 2 ml of a surfactant solution is placed in a pipette along with 2ml of oil (1:1 ratio). 

5. The pipette is sealed using fire torch and left to settle for three weeks at ambient conditions. 

The main purpose of the experiments is to determine if there is a middle phase created 

(microemulsion), and how much the IFT is lowered. This will give a hint about the reactivity of 

the surfactant and the salinity window it performs best in. 
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The surfactants used in these experiments are: 

1. Bio-surfactant (rhamnolipids) from AGAE Technologies (Figure 4.1) 

2. Non-ionic Surfactant (ethoxylated alcohol) Neodol 91-8 from Shell, the R function has 9 to 

11 carbon atoms and the m value is 8 (Figure 4.2) 

3. Anionic Surfactant (internal olefin Sulfonates) Enordet 0332 from Shell (Figure 4.3) 

4. Anionic Surfactant (internal olefin Sulfonates) Enordet 0342 from Shell (Figure 4.3) 

 
Figure 4.1: Chemical structure of Rhamnolipid Bio-surfactant (Sigma Aldrich). 

 

 
Figure 4.2: Chemical structure of ethoxylated alcohol non-ionic surfactant (Shell surfactant 
Catalog).  
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Figure 4.3: Chemical structure of internal olefin sufonates anionic surfactant (Shell Catalog).   

With all the tubes having the exact same volume of surfactant solution, Table 4.1 describes 

the main criteria in choosing the phase behavior type of surfactant/oil system and the most 

efficient for EOR having the highest recovery factor. Figure 4.4 also shows the different 

microemulsions that might occur at different salinities, it simply describes the Winsor types 

microemulsion. In Winsor type I it shows how the oil is dispersed in the aqueous solution, in 

type II it shows how the aqueous solution is dispersed in the oil and type III how the middle 

three phase microemulsion occurs. 

Table 4.1: Different phase types and description for surfactant phase behavior experiments 
(Surtek Inc.) 

Phase Type Phase Type Description 

II  Equal volumes for both oil and aqueous 
phase, no color difference is visible in 
aqueous phase, no crude oil swelling,  

 

II - Aqueous phase can be colored, the aqueous 
phase volume can be swollen 

II+ Aqueous phase is clear, the oil phase is 
swollen 

III  Three or more phases exist 
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Figure 4.4: Surfactant systems different types of microemulsion (Xavier 2011) 

 

 
Figure 4.5: Phase behavior for anionic surfactant Enordet 0342 at different salinities. 

Figure 4.5 shows the phase behavior of constant 10 kppm anionic surfactant and varying 

NaCl concentration. 0 and 10 kppm showed type II- as both phases are clear and no seen 

microemulsion. 20 to 60 kppm showed oil in water microemulsion also type II- but with 

microemulsion. 70 to 90 kppm showed a very small microemulsion middle phase that makes it a 

type III.  

0ppm      10kppm    20kppm   30kppm   40kppm   50kppm 60kppm 70kppm  80kppm  90kppm 
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Figure 4.6 shows the phase behavior for anionioc surfactant with a shorter carbon chain. 0 to 

30 kppm show no microemulsion making it type II-, while 30 to 80 kppm show also type II- but 

with oil in water microemulsion. 90 kppm shows a tiny middle phase microemulsion making it 

type III. 

 

 
Figure 4.6: Phase behavior for anionic surfactant Enordet 0332 at different salinities. 

 

 
Figure 4.7: Phase behavior for bio-surfactant Rhamnolipid at different salinities. 

0ppm   10kppm  20kppm    30kppm    40kppm    50kppm  60kppm  70kppm    80kppm  90kppm 

0ppm   10kppm  20kppm  30kppm 40kppm 50kppm 60kppm 70kppm 80kppm  90kppm 
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Figure 4.7 shows the phase behavior for biosurfactant. The phase behavior is not as dominant 

as for the anionics as it doesn’t show much color difference but the 80k and 90kkppm lie under 

the phase type III showing a middle phase microemulsion. 

Figure 4.8 shows the phase behavior test for non-ionic surfactant. With no color change it is hard 

to determine the phase type, but 0 to 30 kppm show a Winsor type II- with wide range of type III 

between 40 to 90 kppm. 

 

 
Figure 4.8: Phase behavior for non-ionic surfactant ethoxylated alcohol at different salinities. 

