


i 

 

ABSTRACT 

Advanced Applications of Polymers for Enhanced Oil Recovery 

by 

Hadi ShamsiJazeyi 

 
With the increasing global demand for crude oil, it is essential to increase the oil 

production in economic ways. This requires a significant increase in application of advanced 

technologies in this area. Enhanced Oil Recovery (EOR) processes are known as series of 

different advanced technologies, which can be used to increase the oil production from a given 

oil reservoir.  

The traditional use of polymers in EOR is almost limited to increasing viscosity of the 

aqueous fluids injected into the reservoir. By increasing the viscosity of the injected fluids, more 

areas of the reservoir can be swept, and therefore more oil is expected to be recovered. 

In this thesis proposal, a number of advanced polymer applications for EOR are 

investigated. Polymers are known as a very promising class of materials with wide range of 

properties, especially combined with other advanced materials, such as nanoparticles. Therefore, 

there is a huge potential for developing new application of polymers in EOR processes.  

The first application introduced in this thesis is to use polymers as sacrificial adsorption 

agents for anionic surfactants. In a subclass of EOR, known as chemical EOR, surfactants are 

injected to lower the interfacial tension of oil and brine, resulting in recovery of more oil. 

However, one of the challenges facing these processes is the adsorption of surfactants onto the 

reservoir rock, which requires excessive injection of surfactant to compensate for the adsorption. 
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This significantly increases the cost of the chemical EOR to values much more than what is 

actually needed for oil recovery.  In second chapter of this thesis, sodium polyacrylate is 

introduced as a sacrificial adsorption agent, a chemical that is injected to decrease the adsorption 

of anionic surfactant. The results show that the material cost of chemical EOR can be reduced by 

up to 80% in case of using polyacrylate as a sacrificial agent for anionic surfactants. 

In addition, application of polyacrylate as a sacrificial agent for zwitterionic surfactants 

was investigated. In spite the significant reduction seen in the adsorption of anionic surfactants 

once polyacrylate is used, adsorption of zwitterionic surfactants is only slightly reduced after 

adding polyacrylate. In order to understand the reasons behind this dismal reduction, the effect of 

pH on adsorption of lauryl betaine (as the zwitterionic surfactant in this study) is studied. Based 

on the experimental data, a hypothetic mechanism is introduced to explain the adsorption 

properties of betaine. This hypothetic mechanism also explains why polyacrylate shows a very 

slight reduction in adsorption of zwitterionic surfactants while it significantly reduces adsorption 

of anionic surfactants. 

Finally, the effect of polymer coating on interfacial properties of nanoparticles in the 

absence or presence of surfactants is studied. Interfacial properties of polymer-coated 

nanoparticles in EOR have been traditionally limited to only emulsions (Pickering Emulsions). 

In this thesis, we have provided experimental evidence that polymer-coated nanoparticles can 

migrate to micro-emulsion phases even in the absence of emulsions. Some of these polymer-

coated nanoparticles are dispersed in aqueous solutions, but they will precipitate in the micro-

emulsion phase once mixed with the oil. This observation by itself can be used in EOR 

applications through understanding the fact that aqueous stability of nanoparticles is not the 

sufficient condition for nanoparticles to remain stable when injected into oil reservoirs.  Many 
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previous researchers have only focused on stability of nanoparticles in aqueous solutions as the 

only requirement for stability of nanoparticles even after injection into oil reservoir. This 

previous assumption is challenged based on our work in this thesis.  
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Chapter 1 

INTRODUCTION  

 

 

 

 

This chapter covers background information on enhanced oil recovery and introduces the 

motivation behind the research conducted in this thesis. A summary of the following chapters is 

also presented here. 
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Without a shadow of a doubt, there is a huge and rapidly increasing demand for energy 

around the world. Figure 1.1 shows the world total energy consumption history from 1990 and 

prediction to 2040. Based on this prediction, more than 80% increase will happen in the world 

energy consumption over the next thirty years [1]. Therefore, a huge increase in demand of 

energy is predicted to happen gradually, which needs to be met in order for the countries to keep 

up with their current economic growth and life style.    

Although promoting the use of renewable energies is a major part of the answer to the 

need for energy, the increasing demands for petroleum-based fuels is undeniable. A majority of 

our currently used fuels originate from the crude oil, which are essential to many of our daily life 

activities. Therefore, crude oil will continue to have an important effect on our everyday life. 

 
Figure 1.1 World total energy consumption history and forecast based on information 

provided by U.S Energy Information Administration [1] 
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In order to meet the increasing demand for crude oil, the production of crude should 

correspondingly increase. This increase in production can be done through simultaneous pursuit 

of the following actions: 

One way to meet the need for increasing oil production is to find new crude resources. 

This can be done through increase in investing on exploration as well as developing new 

technologies in this area. This is of great importance, but is not subject of study in this thesis. 

The other way to meet the need for increasing oil production is to modify or change the 

production technologies to significantly increase the recovery of crude oil from depleted or under 

production reservoirs. This subject is of major interest for the purpose of increasing crude 

production, and this thesis contains original research towards this goal. 

1.1    Oil Recovery Processes 

The process by which the crude oil is extracted from its original geological resting place (oil 

reservoir) is known as oil recovery methods. Traditionally speaking, three stages have been 

defined for oil recovery processes that describe the production of crude oil from a given oil 

reservoir in semi-chronological order. These three stages are: primary, secondary, and tertiary 

(also known as enhanced) oil recovery stages [2].   

1.1.1     Primary Oil Recovery 

In the first stage of oil production, known as primary oil recovery, oil is extracted by 

means of natural pressure of the oil reservoir and without injection of any fluid deep into the 

reservoir. The natural pressure inside the oil reservoir originates from solution-gas drive, gas-cap 

drive, natural water drive, fluid and rock expansion, and gravity drainage. After sometime that a 
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given reservoir is produced through primary stage, the pressure of the reservoir depletes; 

therefore, a huge amount of oil remains unrecovered by primary mechanisms. In reality, primary 

oil recovery may lead to an oil recovery of up to 20 % of the original oil in place (OOIP), 

depending on the compressibility of fluids and initial pressure of the reservoir [2]. 

1.1.2     Secondary Oil Recovery 

Generally, a secondary oil recovery may follow after primary oil recovery, yet it often 

happens before the pressure of reservoir depletes completely [3]. Secondary oil recovery (water-

flooding) refers to injection of water into the reservoir in order to maintain the pressure of 

reservoir after primary oil recovery. At the end of water-flooding stage, about 30-40% of the 

original oil in place (OOIP) may be recovered. 

1.1.3      Enhanced Oil Recovery (EOR) 

After the Secondary oil recovery about 60-70 % of the original oil in place is still 

unrecovered [4]. Application of EOR methods that can recover up to 65% of the original oil in 

place can be a major way to increase the production from depleted reservoirs in order to meet the 

demand for increase in oil production [5, 6]. Enhanced oil recovery (EOR) is defined as injection 

of fluids not normally present in the reservoir [7]. EOR methods can significantly increase the 

recovery of the crude from a crude oil reservoir by mechanisms other than pressure maintenance. 

EOR methods can be classified into four different categories [8]: 

1.1.3.1   Miscible Flood: 

The purpose of miscible flood is to recover the trapped oil in the reservoir by injecting a 

solvent (a fluid that forms a single phase with entire or some components of the crude oil). 
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Miscible flood can be classified into two different categories: first-contact-miscible (FCM) and 

multiple-contact-miscible (MCM) [2].  

In FCM process, the injected fluid is immediately miscible with the reservoir oil at the 

conditions of the reservoir. This method is usually done by injecting a small slug of hydrocarbon 

solvent, such as liquefied petroleum gas (LPG). This solvent is followed by an inexpensive gas, 

or sometimes even water to push the miscible slug.  

In MCM variation of the miscible flood, the injected fluid is not immediately miscible 

with the oil in the reservoir, but after multiple contacts with the oil in the reservoir, the 

composition of oil or solvent changes in a way that a single (miscible) phase exists. Usually, CO2 

is used as an inexpensive solvent for MCM, but other fluids are also used, such as relatively dry 

hydrocarbon gases (high CH4 content), nitrogen, or flue gases. These gases require much higher 

pressures for miscibility, compared to CO2.   

Mobility control is the important challenge ahead of miscible CO2 injection [9]. This is 

due to the fact that the viscosity of CO2 (0.06-0.1 CP) is much lower than that of oil, which leads 

to fingering of the CO2 phase through oil and poor macroscopic oil displacement. In the 

terminology of fluid flow in porous media, mobility of a fluid is defined as the ratio of relative 

permeability of the corresponding fluid to its viscosity. In EOR, mobility ratio is the mobility of 

the injected displacing fluid to that of the oil being displaced. Good mobility control is obtained 

when the viscosity of the injected fluid is higher than the viscosity of the oil in the reservoir and 

can lead to a piston-like displacement of the oil from the injection well to the production well. 

1.1.3.2  Thermal Recovery 
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Thermal recovery methods are based on increasing the temperature inside the reservoir 

in order to mobilize the crude oil. The main mechanisms involved in thermal recovery processes 

are combinations of viscosity reduction, oil swelling, steam stripping, and steam-vapor drive. 

These mechanisms tend to work best for viscous oils with low API-gravity numbers.  

There are many variations of thermal recovery methods, but it can generally be divided 

into three categories of hot-water floods, steam processes, and in-situ combustion methods, 

which are all based on increasing temperature in different ways. Hot-water floods are not very 

common and have not shown enough success in the test cases, so the steam processes and in-situ 

combustion are in practice the most commonly used thermal methods [2]. 

Steam processes are applied in two different ways: cyclic steam stimulation and steam-

flood. In cyclic steam stimulations, steam is injected into a production well and then after 

sometime that the well is shut down, the oil production increases from the production well. 

Cyclic steam stimulation is also known as huff-n-puff or steam soak. In the steam-flood though, 

steam is injected from an injection well and is displaced towards the production well. The 

challenges in steam processes are the steam over-ride (due to low density of steam), mobility 

control (low viscosity of steam), heat loss, and pollutant emissions resulting from surface steam 

generation facilities [2].  

In-situ combustion methods are based on injection of oxygen (air) into the reservoir. The 

combustion initiates either with electric heaters, gas burners, or spontaneously happens in the 

reservoir. The main challenge in these recovery methods is the control of the combustion front, 

especially deep into the reservoir [2].  

1.1.3.3  Microbial Recovery 
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The microbial recovery methods are based on the fact that some microorganisms have 

the ability to produce bio-chemical materials that act as bio-surfactants and can change the 

wettability and/or decrease the interfacial tension, which leads to recovery of more oil [10]. 

1.1.3.4  Chemical EOR 

Chemical EOR mostly refers to injection of alkaline, surfactants, and polymers into the 

reservoir in order to increase the oil recovery. Different combination of these chemicals may be 

used depending on the characteristics of the reservoir, including permeability, temperature, 

chemistry of the rock, etc. For instance, “Surfactant-Polymer” (SP), “Alkaline-Surfactant-

Polymer” (ASP), and “Alkaline-Polymer” (AP) are some of the common formulations that may 

be considered for different reservoirs. Each of these chemicals has a role in the process. The 

chemical flooding processes have significant potential. 

In spite of promising increase in oil production using chemical EOR, there are some 

practical challenges ahead of using chemical EOR for actual fields. One of the main challenges 

ahead of chemical flooding is the high cost of chemical injection. The other challenge is the 

design of chemicals suitable for application at harsh conditions (high-temperature and high-

salinity) of the reservoirs. The applications developed in this thesis have been designed to 

improve the effectiveness and economy of chemical EOR processes.  

1.1.3.4.1   Alkaline, Surfactant, Polymer (ASP) Processes 

In ASP processes, the primary displacing slug that leads to recovery of oil is a mixture 

of complex chemicals known as surfactants and polymers. This slug is usually followed by a 

viscous polymer injection to push the surfactants slug into the reservoir and recover oil from the 

non-swept regions of the reservoir [2].  
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Proper decrease in the interfacial tension between oil and brine can release the oil that is 

trapped within the pores of the rocks due to capillary forces.  Surfactants are used for this reason, 

and it has been seen that a proper selection of surfactant can decrease the interracial tension of 

oil/brine mixtures to ultra-low values (10
-3

 mN/m) [7].  

In addition to the fact that injected surfactants can decrease the interfacial tension, a 

form of natural surfactant (natural soap) can be generated due to the reaction between acidic 

components of the crude oil and added alkali. This can further help reducing interfacial tension 

and recover more oil. Additionally, presence of alkali may lead to lower adsorption of the 

injected surfactants on the rocks. It will also reduce the amount of emulsions produced, which 

makes the post-treatment of the recovered oil easier. 

In order to recover most of the oil, not only it is important to have low interfacial 

tension, but also, it is important to reach the oil in different areas of the reservoir and sweep the 

oil out. This becomes possible by providing a viscous displacing fluid (controlling mobility). 

Aqueous solutions of some synthetic or natural polymers have found to provide a very high 

viscosity at reasonably low concentrations, and this is the main reason beyond traditional use of 

polymers for EOR [2, 7].   

1.2 Surfactants for Low Interfacial Tension and Wettability Alteration 

Surfactant is a general name for a group of chemicals possessing at least one hydrophilic 

and at least one lipophilic part in their molecular structure.  The presence of both hydrophilic and 

lipophilic structure on the molecule makes it surface active and it can migrate to the interface of 

oil and water. The terms “head” and “tail” are often used for the hydrophilic and hydrophobic 

sides, respectively [11].  
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At low concentrations, surfactants tend to be on the interfaces as a single molecule. 

When a certain concentration, known as Critical Micelle Concentration (CMC), is reached; a 

self-assembled structure, known as micelle, spontaneously occurs. Micelles can have different 

structures, such as spherical, cylindrical, worm-like, and vesicles [11].  

An important classification of surfactants is based on the absence or presence and type of the 

electrostatic charge(s) on the hydrophilic head-group. Based on this classification, surfactants 

have been divided to four different types: non-ionic, anionic, cationic, and amphoteric 

(zwitterionic) surfactants.  Table 1.1 summarizes this classification and names some of the 

functionalities that can lead to each classification.  

Table 1.1 Different types of surfactants [12] 

 

Thus, the two important roles associated with the use of surfactants in EOR are IFT 

reduction and wettability alteration. As it was discussed before, surfactants are 

thermodynamically favored to migrate to the interfaces. Surfactants are known for reducing 

interfacial tension (IFT) of oil and water to ultra-low values (0.001-0.0001 mN/m) in certain 

conditions. They also can change the wettability of the rock minerals from oil wet to water wet; 

which can further help to release the trapped oil on the pores [13].  

1.3      Traditional Uses of Polymers for EOR 
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As it was discussed earlier in this chapter, the traditional use of polymers in EOR is as 

mobility control agents due to the high viscosity of their aqueous solutions in low concentrations. 

Figure 1.3 provides a schematic illustration of the role of viscous polymers on sweeping different 

parts of the reservoir. If the viscosity of the injected (displacing) fluid is lower than the viscosity 

of the oil, it is often the case that many regions of the reservoir remain untouched by the injected 

fluid (Figure 1.3a). Increasing the viscosity of the injected (displacing) fluid will increase the 

areas of the reservoir touched by the injected fluid, which results in increase in oil recovery from 

a given reservoir (Figure 1.3b). Addition of polymers that can significantly increase the viscosity 

of the injected solution helps to sweep the oil in the reservoir in a very efficient manner.  

        
Figure 1.2 Mobility Control and Sweep Efficiency using Polymer 

Two polymers are traditionally known for being used in EOR:  partially hydrolyzed 

polyacrylamide (HPAM), and Xanthan gum, (a biopolymer) [14]. Very low concentrations of 

these polymers are usually needed to increase the viscosity of the injected fluid to desired values 

for EOR. Therefore, there is a huge technical benefit in using these polymers for increasing 

viscosity, but using these specific polymers has its own disadvantages and limitations.  HPAM is 

susceptible to mechanical and thermo-chemical degradation. Mechanical degradation includes 

a) b)
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very high rates of elongation and turbulence, which may result in permanent loss of viscosity due 

to degradation (breakage of the high molecular weight chain). The turbulence and elongation 

vastly exists in the surface facilities and wellbore conditions; therefore, a huge and permanent 

viscosity loss happens in field applications due to degradation of polymer. Xanthan gum is not 

susceptible to mechanical degradation, but it is not available in very large quantities needed for 

EOR applications [14, 15].  

Thermo-Chemical degradation is due to hydrolysis of the amide functionality, or radical 

attack to the polymer chain backbone, which leads to precipitation or degradation of the polymer 

and loss of viscosity. Therefore, a lot of care must be taken in conditions that these polymers are 

used for EOR. For instance, the level of oxygen in the injected fluid is always controlled and 

these polymers cannot be used at high temperature and high salinity conditions of many 

reservoirs due to thermo-chemical degradation and cross-linking processes [14].  

1.4      Scope and Motivations 

In this thesis, some advanced applications of polymers for chemical EOR are studied for 

the first time. These applications are designed to solve some of the existing problems in ASP 

flood. For example, high adsorption of surfactants on the rocks is one of the most important 

issues in ASP, which makes the whole ASP processes to be economically unpractical. This issue 

is very effectively addressed by using a polymer as a sacrificial agent (chapter 2). 

