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Abstract 

 

Surfactant-Enhanced Spontaneous Imbibition Process in Highly 

Fractured Carbonate Reservoirs 

 

Peila Chen, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Kishore K. Mohanty  

 

Highly fractured carbonate reservoirs are a class of reservoirs characterized by 

high conductivity fractures surrounding low permeability matrix blocks. In these 

reservoirs, wettability alteration is a key method for recovering oil. Water imbibes into 

the matrix blocks upon water flooding if the reservoir rock is water-wet. However, many 

carbonate reservoirs are oil-wet. Surfactant solution was used to enhance spontaneous 

imbibition between the fractures and the matrix by both wettability alteration and ultra-

low interfacial tensions. The first part of this study was devoted to determining the 

wettability of reservoir rocks using Amott-Harvey Index method, and also evaluating the 

performance of surfactants on wettability alteration, based on the contact angle 

measurement and spontaneous imbibition rate and ultimate oil recovery on oil-wet 

reservoir cores. The reservoir rocks have been found to be slightly oil-wet. One cationic 

surfactant BTC8358, one anionic surfactant and one ultra-low IFT surfactant formulation 

AKL-207 are all found to alter the wettability towards more water-wet and promote oil 

recovery through spontaneous imbibition. 

The second part of the study focused on the parameters that affect wettability 

alteration by surfactants. Some factors such as core dimension, permeability and 

heterogeneity of porous medium are evaluated in the spontaneous imbibition tests. Higher 
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permeability leads to higher imbibition rate and higher ultimate oil recovery. 

Heterogeneity of core samples slows down the imbibition process if other properties are 

similar. Core dimension is critical in upscaling from laboratory conditions to field matrix 

blocks. The imbibition rate is slower in larger dimension of core. Further, we investigated 

the effects of EDTA in surfactant-mediated spontaneous imbibition. Since high 

concentration of cationic divalent ions in the aqueous solution markedly suppresses the 

surfactant-mediated wettability alteration, EDTA improved the performance of surfactant 

in the spontaneous imbibition tests. It is proposed in the thesis that surfactant/EDTA-

enhanced imbibition may involve the dissolution mechanism. More experiments should 

be conducted to verify this mechanism. The benefits of using EDTA in the surfactant 

solution includes but not limited to: altering the surface charge of carbonate to negative, 

producing the in-situ soap, reducing the brine hardness, decreasing the surfactant 

adsorption, and creating the water-wet area by dissolving the dolomite mineral. 
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Chapter 1: Introduction 

1.1 MOTIVATION 
Carbonate reservoirs (dolomites and limestones) account for approximately a half 

of world hydrocarbon reserves. Most carbonate reservoirs are classified to be neutral-wet 

or preferentially oil-wet; many of them are naturally fractured. On average, primary and 

secondary oil recovery (water flood) methods leave about two thirds of the original oil in 

place (OOIP). The un-swept region and high residual oil saturation are the targets for 

enhanced oil recovery methods.  

The formation of interest in this study is a highly fractured and preferentially oil-

wet carbonate. The average matrix permeability is less than 10md, but the fracture 

permeability is more than 1000md. In such a reservoir, the poor performance of 

conventional water flooding is due to a combination of poor sweep in fractured reservoirs 

and the formation being preferentially oil-wet during imbibition. 

Very few processes work for fractured oil-wet carbonates and many of them have 

to rely on gravity drainage if the formation is highly fractured. Miscible gas injection,      

steam injection, and chemical treatment, have been considered to recover oil from highly 

fractured oil-wet carbonates reservoirs. For example, Christiansan et al. (1990) discussed 

gravity drainage with CO2 gas flooding in Yates field. Reduction in oil-gas interfacial 

tension (IFT) decreases capillary pressure and gravity pushes the oil down. Oil-phase 

swelling and viscosity reduction also help in improving oil recovery. Shahin et al. (2006) 

studied thermal-assisted gas oil gravity drainage for Qurn Alam fractured carbonate 

reservoir in Oman. Al-Hadhrami et al. (2000) discussed steam injection in fractured 

carbonates. High temperature can induce wettability alteration, steam can vaporize the 

light ends, and gravity can drain the oil down.  

Chemical enhanced oil recovery in carbonate reservoirs has been studied for 

many years and has gained more interest in recent years due to high oil price. Surfactant-

mediated wettability alteration has received more attention recently for carbonate 

formations because carbonate formations are much more likely to be preferentially oil-

wet. Also, carbonate formations are more likely to be fractured and will depend on 
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spontaneous imbibition or buoyancy for displacement of oil from the matrix to the 

fracture.  

This research investigated the surfactant formulations and ion compositions of 

injection brines for fractured oil-wet carbonates reservoirs. The aim is to use surfactants 

or brine compositions which can change the wettability of the oil-wet carbonate to water-

wet conditions, and recover oil using favorable capillary pressure and gravity drainage.  

The objectives of this research were: 

a) Determine wettability behavior of carbonate rocks by using contact angle and 

spontaneous imbibition methods at high salinity/hardness and elevated temperature. 

b) Screen surfactants for wettability alteration in various reservoir conditions 

using contact angle and spontaneous imbibition methods.  

c) Study effect of some factors including core dimension, pH and ion 

compositions on surfactant-mediated imbibition for fractured carbonates. 

d) Develop a mechanistic understanding of oil-recovery from oil-wet fractured 

carbonates using surfactants.  

1.2 DESCRIPTION OF CHAPTERS 
This chapter gives the introduction and objective of the thesis. Chapter 2 

discusses the definition and background of various concepts used in this work. Literature 

review is done in each section to develop the understanding of the topic. Chapter 3 

introduces the experimental materials, equipments and experimental procedures used in 

this work. In chapter 4 experimental results are presented and discussed. Chapter 5 lists 

the conclusions drawn from this study and recommendation of future work is also 

included. The references used in the thesis are listed at the end. 
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Chapter 2: Background and Literature Review 

2.1 BACKGROUND 

Historically, the crude oil production from oil reservoirs can be categorized in 

three stages: primary, secondary, and tertiary recovery. Primary recovery is production of 

oil by the native energy of the reservoir (such as dissolved gas drive, or the natural water 

drive from aquifer zone). The natural forces present in a given reservoir depend on rock 

and fluid properties, geologic structure and geometry of the reservoir. Recovery factor 

during the primary recovery stage is typically 5-20% OOIP. 

The differential pressure available from reservoir forces to recover oil from the 

reservoir falls with the life of a reservoir, and becomes insufficient to force the oil to the 

surface. Secondary recovery methods are applied to a reservoir after primary oil recovery. 

These recovery methods supply external energy into the reservoir in the form of injecting 

fluids to maintain reservoir pressure, hence replacing or increasing the natural reservoir 

drive. This is achieved by water injection, natural gas re-injection and gas lift, which 

injects air, carbon dioxide, nitrogen or some other gas into the reservoir. Normally, gas is 

injected into the gas cap and water is injected into the production zone to push oil out of 

the reservoir. At the end of secondary recovery, a significant amount of oil (40-60% 

OOIP) is still left behind in the reservoir due to many factors including unfavorable 

wettability conditions, heterogeneity of reservoir rocks (naturally and induced fractures, 

vugs, coexistence of impermeable or high permeable zones) and capillary trapped 

hydrocarbon. In order to recover extra oil from the flooded reservoir, tertiary oil recovery 

methods are applied. Tertiary oil recovery methods are also called Enhanced Oil 

Recovery (EOR) methods. 

EOR processes can broadly be divided into four categories: thermal, chemical, 

gas and other methods. The selection of these methods depends on the characteristics of 

the reservoir and availability of injection fluid.  

Figure 2-1 shows various processes which fall under each category. Some of the 

methods are still in lab scale or pilot scale phase of development. Economics plays a 

major role in considering tertiary methods as they are more expensive than both 
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secondary and primary methods of oil recovery. 

 

Figure 2-1: Four main categories of enhanced oil recovery methods 

Among the above EOR methods, thermal and gas methods account for the most of 

EOR productions. The chemical EOR has been studied for many years and has gained 

more interest in recent years due to high oil price. In chemical EOR project, which is the 

subject of this thesis, chemicals are added to achieve one or more of the following 

effects: interfacial tension reduction, wettability alteration, and mobility control.  

Chemical methods have been used both to increase the macroscopic sweep 

efficiency and microscopic displacement efficiency on the pore scale. Examples of the 

chemical processes are gel-polymer and polymer flooding aimed to shut-off the high-

permeability areas of the reservoirs (Seright and Liang, 1994) and to increase the 

viscosity of the injected water to increase the sweep areas in the reservoir (Chauveteau 

and Sorbie, 1991; Yang et al, 2006), and alkaline and surfactant flooding to create low 

oil-water interfacial tension and hence remobilize the capillary-trapped hydrocarbon. It is 

also possible to enhance the oil production through wettability alteration of the reservoir 

rocks during chemical treatment and this is the main subject of this work. The wettability 

alteration results in a favorable increase of oil/water relative permeability ratio and 

subsequent increase of displacement efficiency. 
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Fractured carbonate reservoirs are a class of reservoirs characterized by high 

conductivity fractures surrounding low permeability matrix blocks. In these reservoirs, 

the production relies on the suction of the injection fluid by the matrix blocks which 

expel the oil toward the fracture network and then transport to the production wells. This 

is called spontaneous imbibition of water. Water imbibes into the matrix blocks if the 

reservoir rock is water-wet. However, extensive research work by Chilingar and Yen 

(1983) shows that most carbonate reservoirs are mixed-wet to oil-wet. They studied 161 

limestone, dolomitic limestone, calcitic dolomite, and dolomite cores, and showed that 

15% of these rocks are strongly oil wet (θ =160-180oC); 65% are oil wet (θ =100-160oC); 

12% have intermediate wettability (θ = 80-100 oC); and 8% are water wet (θ=0-80oC). As 

a result, the recovery from waterflooding of fractured carbonate reservoirs is low.  

        

Figure 2-2: The schematic representation of an oil-wet fractured carbonate reservoir and 

its production by surfactant-mediated spontaneous imbibition process (Gupta, R., Ph.D. 

dissertation, 2009) 

To make the process more effective, dilute solution of surfactants dissolved in 

water is injected into the reservoir with the aim of changing the wettability of the matrix 
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to a more water-wet state, also reducing interfacial tension, hence enhancing the 

spontaneous imbibition process, leading to higher oil recovery (Fig. 2-2). It should be 

noted that in this study the primary purpose of the surfactant application is not to obtain 

ultra-low IFT values, but to induce wettability alteration. 

2.2 WETTABILITY  

2.2.1 Definition 

Wettability is “the tendency of one fluid to spread on or adhere to a solid surface 

in the presence of other immiscible fluids” (Anderson, 1986a). Contact angle, θ, is a 

measure of wettability. The contact angles measured in Figure 2-3 are called “water-

advancing” contact angles. A typical water/oil/solid system is shown in Figure 2-3, where 

the force balance in the system is established by Young’s equation: 

cosow os wsσ θ σ σ= −                   (2-1) 

where, osσ : IFT(mN/m) between oil-solid; wsσ : IFT (mN/m) between water-solid; and 

owσ : IFT between water-oil (mN/m). 

 

Figure 2-3: Contact angle and force balance on oil/water/solid 

By convention, the contact angle, θ, is measured through the denser phase, i.e., 

water in this case. As shown in Fig. 2-3, the contact angle below 90o indicates a water-

wet surface and when it is greater than 90o, the surface is preferentially oil-wet. In case of 
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the same affinity of the solid to both phases, the contact angle is near 90o and the surface 

is called neutral-wet or intermediate wet. 

Wettability is a very important concept in oil recovery processes and has a strong 

influence on distribution, location and flow of oil and water in reservoir during 

production (Morrow, 1990; Cuiec, 1991). As illustrated in Figure 2-4, in a water-wet case 

(left), oil remains in the center of the pores. The reverse condition holds if all surfaces are 

oil-wet (right). In the mixed-wet case, oil has displaced water from some of the surfaces, 

but is still in the centers of water-wet pores (middle). The three conditions shown have 

similar saturations of water and oil. 

 

Figure 2-4: Pore scale fluid distribution in the rocks with different types of wetness 

(Abdallah, 2007) 

2.2.2 Measurement of Wettability 

The wettability of a reservoir is not a simple defined property and quantification 

of the reservoir wetness is not an easy task. Many different methods have been proposed 

for measuring wettability (Figure 2-5). Anderson (1986b) reviewed the three major 

quantitative methods in use today: contact angle, Amott Index (imbibition and forced 

displacement), and USBM method. He also described the advantages and limitations of 

all the qualitative methods. Nuclear magnetic resonance method is to determine the 

changes in longitudinal relaxation time. Floatation method is to estimate the distribution 
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of grains at water/oil or air/water interfaces. 