 
Figure 4.9: Phase behavior for non-ionic surfactant ethoxylated alcohol at 80 kppm salinity. 

0ppm   10kppm   20kppm    30kppm    40kppm   50kppm  60kppm   70kppm 80kppm  90kppm 
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Figure 4.9 shows the mixture of 80 kppm salinity NaCl brine and 1wt% non-ionic surfactant. 

As seen in the picture, the three phase behavior is prominent with clear difference between the 

oil, water and three phase microemulsion. This type of microemulsion (type III) shows the 

lowest IFT and hence higher oil recovery. Figure 4.10 is the mixture of 80 kppm salinity NaCl 

brine and 1wt% bio-surfactant. In this mixture the three phase microemulsion doesn’t exist. 

 
Figure 4.10: Phase behavior for bio-surfactant Rhamnolipid at 80 kppm salinity. 

 
Figure 4.11: Phase behavior for anionic surfactant Enordet 0342 at 80 kppm salinity. 

Figure 4.11 shows the mixture of 80 kppm NaCl brine and 1wt% anionic surfactant Enordet 

0342. The mixture shows very small volume of Winsor type III emulsion (middle phase 

microemulsion) (the middle phase cannot be seen clearly from the picture). 
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Figure 4.12 is the mixture of 80 kppm NaCl brine and 1wt% anionic surfactant Enordet 0332. 

It also shows very small volume middle phase that can only be seen through close lookup. 

 

Figure 4.12: Phase behavior for anionic surfactant Enordet 0332 at 80 kppm salinity. 

 

4.2 IFT Measurements Experiments 

IFT reduction is one of the major mechanisms behind surfactant flood, and this helps 

reaching the highest possible oil recovery. IFT reduction also plays a vital role in surfactant 

choice for EOR. 

In this research four experiments were conducted using the spinning drop tensiometer to 

measure the IFT of different surfactants at different operating temperatures. The fluid samples 

were prepared as follows: 

1. four different brine solutions of salinity 80 kppm NaCl were prepared. 

2. 1wt% of each of the four surfactants was added in each of the brine solutions. 

3. The solutions were then mixed with oil at 1:1 ratio and left to stabilize for three weeks. 

The reason for leaving the oil-surfactant solution to stabilize is to allow for full interaction 

between phases, which will allow ions to exchange and reach the required equilibrium. After 
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three weeks of ageing samples were collected from each solution, the brine surfactant is named 

as the “bulk phase” and the oil drop as “drop phase”. The bulk phase is placed in a very small 

diameter tube then a small drop of oil is placed on the bulk phase. After setting the required 

temperature and leaving the tube to rotate at high speeds for some time, IFT value is recorded. 

The results of these experiments are shown in Table 4.2 and Figure 4.13. 

Table 4.2: IFT values for oil in surfactant solution at three different temperatures. 
                 Temperature 
Surfactant                   

25°C 50°C 75°C 

IFT dyne/cm 

Bio-Surfactant 3.6x10
-3
 3.4x10

-3
 4.1x10

-3
 

Non-ionic Surfactant 4.3x10
-2
 1.5x10

-2
 1.3x10

-3
 

Anionic Surfactant 
0342 

8.7x10
-4
 1.8x10

-4
 4.8x10

-5
 

Anionic Surfactant 
0332 

8x10
-3
 5.9x10

-3
 5.2x10

-3
 

 

 
Figure 4.13: IFT values of oil in four different surfactant solution at different temperature. 
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Table 4.2 shows the IFT values of oil in the surfactant solutions at three different 

temperatures, after leaving them to stabilize for 3 weeks (the apparatus used to measure those 

values is the spinning drop tensiometer). Figure 4.13 summarizes the four surfactants’ IFT 

measurements in a graph, better illustrating the effect of temperature on IFT. 

Figure 4.13 shows that anionic 0332, anionic 0342 and bio-surfactants are not affected by 

temperature as much as the non-ionic surfactant. The non-ionic surfactant starts at a high IFT but 

decreases noticeably with temperature increase. As temperature increases, the kinetic energy of 

molecules increases, and this reflects in the IFT drop. On the other hand, the bio-surfactant 

shows an opposite behavior where IFT increases with increasing temperature. Such phenomenon 

is believed to occur because of the surfactant temperature intolerance. The anionic surfactant 

0332 showed a low IFT that further decreased with temperature increase, but the anionic 

surfactant 0342 reached ultra-low IFT (the lowest compared to all other surfactants).  

