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Abstract  
 

The adsorption of surfactants onto solid surfaces is a major issue during chemical 

enhanced oil recovery (EOR) applications. Surfactant adsorption reduces the performance 

of the chemical injection slug and makes the process uneconomical. In this research, a 

new surfactant delivery system SDS:-CD inclusion complex, was evaluated as an 

approach to decrease surfactant adsorption. The effectiveness of this system on the 

surfactant adsorptive behavior was determined through static and dynamic adsorption 

tests. Likewise, the performance of this approach during EOR surfactant flooding was 

investigated through sandpack displacement tests under simulated oil reservoir 

conditions. The research outcomes indicate that this new technology is greatly efficient in 

reducing the adsorption of surfactant onto solid surfaces. Sandpack testing demonstrated 

that the surfactant is released at the oil saturation zones within the sandpack and higher 

incremental oil was recovered in comparison with the conventional EOR surfactant 

flooding. This technology has great potential for EOR applications. 
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Chapter One: Introduction 
 

1.1 Research Background 

 

Crude oil is the most important energy source worldwide. Every year, the price of oil 

increases due to the increase in oil demand, especially since the year 2008. Moreover, the 

worldwide rate of oil production from mature fields and the rate of replacement of the 

produced reserves by new discoveries have been declining steadily over the last few 

decades. In the years to come as the need for energy grows throughout the world, the 

recoverable oil resources in known reservoirs that can be economically produced by 

applying advanced Improved Oil Recovery (IOR) and Enhanced Oil Recovery (EOR) 

technologies will play a key role in meeting the energy demand (Manrique 2010). The 

current demand for oil is about 80 million barrels per day.  

 

EOR techniques have been developed for producing crude oil from reservoirs at optimum 

levels. Crude oils consist of a range of hydrocarbons (alkanes, naphthenic and aromatics) 

as well as phenols, carboxylic acids and metals. There may be a significant fraction of 

sulfur and nitrogen compounds present as well. The carbon numbers of all these 

components range from methane through 50 or more asphaltenes (Schramm 2005). The 

key of EOR is to force crude oil in the reservoir to the production wells by introducing 

fluids and/or thermal energy into the reservoir. The injected fluid consists of chemicals, 

steam, gas, and solutions containing microbes. In addition, the criteria for selecting 

suitable EOR methods for a reservoir are based on the reservoir physical properties, such 

as depth, temperature, pressure, salinity, and clay content; oil recovery mechanisms, and 

oil price (Taber, Martin and Seright 1997; Al-Manasir, et al. 2009). The three main 
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functions of EOR processes are first, to increase the mobility of the displacing fluid by 

increasing the viscosity of the injected water (the displacing fluid) and/or decreasing the 

viscosity of the oil or both; secondly, to remove the oil with a solvent from the reservoir; 

and to reduce the interfacial tension between oil and water (Lake, Schmidt and Venuto 

1992). EOR applications must be designed for the specific crude oil and the specific 

reservoir conditions.  

 

Primary and secondary oil recovery techniques usually recover about 20% to 40% of the 

original oil in place (OOIP); while EOR and IOR flooding operations increase crude oil 

recovery by 30% to 60 %.  EOR flooding has re-emerged since the 1980s and 1990s. In 

the beginning of 2000, EOR and IOR were applied on large scale for conventional oil 

production. The price of conventional oil reached about $125 per barrel in mid-2008 

(Trends 2010). In the last three decades, the world’s energy demand has increased 

significantly together with the increase of oil prices; thus scientists have been motivated 

to research and further develop EOR technologies.  

 

Canada possesses large proven heavy oil reserves and important accumulations of 

conventional oil within (sandstone and carbonate formations reservoirs). Therefore, it is 

imperative to discover, to develop, and/or to improve methods for increasing the 

production of crude oil above the current conventional oil recovery processes, which can 

only recover approximately one-third of the original oil in place, as previously indicated 

(Howes 1988). In Canada, there are several EOR research projects in progress for 

improving the production of oil, heavy oil, extra heavy oil, and bitumen (Cunha 2005).   
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One of these EOR methods is chemical flooding. Chemical EOR methods have shown 

increased production in pilot tests and in few large field implementations. The EOR 

processes applied in these pilot tests and field implementations include the combination 

of chemical EOR methods with reservoir conformance technologies (i.e. polymer 

flooding) (Manrique 2010). 

Surfactants are substances that can reduce the interfacial tension (IFT) between the 

injected fluid (aqueous solution) and crude oil. Surfactants are used to decrease or 

mobilize residual oil trapped in the reservoir by capillary forces. However, surfactants 

can be easily adsorbed on the surface of reservoir rocks, which makes surfactant flooding 

for EOR technically inefficient and economically unfavorable. Therefore, it is crucial to 

minimize surfactant adsorption onto porous media.  

In this research, a new surfactant delivery system is introduced and evaluated as a tactic 

to minimize the adsorption of surfactant towards the matrix rock during chemical EOR 

flooding. This technology was developed with the objective of providing a better 

propagation of the surfactant through the reservoir by minimizing adsorption and the 

selective delivery of the surfactant at the oil saturation zones within the reservoir, which 

are normally located away from the injection well. 

 In this work, -cyclodextrin (β-CD) was used as the surfactant carrier system via the 

formation of inclusion complexes between surfactant and -CD. The β-cyclodextrin 

molecule consists of glucose monomers arranged in a donut-shaped ring having a 

hydrophobic inner cavity and a hydrophilic exterior. The effectiveness of the surfactant 

delivery system in inhibiting surfactant adsorption was evaluated through static and 

dynamic adsorption tests.  
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Likewise, the surfactant:β-CD inclusion complex was evaluated in sandpack 

displacement tests to establish its capability in reducing the surfactant adsorption and the 

selective release of the surfactant at the target oil zones, as well as the determination of 

the effect of the inclusion complex on the incremental oil production. 

1.2 Research Problems and Hypothesis 

 

The overall goal of this research was to evaluate the effectiveness of the surfactant 

delivery system in inhibiting the adsorption of surfactant onto reservoir rock and to 

establish its functionality during surfactant EOR flooding.  This overall research problem 

was broken down into the following specific research subproblems. The first research 

subproblem was to determine the effect of the surfactant delivery system on the 

adsorption behaviour of the surfactant onto different solid adsorbent materials commonly 

found in oil reservoirs, such as sandstone, kaolinite, and oil shale. The second research 

subproblem was to establish the effectiveness of the surfactant carrier system in 

delivering the surfactant to the oil zones and its effect on incremental oil recovery under 

simulated reservoir conditions. 

The following hypotheses were tested in this work. First, it was hypothesized that the 

surfactant carrier system was capable of reducing the adsorption of surfactant onto porous 

media, due to the fact that the encapsulation of the hydrophobic tail of the surfactant into 

the -CD core safeguards the surfactant from possible interactions with the minerals in 

the rock.  The second hypothesis is that the surfactant is selectively released from the 

inclusion complexes at the oil saturation zones within the reservoir, because the 

interactions between surfactant and oil prevail over the interactions between surfactant 
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and -CD. Thus, the driving force for the release of the surfactant is its strong affinity 

towards the oil phase. 

1.3 Research Methodology  

 

The formation of the inclusion complex between surfactant:-CD was confirmed by 

different analytical techniques such as optical microscopy, surface tension, SEM, TEM, 

1
H NMR, and FTIR. The effectiveness of the surfactant delivery system in inhibiting 

surfactant adsorption towards solid surfaces was established through static and dynamic 

adsorption tests. The performance of the surfactant delivery system in propagating and 

releasing the surfactant at the target areas within the porous media was evaluated through 

sandpack displacement tests at simulated oil reservoir conditions.  

The main assumptions of this experimental work were that the data obtained in the 

laboratory setting in terms of static and dynamic adsorption tests are applicable at real 

reservoir conditions, or at least could be easily modified or adjusted to meet reservoir 

conditions. Secondly, it was assumed that the displacement tests conducted at laboratory 

bench scale fairly represent actual surfactant flooding processes in real oil reservoirs.  

1.4 Research Scope and Delimitations  

 

This study was limited to the evaluation of sodium dodecyl sulfate (SDS) as the model 

surfactant. Likewise, this work was focused on the use of -CD to form the inclusion 

complex (surfactant delivery system). This study was also limited to the evaluation of the 

performance of the surfactant delivery system through sandpack displacement tests using 

a real crude oil at a moderate pressure (100 psia) and at a temperature of 25
o
C, which 

coincide with the conditions of some oil reservoirs.  
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1.5 Outline of the Thesis  

 

This thesis is structured in seven chapters following the journal paper-based format.  

In chapter 1, a general background of EOR surfactant flooding and the surfactant 

adsorption problem toward solid surfaces is presented. A brief introduction of the 

research methodology, the research questions and hypotheses, research scope and 

delimitations, findings, and contributions are also provided. 

In chapter 2, a literature review on surfactant flooding and its mechanism for improving 

oil recovery are presented.  The issue of surfactant adsorption onto solid surfaces is 

discussed. This chapter also introduces the surfactant delivery system as a technological 

approach to inhibit the adsorption of surfactant onto solid surfaces that simultaneously 

improves the propagation and release of surfactant at the target oil zones within the 

reservoir.  

In chapter 3, the materials, experimental setup, and experimental procedures followed in 

this research are described in detailed.  

In chapter 4, the effectiveness of the new surfactant delivery system in inhibiting the 

adsorption of surfactant is established through static adsorption tests.  

In chapter 5, the formation of the surfactant:-CD inclusion complex was confirmed 

through different analytical techniques such as optical microscopy, SEM, TEM, 
1
H 

NMR, FTIR, and surface tension. Furthermore, the effectiveness of this technology in 

controlling surfactant adsorption onto different porous media was further demonstrated 

by dynamic adsorption tests.  

In chapter 6, the performance of the surfactant delivery system was evaluated in sandpack 

displacement tests under simulated oil reservoir conditions. The surfactant inhibition 
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functionality of the surfactant delivery system in EOR chemical flooding was evaluated 

in terms of incremental oil recovery.  

Finally, chapter seven provides the main conclusions obtained from this experimental 

study. Recommendations in planning future studies are also suggested. 

1.6 Significance of the Study 

 

This research is important to the field of enhanced oil recovery because it offers a 

possible and practical solution to the dilemma of surfactant adsorption during chemical 

EOR flooding applications.  This technology has the potential of making chemical EOR 

feasible from the economic and technical standpoint.  Therefore, the surfactant delivery 

system approach could be potentially beneficial for EOR applications in conventional oil 

reservoirs in Canada and worldwide.  
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Chapter Two: Literature Review  
 

2.1 Literature Review 

 

This chapter provides a brief literature review on surfactants, surfactant properties and its 

applications in chemical flooding for enhanced oil recovery (EOR) applications. Succinct 

information is also presented for cyclodextrins and inclusion complexes. Throughout this 

chapter, emphasis is given on information related to surfactant adsorption onto solid 

surfaces (rock).  In the literature, there is abundant theoretical and experimental 

information on surfactant adsorption onto porous media. However, information on 

procedures and/or technology to inhibit or to reduce the adsorption of surfactant towards 

reservoir rock during chemical flooding is lacking, which indicates that this subject still 

needs considerable research.  

This chapter aims to: 

1. Briefly introduce the use of surfactants within the context of enhanced oil recovery. 

2.  Provide a succinct review of the mechanism for surfactant adsorption onto porous 

media. 

3. Concisely introduce the molecular structures and properties of cyclodextrins. 

2.2 Definition of surfactant  

 

A surfactant is a surface-active substance that adsorbs onto surfaces or interfaces to a 

marked degree. The term interface refers to a boundary between any two immiscible 

(unmixable) phases (Rosen 1989).  Surface active agents are generally composed of 

hydrophobic tails, which have little attraction towards aqueous solvents, and hydrophilic 

head groups, which have strong attraction to aqueous solutions. Surfactants are also 
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called amphipathic structures.  Generally, a surface-active agent is dissolved in a non-

aqueous solvent by interacting with the hydrophobic group in the solvent. These 

interactions may cause disfigurement of the liquid structure of the solvent, which is 

necessary to increase the free energy of the system. If the solvent is an aqueous solution, 

the distortion of the water by the hydrophobic group of the surfactant results in an 

increase in the free energy of the system.  As the surfactant is dissolved in the aqueous 

solution, less energy is needed to bring a surfactant molecule to the surface and/or 

interface if compared to the energy needed to bring a water molecule to the same surface 

and/or interface (Myers 2006; Rosen 1989; Tsujii 1998; Schramm 2000; Goodwin 2005). 

The suitability of the chemical structure formulated by grouping the hydrophobic and 

hydrophilic portions of the surfactant molecule vary with the nature of the solvent and the 

conditions of use. In a highly polar solvent such as water, the hydrophobic group may be 

a hydrocarbon, fluorocarbon, or siloxane chain of proper length, whereas, in a less polar 

solvent only some of these may be suitable.  In a polar solvent such as water, ionic or 

highly polar groups may act as hydrophilic groups depending on the temperature and 

conditions (e.g., electrolyte or organic additives); in some cases modifications in the 

structure of the hydrophobic and hydrophilic groups may become necessary to maintain 

surface activity at a suitable level. Thus, to ensure surface activity in a particular system, 

the surfactant molecule must have a chemical structure that is amphipathic in that solvent 

under the conditions of use (Rosen 1989). 
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2.3 Surfactant Classification 

 

Surfactants can be classified into different groups based on the ionic nature of the head 

group, namely anionic, cationic, nonionic, and zwitterionic. The hydrophobic group is 

generally a long-chain hydrocarbon residue, and less often a halogenated or oxygenated 

hydrocarbon or siloxane chain; the hydrophilic group is an ionic or highly polar group 

(Rosen 1989; Salager 2013)Thus, according to this classification, a surfactant can be: 

Anionic: the surface-active portion of the molecule bears a negative charge. 

Cationic: the surface-active portion of the molecule bears a positive charge. 

Nonionic: the surface-active portion of the molecule bears no apparent ionic charge.  

Zwitterionic (amphoteric): the surface-active portion has both positive and negative 

charges. 

Table 2.1 provides common examples of surfactants and their chemical structures based 

on this general surfactant classification. 

Anionic surfactants are electrolytes, and the surface active ion is an anion when the 

surfactant dissociates in water. Anionic surfactants adsorb on different types of substrates 

and give the substrate an anionic charge. This characteristic of anionic surfactants 

contributes to their strong detergency and high foaming power. Most natural surfaces are 

negatively charged. Thus, if the surface is to be made hydrophobic by using a surfactant, 

then the best type of surfactant to use in this application is a cationic surfactant. This type 

of surfactant will adsorb onto the surface through its positively charged hydrophilic head 

group oriented toward the negatively charged surface (electrostatic attraction) and its 

hydrophobic group oriented away from the surface, which makes the surface water-
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repellent. If the surface is to be made hydrophilic, then cationic surfactants should be 

avoided (Rosen 1989; Myers 1988).  

Table 2.1 Surfactant classifications (Schramm 2000) 

 

Nonionic surfactants adsorb onto surfaces with either the hydrophilic or the hydrophobic 

group oriented toward the surface, depending upon its nature. If the solid surface contains 

polar groups capable of hydrogen bonding with the hydrophilic group of the surfactant, 

then the surface will be hydrophilic or hydrophobic depending on the group orientation. 

Nonionic surfactants are generally nonvolatile and environmentally benign; these 

surfactants are considered suitable alternatives to traditional solvents because of their 

effective solubilization toward water-insoluble or moderately soluble organic compounds 

(Schramm 2000). This property makes nonionic surfactants suitable candidates for the 

separation of polar and non-polar compounds from different solid materials in 

applications such as the separation of aromatic hydrocarbons from solid phases. Other 
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factors affecting the rate of nonionic surfactant adsorption include rock surface charge, 

fluid interface, and surfactant structure (Ahmadi and Shadizadeh 2012). 

Zwitterion surfactants can absorb onto both negatively charged and positively charged 

surfaces without changing the charge of the surface, which is important since they carry 

both positive and negative charges (Rosen 1989; Myers 1988).    

Surfactants display distinct behavior when interacting with water or aqueous solutions. 

The polar part of the molecule seeks to interact with water while the non-polar part 

avoids interaction with water. A surfactant molecule can arrange itself at the air-water 

interface in such a manner that the polar part interacts with the water and the non-polar 

part is held above the interface (either in the air or in a non-polar liquid) as shown in 

Figure 2.1. The presence of surfactant monomers at the interface disrupts the cohesive 

energy at the interface and thus lowers the surface tension.  Another arrangement of 

surfactants allows the hydrophilic and the hydrophobic groups to interact with their 

favored environment. Thus, surfactants can form aggregates in which the hydrophobic 

portions are oriented within the cluster and the hydrophilic portions are exposed to the 

aqueous solution. These aggregates are called micelles. Fig. 2.1c shows a schematic of a 

spherical micelle (Concentration 2011). 