1.5    Summary of Chapters 

This thesis contains four chapters including this introduction chapter. A brief summary 

of each chapter is presented here.  
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Chapter 2: 

 A specific polymer is used as sacrificial adsorption agent and is shown to decrease the 

adsorption of anionic surfactants to very low values. Decrease in the adsorption of surfactant will 

lead to more cost effectiveness of the ASP process, which is one of the key elements for the ASP 

to become economically practical.  

Chapter 3: 

In chapter 2, sodium polyacrylate will be introduced as a very effective sacrificial agent 

for reducing adsorption of anionic surfactants. In chapter 3, it will be investigated whether 

sodium polyacrylate is an effective sacrificial agent for a different type of surfactant, known as 

zwitterionic surfactants. A hypothetic mechanisms behind interactions are explained as well. 

Chapter 4: 

In chapter 4, application of polymer-coated nanoparticles for EOR is investigated. The 

main objective is to understand what conditions may be needed for the polymer-coated 

nanoparticles to migrate to the water/oil interfaces. The main question is whether it is possible to 

use polymer-coated nanoparticles to reduce the interfacial tension of water and oil and under 

what conditions a polymer-coated nanoparticle can be dispersed in micro-emulsion phase. 

Chapter 5: 

In this chapter, a conclusion for the entire work is presented. Also, suggestions for the 

future researchers in the area of advanced applications of polymers for EOR are given.  
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Chapter 2 

POLYMERIC SACRIFICIAL AGENT FOR REDUCING 

ADSORPTION OF ANIONIC SURFACTANTS 

 

 

 

 

This chapter covers our first contribution to advanced applications of polymers for EOR 

processes, which is to reduce adsorption of anionic surfactants on the rocks. We investigate the 

mechanisms that govern competitive adsorption of polyelectrolytes and anionic surfactants in 

order to fundamentally understand the conditions where polyelectrolyte can preferentially 

adsorb on the surface of rock, resulting in reduced adsorption of anionic surfactants. We also 

study applied aspects of using sodium polyacrylate for reducing adsorption of anionic 

surfactants, and develop engineering knowledge on the application of these polymeric sacrificial 

agents in the oil reservoir.  

The presented data have been published in two peer-reviewed publications [33, 34].   
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2.1 Chapter Introduction 

As it was discussed in chapter 1, surfactants are an essential part of ASP flooding 

methods. Injection of surfactants into the reservoir can alter the interfacial tension of oil and 

water as well as wettability of the rock, resulting in increase in the oil recovered from the 

reservoir. 

One of the main challenges in application of chemical ASP is the loss of surfactant due to 

adsorption on formation rocks [16-20]. In fact, high adsorption of surfactant can make the ASP 

processes economically-unfeasible. In addition to design of advanced surfactants that may have 

minimal adsorption on the rock, one way to reduce adsorption of surfactants in a reservoir is to 

inject chemicals that adsorb on the rock and reduce surfactant adsorption. Such chemicals are 

known as sacrificial agents.  Traditionally, alkali has been used as a sacrificial agent to decrease 

the adsorption of anionic surfactants on rocks [21]. However, presence of anhydrite, a slightly 

soluble calcium sulfate present in some types of rocks especially in dolomites, can reduce the 

effectiveness of alkali due to a reaction shown in Scheme 2.1 [22-25]. 

CaSO4 + Na2CO3  Na2SO4 + CaCO3 ↓  (Scheme 2.1) 

The net charge of most typical rock/mineral surfaces is strongly dependent on pH; that is, 

above a certain pH known as point of zero charge (pHpzc), the net charge of the surface is 

negative and below this pH the surface charge is positive [26, 36]. Figure 3.1(left) schematically 

illustrates the adsorption of an anionic surfactant on a positively charged surface. The first 

adsorbed layer of surfactant is mostly governed by electrostatic attraction [27]. Once this first 

adsorbed patch forms on the surface, a second layer of surfactant may be adsorbed by surfactant 

tail-tail hydrophobic interactions at high anionic surfactant concentrations [27, 28]. Adsorption 
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of this second layer helps to change the net surface charge to negative, thereby, repelling further 

anionic surfactant molecules and saturating the adsorption. 

The addition of alkali increases the pH and thus it can make the surface charge negative 

(pH>pHpzc), which causes electrostatic repulsion between the rock/mineral surface and anionic 

surfactant, leading to a significant decrease in adsorption of anionic surfactant (Figure 

2.1(middle)).   

As shown schematically in Figure 2.1(right), a negatively-charged polyelectrolyte can 

also effectively change the net charge of the surface by being irreversibly adsorbed on the 

surface, which is through a different mechanism than alkali. A polyelectrolyte can change the 

charge of the surface without changing the bulk pH of the solution (through a surface adsorption 

mechanism studied in this chapter) whereas the alkali changes the surface charge by changing 

the bulk pH.  

The adsorption of polymers and surfactants is an important area of surface science 

relevant to many different technical and everyday applications. For example, gelatin and 

surfactants are commonly used together in photographic films [29]; chitosan is given to patients 

to reduce the interfacial tension in the lungs, facilitating breathing [30]. 

In mixtures of polymers and surfactants, adsorption is oftentimes a competitive process. 

This has been reported for blends of non-ionic polymers and ionic surfactants and of cationic 

polyelectrolytes and surfactants [31, 32]. On the other hand, the competitive adsorption of 

anionic polyelectrolytes and anionic surfactants on a positively-charged surface containing a 

soluble and interactive component has not been previously addressed. An example of such 

system relevant to enhanced oil recovery is the adsorption of anionic surfactants and 
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polyelectrolytes on anhydrite (CaSO4)-containing dolomites. Anhydrite (CaSO4) is a slightly 

soluble calcium sulfate present in some types of rocks especially in dolomites.   

In this chapter, we examine the adsorption of an anionic surfactant blend and an anionic 

polyelectrolyte on dolomite and demonstrate that under certain conditions, the polyelectrolyte 

adsorbs preferentially and inhibits the adsorption of surfactant. We quantitatively measure 

surfactant and polyelectrolyte adsorption under systematically varying conditions, and 

demonstrate that addition of small amounts of polyacrylate can significantly reduce surfactant 

adsorption. Conversely, anionic surfactant shows no significant effect on adsorption of 

polyacrylate. We hypothesize that preferential adsorption of polyacrylate is due to low 

desorption and high surface coverage. Mono-charged species, un-charged polymers, and some 

other polyelectrolytes (pectin and alginate) are not as effective as polyacrylate in reducing 

adsorption of anionic surfactant. The effect of divalent cations resulting from anhydrite 

dissolution on the competitive adsorption is studied.  

In addition to studying the mechanisms of reducing adsorption of anionic surfactants 

using polyacrylate, the applied aspects of this technology are as well investigated in this chapter. 

The effect of reservoir parameters on application of polyacrylate as a sacrificial agent is studied. 

Static and dynamic adsorption studies are conducted to demonstrate the benefits of using sodium 

polyacrylate as sacrificial agent and its superior performance, compared with alkali, especially in 

the presence of anhydrite. The effect of different rock types, two different anionic surfactants, as 

well as range of salinities, Ca
2+

 ion concentrations, and temperatures are studied. We conclude 

with analyzing cost benefits of using polyacrylate as sacrificial agent for reducing adsorption of 

anionic surfactant based on a dimensionless cost analysis. 
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Figure 2.1 (Left) Schematic illustration for the adsorption of anionic surfactant on 

positively charged surface, (middle) schematic illustration of competitive adsorption of 

surfactant and species with low number of charges per molecule, (right) schematic 

illustration of preferential adsorbtion of high-molecular weight polyelectrolyte over 

surfactant adsorption. 

2.2 Experimental Procedures 

Purified Calcite (99.5 wt % CaCO3,) was purchased from Alfa Aesar and used as 

received. Powdered dolomite (20.00 wt% Ca, 80.00 wt% Mg) was purchased from Earthsafe 

Organics (Carlpool Products), and used as received. The rock was not washed to ensure 

anhydrite would be present during measurements. The powdered dolomite was sieved and mesh 

of 100-200 was used for adsorption tests. 

As for surfactants, Neodol-67 (N) (activity 22.88 %, bC16-17-(-CH2-CH(CH3)-O-)7-

SO4Na) and IOS15-18 (I) (activity 21.29 %, R-CH(OH)-CH2-CH(SO3
-
)-R (~75%) + R-CH=CH-

CH(SO3
-
)-R (~25%)) were purchased/acquired from STEPAN and used as received. Also, Petro-

Step S13B (i-C13-(PO)7 –SO4Na) is supplied by TIORCO, and used as one of the surfactants in 

this study. Sodium polyacrylates with different molecular weights, ranging from 2.2 (KDa) to 3 

(MDa), were provided by SNF. Also, sodium polyacrylates with molecular weights of 2.1 and 

5.1 KDa as well as 2.1 and 4.1 KDa were purchased from Sigma-Aldrich and DOW chemical, 

respectively. The surfactant blend studied (NI blend) consists of a 4:1 blend of N:I surfactants. 

0.5 wt% (based on active material) solutions of NI-blend in a 3.5% NaCl brine were used as 



18 

 

initial solution for adsorption experiments unless otherwise is stated. Sodium propionate solution 

was made by setting the pH of a propionic acid solution to 8 (propionic acid was purchased from 

Fisher Scientific). Hyamine 1622 (benzethonium chloride) was purchased from BDH. TEGO 

(TEGO trant A100) was purchased from Metrohm and used as titrant for potentiometric titration. 

Indiana limestone and Berea sandstone granules are provided by Kocurek industries and 

are powdered using a shutter box. Then, they are sieved and mesh of 100-200 is used for 

adsorption tests. Industrial calcite is purchased from Franklin industrial minerals, and the mesh 

of 100-200 is selected after sieving. Kaolinite is purchased from Sigma-Aldrich and is used as 

received. Calcium carbonate (calcite) is purchased from Alfa Aesar and used as received. The 

rocks/minerals are not washed to ensure anhydrite would be present during measurements. 

Table 2.1 shows some of the characteristics of the rocks/minerals used as adsorbents for 

this study. The BET surface areas of rocks/minerals were measured using a surface analyzer 

based on nitrogen adsorption (Quantachrome instruments Autosorb-3B) according to standard 

procedures and previous literatures [33-36]. Samples are degassed at 200˚C at vacuum pressure 

of 10 mtorr for 12 hrs. The temperature of the liquid nitrogen bath, used during the BET test, 

kept at 77.4 K, and an equilibrium time of 3 hrs was given for each point. The reported multi 

point BET surface area is resulted from 11 points in adsorption isotherm.  

Using Inductive Coupling Plasma (ICP), the percentage of anhydrite in each rock/mineral 

can be measured. Samples were prepared by contacting 0.5 g of the rock/mineral with 50 cc of 

1.3 wt% nitric acid solution, and mixing for 24 h. Samples were filtered using a 0.45 μm syringe 

filter before measuring the concentration using ICP. ICP was carried out using a Perkin-Elmer 

4300DV device. 
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To quantify concentration of anionic surfactants/surfactant blends, potentiometric 

titration was carried out using a Metrohm 716 DMS Titrino. Proper amount of surfactant solution 

(~ 0.5 g) was diluted with 40 (g) DI-water prior to measuring concentration of surfactant by 

potentiometric titration using 1 mM TEGO as titrant solution. The solution pH is fixed at 3 for 

all measurements in order to make sure that measured values using titration only corresponds to 

the concentration of surfactant, and not that of polyacrylate.  

In order to measure surfactant adsorption, a fixed volume of surfactant solution (usually, 

5 ml of 0.5 wt% surfactant at 3.5% NaCl brine) is contacted with a fixed mass of powdered rock 

or mineral and mixed on a rotary mixer (4-5 rpm) at room temperature for 24 hrs. The solution is 

subsequently centrifuged at 8000 rpm for 4 min to separate the solids. The concentration of 

anionic surfactant solutions after mixing is compared with that before contacting the 

rock/mineral to measure the amount of surfactant loss due to adsorption. Adsorption is found by 

calculating the difference between the concentrations of the anionic surfactant in the solution 

before and after equilibrium with the rock. Equation 2.1 quantifies the relationship between the 

different variables and amount of adsorption per unit weight of adsorbent: 

Adsorption = 
(C0-Ce)VMw

g
 (Equation 2.1) 

Where C0 and Ce are the initial and equilibrium concentrations of the adsorbate 

(surfactant/polyacrylate), respectively. V is the volume of the adsorbate (can be surfactant or 

polymer depending on the experiment) solution in contact with the rocks/minerals, Mw is the 

molecular weight of the adsorbate, and g is the mass of the rock/mineral used. Before carrying 

out the adsorption experiments, the solubility and clarity of the solutions are tested so that no 

precipitation is observed. This is very important to obtain reproducible and sensible adsorption 
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data. It is also necessary to ensure that all the measured adsorption data are indeed located on the 

plateau region of the adsorption isotherm. Each adsorption data point shown in this study is the 

median of at least three points in the plateau region of the corresponding adsorption isotherm. 

Typically, five measurements are carried out to obtain each isotherm, and only those points 

which are on the plateau region are used in the adsorption calculation.  

The concentration of sodium polyacrylate is measured using a calorimetric method 

previously described in the literature [37, 38]. An appropriate aliquot of sample containing 

polyacrylate was diluted to 30 mL with DI-water, and then 10 mL of 5 % sodium citrate was 

added and mixed. Subsequently, 10 mL of 0.4 % Hyamine 1622 solution was added and gently 

mixed. After 50 min, the light transmittance was measured using a UV-visible spectrophotometer 

(UV-2550, SHIMADZU) at the wavelength of 750 nm, and the light transmittance was related to 

concentration of polyacrylate using a calibration curve.  

Static adsorption tests are used to study the effect of salinity and Ca
2+

 ion concentration 

on application of polyacrylate as sacrificial agent. By mixing different stock solutions of NI-

blend surfactant, the salinity of the initial solutions (before contacting the rock) is varied without 

changing the concentration of surfactant or polyacrylate (if present).  

The effect of temperature on adsorption of NI-blend in the absence or presence of 

polyacrylate is studied through static adsorption tests at two different salinities. The vials 

containing mixture of aqueous solutions and adsorbents are tightly sealed to prevent liquid 

evaporation. The total mass of the vials are accurately measured before and after equilibrium at 

different temperatures, and no significant change is observed, indicating that evaporation has not 

occurred during equilibrium. 
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Table 2.1 Properties of the powdered rocks and minerals used  

Adsorbent 

(Powdered 

Rock/Mineral) 

Multi-point BET 

Surface Area* 

(m
2
/g) 

T-Method 

External         

Surface Area 

(m
2
/g) 

Anhydrite 

Percentage 

(%) 

Other Notes 

calcite 1.318 1.222 < 0.07 

(99.5 wt% CaCO3) 

Alfa Aesar 

[Lot # C270009] 

Industrial 

calcite 
1.608 1.297 0.11 

97.00 wt% CaCO3  

(38.80 wt% Ca) 

Franklin Industrial 

Minerals 

Carlpool 

dolomite 
0.7846 0.7426 1.76 

(20.00 wt% Ca) 

(10.00 wt% Mg) 

Earthsafe Organics 

Carlpool Products 

Indiana 

limestone 
0.9851 0.9850 0.82 Kocurek Industries 

purified 

kaolinite 
20.8655 19.5626 < 0.07 

Sigma-Aldrich 

[Lot # 048K0046] 

Powdered 

Berea 

sandstone 

2.6750 2.6730 NA Kocurek Industries 

* 11 points were used for calculation of BET 

Dynamic adsorption measurements are carried out using a continuous injection (NI-blend 

with or without polyacrylate at 3.5% NaCl salinity) at a flow rate of 2.5 cc/hr (corresponding to 1 

ft/day). This low flow rate was used to ensure that the dynamic adsorption results are near 

equilibrium, as is the case for static adsorption measurements. Carlpool dolomite powder, same 

as that used in the static tests, is packed in a glass column, which is connected to an in-line 

bromide electrode cell and a fraction collector. Prior to injection of surfactant solution (NI-

Blend) with or without polyacrylate at 3.5 % NaCl salinity, a mixture of NaCl and NaBr 

solutions (pre-flush brine) with equivalent ionic strengths as that of 3.5 % NaCl brine solution is 

injected. NaBr is used as a non-adsorbing tracer in both the pre-flush brine and 

surfactant/polyacrylate solutions. The concentrations of NaBr in the pre-flush brine and in the 

surfactant/polyacrylate solution are 3,000 ppm and 30,000 ppm, respectively. The concentration 
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of bromide in the effluent is measured using a bromide ion sensitive electrode, ENVCO Br43-

0001, and labview
 
software is used for signal averaging (a multifunctional data acquisition 

module is used, National Instruments, NI USB-6210). Samples collected by a fraction collector 

have been manually analyzed to determine the concentration of NI-blend surfactant and/or 

polyacrylate. Vials in the fraction collector have been covered to prevent evaporation during 

collection; otherwise, evaporation can lead to considerable noise in measurements.  

2.3 Competitive Adsorption Mechanism of Anionic Surfactants and Polyelectrolytes  

In this part of chapter 2, we study the mechanism of competitive adsorption between 

sodium polyacrylate and an anionic surfactant blend (NI-blend). These surfactants are chosen 

because they are directly relevant to enhanced oil recovery processes. We are interested in 

quantifying the adsorption of these materials on positively-charged surfaces in the presence of 

anhydrite.  