4.3 Contact Angle Measurements 

Surfactants are known to alter the wettability of the surface from oil wet to less oil wet, due 

to surface tension reduction. Contact angle measurements usually gives a better understanding of 

the rock wettability nature. The wettability of a rock surface depends on many factors including 

the rock type, nature and surfactant-surface interaction.  

Carbonates were used for contact angle measurement using the drop shape analyzer. The 

procedure for measuring the contact angle is as follows: 

1. Cores were dry cut into discs to fit in the apparatus. 

2. Discs where aged in oil at 2000 psi and 195°F for 5 weeks. 

3. The surfactant solution and oil used are the same equilibrated solutions. 
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4. The discs were left in the solution for 8 hours at each temperature to stabilize. 

5. Drop of the equilibrated oil is released and contact angle is measured. 

 
Figure 4.14: Contact angle between oil and carbonate surface in non-ionic surfactant solution at 
25°C. 

 
Non-ionic surfactant used in contact angle measurement showed significant wettability 

alteration with temperature increase. Figure 4.14 shows the contact angle of the equilibrated oil 

in equilibrated surfactant solution on the aged carbonate core disc at 25°C. The wettability was 

more oil wet. As the temperature increases to 50°C (Figure 4.15), the surface becomes less oil 

wet. At 75°C (Figure 4.16) further reduction of contact angle is observed and the wetness of the 

surface changes to water wet. 
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Figure 4.15: Contact angle between oil and carbonate surface in non-ionic surfactant solution at 
50°C. 

 

 
Figure 4.16: Contact angle between oil and carbonate surface in non-ionic surfactant solution at 
75°C.   
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Figure 4.17: Contact angle between oil and carbonate surface in bio-surfactant solution at 25°C.   

 

 
Figure 4.18: Contact angle between oil and carbonate surface in bio-surfactant solution at 50°C.  
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Figure 4.19: Contact angle between oil and carbonate surface in bio-surfactant solution at 75°C. 

 
The same set of measurements are done on the bio-surfactants. Figure 4.17 shows the contact 

angle of the equilibrated oil in equilibrated surfactant solution on the aged carbonate core disc at 

25°C. The wide angle measured shows that the rock is oil wet. Figure 4.18 shows the contact 

angle at 50°C which decreased compared to 25°C but is still in the oil wet region. Figure 4.19 

shows the contact angle at 75°C which surprisingly shows that the oil wetness increased rather 

than decreased as temperature increased. This behavior is believed to be due to the intolerance of 

the surfactant to high temperatures. 
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Figure 4.20: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0332) at 25°C. 

 

 
Figure 4.21: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0332) at 50°C. 
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Figure 4.22: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0332) at 75°C. 

 

Anionic surfactants are known for their wide range of applicability and effectiveness, mostly 

on sandstones but not on carbonates because the surface of carbonates is positively charged and 

using surfactants with negative head groups will cause high retention. In this part of the 

experiments anionic surfactant Enordet 0332 form Shell is used to observe the wettability 

alteration on carbonates. Figure 4.20 shows the contact angle of the drop of oil on the rock 

surface at 25°C. The angle indicates that the surface is more water wet. As temperature increases 

to 50°C and 75°C (Figures 4.21 and 4.22, respectively) the contact angle doesn’t change much, 

keeping it on the water wet side. Figure 4.22 the detection of the drop wasn’t successful and is 

believed to occur because of the blurriness of the bulk solution, another reason is that those 

machines do have a range of error as the detection system is simply based on a camera unlike 

spontaneous imbibition method. 
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Figure 4.23: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0342) at 25°C. 

 

 
Figure 4.24: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0342) at 50°C. 



 

 

41 
 

 
Figure 4.25: Contact angle between oil and carbonate surface in anionic surfactant solution 
(Enordet 0342) at 75°C. 

 
The results for the anionic surfactant Enordet 0342 are considered to be the most attractive 

among all other surfactants, because the temperature affects the wettability positively to more 

water wet. In Figure 4.23 the wettability is mixed wet at 25°C while in Figure 4.24 as 

temperature increases to 50 °C the surface wetness changes to water wet and in Figure 4.25 at 75 

°C the wetness of the rock surface becomes again more water wet. Figure 4.24 and 4.25 have the 

same phenomenon in the picture taken when the system fails to detect the bubble due to different 

reason such as blurriness of the solution and the background. 