Surfactants exhibit a specific surface tension behavior as a function of surfactant 

concentration. Thus, the proportion of surfactant monomers present at the interface or as 

micelles in the bulk of the liquid depends on the concentration of the surfactant. At low 

concentrations, surfactant monomers will favor arrangement at the air-water interface 

(Fig. 2.1b). 
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(a) (b) (c)

Spher ical Micelle

 

Figure 2.1 Surfactant Interactions: (a) Generic Surfactant Structure; (b) Surfactant 

Monomers at the Air-Water Interface, and (c) Schematic of a Spherical Micelle 

(Concentration 2011). 

 

At low concentrations, surfactant monomers will favor arrangement at the air-water 

interface. As the surface becomes crowded with surfactant monomers more molecules 

will arrange into micelles. At some concentration the interface becomes completely 

loaded with surfactant monomers and any further additions must arrange surfactant 

monomers as micelles. This concentration is called the Critical Micelle Concentration 

(CMC), which can be determined by carrying out surface tension measurements as a 

function of surfactant concentration.  

Figure 2.2 displays a plot of surface tension versus log of surfactant concentration. In this 

plot three phases are presented: (1) At very low concentrations of surfactant only slight 

change in surface tension is detected; (2) Additional surfactant decreases surface tension; 

and (3) The interface becomes fully loaded and no further change in surface tension is 

observed (Concentration 2011). 
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Figure 2.2 Surface Tension as a function of Surfactant Concentration 

(Concentration 2011). 

 

2.4 Mechanisms of Surfactant Adsorption onto Solid Surfaces 

 

Surfactants are adsorbed onto solid surfaces as monomers rather than as micelles. 

Surface-active molecules can be adsorbed onto reservoir rocks from aqueous solutions by 

a number of mechanisms as follows (Paria and Khilar 2004). 

1. Ion exchange: replacement of contrary ions adsorbed onto the substrate from the 

solution by similarly charged surfactant ions. 

2. Ion association: adsorption of surfactant ions from solution onto oppositely charged 

sites filled by counter ions. 

3. Hydrophobic bonding: adsorption occurs when there is attraction between the 

hydrophobic groups of adsorbed compound and compounds available in the solution.  
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4. Adsorption by polarization of π electrons: when the surfactant contains electron-rich 

aromatic nuclei and the solid adsorbent has strongly positive sites, attraction exists 

between electron rich aromatic nuclei of the adsorbate and positive sites on the 

adsorbent.  

5. Adsorption by dispersion forces: adsorption occurs by van der Waals forces between 

adsorbate and adsorbent. This type of adsorption increases with the increasing 

molecular weight of the adsorbate.  

More details on adsorption mechanisms can be found elsewhere (Paria and Khilar 2004).  

 

2.5 Surfactant Applications in the Oil and Gas Industry 

 

Surfactants have several applications in the petroleum industry; consequently, surfactant 

adsorption is always a concern in any application where surfactants are exposed to a solid 

surface. EOR surfactants are used in three common chemical applications such as 

micellar-polymer (surfactant) flooding, caustic (alkaline) flooding, and alkaline-

surfactant-polymer (ASP) flooding. The major role of the surfactant dissolved in the 

injection water is to lower the interfacial tension (IFT) between the oil and water from an 

original value of 30 mN/m to ultralow surface tensions in the order of 10
-3

 mN/m. At 

these low IFT values, it is possible to break up the oil trapped in the reservoir rock by 

capillary forces into tiny droplets that can be displaced and mobilized from the rock pores 

towards the production wells (Romero-Zerón 2012). 

As previously indicated, the main objective of surfactant flooding is to reduce the 

residual oil saturation in mature water flooded reservoirs. The capillary number is a 
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dimensionless value that relates viscous forces to capillary forces, as expressed by 

equation 2.1. 

Eq… 2.1 

where, FV and FC are viscous and capillary forces, respectively. V (m/s) is the linear 

velocity of the displacing fluid (i.e. water), μ (mPa.s) is the displacing fluid viscosity; and 

σ (dyne/cm or mN/m) is the interfacial tension between the displacing (i.e. water) and 

displaced phase (i.e. oil) (Sheng 2011). Mobilization of residual oil occurs if Nc is 

significantly increased. Therefore, a practical approach, as Equation 2.1 shows, is to 

decrease the interfacial tension to ultralow values (Romero-Zerón 2012). 

Worldwide, chemical EOR methods have not historically been responsible for significant 

incremental oil recovery. Surfactant flooding has been tried for a number of conventional 

oil reservoirs around the world with some success; however, it has largely proved 

inefficient due to the high cost of surfactants, issues related to the large adsorption of 

surfactants towards the formation rock, and negative surfactant-reservoir rock 

interactions. Large interfacial zones tend to involve numerous chemical reactions 

(Schramm 2000). 

In a typical EOR surfactant flood, the cost of the surfactant is usually half or more of the 

total project cost. Therefore, surfactant adsorption onto the reservoir rock is the 

determining factor for the success or failure of any EOR surfactant-flooding project. 

Several practical approaches have been taken in the field to overcome the loss of 

surfactant due to adsorption. One of these approaches is the injection of sacrificial agents 

before the injection of the main surfactant into the field. These sacrificial agents are 

usually very low cost surfactants such is the case of lignosulfonates, which are waste 
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material recovered from the effluent black- liquor of the Pulp and Paper Mills. These 

sacrificial agents (surfactants) adsorb onto the porous media taking the adsorption sites 

on the solid surface where otherwise the main (costly) surfactant would adsorb.  

Others more recent approaches to minimize surfactant adsorption onto both sandstone 

and carbonates are the use of high molecular weight surfactants (10 times larger than the 

surfactants previously used), highly branched surfactants, mixtures of anionic/non-ionic 

surfactants, and the addition of sodium carbonate, sodium silicate, and sodium oleate 

(NaOA)/trisodium to counter the effect of Ca
+2

 and Mg
+2

 (Iglauer, et al. 2004; Hirasaki, 

Miller and Puerto 2011)These new surfactants are up to three times more efficient in 

terms of oil recovery per pound of surfactant (Pope 2011). 

2.6 Cyclodextrins 

 

CDs are a family of cyclic molecules with a special structure that has a hydrophilic outer 

surface and a hydrophobic central cavity (Dou, Xing and Xiao 2011). CDs are cyclic 

oligosaccharides consisting of covalently linked glucose units (α-CD = six glucose units, 

β-CD = seven glucose units, and γ-CD = eight glucose units (Dipl, et al. 2001; Jullian 

2009; Eli, Chen and Xue 2000). Figure 2.3 displays a schematic representation of 

cyclodextrins. 
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Figure 2.3 Molecular Structures of a, b, and g Cyclodextrins (Scott 2008) 

 

Cyclodextrins (CDs) form host-guest inclusion complexes when a smaller guest molecule 

becomes encapsulated or included within the inside CD cavity. CDs can form inclusion 

complexes with a variety of organic or inorganic compounds (guests) in aqueous solution 

and the complexation may change some of the physicochemical properties of the guest 

molecules (Lu, et al. 1997). Figure 2.4 illustrates an example of inclusion complex.  

 

Figure 2.4 Cyclodextrin Complexation (Complexation 2013) 

 

The most commonly used cyclodextrin in a variety of chemical, pharmaceutical, food, 

and other chemical industries is β-cyclodextrin (-CD). Inside the -CD cavity, there are 
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two hydrogen groups (H3 and H5) lining both the wide and narrow rims that can be either 

hydrogen bond donors or acceptors; therefore, the interior cavity can receive or host 

hydrophobic compounds as guest molecules without the formation of covalent bonds 

(Figure 2.5)  (Loftsson, et al. 2005; Yan, Tang and Xiao 2007). Surfactants are one 

specific guest type for the formation of inclusion complexes (Wagner 2012; Connors 

1997). The driving forces for cyclodextrin complex formation has been discussed in 

terms of van der Waal’s interactions, hydrogen bonding, hydrophobic interactions, and 

the release of high energy water molecules to discharge the strain energy (Funasaki, et al. 

1992). 

 

Figure 2.5  Proton Naming for -CD (Jug, et al. 2010). 

 

There are numerous studies focused on CDs inclusion complexes with ionic surfactants 

that have established the binding stoichiometry, and association constants; as well as, the 

determination of the effects of the types of CDs, type of surfactant, and chain length of 

surfactants on the complexation. Detailed information on this subject can be found 

elsewhere (Funasaki et al. 1992). 

This chapter provided a brief literature review of basic definitions such as surfactants and 

surfactant properties, cyclodextrins, and CDs complexation. Some of these concepts will 

be further developed in subsequent chapters.  
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Chapter Three: Materials, Experimental Set-up, and 
Procedures 
 

3.1 Overview 

 

This chapter presents an overview of the materials, methods, and procedures used to 

evaluate the performance of the surfactant delivery system.   

3.2 Materials 

3.2.1 Solid Adsorbent Materials 

 

Table 3.1 presents general information on the solid adsorbent materials used in this study. 

Table 3.1 General information on the solid material used as adsorbents 

Solid Material Supplier Additional Information 

 

Sandstone 

 

Home Depot Generic play sand 

Kaolinite Clay Matheson Company Inc. 

The kaolinite was dried at 120 
o
C 

for 24 hours and used without 

further preparation. 

Oil Shale 
New Brunswick Department 

of Natural Resources 

The oil shale sample was 

powdered and sieved. 

 

Samples of kaolin clay, oil shale, and sandstone were sieved to obtain the particle size 

distribution of the adsorbent materials within a range from 200 to 20 μm.  

3.2.2 Chemicals 

 

 Sodium dodecyl sulfate (SDS), acquired from Sigma-Aldrich with 99.00% assay 

(molecular weight: 288.380 g/mole), was used as the model anionic surfactant. -

cyclodextrin (β-CD) was purchased from Cyclodextrin Technologies Development Inc. 

with an assay of 98% (molecular weight: 1134 g/mole). 1-Pentanol (assay: 99%), 

acquired from Aldrich Chemical Company Inc., was used as co-solvent for the surfactant 

optimum formulation. A commercial partially hydrolyzed polyacrylamide (Alcoflood 
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955) provided by Gel-Tech (≈ 5% hydrolyzed, molecular weight: 7.7*10
6
), was used for 

mobility control during and after surfactant flooding. Some physical properties of  

Alcoflood 955 are presented in Table 3.2. 

Table 3.2 Physical properties of Alcoflood 955 

Characteristics Values 

Appearance White granular powder 

Molecular mass (g/mol) 7.7*10
6
 

Degree of Hydrolysis (%) 5 

Purity (%) 100 

 

3.2.2.1 Crude Oil 

 A conventional crude oil from the Stoney Creek oil field located near Moncton, New 

Brunswick, Canada with a density of 0.844 g/cm
3
, an API

0 
of 36, and a dynamic viscosity 

of 50.81 cP @ 22.50C was used during sand pack displacement testing, for more general 

information about Stoney Creek oil  analyses is provided in Appendix A. 

3.2.2.2 Soft Brine  

 

A soft brine containing 3 wt. % of NaCl was used in all experiments as the aqueous phase 

solvent.  The NaCl was manufactured by the Canadian Salt Company Limited (Windsor), 

Pointe- Claire, Quebec. The NaCl was used as received. Table 3.3 shows the chemical 

composition of NaCl (Table salt).  

Table 3.3 Composition of NaCl (Canadian Salt Company 2013) 

Elements  Range 

Sodium Chloride (wt %) ≥ 99.7 

Calcium Sulfate (wt %) < 0.24 

Other Salts (wt %) ≤ 0.12 

Moisture (Surface) (%) ≤ 0.1 

Water Insoluble (ppm) ≤ 100 

Potassium Iodide (ppm) 100-140 

Calcium Silicate (wt %) 0.3-1.0 
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3.3 Procedures and Experimental Set-up 

 

 3.2.1 Surface Tension Measurements 

 

Surface tension measurements were carried out to determine the critical micelle 

concentration (CMC) of the surfactant. Surfactant solutions with different concentrations 

were prepared in soft brine (3% NaCl). A TensionCAD tensiometer (Figure 3.1) 

manufactured by TensionCAD Instruments was used following the Du Noüy ring method 

(EN 14370 (December 2004) ISO 304 (November 1987) for surface tension 

determination. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Tension CAD Tensiometer. 

 

The tensiometer is equipped with a torsion wire balance with a dial calibrated in dynes 

per centimeter, a weighted platinum-iridium ring, and a movable table. The surface 

tension expressed in [mN/m] is given by the following equation:   

                                Eq … 3.1 

where F is the force exerted on the ring in [mN], p is the wet periphery of the ring, which 

is equal to 2πD and D is the average diameter of the ring in centimeters. 
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In the Du Noǜy ring method, a platinum-iridium ring of precisely known dimensions is 

suspended from a counter-balanced level arm. The arm is held horizontally by torsion 

applied to a tense stainless steel wire. Increasing the torsion in the wire raises the arm and 

ring up, which carry with them a film of the liquid in which the ring was immersed 

(KRÜSS 1994). The force necessary to pull the test ring free from this surface film is 

then measured as shown in Figure 3.2.  

1. The ring is above the surface and the force is zeroed.

2. The ring hits the surface and there is a slight positive force

due to the adhesive force between r ing and surface.

3. The ring must be pushed through the surface (due to the

surface tension) which causes a small negative force.

4. The ring breaks through the surface and a small positive force

is measured due to the supporting wires of the r ing.

5. When lifted through the surface the measured force starts to

increase.

6. The force keeps increasing until

7. The maximum force is reached

8. After the maximum there is a small decrease of in the force

until the lamella breaks.

Du Noüy Ring Method

 

Figure 3.2 Schematic Diagram of The Du Noüy Ring Method (ring 2011) 

 

Surface tension measurements were conducted at 25
o
C and each sample was measured 

five times for surface tension, after which average measurements and standard deviations 

were determined. The platinum- iridium ring was cleaned with distilled water between 

each measurement, then the ring was heated for 10-30 seconds using gas flame (blue 

flame) to eliminate any contaminant from the surface of the ring, and then air–dried 

before the next measurement. Glassware was carefully cleaned between each 

measurement using a commercial soap, then rinsed with distilled water, and finally air-

dried before the next measurement.  
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The surface tension values were plotted as a function of the logarithm of surfactant 

concentration and the CMC was determined as shown in Figure 3.3 (Mukerjee and 

Mysels 1971). 

Figure 3.3 Determination of Critical Micelle Concentration (CMC) (Concentration 

2011) 

3.3.2  Displacement Tests  

 

3.3.2.1 Sand pack Preparation 

 

A core holder purchased from Temco Inc. was used for the sandpack displacement tests. 

The solid material was packed into the core holder rubber-sleeve, which has a diameter of 

5.34 cm and a length of 55.5 cm.  The rubber-sleeve was placed vertically and the solid 

material was slowly added in an alternating fashion with distilled water and under 

vacuum to tighten the solid material and to ensure a homogeneous packing. Both ends of 

the rubber-sleeve were equipped with a 325-mesh stainless steel screen to prevent fine 

sand from flowing out and to provide a more even distribution of the injected fluid. Once 

the rubber-sleeve was packed, it was placed into the core holder and the sandpack was 

vacuumed for 2 to 3 days to remove excess water from the sandpack. Figures 3.4a to 3.4c 

show a schematic of the sandpack and its dimensions, photographs of the rubber-sleeve 

and the external part of the core holder. Sandpack preparation took around 6 to 8 days. In 
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(a)

(b)(c)

total, 10 sandpack tests were conducted and some of the tests were repeated for 

validation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Core Holder: (a) Sandpack Dimensions, (b) Photography of Rubber-

Sleeve, (c) Photography of External Part of the Core-Holder. 