 

Figure 2-5: The lists of quantitative methods and qualitative methods to measure 

wettability 

2.2.2.1 Contact Angle 
The contact angle measures the wettability of a specific surface, while Amott and 

USBM methods measure the average wettability of a core. The contact angle is the best 

wettability measurement method when pure fluids and artificial cores are used because 

there is no possibility of surfactants or other compounds altering the wettability.  

Because sandstones are often composed primarily of quartz and limestone of 

calcite, quartz and calcite crystals are used to simulate the pore surfaces of the reservoir 

rock. In this study, we use calcite as a model mineral for dolomite reservoir rock since 

dolomite mineral is porous and is not accurate for measurement of contact angles. Some 

difficulties are involved in applying contact angle measurements to reservoir cores. A 

contact angle is measured on a flat surface. However, pore walls are not smooth, flat 

surface, and also typically more than one mineral species composes the matrix 

surrounding the pores. Surface roughness makes visualization of a simple contact angle 

in a pore difficult, because the apparent contact angle (based on the average plane of the 

surface) can differ markedly from the true contact angle, which is based on the local 

orientation of the surface (Figure 2-6). Sharp points, or asperities, on the surface can also 

be the loci for thinning of the water film coating the surface, leading to the potential for 

wettability alteration at these points.  
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Figure 2-6: The complexity of contact angle measurement on the pore surface 

As illustrated in Fig. 2-6, the apparent contact angle, measured from the average 

surface plane, can differ significantly from the true contact angle at a locally inclined 

surface (top); Even if a pore is water-wetting, the surface water may not be a double 

layer, but could be thicker due to pore rugosity(Abdallah, 2007). At an asperity, the 

surface forces are more favorable for displacing the double layer than elsewhere on the 

surface (shown in the bottom). This will be mentioned later in this thesis when we 

describe the mechanism of wettability alteration by mineral dissolution  

2.2.2.2 Amott-Harvey Index  

The Amott-Harvey relative displacement index (Anderson, 1986b) is an extension 

of the wettability test introduced by Amott. This method is based on the fact that wetting 

fluid will generally imbibe spontaneously into the core, displacing the non-wetting fluid. 

A centrifuge is used to further force the wetting fluid to imbibe more into the rock pore 

space, and hence forcefully displace the non-wetting fluid. In the Amott-Harvey test, the 
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core sample is first brought to high initial oil saturation (Soi) or residual water saturation 

(Swr) by oil displacement of water by use of a high flowing pressure gradient. 

In the preparation of the Amott-Harvey test, the reservoir core should be restored 

to reservoir initial condition (i.e., residual water saturation Swr and initial high oil 

saturation Soi). Then the following four steps should be conducted, which are illustrated 

in Figure 2-7:  

 

Figure 2-7: Capillary pressure curve illustrating the steps/parameters needed for 

calculation of Amott-Harvey index 

1) Spontaneous imbibition of water to reach Sws; and measure the volume of oil 

displaced spontaneously. 

2) Centrifuge the core with water to reach residual oil saturation Sor; and measure 

the amount of oil displaced under force. 

3) Spontaneous imbibition of oil to reach Sos; and measure the volume of water 

displaced spontaneously. 

4) Centrifuge the core with oil to reach residual water saturation Swr; and measure 

the amount of water displaced under force. 

Swr 

Sws 

Sor Sos 
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Amott-Harvey index is the displacement by water ratio minus the displacement by 

oil ratio and is given by the expression 

A H W OI I I− = −                     (2-2) 

ws wr
W

wf wr

S S AB
I

S S AC

−= =
−

               (2-3) 

os or
O

of or

S S CD
I

S S AC

−= =
−

                (2-4) 

where: 

Swr = residual water saturation 

Sws = water saturation after spontaneous imbibition of aqueous phase 

Swf = water saturation after forced imbibition of aqueous phase 

Sor = residual oil saturation 

Sos = oil saturation after spontaneous imbibition of oil phase 

Sof = oil saturation after forced imbibition of oil phase      

Fragments AB, AC, CD are indicated in the Fig. 2-7. 

The Amott-Harvey index measures the imbibition potential of water and oil, and 

varies from +1 for strongly water-wet rocks to -1 for strongly oil-wet rocks. Cuiec et al. 

(1984) stated that the system is water-wet then +0.3 ≤ IA-H ≤ 1.0, intermediate-wet for -

0.3 ≤ IA-H ≤ +0.3, and oil-wet for -1.0≤IA-H≤-0.3. 

The main drawback of Amott wettability test and its modifications is that they are 

insensitive near neutral wettability since neither fluid will spontaneously imbibe and 

displace the other.  

2.2.3 Spontaneous Imbibition 

Spontaneous imbibition is defined as imbibition that takes place by action of 

capillary pressure and/or gravity when a core sample or matrix block is surrounded by 

brine. In naturally fractured systems with a high degree of interconnection, imbibition 

forces must be strong enough for surfactant-enhanced water flood to be effective. 
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Figure 2-8: Experimental set-up for static imbibition and dynamic imbibition tests at 
reservoir temperature (Schechter, 1999) 

Spontaneous imbibition and dynamic imbibition are two common types of 

imbibition processes we usually conduct in our research. Figure 2-8A shows an 

experimental set-up for static imbibition, where the oil-saturated core is immersed into 

the brine in a imbibition cell. The oil recovered by capillary force or gravity was recorded 

at the top of imbibition cell.  

The dynamic imbibition process is visualized (Fig. 2-8 B) in terms of single 

fracture into which water is injected at the one end with production occurring at the other 

end. As the injected water flows through the fracture, the water would gradually imbibe 

into the adjacent matrix, in which the counter current exchange mechanism occurs. Once 

the oil was stored in the matrix, the oil was pushed by injected water depending on how 

high the injection rate on producing wells. 

The spontaneous imbibition can also be classified into co-current and 

countercurrent imbibition. Co-current imbibition occurs when both the inlet and outlet are 

open to an invading fluid, or in other words both displacing and displaced fluid moves in 

the same direction. Countercurrent imbibition occurs when only one of the ends (inlet) is 
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open, or displacing and displaced fluid moves in opposite direction. Both imbibition 

mechanisms are of equal importance in understanding reservoir imbibition phenomenon.  

2.2.4 Parameters Influencing the Imbibition 

Several parameters govern the spontaneous imbibition, such as permeability, fluid 

saturations, wetting state, heterogeneity and fluid properties as density, viscosity and IFT. 

In the following, some of these parameters are discussed briefly. The intention is not to 

give a thorough description of all of the parameters, but merely to focus on some of the 

most important.  

Permeability: Imbibition has long been recognized as an important recovery 

mechanism in low permeability reservoirs. Cuiec (1994) showed experimentally, that for 

low permeability chalk, the oil recovery by water imbibition is fast and efficient for 

strongly water-wet chalk. Mattax and Kyte (1962) found that the imbibition rate 

increased as the permeability of the core increased. Other researchers reported a moderate 

increase in ultimate recovery with increasing permeability for chalk, diatomite and 

siliceous shale. If the imbibition is gravity dominated and assumed to follow Darcy’s 

Law, then an increase in permeability will lead to a higher flow rate (Morrow, 1976). 

Based on experimental work performed on Berea sandstones, Zhou et al. (2000) 

found that the imbibition rate was highly sensitive to wettability. The imbibition rate 

increased as the water-wetness increased.  

Heterogeneity: Hamon and Vidal (1986) were not able to predict the actual oil 

recovery curve numerically due to small scale heterogeneities in the permeability of the 

cores. Torsæter (1984) discusses possible effects of microheterogeneties of permeability, 

pore structure, and surface roughness in core plugs from the Ekofisk field. 

Fluid density: Allan and Sun (2003) reported that density of the oil had a 

moderate positive correlation with the recovery factor in fractured reservoirs. Gravity has 

been pointed out to be an important recovery factor by several other researchers. 

Fluid Viscosity: The rate and extent of imbibition depend critically on the 

viscosity of the wetting and non-wetting phases (Ma et al., 1997; Zhou et al., 2002). 

Zhang et al. (1995) concluded from experimental work in water-wet sandstones, that 
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spontaneous imbibition is inversely proportional to the geometrical mean of the oil- and 

water viscosity. This was later theoretically explained by Zhou et al. (2002). 

IFT: The interfacial tension between two immiscible fluids can be defined as 

force per unit distance acting parallel to the interface perpendicular to any line in the 

interface, or as the work needed to increase the surface area one unit. Austad and Milter 

(1997) used surfactants to reduce the oil water IFT when performing imbibition tests on 

chalk. The imbibition introduction rate decreased significantly in the presence of a 

surfactant solution compared to pure brine. 

Initial water saturation: Zhou et al. (2000) concluded from experimental work 

with Berea sandstones, that a decrease in initial water saturation from 25 to 15 % resulted 

in a decrease in water-wetness. As mentioned previously, the imbibition rate depends on 

the wetting state. But it also depends on initial water saturation. In other cases, 

contradictory results are observed (Jadhunandan and Morrow, 1991). Standnes and 

Austad (2000) showed that initial water saturation in chalk, which undergoes a 

wettability alteration process, had minor influence on the imbibition process. In this case 

the wettability alteration may be rate determining process. 

Thermodynamic conditions: A rise in temperature affects almost all fluid flow 

parameters in a porous medium, as summarized in a literature review by Rao (1999). 

Several authors have reported that carbonate rock becomes more water-wet as the 

temperature increases (Wang and Gupta, 1995), and sandstone reservoirs become more 

oil-wet with increasing temperature (Rao, 1999). 

Boundary conditions: The boundary conditions of the matrix block have strong 

influence on the oil recovery rate, but the ultimate recovery appears to be independent of 

the boundary conditions for water-wet rock (Hamon and Vidal, 1986). Chemical 

composition: The wetting state of originally water-wet rock may be altered to more oil-

wet by certain components in the crude oil, mainly asphaltenes and resins (Anderson, 

1986). Clean chalk is water-wet, but when oil invades the pores, the waterfilm ruptures 

and the surface active components of the crude oil deposits on the rock (Al-Hadhrami and 

Blunt, 2001; Standnes and Austad, 2000). Madsen (1996) found that the surface active 

components may be polar organic compounds, most likely carboxylic acids. Iffly (1972) 
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found that the chemical composition of the imbibition fluid was a critical parameter for 

spontaneous imbibition.  

2.2.5 Scaling Spontaneous Imbibition 

The most important forces determining the flow of oil and water during the oil 

production process are viscous forces, gravity forces and capillary forces (Morrow, 

1979). In static imbibition experiments, viscous force is negligible comparing to gravity 

and capillary forces. In dynamic imbibition and core flood, viscous forces are important. 

We will only discuss capillary force and gravity force in this thesis since these two active 

forces control the static imbibition process. 

Mattax and Kyte (1962) discussed the imbibition driven by only capillary forces, 

which implies that the core sample should be strongly water-wet. They claimed that the 

time require to reach the same recovery level should be the same for systems having 

different core-fluid properties as long as certain conditions are fulfilled. To understand  

Ma et al. (1999) have proposed a modified scaling group which is given as: 

2Pc

o w c

k

t t
L

σ
φ

µ µ
= ;  2 22 2

c

Ld
L

d L
=

+
       (2-5) 

where, Pct is dimensionless time, t is the actual time of imbibition, φ  is 

porosity, k is permeability, σ  is interfacial tension, wµ  is viscosity of the displacing 

fluid, oµ  is viscosity of the displaced fluid, d is the diameter of the core and L is the 

length of core sample. It’s implied in this equation that the imbibition rate decreases if 

interfacial tension σ  decreases. Using this dimensionless time, the experimental results 

obtained for water-wet cases fit into a unique curve, which is referred to as the very 

strongly water wet (VSWW) curve.  

When we scale-up the spontaneous imbibition in the porous medium with 

wettability different from strongly water-wet, we also should include the influence of 
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gravity forces on the oil production rate. Xie and Morrow (2000) proposed a scaling law 

for this case: 

2
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where, ( )Dt c g+  is dimensionless time including capillary and gravity forces, 

f(θ) is wettability factor. For an oil wet rock, recovery happens mostly by gravity 

drainage. Hagoort (1980) has analyzed the 1-D gravity driven oil drainage by a gas, and 

the expressions for dimensionless time is given by 
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Where, 0
rok  is the end point oil relative permeability and Soi is initial oil 

saturation and Sor is the residual oil saturation. This analysis does not take into account 

varying wettability and IFT. It also does not include displacing fluid viscosity because it 

was developed for an inviscid displacing fluid.  