Figure 4.26 summarizes the contact angle measurements on a bar graph. The lower the angle, 

the more effective is the surfactant in enhancing wettability. Anionic surfactant stood out with 

the lowest angles at three different temperatures which means more water wet, while the bio-

surfactant didn’t alter wettability close to water wet. Non-ionic surfactant was the most affected 
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by temperature and although it didn’t reach the water wetness of the anionics, it showed decent 

values. 

 
Figure 4.26: Bar graph showing the contact angle of the equilibrated non-ionic, anionic 0332, 
anionic 0342 and bio-surfactants on aged carbonate core discs at three different temperatures. 

 

4.4 Estimated Surfactant Cost for EOR 

Surfactant flood technical feasibility has been well-established already. However, the 

economical feasibility depends on different aspects such as the surfactant price, surfactant 

25 °C 50 °C 75 °C

Nonionic Surfactant 123 106.5 65

Bio-Surfactant 148.5 96 132

Anionic Surfactant 0332 50 47 45

Anionic Surfactant 0342 66.5 50 43
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consumption and oil price. In addition, the application (onshore or offshore) affects the 

economics of the project. 

Surfactant prices depend on many variables such as feedstock costs, processing costs and the 

whole supply chain that can be set up. As many of our customers are outside the USA, we 

always look to supply chain optimization together with the customer. For example, part of the 

manufacture may occur regionally or locally; this also creates local jobs and value. 

Another variable is of course the volume needed; for small scale pilots, needing tens or maybe 

hundreds of tons, little optimization in processing and supply chain is possible, leading to higher 

prices than when full scale commercial implementation is anticipated (economy of scale). 

Therefore, surfactant prices can vary significantly. 

Simple calculation of the estimated surfactant cost for injection per day is shown below: 

 bbl = .  ft   

There is 5.615 cubic ft in on barrel 

.  ft ∗ . lbft = .  lb  

Multiplying the volume to water density gives us the weight of on barrel 

. lb = .  lb   
From the 350 lb 1 wt% is surfactant which yields 3.5 lb of surfactant in one barrel of solution 

.  lb ∗ . $lb = .  $ per barrel of solution   
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Thus, when a project involves injecting 100,000 barrels per day of one percent surfactant 

solution, the daily cost of surfactant is $875,000.  Thus, in one year, the surfactant cost is 

tremendously about $320,000,000. 
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CHAPTER 5   

CONCLUSIONS AND RECOMMENDATIONS 

The objective of this research was to evaluate four types of surfactants and select the optimal 

one by studying the surfactants’ phase behavior, IFT reduction, carbonate rock wettability 

alteration, and understanding the underlying mechanism behind surfactants. All experiments 

were carried at three different temperatures, 25°C, 50°C and 75°C, except for the phase behavior 

tests, which were carried at room temperature. 

5.1 Conclusions  

Phase behavior tests, IFT measurements and contact angle measurements were conducted to 

determine the optimal surfactant to be used along with low salinity in further experimental 

studies as coreflood for EOR purposes. The following are the major conclusions: 

1. The Winsor type III microemulsion (that is, existence of a three-phase microemulsion) 

formed in all of the four mixtures; however, the non-ionic surfactant yielded the largest 

Winsor type III microemulsion volume. 

2. The anionic surfactant, Enordet 0342, exhibited the lowest IFT of 0.000048 dyne/cm while 

the non-ionic surfactant exhibited an IFT of 0.0014 dyne/cm. The anionic surfactant Enordet 

0332 and the biosurfactant exhibited IFT about 0.05 dyne/cm. 

3. Contact angle measurements indicated that both anionic surfactants altered the rock 

wettability to water-wet conditions the most, while the non-ionic surfactant altered 

wettability to the water-wet condition to a lesser level. 

4. The most optimal surfactant for the tested carbonate samples, at 80,000-ppm NaCl and 75°C, 

was the non-ionic surfactant. 
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5.2 Recommendations 

The following are recommendations for additional work: 

 Use real reservoir brine instead of synthetic NaCl brine, to represent the real reservoir 

reaction and ionic exchange with the surfactant. 

 Compare cationic surfactant effect on the phase behavior, IFT and wettability 

 Perform spontaneous imbibition to determine the wettability at different fluid system and 

compare it with contact angle technique. 

 Perform coreflood on the carbonate samples using the surfactant solution to compare oil 

recovery. 
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