 

Table 3.4 lists the Test # and the main properties of the sandpacks prepared for the 

displacement tests; the mass of solid material used for each sandpack experiment is also 

reported in the table. During the sandpack displacement experiments, different blends of 

solid materials were used: 100% Sand, 97% Sand + 3% Kaolin, 95% Sand + 5% Kaolin, 

97% Sand + 3% Shale; 95% Sand + 5% Shale. The objective was to evaluate the 

adsorption of surfactant onto different adsorbent compositions.  
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Table 3.4 Sandpack Properties 

Sandpack Test # 
K 

(Permeability) 

(D) 

 (Porosity)

(%) 

Pore 

Volume 

(ml) 

Mass of 

Porous 

Media 

(g) 

Test # 1 

100% Sand (SDS) 
1.7 23.0 285 1424 

Test # 2 

100% Sand (SDS/-CD) 

3.5 22.6 280 1419 

Test # 3 

97% Sand+ 3% Kaolin (SDS) 
0.17 18.2 225 1436 

Test # 4 

97% Sand + 3% Kaolin (SDS/ -CD) 

0.19 16.1 200 1456 

Test # 5 

95% Sand+ 5% Kaolin (SDS) 
0.36 23.6 292 1208 

Test # 6 

95% Sand + 5% Kaolin (SDS/ -CD) 

0.15 23.4 290 1391 

Test # 7 

97% Sand+ 3% Shale (SDS) 
0.15 26.6 330 1429 

Test # 8 

97% Sand + 3% Shale (SDS/ -CD) 

0.44 23.4 290 1455 

Test # 9 

95% Sand+ 5% Shale (SDS) 
0.4 20.2 250 1474 

Test # 10 

95% Sand + 5% Shale (SDS/ -CD) 

0.53 20.4 253 1403 
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3.3.2.2  Permeability Measurement 

 

Permeability is a property of the porous media. Permeability is a measure of the capacity 

of the porous medium to transmit fluids, and is calculated by application of the Darcy’s 

Law that is expressed as follows. 

                                   Eq …3.2 

where Q is flow rate (cm
3
/s or m

3
/s)), A is the cross sectional area (cm

2
), Pi is the inlet 

fluid pressure (dynes/cm
2
 or Pa), Po is the outlet fluid pressure (dynes/cm

2
 or Pa), μ is the 

dynamic viscosity of the fluid (poise or Pas.s), L is the length of the rock or sandpack 

sample (cm or m), and  k is the permeability of the sample (cm
2
 or m

2
) (Glover 2013) 

The units of permeability are the darcy, D, or m
2
, where 1 D = 0.986910

-12
 m

2
. One 

darcy is the permeability of a sample of 1 cm long with a cross-sectional area of 1 cm
2
, 

when a pressure difference of 1 dyne/cm
2
 between the ends of the sample causes a fluid 

with a dynamic viscosity of 1 poise to flow at a rate of 1 cm
3
/s.  

3.3.2.3 Sandpack Displacement Tests 

 

 Figure 3.5 illustrates a simplified sketch of the experimental set-up assembly for the 

sandpack testing. The sandpack was subjected to a confining overburden pressure of 100 

psi. This overburden pressure was applied by pumping distilled water by means of a 

Teledyne ISCO syringe pump (model 100DX). The injection and production lines were 

connected to a differential pressure transducer and the pressure data was continuously 

recorded by a data acquisition system (National Instruments). All the experimental runs 

were conducted at room temperature (≈ 25
o
C). 

The protocol followed for the sandpack displacement tests is outlined as follows. 
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1. The sandpack was initially fully saturated with distilled water to determine pore 

volume (PV) and permeability. Afterwards, the sandpack was saturated with soft 

brine (3% NaCl) and permeability to brine was determined.  

2. Crude oil was injected through an injection port located at 2/3 of the sandpack 

distance from the inlet (See Fig. 3.5) at a flow rate of 0.48 ml/min (equivalent to a 

linear velocity of 1ft/day). The objective of leaving 2/3 of the sandpack length free of 

oil was to provide a large unsoiled porous media available for possible surfactant 

adsorption before it reaches the residual oil saturation zone. Oil injection was stopped 

when the production of water approached zero. 

3. Waterflooding was conducted by injecting soft brine (3wt.% NaCl) until oil 

production became negligible. In total seven pore volumes (PVs) of brine were 

injected to reach residual oil saturation. 
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Figure 3.5 Simplified Schematic of the Sandpack Flooding Experimental Set-Up 

 

4. Surfactant flooding was conducted by injecting 0.3 PV of the optimum surfactant 

formulation. 

5. Polymer flooding was injected as a chaser after surfactant flooding. In total 0.3 PV of 

polymer solution (0.15 wt %) prepared in soft brine was injected.  

6. After polymer flooding, waterflooding was resumed. In total, approximately 13 PVs 

of brine were injected during this extended waterflooding stage. 

3.3.3 Total Organic Carbon (TOC) 

 

The total organic carbon analyzer employed was a TOC-L model manufactured by 

Shimadzu (Shimadzu Corporation, Japan). As Figure 6a shows, in the first step of the 

analysis process, the sample is delivered to the combustion furnace, which is supplied 

with purified air. There, it undergoes combustion through heating to 680°C with a 
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platinum catalyst. It decomposes and it is converted to carbon dioxide. The carbon 

dioxide generated is cooled and dehumidified, and then detected by the infrared gas 

analyzer (NDIR). Then, the concentration of TC (total carbon) in the sample is obtained 

through comparison with a calibration curve. In the second stage of the process, the 

oxidized sample is subjected to the sparging process, the IC (inorganic carbon) in the 

sample is converted to carbon dioxide, and the IC concentration is obtained by detecting 

this with the infrared gas detector (NDIR). Finally, the TOC concentration is calculated 

by subtracting the IC concentration from the obtained TC concentration. A photograph of 

the TOC analyzer used is shown in Fig 3.6b.  

(a)

(b)

 

Figure 3.6 Total Organic Carbon Analyzer. (a) Flow Diagram of the Procedure for  

TOC Analysis and (b) Photography of the Shimadzu TOC-L (Analyzers 2011). 

3.3.4  X- Ray Diffraction (XRD) 

 

The X-ray patterns for all samples were measured using a Bruker D8 Advance 

spectrometer (Figure 3.7). A finely crushed sample was loaded and compacted into a 

circular well in the plastic sample holder and placed on the sample stage with three 

reference points for sample height. The diffractometer was equipped with a two circle 

(theta and theta) goniometer housed in a radiation safety enclosure. The X-ray source was 
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in a sealed 2.2 kW Cu X-ray tube, maintained at an operating current of 40 kV and 30 

mA. The X-ray optics was that of standard Bragg-Brentano para-focusing mode with the 

X-rays diverging from a divergence slit (1.00 mm) at the tube to strike the sample and 

then converging through an anti-scatter receiving slit (1.00 mm) and a detector slit (0.20 

mm). The goniometer was computer controlled with independent stepper motors and 

optical encoders for the and 2circles with the smallest angular step size of 0.0001
o
  

2. Samples were scanned in the range of 5-90
o
 2 A step size of 0.02

o
 and a step time of 

1.0 sec were used during the measurements. A Peltier-cooled solid-state [Si(Li)] detector 

(Sol-X) with a useful energy range of 1 to 60 KeV was used. No correction was made for 

Kradiation. A set of 2
o
 Soller slits were used in order to lower horizontal beam 

divergence. The software suite for data collection and evaluation was Windows based. 

Data collection was a manually-controlled JOB program that employs a DQL parameter 

file. The raw data obtained from the spectrometer was analyzed and refined by the 

program EVA (Bruker). Phase identification was made with a combination of windows-

based programs Bruker Eva and MDI Jade. Table 3.5 summarizes the semi-quantitative 

mineral composition of the materials determined by X-ray diffraction (XRD). 

 

Figure 3.7 X- Ray Diffraction (Microanalysis 2012) 
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Table 3.5 Semi-quantitative Mineral Composition of Solid Materials 

Mineral Composition (wt %) Sand Kaolin  Shale 

Quartz 74.3 - 19.2 

Albite - - 32.1 

Dolomite - - 26.2 

Muscovite 17.8 - 7.2 

Clinochlore - - 6.7 

Calcite - - 7.9 

Kaolinite - 100 - 

Sylvite 7.9 - - 

 

3.3.5 BET Analysis 

 

The surface area of the sample was measured using the Brunauer–Emmett–Teller or BET 

procedure using a BELSORP Max machine (Figure 3.8) and nitrogen as the adsorbate gas 

at 77.3 K. The apparatus for volumetric method consists of pressure sensors, valves, and 

a vacuum system. The inner volume is calibrated before the measurement. The adsorption 

amount is calculated by subtracting the number of remaining molecules at the adsorption 

equilibrium from the number of introduced molecules by using the ideal gas equation. 

(Measurement 2007). 

 

 

 

 

 

 

Figure 3.8 Belsorp Max (BET). 
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Table 3.6 presents the specific surface areas of the solid adsorbent materials used in this 

work.  

 

Table 3.6 Surface Area of Solid Adsorbent Materials 

Solid Material Surface Area (m
2
/g) 

Sandstone 1.35 

Oil Shale 2.671 

Kaolinite 12.5 

3.3.6 Sieve Analysis  

 

Sieve analysis was used to determine the size distribution particles of the solid adsorbent 

powder. The ASTM E 11-04 test method was used to determine the particle size 

distribution of the solid material using a RoTap with seven sieve sizes: 20, 50, 60, 80, 

100, 140, and 200 m (Figure 3.9).  

The particle size distribution was determined in the range of particle 80-900 m. Figure 

3.10 displays the particle size distribution for kaolinite, oil shale, and sandstone. This 

analysis indicated that the particle size distribution of kaolinite and oil shale were very 

similar, with 53% of the particles with sizes around 850 m; while in the case of the 

sandstone, 55% of the particles showed a size of approximately 300 m. 

 

Figure 3.9 RoTap equipped with Seven Sieve Sizes. 
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Figure 3.10 Particle Size Distributions of the Solid Adsorbent Materials 

 

3.3.7 Static Adsorption Test 

 

Table 3.7 presents the different mixtures of solid materials (absorbents) that were 

prepared for the static adsorption tests. Fifty grams (50g) of each of the adsorbent 

mixtures were placed in a flask and 500 ml of surfactant solution 0.004 wt % (40 ppm) 

prepared in brine solution (3wt% NaCl, pH: 7.53) was added to the adsorbent materials. 

These samples were prepared by duplicate in two different sets. For Set # 1, the 

surfactant solution was prepared without -CD and for Set # 2; the surfactant solution 

was prepared with -CD using a molar ratio guest: host of 1:1 (SDS/-CD). 
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Table 3.7 Mixture of solid materials (adsorbents) 

Adsorbent Mixtures Sandstone Kaolinite Clay Oil Shale 

Mixture # 1 100% - - 

Mixture # 2 97% 3% - 

Mixture # 3 95% 5% - 

Mixture # 4 97% - 3% 

Mixture # 5 95% - 5% 

 

The samples were shaken for 24 hours at 25
o
C to allow equilibrium to be reached. 

Afterwards, duplicated samples of the surfactant solution were retrieved from each of the 

flasks and submitted for total organic carbon (TOC) analysis. The amount of surfactant 

adsorbed onto the solid mixtures was calculated using Eq. 3.3 upon determination of the 

concentration of surfactant in the aqueous solution before and after contacting the solid 

materials. 

                        Eq … 3.3 

Where,  (C) (mg/g) is the surfactant adsorption density; is the initial surfactant 

concentration, and   is the final surfactant concentration after contacting the solid 

material (adsorbents) for 24 hours. 

The t statistic for related samples analysis was applied to the surfactant adsorption data to 

determine if the use of -CD as surfactant delivery system has a significant effect on the 

adsorption of surfactant onto solid materials. 

3.3.7.1 Bottle Testing 

Bottle testing was carried out as follows. Fifty grams (50g) of each of the solid adsorbent 

mixtures were placed in a flask and 500 ml of surfactant solution at a concentration of 0.004 
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Solid adsorbent 

material is added

Surfactant solution is added 

and left for 24 hours

Surfactant solution is 

drained and added to a 

flask containing the solid 

adsorbent material with  

70% of crude oil 

saturation

The mixture is left soaking  

for 72 hours before visual 

observations are carried out  

Bottle 

Testing

Procedure

wt % (40 ppm) prepared in soft brine was added to the adsorbent materials. These samples 

were prepared by duplicate in two different sets. In Set # 1, the surfactant solution was 

prepared without -CD and for Set # 2, the surfactant solution was prepared with -CD at a 

molar ratio guest: host of 1:1 (SDS/-CD). The samples were shaken for 24 hours at 25
o
C to 

allow equilibrium to be reached. Afterwards, the surfactant solutions were carefully drained 

and poured into 500 ml flasks. These flasks were previously prepared by adding 50 grams of 

solid material mixtures (Table 3.7) that were pre-mixed with 35 grams of crude oil. The 

surfactant solutions and solid material were kept at static conditions at 25
o
C for 72 hours. 

These samples were prepared by duplicate in two sets as before (Figure 3.11). After 72 hours, 

the flasks were subjected to visual observation aiming to register changes in the distribution 

of the oil phase within the overall sample.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Schematic of Bottle Testing Procedure 
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3.3.8 Dynamic Adsorption Tests 

 

Adsorption experiments were performed by flowing surfactant solutions through a Plexiglas 

column (diameter = 4.1 cm, height = 27.5 cm) packed with adsorbent solid materials (Figure 

12).  For each experiment, 100 g of the solid adsorbent material was packed into the column. 

The SDS solutions (0.004 wt %) and the SDS:-CD solutions (0.004 wt % : 0.016 wt % for 

a 1:1 molar ratio) were prepared in soft brine (3 wt. % of NaCl) in 2000 ml volumetric 

flasks. After addition of the corresponding chemicals, the solutions were stirred at 700 rpm 

for 24 to 48 hours to ensure homogeneity of the solutions.  A volume of 1800 ml of the 

corresponding solutions were continuously injected through the column at an average flow 

rate of 3.75 ml/min. All adsorption tests were carried out by duplicate at 25
0
C.  The 

produced solution was continuously collected at the production end; and at the end of the 

adsorption test, the spent solution remaining in the column was drained. The spent solution 

was shaken for 12 hours and then centrifuged for 10 min, to eliminate any solid particles 

from the bulk solution before analysis.  Surfactant concentration in the solutions before and 

after contact with the solid material in the column was determined by Total Organic Carbon 

(TOC). Material balance was applied to calculate the amount of surfactant (solute) adsorbed, 

 ( ) using equation 3. Surfactant adsorption was reported as mg of surfactant per gram of 

solid material (Alveskog, Holt and Torsaeter 1998). 
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Figure 3.10 Experimental Set-up Plexiglas Adsorption Column 

 

 3.3.9 Compatibility of SDS:-CD Inclusion Complexes 

 

A compact inverted metallurgical microscope model Olympus GX41 manufactured by 

Olympus (Center valley, PA, USA) was used to determine the compatibility of SDS:-CD 

inclusion complexes, according to the procedure presented by Yallapu, et al. 2010.  The 

images were taken at 200x magnification. For this study solutions of -CD (40 mg/100 ml), 

SDS (12 mg/20 ml), and solutions of -CD and SDS, in which the concentration of -CD 

was kept constant at 40 mg/100 ml and the concentration of SDS was varied as an increasing 

percentage relative to the mass of -CD in the solution as follows: 2 mg SDS (5%), 4 mg 

SDS (10%), 8 mg SDS (20%), and 12 mg SDS (30%). Two drops of each solution were 

placed on a glass slide and allowed to dry under fume hood overnight. The slides were 

protected from light and from possible solid or dust deposits on the glass slides.   
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 3.3.10 
1
H NMR Spectroscopy 

 

A Varian-Agilent INOVA 300 MHz NMR Spectrometer was used.  D2O was used as the 

solvent for sample preparation. The spectra were acquired using the following parameters 

proton pulse sequence, pulse: 59.7 degrees, acquisition time 3.744 sec, 8 repetitions, width 

4000.0 Hz, and temperature 25 
o
C. The samples were prepared by adding the corresponding 

chemicals (powder) into 2 grams of D2O. The mixtures were placed in a warm bath to aid 

solubility and then the beakers were placed in a shaker model IKA KS 130 Basic at 350 

1/min for 1 hour to ensure the homogeneity of the solutions. The concentration of the 

solutions tested was as follows SDS solution 0.07 Molar (40 mg/2 ml D2O), -CD 0.018 

Molar (40 mg/2 ml D2O), and the SDS:-CD inclusion complex solution was 0.07 Molar 

(40 mg: 160 mg in 2 ml D2O), which corresponds to  1:1 surfactant :-CD molar ratio.   

3.3.11 Fourier Transform Infrared (FTIR)  

Fourier transform infrared spectroscopy was conducted using a Perkin Elmer Spectrum 100 

FT-IR and FTNIR Spectrometer (Shelton, CT, USA). The purpose was to confirm the 

formation of the SDS:-CD inclusion complexes. The data was acquired between 4000 cm
-1

 

and 450 cm
-1

 at a scanning speed of 4 cm
-1

 and 32 scans.  For this analysis, samples were 

prepared following the same procedure for the SEM, with the only difference that potassium 

bromide (KBr) powder was added to remove background noise. Thus, the samples were 

mixed thoroughly with solid KBr, which is transparent under infrared radiation (up to 650 

cm
-1

) (Mathapa and Paunov 2013). 