A schematic for different adsorption processes is shown in Figure 2.1. In the case of 

surfactant adsorption (Figure 2.1, left) the first adsorbed layer of surfactant is governed by 

electrostatic attraction [39]. Once this first layer forms on the surface, a second layer of 

surfactant may be adsorbed by surfactant tail-tail hydrophobic interactions at high anionic 

surfactant concentrations [39, 40]. Adsorption of this second layer helps to change the net 

surface charge to negative, thereby, repelling other anionic surfactant molecules and saturating 

the adsorption. As shown in the right frame of Figure 2.1, the addition of sodium polyacrylate 

may reduce the adsorption of surfactant on the surface. Due to multiple charged sites on sodium 

polyacrylate, after adsorption the surface is negatively charged, inhibiting surfactant adsorption. 

In the extreme case of strong preferential adsorption of sodium polyacrylate, the adsorption of 

anionic surfactant may be significantly reduced (Figure 2.1, right).  
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We hypothesize that adsorption will be preferential to sodium polyacrylate at sufficiently 

high molecular weights of polyacrylate, as shown in the right-hand frame of Figure 2.1. This is 

due to a low rate of desorption for polyelectrolytes adsorbed to a surface [41-43] and a high, 

negative charge density after polyacrylate adsorption [44].  The high charge density reduces the 

adsorption of anionic surfactant. However, species with low number of charges (Figure 2.1., 

middle) exhibit reversible adsorption-desorption [45]. If such species are in contact with the 

adsorbent along with the anionic surfactant, we expect adsorption of both anionic surfactant and 

these species, as shown in the middle frame.  

To explore these mechanisms and test our hypothesis, the adsorption of surfactant and 

sodium polyacrylate on Carlpool dolomite is analyzed for a range of sodium polyacrylate 

molecular weights (from 2.2 kDa – 3 MDa). For each measurement, we quantify the adsorption 

of both polyelectrolyte and anionic surfactant, and we examine the effect of anhydrite on 

competitive adsorption of polyacrylate and anionic surfactant.  

2.3.1 Sacrificial Adsorption Properties of polymeric vs. mono-charged species 

To establish the basic features of competitive adsorption, we analyzed the adsorption of 

NI-blend on Carlpool dolomite in the presence of a number of polymeric and monomer species, 

including mono-charged species, uncharged polymers, polyacrylates, and other polyelectrolytes 

(Pectin and Alginate). Most of these chemicals (where charged) contain carboxylic acid 

functionality as the charged group (except sodium metaborate, sodium carbonate, and 

poly(ethyleneglycol)), and in each case the surfactant adsorption was measured in the presence 

of 2500 ppm of each of these chemicals.  
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As shown in Figure 2.2, polymeric species (both charged and uncharged) lead to a strong 

reduction in the adsorption of NI-blend. The addition of polyacrylate reduces surfactant 

adsorption by almost an order of magnitude, while by comparison mono-charged species reduce 

adsorption by roughly 10 %. Uncharged polymers result in a decrease in adsorption of surfactant, 

but not as significantly as polyacrylates. This reduction might be due to the steric inhibition on 

the surface after polymer adsorption.  

 

Figure 2.2 Competitive adsorption of anionic surfactant (NI-blend) with different 

chemicals  
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2.3.2 Effect of Molecular Weight of Polyacrylate on Anionic Surfactant Adsorption 

To understand the role of sodium polyacrylate molecular weight on reduced adsorption of 

NI-blend, we explored a series of sodium polyacrylate molecular weights with different number 

of repeating units, ranging from only one (sodium propionate) to about 3,000. As shown in 

Figure 2.3, surfactant adsorption is reduced with increasing amounts of sodium polyacrylate 

added and with increasing molecular weight of sodium polyacrylate. Above a threshold of 

roughly 4500 Da, adsorption is independent of sodium polyacrylate molecular weight.   

 
Figure 2.3 Reduced adsorption of NI-blend in the presence of sodium polyacrylates of 

different molecular weights (from monomeric sodium propionate to very high molecular 

weights)  
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adsorption of sodium polyacrylate over surfactant for higher molecular weight polyacrylates. In 

Figure 2.3, it is noteworthy that all the curves corresponding to molecular weights of 

polyacrylate greater than 4500 Da lie on top of each other, indicating that there is no advantage 

in using higher molecular weights than 4500 Da with respect to reducing adsorption of 

surfactant. We think this observation is due to almost zero desorption of polyacrylate with 

molecular weights of more than 4500 Da.  

2.3.3 Effect of Anionic Surfactant on Adsorption of Polyacrylate 

The adsorption of sodium polyacrylate can also be quantified. Figure 2.4 shows the 

adsorption of sodium polyacrylate (Mw=4500 Da) on Carlpool dolomite at different 

concentrations of the anionic surfactant (NI-blend) at 3.5 % NaCl salinity, compared with the 

adsorption of NI-blend at the same experimental condition (3.5 % NaCl salinity, room 

temperature). In addition, Figure 3.4 shows that adsorption of sodium polyacrylate is only about 

22% that of surfactant on Carlpool dolomite at same experimental conditions (0.5 wt% NI-blend 

(plateau region), 3.5 % NaCl, room temperature, 24 h equilibrium time). Figure 2.4 also shows 

that adsorption of polyacrylate does not depend on the presence or absence of surfactant. Thus, 

although polyacrylate of sufficient molecular weight and concentration can lead to near-zero 

adsorption of anionic surfactant, presence of anionic surfactant has almost no significant effect 

on adsorption of polyacrylate on an anhydrite-containing dolomite. This is consistent with the 

hypothesis of preferential adsorption of polyacrylate, shown in Figure 2.1 (right). As shown in 

Figure 2.4, the adsorption of polyacrylate is indeed lower than adsorption of surfactant. This is 

related to the large surface area that a polyacrylate molecule occupies on the surface (13.88 nm
2
) 

relative to the surface that a surfactant does (0.51 nm
2
). 
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Figure 2.4 Adsorption of sodium polyacrylate in the presence and absence of surfactant, 

in comparison with that of NI-blend on the same rock (Carlpool dolomite); the blue bars 

indicate the adsorption of sodium polyacrylate on Carlpool dolomite, while green bars 

reflect that of anionic surfactant (NI-blend) in the absence of polyacrylate. 

2.3.4 Effect of Anhydrite on Competitive Adsorption of Surfactant and Polyacrylate 

Anhydrite (CaSO4) is a slightly soluble calcium sulfate present in some types of rocks especially 

in dolomites.  Anhydrite-containing rocks can release divalent Ca
2+

 ions into the aqueous phase. 

This can result in an increase in adsorption of anionic surfactants and decrease in the 

effectiveness of surfactant-based oil recovery processes [46-48]. Understanding the mechanism 

of competitive adsorption of surfactant and polymer on an anhydrite-containing dolomite is 

complicated by the fact that the dissolution of anhydrite depends on the solution concentration of 

surfactant and polymer, and vice-versa. We showed that if the molecular weight and 
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concentration of polyacrylate are high enough, preferential adsorption of polyacrylate persists 

(see Figure 2.3). In order to systematically investigate the effect of anhydrite on competitive 

adsorption, we define the polyelectrolyte-to-anhydrite ratio (PAR ratio) as the molar ratio of 

polyacrylate to anhydrite. 

The adsorption of the anionic surfactant (NI-blend, initial Conc. = 0.5 %wt) on calcite 

was measured in the presence of varying amounts of sodium polyacrylate and calcium sulfate 

(anhydrite), and the PAR ratio was varied from infinity to zero by changing the initial 

polyelectrolyte concentration. A large PAR ratio corresponds to little or no anhydrite present, 

while a smaller number indicates larger amounts of anhydrite present relative to polyacrylate. 

The results of NI-blend adsorption for different PAR ratios and varying concentration of NI-

blend is shown in Figure 2.5. As shown in Figure 2.5, for a PAR ratio of infinity, the adsorption 

of NI blend is negligible, consistent with the results shown in Figure 2.3. With decreasing PAR 

ratios (increasing anhydrite), the adsorption of NI blend steadily increases. At the lowest PAR 

ratios studied, the amount of adsorption approaches that for the case of zero PAR ratio, which 

corresponds to no sodium polyacrylate present. Thus, anhydrite can interact with sodium 

polyacrylate, reducing its effectiveness in preventing the adsorption of NI-blend surfactant. In 

the case where no sodium polyacrylate is present (zero PAR ratio), the amount of surfactant 

adsorbed increases with surfactant concentration until reaching the saturation level near 8 mg/g. 

Note that surfactant adsorption is always higher for a PAR ratio of zero compared with all 

measurements in the presence of sodium polyacrylate (nonzero PAR ratio).  

The increase in adsorption of anionic surfactant and reduction in preferential adsorption 

of polyacrylate with decrease in PAR can be interpreted by presence of the Ca
+2

 and SO4
-2

 ions 

resulting from anhydrite dissolution. It is well known that presence of sulfate ions can reduce 
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adsorption of carboxylates attached to the surface of carbonates [49-50].The desorption of 

polyacrylate in the presence of sulfate ion may be understood as why above a certain PAR ratio, 

higher adsorption of surfactant is observed. Another possible mechanism is that the Ca
+2

 ion can 

interact with the carboxylic functionality on polyacrylate and reduces its preferential adsorption 

on the surface. Both of these mechanisms may be partially responsible for reducing preferential 

adsorption of polyacrylate and increase in adsorption of anionic surfactant. 

 
Figure 2.5 Experimental data for the effect of anhydrite on adsorption of anionic 

surfactant (NI-blend), showing the PAR ratios at which adsorption of surfactant is close to 

zero, and polyacrylate preferrentialy adsorbs (Mw of polyacrylate = 4.5 KDa) 
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2.4 Application of Sodium Polyacrylate as a Sacrificial Agent to Reduce Adsorption of 

Anionic Surfactants for EOR 

In the section 2.3, we investigated the mechanism under which the polyacrylate 

adsorption can become preferential, resulting in reduced adsorption of anionic surfactant. The 

effect of molecular weight and anhydrite dissolution were also studied on preferential adsorption 

of polyacrylate. These studies were evidence of our proposed hypothesis on how polyacrylate 

can lead to such low adsorption of anionic surfactants.  

In this section of chapter 2, we would like to investigate the effect of different parameters 

that are important in implementation of this sacrificial technology for an oil field application. 

The effects of different reservoir parameters, including salinity, Ca
+2

 concentration, temperature 

are investigated. Dynamic adsorption tests have been compared with static adsorption tests in 

order to understand how the results of static lab measurements can be applied for a field up-

scaled flood. Also, economic studies have been performed to determine the optimum 

concentration and economic benefit for using this sacrificial agent for any given reservoir.  

2.4.1 Sodium Polyacrylate as Sacrificial Agent for Different Anionic Surfactants and 

Different Minerals/Rocks 

To demonstrate that sodium polyacrylate can be used as an effective sacrificial agent for 

anionic surfactants, adsorption of two different anionic surfactants is measured for different 

added concentrations of sodium polyacrylate. As shown in Figure 2.6, the addition of sodium 

polyacrylate reduces the adsorption of both surfactants on Carlpool dolomite to low values. This 

indicates that sodium polyacrylate is an efficient sacrificial agent for both types of anionic 

surfactants, which possess different structures and different optimal salinities. 
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The effect of 2500 ppm sodium polyacrylate on the adsorption of NI-blend on variety of 

rocks and minerals that are common in different oil reservoirs is evaluated. As described earlier 

in this chapter, adsorption on different surfaces can be compared by measuring the plateau region 

of the surfactant adsorption isotherms. It is interesting to know if sodium polyacrylate could 

effectively reduce adsorption of anionic surfactants on a variety of rocks and minerals that are 

common in different oil reservoirs.  

 
Figure 2.6 Effect of sodium polyacrylate to reduce adsorption of NI-blend on different 

minerals/rocks 
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As shown in Figure 2.6, sodium polyacrylate reduces the adsorption of NI-blend for all 

rocks both with and without anhydrite. This reduction is greater for carbonates and clays in 

comparison with sandstone. Figure 2.6 also shows that 2500 ppm of sodium polyacrylate 

decreases the adsorption of NI-blend on dolomite to much lower values than that of using 10,000 

ppm of sodium carbonate.  

2.4.2 Effect of Salinity on the Application of Sodium Polyacrylate as Sacrificial Agent 

Salinity is another important variable in different oil reservoirs. The effect of salinity on 

adsorption of NI-blend on Carlpool dolomite (a rock containing anhydrite) and powdered Berea 

sandstone (a rock without anhydrite) with and without addition of polyacrylate is studied here. 

Figure 2.7a shows the effect of salinity on adsorption of NI-blend on Carlpool Dolomite 

with and without addition of 2500 ppm sodium polyacrylate. It can be seen that the adsorption 

increases with increasing salinity in the absence of polyacrylate, while in presence of 

polyacrylate, adsorption is low throughout the salinity range. This behavior is attributed to the 

dissolution of anhydrite, which is affected by salinity. It is well known that the dissolution of 

anhydrite increases with increase in NaCl salinity, which further increases adsorption of anionic 

surfactant due to release of Ca
2+

 and SO4
2-

 ions. Also, the increase in the salinity generally 

causes the adsorption of anionic surfactants to increase.  This explains the increase in adsorption 

of anionic surfactant on dolomite with increase in the salinity. In the presence of polyacrylate 

though, these changes may not be significant due to the interactions of polyacrylate and Ca
2+

. 
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Figure 2.7 Effect of salinity on adsorption of NI-blend in absence and presence of 

polyacrylate on a) Carlpool dolomite, b) powdered Berea sandstone 

Figure 2.7b shows the adsorption of NI-blend on powdered Berea sandstone with and 

without addition of 2500 ppm sodium polyacrylate. In the case of powdered Berea sandstone 

(with no significant anhydrite), the adsorption significantly increases with increase in salinity 

both in the presence and absence of sodium polyacrylate.  

2.4.3 Effect of Concentration of Ca
2+

 in Brine on Sodium Polyacrylate as Sacrificial Agent 

Enhanced oil recovery usually is carried out with the injection of saline brines or sea 

water, which contains Ca
2+

/Mg
2+

 ions. To investigate the effect of Ca
2+

 ions on surfactant 

adsorption in presence or absence of polyacrylate as sacrificial agent, the adsorption of NI-blend 

(initial concentration = 0.5 wt %) is measured with different added concentrations of Ca
2+

 ions 

both with and without the addition of 2500 ppm sodium polyacrylate on four different rocks or 

minerals: pure kaolinite, powdered Berea sandstone, calcite, and Carlpool dolomite.  
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Before measuring adsorption, a visual clarity test of surfactant solubility in the presence 

of Ca
2+

 ions is conducted to ensure good surfactant solubility in the presence of Ca
2+

 ions. 

Surfactant solutions are prepared (0.5 % NI-blend, 3.5% NaCl), and the concentration of Ca
2+

 

ions have been systemically varied. We found that surfactant solutions become hazy near the 

Ca
2+

 concentration of 3700 ppm, and all adsorption experiments are carried out with Ca
2+

 

concentration below this level. 

The adsorption of NI-blend on different adsorbents, including Carlpool Dolomite, 

powdered Berea Sandstone, calcite, and pure kaolinite is measured with and without added 

sodium polyacrylate (2500 ppm) while varying the concentration of added calcium chloride. 

Figures 2.8a,b,c,d show the effect of Ca
2+

 ions on adsorption of NI-blend (0.5 % initial 

concentration of NI-blend, 3.5 % NaCl salinity) with and without polyacrylate on powdered 

Berea sandstone, Carlpool Dolomite, calcite, and pure kaolinite, respectively. 

In case of Berea sandstone, calcite, and Kaolinite (with no significant anhydrite), an 

increase in the adsorption of NI-blend is observed with an increase in the concentration of Ca
2+

 

ions (Figure 2.8a,c,d). However, in the case of Carlpool dolomite with the presence of anhydrite 

(Figure 2.8b), adsorption does not increase dramatically. This can be interpreted by the presences 

of two rival mechanisms counter-balance each other in the case of an adsorbent with presence of 

anhydrite. With addition of CaCl2, the dissolution of anhydrite decreases; therefore, although 

more Ca
2+

 is added to the system, less Ca
2+

 comes from dissolution of anhydrite at higher added 

concentrations of CaCl2. Consequently, these two rival mechanisms can counter-balance each 

other that may lead to insignificant change in actual concentration of Ca
2+

 in the aqueous phase 

at different added concentrations of CaCl2. 
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Figure 2.8 Effect of Ca

2+
 ions on adsorption of NI-blend in the absence and presence of 

polyacrylate on a) powdered Berea sandstone, b) Carlpool dolomite, c) calcite, d) Kaolinite 
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2.4.4 Effect of Temperature on Sodium Polyacrylate as Sacrificial Agent 

The temperatures of different oil reservoirs can vary from near room temperature to 

upper values near 150 ºC, and thus it is important to determine the role of temperature on 

surfactant adsorption in the presence of polyacrylate. Figure 2.9 shows the effect of temperature 

on adsorption of NI-blend on Carlpool dolomite at two different salinities (0% and 3.5% NaCl) 

with and without addition of polyacrylate. The initial NI-blend solution in 3.5% NaCl becomes 

cloudy at temperatures above 48 ºC. On the other hand, the NI-blend solution in 0% NaCl is 

completely clear at all tested temperatures. Therefore, the adsorption of NI-blend in 3.5 % has 

not been shown at temperatures above 48 ºC. It can be seen in Figure 5 that polyacrylate can 

effectively decrease the adsorption of NI-blend on Carlpool dolomite at various temperatures 

studied here. 