To understand the contribution of each driving force, the ratio of capillary to 

gravitational forces was derived by Schechter et al. as an inverse Bond number1
BN − : 

1
B

kN C
gL

φσ

ρ
− =

∆                        (2-8) 

where, C is dimensionless constant for capillary tube model (C=0.4). For a system 

with well defined wetting properties, Schechter (1994) found that capillary forces are 

dominant for 1
BN − >5 and gravity forces are dominant for 1

BN −  <<1. In the intermediate 

range, 0.2< 1
BN − <5, both capillary and gravity forces can be active in the displacement. 
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2.3 SURFACTANT 

2.3.1 Chemistry and Classifications 

Surface active agents (surfactants) are amphiphilic materials with a characteristic 

chemical structure consists of one or more hydrophilic and one or more hydrophobic 

groups in a single molecule. In the standard surfactant terminology, the hydrophilic 

portion or polar portion is called “head” group and the hydrophobic group called “tail”. 

Surfactants change the surface properties/interface properties between two immiscible 

fluids, lowering the interfacial surface energy. 

Table 2-1: Classification of surfactants 

Anionics 
 

Sulfates, sulfonates, phosphates, carboxylates, stearate 

Cationics 
 

Quaternary ammonium organics, pyridium, imidazolinium, 
Piperidinium and sulfononium compounds 

Amphoterics 
 

Aminocarboxylic acids 

Non-ionics 
 

Alkyl-, Alkyl-aryl, acyl-, acylamindo-, acyl- 
aminepolyglycol, amd polyol ethers Alanolamides. 

Based on the charge on the head group, surfactants are broadly divided into 4 

categories: anionic (negatively charged head group), cationic (positively charged), and 

amphoterics or zwitterionic (both positive and negative charge) as shown in Table 2-1. 

It is well know that cationic and anionic surfactants have the ability to interact and 

create so-called ion-pairs (Eksborg et al., 1973). Such surfactants have recently been 

studied in more detail and they are refered to as catanionic surfactant mixtures in the 

chemical literature. Khan and Marques (1997) define them as a new class of surfactant 

and they are believed to play a key role in the mechanism explaining the wettability 

alteration process. The term, catanionic mixtures and surfactant ion-pairs, will be used 

interchangeable in this thesis.  
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2.3.2 Oil-Water IFT and Critical Micelle Concentration (CMC) 
Surfactants will accumulate at the oil-water interface and orient the charged head 

groups towards the water phase and the hydrophobic hydrocarbon towards the oil phase. 

IFT between refined oil and water is typically in the range from 35-60 mN/m and 

between crude oil and water in the rang of 15 to 25 mN/m. These values can be lowered 

significantly by addition of appropriate surfactants , and ultra-low oil/water IFT values 

down to about 1× 10-3 mN/m have been achieved after addition of surfactants. Separate 

surfactant molecules in solution are often refered to as monomers. When increasing the 

monomer concentration the surfactant molecules will spontaneously aggregate into larger 

aggregates called micelles at some special concentration called the critical micelle 

concentration (CMC). Additional of surfactant above the CMC will only result in the 

increase of micelle concentration and little change in monomer concentration.  

 

Figure 2-9: Schematic definition of the critical micelle concentration (Lake, 1989) 

This is shown in Fig.2-9. If the concentration of the surfactant is not too high, the 

micelles will have a spherical shape where charged head of the molecules will point out 

towards the water phase and the hydrophobic environment in the inner of the micelles.  
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The CMC for a given surfactant is dependent on several factors including 

temperature (Zana, 1990) and salinity of the aqueous phase. The effect of salinity on 

surfactant CMC is largest for ionic surfactants. Ions with opposite charges of the head 

group are bale to screen the electric repulsion between head group in the micelles and 

thereby lower the electrical barrier towards micelles formation. This implies the lower 

CMC value when increase salt content. It is important to notice that cationic and anionic 

surfactant mixtures (catanionic) show large synergistic effects on certain parameters 

compared to those of the individual surfactants from which the mixture is created. 

2.3.3 Phase Behvior of Microemulsion 

The term “microemulsion” has been used to describe a micellar phase containing 

surfactant, brine, and oil in thermodynamic equilibrium (Bourrel and Schechter, 1988). 

The microemulsion phase behavior depends on many factors including the types and 

concentration of surfactants, cosurfactants, oil, brine, temperature, etc. Brine salinity 

usually has a significant effect on phase behavior. 

 

Figure 2-10: Pseudoternary diagram of microemulsion phase behavior 

Winsor (1954) first described microemulsion phase behavior as type I , type II 

and type III. Type I is an oil-in-water microemulsion and has an excess brine phase. Type 

II is a water-in-oil microemulsion and has an excess oil phase. Type III is between the 
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type I and type II and is biphasic, lamellar layer with ultra low IFT. As indicated in Fig. 

2-10, the phase transition occurs from Winsor type I (type II- in the diagram) to Winsor 

type III, then to Winsor type II (type II+ in the diagram) when increasing salinity. 

2.3.4 Aqueous Stability of Surfactants 

In order to obtain a robust surfactant EOR oil recovery, the surfactants selected 

should have certain desirable characteristics. Table 2-2 presents the criteria of good 

surfactants and the options to achieve these properties in EOR project. 

T able 2-2: Desirable characteristics of surfactants for EOR (Pope, 2009) 

Performance Characteristic Corresponding solutions 

Capable of producing ultra low IFT ( high 
solubilization ratio) 

Preferential packing at interface of large surfactant 
molecules 

Stability at high temperature Sulfonates and Carboxylates and Sulfates at high 
pH 

Low EACN crude oil/low IFT at high TDS Light GAS surfactant, IOS, AES (HLB>11) 

High EACN crude oil/low IFT at low TDS Heavy GAS surfactant, IOS, APS, ABS, AOS 
(HLB<11) 

Avoid gels, liquid crystals and viscous 
phases 

Branched hydrophobes, alkali, co-solvents, 
surfactant mixtures 

Low adsorption and retention in both 
sandstones and carbonates 

Alkali, high pH, Good microemulsion phase 
behavior and low microemulsion viscosity, 
chemical gradients 

Rapid coalescence and equilibration Alkali, co-solvents, branched hydrophobes, 
surfactant mixtures 

Commercial availability and low cost 
Few synthesizing steps with inexpensive 
hydrophobes 

Many carbonate reservoirs suitable for surfactant EOR have high temperatures 

and salinities, i.e., temperatures ranging from 70°C to more than 120°C and brines with 

substantial hardness and having total dissolved solids (TDS) contents up to about 200,000 

mg/L. These conditions are challenging for process design because injected surfactants 

must remain chemically stable at reservoir conditions for the duration of the project, 

which could last for years (Puerto, 2010). Moreover, precipitation or other undesirable 
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phase separation must be avoided. In non water-wet formations, surfactants should also 

be able to increase wettability of pore surfaces to water. 

It is well known that surfactants with alkoxy chains, i.e., ethylene oxide (EO) 

and/or propylene oxide (PO), can improve surfactant tolerance to high salinities and 

hardness. Sulfonates, including those with alkoxy groups, have the required stability at 

high temperatures because they have a sulfur-to-carbon bond, which is not subject to 

hydrolysis. Barnes et al. (2010) measured the optimal salinities and solubilization 

parameters of internal olefins sulfonate (IOS) family and some alcohol-propoxy-sulfate 

surfactants using n-octane as a model oil.  

 

Figure 2-11: Map for surfactants match to reservoir salinity and temperature (Barnes et 
al, 2010) 

These optimum salinity results are shown in Figure 2-11, which provide a map to 

select which surfactants are appropriate for particular reservoir salinities and temperature 
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combinations. The particular temperature is indicated since it’s known that the C-O-S 

bond in sulfate-based surfactants will hydrolyse at temperatures exceeding about 60oC, 

unless the pH is increased to 10 or higher. Fig. 2-11 highlights that the IOS and alcohol-

alkoxy-sulfate families, used singly or in combination, cover most of the range of 

reservoir salinities and temperatures required for surfactant EOR. For the combination of 

high salinity and high temperature alcohol-alkoxy-sulfonate (or possibly carboxylates) 

are required. In this thesis, one single surfactant Enordet A092, which is a branced C16-

17 9EO sulfonate was found to be a very good candidate for wettability alteration agent 

which has excellence aqueous stability at high temperature and high hardness. 

2.3.5 Mixed Anionic and Cationic Surfactants 
Recently there has been a growing interest in research of mixed anionic and 

cationic surfactants, including the synergistic effects of mixed micelle formation, 

microemulsions, solubilization, and precipitation (Rosen, 1994; Wllington, 1997; 

Upadhyaya, 2006; Upadhyaya, 2007).  

While mixtures of anionic and cationic surfactants exhibit the greatest synergism, 

their potential to precipitate and form liquid crystal phases has limited their use. The 

precipitation phenomenon of mixed anionic and cationic surfactant systems has been 

studied by Scamehorn and co-workers (Scamehorn and Harwell, 1992).They evaluated 

the precipitation phase boundaries of mixed anionic and cationic surfactants over a wide 

range of concentrations by considering regular solution theory and solubility relationships 

and developed a model to predict their results. Rodriguez et al. measured the rates of 

precipitation for aqueous solutions of several anionic surfactants with calcium and of 

anionic and cationic surfactants. Along the precipitation phase boundary and above the 

CMC, a simultaneous equilibrium exists between the surfactant as monomer, in micelles, 

and in precipitate.  

Li et al. (2000) found that alcohol addition was necessary to avoid liquid crystal 

formation, thereby allowing formation of middle phase microemulsions. However, 

alcohol addition is undesirable in consumer products. Thus recent research has attempted 

to find methods capable of forming alcohol-free microemulsions with mixed anionic and 
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cationic surfactants. Doan et al. (2002) investigated the role of surfactant selection in 

designing alcohol-free microemulsion using mixed anionic and cationic surfactant 

microemulsions. They found that twin-head group anionic surfactants were less 

susceptible to precipitation in solution than single head group anionic surfactants due to 

increased solubility and steric constraints. 

Upadhyaya (2006) studied the phase behavior of a mixture of branched 

tail/branched-tail surfactants. The symmetrically branch-tailed anionic surfactant and the 

asymmetrically double-tailed cationic surfactant (i.e., surfactant with tails of different 

carbon-chain length and structure) fail to fit well into a crystal lattice structure and hence 

minimize precipitation. The resulting anionic-cationic pair does, however, allow oil to 

penetrate between surfactant tails, and thus allows the surfactant aggregate to increasing 

the oil solubilization capacity (Fig. 2-12). It was hypothesized that by using a surfactant 

mixture in which both anionic and cationic surfactants are branched, formation of liquid 

crystals and other undesirable phases can be avoided to a greater extent, thereby realizing 

more fully the synergism possible with these mixed surfactant systems.  

 

Figure 2-12: Schematic illustrating effect of tail branching on anionic-cationic surfactant 

interactions: (a) linear tail–linear tail mixture, (b) linear tail–branched tail mixture, (c) 

branched tail–branched tail mixture. (Upadhyaya, 2006) 

The mixtures of anionic and cationic surfactants are found to exhibit 

extraordinary synergy, as evidenced by the ultralow critical micelle concentrations 

(CMCs) and interfacial tension values produced by these systems (Rosen, 1992). Mixed 

anionic and cationic surfactant systems have many unique physicochemical properties 

that arise from the strong electrostatic interactions between the oppositely charged head 

groups. Mixed anionic and cationic surfactants exhibit the largest synergistic effect 
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between surfactants such as lower CMC and surface tension relative to single surfactant 

systems (Chen et al., 2002). Use of anionic and cationic surfactant mixtures has aslo been 

evaluated in the enhanced oil recovery applications (Wellington, 1997; Kayalia, 2010). 

Wellington et al. conducted a variety of alcohol-free laboratory surfactant flooding 

experiments, where small amounts of cationic surfactants, especially the propoxylated 

product, were used with larger amounts of anionic surfactants, the latter mainly propoxy 

or propoxy ethoxy glyceryl sulfonates. More than 90% recovery of an isooctane/crude oil 

mixture from short sand packs and sandstone cores was observed in many cases with 

IFT’s generally between 0.01 and 0.07 mN/m. Although surfactant concentrations of only 

about 0.5 wt% were used, the surfactant retention was low. Kayalia and Miller (2010) 

used propoxylated sulfates whose hydrophobe consisted of a long, straight chain with 

randomly located methyl groups and  smaller amount of cationic surfactants, whose 

hydrophobes had short and/or branched hydrocarbon chains or, in one case, a propylene 

oxide chain. Phase behavior study revealed that small amounts of some cationic 

surfactants increased solubilization of oil and brine in the microemulsion phase near 

“optimal” salinity. Measurements of IFT between microemulsion and brine at optimal 

conditions in one of these systems showed that IFT decreased from approximately 0.007 

to 0.001mN/m when a small amount of cationic surfactant was added, as would be 

expected with the higher solubilization. 