3.3.12 Transmission Electron Microscopy (TEM) 

 

A transmission electron microscope model JEM -2011 manufactured by STEM JOEL Ltd. 

Company (Akishima, Tokyo, Japan) was used at a 200 kV as an additional analytical 
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technique to evaluate the compatibility of SDS:-CD complexation and to visualize the 

morphology of the SDS:-CD inclusion complex self-assemblies. The concentration of the 

inclusion complex solution was 0.001734 moles (500 mg) SDS to 0.0027 moles (3103 mg) 

of -CD in 100 ml solution; while the SDS solution was 0.001734 Molar (500 mg/100 ml) 

and the -CD solution was 0.0027 Molar (3103 mg /100 ml). According to the procedure 

presented by Yallapu, et al. 2010, 2 to 3 drops of the aqueous solutions were placed on a 200 

mesh FORMVAR-coated copper TEM grid (grid Size: 97 μm), removing the excess solution  

with a piece of fine filter paper.  The samples were allowed to air dry overnight prior to 

imaging.  

3.3.13 Spectroscopy Scanning Electron Microscopy (SEM) 

 

A scanning electron Model SU-70 (Hitachi, Tokyo, Japan) at an accelerating voltage of 5 

kV was used to determine the surface morphology of SDS, -CD, and the SDS:-CD 

inclusion complex.  For this study, the solution concentrations were: -CD (40 mg/100 ml), 

SDS (12 mg/20 ml); while the solution of SDS:-CD was prepared by adding 12 mg of SDS 

(30%) to the original -CD solutions (40 mg/100 ml).  The samples were dried using a 

Freeze Dryer (Labconco Company) for three days under vacuum of 0.064 m bar at a 

temperature ranging from -44 to -45 
o
C, after which the samples were observed under SEM.  

3.4 Statistical Analysis 

 

The experimental results were processed using Microsoft Excel 2010 software and expressed 

as mean ± standard error of the mean. Statistical analyses of the surfactant adsorption data 

were performed using the t statistic for related samples. A value of p < 0.05 was considered 

significant. All graphs were plotted using Microsoft Excel 2010. 
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3.5 Summary  

 

This chapter provides a detailed description of the materials, equipment, and experimental 

set-up used in this research. It also explains the experimental procedures applied in 

achieving the research outcome. Some of the analytical procedures discussed in this Chapter 

include surface tension, FTIR, TEM, SEM, 
1
H NMR, TOC, and X-ray diffraction. 

The static adsorption tests, bottle testing, and dynamic adsorption tests employed to evaluate 

surfactant adsorption onto solid surfaces are described; as well as the experimental protocol 

followed during the sandpack displacement tests with the objective of evaluating the 

performance of the surfactant delivery system under reservoir conditions. 
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Chapter Four: New Surfactant Delivery System for 
Controlling Surfactant Adsorption onto Solid Surfaces. 
Part I: Static Adsorption Tests 
 

4.1 Abstract  

 

Chemical enhanced oil recovery processes (EOR) are effective if the injected chemical slugs 

propagate through the oil reservoir. In the case of surfactant flooding, the loss of surfactant 

to adsorption onto rock surfaces significantly affects the effectiveness of the chemical 

flooding. Therefore, the adsorption of surfactant onto solid surfaces is a major issue that 

makes the process uneconomical.   

In this paper, a new approach to prevent the adsorption of surfactant onto rock surfaces is 

studied. A novel surfactant delivery system based on inclusion complexes between sodium 

dodecyl sulfate (SDS) and β-cyclodextrin was evaluated. The adsorption of SDS with and 

without the surfactant carrier system onto solid surfaces was investigated through static 

adsorption tests.  Different mixtures of solid materials (sandstone, oil shale, and kaolinite) 

were used as adsorbents. The adsorption of surfactant was quantified through analysis of 

total organic carbon (TOC). Qualitative experiments through bottle testing were also 

conducted to visualize the effectiveness of the surfactant delivery system. 

 

Experimental results demonstrate that the surfactant delivery system effectively minimizes 

the adsorption of surfactant (SDS) onto solid surfaces, with reductions of surfactant 

adsorption ranging from 64% to 76%. Likewise, the release of the surfactant hydrophobic 

tail from the -CD cavity was qualitatively verified through bottle testing. Therefore, this 
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novel surfactant delivery system shows great potential for chemical EOR flooding 

applications.  

Keyword:  Surfactant adsorption, Surfactant inclusion complexes, Sodium dodecyl sulfate- 

β-cyclodextrin complexes, β-cyclodextrin, Chemical flooding, enhanced oil recovery 

(EOR). 

4.2 Background 

 

4.2.1 Surfactant Flooding 

 

Surfactant flooding is one the most promising enhanced oil recovery techniques for the 

effective mobilization and displacement of the residual oil left behind in the reservoir after 

secondary oil recovery (i.e. waterflooding). Surfactant flooding plays a significant role in 

overcoming the capillary forces that trap residual oil in the rock by reducing the interfacial 

tension between water and crude oil and between crude oil and solid interfaces. In chemical 

flooding, surfactant can be utilized in a versatile manner to increase oil production (Elraies 

and Tan 2012). 

 

Surfactant flooding has been successfully used in many oilfields, but its application depends 

on several factors such as phase behavior, surfactant adsorption onto solid surfaces, cost of 

surfactants, availability of chemicals, and market oil prices. Phase behavior of the 

surfactant/oil/brine system depends on the salinity of the formation brine and injected water 

(Hirasaki, Domselaar and Nelson 1983). The optimization of the surfactant slug 

(surfactant/brine/oil/alcohol system) formulation is the most important factor in designing a 
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surfactant chemical flooding for oil recovery. The optimum formulation is determined by 

phase behavior analysis (Salager, et al. 1979). 

 

Surfactant can be adsorbed onto solid surfaces at very low concentrations. Surfactants form 

aggregates in bulk solution (micelles) and at the solid/liquid interface (hemimicelles) 

through hydrophobic interactions occurring above the critical micelle concentration. The 

formation of micelles in aqueous solution ensures the solubilisation of significant amounts 

of crude oil in the core of the micelles. Conversely, the adsorption of surfactants on solid 

surfaces lowers the concentration of surfactant molecules in the bulk aqueous solution to 

values below the critical micelle concentration (CMC) (Jodeh, 2009). 

There are several mechanisms responsible for the adsorption of surfactant onto porous 

media such as electrostatic attraction/repulsion, ion-exchange, chemisorption, chain-chain 

interaction, hydrogen bonding, and hydrophobic bonding (Somasundaran and Zhang, 2006). 

4.2.2 Inclusion Complexes 

 

Cyclodextrins (CDs) are toroidal-shaped cyclic oligosaccharides, commonly consisting of 6 

units, 7 units, and 8 units of glucose as α-CD, β-CD, and γ-CD, respectively. CDs have 

hydrophobic cavities that are able to accommodate a variety of organic and inorganic 

molecules to form inclusion complexes. Different kinds of inclusion complexes 

stoichiometry (guest: host) have been reported in the literature, such as 1:1, 1:2, 2:1, 2:2, or 

1:3 complexes. The formation and stabilization of the inclusion complex do not involve 

covalent intermolecular forces and the shape of the inclusion complexes depends on the 

guest: host interactions (Shen, Belletere and Durocher 1997). Hydrophobic compounds 

tends to reside in the cavity of the cyclodextrin, ordinarily in a ratio of 1:1 or 1:2 (host: 
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guest) to create inclusion complexes in aqueous solutions (Figure 4.1). In the case of 

surfactants, the driving force for the inclusion of the hydrophobic tail of the surfactant in the 

β-CD cavity is hydrophobic interaction (Liu and Guo 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1 -CD Structure and -CD Inclusion Complex (Uyar Research Group 

2013) 

 

In previous work conducted in our research group, it was determined that the dominant 

molar ratio of the inclusion complex for the SDS/-CD was 1:1 and that the association 

constants values for the SDS/-CD inclusion complex range from 35 to 752 M
-1

 as a 

function of the salinity of the solution (Kittisrisawai and Romero-Zerón 2013a; 2013b). The 

objective of this work was the evaluation of the effectiveness of the SDS/-CD inclusion 

complex in controlling the adsorption of surfactant towards solid surfaces. For this purpose 

static adsorption tests were conducted using different solid surfaces (sandstone, kaolinite, 

and oil shale). A qualitative analysis through bottle testing was conducted to visualize the 
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interactions among surfactant solution, adsorbent mixtures, and crude oil with and without 

-CD. 

4.3 Materials and Experimental Procedures 

 

4.3.1 Materials 

 

Chemicals. Sodium dodecyl sulfate (SDS) was the model anionic surfactant used in this 

work. SDS was supplied by Sigma-Aldrich with an assay of 99%. It was used as received 

and diluted with 3.0% NaCl solution to the desired concentration. Beta Cyclodextrin (β-CD) 

was purchased from Cyclodextrin Technologies Development Inc. with a purity of 98%. 

NaCl was purchased from the Canadian Salt Company Limited (Windsor), Pointe-Claire, 

Quebec. 

Crude Oil. The light crude oil (API
0 

=36) used in this work was obtained from the Stoney 

Creek oil field located near Moncton, New Brunswick, Canada.  

Adsorbents.  Three different solid materials were used as presented in Table 4.1. 

Table 4.1 General information on the solid material used as adsorbents 

Solid Material Supplier Further Information 

Sandstone Home Depot 

 

Generic play sand 

 

Kaolinite Clay  Matheson Company Inc. 

The kaolinite was dried at 

120 
o
C for 24 hours and used 

without further preparation. 

Oil Shale 
New Brunswick Department 

of Natural Resources 

The oil shale sample was 

powdered and sieved. 
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4.4 Experimental Procedures 

 

4.4.1 Adsorbents Characterization 

 

Adsorbents were characterized for particle size distribution, surface area in m
2
/g, and 

mineralogical composition by X-ray diffraction (XRD). 

The ASTM E 11-04 test method was used to determine the particle size distribution of the 

solid material using a RoTap with seven sieve sizes: 20, 50, 60, 80, 100, 140, and 200 m.  

4.4.2 Static Adsorption Test 

 

Table 4.2 presents the different mixtures of solid materials (absorbents) that were prepared for 

the static adsorption tests. Fifty grams (50g) of each of the adsorbent mixtures were placed in 

a flask and 500 ml of surfactant solution 0.004 wt % (40 ppm) prepared in brine solution 

(3wt% NaCl, pH: 7.53) was added to the adsorbent materials. These samples were prepared 

by duplicate in two different sets. For Set # 1, the surfactant solution was prepared without -

CD and for Set # 2, the surfactant solution was prepared with -CD using a molar ratio guest: 

host of 1:1 (SDS/-CD). 

Table 4.2 Mixture of solid materials (adsorbents) 

Adsorbent Mixtures Sandstone Kaolinite Clay Oil Shale 

Mixture # 1 100% - - 

Mixture # 2 97% 3% - 

Mixture # 3 95% 5% - 

Mixture # 4 97% - 3% 

Mixture # 5 95% - 5% 

 

The samples were shaken for 24 hours at 25
o
C to allow equilibrium to be reached. 

Afterwards, duplicated samples of the surfactant solution were retrieved from each of the 

flasks and submitted for total organic carbon (TOC) analysis. The amount of surfactant 
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adsorbed onto the solid mixtures was calculated using Eq. 4.1 upon determination of the 

concentration of surfactant in the aqueous solution before and after contacting the solid 

materials. 

                         Eq… 4.1 

Where  (C) (mg/g) is the surfactant adsorption density; is the initial surfactant 

concentration, and   is the final surfactant concentration after contacting the solid 

material (adsorbents) for 24 hours. 

 

The t statistic for related samples analysis was applied to the surfactant adsorption data to 

determine if the use of -CD as surfactant carrier has a significant effect on the adsorption of 

surfactant onto solid materials. 

4.4.3 Bottle Testing 

 

It was hypothesized that if the surfactant adsorption onto solid surfaces was controlled by the 

surfactant delivery system then more surfactant monomers must be available for interactions 

at the oil-water-solid interfaces, which in turn should solubilize and mobilize more oil from 

the solid mixtures. These qualitative observations will also allow verifying the release of the 

surfactant from the -CD cavity towards the water-oil-solid interfaces. Therefore, to test this 

hypothesis, bottle testing was carried out as follows. The surfactant solutions from the 

previous experimental phase that were contacted with the mixtures of solid material were 

carefully drained and poured into 500 ml flasks. These flasks were previously prepared by 

adding 50 grams of solid material mixtures (Table 4.2) that were pre-mixed with 35 grams of 

crude oil. The surfactant solutions and solid material were kept at static conditions at 25
o
C for 
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72 hours. These qualitative observations were prepared by duplicate in two sets as before. Set 

# 1 corresponds to the -CD free surfactant solution, while set # 2 was prepared using the 

surfactant solution containing -CD. After 72 hours, the flasks were subjected to visual 

observation aiming to register changes in the distribution of the oil phase within the overall 

sample. Pictures of the samples were taken for comparison among the experimental sets.   

4.4.4 Statistical Analysis 

 

The experimental results were processed using Microsoft Excel 2010 software and expressed 

as mean ± standard error of the mean. Statistical analyses of the surfactant adsorption data 

were performed using the t statistic for related samples. A value of p < 0.05 was considered 

significant. All graphs were plotted using Microsoft Excel 2010. 

 

4.5 Experimental Results and Discussions 

 

4.5.1 Adsorbents Characterization 

 

4.5.1.1 Distribution of particle size 

 

Figure 4.2 shows the particle size distribution for sandstone, kaolinite, and oil shale. 



50 

 

 

Figure 4.2 Particle Size Distribution 

As Fig. 4.2 shows, the particle size distribution of kaolinite and oil shale is very similar, with 

53% of the particles with sizes around 850 microns. In the case of the sandstone, 55% of the 

particles have a size approximately of 300 microns. 

4.5.1.2 Surface area of solid particles 

 

As measured by the BET method (Brunauer, Emmett and Teller 1938; Liu, et al. 2004), the 

specific surface areas for oil shale, sandstone, and kaolinite clay are 2.671 m
2
/g, 1.35 m

2
/g, 

and 12.5 m
2
/g, respectively.  

4.5.1.2 X-ray Diffraction (XRD) 

X-ray patterns for all samples were measured using a Bruker D8 Advance spectrometer. Table 

4.3 presents the mineral composition of the adsorbent materials. 
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Table 4.3 Mineralogical Composition of the Adsorbent Materials 

 

Solid 

Materials 

Mineral Compounds (%) 

 Quartz Albite Dolomite Muscovite Clinochlore Calcite Kainite Sylvite 

Sandstone 74.3 - - 17.8 - - - 7.9 

Kaolinite - - - - - - 100 - 

Oil Shale 19.9 32.1 26.2 7.2 6.7 7.9 - - 

 
Sandstone is negatively charged at reservoir conditions (Hirasaki et al. 2008; Muherei, Junin 

and Bin Merdhah 2009). The surface charge of silica and calcite in water is positive at low pH 

but negative at high pH. The surface of silica becomes negatively charge when the pH is 

increased above 2 to 3.7. Calcite surface becomes negatively charged at pHs higher than 8-9.5 

(Ducker, Senden and Pashley 1991; 1992; Liu, et al. 2004). At neutral pH, carbonate surfaces 

are positively charged and tend to adsorb anionic surfactants (Liu et al., 2004). Kaolinite clay 

has a negative charge on the face and a positive charge at the edges at neutral pH (Solairaj et 

al. 2012). Dolomite shows positive surface charge at low pH and negative charge at high pHs 

(Pokrovsky, et al. 1998; Alotaibi, Nasr-Ei-Din and Fletcher 2011). Albite carries a positive 

surface charge at pHs < 6, a neutral surface charge for pHs ranging between 6 to 10, and a 

negative surface charge at pH > 10 (Deer, Howie and Zussman 2001). The surface charge of 

muscovite is negative at low pH and positive at high pH (Kapur 1995; Laskowski 2013). 

Clinochlore is a complex structure with a positive surface charge at low pHs and negative 

surface charge at high pHs (Jones 1981; Valdre 2007) The surface charge of sylvite is 

negative for pHs < 10.5 (Kapur 1995; Parekh and Miller 1999). 