 
 

Figure 2.9 Effect of Temperature on adsorption of NI-blend on Carlpool dolomite in the 

absence or presence of sodium polyacrylate 
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2.4.5 Dynamic Adsorption 

To further evaluate the potential of sodium polyacrylate in reducing adsorption of anionic 

surfactants, dynamic adsorption experiments are performed for different concentrations of 

sodium polyacrylate, co-injected with 0.5 wt% of NI-blend at 3.5 % NaCl salinity in a Carlpool 

dolomite packed bed. Before surfactant injection, the packed bed is flushed with at least 2 pore 

volumes of a brine solution with similar ionic strength as the surfactant solution. Dynamic 

adsorption of NI-blend without polyacrylate or with the injection of 2500 ppm polyacrylate is 

shown in Figure 2.10. Sodium polyacrylate (if present) and NI-blend exhibit delayed 

breakthrough due to adsorption. This retardation (the difference between breakthrough of the 

non-adsorbing tracer and polyacrylate or surfactant) can be used to measure adsorption in 

dynamic tests.  

Figure 2.11 demonstrates the adsorption of NI-blend from static and dynamic tests for 0, 

250, 1000, and 2500 ppm of sodium polyacrylate as sacrificial agent. The adsorption decreases 

with addition of sodium polyacrylate in both dynamic and static tests. It is also evident that the 

adsorption is greater in case of dynamic test compared to the static adsorption measurements on 

Carlpool dolomite. This may be due to a larger ratio of anhydrite to sacrificial agent in dynamic 

compared with static adsorption tests. In static measurements, about 5g of rock is in contact with 

about 5 cc of solution. On the other hand, in the dynamic tests, about 350g of rock is in contact 

with about 60 cc of aqueous solution. Therefore, the lower polyacrylate-to-anhydrite ratio in 

dynamic adsorption measurements decreases the effectiveness of the sacrificial agent on 

reducing adsorption of surfactant (See Figure 2.5). The increase in adsorption of anionic 

surfactant and reduction in preferential adsorption of polyacrylate with decrease in polyacrylate-
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to-anhydrite ratio can be interpreted by presence of the Ca
2+

 and SO4
2-

 ions resulting from 

anhydrite dissolution.  

a) 

 
b) 

 
Figure 2.10 Dynamic adsorption of 0.5 wt% NI-blend on Carlpool Dolomite a) without 

Polyacrylate; b) with 2500 ppm sodium polyacrylate  

 

Figure 2.11 also shows results of static adsorption of surfactant on calcite with certain 

amount of anhydrite added so that the molar ratio of polyacrylate to anhydrite is similar to that in 
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the dynamic adsorption on Carlpool dolomite.  It can be seen that this static adsorption 

measurement curve matches the dynamic adsorption curve with a reasonable difference. 

Therefore, we conclude that the difference between the dynamic and static tests on Carlpool 

dolomite is due to different ratios of sacrificial agent to anhydrite in static and dynamic tests. 

Therefore, for the case of applying polyacrylate as sacrificial agent for a specific reservoir with 

known amount of anhydrite, the static test should have a polyacrylate-to-anhydrite concentration 

ratio that represents the dynamic injection in the reservoir. 

It can be seen in dynamic adsorption test (Figure 2.10b) that surfactant breaks through 

after polyacrylate although both surfactant and polyacrylate have been injected together.  This is 

an important observation that indicates that polyacrylate is always ahead of surfactant, thereby 

reducing adsorption throughout the sand pack.  

 
 

Figure 2.11 Comparison between the results of static and dynamic adsorption tests; the 

blue dashed curve is a static test with a polyacrylate to anhydrite molar ratio similar to that 

of dynamic test on dolomite (lines are only for visual aid) 
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2.4.6 Cost Analysis for Optimal Concentration 

A cost analysis is carried out to determine the optimum concentration of sodium 

polyacrylate that should be used as sacrificial agent in EOR processes. Also, the cost analysis 

determines the cost savings that may be achieved by using polyacrylate relative to the case where 

no sacrificial agent is used. The dimensionless equation that relates the total material cost to the 

concentration of polyacrylate is shown in Equation 2.2. The total cost of materials depends on 

two dimensionless numbers that are described in Equations 2.3 and 2.4. In developing these 

equations, the following assumptions are met:  

1) The amount of surfactant which is lost due to adsorption onto the rock is much more than the 

amount of surfactant needed for recovering oil; therefore, it has been assumed that the surfactant 

cost roughly equals the cost of surfactant injected just to satisfy adsorption. 

2) The total cost of materials is the sum of cost of surfactant and cost of injected polyacrylate. 

3) For the sake of simplicity, the cost analysis has been done based on injecting of one pore 

volume of surfactant and polyacrylate.  

4) Injection and formation brines have roughly the same density. 

5) Reservoir has been assumed to be a homogenous media (adsorption of surfactant is the same 

on a rock sample taken from any part of the reservoir).   

 
$total

$
NO-SA

= 
f(Cpoly)

f(0)
+ (

$ps

Ŕ
)
 Cpoly

 f(0)
       (Equation 2.2) 

Cost number = $ps= [
$poly

$surf
]        (Equation 2.3) 
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Reservoir factor = Ŕ = 1000 [
(1-φ)ρma

φρw
]      (Equation 2.4)  

In these equations, $poly and $surf are the price of polyacrylate (sacrificial agent) and 

surfactant per unit mass, respectively. Also, $total and $NO-SA are the total cost of materials and the 

material cost in the case no sacrificial agent is used, respectively. Cost number ($ps) is a 

dimensionless number corresponding to the relative cost of polyacrylate to that of surfactant. 

Reservoir factor (Ŕ) is a dimensionless parameter that is a function of some reservoir 

characteristics, including ρma (matrix density of the reservoir rock), ρw (density of the injected 

brine), and φ (porosity). In Equation 2.2, Cpoly is the concentration of polyacrylate, and f(Cpoly) is 

a fitted curve to the adsorption data in Figure 2.11, which is a function of concentration of 

polyacrylate. The derivation of these equations can be found in the Appendix A at the end of this 

document. 

Figure 2.12 shows the plot of $total/$NO-SA versus concentration of polyacrylate at two 

different values of the reservoir factor and cost dimensionless numbers. One can see that there is 

a minimum in all of these curves. This minimum corresponds to the optimal concentration of 

polyacrylate that should be used for EOR application.  

We first examine the effect of the cost number on the optimal polyacrylate concentration. 

The optimal concentration of polyacrylate increases with a decrease in the value of cost number. 

More economic advantage can be achieved by using polyacrylate at lower cost numbers. The 

cost number is the ratio of cost of polyacrylate to surfactant. It is logical that in case of lower 

cost numbers (polyacrylate being less expensive than surfactant), the optimum condition is to use 

greater amount of polyacrylate.  
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On the other hand, it can be seen that as the reservoir factor increases, the optimum 

concentration of polyacrylate increases.  The reservoir factor is the ratio of mass of the reservoir 

rock relative to mass of injected brine. As the reservoir factor increases, more surfactant is 

needed to satisfy adsorption on the rock. Therefore, it is reasonable that with increase in 

reservoir factor, the optimal polyacrylate concentration increases.  

This cost analysis method can be applied to application of polyacrylate as sacrificial 

agent for any given reservoir, provided that the assumptions in this study are valid and the cost 

number and reservoir factor are known. The relationship between adsorption of surfactant and 

concentration of polyacrylate should be determined for the specific conditions of the reservoir, as 

is illustrated in Figure 2.12 for a particular case.  

 

Figure 2.12 Plot of $total/$NO-SA versus concentration of polyacrylate; the optimum (shown 

with circles) can vary depending on the values of two dimensionless numbers 
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2.5 Chapter Conclusion  

The results above demonstrate that polyacrylates of sufficient molecular weights (greater 

than 4.5 KDa) can significantly reduce the adsorption of anionic surfactant to near-zero levels, 

while mono-charged species, uncharged polymers, and other polyelectrolytes tested in this study 

do not eliminate the adsorption of anionic surfactant. We found that adsorption is more 

preferential to polyacrylate for higher polyacrylate molecular weights up to a threshold, above 

which increase in the number of charges per each polymer chain (molecular weight) does not 

further reduce adsorption of anionic surfactant. Furthermore, we observed that adsorption of 

polyacrylate is not affected by the presence of anionic surfactant, and the surface coverage for 

polyacrylate is almost thirty times more than that of surfactant. Finally, the presence of anhydrite 

can increase surfactant adsorption through interacting with sodium polyacrylate, reducing its 

effectiveness as an adsorption inhibitor.   

These results are consistent with the proposed hypothesis, shown schematically in Figure 

2.1b and 2.1c. As the number of charges per each chain of polyelectrolyte (in this case 

polyacrylate) increases, polyacrylate adsorption dominates, which can be due to reduced rate of 

desorption and high surface coverage of polyacrylate. The high surface coverage of polyacrylate 

inhibits the surfactant from being adsorbed due to electrostatic repulsion. If the molar ratio of 

polyacrylate to anhydrite is high enough, divalent cations have a negligible effect. For the 

present study, this holds true for PAR ratios greater than 0.002.  

The effect of sodium polyacrylate as a sacrificial agent is tested in different 

minerals/rocks with two different anionic surfactants. These results show that sodium 

polyacrylate reduces adsorption of anionic surfactant on carbonates and clays minerals as well as 



44 

 

Berea sandstone, yet it is not as effective in the case of sandstone as it is for carbonates and 

clays.  

Batch experiments were done to evaluate the effect of salinity and Ca
2+

 ions in the brine. 

The results indicate that increase in the salinity or concentration of Ca
2+

 in the brine leads to 

higher adsorption of anionic surfactant except when the adsorbent contains significant anhydrite 

(e.g. Carlpool dolomite). In the case of dolomite, the adsorption does not significantly change at 

different salinities or Ca
2+

 ion concentrations. 

The effect of temperature on application of polyacrylate as sacrificial agent is studied and it 

is shown that polyacrylate can reduce adsorption of anionic surfactant at different temperatures, 

provided that no precipitation of surfactant occurs at such elevated temperatures.   

Dynamic adsorption tests also were conducted on dolomite containing anhydrite, and the 

results demonstrate that addition of sodium polyacrylate decreases the adsorption of anionic 

surfactant; however, this decrease does not match the static data. This was interpreted by lower 

ratio of concentration of polyacrylate-to-anhydrite in dynamic tests relative to the static tests. 

The static tests should be designed to represent the same polyacrylate-to-anhydrite concentration 

ratio as in the dynamic injection in the reservoir. 

A cost analysis is carried out, and it is demonstrated that an optimum concentration of 

polyacrylate should be used to minimize the total material cost. The value of this optimum 

concentration depends on two dimensionless variables that can be quantified for each specific 

reservoir. In some cases, using polyacrylate can decrease the total cost of materials for EOR to 

one-fifth of the case where no sacrificial agent is used. 
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Chapter 3 

IN SEARCH OF SACRIFICIAL AGENT FOR REDUCING 

ADSORPTION OF ZWITTERIONIC SURFACTANTS 

 

 

 

 

In earlier chapter, we showed the practical application and competitive adsorption 

mechanism of polyacrylate as a sacrificial agent for anionic surfactants. Similar to anionic 

surfactants, zwitterionic surfactants are also used for enhanced oil recovery applications, 

especially foam EOR. The adsorption of zwitterionic surfactants on the rock is, likewise, an 

important issue that should be addressed.  

In this chapter, possibility of using sodium polyacrylate as an adsorption sacrificial 

agent for zwitterionic surfactants is investigated. In addition, a hypothesis for adsorption of 

zwitterionic surfactants on rock surfaces is given based on experimental data. This hypothesis is 

then used to interpret the data regarding application of polyacrylate through a molecular 

understanding of interactions.   
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3.1 Chapter Introduction 

As it was mentioned in chapter 1, surfactants can be classified based on the presence or 

absence of ionic charge(s) on their hydrophilic part. If the hydrophilic part of the surfactant 

contains ionic charge, this surfactant can be either anionic (with negative charge), cationic (with 

positive charge), or zwitterionic (with both positive and negative charges at the same time in the 

hydrophilic part of molecule) [12]. 

Zwitterionic surfactants are a very important class of surfactants with applications in 

many different areas, especially in enhanced oil recovery[51-53]. It is known that addition of 

proper concentration of zwitterionic surfactants can greatly boost the foam formed by anionic 

surfactants [54]. Foams that are made by addition of zwitterionic surfactants can show very high 

viscosities [55]. Foam is used in enhanced oil recovery because of its high viscosity, which helps 

controlling the mobility of the injected fluid and increase the recovery of oil. Foams can 

accomplish the same task high viscosity polymers traditionally do in the reservoirs. 

The adsorption of zwitterionic surfactants on rocks is a very important issue for their use 

in enhanced oil recovery applications [56-58]. In chapter 2, we discussed the importance of 

reducing adsorption of anionic surfactants for the success of enhanced oil recovery. The 

adsorption of zwitterionic surfactants can be even more crucial than the adsorption of anionic 

surfactants: The zwitterionic surfactants are usually much more expensive than the traditional 

anionic surfactants. In addition, they may show higher adsorption than anionic surfactants at 

certain conditions. Therefore, it is as important to reduce the adsorption of zwitterionic 

surfactants in order to make their use for enhanced oil recovery economical.  



47 

 

In this chapter, we investigate whether sodium polyacrylate can reduce adsorption of 

zwitterionic surfactants similarly to what it was observed in chapter 2 for the case of anionic 

surfactants. It is found out that although adsorption of the zwitterionic surfactant reduces with 

addition of polyacrylate, addition of polyacrylate for reducing adsorption of zwitterionic 

surfactants is not as significant as it is for anionic surfactants. By measuring the effect of pH 

(related to surface charge) on adsorption of a zwitterionic surfactant on rocks, a hypothesis is 

provided here for why polyacrylate does not reduce adsorption of zwitterionic surfactant as 

much. The complete proof of this hypothesis needs extensive molecular simulation, which is 

outside the scope of this thesis, and may be subject of study for other researchers.  

3.2 Experimental Procedures 

As for surfactants used in this study, lauryl betaine (Mackam LB-35) is provided by 

Rhodia with 27.9% active betaine in the solution (Lot # HY0H05X0L). Sodium octonate, used as 

an anionic surfactant in our adsorption tests, is purchased from BDH Chemicals (Lot # 30191). 

Sodium dodecyl sulfate (SDS) is used as the titrant for measuring concentration of betaine and is 

purchased from Eastman-Kodak (Electrophoresis grade, Lot # 912031D).  

Sodium sulfate (anhydrous) was provided by EMD (Lot # VI11E) and was used in 

making the methylene blue solution needed in titration of betaine. Fuming sulfuric acid 20% was 

provided by Mallinckrodt Chemicals (Lot # J11N63).  

In general, the measurement of adsorption for lauryl betaine is very similar to what is 

discussed in the previous chapter. Therefore, this chapter only explains how measuring 

adsorption of betaine is different from measuring adsorption of anionic surfactants, discussed in 

the previous chapter.  
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2 wt% solutions of lauryl betaine at four different salinities (0, 2.5, 5, and 10% NaCl) 

were prepared, and used in preparation of initial solutions for batch adsorption tests. For the pH 

experiments that will be discussed later, the initial concentration of betaine is set to 1 wt%, and 

the pH is changing by adding different amounts or different concentrations of NaOH solutions at 

the corresponding salinities. For the experiments involving sodium octonate, 2.5 (g) of 4 wt% 

betaine, 2.5 or 1.25 (g) of 4 wt% sodium octonate solutions, and varying amounts of NaOH were 

used at the specific brine conditions of the corresponding experiments.  

For the batch adsorption experiments, 5 (g) of the initial solution was transferred in a 

centrifuge tube while the rest of the initial solution was kept in order to measure the initial 

concentration of betaine in the sample. In the case of experiments with Kaolinite, 1 (g) of the 

Kaolinite and in case of silica, 3-4 (g) of silica was added to the centrifuge tube since this results 

in finding the adsorption values in plateau region of the adsorption isotherm. The samples were 

shaken overnight; subsequently, they were centrifuged twice at 8000 rpm for 4 min to separate 

the adsorbent and supernatant. The supernatant and the initial solutions were then titrated in 

order to determine the concentration of lauryl betaine in them.  

The titration used to measure concentration of betaine in the aqueous solutions is a 

common two phase titration used to measure cationic surfactants with only one difference; that 

is, the pH is set to be around 1 in order to eliminate the negative charge of the carboxylic group 

on betaine and making it positively charged. For each sample, titration was repeated two or three 

times to accurately measure the concentration of betaine.  

Methylene blue solution has a key role in performing the two phase titration procedure as 

it gives a visual identification for the equivalent point. 0.03 (g) methylene blue and 50 (g) 

sodium sulfate are added to a volumetric flask. Subsequently, 600 ml de-ionized water is added 
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and stirred with a magnetic bar. After about 10 min, 6 ml of fuming sulfuric acid is added to the 

solution in flask in a very slow manner (drop by drop) using a very clean pipette. Subsequently, 

enough de-ionized water is added to make 1 liter of the solution. The stirring continues over 

night.  