2.4 ALKALI 

2.4.1 Inorganic Alkalis 

Alkalis are water-soluable substances that release hydroxide ions (OH-) when 

dissolved in water. The alkali materials commonly used for oil recovery include sodium 

hydroxide (NaOH), carbonate (Na2CO3), silicate (Na2SiO3), phosphate (Na3PO4), 

metaborate (NaBO2) and Ammonium Hydroxide (NH4OH). 

It has been well recognized that carboxylic acids are constituents of most crude 

oil, which in the presence of alkali, will be saponified and turned into surface-active 

soaps (Seifert and Howell, 1969, Farmanian et al., 1979, Nelson et al., 1984). The amount 

of natural soap that can be generated is characterized by the acid number of a crude oil. 
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The acid number is the milligrams of potassium hydroxide (KOH) required to neutralize 

one gram of crude oil (Lake, 1989). The natural surfactant is capable of reducing IFT. 

Besides, alkali is favorable for wettability alteration and surfactant retention. Thus, 

addition of alkali helps to improve oil recovery. 

The benefits of using Na2CO3 as the alkali in AS or ASP flooding are described as 

below: 

� Sodium carbonate is cheap compared to other alkalis;  

� Sodium carbonate reduces the extent of ion exchange and mineral 

dissolution compared with other alkalis; 

� Sodium carbonate suppress calcium concentration; 

� Carbonate precipitates less adversely effect permeability compared to 

hydroxides and silicates 

� Sodium carbonate promotes water-wet condition; 

� Sodium carbonate alters the surface charge in carbonate rock, reduceing 

anionic surfactant adsoption. 

Previous lab and field tests have found that the addition of alkali in the injection 

fluid results in wettability alteration of reservoir rocks. Wagner, Leach and co-workers 

(Wagner and Leach, 1959) found that wettability of sand packs or sandstone cores could 

be varied by changing pH and salinity of the water phase. With an alkaline formulation 

containing 0.5% sodium tripolyphosphate and 2.2% sodium carbonate, Olsen et al. 

(1999) found that the carbonate rock surface was shifted to a less oil-wet condition.  

2.4.2 Organic Alkalis 

The conventional alkali used for chemical EOR is sodium carbonate. However, in 

presence of gypsum and anhydrite, calcium dissolves and the carbonate ion precipiates as 

calcium carbonate. Berger et al (2006) described the use of a new type of organic alkali, 

called polyaspartic acid, that replaces and improves upon traditional inorganic alkalis. It 

was found that this organic alkali provided alkalinity, reduced surfactant adsorption, 

complexed with multivalent cations, minimized the surface equipment, and minimized 

the formation damage. Guerra et al. (2007) tried an organic alkali as a substitute for 
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traditional inorganic alkali in an ASP firmulation for the pilot project in the La Saline 

Field, Lake Maracaibo.  

 

Figure 2-13: EDTA chelating with metal ion 

They also found that organic alkalis are compatible with unsoftened water, reduce 

adsorption, and minimize formation damage as well. Yang et al. (2010) tested the 

Ethylenediamine Tetraacetate (EDTA) as a novel alkali in ASP formulations. 

EDTA.4Na, as a chelating agent, has the ability to sequester metal ions through its two 

amines and four carboxylates. 

Chelating agents have been widely used in various applications because of their 

ability to form metal complexes that are reasonably stable and therefore reduce the metal 

ion reactivity. Chelation agents include the aminocarboxlic acid such as EDTA,   

Nitrilotriacetic acid (NTA), diethylenetriaminepentacetic acid (DTPA), 

hydroxyethylethylenediaminetriacetic acid (HEDTA), and glutamic acid diacetic acid 

(GLDA).  

2.5 WETTABILITY ALTERATION MEACHANISMS 

2.5.1 Wettability Alteration by Crude Oil 

Polar components present in crude oils were first identified by Benner and Bartell 

(1942) as being surface active and capable of altering the wetting state of high-energy 

mineral surfaces. These components can adsorb on mineral surfaces and alter their 

wetting properties. Understanding the whole nature and the extent of interactions between 
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solid surfaces and oil components in porous media is difficult because all three phases in 

crude oil/brine/rock (COBR) are mixtures of many components themselves. Many factors 

such as the composition of the crude oil, brine composition and saturation, rock surface 

mineralogy, pore roughness, etc. can affect the interactions in a COBR system (Marsden 

and Nikias 1962; Buckley et al.1995; Xie et al. 2000). Other factors such as temperature 

and pressure also control the interactions in a crude oil/rock/brine system. Among these 

factors, oil composition is the most prominent (Buckley et al. 1995). It is widely believed 

that asphaltenes and other high molecular weight polar components of crude oil are 

responsible for altering the wetting of reservoir rocks. The concentration of asphaltenes 

in oil is not necessarily a good predictor of oil/rock interaction. However, it was shown 

by Buckley et al. (1998) that as crude oils became poorer asphaltene solvents through 

hydrocarbon additives, they induce greater alteration.  

It is generally considered that oil reservoirs were created by accumulation of 

hydrocarbons in a rock originally filled with water, and therefore it was assumed that 

rock surface in all oil reservoirs are water-wet, because the connate water would prevent 

the invading crude oil from touching the rock surface. However, observations from 

wettability tests on cores from different reservoirs indicated that some reservoir rocks are 

oil-wet (Treiber et al. 1972; Wardlaw et al. 1996). Experiments have shown that certain 

components in the crude oil under certain conditions were able to alter the wettability of 

the original water-wet rock toward a more oil-wet state, despite the presence of a water 

film. 
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Figure 2-14: Oil-wetness development. Squares are charged/polar organic materials from 

crude oil (Buckley et al. 1998) 
Although asphaltenes are related to the wetting state of oil reservoirs, 

observations have shown that a smaller group of components from the asphaltene/resin 

fraction are more important regarding wettability alteration. The most important 

components are those carrying a charged group such as an acid or base (-OH, -OSO3
-, -

SO3
-, -NH2 and COO-). These compounds are more or less present in all crude oils, and 

include components such as phenols, carboxylic acids, sulfur components (sulfides, 

polysulfides) and nitrogen components (amides, pyridines). Many of these components 

have been shown to act as wettability modifiers when adsorbed on clean water-wet 

minerals. A schematic representation of oil-wetness development is shown in Fig. 2-14. 

Buckley (1996, 1998) proposed four different mechanisms by which polar 

components from crude oil are adsorbed to mineral surfaces:  

� Polar interactions, which can only occur when there is no water present in the 

system and is likely to happen between polar surface and polar components; 

� Precipitation of asphaltenes onto the surface when the oil is a poor solvent for 

the heavy fraction; 

� Acid/base interactions, which take place between sites of opposite electrical 

charge; 
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� Ion binding, which divalent or multivalent ions in the brine can bridge the 

mineral surface to oil/brine interface. 

2.5. 2 Wettability Alteration Using Surfactant  

Standnes and Austad (2000) observed that in oil-wet chalk cores, both cationic 

and anionic surfactants altered the rock wettability toward a more water-wet state, 

however, the cationic surfactants were more effective than the anionic surfactants in the 

wettability alteration process.  

2.5.2.1 Wettability Alteration by Ion-Pair Formation 

The review described in the previous section showed that the oil-wetting 

components are negatively charged and attached to the carbonate surface mainly by 

carboxylic groups. Therefore, it seems reasonable to propose a mechanism of ion-pair 

formation for cationic surfactant-induced wettability alteration (Austad et al, 1998). The 

ion pairs are formed by the interaction between positively charged surfactant head-groups 

and negatively charged carboxylic groups. This process is illustrated in the Figure 2-15. 

 
Figure 2-15: Mechanism for spontaneous imbibition of cationic surfactant into oil-wet 

carbonate (Blue circles are cationic surfactant head groups; black squares are polar 

components from crude oil). 

As shown in Fig. 2-15, the surfactant monomers are believed to interact and strip 

some organic materials off the mineral surface, thereby altering the wettability towards 
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more water-wet. The ion-pairs resulting from the strong electrostatic interactions are 

further stabilized by hydrophobic interactions. In the surfactant literature, the product of 

reaction between carboxylates and organic ammonium compounds is referred to a “cat-

anionic surfactant” (Carlson, et al. 2000). It is also possible that the carboxylic molecules 

and surfactants form mixed micelles. 

2.5.2.2 Wettability Alteration by Surfactant Adsoption 

For anionic surfactants, Austad (1998) claimed that the surfactant molecules 

could form a monolayer on the rock surface through hydrophobic interactions with the 

adsorbed crude oil components. The layer of adsorbed surfactants with the hydrophilic 

head groups covering the originally oil-wet rock surface could then change the wetting 

state of the rock surface toward more water-wet. Since the hydrophobic interactions are 

much weaker than the ion-pair interactions, they proposed that this could explain why 

cationic surfactants performed better than the anionic surfactants in altering the 

wettability of the carbonate rock to a more water-wet state.  

  

Figure 2-16: Mechanism for spontaneous imbibition of anionic surfactant into oil-wet 

carbonate. (Red circles are anionic surfactant head groups, black squares are polar 

components from the crude oil) 

Kumar et al. (2005) proposed micellar solubilization of adsorbed organic 

components by anionic surfactants. Since the hydrophobic interaction between carboxylic 

components and anionic surfactant monomers are usually weaker than the ionic attraction 
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force between carboxylic components and excessive positive surface charges (such as 

Ca++) on carbonate rock surface, we only observe this micellar solubilization when there 

is an ultra-low IFT.  

2.5.3 Thermal Mechanism for Wettability Alteration 
It has been observed that carbonate rocks increase water-wetness at elevated 

temperature (Macaulay, 1995; Al-Hadhramin, et al, 2000). Hadhrami and Blunt (2000) 

suggested an improved oil recovery method for the Ghaba North field in Oman, based on 

a thermally induced wettability alteration from oil-wet to water-wet conditions.  

 

Figure 2-17: Solubility curves for water into different oil as a function of temperature, 

(Glandt and Chapman, 1995) 

Glandt et al (1995) reported increased dissolution of water in the oil phase with 

increasing temperature. Figure 2-17 shows the dissolution of water in mole (%) into 

different oils as the temperature increases. At temperature 130oC, approximately 2 

mole% water dissolved in the oil phase, which indicates that the activity of water in the 

oil phase can be significant as the temperture increases. Water molecules dissolved in the 
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oil phase are therefore assumed to have the ability to displace organic material adsorbed 

to the chalk and alter the wettability of the mineral surface, when the water concentration 

exceeds some critical concentration. 

Another contribution to increased water-wetness with increasing temperature is 

based on the assumption that the following reaction is exothermic (Madsen and Lind, 

1998). Elevated temperature will push the equilibrium of this reaction to the left side, 

which indicates the polar components will desorb from the carbonate surface. 

 

( ) ( )Polar components Oil Phase   Carbonate surface Polar components carbonate surface   Heat→+ +←
 

2.5.4 Wettability Alteration by Seawater on Carbonate 
Tweheyo et al (2006) conducted imbibition experiments and found that 

wettability of chalks can be altered at high temperatures by divalent ions like SO42- and 

Ca2+ without any surfactant. His work shows that three divalent ions Ca2+, Mg2+ and 

SO42-, which are naturally present in seawater, are important in changing the surface 

charge of chalk and are more effective when they are all present in solution in favourable 

ratios. It was documented by Zeta potential measurements that these ions acted as 

potential determining ions towards chalk, i.e., they were able to adsorb onto the chalk 

surface and modify the surface charge. Studies by BP at reservoir conditions for the 

Valhall field have confirmed the results (Webb, 2005).  