The pH of the 3 wt % NaCl brine used was 7.5, while the system surfactant solution/adsorbent 

mixtures show on average a pH of 6. At these pH conditions, some of the minerals contained 
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in the adsorbent mixtures were positively charged; therefore the anionic surfactant (SDS) 

could be adsorbed on the solid surfaces due to attractive electrostatic interactions.  

4.5.1.2 Static Adsorption Tests 

 

Static adsorption experiments were carried out using different combinations of solid 

adsorbents (sandstone, kaolinite clay, and oil shale). Surfactant adsorption reached 

equilibrium in less than 24 hours for these adsorbent mixtures. Table 4.4 summarizes the 

adsorption data and Figure 4.3 plots the adsorption data for the experimental Set # 1 (SDS 

without -CD) and Set # 2 (SDS/-CD inclusion complex) as a function of mixture of 

adsorbent materials (Table 2).  In all cases, the t statistic for related samples analysis indicated 

that the use of the SDS/-CD inclusion complex significantly inhibits the adsorption of 

surfactant onto the solid materials.  

The largest adsorption of surfactant (-CD free) was observed towards mixture # 5, which 

contains 5wt% of oil shale. Oil shale contains organic matter (kerogen) deposited on its 

surface making it fully or partially hydrophobic. Thus, surfactant tends to adsorb flat on the 

hydrophobic sites of the surface and may form aggregates with micelle-like structures called 

admicelles or hemimicelles, depending on the number of surfactant layers of the aggregates. 

Once these structures are formed on a solid surface, adsorption of additional surfactant may 

rapidly increase until a complete bilayer of surfactant covers the solid surface. These adsorbed 

monomers and surfactant aggregates exist in thermodynamic equilibrium with surfactant 

monomers in the bulk solution. Thus significant adsorption of SDS occurs towards the 

organic matter and clay minerals contained in the shale (Levitz 1984; Harwell, Schechter and 

Wade 1985; Muherei, Junin and Bin Merdhah 2009).  
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Several mechanisms have been proposed in our research group to explain the significant 

adsorption inhibition of the surfactant onto the solid surfaces (Kittisrisawai and Romero-

Zerón 2013a; 2013b). These mechanisms include steric hindrance due to the encapsulation of 

the hydrophobic surfactant tail into the -CD cavity that disrupts the formation of surface 

aggregates or hemimicelles, by interfering with the packing of surfactant molecules in the 

adsorbed layer and laterally between adsorbed surfactants. The inclusion complex surfactant: 

-CD obstructs the adsorption of surfactant by hydrophobic bonding with solid surfaces that 

are fully or partially hydrophobic in which the surfactant molecules absorb flat on the 

hydrophobic sites of the solid.  Likewise, the encapsulation of the hydrophobic surfactant tail 

into the -CD cavity creates chemical disorder at the surfactant-solid interaction sites, which 

minimizes the adsorption of surfactant onto natural surfaces (Kittisrisawai and Romero-Zerón 

2013a; 2013b). These inhibition mechanisms are surface dependent, thus based on the type of 

porous media some of these mechanisms may prevail over others. More details on these 

mechanisms can be found elsewhere (Kittisrisawai and Romero-Zerón 2013a; 2013b). 

Table 4.4 Adsorption Data 

Adsorbent Mixtures 
Set # 1:  

SDS without -CD 

Set # 2:  

SDS/-CD Inclusion 

Complex 

% Adsorption 

Reduction 

 Adsorption  [mg SDS/g Adsorbent]  

Mixture # 1 0.1025 0.0245 76 

Mixture # 2 0.0947 0.0279 71 

Mixture # 3 0.1003 0.0293 71 

Mixture # 4 0.0791 0.0281 64 

Mixture # 5 0.1836 0.0658 64 
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4.5.1.3 Bottle Testing 

 

As previously indicated, it was hypothesized that if the surfactant adsorption onto solid 

surfaces was controlled by the surfactant delivery system then more surfactant monomers 

must be available for interactions at the oil-water-solid interfaces, which in turn should 

solubilize and mobilize more oil from the solid mixtures. 

 

 

 

 

 

 

 

 

 

Figure 4.3 Surfactant Adsorption as a function of Mixture of Adsorbent Materials 

 

These qualitative observations also allowed verifying (indirectly) the release of the surfactant 

hydrophobic tail from the -CD cavity towards the water-oil-solid interfaces. Although, 

subjective and somehow biased, these visual observations provided an indication of the oil 

mobilization and displacement from the adsorbent mixtures due to the surfactant action. 

Figure 4.4 displays pictures taken for the different surfactant/adsorbent mixtures/crude oil 

systems exposed for 72 hours to the surfactant solution with and without the presence of -

CD. 
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From Fig. 4.4, it seems that for the systems containing the inclusion complex SDS/-CD 

more crude oil is dispersed in the bulk solution than for the systems containing SDS alone. 

This observation might indicate that higher surfactant concentration is available in the bulk 

solution. This also points out that the surfactant hydrophobic tail is released from the -CD in 

the presence of crude oil, which might suggest that the interactions between the SDS and 

crude oil are stronger than the interactions between SDS and -CD. Surfactant interactions at 

the crude oil–water interface significantly reduce the interfacial tension of this system causing 

the dispersion of crude oil in the water. 

4.6 Final Remarks 

 

The economics of EOR surfactant flooding are driven by several factors affecting operations 

at the oil field site such as the cost of injected fluids, surface facilities, requirement of 

additional wells, etc., royalty, taxes, and most significantly the price of oil (Wyatt, et al. 

2008). However, the cost of implementing surfactant flooding is determined by the cost of the 

surfactant, which includes the preliminary investment to purchase the surfactant and the cost 

of the make-up surfactant needed to replace the surfactant that has been lost to adsorption on 

rock surfaces.  

The novel surfactant delivery system evaluated in this work demonstrates to be highly 

efficient in inhibiting surfactant adsorption onto solid surfaces (up to 76% reduced 

adsorption). Therefore, this new approach of using surfactant/-CD inclusion complexes as a 

surfactant delivery system for chemical flooding in EOR applications offers the potential of 

increasing the economic feasibility of the surfactant flooding process. The price of -CD is 

approximately US $2.91 per kilogram, while the price of SDS is around US $3.25 per 

kilogram (cyclodextrin 2013). 
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Figure 4.4 Surfactant/Adsorbent Mixtures/Crude Oil with and without the 

presence of -CD. 

 

 

 

Mixture # 1
(72 hours of soaking time)

SDS solution SDS+β-CD Inclusion Complex

Mixture # 2
(72 hours of soaking time)

SDS solution SDS+β-CD Inclusion Complex

Mixture # 3
(72 hours of soaking time)

SDS solution SDS+β-CD Inclusion Complex

Mixture # 4
(72 hours of soaking time)

SDS solution SDS+β-CD Inclusion Complex

Mixture # 5
(72 hours of soaking time)

SDS solution SDS+β-CD Inclusion Complex
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4.7 Summary 

 

The surfactant delivery system evaluated in this work is highly effective in controlling the 

adsorption of surfactant towards natural solid surfaces commonly found in crude oil 

reservoirs. The static adsorption data indicates reductions of surfactant adsorption ranging 

from 64% to 76%.  

The qualitative evaluation through bottle testing of the interactions among surfactant/crude 

oil/adsorbent mixtures demonstrates that the hydrophobic tail of the surfactant is released 

from the -CD cavity in the presence of crude oil. The released surfactant molecules migrate 

towards the crude oil/water interface causing the mobilization and dispersion of the crude oil 

into the bulk solution.   

Even though more research is needed to fully evaluate this surfactant delivery system, this 

approach is significant for chemical flooding in enhanced oil recovery, because reduced 

surfactant adsorption maintains the propagation of the surfactant slug through the reservoir 

improving the economic feasibility of chemical flooding processes.  

 

 



58 

 

Chapter Five: New Surfactant Delivery System for 
Controlling Surfactant Adsorption onto Solid Surfaces.  
Part II: Dynamic Adsorption Tests 

 
5.1 Abstract 

 

During surfactant flooding in enhanced oil recovery (EOR), surfactant adsorption onto 

rock surfaces constitutes a serious shortcoming because as the chemical slug flows 

through the the oil reservoir, surfactant is lost to adsorption before it reaches the target 

residual oil saturation zones, which renders the process technically inefficient and 

uneconomical.  

This work is the second phase of a wider study aimed at the evaluation of a new 

technology to control the adsorption of surfactant onto solid surfaces by using a 

surfactant delivery system based on surfactant/-CD inclusion complexes.  This 

complexation was confirmed through surface tensiometry, 
1
H NMR and FTIR 

spectroscopy, and microscopic studies (TEM and SEM).  The performance of the 

surfactant carrier system in controlling surfactant adsorption was evaluated through 

dynamic adsorption tests using different mixtures of solid adsorbents (sandstone, oil 

shale, and kaolinite).  

Dynamic adsorption data show reductions of surfactant adsorption ranging from 50% to 

92 % for all the adsorbents tested; therefore, the surfactant delivery system is highly 

effective in inhibiting surfactant adsorption onto solid surfaces.  This new technology has 

great potential for EOR chemical flooding applications. 
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Key Words: surfactant adsorption, surfactant delivery system, surfactant carrier system, 

dynamic adsorption tests, surfactant flooding, inhibition of surfactant adsorption, inclusion 

complexes, enhanced oil recovery, controlled release of surfactant. 

 

5.2 Background 

 

5.2.1 Surfactant adsorption 

 

Surfactant adsorption occurs at the solid-liquid interfaces by transferring surfactant 

molecules from the aqueous solution phase to the solid interface (Paria and Khilar 2004; 

Mutherei and Junin 2009). The adsorption of surfactant onto rock surfaces leads to a loss 

and reduction of surfactant concentration in the bulk surfactant solution injected into the 

oil formation, which reduces the efficiency of the process in lowering the interfacial 

tension at the oil-brine interfaces.   

Mechanisms of surfactant adsorption onto solid surfaces include attractive interactions 

between the surfactant hydrophilic group and the solid surface (electrostatic interactions), 

hydrophobic interactions between the surfactant and the hydrophobic sites on the solid 

surface through hydrogen bonding, and lateral interactions between the surfactant and the 

adsorbed surfactant layer, among others. Nevertheless, the dominant mechanisms for 

surfactant adsorption onto solid surfaces are electrostatic interactions and hydrogen 

bonding (Muherei, Junin and Bin Merdhah 2009). Surfactant adsorption depends on the 

nature of the surfactant and the mineral composition of the solid surfaces, thus if the 

surface is positively charged then anionic surfactants adsorb in a significant manner.  A 

common practice to control the adsorption of anionic surfactants due to electrostatic 

attraction during EOR applications is to use mixtures of anionic surfactants and non-ionic 
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surfactants.  It has been demonstrated that the presence of non-ionic surfactant reduces 

the adsorption of anionic surfactants onto rock surfaces; more details on this subject can 

be found elsewhere (Muherei, Junin and Bin Merdhah 2009). 

5.2.2 Inclusion Complexes 

 

Cyclodextrin (CD) is a cyclic oligomer of α-D-glucose formed by the action of specific 

starch enzymes. The most common cyclodextrins are α-CD having six glucose units, β-

CD with seven glucose units, and γ-CD with eight glucose units; Figure 5.1 displays 

these cyclodextrin structures and dimensions. The glucose units are connected with 

glycosidic α-1, 4 bonds linkages. The cavity or the interior structure of the CD has a row 

of C-3 CH group, a row of glycosidic oxygen, and a row of C-5 CH group. The inside of 

the CD cavity is hydrophobic (nonpolar) and the outside of the cavity is polar because of 

the hydroxyl groups. The hydrophobic cavity of CDs favors the inclusion of nonpolar 

guest molecules that are capable to enter the cavity forming non-covalent host-guest 

inclusion complexes (Connors 1997; Yan, Tang and and Xiao 2007). 

Three major 

Cyclodextr ins

Dimensions

 

Figure 5.1 Cyclodextrin Structures (Cyclodextrin 2013) 

 

The β-cyclodextrin (-CD) structure is a more convenient host for the hydrophobic tail of 

surfactant molecules due to its larger cavity if compared with -cyclodextrin.  In aqueous 
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solutions, the guest molecule (surfactant) enters the cavity and lowers the energy of the 

system by replacing water molecules that are thermodynamically unfavored (Connors 

1997).  

Thermodynamic studies on water-cyclodextrin-surfactant systems, which are based on 

techniques such as surface tension
 
and 

1
H NMR, provide the binding constant (K) for the 

host-guest inclusions and other properties such as enthalpy, volume, heat capacity, and 

compressibility.  

The surface tension method is a well-known technique for establishing the molar ratio of 

surfactant (guest): host interactions (-CD) (Funasaki, et al. 1992). Thus, if the SDS:-

CD inclusion complex is 1:1, then the association constant for this inclusion complex is 

as follows. 

                                    Eq …5.1 

                          Eq …5.2 

                          Eq… 5.3 

                                 Eq… 5.4 

where Ka is the association constant, CDS and S represent the concentration of inclusion 

complex and free surfactant respectively, and CD0 and S0 are the total initial 

concentrations of  -CD and surfactant, respectively.  Thus, 

         Eq … 5.5 

 Eq… 5.6 

Eq… 5.7 
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A plot of   versus of  must change linearly for an equimolar 

surfactant: -CD ratio (1:1 ratio) inclusion complex with an association constant 

calculated from the slope   (Lu, et al. 1997). 

For the reason that -CD does not show any surface activity, then the concentration of S 

(free surfactant monomers) in the aqueous solution can be indirectly determined through 

surface tension measurements below the surfactant critical micelle concentration (CMC).  

The 
1
H NMR technique provides information of the type of complex formed and it also 

allows differentiating the part of the guest molecule involved in the interaction with the 

cyclodextrin cavity (Jug, et al. 2010). Figure 5.2 presents the structure of pure -CD, 

proton naming, and 
1
H NMR chemical shifts. 

 

Figure 5.2 Structure of Pure -CD, Proton Naming, and 
1
H NMR Chemical Shifts (Jug, et al. 2010). 

 

 β-CD form  complexes with guest molecules by interacting with the inner protons H-3 

and H-5.  Thus, the formation of an inclusion complex can be demonstrated if these 

internal protons experience a shielding effect resulting in their up field shift ( (Lu, 

et al. 1997; Jug et al., 2010).  
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The purpose of this work, as the second phase of a wider study aimed at the evaluation of 

a surfactant delivery system for EOR applications, was to confirm the formation of the  

SDS:-CD inclusion complex by surface tension, spectroscopy (
1
H NMR, FTIR), and 

electron microscopic studies (TEM, SEM). The compatibility of SDS:-CD inclusion 

complexes was established using optical microscopy.  The efficacy of the SDS:-CD 

inclusion complex for controlling the adsorption of surfactant onto different mixtures of 

solid adsorbents (sandstone, oil shale, and kaolinite) was determined through dynamic 

adsorption tests using a pack column. 

5.3 Materials and Experimental Methods  

 

5.3.1 Materials 

 

Chemicals.  Sodium dodecyl sulfate (SDS) was the model anionic surfactant used in this 

work; it was supplied by Sigma-Aldrich with an assay of 99%. It was used as received and 

diluted in soft brine solution (3.0% NaCl) to the desired concentrations. Beta Cyclodextrin 

(β-CD) was purchased from Cyclodextrin Technologies Development Inc. with a purity of 

98%. NaCl was purchased from the Canadian Salt Company Limited (Windsor), Pointe-

Claire, Quebec. 

Adsorbents.  Three different solid materials were evaluated; general information of these 

adsorbents materials is presented in Table 5.1. 

Table 5.1 General information on the solid material used as adsorbents 

Solid Material Supplier Further Information 
Sandstone Home Depot  Generic Play sand 

Kaolinite Clay  Matheson Company Inc. 
The kaolinite was dried at 120 

o
C for 24 hours 

and used without further preparation. 

Oil Shale 
New Brunswick Department of 

Natural Resources 
The oil shale sample was powdered and sieved. 
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The particle distribution of these materials was determined by sieve analysis tests (ASTM E 

11-04 test method) in the range of particle 80-900 microns. The particle size distribution of 

kaolinite and oil shale is very similar, with 53% of the particles with sizes around 850 

microns; while in the case of the sandstone, 55% of the particles have a size approximately of 

300 microns. Table 5.2 summarizes the mineral composition and specific surface area of the 

different adsorbent materials. 