The procedure for the titration is as follows: 

About 0.1-0.6 (g) of the solution, for which the concentration of betaine is supposed to be 

determined, should be added to a glass vial, and 2 (g) of a 0.1 M HCl solution is added to 

maintain the pH to about 1. Subsequently, 5 (g) of a methylene blue solution and 3 (g) 

chloroform is added. An accurate burette is used to gradually inject the titrant (1 mM SDS 

solution) in the glass vial for which the concentration of betaine is measured. After injecting any 

portion of the 1 mM SDS solution used as titrant, the samples are shaken strongly in order for an 

ideal mixing to happen. Afterwards, the glass vial and its containing phases are centrifuged at 

3000 rpm for 2 min, which will result in two clear phases inside the glass vial. The color of the 

two phases should be checked and if the top phase is not entirely colorless and the bottom phase 

(chloroform) is not blue, addition of titrant, shaking, and centrifuging continues. At the end, the 

number of moles of SDS used to titrate the solution corresponds to the number of moles of 

betaine in the glass vial sample.  

The concentration of betaine is measured in both initial solution and the equilibrated 

solution, and the difference in concentration of betaine is related to adsorption of surfactant as it 

was discussed in chapter 2 (Eq. 2.1). The pH values of the samples are measured before and after 

equilibrium with the rock.  

3.3 In Search of a Sacrificial Agent for Lauryl Betaine 
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In chapter 2, we repeatedly observed that sodium polyacrylate can reduce adsorption of 

anionic surfactants even to near-zero values. The mechanism was studied and the electrostatic 

repulsion between the adsorbed polyacrylate and negative charge of anionic surfactant is 

believed to be responsible for the reduced adsorption of anionic surfactants [33, 34]. With a 

similar idea, we initially thought that the same mechanism may happen in the case of 

zwitterionic surfactants; that is, we thought the negative charge of the adsorbed polyacrylate can 

potentially repulse the zwitterionic surfactant from the anionic head group.  

The adsorption of lauryl betaine on silica and Kaolinite was measured at different 

concentrations of polyacrylate with the hope that polyacrylate can reduce adsorption of 

zwitterionic surfactants as well. However, as is shown in Figure 3.1, the adsorption of lauryl 

betaine only slightly decreased by increase in concentration of polyacrylate, but remained 

constant at a fairly high value after a threshold concentration. Although adsorption of betaine 

decreased, this reduction is not very significant when compared to the decrease in adsorption of 

anionic surfactant as is shown in Figure 3.1. Our original expectation that polyacrylate may 

significantly decrease the adsorption of zwitterionic surfactants was not confirmed by the 

experiment. In the next step, other chemicals were tested to see whether adsorption of lauryl 

betaine can be reduced with economic concentrations of these chemicals. This is an effort in 

trying to find a sacrificial agent for zwitterionic surfactants.  
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Figure 3.1 Adsorption of an anionic (NI-blend) and a zwitterionic surfactant (lauryl 

betaine) at different concentrations of polyacrylate a) on Kaolinite b) on silica 

 

Figure 3.2 shows the measured adsorption of lauryl betaine on Kaolinite and silica before 

and after addition of different chemicals aimed to act as sacrificial agents. It is noteworthy to 

mention that lauryl betaine is used as an example of zwitterionic surfactant in the entirety of this 

chapter. In measuring these adsorption values, we made sure that the reported value corresponds 

to the plateau region of adsorption isotherm, and that the addition of these chemicals has no 

significant effect on the measuring concentration of betaine. It can be seen in Figure 3.2 that 

although some chemicals reduce adsorption of Lauryl Betaine, none of these chemicals lead to a 

very effective reduction in adsorption as it is expected for the sacrificial agent. An order of 

magnitude reduction in adsorption is considered to be ideal after addition of sacrificial agent in 

order for the process to be economical. However, none of these chemicals reduce adsorption of 

lauryl betaine in a range close to an order of magnitude even at the highest concentration of the 

sacrificial agent used.    
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Figure 3.2 Adsorption of lauryl betaine after addition of different chemicals as 

candidate sacrificial agents: a) on Kaolinite, b) on silica; the concentration of all the 

sacrificial chemicals are 2500 ppm, except for sodium propionate and glycerin for which 

the concentration is 1% 

 

These experiments showed that none of the candidate sacrificial agents that we tested 

could efficiently decrease adsorption of lauryl betaine to the low enough values. In the rest of 

this chapter, it will be verified whether the mechanism of adsorption of betaine is similar to that 

of anionic surfactant, and if not, how this can explain the inefficiency of polyacrylate as a 

sacrificial agent for zwitterionic surfactant. It is important to remember that application of 

polyacrylate as a sacrificial agent for anionic surfactants was merely based on single-charge 

electrostatic forces governing the surface-surfactant interactions. 

0

1

2

3

4

5

6
A

d
so

rp
ti

o
n

 (
m

g
/g

) 
a) 

0

5

10

15

20

25

30

35

A
d

so
rp

ti
o
n

 (
m

g
/g

) 

b) 



53 

 

Our hypothesis is that the mechanisms affecting the adsorption of zwitterionic surfactants 

are quite different than that of anionic surfactants, and this is why the decrease in adsorption of 

lauryl betaine is not as significant as it is in the case of anionic surfactants. In order to 

experimentally understand the difference between the mechanism of adsorption of zwitterionic 

and anionic surfactants onto the rocks, the adsorption of lauryl betaine in the absence of any 

sacrificial agent is studied as a function of equilibrium pH in the next parts of this chapter.  

 

3.4 Effect of pH and Surface Charge on Adsorption of Lauryl Betaine 

In an effort to explain the reason why polyacrylate could not significantly reduce 

adsorption of lauryl betaine, the adsorption of betaine was studied as a function of pH. As is long 

known, the electrostatic forces change by changing the pH of the solution. Kaolinite and silica 

were selected as the adsorbent and represent different surfaces. Silica surface only shows 

negative charges; in other words, no positive charge is expected on the silica surface [59, 60]. 

Kaolinite on the other hand can have positive charges at the edges of the crystalline sheets and 

negative charges on the plane [61, 62]. It is interesting to see the adsorption behavior of lauryl 

betaine on these two different surfaces at different pH values. For the sake of simplicity, we 

assume both positive and negative charges on the surface of Kaolinite are located at the same 

plane for later schematic representations. 

Figure 3.3 shows the adsorption of lauryl betaine on Kaolinite and silica at different 

salinities (0, 2.5, 5, 10% NaCl) as a function of equilibrium pH. It can be observed that the 

adsorption is higher at 0% added NaCl. More importantly, it is seen that adsorption decreases 

with increase in pH up to a point above which the adsorption actually increases and may reach a 

second plateau. In other words, a minimum adsorption is only observed at a narrow range of pH 
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between 12-13 for Kaolinite and 9-10 for silica. This change in adsorption trend is not expected 

for anionic or cationic surfactants, and it is well-known that adsorption of anionic and cationic 

surfactant decreases or increases monotonically with increase in pH, respectively [63, 64]. 

However, as it is seen in Figure 3.3, the adsorption of lauryl betaine (as a example of zwitterionic 

surfactants) is not monotonic with increase in pH, and the initial decrease in adsorption is 

followed by an increase at higher pH values.  

 
Figure 3.3 Adsorption of lauryl betaine at different salinities (0, 2.5, 5, 10% NaCl) as a 

function of equilibrium pH on a) Kaolinite, b) silica 

 

In order to interpret the results in Figure 3.3, it is essential to understand the effects pH 

may have on the surface charge of the adsorbent and the charge of the surfactant. Figure 3.4a 

shows the eta potential of the silica and Kaolinite at different pH values. The design of this 

experiment is done in a way that the ionic strength remains constant in different pH values. It can 

be seen that silica shows a negative zeta potential at any pH in the range of our measurement, but 

the point of zero chare for Kaolinite is about pH value of 4.5. At any pH value above 4.5, the 

zeta potential is negative, indicating that the net surface charge of the Kaolinite is also negative 

similar to that of silica. It is noteworthy to understand that the net negative charge on Kaolinite 
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means the presence of more negative charges than positive, but on silica there is no positive 

charge. It is also noteworthy to mention that the silica is acid washed with HCl, and then 

neutralized to assure about absence of any positive charge impurities, such as iron oxide.   

Figure 3.4b is essentially acid-base titration of the lauryl betaine, where the 

experimentally measured pH is plotted versus the pH that should have theoretically been 

observed due to adding NaOH or HCl in the absence of lauryl betaine. Therefore, any deviation 

from the straight line is due to association or dissociation of acidic or basic groups on the lauryl 

betaine molecules, and therefore indicates change in the surfactant charge if happens. It is 

observed in Figure 3.4b that there is no association or dissociation above pH value of 7. 

However, below pH of 7, there is a deviation from straight line that indicates association of 

carboxylic group on lauryl betaine that eventually leads to elimination of negative charges on 

lauryl betaine molecules at very low pH values. Therefore, the change in trend of adsorption with 

pH is not related to any change in the charge of the surfactant since the change in adsorption is 

seen at pH value of 9 or above where there is no change in the charge of surfactant according to 

Figure 3.4b. Also, it should be kept in mind that the surface charge monotonically becomes more 

negative as the pH increases, according to Figure 3.4a.  

These pieces of information will be used in the next section to hypothesize a mechanism 

for the adsorption of lauryl betaine and explain why polyacrylate could not lead to significant 

reduction in adsorption of lauryl betaine, where it does reduce adsorption of anionic surfactants 

as it was seen in the earlier chapter (chapter 2).   
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Figure 3.4 Effect of pH on a) zeta potential (related to surface charge) of silica and 

Kaolinite, b) acid-base titration for lauryl betaine solutions at different salinities, indicating 

no dissociation (no change in charge) at pH values above seven  

 

3.5 Hypothesis for Mechanism of Lauryl Betaine Adsorption 

In this section, a hypothesis is given to interpret the results of the adsorption experiments 

at different pH values, which can also be used to explain why sodium polyacrylate does not 

significantly decrease the adsorption of lauryl betaine as compared to the case of the anionic 

surfactant. The facts from previous sections can be summarized as follows:  

1) A sudden increase is followed by the initial decrease in adsorption of lauryl betaine 

when pH increases.  

2) The increase in pH only makes the surface more negatively charged. 

3) No change in charge of the lauryl betaine occurs in the higher range of pH where the 

change in trend of adsorption is observed.  

A hypothesis should be able to be consistent with all these facts.  
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Figure 3.5 Schematic representation for hypothetic mechanism of adsorption of 

zwitterionic surfactant at different pH values (surface charges) on Kaolinite; zwitterionic 

surfactant can bend at very high pH values or surface charges and this is the reason why 

there is a sudden increase in adsorption at high pH values (pH increases from a-e, or 

surface becomes more negative from a-e); f) the molecule can bend on the surface due the 

electrostatic torque 

 

 

 

         
Figure 3.6 Schematic representation for hypothetic mechanism of adsorption of 

zwitterionic surfactant at different pH values (surface charges) on silica; zwitterionic 

surfactant can bend at very high pH values or surface charges and this is the reason why 

there is a sudden increase in adsorption at high pH values (pH increases from a-c, or 

surface becomes more negative from a-c); c) the molecule can bend on the surface due the 

electrostatic torque 



58 

 

We hypothesize that at high enough negative charges of the surface, it is possible for the 

zwitterionic surfactant (e.g. lauryl betaine) to bend on the surface in a way that the positive 

charge becomes positioned as the head group. The increase in adsorption seen at high pH values 

is hypothesized to be due to this phenomenon; hence the positive charge of the surfactant has a 

high tendency to adsorb on the negatively charged surfaces, either in silica or Kaolinite. Such 

conditions happen in high enough pH values that correspond to high enough negative charges on 

the surface. Strong negative charge on the surface will have a repulsive and attractive force on 

the negative and positive charge of the surfactant, respectively. The balance of the forces on the 

surfactant can cause a torque that can lead to bending of the surfactant at the vicinity of the 

surface (schematically depicted in Figure 3.5f and Figure 3.6c). 

Based on this hypothesis, a clear interpretation of the adsorption tests can be made. For 

Kaolinite, in low enough pH values, there is positive charges on the surface that surfactant can 

adsorb on (Figure 3.5a). On silica, there is hydrogen bonding at low enough pH values and 

surfactant can be adsorbed on the surface due to hydrogen bonding (Figure 3.6a). With increase 

in pH, the surface charge becomes more negative, and density of positive charges for Kaolinite 

(Figure 3.5b and c) or hydrogen bonding on silica (Figure 3.6b) is reduced; therefore, adsorption 

of the zwitterionic surfactant decreases (Figure 3.5b and c). This is up to a point where the 

surface charge gets negative enough to be able to bend the zwitterionic surfactant molecules at 

the vicinity of the adsorbent surface (Figure 3.5d or Figure 3.6c). At this point, any increase in 

pH helps more surfactants to be bent and adsorb from the positive charge on the surface until 

they saturate the surface (Figure 3.5e).   

This hypothesis can also be used to explain why polyacrylate could not significantly reduce the 

adsorption of zwitterionic surfactant as compared to anionic surfactant: 
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Polyacrylate is a densely charged polymer. Upon adsorption of polyacrylate, the surface can 

become excessively charged (that corresponds to high pH values in comparison to the Figure 

3.5e or Figure 3.6c) and therefore, can bend the zwitterionic surfactant and cause further 

adsorption on polyacrylate from the positive charge of the surfactant. 

3.6 Adsorption of Lauryl Betaine in the Presence of an Anionic Surfactant 

The adsorption of lauryl betaine has been measured in the presence of anionic surfactant, sodium 

octonate. Sodium octonate is a carboxylic acid with eight carbons in each molecule. Before 

conducting this experiment, it has been verified that presence of sodium octonate has no effect 

on measuring concentration of lauryl betaine. This is done by adding some concentration of 

sodium octonate to lauryl betaine solution, and measuring concentration of betaine before and 

after addition of octonate. The same concentration is measured in the absence or presence of 

octonate, which assures us that the octonate has no effect on measurement of lauryl betaine. 

Figure 3.7 shows the adsorption of lauryl betaine on Kaolinite at two different salinities (0 and 

3.5 % NaCl) in the presence or absence of sodium octonate. It can be seen that octonate 

decreases the adsorption of lauryl betaine at all the pH values. Figure 3.8 shows a schematic 

representation of the mechanism involved. In low pH values, competitive adsorption between 

anionic and zwitterionic surfactant seems to be responsible for the decreases in adsorption of 

betaine in presence of octonate. In high pH values, interaction of the anionic surfactant with 

betaine in bulk solution is presented as the reason for reduction in adsorption of lauryl betaine in 

the presence of sodium octonate. 
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Figure 3.6 Adsorption of lauryl betaine on Kaolinite at different mass ratios of sodium 

octonate and betaine for a) 0% NaCl salinity, b) 2.5% NaCl salinity 

 

 

Figure 3.7 Schematic representation for hypothetic mechanism of adsorption for a 

blend of zwitterionic and anionic surfactant; at low pH values anionic and zwitterionic can 

compete for being adsorbed on the surface, while at high pH values anionic surfactant 

reduces adsorption of the zwitterionic by bulk interactions 
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3.7 Mechanism of Adsorption of Betaine and Effect of Polyacrylate 

 Table 3.1 shows the adsorption of polyacrylate on silica and Kaolinite in addition to the 

zeta potential of the silica and Kaolinite before and after adsorption of polyacrylate. As it can be 

seen in Table 3.1, after adsorption of polyacrylate, the zeta potential of the silica and Kaolinite 

corresponds to a zeta potential of these surfaces at about pH values of 11 and 13, respectively.  

 This data in addition to the hypothetic mechanism for adsorption of betaine provides an 

insight on the reason why polyacrylate does not reduce adsorption of betaine as much as it does 

for anionic surfactants. When polyacrylate is adsorbed on the surface of the minerals, it provides 

a very negatively-charged surface (that corresponds to the charge of the surface at high pH 

values). This highly negatively-charged surface can lead to bending of the zwitterionic 

surfactant, which results in further adsorption of zwitterionic surfactant on the polyacrylate 

already adsorbed on the surface. 

Table 3.1 Adsorption of Polyacrylate on silica and Kaolinite and change in zeta 

potential 

Rock/Mineral 

Polyacrylate 

Adsorption 

(mg/g) 

Zeta Potential Before 

Polyacrylate Adsorption (mV) 

Zeta Potential After 

Polyacrylate Adsorption (mV) 

Silica 0.13 -16±4 -84±9 

Kaolinite 8.64 +3±2 -102±6 

 

3.8 Chapter Conclusion 

We showed that the addition of polyacrylate and many other chemicals slightly reduces 

adsorption of lauryl betaine, but this slight reduction is not as much, especially when compared 

to the reduction of adsorption of anionic surfactant. In the next step, in order to understand the 

reason behind this dismal decrease in adsorption of betaine, we studied the effect of pH on 

adsorption of betaine. We show that after certain equilibrium pH values, the adsorption increases 
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with increase in pH, which is against traditional trends seen by anionic or cationic surfactants. 