A chemical mechanism for wettability alteration, which is in line with 

experimental observations, was suggested as illustrated in Figure 2-18. In the case of 

Ca2+ and SO4
2-as the wettability modifiers, SO4

2- will adsorb onto the positively charged 

chalk surface, and the positive surface charge is decreased. More Ca2+ can then be 

attracted to the surface due to less electrostatic repulsion, and Ca2+ can react with 

carboxylic material and displace it from the surface as illustrated by the following 

reaction: 

RCOO--CaCO3(s) + Ca2+ + SO4
2- = RCOOCa+ + CaCO3(s) + SO42-     (2-9) 
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Thus, the role of SO4
2- in this reaction is to act as a catalyst to increase the 

concentration of Ca2+ close to the surface. In the case of Mg2+ and SO4
2- as the wettability 

modifiers, they suggest that Mg2+ is able to displace the Ca2+ ion, which is connected to 

the carboxylic group, as well as Mg2+ is able to displace other Ca2+ ions from the surface 

lattice of the chalk. Also this reaction is catalyzed by SO4
2-, which is clearly 

demonstrated by the very small increase in oil recovery for the imbibition test without 

added sulfate. This displacement is illustrated by the following reaction: 

RCOO--CaCO3(s) + Mg2+ + SO4
2- = MgCO3(s) + RCOOCa+ + SO4

2-    (2-10) 

 

Figure 2-18: Suggested mechanism for the wettability alteration induced by seawater 
(Austad, 2009) 

2.5.5 Dissolution Mechanism for Wettability Alteration  
Injection of water into a reservoir could cause mineral dissolution; this could 

change the wettability and perhaps even cause pore collapse that could expel oil. Willhite 

and his colleagues conducted a study of the chemical interactions between brine solutions 

and dolomite (Zou, et al, 2000). Although the pH of injection brine (KCl solution) varies 

from 4 to 10, the pH values of effluent samples are always around 10 due to the fact of 

dissolution of dolomite mineral. The presence of cationic ions Mg2+, Ca2+ in the injection 

brine depressed the dissolution of the dolomite. It should be noted that dissolution of 

dolomite during coreflooding with up to 1000 PV injected brine had little effect on 

porosity and permeability of Baker dolomite core. Pokrovsky (2001) extensively studied 

the kinetics and mechanism of dolomite dissolution in neutral to alkaline solutions. The 
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measurements of dissolution rate of dolomite were conducted at 25oC in a mixed-flow 

reactor. He altered the parameters such as pH of brine solution (pH 5-12), ionic strength 

(0.002 < I < 0.1M), total dissolved carbonate (10-5<ΣCO2<0.1M), calcium (10-6 - 

0.003M), magnesium (3*10-7-0.005M), inorganic (SO4
2-) and organic ligands (acetate, 

ascorbate, formiate, tartrate, oxalate, citrate, and EDTA) concentrations. Dissolution rates 

were found to be pH-independent at 6 < pH < 8 and to decrease with increasing pH at pH 

> 8 and ΣCO2 > 10-3 M. In the alkaline pH region, carbonate and bicarbonate ions 

significantly inhibit dissolution rates at far from equilibrium conditions. Dissolved Ca 

was found to be a strong inhibitor of dolomite dissolution at pH above 7, whereas 

dissolved Mg has no effect on the dissolution rate.  

Zhang et al (2007) determined the dissolution kinetics of dolomite in water at 

elevated temperatures (25-250oC). The results are in agreement with Pokrovsky’s. 

Dissolution of fresh dolomite was non-stoichiometric, the Ca/Mg ratio released to 

solution was greater than in the bulk solid, and the ratio increases with rising 

temperatures from 25 to 250oC. Observations on dolomite dissolution in water are 

presented as three parallel reactions, and each reaction occurs in consecutive steps 

2 2
3 2 3 3

2 2
3 3

2 2
3 2 3

( ) ( ) ( )

( )

( ) ( ) 2 ( )

CaMg CO s MgCO s Ca CO

MgCO s Mg CO

CaMg CO s Mg Ca MgCO s

+ −

+ −

+ +

= + +

= +

+ = +  

where, the second step is a slow reaction, i.e. controlling step. 

In the presence of organic ligands characteristic etch pits develop on dolomite 

surface (see in Fig. 2-19C an example of the formation of prismatic etch pits during 

EDTA-promoted dissolution at pH 7.3). Note that similar triangular etch pits have been 

observed for EDTA-affected calcite dissolution at pH 9.24 (Perry, T.D., JACS, 2005). 

Perry (2005) reported that EDTA-mediated calcite dissolution occurs via a 

different process than water-promoted dissolution. The parallel process of water- 

dominant dissolution at point defects and EDTA-dominant dissolution are clearly 

observable in real-time atomic force micrographs. The preferential attack of EDTA along 
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Fig. 2-19: Scanning electron microscopic (SEM) photomicrographs of dolomite grains 
(A) Initial sample; (B) dissolution in 0.01 M Na2CO3 solution at pH 11.1 (C) Dissolution 
at pH 7.3 in the presence of 5×10-4M EDTA; Note triangular etch pits formed in alkaline 
solutions (B) and strong leaching of the surface by EDTA (C). 

 

A 

B 
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deeply penetrating crystallographic defects may have been related to facilitated chelation 

of calcium by EDTA because of increased cation reactivity, increased step density and 

reaction area, or altered atomic geometry along these lattice features. EDTA promotes 

dissolution of deep pits, at step velocities up to 20-fold faster than those of water-driven 

pits. 

Hiroth (2010) has modeled the dissolution of calcite and found that the dissolution 

of calcite will take place in the temperature range where enhanced imbibition is observed. 

At low temperature, seawater is in equilibrium with calcite, but at higher temperature 

calcium in the seawater reacts with sulfate and anhydrite is precipitated. When anhydrite 

is formed the aqueous phase loses calcium, and calcium has to be supplied from the rock 

for the solution to remain in equilibrium with calcite. The source of Ca2+ ions must be 

calcite dissolution. If the calcite dissolution takes place where the oil is adsorbed, then the 

oil can be liberated from the rock. The dissolution mechanism is illustrated in Fig. 2-20.   

 

Figure 2-20: Mineral dissolution creates water wet rock surface. 

As indicated in Figure 2-20, the mineral surface is rough and oil is attached where there 

is a large curvature and the water film is broken. When dissolution of the chalk surface 

takes place where the oil was attached, and new water-wet rock surface is created. 
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Austad (2009) argues that the dissolution mechanism is not supporting his 

published experimental work. His experiments showed high Ca2+ in the presence of 

SO42- increased the imbibition oil recovery. Since Ca2+ is an inhibitor for carbonate 

dissolution, the improved oil recovery is due to the other mechanisms other than 

carbonate dissolution. Similar case is that when Na2CO3 is added in the surfactant 

formulation, since CO3
2- is also an inhibitor for carbonate dissolution, the explanation of 

increased oil recovery is from other mechanism, including alkali/acid reaction and change 

of surface charge, not from dissolution mechanism (Hirasaki, 2003). However, when the 

ligands (such as acetate, citrate, EDTA, NTA) are added in the surfactant formulation or 

brine solution, the carbonate dissolution mechanism may get involved to explain the 

increased oil recovery.  
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Chapter 3  Materials and Experimental Procedures 

3.1 MATERIAL 

3.1.1 Aqueous Phases 

All the common salts such as NaCl, Na2CO3 were supplied by Fisher. Calcite 

(Iceland spar) plates used for wettability experiments were supplied by Scientific Ward. 

The organic alkali EDTA.4Na was from Harcros Organics Inc. The ingredients of EDTA 

solution is listed in Table 3-1. 

Table 3-1 The ingredients of EDTA.4Na solution (Dissolvine® E-39) 

Tetrasodium EDTA  37.0-41.0% 
Water 53.5-59.5 
Sodium Hydroxide 0.5-1.9 
Trisodium Nitrilotriacetic acid 1.0-2.0 
Ethyenediaminetriacetic acid, 
trisodium salt (ED3ANa3) 

<0.8 

Table 3-2 lists the components and their corresponding composition of the all 

brines used. Synthetic Seawater (SASW) was used as injection brine. Total dissolved 

solid (TDS) in SASW was 38433 ppm (see Table 3-2), and pH, density and viscosity at 

room temperature was 7.0, 1.06g/cm3, and 1.1 cP, respectively. The formation brine used 

with dolomite cores as connate water containing TDS of 118,113 ppm. The softened 

SASW was also made when needed in the imbibition tests. 

Table 3-2: Composition of brines (g/L) 

Components Synthetic 
Seawater (SASW) 

Synthetic Softened 
Seawater (SSASW) 

Formation 
Brine (FB) 

NaCl 27.04 35.00 106.03 
Na2SO4 4.807 4.807 0.74 
MgCl2.6H2O 11.228  1.23 
CaCl2 1.332  10.767 
Total Salinity 38,433 ppm 39,807 ppm 118,113 ppm 
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3.1.2 Surfactants 

Synthetic commercial anionic and cationic surfactants, and few experimental 

(non-commercial) surfactants were used in this study. The surfactants used for this study 

are listed in Table 3-3. The surfactants were screened for their stability in SASW or 

Softened SASW at 100° C. 

Table 3-3 Surfactants and Their Trade Names Used in the Experimental Work 

 Producer Trade Name Description Activity 

Alfa Aesar DTAB Dodecyl Trimethyl Ammonium 
Bromide  

100% 

Alfa Aesar C12TPPB Dodecyl Triphenylphosphonium 
Bromide 

100% 
Cationic 
Surfactants 

Stepan BTC®8358 n-Alkyl Dimethyl Benzyl 
Ammonium Chloride 

80% 

BASF Avanel S150 Sodium Alkyl Ether (15EO) 
Sulfonate, C12-C15 

35% 

BASF Avanel S70 Sodium Alkyl Ether (7EO) 
Sulfonate, C12-C15 35% 

Shell Enordet 0352 Internal Olefin Sulfonate C24-28 9% 
Shell Enordet 0242 Internal Olefin Sulfonate C20-24 23% 
Shell Enordet 0342 C19-23 IOS  
Shell Enordet A092  Branched C16, 17-9EO sulfonate 27% 
Shell Enordet A032 Branched C16, 17-9EO sulfonate  
Shell Enordet A772 Branched C16, 17-7PO sulfonate  
Stepan Petrostep S2 C15-18 Internal Olefin Sulfonate 22.4%  

Anionic 
Surfactants 

Dow Triton X-200 Sodium Salt of Alkylauryl 
Polyether Sulfonate  

Sasol TDA-30 
Alcohol   100% 

Dow 15-S-20  C11-15 20EO Alcohol   
Non-ionic 
Surfactants 

Dow NP-30 NonylPhenol Ethoxylate(30EO)  

3.1.2.1 Cationic Surfactants 

The cationic surfactant BTC®8358 was obtained from Stepan. The molecular 

structure is shown in Fig. 3-1. 
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Figure 3-1: Molecular structure of BTC®8358 (Stepan). 

3.1.2.2 Anionic Surfactants 

Most of anionic surfactants evaluated in this thesis were from two surfactant 

families produced by Shell Chemical: Internal Olefin Sulfonates (IOS) which are part of 

the EnordetTM O series; branched C16, 17 alcohol-based anionic surfactants which are 

part of EnordetTM A series. The two families of surfactants have promise in surfactant 

flooding at “difficult” high temperature, high salinity, high hardness reservoir conditions. 

The chemical structure of Enordet A092 is shown in Figure 3-2: 

 

Figure 3-2: Molecular structure of Enordet A092 (Westhollow); active ingredient is 
branched C16, 17 alcohol alkoxyl sulfonate (9EO). 

3.1.3 Rocks 

The reservoir rock samples were obtained from the field. As shown in Fig. 3-3, 

the reservoir cores appear to be very heterogeneous with big holes and vugs in the pore 

structures. Due to the fact of lackof good quality reservoir core samples, Silurian 

dolomite and Guelph dolomite cores were used in the mechanistic studies of wettability 

alteration. Three representative reservoir core samples have been evaluated for 

mineralogy and the results are listed below (Table 3-4). 
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Figure 3-3: The vuggy carbonate reservoir rocks. A) Well cleaned 1.5” diameter core 
plugs; B) Top view of 4” diameter whole core (not cleaned); C) Side view 
of 4” diameter whole core. 

Table 3-4 The report of rock mineralogy analysis. 

  Core No.: 1B Core No.: 21A1 Core No.: 10B2 
Clays Chlorite 0.25 0.25 0.25 

 Kaolinite 0.25 0.25 0.25 
 Illite 1 1 1 
 Mx I/S* 0 0 0 

Carbonates Calcite 1 1 0 
 Dolomite 97 97 98 
 Fe-Dol 0 0 0 
 Siderite 0 0 0 

Other Minerals Quartz 1 1 1 
 K-spar 0 0 0 
 Plag. 0 0 0 
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 Pyrite 0 0 0 
 Zeolite 0 0 0 
 Barite 0 0 0 

Totals Clays 1 1 1 
 Carbonates 98 98 98 
 Other 1 1 1 

Base on the mineralogy report, we confirmed this reservoir rock is dolomite rock. 

To obtain some usable core samples, we carefully screened the whole core samples 

available in this project. The average permeability of these reservoir core samples is less 

than 10md, while porosity is between 7-11%. Some core plugs we drilled are not usable 

since they are almost zero permeability.  

3.1.4 Crude Oils 
The oil was used to restore the wettability of the field cores to their original 

wetting state, and modify the wettability of the outcrop cores by aging the core plugs in 

the stabilized crude oil at elevated temperatures. Crude oil has been characterized by 

SARA analysis in Weatherford Inc. 

Due to the complex composition of crude oils, characterization by the individual 

molecular types is not possible. Instead, hydrocarbon group type analysis is commonly 

employed. The SARA-separation is an example of such group type analysis, separating 

the crude oils in four main chemical classes based on differences in solubility and 

polarity. The four SARA-fractions are the saturates (S), aromatics (A), resins (R), and the 

asphaltenes (A). Figure 3-4 demonstrates the SARA-separation scheme of this crude oil 

sample. 