Table 5.2 Mineral composition and specific surface area of the adsorbent materials 

Mineral Composition (wt %) Sandstone Kaolin  Oil Shale 
Quartz 74.3 - 19.2 

Albite - - 32.1 

Dolomite - - 26.2 

Muscovite 17.8 - 7.2 

Clinochlore - - 6.7 

Calcite - - 7.9 

Kaolinite - 100 - 

Sylvite 7.9 - - 

Surface area (m2/g) 1.35 12.5 2.67 

 
 
5.4 Experimental Procedures 

 

5.4.1 Compatibility of SDS:-CD Inclusion Complexes 

 

A compact inverted metallurgical microscope model Olympus GX41 manufactured by 

Olympus (Center valley, PA, USA) was used to determine the compatibility of SDS:-

CD inclusion complexes, according to the procedure presented by Yallapu, Jaggi and 

Chauhan (2010). The images were taken at 200x magnification. For this study solutions 

of -CD (40 mg/100 ml), SDS (12 mg/20 ml), and solutions of -CD and SDS, in which 

the concentration of -CD was kept constant at 40 mg/100 ml and the concentration of 

SDS was varied as an increasing percentage relative to the mass of -CD in the solution 
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as follows: 2 mg SDS (5%), 4 mg SDS (10%), 8 mg SDS (20%), and 12 mg SDS (30%). 

Two drops of each solution were placed on a glass slide and allowed to dry under fume 

hood overnight. The slides were protected from light and from solid or dust deposits on 

the glass slides.   

5.4.2 Characterization of SDS: -CD Inclusion Complexes 

 

5.4.2.1 Surface Tension Method  

 

Surface tension measurements were performed using a tensiometer model Tension CAD 

manufactured by CAD instruments using the Du Noǜy ring method (EN 14370) and 

equipped with a platinum-iridium ring at a constant temperature 25
o
C.  Surfactant 

solutions were prepared in soft brine (NaCl 3 wt%).  The CMC value was obtained from 

the traditional plot of the surface tension vs. the logarithm of surfactant concentration. 

The CMC corresponds to the point where the surfactant first shows the lowest surface 

tension. The surface tension remains relatively constant after this point (Muherei, Junin 

and Bin Merdhah 2009). The surface tension method technique was applied for 

establishing the molar ratio of SDS:-CD in the inclusion complex based on the SDS:-

CD interaction association constant. 

5.4.2.2 1H NMR Spectroscopy 

 

A Varian-Agilent INOVA 300 MHz NMR Spectrometer was used.  D2O was used as the 

solvent for sample preparation. The spectra were acquired using the following parameters 

proton pulse sequence, pulse: 59.7 degrees, acquisition time 3.744 sec, 8 repetitions, 

width 4000.0 Hz, and temperature 25 
o
C. The samples were prepared by adding the 

corresponding chemicals (powder) into 2 grams of D2O. The mixtures were placed in a 
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warm bath to aid solubility and then the beakers were placed in a shaker model IKA KS 

130 Basic at 3501/min for 1 hour to ensure the homogeneity of the solutions. The 

concentration of the solutions tested was as follows: SDS solution 0.07 Molar (40 mg/2 

ml D2O), -CD 0.018 Molar (40 mg/2 ml D2O), and the SDS:-CD inclusion complex 

solution was 0.07 Molar (40 mg: 160 mg in 2 ml D2O), which corresponds to  1:1 

surfactant :-CD molar ratio.   

5.4.2.3 Fourier Transform Infrared (FTIR)  

 

Fourier transform infrared spectroscopy was conducted using a Perkin Elmer Spectrum 

100 FT-IR and FT-NIR Spectrometers (Shelton, CT, USA). The purpose was to confirm 

the formation of the SDS: -CD inclusion complexes. The data was acquired between 

4000 cm
-1

 and 450 cm
-1

 at a scanning speed of 4 cm
-1

 and 32 scans.  For this analysis, 

samples were prepared following the same procedure for the SEM, with the only 

difference that potassium bromide (KBr) powder was added to remove background noise. 

Thus, the samples were mixed thoroughly with solid KBr, which is transparent under 

infrared radiation (up to 450 cm
-1

) (Mathapa and Paunov 2013). 

5.4.2.4 Transmission Electron Microscopy (TEM) 

 

A transmission electron microscope model JEM-2011 manufactured by STEM JOEL Ltd. 

Company (Akishima, Tokyo, Japan) was used at a 200 kV as an additional analysis 

technique to evaluate the compatibility of SDS:-CD complexation and to visualize the 

morphology of the SDS:-CD inclusion complex self-assemblies. The concentration of 

the inclusion complex solution was 0.001734 moles (500 mg) SDS to 0.0027 moles 

(3103 mg) of -CD in 100 ml solution; while the SDS solution was 0.001734 Molar (500 

mg/100 ml) and the -CD solution was 0.0027 Molar (3103 mg /100 ml). According to 
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the procedure presented by Yallapu, et al. (2010), 2 to 3 drops of the aqueous solutions 

were placed on a 200 mesh Formvar-coated copper TEM grid (grid Size: 97 μm), 

removing the excess solution  with a piece of fine filter paper.  The samples were allowed 

to air dry overnight prior to imaging.  

5.4.2.5 Spectroscopy Scanning Electron Microscopy (SEM) 

 

A scanning electron Model SU-70 (Hitachi, Tokyo, Japan) at an accelerating voltage of 5 

kV was used to determine the surface morphology of SDS, -CD, and the SDS:-CD.  

For this study, the solution concentrations were: -CD (40 mg/100 ml), SDS (12 mg/20 

ml); while the solution of SDS:-CD was prepared by adding 12 mg of SDS (30%) to the 

original -CD solutions (40 mg/100 ml).  The samples were dried using a Freeze Dryer 

(Labconco Company) for three days under vacuum of 0.064 m Bar at a temperature 

ranging from -44 to -45 
o
C, after which the samples were observed under SEM.  

5.4.3 Dynamic Adsorption Tests 

 

Adsorption experiments were performed by flowing surfactant solutions through a 

Plexiglas column (diameter = 4.1 cm, height = 27.5 cm) packed with adsorbent solid 

materials (Figure 5.3).  For each experiment, 100 g of the solid adsorbent material was 

packed into the column. The SDS solutions (0.004 wt%) and the SDS:-CD solutions 

(0.004 wt% : 0.016 wt% for a 1:1 molar ratio) were prepared in soft brine (3 wt. % of 

NaCl) in 2000 ml volumetric flasks. After addition of the corresponding chemicals, the 

solutions were stirred at around 700 rpm for at least 24 to 48 hours to ensure 

homogeneity of the solutions.  A volume of 1800 ml of the corresponding solutions were 

continuously injected through the column at an average rate of 3.75 ml/min. All 

adsorption tests were carried out in duplicate at 25
0
C.  The produced solution was 
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continuously collected at the production end and at the end of the adsorption test; the 

spent solution remaining in the column was drained. The total collected spent solution 

was shaken for 12 hours and then centrifuged for 10 min, to eliminate any solid particles 

from the bulk solution before analysis.  Surfactant concentration in the solutions before 

and after contact with the solid material in the column was determined by Total Organic 

Carbon (TOC). Material balance was applied to calculate the amount of surfactant 

(solute) adsorbed,  ( ) using equation 5.8. Surfactant adsorption was reported as mg of 

surfactant per grams of solid material (g surfactant/g solid material). 

            Eq… 5.8 

where the  is initial surfactant concentration, C, final surfactant concentration, V (ml) 

is the volume of surfactant solution used in the test, and M (grams) is the mass of the 

solid material  used in the test (Alveskog, Holt and Torsaeter 1998). 

 

 

 

 

 

 

 

Figure 5.3 Experimental Set-up Plexiglas Adsorption Column 
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Pump
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5.4.4  Statistical Analysis 

 

The experimental results were processed using Microsoft Excel 2010 software and expressed 

as mean ± standard error of the mean. Statistical analyses of the surfactant adsorption data 

were performed using the t statistic for related samples. A value of p < 0.05 was considered 

significant. All graphs were plotted using Microsoft Excel 2010. 

5.5 Results and Discussions 

 

The affinity between SDS and -CD allows the formation of the inclusion complex SDS:-

CD.  This association is demonstrated by the compatibility test observations displayed in 

Figure 5.4a to 5.4e. Fig. 5.4a shows an elongated rod and wavy structure for the -CD that is 

well dispersed throughout the sample. The SDS structure shown in Fig. 5.4b presents a needle 

like structure well distributed over the glass slide. However, the structures of the inclusion 

complexes shown in Figs. 5.4c to 5.4d display  aggregates with an increasing degree of 

association with the increasing concentration of SDS, which indicates the formation of more 

inclusion complexes and probably associations among the inclusion complexes.  The 

hydrophobic straight tail (12 carbons) of the SDS molecular structure is highly attracted 

towards the cavity of the -CD, which explains the formation of large clumps as the 

concentration of SDS increases (Fig. 5.4e).      
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SDS

-CD

SDS:-CD 5%

SDS:-CD 20%

SDS:-CD 30%

(a)

(b)

(c)

(d)

(e)

 

Figure 5.4 Compatibility Test. Optical Microscopic Images (Original Magnification 

200x) of -CD, SDS, and SDS:-CD Inclusion Complexes.  (a) -CD Structure, (b) 

SDS Structure, (c, d, and e) SDS:-CD Inclusion Complexes at Constant 

Concentration of -CD but Increasing Concentration of SDS. 

 

The behavior of surface tension as a function of SDS and SDS:-CD concentration is 

presented in Figures 5.5(a) and 5.5(b). The linear regression analysis of surface tension 

data below and above the critical micelle concentration (CMC) indicates that for the SDS 

solution in soft brine (3wt% NaCl) the CMC is 0.0066 wt% (Fig. 5.5(a)), while for 

SDS:-CD in soft brine solution the CMC is 0.0326 wt % (Fig. 5.5(b)).  As expected, the 

CMC for the SDS:-CD system is significantly higher if compared with the CMC of the 

baseline SDS solution (-CD free).  As the concentration of the surfactant increases in 

the inclusion complex solution, part of the surfactant monomers are encapsulated in the 

-CD cavity and the remaining surfactant monomers are free within the bulk solution. 

Thus, after the hydrophobic cavity of β-CD is saturated with SDS molecules, the enthalpy 



71 

 

of the solution approaches the enthalpy of the SDS/brine system at high SDS 

concentrations. Thus, the formation of micelles requires a higher concentration of 

surfactant to make up for the encapsulated surfactant before the critical concentration for 

the formation of micelles is reached.  

The surface tension method technique was applied for establishing the molar ratio of 

SDS:-CD inclusion complex based on the association constant ka. Thus, Figure 5.6(a) 

shows the surface tension versus surfactant concentration for the SDS system and the 

inclusion complex, while Figure 5.6(b) displays the linear relationship of   

versus , which indicates the formation of an inclusion complex with an 

equimolar surfactant: -CD ratio.  The association constant for this complexation is ka 

equal to 26216 M
-1

; value that is in agreement with previous research (Dorrego, et al. 

2000;  Liao, Dai and Tam 2009). 
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Figure 5.5 Surface Tension as a function of SDS Concentration: (a) SDS solution (-

CD free) and (b) SDS:-CD solutions. 
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Figure 5.6  (a) Surface Tension versus Surfactant Concentration and (b) Plot of the 

linear relationship between   versus  
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Figure 5.7 illustrates the proposed equimolar inclusion complex SDS:-CD. 

 

Sodium Dodecyl Sulfate (SDS) 
 

Figure 5.7 Schematic Illustration of the Inclusion Complex SDS:-CD 

 

1
H NMR spectroscopy demonstrates the SDS:-CD complexation through changes in 

chemical shifts caused by the guest and the host on each other.  In the structure of β-CD, 

hydrogens H3 and H5 are located inside the cavity (Figure 5.2). H3 protons are situated 

near the wider rim of the cyclodextrin cavity, while H5 protons are near the narrow rim 

of the methylene (H6) bear ring (Jullian 2009). All other hydrogen protons (H1, H2, and 

H4) are situated on the exterior of the cavity.  The 
1
H NMR spectra presented in Figures 

5.8a to 5.8b show that the internal -CD protons (H3 and H5) experienced a shielding 

effect resulting in their up field shift (D < 0, lower  ppm values) that indicates the 

formation of the inclusion complex SDS:-CD. Although, the inclusion of SDS into the 

-CD cavity marginally affected the resonance of the external cyclodextrin protons (H1, 

H2, H4, and H6); it suggests that the inclusion complex formation occurred by only 

partial insertion of the hydrophobic tail of the SDS molecule into the central cavity of -
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CD, while the portion remaining outside can interact with the external protons of -CD 

(Chen, Diao and Zhang 2006; Jug, et al. 2010; Sambasevam, et al. 2013). 

(c) SDS:-CD

Inclusion 

Complex

H1
H3

H6

H5

H2

H4

H1

H3

H6
H5

H2

H4

(b) SDS

(a) -CD

 

 

Figure 5.8 
1
H NMR Spectra.  (a) β-CD, (b) SDS, (c) SDS:-CD Inclusion Complex. 

The complexation between SDS:-CD was also evaluated through FTIR spectroscopy.  

Figure 5.9 shows the spectra for -CD (black spectrum), SDS (red spectrum), and the 

inclusion complex SDS:-CD (green spectrum).  The black spectrum for -CD displays 

characteristic IR absorption peaks at 3458 cm
-1

 and 2924 cm
-1

 corresponding to strong O-

H and medium C-H stretching vibrations. The right side of this spectrum shows 

absorption  peaks at 1635 cm
-1

, 1044 cm
-1

, 708 cm
-1

, and 597 cm
-1

 that correspond to H-

O-H, C-O, C-O-C glucose units and C-O-C of rings of -CD, respectively (Yallapu, 

Jaggi and Chauhan 2010). The red spectrum for SDS shows an IR absorption peak at 
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2924cm
-1

 that corresponds to the CH3 and CH2 vibrational frequencies; while the 

adsorption peak at 1228 cm
-1

, which is the most intense band in this spectrum, 

corresponds to the SO2 asymmetric vibrational feature (Viana, da Silva and Pimentel 

2012). The green spectrum for inclusion complex shows all the IR absorption peaks 

characteristics of the -CD, while the only absorption peak visible from the SDS seems 

to be the SO2 asymmetric vibrational that has been shifted to a lower wave number 

around 1034 cm
-1

. This IR absorption peak is visible because it corresponds to the polar 

portion of the SDS molecule, which must be outside the non-polar -CD cavity (Fig. 5.7). 
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Figure 5.9 FTIR Spectra of -CD, SDS, and the Inclusion Complex SDS:-CD 

 

TEM analysis was conducted to evaluate the compatibility and the morphology of the 

SDS:-CD self-assemblies.  Figures 5.10 (a) to (c) displays the TEM images of SDS, -

CD, and SDS:-CD inclusion complex self-assemblies.  Figures 5.10(a) and 5.10(b) 

show distributed dispersions of SDS and -CD; while Fig. 5.10(c) shows a large cluster 

of assemblies that is formed by the association of many SDS:-CD complexes.  Thus, 

large number of SDS:-CD inclusion complexes self-assemble resulting in the formation 
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nanoparticles/nano-assembly with sizes larger than 200 nm.  The formation of these 

nanoparticles assembly among -CD inclusion complexes has been previously 

demonstrated suggesting that the self-assembly process occurs via van der Walls 

interactions, hydrogen bonding, and hydrophobic interactions (Yallapu, Jaggi and 

Chauhan 2010). 

(a) (b)

(c)

 

Figure 5.10 Transmission Electron Microscopic (TEM) Images of SDS (a), -CD (b), 

and Nano-assemblies of SDS:-CD Inclusion Complexes. 

 
Scanning electron microscopy (SEM) was applied to determine the overall bulk 

morphology of samples (powder) of SDS, -CD, and SDS:-CD inclusion complexes 

(Figure 5.11).  The SEM image of SDS (Fig. 5.11a) shows an elongated (needle type) 



78 

 

crystal structure; while the image of -CD shows an irregular-shaped platelets 

morphology (Fig. 5.11b). The SDS:-CD inclusion complex shows a larger and more 

uniform flaky or lamellar morphology (Fig. 5.11c) if compared with the baseline -CD;  

this new and more ordered lamellar morphology suggests the formation of the SDS:-CD 

inclusion complex. 

(a) (b)

(c)

 

Figure 5.11 Scanning Electron Microscope (SEM) Images of SDS (a), -CD (b), and 

SDS:-CD Inclusion Complex (c).  Scale bar on SEM image represents 50 μm. 

 

Dynamic adsorption tests were conducted to determine the efficiency of the surfactant 

delivery system (SDS:-CD inclusion complex) in controlling and/or inhibiting the 

adsorption of surfactant onto solid surfaces (sandstone, oil shale, and kaolinite clay).  