This increase in adsorption was interpreted by the hypothesis that the betaine molecules can bend 

near the surface at a certain charge density. This hypothesis is used to elaborate why addition of 

sodium polyacrylate could not lead to a significant reduction in adsorption of zwitterionic 

surfactant. The validation of this hypothesis needs molecular simulation, which is outside scope 

of this study. 
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Chapter 4 

Interfacial Behavior of Polymer-Coated Oxidized Carbon Black 

Nanoparticles in the Absence/Presence of Surfactants 

 

 

 

When colloidal or nano-sized particles adsorb at the interface of oil and water, a so-

called Pickering emulsion can form. The interfacial tension of oil and aqueous solutions of 

nanoparticles that can form Pickering Emulsions is lower than that of oil and brine in the 

absence of nanoparticles. In other words, nanoparticles can form Pickering Emulsions and 

reduce the interfacial tension of the system. However, this reduction in interfacial tension is not 

enough for oil recovery.  

In this chapter, the effect of polymer-coating of nanoparticles on phase behavior and 

interfacial tension of mixtures of oxidized carbon black nanoparticle aqueous solutions and 

paraffinic oil is investigated in the absence/presence of surfactants. If coated properly, 

nanoparticles can interact with micro-emulsion phases in the absence of any traditional 

Pickering Emulsion. A hypothetic mechanism for these interactions is provided, which explains 

why only certain polymer-coatings can result in homogenous dispersion of nanoparticles in the 

micro-emulsion phase. 

From the author of this thesis, a review article on the applications of polymer-coated 

nanoparticles in enhanced oil recovery is published in a peer-reviewed journal [65]. 
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4.1 Chapter Introduction 

Nanoparticles have been explored for use in a remarkable range of applications [65], 

including polymer composites [66], drug delivery [67-72], solar cells [73-76], lipase 

immobilization [77], metal ion removal [78], imaging [71, 79-80], and enhanced oil recovery 

[65]. They can be interfacially active and used to modify surface properties. Traditionally, the 

application of nanoparticles for EOR has been classified into two different mechanisms: 

wettability alteration and foam/emulsion formation.  

A number of studies have reported the application of nanoparticles in EOR through 

wettability alteration, [81-84], yet studies of the effect of polymer-coated nanoparticles (PNPs) 

on wettability are in the early stages.  A polymer coating in PNPs can potentially change the 

contact angle of the nanoparticles, increase electrostatic repulsion, and improve wettability 

alteration of nanoparticles. Several studies measured the contact angle of oil-wet surfaces before 

and after treatment with nanoparticles. It was found that nanoparticles can decrease the contact 

angle of various surfaces. Addition of nanoparticles to brine can also lead to spontaneous 

imbibition of the nanoparticle dispersion into an oil-saturated rock, with resulting oil 

displacement from the rock [81, 85-86]. Relative permeability curves of oil and water also 

change after contact with nanoparticles; that is, the relative permeability of oil and water 

increases and decreases, respectively [82]. Actual core flooding experiments where nanoparticles 

were injected in real cores found that recovery of oil can increase from 5 up to about 20 % in 

some cases [82, 83, 85-86]. 

Ju et al. developed simulations to analyze wettability alterations caused by nanoparticles. 

They analyzed the effect of different physical and chemical properties of the nanoparticles, such 

as polymer coating, contact angle, and size in terms of empirical coefficients [84, 87]. They 
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report that both permeability and porosity of the core decrease with injection of nanoparticles, 

and the decrease in permeability is more significant than porosity. However, the relative 

permeability of oil increases due to wettability alteration. Based on their simulations, oil 

recovery can be improved through wettability alteration by up to 20 % when a high 

concentration of nanoparticle is injected. At the same time, increasing nanoparticle concentration 

leads to greater reductions in permeability. Therefore, they suggest an optimum concentration of 

nanoparticle (2-3%) for injection into the core. 

In chapter 1, it was mentioned that high viscosity of the injected phase can lead to greater 

oil recovery due to better sweep of the regions of a given crude oil reservoir. A method for 

achieving high viscosities of the injected phases and good mobility control is through generation 

of foams and emulsions, which can form in the presence of surfactants or nanoparticles. Foams 

and emulsions are dispersions of one fluid in a second immiscible fluid, and they typically 

exhibit high viscosities and shear-thinning rheological behaviors [88, 89]. The high viscosity of 

the injected phase can lead to improved mobility control. Also, the shear-thinning behavior of the 

injected foam or emulsion is advantageous for achieving high injection rates into the reservoir.  

Similar to surfactants, nanoparticles can be used to generate foams and emulsions to 

increase the viscosity of the injected phase. The stabilization of foams and emulsions using 

micron-sized particles was reported roughly one hundred years ago by Ramsden and later by 

Pickering [90, 91]. Such emulsions are commonly known as Pickering emulsions. Unlike 

surfactants, nanoparticles have the advantage that they can irreversibly adsorb to a liquid-liquid 

or gas-liquid interface, forming very stable foams and emulsions. On the other hand, bare 

nanoparticles may be too hydrophobic or hydrophilic for stabilizing an interface. PNPs can be 
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tailored for a specific interface and application. Therefore, PNPs can be used to form 

foam/emulsion as a viscous fluid for greater oil recovery. 

Nanoparticles have been shown to stabilize foams and emulsions, but their successful 

implementation for EOR processes require considerations beyond interfacial properties. They 

must be able to migrate through porous media and be dispersible in water/brine, inexpensive and 

injectable into a reservoir. Nanoparticles must also be able to propagate deep into the reservoir to 

assist oil displacement. Previous studies have reported challenges in the transport of 

nanoparticles through porous media [92-96]. Nanoparticles coated with various polymers 

including polyacrylic acid [97, 98], cellulose [99], starch [100], and surfactants [101, 102] have 

been studied. Therefore, polymer coatings have shown to be able to help the stability of 

nanoparticle in aqueous solutions and therefore transportation of nanoparticles in porous media. 

It should be noted that in all the previous literature, the reduction in interfacial tension by 

PNPs and star polymers is at most by one order of magnitude (from roughly 25 mN/m to 1 

mN/m) [103-105]. By comparison, surfactant additives can lead to much greater reductions in 

oil-water interfacial tension, down to 0.001 mN/m
2
 and below. Thus based on literature, 

irreversible PNP adsorption to the oil-water interface still plays a predominant role in emulsion 

stability with added PNPs, but the reduction in oil-water interfacial tension is modest compared 

with suitably chosen surfactant additives. 

Two scenarios have been considered to investigate the interfacial behavior of PNPs at the 

interface in terms of interfacial tension and phase behavior: nanoparticles in the absence of 

surfactants, and nanoparticles in the presence of surfactants. The former will be discussed first, 

and the latter will follow afterwards in this chapter.  
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It is very well know that if an amphiphilic nanoparticle (not extremely hydrophilic or 

extremely hydrophobic) solution is sheared in the presence of oil or air, emulsions or foams can 

be produced, respectively. As it was mentioned earlier in this chapter, such emulsions are known 

as Pickering Emulsions. These emulsions are thermodynamically unstable (but may be 

kinetically stable), and can be in the form of water in oil, or oil in water emulsions, depending on 

the wettability of the used nanoparticle. Figure 4.1 presents a schematic representation of the 

formation of Pickering Emulsions. If the nanoparticle is amphiphilic enough to place at the 

interface of oil and water (that is initially formed by shear, or presence of surfactant micelles), 

they are able to stabilize the emulsion. If the nanoparticle is mostly wetting the water, the 

resulting emulsion will be oil in water. On the other hand, if nanoparticle mostly wets the oil, the 

resulting emulsion will be water in oil. There is yet no evidence about the state of Pickering 

Emulsions formed from neutrally wetting nanoparticles since it is extremely difficult to precisely 

have a neutrally wetting nanoparticle in practice. These emulsion droplets are usually much 

bigger than micron in size. 

Figure 4.2 shows a schematic representation of the micro-emulsion phase that is formed 

by surfactant solutions in the presence of oil. Such micro-emulsions can provide a nanoscopic 

interface of oil and water. The question we try to answer is how polymer coatings can help the 

nanoparticles to migrate to this nanoscopic interface and can stabilize them in micro-emulsion 

phase. Contrary to the water oil interfaces stabilized by Pickering Emulsions that are not 

thermodynamically stable in the absence of surfactants, the nanoscopic interface of micro-

emulsions is thermodynamically stable. It is investigated if PNPs coated with both hydrophilic 

and hydrophobic polymers can further decrease the interfacial tension of oil and water once 

dispersed in the micro-emulsion phase and placed at the nanoscopic interfaces in such phase.  
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Figure 4.1 Schematics of the effect of wettability of the nanoparticle on the type of 

Pickering Emulsions formed in the absence of surfactants 

  

 

 
Figure 4.2 Schematics of the migration of the PNPs to the micro-emulsion phase, which 

is interpreted by placement of nanoparticle at the nanoscopic interface of oil and water 

 

4.2 Experimental Procedures 

In this section, the experimental procedures used in chapter 3 will be covered. These 

experimental procedures include the chemical routes used to attach polymers/hydrocarbon chains 

to the surface of oxidized carbon black nanoparticles (OCB) as well as the procedure for salinity 

scan in the absence and in the presence of surfactants.  
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 Coated OCB nanoparticles have been used as a type of polymer-coated nanoparticles 

(PNPs) in our study. The results presented here may or may not be representative of other PNPs 

in general.  

4.2.1 Synthesis of Polymer-Coated Nanoparticles (PNPs) 

 
Figure 4.3 Schematic representation of the chemical route for attaching 

polymers/hydrocarbon chains to oxidized carbon black nanoparticles (OCB) 

 

Figure 4.3 shows a schematic representation of the chemical route for attaching 

polymers/hydrocarbon chains to the surface of OCB nanoparticles. Figure 4.3 is a general 

scheme for all the reactions that are used for making many different nanoparticles, but depending 

on the type of coating, only some of these reactions may have been applied for a specific 

nanoparticle. The key in attachment is the presence of carboxylic groups on the surface of OCB 

and presence of alcohol groups in the polymer/hydrocarbon chain. The reaction is basically an 

etherification reaction. Sulfation of alcohol groups can be done as a post treatment on the 

nanoparticles. In order to increase the rate of attachment of hydrophobic chains to the surface of 

nanoparticles, it is essential to prioritize the reaction between hydrocarbon chain and OCB to that 

of PVA and OCB (if both are needed to be attached). This is because PVA polymers may react 

with almost all the carboxylic groups on the surface of OCB and may leave no reaction sites for 

hydrocarbon chains to attach to the surface if PVA reacts first.  
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OCB nanoparticles are oxidized form of carbon black nanoparticles, purchased from 

Cabot Corporation (Monarch 1300, Lot # 944884). The average size of the initial carbon black 

nanoparticles is in the order of 15 nm. The oxidized carbon black (OCB) nanoparticles are 

prepared by harsh oxidization of the initial carbon black nanoparticles through mixing with 

strong acids (H2SO4, H3PO4, and KMnO4).  

In order to attach the proper polyvinyl alcohol (PVA) to each nanoparticle, the desired 

amount of OCB is blended in Dimethylformamide (DMF) with the PVA weighing almost twenty 

times more than the weight of OCB. Different molecular weights of PVA are used to synthesize 

different nanoparticles: 2, 6, and 10 KDa PVAs were purchased from Acros Organics, 

PolySciences, and Sigma-Aldrich, respectively. These PVAs are about 75-80% hydrolyzed. In 

addition to using OCB nanoparticles and PVA as the reactants in this reaction, N,N
’
-

dicyclohexylcarbodiimide (DCC, Sigma-Aldrich, weighing about 4 times the weight of OCB) 

and 4-(dimethylamino)pyridine (DMAP, Sigma-Aldrich, weighing about 2 times the weight of 

OCB) are added as well in order to catalyze the reaction. The reaction of attaching PVA to the 

OCB is done at 70°C for a day. Before starting the reaction, the solution is ultrasonicated for 10 

min (Cole-Palmer one-pint compact ultrasonic cleaner, 115 VAC).    

In case that there is a need to attach a hydrophobic chain to the OCB surface, it is 

essential to react the hydrophobic chain with OCB prior to reacting PVA with OCB. Alcohols 

with different molecular weights have been used: C12OH, C16OH, C22OH, and C44OH were 

purchased as 1-dodecanol (Sigma-Aldrich, ACS reagent), 1-hexadecanol (Sigma-Aldrich, 

>99%), 1-docosanol (Sigma-Aldrich, 98%), and polyethylene monoalcohol (Sigma-Aldrich, 

Mn=460 Da), respectively. In order to start the reaction, OCB, DCC, DMAP, and the 

hydrophobic alcohol (weighing almost 10 times the weight of OCB) are all dissolved in DMF. 
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The reaction takes place at 90°C for about 3 days. If needed to attach PVA to such nanoparticles, 

then PVA is added to the reaction along with more DCC at the end of reaction with hydrophobic 

chains.  

In order to sulfate the PVA chains, sulfur trioxide pyridine complex (Sigma-Aldrich, 

98%) was added to the DMF and heated at 60°C under nitrogen purge for a day. For conducting 

partial sulfation or maximum sulfation, the pyridine complex is added in different amounts; that 

is, 0.2 times or 2 times the initial weight of OCB, respectively.  

After the reaction, the nanoparticles need to be purified from the remaining reactants and 

the solvent. The purification is done by using a continuous flow dialysis instrument (KrosFlo, 

research Iii tangential flow filtration system). The continuous washing of the nanoparticles in the 

dialysis system with water is continued for 3 days. After this time, no more chemical was found 

to be extracted from the nanoparticle solutions in dialysis bags.  

The nanoparticles are then precipitated using different solvents such as hexane, 

tetrahydrofuran (THF), acetone, or methanol. Afterwards, the nanoparticles were dried in a 

rotary evaporator (Buchi, Rotavapor 210), and kept in vials for further tests.  

4.2.2 Methods for Characterization of Interfacial Properties of Nanoparticle Solutions in 

Absence of Surfactants 

The salinity scan tests in the absence of surfactants are done in different temperatures. 

The concentration of nanoparticle in these experiments is 2 mg/g (0.2 %wt). The nanoparticle 

solutions and paraffinic oil is shaken at the corresponding temperature of the test and kept at the 

same temperature. The samples are in sealed vials, and there is a need to make precautions when 

dealing with samples especially at high temperatures. After no change is observed in the system, 
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a picture is taken and reported. The method of shaking is important since formation of emulsion 

is a function of mechanical (shear) energy that is put in the system. Unfortunately, we did not 

have a mechanized way to shake the samples and shaking was done using hand. However, the 

best of effort was done to be consistent in shaking different samples.  

 The interfacial tension of the samples in this section is measured using pendent drop 

method. Due to the black color of the OCB-based nanoparticles, it is imperative that the external 

phase is selected to be the paraffinic oil, not the nanoparticle solution. For this reason, the needle 

that is used in the pendent drop experiment needs to be a vertical needle (no round tip), which 

provides a drop of nanoparticle solution inside the paraffinic oil. The interfacial tension then is 

calculated by fitting the Young-Laplace equation to the shape of the drop in equilibrium 

conditions.  

4.2.3 Methods for Characterization of Interfacial Properties of Nanoparticle Solutions in 

Presence of Surfactants 

C12-orthoxylene sulfonate is chosen as the surfactant for this study. Sec-butyl alcohol is 

used in addition to the surfactant to avoid formation of gel-like structures and also avoid 

formation of Pickering Emulsions. There are many reasons behind the selection of the surfactant:  

First, this is a traditional surfactant used in many classic literatures to show the surfactant 

micro-emulsion formation. The micro-emulsion phase formed by this surfactant is a very clear, 

single-phased, and transparent. Such ideal case of micro-emulsion provides an ideal system to 

understand the interactions of PNPs and micro-emulsions.  
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Second, this surfactant has the same charge as the nanoparticles; therefore, there is no 

electrostatic attraction between the surfactant and the nanoparticles. This is another aspect of 

ideal system to fundamentally understand the interactions between PNPs and the surfactant.  

Therefore, for salinity scan experiments, 2% C12-orthoxylene sulfonate, 2.5 % sec-butyl 

alcohol, and 0.2 % of the corresponding nanoparticle exist in the original aqueous phase. The 

salinity range studied is usually between 1.4 to 2.4% NaCl, which is the salinity range at which 

different phases of the micro-emulsion can be seen. N-octane, as paraffinic oil, is used for these 

studies, and all the experiments are done at room temperature. The vials are shaken for 24 hr, and 

subsequently, placed vertically to reach equilibrium. After equilibrium is reached, the pictures 

are taken and calculations/measurements are done. The interfacial tension between the water 

phase and micro-emulsion phase are both calculated and measured. The calculation is based on 

Chun Huh relationship [106], and the measurements are done by spinning drop.   

 

4.3 Pickering Emulsions from Nanoparticle Solutions in the Absence of Surfactants 

 As Figure 4.4a shows, the OCB precipitates in high salinity. This can be explained by 

screening of the ionic charges on the surface of OCB and therefore, lack of enough electrostatic 

repulsion to counter balance the Van Der Waals attraction towards other nanoparticles in 

solution. As it was explained in the synthesis section (section 4.2.1), the core nanoparticle is 

oxidized carbon black, which can consist of many different types of functional groups, but the 

process of oxidization has definitely introduced carboxylic surface functionalities on the surface. 