Two batches of crude oil samples were obtained from the field A. The non-diluted 

crude oil has a density of 22oAPI, 0.92 g/cm3 and a viscosity of 560 cp at 25°C, and 15.6 

cp at 100°C (Experimental temperature). The viscosity is measured using a Brookfield 

viscometer. 

The crude oil was filtered through a 5.0µm and 0.45µm cellulose filter before use. 

In order to obtain appropriate EACN, diluted crude oil: 30% cyclohexane and 70% crude 

oil mixture, was made for some experiments. 
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Figure 3-4: Whole oil SARA analysis from Weatherford Geochemical Service Group 

The viscosity of crude oil decreases as temperature increases. The Andrade 

equation relates the viscosity to temperature as follows: 

*exp( / )A B Tµ =  or ln( ) ln( ) /A B Tµ = + ; where T is absolute temperature (K) 

and A and B are constants characteristic of crude oil. This equation allows calculation of 

the constants A and B and subsequent determination of viscosities at other temperatures.  

ln( ) 12.72 5670 / ( )oT Fµ = − +    for non-diluted crude oil; 

ln( ) 11.513 4760 / ( )oT Fµ = − +   for diluted crude oil (30% cyclohexane+70% crude oil) 
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The viscosity –temperature behavior of this oil is also illustrated in the Figure 3-5. 
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Figure 3-5: Viscosity-Temperature behavior of non-diluted crude oil and diluted oil (70% 
crude oil mixing with 30% cyclohexane) 

3.2 PROCEDURES AND EQUIPMENTS 

3.2.1 Core Preparation 
Cores were prepared such that they replicate reservoir conditions to study the 

effect of wettability altering surfactants on an oil-wet carbonate core during imbibition 

experiments. All the cores used in the experiments were 1.5 inches in diameter and 

variable lengths, except one 4” diameter core for studying effect of core dimension. 

These cores were either taken from outcrop samples, or they were obtained from oil 

reservoirs.  

The first step of the core preparation is to plug cores of required dimension from 

the rock sample taken from a field A or an outcrop site. These rock samples have a limit 

on their length, so the maximum length of a single plugged core is limited. In practice, 

multiple cores are aligned in series to perform a long core experiments. The plugged core 
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taken from a field A, if not preserved properly, may have oil with altered composition in 

the pores than in the reservoir. Field oil at ambient conditions gets stripped out of the 

light components, and such oil is often called dead oil. This can also cause precipitation 

of heavier components like asphaltenes and resins in the core. Thus, the next step of the 

core preparation is core cleaning. 

The traditional method for cleaning core samples is Dean-Stark extraction, which 

usually involves boiling toluene followed by a mixture of 65% chloroform and 35% 

methanol. This method gives very efficient cleaning for those tight and heterogeneous 

carbonate cores. In order to clean the reservoir rock and outcrop completely, we usually 

conduct the cleaning procedure in two steps. First we run Dean-Stark extraction to clean 

the core samples, and then we apply the aggressive cleaning procedure which was 

adapted as follows based on the results of a study published by Hirasaki et al (1990): 

1) Flood the core with tetrahydrofuran (THF) for 2 days, and allow it to soak 

overnight. This step completes when the effluent turns colorless;  

2) Flood the core with chloroform for another 2 days; 

3) Inject methanol into the core for 1 day to displace the chloroform; 

4) Flood the core with water and dry in 100oC oven to constant weight. 

3.2.2 Core Characterization  

3.2.2.1 Permeability 
Permeability is often estimated by flowing single phase fluid (gas or liquid). The 

Darcy’s equation is applied: 
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where, k is permeability (Darcy); q is flow rate (cm3/s); µ is viscosity (cp); L (cm) 

and A (cm2) are the length of cross-section area of core sample, ∆p is pressure drop (atm) 

across the core, pin is inlet pressure and pout is outlet pressure in gas method, and qsc is the 

gas volumetric flow rate at a reference pressure psc. 
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3.2.2.2 Porosity 

Porosity is the fraction of pore volume to the total volume. It is determined by gas 

expansion method adapted from Boyle’s law porosimeter. This method is non-

destructive, and has reasonably accuracy. 

3.2.2.3 Core Saturation 
The core plugs, surrounded by a heat shrink tube, were placed into the Hassler 

core holder. The core holder was confined using mineral oil, and the overburden pressure 

was set around 500-1000psi. After gas porosity and permeability are determined when 

the core plugs are placed in the core holder, vacuum saturated the cores with formation 

brine. In order to determine the heterogeneity of the core, we usually inject 1×FB to 

displace 1/4 ×FB (tracer test).  

The flow rates were kept small so that flow remains in creeping flow regime. 

Darcy’s law was used to measure permeability. The oil is flown through the water 

saturated cores till water residual saturation is achieved. At least three pore volumes of 

oil are flown from both sides to avoid end-point capillary affects. These oil saturated 

cores were then aged in oil at an elevated temperature for some duration of time which 

depends on the type of oil. The aging is done to make the core oil-wet. The core was then 

ready for further testing. 

3.2.3 Contact Angle Measurement 
Calcite plates of around 1.5 ×1.5 inches on face and 0.25 inch in thickness were 

used to perform wettability experiments. The rough calcite plates were cleaned by 

grinding under various mesh size grinders to attain a fresh and smooth surface which is 

free of any contamination. The plates were cleaned on both the faces and edges. The 

cleaned plated were immersed in a brine (no surfactant) for a day. Then these plates were 

aged in oil at an elevated temperature for few days to make them oil-wet. The number of 

days plates were kept for aging depends on the type of oil. The aged plates were put in a 

special 2×2 inches optical glass cuvette and surrounded with the surfactant brine solution. 

The equilibrated contact angle was measured using goniometer (Figure 3-6).  
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Figure 3-6: Automated Contact Angle Goniometer/Tensionmeter 

The contact angle predicts the hydrophobic-lipophilic nature of the surface. The 

flow chart of contact angle measurement is shown in Figure 3-7.  

 

Figure 3-7: The diagram of measurement of contact angle on the calcite surface. 
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For the lipophilic surface the final contact angle is greater than 90o as shown, and 

for hydrophilic surface the final contact angle is less than 90o. In the experiments water 

advance on the calcite surface to replace oil creating a drop from the oil film around the 

oil-wet calcite plate. Thus, the angles measured were advancing contact angles. 

3.2.4 Spontaneous Imbibition 

The imbibition cell is shown in Figure 3-8. Imbibition cells were constructed by 

the UT Austin glass blower (Custom Lab Glass Services). The self-designed imbibition 

cells work well at high temperature and can hold some pressure buildup. 

 

Figure 3-8: The Self-desgined HTHP Imbibition Cell 

The cell was initially filled with DI water by siphoning through a tube inserted in 

the top of the pipette and let sit for 30 minutes to make sure that it would hold water 

before starting the actual imbibition test. The core to be tested was weighed, placed on 

the core stand inside the imbibition cell, and the imbibition cell was reassembled. The 

imbibition cell was refilled with degassed formation brine or surfactant solution through 

the burette up to a desired height. Spontaneously produced oil was monitored and 

recorded versus time on a daily basis or as often as appropriate. In the case of imbibition 

in oil, we used the same setup, but positioned it in upside down. 
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3.2.5 Efflent analysis 
The ion concentration in the effluents is directly measured on the ion 

chromatograph Dionex ICS- 3000 system (Figure 3-9). Before injection, the effluent 

samples are filtered through a 0.2um syringe filter for particle removal. Standard solution 

is made to establish standard curves for each ions (Ca2+, Mg2+, SO4
2-, CO3

2-, etc). 

 

Figure 3-9. The setup of Dionex ICS-3000 PEEK System 
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Chapter 4  Results and Discussions 

4.1 DETERMINATION OF WETTABILITY OF RESERVOIR CORE 
Wettability is usually defined as the tendency of one fluid to spread on or adhere 

to a solid surface in the presence of another immiscible fluid. The wettability of a 

reservoir rock controls the distribution of oil and water, and it affects their movement 

through the pore spaces. Many different methods have been developed to determine the 

wettability of reservoir. The quantitative methods include contact angles and Amott 

wettability Index measurement.  

4.1.1 Contact Angle experiments 
Since reservoir of interest is carbonate reservoir, the calcite mineral plate was 

used to determine whether a crude oil could alter wettability and to examine the 

surfactant’s ability to modify wettability. To start a surfactant-mediated wettability 

alteration experiment, the first step is usually to make the calcite plates oil-wet through 

aging process. 

 

Figure 4-1: The representative picture for a strongly oil-wet calcite (θ>160o) after aging 

with crude oil for 3 weeks at 80oC. 

The contact angles measured in this fashion (Figure 4-1) are called “water-

advancing” contact angles. To determine if we can restore the oil-wetness in the reservoir 

cores, we also measured the contact angles to verify the initial wettability of reservoir 

rock after aging in the crude oil for more than 4 weeks (Fig. 4-2). 
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Figure 4-2: The reservoir core became strong oil-wet after aging in the crude oil for 7 

weeks at 80oC. 

4.1.2 Amott Harvey Index  

Amott method combines imbibition and forced displacement to measure the 

average wettability of a core. A centrifuge is used to further force the wetting fluid to 

imbibe more into the rock pore space, and hence forcefully displace the non-wetting 

fluid. The Amott-Harvey Index calculation is shown in the diagram and table below. The 

index measures the imbibition potential of water and oil, and varies from +1 for strongly 

water-wet rocks to -1 for strongly oil-wet rocks. 

Core 21A1-2 from the well 1024D was used. It was from the BTP-KS layer, had a 

dimension of 1.5”x 3.104”, porosity of 8.24% and a permeability of 10.5 mD. In the 

preparation of the Amott test, the reservoir core was restored to reservoir initial condition 

(i.e., residual water saturation Swr and initial high oil saturation Soi). Then we conducted 

following 4 steps:  

(1) Immerse the core in water, and measure the volume of oil displaced 

spontaneously,  

(2) Centrifuge the core in water until the residual oil saturation Sorw is reached, 

and measure the amount of oil displaced under force,  
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(3) Immerse the core in oil, and measure the volume of water displaced 

spontaneously,  

(4) Centrifuge the specimen in oil until Swir is reached, and measure the amount of 

water displaced under force.  

The procedures and the measurements of each step are shown in Table 4-1. 

Table 4-1: Experimental data collected in Amott-Harvey Index measurements 

Procedures Fragment Volume (ml) Index Amott Harvey 
Index 

Spontaneous 
Water Imbibition  AB Vosp=0.33 

Forced Water 
Imbibition BC Vocentri=0.91 

Water Index 
=0.33/(0.33+0.91) 
=0.266 

Spontaneous Oil 
Imbibition 

CD Vwsp=0.20 

Forced Oil 
Imbibition 

DA Vwt=0.25 

Oil Index 
=0.20/(0.20+0.25) 
=0.444 

Amott Harvey Index 
=Water Index-Oil 
Index = -0.178  
 
“Weakly Oil wet”  

As shown in Table 4-1, the water index is 0.266 and the oil index is 0.444 giving 

an Amott-Harvey index of -0.178, indicating the reservoir rock is weakly oil-wet. It 

should be noted that there might be two issues with this measurement. The maximum 

capillary pressure at the centrifuge step (3000rpm) was 30 psi, which is low. Another 

issue is that the spontaneous imbibition was conducted at 100oC, while centrifugation 

was done at the room temperature. The oil is very viscous at room temperature which 

may slow down or decrease the water displacement in the centrifuge step.  

4.2 SCREENING AND SELECTION OF BENCHMARK CHEMICAL SURFACTANTS 

A wide variety of surfactants has been assessed in the literature, both for their 

ability to reduce interfacial tension between brine and oil to ultra-low levels, and to 

promote wettability changes in reservoir rocks. The surfactants for this study should work 

at harsh reservoir conditions such as, high temperature and high hardness. Also, the 

surfactant formulation should have low adsorption on dolomite rock. In this study, four 

approaches have been tried to alter wettability using surfactants/electrolytes: 
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1) Electrolytes compositions.  

Austad and co-workers have documented that seawater at high temperature is able 

to alter the oil-wet carbonate towards more water-wet. In their systematic studies, it was 

verified that Ca2+, Mg2+, and SO4
2- are active ions in the wettability alteration process. 

We tested this hypothesis by varying concentration of sulfate ions in the seawater. The 

experimental result is shown in section 4.3. 

2) Cationic surfactants 

Standnes (2000) found that cationic surfactants changed the wettability of an oil-

wet carbonate rock toward a more water-wet state by irreversibly removing adsorbed 

anionic carboxylates from the rock surface. There are few advantages of using cationic 

surfactants in carbonate: low surfactant adsorption/loss, high hardness tolerance, and high 

stability at high temperature. The experimental results for DTAB, C12TPPB and 

BTC8358 are listed in section 4.4. 