Figure 5.12 plots the adsorption data for SDS and SDS:-CD  as a function of solid 

adsorbent material and/or blends of solid adsorbent materials.  On the figure, the 

percentage of surfactant adsorption reduction due to the surfactant delivery system 
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compared to the SDS solution (-CD free) is provided. The use of the surfactant delivery 

system significantly reduces the adsorption of surfactant towards all solid surfaces tested. 

The highest surfactant adsorption inhibition is observed for the blends of sand-shale solid 

materials with adsorption reductions of 90%. The shale use in this study contains films of 

organic material (kerogen), which makes its surface fully or partially hydrophobic. It is 

well known that the hydrophobic tails of the surfacatnt molecules can adsorb flat on the 

hydrophobic sites on the solid (Somasundaran and Huang 2000). The inclusion of the 

hydrophobic tail of the SDS in the cavity of the -CD significantly evidently inhibits this 

type of adsorption.  
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Figure 5.12 Adsorption data for SDS and SDS:-CD  versus solid adsorbent 

materials. Percentages on the Plot Indicate Reductions of SDS Adsorption. 

 

SDS also shows significant adsorption towards sand-kaolinite blends.  The surface charge of 

kaolinite clay varies and is pH dependent.  At neutral pH (conditions of this work) kaolinite  

shows a negative charge on the face and a positive charge at the edges (Solairaj, et al. 
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2012),in addition to the large kaolin surface area that is available for surfactant adsorption, if 

compared to the surface areas of shale and sandstone (Table 5.2).  Therefore, SDS (anionic 

surfactant) adsorbs onto kaolin surfaces due to attractive electrostatic interactions (Wu, et al. 

2005, 2005; Yu, et al. 2012; ShamsiJazeyi, et al. 2013). The encapsulation of SDS into the -

CD cavity inhibits the adsorption of surfactant on kaolin with reductions ≥ 64%. The lowest 

adsorption of SDS onto solid surfaces takes place in the case of sandstone, which is explained 

by the fact that sandstone is negatively charged (Hirasaki, Miller and Puerto 2008; Muherei, 

Junin and Bin Merdhah 2009) and electrostatic repulsion takes place between the SDS and 

sandstone.  However, sandstone usually contains other minerals such as muscovite (Table 

5.2), which is negative at low pH and positive at high pH (Kapur 1995; Laskowski 2013). 

Thus, the surface charge of muscovite might promote the adsorption of SDS at the pH 

conditions of this study.  In this case, the complexation of SDS and -CD shows in important 

adsorption inhibition effect.  

Various mechanisms have been suggested to explain the inhibition of anionic surfactant onto 

solid surfaces due to the complexation with -CD.  These mechanisms considered steric 

hindrance, blockage of hydrophobic bonding among hydrophobic surfaces and hydrophobic 

tails of adsorbed surfactants, and disruption of surfactant-solid interaction sites, which 

minimizes the adsorption of surfactant onto natural surfaces; more information on these 

mechanisms can be found elsewhere (Kittisrisawai and Romero-Zerón 2013a; 2013b). 

5.6  Summary  

 

In this work, the complexation of SDS:-CD has been demonstrated.  Tensiometry indicated 

that the stoichiometry of the SDS:-CD inclusion complex is predominantly 1:1 (guest: host) 

molar ratio.  The compatibility of SDS and -CD was verified by optical microscopy and the 
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formation of the SDS:-CD inclusion complex was established by 
1
H NMR, FTIR, and 

electron microscopy studies (TEM and SEM). The efficiency of the SDS:-CD inclusion 

complex in inhibiting the adsorption of surfactant onto solid surfaces was corroborated through 

dynamic adsorption tests. The adsorption of surfactant was reduced up to 92% when the 

surfactant complexation SDS:-CD was used relative to the SDS (-CD free) system.  This 

study suggests that the SDS:-CD inclusion complex formulation can be an effective 

technology for applications in enhanced oil recovery (EOR). 
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Chapter Six: Controlled Surfactant Release within Oil 
Formations for Enhanced Oil Recovery 

 
6.1 Abstract 

 

Surfactant adsorption onto porous media is a significant problem during surfactant 

flooding in enhanced oil recovery (EOR). As the surfactant solution flows through the oil 

formation, surfactant concentration in the solution decreases due to adsorption onto the 

rock surface before the solution reaches the target residual oil saturation zones, rendering 

the process uneconomical.  

This paper validates an innovative technological solution to reduce surfactant adsorption 

onto the reservoir rock by using a surfactant delivery system SDS:-CD inclusion 

complex, which releases the surfactant at the target residual oil saturation areas. Thus, 

this study evaluates the performance of the surfactant carrier system for the displacement 

of a conventional crude oil using sandpack flooding displacement tests. 

Displacement tests under simulated reservoir conditions for different porous media show 

a significant increase in incremental oil recovery (up to 73%) when the surfactant carrier 

system is used. Thus, this novel surfactant carrier system is highly effective in reducing 

surfactant adsorption onto rock formations, which facilitates the propagation and release 

of the surfactant at the residual oil saturation zones. This technology has great potential 

for EOR chemical flooding applications. 

Keywords: surfactant delivery system, surfactant adsorption, controlled release of 

surfactant, reduced surfactant adsorption, surfactant flooding for enhanced oil recovery 

(EOR); surfactant EOR.  
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6.2 Background  

 

Surfactant flooding is an effective chemical enhanced oil recovery technique to improve 

the microscopic oil displacement efficiency. The success of surfactant flooding depends 

on the proper evaluation and characterization of the interactions among the surfactant, 

crude oil, rock surface, and formation brine at reservoir conditions, which defines the 

phase behavior of the system. Phase behavior is complex and depends on a number of 

parameters such as the type and concentration of surfactants and or mixture of 

surfactants, co surfactants, co solvents, crude oil composition, salinity and hardness 

concentration in the formation brine, and temperature (Solairaj, et al. 2012) 

 

The main mechanism of surfactant flooding  is the reduction of the interfacial tension 

(IFT) between formation water and crude oil to ultralow values (10
-3

-10
-2

 mN/m), which 

is necessary to overcome the capillary forces holding the residual oil in place before it 

can be mobilized and displaced toward production wells (Wu, et al. 2010). Lowering the 

IFT of the oil/formation brine system is an efficient way to recover the oil left behind 

during immiscible displacement (i.e. waterflooding) (Lake 1989). However, the 

adsorption of surfactant onto the rock surface greatly affects the effectiveness of 

surfactant flooding because less surfactant is available for IFT reduction at the crude oil-

brine interface. Low surfactant adsorption ensures surfactant slug propagation through 

the reservoir during EOR applications (Flaaten, et al. 2010). Thus, surfactant adsorption 

is one of the important factors governing the economic feasibility of chemical flooding 

processes (Liu, et al. 2004). 
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Surfactant adsorption onto solid surfaces has been extensively studied (Pavan, et al. 1999; 

Paria and Khilar 2004; Curbelo, et al. 2007; Dang, et al. 2011). The degree of surfactant 

adsorption depends on the nature of the surfactant monomer hydrophilic head group and 

on the properties of the solid surface (on the nature and charge of the mineral surface). 

Most natural surfaces are negatively charged under naturally occurring conditions 

(Muherei, Junin and Bin Merdhah 2009). Thus, cationic surfactants have the potential for 

significant adsorption onto sandstone rocks; while anionic surfactants generally adsorb 

less than nonionic surfactants and much less than cationic surfactants (Paria and Khilar 

2004; Junin 2009; Harendra and Vipulanandan 2012).The dissociation of anionic 

surfactants in water produces a surface active anion that can be adsorbed onto various 

substrates giving them an anionic charge (Myers, 1988; Rosen 2004). Several factors 

have been considered as mechanisms for surfactant adsorption, such as ion exchange, ion 

pairing (electrostatic attraction), hydrogen bonding, or non-polar interaction between the 

adsorbate and interfacial species and lateral interactions between the adsorbed species, 

adsorption by polarization of p electrons, adsorption by dispersion forces, desolvation 

effects, interactions between dissolved species and surfactants, and surfactant 

precipitation (Somusundurun, Shrolri and Huung 1998; Paria and Khilar 2004; Junin 

2009). 

 

Cyclodextrins (CD) are macro cyclic oligosaccharides, which have a  pattern of 6, 7, and 

8 D-glucose units linked by glycosidic bonds α-1, β-2, and γ-3 CDs, respectively. These 

super molecules are mostly shaped like a truncated cone with a cavity. This shape is 

arranged in a line with a H3 and H5 protons and lone pairs of glycosidic oxygen atoms 
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lying in a plane to provide the cavity with a hydrophobic character as shown in Figure 6.1 

(Dodziuk 2006). 

 

-Cyc lodextr in
 

Figure 6.1 The chemical structure of β-cyclodextrin (Wagner 2012). 

 

A great deal of research has focused on these super molecules (containers) that can host 

small guest compounds in their cavities. These cavities form inclusion complexes in 

aqueous solutions. Previous work indicates that surfactants are ideal guests to build 

inclusion molecular complexes with cyclodextrins, because they both have hydrophobic 

and hydrophilic moieties (Mwakibete, et al. 1995; Dodziuk 2006; Peng, Tang and Xiao 

2007). The interaction between surfactants and CDs, have been determined using various 

techniques such as conductance, conductance stopped-flow, speed of sound, 

fluorescence, surfactant-selective electrode, and surface tension. However, the data in the 

literature show large scattering in the values of association constants as well as the 

association modes. For example, the constant K1 for 1:1 complex formation between 

sodium dodecyl sulfate (SDS) and β-CD has been reported with this range 300 to 25600 

M
-1

.  For the interaction between SDS and β-CD, some researchers determined only 1:1 

complex formation constants (K1); while other researchers determined 1:1 and 1:2 

complex formation constants (K1 and K2) (Dorrego, et al. 2000). In previous work 
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conducted in our research group, it was determined that the dominant molar ratio of the 

inclusion complex for the SDS/-CD was 1:1 and that the association constants values 

for the SDS/-CD inclusion complex range from 35 to 26216 M
-1

 as a function of the 

solution salinity (Kittisrisawai and Romero-Zerón 2013a; 2013c; Alhassawi and Romero-

Zerón 2013b), which is schematically illustrated in Figure 6.2. 

Sodium Dodecyl Sulfate (SDS) 
 

Figure 6.2 Schematic Illustration of SDS Encapsulation into -cyclodextrin 

(Alhassawi and Romero-Zerón 2013b). 

This work takes advantage of the formation of the surfactant:-cyclodextrin inclusion 

complex as a surfactant delivery system that allows the propagation and delivering of the 

surfactant at the target oil saturation zones within the reservoir. Furthermore, this 

surfactant delivery approach reduces the adsorption of surfactant onto porous media by 

shielding it within the -cyclodextrin cavities. Consequently, the objective of this work 

was to validate the effectiveness of this surfactant delivery approach through crude oil 

displacement tests using sandpack systems. The surfactant flooding was evaluated in 

terms of incremental oil recovery, which could demonstrate the effectiveness of the 

controlled release of the surfactant at the oil saturation zones and the simultaneous 

minimization of the surfactant adsorption onto the solid surface. Sandpack testing was 
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conducted using different types of porous media, such as sandstone, shale, and kaolin 

clay.  

 

6.3 Materials and Experimental Methods  

 

6.3.1 Materials 

 

Chemicals. Sodium dodecyl sulfate (SDS) acquired from Sigma-Aldrich with 99.00% 

assay (molecular weight: 288.380 g/mole) was used as the model anionic surfactant in 

this work. -cyclodextrin (β-CD) was purchased from Cyclodextrin Technologies 

Development Inc. with an assay of 98% (molecular weight: 1134 g/mole). 1-Pentanol 

acquired from Aldrich Chemical Company Inc. was used as co-solvent (assay: 99%). A 

partially hydrolyzed polyacrylamide (Alcoflood 955) provided by Gel-Tech (≈ 5% 

hydrolyzed, molecular weight: 7.7*10
6
) was used for mobility control during and after 

surfactant flooding. 

Crude Oil. a conventional oil from the Stoney Creek oil field located near Moncton, 

New Brunswick, Canada with a density of  0.844 g/cm3, an API
0
 of 36, and a dynamic 

viscosity of 50.81 cP measured at a temperature of  25
o
C was used  during sandpack 

displacement testing. 

Soft Brine. a synthetic soft brine (3 wt.%) was prepared using sodium chloride (NaCl, 

assay: ≥ 99.7 wt%) purchased from the Canadian Salt Company Limited (Windsor), 

Pointe-Claire, Quebec.  
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6.3.2 Porous Media  

 

Kaolin clay. Clay was acquired from Matheson Coleman & Bell, Division of Matheson 

Company Inc.   

Oil shale. The oil shale sample was supplied by the New Brunswick Department of 

Natural Resources. This sample was grounded and sieved to render a grain size 

distribution ranging from 200 to 20 μm.  

Sandstone. This material was purchased from a local supplier as Play Sand in 

Fredericton, New Brunswick. 

Samples of kaolin clay and sandstone were sieved to obtain a distribution of particle size 

ranging from 200 to 20 μm. 

During the sandpack displacement experiments, different blends of solid material were 

used: 100% Sand, 97% Sand+ 3% Kaolin, 95% Sand+ 5% Kaolin, 97% Sand+ 3% Shale; 

95% Sand+ 5% Shale. The objective was to evaluate the adsorption of surfactant onto 

different solid compositions. 

 

Table 6.1 summarizes the semi-quantitative mineral composition of these materials 

determined by X-ray diffraction (XRD) and the BET surface area analysis. 

6.4 Experimental Methods 

 

6.4.1 Optimum Surfactant Formulation 

 

The optimum surfactant formulation was previously developed and tested in our research 

group (Kittisrisawai and Romero-Zerón 2013b). In this work, this optimum formulation 
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was used with and without the presence of -CD as the surfactant carrier.  Table 6.2 

shows the composition of the optimum surfactant formulation. 

Table 6.1 Semi-quantitative Mineral Composition of Solid (packing) Materials 

Mineral Composition (wt %) Sand Kaolin  Shale 

Quartz 74.3 - 19.2 

Albite - - 32.1 

Dolomite - - 26.2 

Muscovite 17.8 - 7.2 

Clinochlore - - 6.7 

Calcite - - 7.9 

Kainite - 100 - 

Sylvite 7.9 - - 

Surface area (m
2
/g) 1.35 12.5 2.67 

 

Table 6.2 Composition of the Surfactant Optimum Formulation (Kittisrisawai, S. 

and Romero-Zerón, L. 2013b.) 

Compound SDS +CD SDS 

Surfactant: SDS (g) 0.5 0.5 

Co-solvent: 1-Pentanol (g) 3.29 3.29 

-CD (g) 2.95 - 

Polymer (g) 0.15 0.15 

NaCl (g) 3.0 3.0 

Total Solution (g) 100 100 

 

6.4.2 Sandpack Displacement testing 

 

6.4.2.1 Sandpack Preparation 

 

The core holder rubber-sleeve with a diameter of 5.34 cm and a length of 55.5 cm 

purchased from Temco Inc. was used to pack the solid materials.  The rubber-sleeve was 

placed vertically and the solid material (distribution of particle size ranging from 200 to 

20 μm) was slowly added in alternated fashion with distilled water under vacuum to 

tighten the solid material (to ensure a homogeneous packing). Both ends of the rubber 

sleeve were equipped with a 325-mesh stainless steel screen to prevent fine sand from 
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flowing out and to provide a more even distribution of the injected fluid. Once the rubber 

sleeve was packed it was placed into the core holder and the sandpack was vacuumed for 

2 to 3 days to remove excess water from the sandpack. Figure 6.3 shows a schematic of 

the sandpack and its dimensions. The sandpack preparation took around 6 to 8 days. In 

total, 10 sandpack tests were conducted and some of the tests were repeated for 

validation.  

 

 

Figure 6.3 Sandpack Dimensions 

 

Table 6.3 lists Test # and the main properties of the sandpacks employed during the 

displacement tests including the mass of solid material used for each sandpack 

experiment. 