Figure 4.4 compares the salinity scan for uncoated OCB with the partially sulfated polyvinyl 

alcohol oxidized carbon black (sPVA-OCB) nanoparticles. sPVA-OCB nanoparticles are very 

well-dispersed in aqueous phase at different salinities while the uncoated OCB precipitates at 
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more saline brine than DI-water. The sPVA-OCB provides enough electrostatic charge to make 

the nanoparticles well-dispersed in solution. Also, Figure 4.4b shows that in the case of sPVA-

OCB where nanoparticle is dispersed in solution, Pickering Emulsions are formed in a range of 

salinity (~5.3-10.6). However, in the case of OCB that nanoparticles precipitate, no Pickering 

Emulsion is observed in any salinity range (Figure 4.4a).  

 

  
Figure 4.4 Salinity scan experiment in the presence of oil for two different 

nanoparticles: a) uncoated OCB precipitates at higher salinities due to screening of the 

ionic groups that provide electrostatic repulsion, b) sPVA-OCB nanoaprticles are well-

dispersed in brine of different salinities and form Pickering Emulsions at a range of salinity 

(~5.3-10.6 %NaCl)  
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Figure 4.5 Pickering Emulsions formed by shearing solutions of sPVA-OCB-C12 

nanoparticles in the presence of oil at different salinities and temperatures. In all cases, 

only oil in water emulsion is formed (oil is dyed with a green color, water is blue); at very 

high salinities, almost all the nanoparticles contribute to the emulsion and it is seen that 

after sometime, an interfacial aggregation happens for the emulsions that are highly 

packed with nanoparticles 
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Figure 4.6 Pickering Emulsions formed by shearing solutions of sPVA-OCB-C16 

nanoparticles in the presence of oil at different salinities and temperatures. In all cases, 

only oil in water emulsion is formed (oil is dyed with a green color, water is blue); at very 

high salinities, almost all the nanoparticles contribute to the emulsion and it is seen that 

after sometime, an interfacial aggregation happens for the emulsions that are highly 

packed with nanoparticles in the cases of high salinity and high temperature 
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Figure 4.7 Pickering Emulsions formed by shearing solutions of sPVA-OCB-C16 

nanoparticles in the presence of oil at different salinities and temperatures. In all cases, 

only oil in water emulsion is formed (oil is dyed with a green color, water is blue); at very 

high salinities, almost all the nanoparticles contribute to the emulsion and it is seen that 

after sometime, an interfacial aggregation happens for the emulsions that are highly 

packed with nanoparticles in the cases of high salinity and high temperature 
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It was observed that attaching sPVA to OCB can make the nanoparticle dispersed at 

different salinities, and can result in formation of Pickering Emulsions in a range of salinities. 

sPVA is a hydrophilic polymer attached to the nanoparticle that plays its role in making the 

nanoparticle dispersed in different salinities; however, it could only result in Pickering 

Emulsions in a limited range of salinity. Therefore, the next step is to see how attaching 

hydrophobic species to the nanoparticle can change the interfacial behavior.  

Figures 4.5, 4.6, and 4.7 show the results of salinity scan experiments done at different 

salinities and different temperatures with solutions of sPVA-OCB-C12, sPVA-OCB-C16, and 

sPVA-OCB-C22 nanoparticles, respectively. Comparing these Figures with Figure 4.4b (case of 

sPVA-OCB) reveals that adding a hydrophobic component to these nanoparticles results in 

systems where Pickering Emulsion can form in all salinity ranges rather than a specific salinity 

range in case of sPVA-OCB. Therefore, we see that by adding a hydrophobic component 

(hydrocarbon chain) to the nanoparticle, we can make the PNPs amphiphilic enough to form 

Pickering Emulsion at all salinities, yet the nanoparticles are well-dispersed in all salinity ranges 

due to presence of sPVA coating.   

Figure 4.5, 4.6, and 4.7 show that the sPVA-OCB-C12, sPVA-OCB-C16, and sPVA-

OCB-C22 are amphiphilic enough to cause Pickering Emulsions. The microscopic study of the 

emulsion shows that in all cases the emulsion is oil in water, which indicates that these 

nanoparticles tend to be more water wetting once placed at the interface of water and oil on 

emulsion droplets. Therefore, the combination of sPVA and hydrocarbon chains make the 

nanoparticle amphiphilic enough to be able to produce emulsions in all the salinity ranges, yet 

hydrophilic enough to form only oil in water emulsions.   
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Another observation that can be seen in Figures 4.5, 4.6, and 4.7 is that at very high 

salinity and high temperatures, almost all the nanoparticles are incorporating to the formation of 

emulsion (since the aqueous solution loses the black color of nanoparticles and the emulsion 

becomes more dense). The longer the hydrocarbon chain, the lower the salinity or the 

temperature needed for this phenomenon to happen, as it can be seen by comparing 15% NaCl 

salinity point in Figures 4.5, 4.6, and 4.7.  

Also, evidence of a phenomenon called as “interfacial aggregation” is seen in high 

salinities and high temperatures. This phenomenon can be seen when nanoparticles are highly 

packed at the interface of water and oil on emulsion droplets. In fact, it can be observed that 

emulsion stability is reduced over long time. Nanoparticles initially form Pickering Emulsions 

but gradually precipitate when the nanoparticles packing density on the emulsion water/oil 

interface is increased (almost the entire nanoparticles are seen in emulsion phase and none 

remained in aqueous phase). 

Table 4.1 summarizes the interfacial tension between oil and aqueous solutions of 

nanoparticles coated with different polymers/hydrocarbon chains. It can be seen that almost all 

these coatings reduce the interfacial tension by the same order of magnitude. However, in none 

of these cases the interfacial tension is reduced to levels required for EOR applications. Many 

previous researchers have shown that solutions of PNPs can reduce the interfacial tension with 

oil and the values reported are in compliance with the reported values in Table 4.1.  
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Table 4.1 the interfacial tension of oil and water in the presence of OCB nanoparticles 

coated with different polymers/hydrocarbon chains 

Nanoparticle Temperature (°C) Brine Salinity (%NaCl) Interfacial Tension (mN/m) 

None (Brine/Octane) 22 7.5 48.73 

sPVA-OCB 22 7.5 6.73 

sPVA-OCB-C12 22 7.5 2.21 

sPVA-OCB-C16 22 7.5 2.07 

sPVA-OCB-C22 22 7.5 2.03 

 

4.4 Nanoparticles Migration to the Micro-Emulsion Phase in Presence of Surfactant 

and Absence of Pickering Emulsions 

Based on conventional wisdom, nanoparticles can stabilize thermodynamically unstable 

foams/emulsions due to migration of nanoparticles at the oil and water interface. Previously in 

this chapter, we investigated the effect of polymer coating on the Pickering Emulsion formation. 

During the rest of this chapter, the effect of polymer coatings on interfacial properties of 

nanoparticles in the presence of surfactants has been investigated.  

Figure 4.8a shows the result of surfactant salinity scan (2% orthoxylene sulfonate + 2.5% 

sec-butyl alcohol) in front of both black and white background. Three traditional states can be 

easily observed in Figure 4.8: these three states include: 

1) Winsor type I where two phases exit, and surfactant micro-emulsion is in the brine phase 

2) Winsor type III where three phases exist, and surfactant micro-emulsion forms a separate 

middle phase (not in excess brine nor in excess oil) 

3) Winsor type II where two phases exist, and surfactant micro-emulsion exists in the oil phase 

In salinities near Winsor type III region, there is no evidence of presence of Pickering 

Emulsion. The micro-emulsion phase is very transparent even to the point that graduated 

numbers of the vial can be easily seen by naked eyes from the other side. Pickering Emulsions 
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will scatter light due to their micron size, and a transparent micro-emulsion phase is not possible 

in the presence of Pickering Emulsions. Therefore, we conclude that no Pickering Emulsion 

exists in any of the salinity scans done in the presence of surfactant systems in this study.   

Figure 4.8b shows the result of salinity scan when 0.2 % sPVA-OCB (concentration in 

original aqueous phase) is added to the system along with the 2 % orthoxylene sulfonate and 

2.5% sec-butyl alcohol (concentration in original aqueous phase). It can be observed that 

nanoparticles travel with the micro-emulsion phase. In such case, no nanoparticle can be 

observed in bulk water or bulk oil, but in micro-emulsion phase, and this is an indication that 

nanoparticles migrate to the nanoscopic water and oil interface within the micro-emulsion phase. 

It is noteworthy to remind that there is transparency of the micro-emulsion phase indicates 

absence of Pickering Emulsions in these experiments; therefore, the nanoparticles are interacting 

with the micro-emulsion nanoscopic water/oil interface.  

In order to be able to compare the salinity scan experiments of different nanoparticles, it 

is essential to present the salinity scan data in a more concise way. The actual salinity scans 

presented in Figure 4.8 along with other salinity scan tests can be summarized in a special 

representation that is developed in this study. Figures 4.9-4.13 represents the salinity scan data of 

surfactants blended with a few different types of nanoparticles (the raw data for these 

experiments are given in Appendix B). In such plots, the location of micro-emulsion is plotted 

versus the salinity. For each salinity value in each plot, a few different bars are shown that 

represents different experiments (with or without nanoparticles) at the corresponding salinity. 

The position of nanoparticle at different phases is shown with black dots or black region at the 

bottom of a phase, corresponding to good dispersion or precipitation of nanoparticles in that 

phase, respectively.   
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Figure 4.8 The salinity scan experiment in the presence of 2% orthoxylene sulfonate 

and 2.5% sec-butyl alcohol with n-octane as the oil: a) salinity scan in the absence of 

nanoparticles; b) salinity scan with 0.2% sPVA-OCB nanoparticles; the nanoparticles is 

interacting with the micro-emulsion phase even in the absence of Pickering Emulsion 
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Figure 4.9 Schematic summary of salinity scan tests comparing uncoated nanoparticles 

with different coated nanoparticles; uncoated nanoparticle does not migrate to the micro-

emulsion phase; sPVA-OCB-C44 migrates to the micro-emulsion phase but does not 

remain dispersed in that phase due to interfacial aggregation; sPVA-OCB migrates to 

micro-emulsion phase and remains dispersed  

Figure 4.9 compares the salinity scan in the absence of nanoparticles with the case of 

presence of uncoated and coated nanoparticles. It can be seen that uncoated nanoparticle does not 

migrate to the micro-emulsion phase until only higher salinities. This can be interpreted by the 

very hydrophilic nature of uncoated OCB nanoparticles. At lower salinities, the uncoated OCB 

nanoparticles are not amphiphilic enough to migrate to the oil/water interface. At higher 

salinities, the ionic charge on the surface of OCB may be screened by salt that makes the 

uncoated OCB more amphiphilic, and therefore allowing some portion of nanoparticles to 

migrate to the micro-emulsion phase.  
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By the observation that the amphiphilic nature of OCB nanoparticles is the required 

condition for them to migrate to the nanoscpic interface of oil and water in the micro-emulison 

phase, we should be able to modify the surface of nanoparticles with polymers to make them 

more amphiphilic. From what we learned in the previous section of this chapter (Figures 4.4-

4.7), attaching sPVA polymer or hydrocarbon chains of different lengths can result in a more 

amphiphilic nanoparticle compared to the uncoated OCB. Therefore, we should be able to see 

migration of these PNPs to the nanoscopic interface of oil and water in micro-emulsion phase 

due to their more amphiphilic nature.  

Figure 4.10 completely is in agreement with the assumption that amphiphilic 

nanoparticles can migrate to the micro-emulsion phase. As it can be seen in Figure 4.10, all the 

PNPs that showed amphiphilic properties in the formation of Pickering Emulsions in the absence 

of surfactants can migrate to the micro-emulsion phase too. Also, it is note worthy to remind that 

migration of these amphiphilic nanoparticles to the micro-emulsion phase indicates their 

placement in the nanoscopic interface of oil and water in such phases. This is due to the fact that 

no nanoparticle can be seen in the bulk water nor bulk oil, and that no Pickering Emulsion exists 

in these salnity scan tests.   

In addition, it can be seen in Figure 4.10 that although all the PNPs in this study migrate 

to the micro-emulsion phase, only some remain dispersed in that phase, and the rest precipitate in 

the micro-emulsion phase after some time. The reason behind this will be discussed in the 

following parts of this chapter.  
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4.4.1 Role of Electrostatic Repulsion in Hindering Hypothetic “Interfacial Aggregation” 

Figure 4.10b compares the salinity scan for surfactant blend and sPVA-OCB (2KDa) 

with its unsulfated version PVA-OCB (2KDa). It is very clearly shown that in the absence of 

sulfation (absence of relatively strong electrostatic repulsion), the nanoparticles precipitate inside 

the micro-emulsion phase. Considering that both of these nanoparticles are well-dispersed in the 

corresponding surfactants solutions before contacting with oil and making micro-emulsions 

(Figure 4.10a), the question that comes in mind is why the presence of electrostatic repulsion is 

so critical only when nanoparticles migrate to the micro-emulsion phase; i.e. they locate at the 

nanoscopic interface of water and oil? To answer this question, our hypothesis is based on a 

phenomenon entitled here as “Interfacial Aggregation”. The hypothesis of interfacial aggregation 

explains why electrostatic repulsion that is needed to disperse nanoparticles on nanoscopic 

interfaces must be higher than that is needed in solution. In other words, it explains why sPVA-

OCB and PVA-OCB are both well-dispersed in surfactant solutions before contacting the oil 

(and before formation of micro-emulsion and nanoscopic interfaces), yet only sPVA-OCB 

remains well-dispersed in micro-emulsion phase.  

Based on this hypothesis, the amphiphilic enough nanoparticles will first be adsorbed to 

the nanoscopic interface initially created by surfactant micro-emulsions. After this initial 

adsorption of nanoparticles in the nanoscopic interface, the nanoparticles are in a much closer 

proximity to each other than they are in bulk solutions. This is due to the fact that the nanoscopic 

interface is a 2-D environment in the size scales of the nanoparticles while bulk solution is a 3-D 

media. Since these nanoaprticles are forced to place in very close vicinity of each other once 

adsorbed at the nanoscopic interface, they require much stronger repulsive force to stay away 

from each other at the nanoscopic interface, compared to that in solution.  
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Figure 4.10 a) both sPVA-OCB and PVA-OCB are well-dispersed in surfactants 

solutions before contacting with oil and forming micro-emulsion phases; b) Schematic 

summary of salinity scan tests comparing sulfated PVA with unsulfated PVA attached to 

different nanoparticles; sPVA-OCB and PVA-OCB both seem to be amphiphilic enough to 

migrate to the micro-emulsion phase but only sPVA-OCB remains dispersed due to having 

enough electrostatic repulsion to hinder interfacial aggregation  

 

This hypotheis exactly explains the results in Figure 4.10. The PVA-OCB and sPVA-

OCB are both well-dispersed in surfactant solutions before contacting with oil when 

nanoparticles are dispersed in 3-D volume of the solution exculded by small micelles. The 

repuslive force on both of these PNPs seems to be enough to disperse them well enough in the 
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solution. However, only sPVA-OCB can be well-dispersed in micro-emulsion phase because the 

sulfation provides enough electrostatic repulsion for the nanoparticles to remain stable at the 

nanoscopic interface.  

4.4.2 Role of Molecular Weight of the Hydrophilic sPVA Coating on Dispersion of 

Nanoparticles in the Micro-Emulsion Phase 

 
Figure 4.11 Schematic summary of salinity scan tests comparing different molecular 

weights of sPVA (2, 6, and 10 KDa) attached to nanoparticle; All these nanoparticles 

migrate to the micro-emulsion phase; the nanoparticles with higher molecular weight 

sPVA attached to them show interfacial aggregation at lower salinities  

 

Figure 4.11 shows the salinity scan tests performed by adding OCB nanoparticles that are 

coated with different molecular weights of sPVA (2, 6, and 10 KDa). It can be observed that all 

of these nanoparticles are amphiphilic enough to migrate to the micro-emulsion phase, yet as the 
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molecular weight of the sPVA increases (but the sulfation amount remians constant), the 

nanoparticles start to precipitate at the micro-emulsion phase in a lower salinity. In fact, sPVA-

OCB (2KDa) disperses very well in all the salinity range studied here, while sPVA-OCB (6KDa) 

and (10KDa) precipitate in micro-emulsion phase in salinities greater than 1.9 and 1.8 %NaCl, 

respectively. 

4.4.3 Amphiphilic Nanoparticles With Simultaneous Attachment of Both Hydrophilic 

Polymers and Hydrophobic Chains: Interactions With Surfactant Micro-Emulsion 

In next step, we add hydrocarbon chains to the nanoparticle already conatining a 

hydrophilic polymer (sPVA), which results in more amphiphilic nanoparticles (e.g., sPVA-OCB-

C16). By looking at the Figure 4.12, one can compare the salinity scan of the sPVA-OCB and 

sPVA-OCB-C16. Both nanoparticles are amphiphilic enough to migrate to the micro-emulsion 

phase. sPVA-OCB remains dispersed in the micro-emulsion phase but sPVA-OCB-C16 does not 

remain disperse and precipitates inside the micro-emulsion phase. Such observation is 

completely in compliance with the hypothesis of interfacial aggregation; that is, the electrostatic 

repulsion of sPVA-OCB is enough to hiners repulse neighboring nanoparticles at the nanoscopic 

interface of oil and water, but if a hydrophobic chain (like C16) is added, the electrostatic 

repulsion on the nanoparticle is not enough anymore due to strong hydrophobic-hydrophobic 

interactions with neghboring nanoparticles. This hypothesis is further validated when it can be 

seen that by increasing the amount of sulfation, the same nanoparticle can again disperses in the 

micro-emulsion phase. In fact, the sPVA-OCB-C16 (partially sulfated) precipitates in the micro-

emulsion phase, while the ssPVA-OCB-C16 (maximum sulfated) disperses well in micro-

emulsion phase.  