3) Anionic surfactants plus an alkali 

Hirasaki et al. (2004) at Rice University evaluated the use of a range of 

ethoxylated and propoxylayed alkyl sulfates (anionic surfactants) with sodium carbonate 

to enhance oil recovery from fractured oil-wet carbonate rocks. The addition of alkali will 

result in at least two benefits: altering the surface charge to negative causes an 

electrostatic repulsion between the rock surface (calcite) and the adsorbed layer of 

anionic carboxylates; the alkali also causes some saponification of naphthenic acids, thus 

creating useful soap. In this thesis, we evaluated two families of anionic surfactants 

including Internal Olefin Sulfonate and Branched Ethoxylated sulfonates, and alkalis 

including Na2CO3 and EDTA. The experimental results indicated the combination of 

anionic surfactants and alkali performed very strong wettability alteration and high 

imbibition oil recovery. The details are disclosed in section 4.5. 

4) Mixture of cationic and anionic surfactants 

The mixtures of anionic and cationic surfactants are found to exhibit 

extraordinary synergism, as evidenced by the ultralow IFT and CMCs. The appropriate 

catanionic surfactant system could reduce the adsoption and have excellent phase 

behavior. We conducted phase behavior, calcite contact angle test, imbibition test using 
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cationic surfactant BTC®8358 and anionic surfactant EnordetTM A092. The results are 

shown in section 4.6.  

4.3 EFFECT OF ELECTROLYTES ON WETTABILITY ALTERATION 

The wettability of chalks can be altered at high temperatures by divalent ions like 

SO4
2- without any surfactant, in the presence of Mg2+ or Ca2+(Austad, 2008). We 

investigated the effect of SO42- on the wettability of calcite plates with the crude oil used 

in this study. The brines used to study the effect of divalent ions are shown in Table 4-2.  

Table 4-2: Brines used for wettability experiment with crude oil at 100oC (gm/L) 

Brine Code NaCl MgCl2.6H2O CaCl2 Na2SO4 
0Mg0Ca4S 23.00 - - 19.228 

Mg Ca S 27.04 11.228 1.332 4.807 

Mg Ca 2S 23.05 11.228 1.332 9.614 

Mg Ca 4S 15.13 11.228 1.332 19.228 

 

 

 

 

 

 

 

 

 

Figure 4-3: Contact angle for different brines at 100oC (using crude oil) 

The equivalent monovalent ion concentration is kept constant in all the brines. 

The Figure 4-3 indicates the effect of sulfate ions in the presence Ca2+/Mg2+. At 100°C, 
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MgCa4S was found to have advancing contact angle of 110° and MgCa2S had 130°, thus 

rendering the calcite surface towards intermediate wet conditions. Austad (2008) 

proposed that SO4
2- ions in the presence cationic divalent ions tend to desorb the 

carboxylic molecules from the calcite surface and occupy the sites freed. The results 

shown in Fig. 4-3 support that SO42- alters wettablity towards more water-wet at a high 

temperature. 

4.4 CATIONIC SURFACTANT-MEDIATED WETTABILITY ALTERATION 

Standnes and co-workers (2000) have shown that cationic surfactants can recover 

oil from chalk cores by spontaneous counter-current imbibition due to wettability 

alteration. In a carbonate reservoir, due to positive charge at neutral pH condition, 

cationic surfactants may have significantly lower adsorptions than anionic surfactants of 

similar hydrophobic chain length. It has been hypothesized that cationic surfactants use 

ion pairing to desorb polar organic components from originally oil-wet surfaces. In the 

cationic surfactant pool we tested, BTC8358 (n-Alkyl Dimethyl Benzyl Ammonium 

Chloride) has the potential to alter the wettability towards water wetness.  

 

Figure 4-4: Cationic surfactant BTC8358 alters the wettability of calcite and core chip 
towards to water-wet. 
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At 100oC, 0.1% BTC8358 was found (Figure 4-4) to alter the wetness of the 

resevoir core chip (top) and calcite plate (bottom) towards water-wet, the contact angle is 

around 90o. Other cationic surfactants which have shown some ability to change the 

wettability are 1.0% DTAB and 0.4% C12TPPB. The representive images for contact 

angle tests are shown in Figure 4-5. 

 

Figure 4-5: Wettability alteration of calcite plates with surfactants: 0.4% C12TPPB 
(top),1.0% DTAB (middle) and 0.1% BTC8358 (bottom) at 100oC. 

4.5 ANIONIC SURFACTANT-MEDIATED WETTABILITY ALTERATION 
Sulfonates are stable at higher temperature than sulfates. The sulfur atom in 

sulfonate molecule is attached to a carbon atom which is thermally more stable than 

sulfur oxygen bonds in case of sulfates. Due to the fact of high temperature reservoir 

condition, we mainly studied sulfonate surfactant formulations. 

As addressed by Barnes, et al. (2008), the two families of anionic surfactants have 

promise in surfactant EOR at higher temperature, higher salinity and higher hardness. 

Those two families are named as internal olefin sulfonate (IOS) and branched C16, 17 

alcohol-based alkoxy sulfonates. Both of them can also be tailored to work under a range 

of reservoir conditions. 
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To start the selection of good candidates for wettability alteration agents, we 

tested the three surfactant formulations developed at UT Austin and Rice University. 

These three surfactant formulations were designed to achieve ultra-low IFT. 

4.5.1 AKL-207 Formulation Developed at UT 

The chemical EOR research team at UT Austin has developed a new process for 

manufacturing and stabilizing high-performance EOR surfactants at low cost for high-

temperature, high-salinity oil reservoirs. They synthesized a group of surfactants called 

“Guerbet Alkoxy Sulfate Surfactants” and found these surfactants can be stabilized at 

high temperature with addition of alkali. The surfactant formulation AKL-207 was 

developed using Guerbet alkoxy sulfate and alkali. The formulation is shown in Table 4-

3. The salinity scan found the optimum salinity to be 75% SASW+2.5% EDTA.4Na at 

pH=10.0 (Figure 4-6). 

 

 

 

 

 

 

 

 

 

We conducted contact angle experiments to study the effect of this surfactant 

formulation on wettability alteration. With addition of different percentage of SASW, we 

manipulated the salinity and also the hardness of aqueous solution. As shown in Fig. 4-7, 

AKL-207 alters the wettability of oil-wet calcite at lower salinity region, especially in DI 

H2O at 100oC. At optimum salinity (75% SASW), the contact angle is slightly below 90o. 

At 0% SASW (TDS is 25,000 ppm), the contact angle is lowered to 60o. The 

representative images of contact angle tests are shown in Figure 4-8. It should be 

mentioned that, in one calcite test, we usually measure contact angles of more than 15 oil  

Table 4-3: Surfactant Formulation AKL-207 

Component Name Concentration (wt%) 

Surfactant 1 Isofol C32-7BO-7PO-55EO Sulfate 0.25% 

Surfactant 2 Isofol C20-7PO-10EO Sulfate 0.25% 

Co-surfactant Enordet 0242 (C20-24 IOS) 0.5% 

Co-solvent MA-80 0.25% 

Alkali Organic Alkali 2.5% 

Brine SASW 75% SASW 

Oil Crude Oil 
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Figure 4-6: Phase behavior of AKL-207formulation with crude oil. (From left to 

right, the salinity changes from 100% SASW, 75% SASW, 50% SASW, 25% SASW to 

0% SASW, all the aqueous solution contains 2.5% EDTA.4Na, pH10.0, 100oC). 
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Figure 4-7: Contact angles with varying salinity using AKL-207 surfactant formulation 

(100oC, with crude oil). 
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Figure 4-8. Representative pictures of changing contact angle on calcite plate. 1) 

Calcite in the formation brine, 3 hours @100℃; 2) Calcite in AKL-207 surfactant 

solution (0% SASW), 5 min @100℃; 3) Calcite in surfactant solution, 3 hours @100 ℃. 
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Figure 4-9: Time Dependence of Wettability Alteration for AKL-207 at 0% SASW (with 

2.5% EDTA in Brine, pH10.0, 100oC). 
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droplets and report the average value and standard deviation. The standard deviation in 

the Fig. 4-7 indicates the heterogeneity of wetness on calcite plates. Figure 4-9 shows the 

time-dependence of wettability alteration process. 

With AKL-207 formulation, the contact angle decreases when the 

salinity/hardness drops in the aqueous solution. Since the minimum contact angle and the 

lowest IFT (at optimum salinity) didn’t occur at the same salinity, this observation 

implies the ultra-low IFT does not guarantee good wettability alteration.  

The possible explanations for this salinity/hardness dependent wettability 

alteration are: 

1) Cationic divalent ions Ca2+, Mg2+ in SASW bind to anionic surfactant, which 

suppresses the capability of anionic surfactant-induced wettability alteration. 

2) EDTA.4Na triggers slightly surface dissolution of calcite mineral at high 

temperatures, by actively reacting with Ca2+ on the calcite surface. Higher concentration 

of Mg2+/Ca2+ in seabrine occupies all the binding sites of EDTA molecules, which result 

in weaker dissolution of calcite by EDTA.  

4.5.2 AKL-203 Formulation Developed at UT 

The AKL-203 surfactant formulation is very similar to AKL-207. Both 

formulations contain IOS surfactant, large hydrophobic tail Guerbet sulfate and organic 

alkali. The formulation of AKL-207 is shown in Table 4-4. 

Table 4-4: Surfactant Formulation AKL-203 

Component Name Concentration (wt%) 

Surfactant 1 Isofol C32-7PO-50EO 0.25% 

Surfactant 2 Isofol 20 0.25% 

Co-surfactant Enordet 0242 0.5% 

Co-solvent MA-80 0.25% 

Alkaline Organic Alkaline 2.5% 

Brine SASW / DI-H2O - 

Oil Crude Oil 
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We observed that AKL-203 has very similar wettability alteration effect 

comparing to AKL-207. At very low salinity (0%SASW case), the formulation has the 

higher potential altering wettability of calcite minerals, contact angle dropping down to 

around 70o. The contact angles in the formation brine indicate the initial oil-wetness of 

calcite plates. This experimental result is very consistent with that of AKL-207. 
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Figure 4-10: Wettability alteration effect of AKL-203 on calcites. (100oC, with 

crude oil) 

4.5.3 Rice Blend 

Rice University research team developed one formulation containing two 

sulfonates, C20-24 IOS and Enordet A092, which is so called Rice Blend (Table 4-5).  

 

 

 

 

Table 4-5: Surfactant Formulation of Rice Blend 

Component Name Concentration (wt%) 

Surfactant Enordet 0242 0.25% 

Co-surfactant Enordet A092 0.25% 

Brine Mixture of SASW and Formation Brine 

Oil Crude Oil 
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These two sulfonates are well documented in many research papers, and are 

excellent candidates for harsh reservoir conditions, such as high temperature, high 

hardness, and high salinity.  

The contact angle measurements with the Rice Blend are shown in Figure 4-11. 

Formation brine group shows the calcites were initially strongly oil-wet (contact angle 

>160o). The Rice Blend in 100% SASW shows negligible wettability alteration. The Rice 

Blend in 100% Soften SASW (neutral pH) triggers strong wettability alteration to water-

wet (contact angle drops to 45o). In order to study how alkali affects the wettability 

alteration in this process, we conducted contact angle test by using the two surfactants in 

Rice Blend with 2.5% EDTA.4Na, pH10.0. We observed the addition of 2.5% EDTA in 

surfactant mixtures yields large wettability alteration. 
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Figure 4-11: The wettability alteration of calcite using Rice Blends in different 

brine solution. (100oC, with crude oil) 

Brief summary of the contact angle tests with Rice Blend is that Rice Blends has 

the great performance on wettability alteration at low hardness or high pH condition. The 

observations in the Figure 4-11 imply cationic divalent ions in aqueous solution have 
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negative effect on surfactant-induced wettability alteration. High pH may enhance 

wettability alteration. 

4.5.4 High-Performance Wettability Alteration Surfactant 

We looked into the two components in the Rice Blend in order to clarify which 

surfactant in this blend contributes to wettability alteration effect. We conducted contact 

angle tests by using each surfactant. It was found that only Enordet A092, not C20-24 

IOS, alters the wettability of calcites. Further, we investigated the appropriate brine 

composition for Enordet A092 to be a high-performance wettability alteration agent. 

Table 4-6 summarizes the screening results using two criteria: aqueous stability at 100oC 

and wettability alteration effect by contact angle measurement. 