 

 

 

 

 

 

 



91 

 

Table 6.3 Sandpack Properties 

Sandpack Test # 

Permeability 

(k) 

(D) 

Porosity



(%) 

Pore 

Volume 

(ml) 

Mass of Porous 

Media 

(g) 

Test # 1 

100% Sand (SDS) 
1.7 23.0 285 1424 

Test # 2 

100% Sand (SDS/-CD) 
3.5 22.6 280 1419 

Test # 3 

97% Sand+ 3% Kaolin (SDS) 
0.17 18.2 225 1436 

Test # 4 

97% Sand + 3% Kaolin (SDS/ -CD) 
0.19 16.1 200 1456 

Test # 5 

95% Sand+ 5% Kaolin (SDS) 
0.36 23.6 292 1208 

Test # 6 

95% Sand + 5% Kaolin (SDS/ -CD) 
0.15 23.4 290 1391 

Test # 7 

97% Sand+ 3% Shale (SDS) 
0.15 26.6 330 1429 

Test # 8 

97% Sand + 3% Shale (SDS/ -CD) 
0.44 23.4 290 1455 

Test # 9 

95% Sand+ 5% Shale (SDS) 
0.4 20.2 250 1474 

Test # 10 

95% Sand + 5% Shale (SDS/ -CD) 
0.53 20.4 253 1403 

 

 

 

3.3.2.2 Sandpack displacement tests 

 

Figure 6.4 illustrates a simplified sketch of the experimental set-up assembly for the 

sandpack testing. The sandpack was subjected to a confining overburden pressure of 100 
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psi. This overburden pressure was applied by pumping distilled water by means of a 

Teledyne ISCO syringe pump (model 100DX). The injection and production lines were 

connected to a differential pressure transducer and the pressure data was continuously 

recorded by a data acquisition system (National Instruments). All the experimental runs 

were conducted at room temperature (≈ 25 
o
C). 

The protocol followed for the sandpack displacement tests is outlined as follows. 

1. The sandpack was initially fully saturated with distilled water to determine pore 

volume (PV) and permeability. Afterwards, the sandpack was saturated with soft 

brine (3% NaCl) and permeability to brine was also determined.  

2. Crude oil was injected through an injection port located at 2/3 of the sandpack 

distance from the inlet (See Fig. 6.4) at a flow rate of 0.48 ml/min (equivalent to a 

linear velocity of 1ft/day). The objective of leaving 2/3 of the sandpack length free of 

oil was to provide a large unsoiled porous media available for possible surfactant 

adsorption before it reaches the residual oil saturation zone. Oil injection was stopped 

when the production of water approached zero. 
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Figure 6.4 Simplified Schematic of the Sandpack Flooding Experimental Set-Up 

 

3. Waterflooding was conducted by injecting soft brine (3% NaCl) until oil production 

became negligible. In total 7 pore volumes (PVs) of brine were injected to reach 

residual oil saturation. 

4. Surfactant flooding was conducted by injecting 0.3 PV of the optimum surfactant 

formulation. 

5. Polymer flooding was injected as a chaser after surfactant flooding. In total 0.3 PV of 

polymer solution (0.15 % wt.) prepared in soft brine was injected.  

6. After polymer flooding, waterflooding was resumed. In total, approximately 13 PVs 

of brine were injected during this extended waterflooding stage. 
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6.5  Statistical Analysis 

 

The experimental results were processed using Microsoft Excel 2010 software and 

expressed as mean ± standard error of the mean. Statistical analyses of the surfactant 

adsorption data were performed using the t statistic for related samples. A value of p < 

0.05 was considered significant. All graphs were plotted using Microsoft Excel 2010. 

6.6  Results and Discussion 

 

For each sandpack composition, two sets of sandpack tests were conducted (with and 

without -CD) to assess the effect of the surfactant delivery system on residual oil 

recovery. As indicated before, some of the displacement tests were conducted by 

duplicate for validation purposes and the average value of the two tests is reported here. 

6.5.1 Sandpack material: 100 % Sand 

 

Table 6.4 summarizes the experimental results of test # 1 and 2. 

 

Table 6.4 Summary of Coreflooding for Sandpack Containing 100% Sand 

Test # 
Test # 1 

(SDS) 

Test # 2 

(SDS+-CD) 

Initial Oil Saturation, So (%) 39.0 36.4 

Waterflooding Oil Recovery, (%) 25.2 17.3 

Residual Oil Saturation, Sor (%) 14.0 19.10 

Chemical Flooding Oil Recovery: Surfactant + Polymer (%) 0.20 1.13 

Extended Waterflooding Oil Recovery (%) 6.73 12.20 

Total Oil Recovery: Chemical Flooding + Extended 

Waterflooding (%) 
6.93 13.33 

 

As Table 6.4 shows, the residual oil saturations after waterflooding are 25.2 and 17.3% 

for Test # 1 and Test # 2 respectively. Conventional surfactant flooding (without -CD) 
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chased by 0.3 PV of polymer flooding rendered 0.2 % of incremental oil recovery, while 

surfactant flooding with -CD chased by 0.3 PV of polymer flooding recovered 1.13% of 

residual oil. Extended waterflooding recovered an additional 6.73% and 12.2% for Test # 

1 and Test # 2 respectively. This indicates that the extended waterflooding step was 

efficient in displacing the residual oil detached from the porous media by the surfactant 

action. The extended waterflooding produced significant higher oil (45% more oil) 

following the surfactant /-CD flooding than the extended waterflooding after the 

conventional surfactant flooding.  Figure 6.5 plots oil recovery for tests # 1 and # 2 

versus volume of fluid injected as a fraction of pore volume after normalization for 

permeability using the modified capillary bundle correlation given by the 

expression , where u is flux in ft/d, t is time in days, k is permeability 

in md, and  is porosity (Seright, et al. December, 2011). 
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Figure 6.5 Oil Recovery versus Capillary Bundle Parameter. 
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Sandpack System: 100 wt% Sand 

 

The higher oil recovery produced by the injection of the surfactant-delivery system is 

attributed to less surfactant adsorption onto the solid surfaces due to the adsorption 

inhibition action provided by the surfactant delivery system. Therefore, more surfactant is 

available for interfacial tension reduction between brine and oil, which promotes a more 

efficient mobilization and displacement of residual oil during the extended waterflooding. 

6.5.2 Sandpack material: Mixture of  Sand  and Kaolin  

 

Blend: 97 wt% Sand + 3 wt% Kaolin 

Anionic surfactants show large adsorption onto clay materials mainly due to ion pairing 

of the surfactant ion and oppositely charged sites unoccupied by counter ions on the solid 

surface (Paria and Khilar 2004). Furthermore, clays show significantly larger surface 

areas (m
2
/g) than sandstones (Table 6.2). The enlarged surface areas of the clay materials 

promote surfactant adsorption.  In this work, 97 wt% sand was mixed with 3 wt% kaolin 

to produce a porous media blend prone to surfactant adsorption. The experimental results 

for these displacement tests are shown in Table 6.5. 
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Table 6.5 Summary of Sandpack Displacement Tests Containing 97% Sand + 3% 

Kaolin 

Test # Test # 3 

(SDS) 

Test # 4 

(SDS+-CD) 

Initial Oil Saturation, So (%) 56.0 52.5 

Waterflooding Oil Recovery, (%) 35.3 33.2 

Residual Oil Saturation, Sor (%) 20.7 19.3 

Chemical Flooding Oil Recovery: Surfactant + Polymer (%) 0.75 1.37 

Extended Waterflooding Oil Recovery (%) 0.72 2.63 

Total Oil Recovery: Chemical Flooding + Extended 

Waterflooding (%) 
1.54 4.0 

 

Test # 4 shows that the surfactant delivery system produces higher overall residual oil 

recovery (chemical flooding + extended waterflooding) with 73% more incremental oil 

than for the conventional chemical flooding (Test # 3). Figure 6.6 shows the performance 

of surfactant flooding with and without -CD as percentage of oil recovery versus 

capillary bundle parameter. Figure 6.6 also shows that the SDS/-CD system outperforms 

the conventional SDS flooding. 
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Figure 6.6 Oil Recovery versus Capillary Bundle Parameter. 

 

Sandpack System: 97 wt% Sand + 3 wt% Kaolin 

 

However, these tests conducted in the porous media blend (97 wt% sand mixed with 3 

wt.% kaolin) show less residual oil recovery than the experimental runs conducted using 

100 wt% sand (11 %). This suggest, that although the delivery system inhibits the 

adsorption of surfactant onto this solid surface composition, the presence of clay in the 

sandpack is very detrimental to surfactant flooding due to the large surfactant adsorption 

that takes place towards the kaolin.  
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Blend: 95% % Sand + 5% Kaolin  

The experimental results for this porous media composition are presented in Table 6.6 

and Figure 6.7. 

 

Table 6.6 Summary of Sandpack Displacement Tests Containing 95% Sand + 5% 

Kaolin 

Test # Test # 5 

(SDS) 

Test # 6 

(SDS+-CD) 

Initial Oil Saturation, So (%) 35.6 44.4 

Waterflooding Oil Recovery, (%) 21.4 28.0 

Residual Oil Saturation, Sor (%) 14.2 16.4 

Chemical Flooding Oil Recovery: Surfactant + Polymer (%) 0.4 0.55 

Extended Waterflooding Oil Recovery (%) 1.8 2.03 

Total Oil Recovery: Chemical Flooding + Extended 

Waterflooding (%) 
2.2 2.63 
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Figure 6.7 Oil Recovery versus Capillary Bundle Parameter. 
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Sandpack System: 95 wt% Sand + 5 wt% Kaolin 

 

Adding more clay (2 wt.% more) to the porous media blend did not affect the oil 

recovery displacement efficiency in a noticeable manner. The oil recovery trend in these 

displacement tests was very similar to the sandpack flooding using 3 wt. % kaolin. Once 

more, the overall residual oil recovery was larger (16 % higher) for the case of the 

surfactant delivery system than the recovery performance of the conventional flooding 

system. 

6.5.3 Sandpack material: Mixture of  Sand and Shale  

 

Blend: 97 wt% Sand + 3 wt% Shale 

A porous media blend composed of 97 wt% sand and 3 wt% shale was used in these 

experiments. The oil shale contains organic material (kerogen) deposited as a film on the 

grain. In this case, surfactant adsorption onto the shale could take place by ion pairing 

and/or via hydrophobic bonding through the attraction between the surfactant 

hydrophobic tale and the organic material on the shale via the flat adsorption of the 

surfactant hydrophobic tale onto the fully or partial hydrophobic solid surface (Muherei, 

Junin and Bin Merdhah 2009). Table 6.7 summarizes the sandpack test results and Figure 

6.8 compares the residual oil recovery performance for the conventional surfactant 

flooding and the surfactant delivery approach. 
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Table 6.7 Summary of Sandpack Displacement Tests Containing 97% Sand + 3% 

Shale 

Test # Test # 7 

(SDS) 

Test # 8 

(SDS+-CD) 

Initial Oil Saturation, So (%) 38.8 42.1 

Waterflooding Oil Recovery, (%) 26.0 27.2 

Residual Oil Saturation, Sor (%) 12.8 14.9 

Chemical Flooding Oil Recovery: Surfactant + Polymer (%) 0.35 0.16 

Extended Waterflooding Oil Recovery (%) 6.3 10.74 

Total Oil Recovery: Chemical Flooding + Extended 

Waterflooding (%) 
6.65 10.9 
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Figure 6.8 Oil Recovery versus Capillary Bundle Parameter. 
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Sandpack System: 97 wt% Sand + 3 wt% Shale 

 

In these experiments, the extended waterflooding step shows that the oil recovery for the 

surfactant delivery system is 41% higher than the recovery obtained with the 

conventional surfactant flooding.  

Blend: 95 wt% Sand + 5 wt% Shale 

To evaluate the effect of higher shale concentration on the efficiency of surfactant 

flooding Test # 9 and # 10 were conducted.  Experimental observations are presented in 

Table 6.8 and Figure 6.9. 

 

Table 6.8 Summary of Sandpack Displacement Tests Containing 95% Sand + 5% 

Shale 

Test # Test # 9 

(SDS) 

Test # 10 

(SDS+-CD) 

Initial Oil Saturation, So (%) 44.8 57.3 

Waterflooding Oil Recovery, (%) 28.7 39.7 

Residual Oil Saturation, Sor (%) 16.1 17.6 

Chemical Flooding Oil Recovery: Surfactant + Polymer (%) 0.56 0.07 

Extended Waterflooding Oil Recovery (%) 4.74 7.23 

Total Oil Recovery: Chemical Flooding + Extended 

Waterflooding (%) 
5.3 7.3 
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Figure 6.9 Oil Recovery versus Capillary Bundle Parameter. 

 

Sandpack System: 97 wt% Sand + 5 wt% Shale 

 

In Tests # 7 and 8 (97 wt% sand and 3 wt% shale) the extended waterflooding step for 

surfactant delivery system rendered 34% more oil recovery than the conventional 

surfactant flooding system. 

6.7 Mechanisms for Adsorption Inhibition 

The application of the surfactant delivery system consistently renders higher oil recovery 

than the conventional surfactant flooding in all the sandpack displacement tests 

conducted in this work. Altogether, these data demonstrate that the use of -CD as 

surfactant carrier inhibits the adsorption of the surfactant onto the porous media, as 

previously reported (Kittisrisawai and Romero-Zerón 2013a; 2013c; Alhassawi and 

Romero-Zerón 2013a; 2013b). Therefore, more surfactant molecules are delivered at the 

oil saturation zones for interfacial tension reduction between brine and oil, which 
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increases the mobilization and displacement of residual oil towards the production end. 

Recently, the following surfactant adsorption inhibition mechanisms by the surfactant 

delivery system have been proposed (Kittisrisawai and Romero-Zerón 2013a; 2013c): 

steric hindrance due to the encapsulation of the hydrophobic surfactant tail into the -CD 

cavity that disrupts the formation of surface aggregates or hemimicellles, which interferes 

with the packing of the surfactant molecules in the adsorbed layer and laterally between 

adsorbed surfactants. The inclusion complex surfactant: -CD obstructs the adsorption of 

surfactant by hydrophobic bonding with solid surfaces that are fully or partially 

hydrophobic in which the surfactant molecules can adsorb flat on the hydrophobic sites 

on the solid.  Most natural surfaces are negatively charged under naturally occurring 

conditions. Therefore, strong repulsive interactions exist between the silica surfaces and 

the hydrophilic groups of anionic surfactant molecules (Liu, et al. 2004; Muherei, Junin 

and Bin Merdhah 2009). However, the longer the hydrophobic chain of a surfactant 

molecule, the less negative the hydrophilic group. Thus, surfactant with long hydrophobic 

chains will be more likely to be adsorbed on the silica surface (Liu, et al. 2004), which is 

the case of EOR surfactants. Conversely, encapsulation of the hydrophobic surfactant tail 

into the -CD cavity creates chemical disorder at the surfactant-solid interaction sites, 

which minimizes the adsorption of surfactant onto the silica surface (Kittisrisawai and 

Romero-Zerón 2013a; 2013c).  These inhibition mechanisms are surface dependent, thus 

based on the type of porous media some of these mechanisms may prevail over others. 

More details on these mechanisms can be found elsewhere (Kittisrisawai and Romero-

Zerón 2013a; 2013c). 
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6.8 Summary 

 
This study indicates that the surfactant delivery system approach using the inclusion 

complex surfactant/-Cyclodextrin appears to be an efficient approach for inhibiting 

surfactant adsorption onto porous media and for surfactant delivering at the target 

residual oil areas within the reservoir. Therefore, this surfactant delivery system seems to 

be a promising approach for the economic feasibility of chemical EOR flooding 

processes. 

Further studies are necessary to evaluate the effectiveness of the surfactant delivery 

system at higher temperatures. 
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Chapter Seven: Conclusions and Recommendations 
 

7.1 Conclusions 

 

This research demonstrated the formation of the surfactant delivery systems through the 

complexation of surfactant:-CD. The formation of the inclusion complex was validated 

by means of several analytical techniques including surface tension, optical microscopy, 

TEM, SEM, 
1
H NMR, and FTIR. The new surfactant delivery system is very effective in 

inhibiting the adsorption of surfactant (up to 90% of adsorption reductions) onto solid 

surfaces. This technology shows a superior performance during oil displacement tests in 

terms of incremental oil recovery (up to 73% incremental oil recovery) when compared 

to the performance of conventional surfactant flooding.  The research outcome indicates 

that this technology has great potential in the field of EOR processes and applications. 

7.2 Recommendation for Future Work  

 

Some suggested recommendations for future studies are as follows. 

 Evaluation of the surfactant delivery system at higher temperatures (commonly found 

in oil reservoirs, i.e. 80
 o

C) and higher pressures. 

 Establishment of the formation of surfactant:-CD inclusion complexes with 

commercial EOR surfactants. 

 Evaluation of the performance of the surfactant delivery system in core flooding 

displacement testing using real consolidated reservoir rock plugs at reservoir 

conditions of temperature, pressure, and salinity. 
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