89 

 

 
Figure 4.12 Schematic summary of salinity scan tests comparing sPVA-OCB (partially 

sulfated PVA), sPVA-OCB-C16 (partially sulfated PVA and C16) and ssPVA-OCB-C16 

(maximum sulfated PVA and C16); it can be observed that sPVA-OCB is dispersed in 

micro-emulsion phase but by attaching C16 to sPVA-OCB it now undergoes interfacial 

aggregation; if more sulfation is done the same nanoparticle becomes dispersed again 

 

Figure 4.13 compares the salinity scan test for mixture of surfactants and  nanoparticles 

with different length of hydrocarbon chain (ssPVA-OCB-C16 and ssPVA-OCB-C44). As it can 

be observed, both of these nanoparticles are amphiphilic enough to migrate to the micro-

emulsion phase. ssPVA-OCB-C16 remains dispersed in the micro-emulsion phase, while ssPVA-

OCB-C44 precipitates in the micro-emulsion phase. This is again in compliance with the 

interfacial aggregation hypothesis in this study; that is, the C44 enforces too much hydrophobic 

attraction with the neighboring nanoparticles once a nanoparticle is adsorbed at the nanoscopic 

interface in micro-emulsion phase. Electrostatic repulsion from ssPVA is enough to overcome 
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the attractive force when C16 is attached, but not when a longer hydrocarbon such as C44 is 

attached to the nanoparticle. All these nanoparticles are well-dispersed in aquoues surfactant 

sultions before contacting with oil.  

 
Figure 4.13 Schematic summary of salinity scan tests comparing ssPVA-OCB-C16 and 

ssPVA-OCB-C44; it can be observed that maximum sulfation can disperse the 

nanoparticles on which C16 is attahced; however, even maximum sulfation does not 

disperse the nanoparticles on which very hydrophobic C44 is attached 

 

4.4.4 Effect of Dispersion of PNPs in Micro-Emulsion Phase on Interfacial Tension 

It is interesting to see whether migration and/or dispersion of different PNPs in micro-

emulsion phase can significantly change the interfacial tension. If nanoparticles are dispersed in 

the micro-emulison phase and are placed at the nanoscopic interface of oil and water, it is 

possible that these nanoparticles change the interfacial order/structure of the micro-emulison 
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phase in a way that the interfacial tension changes. If this change is towards further reduction of 

interfacial tension, such phenomenon can be applied in EOR for oil recovery. In other words, 

such PNPs can be used along with surfactants as co-surfactant or co-solvents. 

Figure 4.14 shows the solublization parameters for salinity scan tests of some of PNPs 

tested. The interfacial tension for the aqueous phase and middle phase is calculated (usding Chun 

Huh relationship, IFTc) and measured (IFTm) for the optimal slinity point, where solublization of 

oil and water are equal. At such point the interfacial tension of the bulk water/middle phase and 

that of bulk oil/middle phase are equal. Both calculated and measured values of interfacial 

tension indicate that the migration of PNPs to the micro-emulsion phase does not significantly 

affect the interfacial tension of the system regardless of the dispersion or precipitation of PNPs in 

micro-emulsion phase.   
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Figure 4.14 Effect of Interaction of Polymer-Coated Nanoparticles on Interfacial Tension 

of Micro-Emulsion Phase at Optimal Salinity 
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4.5 Chapter Conclusion  

In this chapter, the effect of polymer-coating on phase behavior and interfacial tension of 

OCB nanoparticle aqueous solutions with paraffinic oil in the absence/presence of surfactants is 

investigated.  

In the absence of surfactants, all different PNPs tested in this study showed Pickering 

Emulsions in the form of oil in water. Uncoated OCB nanoparticles do not remain dispersed in 

higher salinities and also do not form any Pickering Emulsions. Attaching sPVA helps the OCB 

nanoparticles to be dispersed in aqueous phase in all salinity ranges tested in this study. Also, 

after attaching sPVA to OCB nanoparticles, Pickering Emulsion is observed in a limited salinity 

range. In order to increase the amphiphilic nature of nanoparticles, hydrocarbon chains were 

added to the sPVA-OCB in the next steps, resulting in sPVA-OCB-C12, sPVA-OCB-C16, 

sPVA-OCB-C22. These nanoparticles are more amphiphilic due to having both hydrophilic and 

hydrophobic polymers/hydrocarbon chains on them; therefore, they are able to form Pickering 

Emulsions at all the salinities tested in the first part of this study. The Pickering Emulsions are in 

the form of oil in water. Also at high salinities, visual evidence indicates that no nanoparticle 

remains in aqueous phase, and all the nanoparticles contributes in forming Pickering Emulsion. 

At such condition, the emulsion forms at the beginning, but after some time, it will degrade and 

nanoparticle precipitation is evident. This will be interpreted by a hypothesis given in this work, 

entitled as “interfacial aggregation”. The interfacial tension of oil and water can be reduced in 

the presence of PNPs studied in this work, yet the reduction in interfacial tension due to presence 

of PNPs in absence of surfactants is not enough for application in EOR. Therefore, blend of 

PNPs and surfactants systems were considered in the next step.  
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Table 4.2 summarizes the salinity scan tests done on different polymer-coated OCB 

nanoparticles blended with a surfactant and co-solvent (sec-butyl alcohol). It was observed that 

uncoated OCB is not amphiphilic enough to migrate to the micro-emulsion phase except at high 

salinities. However, all the PNPs tested in this chapter were amphiphilic enough after attaching 

polymers/hydrocarbon chains to migrate to the micro-emulsion phase. This is deduced by the 

absence of nanoparticles in bulk water and bulk oil and absence of Pickering Emulsions when 

PNPs migrate to the micro-emulsion middle phase. 

Also, it can be concluded that there needs to be higher degree of electrostatic repulsion 

(achieved by sulfation in this study) on PNPs to make them dispersed in micro-emulsion than the 

electrostatic repulsion needed for the PNPs to stay dispersed in solution. This can be interpreted 

by a hypothesis introduced in this study, named as “interfacial aggregation”. Based on this 

hypothesis, upon migration of nanoparticles to the micro-emulsion phase and their placement in 

the nanoscopic interface of oil and water, the nanoparticles have to be very close-packed at the 

interface, and therefore much more electrostatic repulsion is needed to hinder their precipitation, 

compared to the case when these nanoparticles are in solution.  

Enough sulfation is needed to disperse any derivatives of PVA-OCB nanoparticle in 

micro-emulsion phase. This sulfation is more than what is needed to disperse the nanoparticles in 

aqueous solutions. The extent of required sulfation depends on the molecular weight of the 

hydrophilic polymer and hydrocarbon chain. With a fixed extent of sulfation, higher molecular 

weights of hydrophilic polymer will result in precipitation of nanoparticle. Also, attaching a 

hydrophobic chain to the nanoparticle or increasing the length of such hydrocarbon chain 

increases the extent of sulfation (electrostatic repulsion) needed to disperse the PNPs in the 

micro-emulsion phase.  
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Table 4.2 Summary of the interfacial test on nanoparticle/surfactant systems coated 

with different polymers/hydrocarbon chains  
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Chapter 5 

CONCLUSIONS AND SUGGESTED FUTURE WORK 

 

 

 

This chapter is a summary of the contributions this thesis has made to new applications 

of polymers for enhanced oil recovery (EOR). In addition, suggestions for future work on this 

area will be given for other researchers to follow.  
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This thesis investigated a number of new polymer applications for EOR processes. The 

original contributions of this thesis can be summarized as follows: 

1) Understanding mechanism of competitive adsorption between anionic surfactants and 

sodium polyacrylate, which explains why such polymers can reduce adsorption of 

monomeric anionic surfactants on rocks. 

We observed that polyacrylates of sufficient molecular weights (greater than 4.5 KDa) can 

significantly reduce the adsorption of anionic surfactant to near-zero levels, while mono-

charged species, uncharged polymers, and other polyelectrolytes tested in this study do not 

eliminate the adsorption of anionic surfactant. We found that adsorption is more 

preferential to polyacrylate for higher polyacrylate molecular weights up to a threshold, 

above which increase in the number of charges per each polymer chain (molecular weight) 

does not further reduce adsorption of anionic surfactant. Furthermore, we observed that 

adsorption of polyacrylate is not affected by the presence of anionic surfactant, and the 

surface coverage for polyacrylate is almost thirty times more than that of surfactant. 

Finally, the presence of anhydrite can increase surfactant adsorption through interacting 

with sodium polyacrylate, reducing its effectiveness as an adsorption inhibitor.   

As the number of charges per each chain of polyelectrolyte (in this case polyacrylate) 

increases, polyacrylate adsorption dominates, which can be due to reduced rate of 

desorption and high surface coverage of polyacrylate. The high surface coverage of 

polyacrylate inhibits the surfactant from being adsorbed due to electrostatic repulsion. If 

the molar ratio of polyacrylate to anhydrite is high enough, divalent cations have a 

negligible effect. 
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2) Engineering aspects of using sodium polyacrylate for reducing adsorption of anionic 

surfactants on rocks was studied. Optimized application of sodium polyacrylate as 

sacrificial agent results in reducing the total cost of material in chemical EOR by up to 

80%. 

The effect of sodium polyacrylate as a sacrificial agent is tested in different minerals/rocks 

with two different anionic surfactants. These results show that sodium polyacrylate 

reduces adsorption of anionic surfactant on carbonates and clays minerals as well as Berea 

sandstone, yet it is not as effective in the case of sandstone as it is for carbonates and 

clays.  

The effect of temperature on application of polyacrylate as sacrificial agent is studied, and 

it is shown that polyacrylate can reduce adsorption of anionic surfactant at different 

temperatures, provided that no precipitation of surfactant occurs at such elevated 

temperatures.   

For future studies, combination of presence of polyacrylate and other EOR methods is 

suggested. As a case in point for future studies, possible advantages may be achieved by 

flooding the reservoir by low salinity water before polyacrylate and surfactants are 

injected.   

3) Providing a hypothesis on adsorption of zwitterionic surfactants on rocks, and explaining 

why sodium polyacrylate did not significantly reduce adsorption of the zwitterionic 

surfactant studied (lauryl betaine). This hypothesis can be used to design next generation 

of sacrificial agents for zwitterionic surfactants in future. 
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In order to understand the reason behind this dismal decrease in adsorption of betaine, we 

studied the effect of pH on adsorption of betaine. We showed that above certain 

equilibrium pH values, the adsorption increases with increase in pH, which is against 

traditional trends seen by anionic or cationic surfactants. This increase in adsorption was 

interpreted by a hypothesis that the betaine molecules can bend near the surface above a 

certain charge density. This hypothesis is used to elaborate why addition of sodium 

polyacrylate could not lead to a significant reduction in adsorption of zwitterionic 

surfactant. The validation of this hypothesis needs molecular simulation, which is outside 

scope of this study, but is suggested for future studies around this topic.  

4) Discovering that polymer-coated nanoparticles can interact with the nanoscopic interface 

of oil and water in micro-emulsion phases in the absence of Pickering Emulsions. Also, 

discovering that nanoparticles need more electrostatic repulsion to stay dispersed in micro-

emulsion phases, compared to that needed in bulk aqueous solutions. Providing a 

hypothesis for understanding interactions between micro-emulsion phases and polymer-

coated nanoparticles. 

For future research in this area, study of different nanoparticles with different types of 

coatings is suggested. Silica nanoparticles that are functionalized with different types of 

coatings including anionic, non-ionic, cationic, zwitterionic would be of interest. In our 

study, both nanoparticles and surfactants have the same charge (negative), and it is 

interesting to study the effect of different charges on the interfacial behavior.  
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Appendix A 

DERIVATION OF EQUATIONS USED IN COST ANALYSIS OF 

SACRFICIAL ADSORPTION AGENT 

The assumptions for developing these equations are summarized in section 3.4.6. Here 

we derive the equation 2.2 that was discussed in the main text: 

 total cost = cost of surfactant + cost of polyacrylate  ⇒ 

total cost = $total = 
Csurf $surf φ Vb ρw

106
+ 

Cpoly $poly φ Vb ρw

106
    (Equation A1) 

Also, the assumption that the amount of injected surfactant needed is that to just satisfy 

the adsorption can be quantified as follows: 

Csurf $surf φ Vb ρw

106
=
f(Cpoly) ρma (1-φ) V b $surf 

103
      (Equation A2) 

By combining Eq. A1 and A2, we come up with the following equation: 

total cost = $total = 
f(Cpoly) ρma (1-φ) V b $surf 

103
+ 

Cpoly $poly φ Vb ρw

106
   (Equation A3) 

The description of variables used in these equations is given in Table A1. The first and 

second terms in this equation are divided by 10
3
 and 10

6
, respectively to match the units. The 

total cost when no sacrificial agent is used ($NO-SA) can be used to change the equation to a 

dimensionless form: 

$NO-SA= 
f(0) ρma (1-φ) V b $surf 

103
        (Equation A4) 

By dividing A3 by A4, we can get the dimensionless form of the cost equation: 
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$total

$NO-SA
=
f(Cpoly) 

f(0)
+ 

[
$poly
$surf

]  Cpoly

 [1000 (
1-φ
φ

) (
ρ
rock

ρ
w

)] f(0)
 

This is equal to the dimensionless Equation 2.2, described in the main text in section 3.4.6.  

Table A2 the nomenclature of symbols used in deriving equations for cost analysis 

Symbol Representing quantity units 

$total total cost of materials (sum of cost of surfactant and polyacrylate) $ 

$NO-SA cost of materials in case no polyacrylate is used $ 

f(Cpoly) 
fitted curve to the adsorption of surfactant in Figure 6, which is a 

function of concentration of polyacrylate 
mg/g 

f(0) adsorption of surfactant in the absence of sacrificial agent mg/g 

Cpoly concentration of polyacrylate ppm 

ma matrix density of the reservoir rock g/cm
3 

ρw density of injection brine g/cm
3
 

φ porosity dimensionless 

Vb the accessible bulk volume of the reservoir m
3 

$surf price of the surfactant (cost of surfactant for unit mass) $/g 

$poly price of the polyacrylate (cost of polyacrylate for unit mass) $/g 
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Appendix B 

RAW DATA FOR PHASE BEHAVIOR IN PRESENCE OF 

SURFACTANTS 

In this section, the raw data for salinity scan tests are given for different systems. Figures 

4.9-4.13 summarize these raw salinity scan tests. 

 

Figure B1 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) in the 

absence of nanoparticles; a) black background, b) white background: The surfactant in 

white background is seen in a faint yellowish color 

  

1.5        1.6        1.7       1.8       1.9       2.0 %NaCl 1.5       1.6       1.7        1.8       1.9      2.0%

a) b)
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Figure B2 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

uncoated OCB; a) black background, b) white background 

 
Figure B3 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

PVA-OCB (2KDa) 

1.4    1.5     1.6     1.7     1.8     1.9     2.0    2.1%NaCl1.4    1.5     1.6     1.7     1.8     1.9     2.0     2.1%

a) b)

NaCl %    1.4     1.5      1.6     1.7      1.8     1.9     2.0      2.1    2.2     2.3
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Figure B4 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

sPVA-OCB (2KDa); a) black background, b) white background 

 
Figure B5 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

sPVA-OCB (6KDa) 

1.4    1.6     1.7    1.8     1.9    2.0     2.1     2.2     2.3    2.4 %NaCl

1.4      1.5      1.6        1.7        1.8      1.9     2.0      2.1     2.2     2.3       2.4  % NaCl
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Figure B6 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

sPVA-OCB (10KDa) 

 
Figure B7 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

sPVA-OCB-C16 (2KDa sPVA); PVA is partially sulfated 

1.4       1.5      1.6      1.7      1.8       1.9      2.0       2.1      2.2      2.3       2.4  % NaCl

1.4       1.5      1.6       1.7       1.8       1.9        2.0  %NaCl
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Figure B8 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

ssPVA-OCB-C16 (2KDa sPVA); PVA is sulfated in maximum extent possible 

 
Figure B9 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

sPVA-OCB-C44 (2KDa sPVA); PVA is partially sulfated 

 

1.4  1.5    1.6     1.7    1.8     1.9    2.0     2.1    2.2    2.3     2.4  % NaCl

1.4      1.5      1.6      1.7      1.8      1.9      2.0       2.1     % NaCl
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Figure B10 Salinity scan test for surfactant system (2% C12-orthoxylene sulfonate + 

2.5% sec-butyl alcohol in original aqueous phase with n-octane as oil, W:O=1.6) with 0.2% 

ssPVA-OCB-C44 (2KDa sPVA); PVA is sulfated in maximum extent possible 

 

 

1.4   1.5     1.6    1.7     1.8     1.9     2.0    2.1    2.2     2.3    2.4  % NaCl
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