Table 4-6: Summary of surfactant screening results for wettability alteration 

 Test-1 Test-3 Test-4 Test-8 Test-9 Test-10 

Enordet A092 0.25% 0.25% 0.25% 0.25% 0.25% 0.25% 

Co-surf    
0.25% 0242 

IOS 

0.25% 

0342H 

0.25% 0342H 

0.25% C24 Carb 

Sea Brine S-SASW S-SASW S-SASW  SASW SASW SASW 

Alkali  
1.0% 

Na2CO3 

2.5% 

EDTA 
2.5% EDTA 2.5% EDTA 2.5% EDTA 

pH Neutral 10.0 10.0 10.0 10.0 10.0 

Aqueous Stability 

@RT 
Clear Clear Clear Milky Clear Clear 

Aqueous Stability 

@100C 
Clear Clear Clear 

Milky, no 

prep 
Clear Clear 

With Oil Good Good Good Good Good Good 

Wettability 

Alteration 
Good Strong Strong Intermediate Intermediate Poor 
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Table 4-6: Summary of surfactant screening results for wettability alteration (continued) 

 Test-11 Test-12 Test-13 Test 14 Test 15 Test17 Test 18 

Enordet A092 0.25% 0.25% 0.25% 0.25% 0.25% 0.25% 0. 5% 

Co-surf     0.25%Triton 
X-200 

0.25% C24 
Carb.& 0342H 

 

Sea Brine SASW SASW SASW SASW SASW SASW SASW 

Alkali 
2.5% 

EDTA 
1.0% 

EDTA 
2.5% 

Metaborate    1%EDTA 

pH 10.0 9.5 10.0 10.0/7.0 10.0 9.0-7.0 7.6 

Aqueous 
Stability@RT 

Clear Clear Precip Clear Clear Clear Clear 

Aqueous 
Stability @100C 

Clear Precip Precip pH10 Preci 
pH7.0 clear 

Precip pH9.0 Prec 
pH7.0 Clear 

Clear 

Wettability 
Alteration Strong   Intermediate   Good 

 

Figure 4-12: Aqueous stability of A092 surfactant in different brines. 
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From the Table 4-6, we concluded that single anionic surfactant A092 (Branched 

C16, 17-9EO sulfonate) has high-performance wettability alteration effect on the oil-wet 

calcite with certain brine compositions.  

In test 1, 3 and 4, surfactant A092 in softened SASW (i.e. S-SASW in the Table4-

6) and/or with some alkalis, yield stable aqueous stability and very strong wettability 

alteration effect. Since the use of softened SASW will be very costly for the field 

application, then we investigated the option of using SASW. Test 11 indicates 2.5% 

EDTA enhances A092-induced wettability alteration at pH10.0. Test 14 shows A092 (at 

neutral pH) alters the wettability to intermediate wet without addition of organic alkali 

EDTA. In test 18, 0.5% A092+ 1% EDTA in SASW at neutral pH also yields very 

promising wettability alteration, although it is not as good as in test 11. The aqueous 

stability tests show that aqueous solution of A092 surfactant in hard brine is clear at 

neutral pH. However, at pH10.0, the surfactant solution in hard brine only stable when 

added with EDTA (Figure 4-12).  

 

Figure 4-13: Formulation 0.25% Enordet A092+0.5% EDTA+ softened SASW (modified 
composition of test 4) alter wettability of calcite and reservoir rock towards water-wet. 
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The formulation 0.25% A092 in Softened SASW with 0.5% EDTA, pH 10.0 

yields a very strong water-wet condition for both calcite and reservoir core (Figure 4-13). 

Alkali as an additive helps to achieve water-wet conditions. 

4.6 MIXTURE OF CATIONIC AND ANIONIC SURFACTANTS  
As reviewed in the chapter 2, although most anionic and cationic surfactants tend 

to precipitate, some cationic and anionic surfactant mixture, if properly designed, tends to 

exhibit extraordinary synergism, as evidenced by the ultralow IFT and CMCs. The 

appropriate catanionic surfactant system could reduce the adsoption and have excellent 

phase behavior. We conducted phase behavior, calcite contact angle test, imbibition test 

using cationic surfactant BTC®8358 and anionic surfactant EnordetTM A092, since both 

surfactants have shown high-performance wettability alteration effect.  

The aqueous stability with varying ratios of cationic/anionic surfactant 

concentraions has been studied and reported in Table 4-7. The cationic/anionic surfactant 

ratio 10:1 has achieved good aqueous stability in SASW at 120oC.  

Table 4-7: Summary of Aqueous Stability of Cationic-Anionic Surfactants (120℃) 

Cationic Surfactant: BTC8358 

Anionic Surfactant: Enordet A092 

Aqueous 

stability 

Cationic 

Surfactant 

Anionic 

Surfactant 
Alkali Brine Ratio  pH 

clear 0.50% 0.05%   100%SASW 10:1 7.2 

clear 0.10% 0.01%   100%SASW 10:1 7.2 

hazy 0.10% 0.05%   100%SASW 2:1 N/A 

Phase separation 0.05% 0.25% 2.50% 100%SASW 1:5 9.5 

The hypothesis underlying the strategy of using catanionic surfactant mixtures is 

that low concentration of anionic surfactant molecules will be sequestered in cationic-rich 

micelles and its adsorption on positively charged carbonate rock surfaces will be 

diminished. At the same time, anionic surfactant will enhance cationic surfactant-induced 

wettability alteration. In order to verify this hypothesis, we conducted the contact angle 

experiments on oil-wet calcites using these surfactants. 
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Figure 4-14: Mixture of Anionic Surfactant A092 and Cationic Surfactant BTC8358 

show synergism on wettability alteration. 

 

 

Figure 4-15. Synergistic effects of BTC8358 and A092 in calcite contact angle test. 
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We observed the synergistic effects of the surfactant formulation containing 

0.20% BTC8358 and 0.02% A092 on the contact angles (Figure 4-14 and 4-15). The 

contact angle by using surfactant mixture is lower than the contact angles by using single 

surfactant. Figure 4-15 shows the representative images of contact angle in calcite test. 

The resulst of imbibition test of surfactant mixture will be discussed in next section. 

4.7 ENHANCED SPONTANEOUS IMBIBITION EXPERIMENTS 

4.7.1 Spontaneous Imbibition by ultra-low IFT Formulation AKL-207 

Due to the dearth good quality reservoir core samples, we conducted imbibition 

experiment for 4 different surfactants/or solution on the same core (Core 21A2-1 small) 

step-by-step. Table 4-8 shows the imbibition tests conducted on 4 reservoir cores. 

Table 4-8: Reservoir Core Properties and Surfactants in the Imbibition Tests 

In Figure 4-16 and Figure 4-17, formation brine was used to determine how 

strong oil-wetness of the reservoir has been obtained. The SASW or higher sulfate 

concentration in brine (CaMg4S) did not lower the contact angle below 90o, and the 

cumulative oil recovery in these two steps is about 15% OOIP. After that, the formulation 

AKL-207 showed reasonable oil recovery (20% additional oil recovery). For AKL-207, 

the IFT of the order of 5x10-3 dynes/cm is measured with the middle phase by spinning 

drop tensionmeter (data not shown). Low IFT is required to reduce residual oil saturation 

by increasing the capillary number. Oil was recovered in this case only by gravity as it 

overcame the capillary pressure which is negative (contact angle > 90o). Small drops 

were observed on the top of the core due to low IFT (bottom right corner of Fig. 4-16).  

Core N17 N18 21A2-1 Small 21A2-1 big 

Surfactant 0.2% (wt)  
BTC8358 

0.25% (wt) A092 + 
0.5% EDTA.4Na 

Formation Brine- SASW -
CaMg4S -AKL207  

AKL-207 

pH Neutral pH10.2 AKL207: pH10.0 pH10.5 

IFT (mN/m) 8 ~3  0.005 

Brine SASW  Softened SASW  75% (wt) SASW 

Contact 
angle 

~80o 40o For CaMg4S: 130o; 
For AKL-207: 120o 

120o 

Oil Recovery 25.4% 39.8% 37.5%  27.9% 
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Figure 4-16: The shape/size of oil droplets and the contact angles were recorded in the 
spontaneous imbibition tests (100oC). 
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Figure 4-17: Enhanced oil recovery in a low-permeability carbonate rock by spontaneous 

imbibition 
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In principle, the recovery rates should be lower in this case than those for other 

surfactants at the same temperature because the core remained oil-wet and oil relative 

permeability was low in oil-wet cores. However we observed similar imbibition rate in all 

the steps. The alkali EDTA in AKL-207 formula may be the reason to explain this high 

imbibition rate. We will address this possibility in the discussion chapter. 

We also conducted the imbibition experiment by directly using the AKL-207 

formula. AKL-207 enhanced the spontaneous imbibition (Figure 4-18) by increasing the 

oil recovery to 27.5%OOIP, which is slighter higher than the oil recovery by AKL-207 

(22% OOIP) in Figure 4-17. The explanations for this difference are: 

1) In first case (Fig. 4-17), the core has been pretreated with three brine solutions 

before using AKL-207 surfactant. The easy oil has been produced due to imbibition.  

2) The cumulative oil recovery in all four steps (first case) adds up to 

37.5%OOIP, which is greater than second case (Fig. 4-18). It’s a reasonable result since 

both wettability alteration (capillary force) and low IFT (gravity force) contribute to the 

oil recovery in first case. However, mainly low IFT (gravity) accounts for oil recovery in 

second case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-18: Oil recovery during the spontaneous imbibition for AKL-207. 
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4.7.2 The Synergistic Effect of Cationic and Anionic Surfactants 

The reservoir core N17 (Core properties are shown in Table 4-8) was immersed in 

the 0.2% BTC8358 cationic surfactant solution and oil recovery by imbibition was 

monitored until no more oil produced (i.e. capillary pressure goes to zero). When the only 

cationic surfactant was replaced by the surfactant mixture containing using 0.02% 

Enordet A092 (C16, 17 branched IOS) and 0.2% BTC8358, the imbibition oil recovery 

increased by 8% OOIP (Figure 4-19). As a control test, we performed the imbibition test 

with the surfactant formulation: 0.25% A092+ Softened SASW+0.5% EDTA, pH10.0, 

which has shown strong wettability alteration effect on contact angle tests.  

Our result shows that a relative small concentration of anionic surfactant can 

boost wettability alteration and increase the oil recovery by imbibition. It also may 

decrease the surfactant loss by adsorption on the positively charged rock surface. Besides 

that, we have previously shown that this mixture has very good aqueous stability and 

highly tolerance to high concentration of divalent ions. The characteristics of cationic and 

anionic surfactant mixture show that this might be a good strategy for surfactant EOR.  
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Figure 4-19: Synergistic effect of anionic and cationic surfactants in oil recovery by 
spontaneous imbibition (100oC). 
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4.7.3 Spontaneous Imbibitions by Low/High IFT Surfactants on Outcrop Dolomites 

Imbibition tests were performed by using two types of surfactants: wettability 

modifier and ultra-low IFT surfactant. The surfactant formulation: Enordet A092 in 

SASW with 2.5% EDTA has show strong wettability alteration on calcites, which has 

been reported in Table 4-6 as test 11. The AKL-412 surfactant formulation, containing 

0.5% C24-carboxylate and 0.5% 0342H, is another ultra-low IFT (solubilization ratio is 

about 10) formulation developed at UT for this project. The cores in this test were 

saturated with diluted oil, which contains 30% cyclohexane and 70% crude oil. 

Figure 4-20 shows that A092 imbibed quickly into the core N18 and 25% of 

OOIP was produced in the first 3 days. The reservoir core N18 (121 md) and core 21A1-

2 (39 md) were imbibed with AKL-412. The imbibition rate and final oil production for 

ultra-low IFT surfactant was significantly lower than that for A092, the wettability 

modifier. 
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Figure 4-20: Comparison of oil recovery by imbibition with low or high IFT surfactants. 



 

 73 

In a wettability modifier-mediated imbibition process, the inverse Bond number is 

high since capillary force dominates the process of imbibition. Imbibition rate is usually 

high in this case. Spontaneous imbibition rate is lower when gravity forces become more 

dominant in the oil expulsion process. In the limit where capillary force is killed by ultra-

low IFT surfactant, water pushes oil in a piston like manner and the flow of oil/water is 

totally co-current. This oil production process will be slow.  

4.8 MECHANISTIC STUDY OF SPONTANEOUS IMBIBITION  

Since the good quality reservoir core plugs are not accessible, we conducted some 

mechanistic study of spontaneous imbibition in other types of dolomites, which includes 

silurian dolomite (outcrop), and Guelph dolomite (outcrop). The rock properties and 

surfactant formulas used in these experiments are provided in Table 4-9, 4-10 and 4-11. 

Table 4-9: Guelph Dolomite Core Properties, SI Experimental Conditions and Results 

 GD-1 GD-3 

Length, cm 7.92 7.44 

Diameter, cm 3.81 3.81 

Porosity, % 7.56% 8.29% 

Pore Volume, ml 6.79 7.00 

Permeability, md 9.56 20.6 

Init. Oil Sat., % 87.4 87.4 

Oil Volume, ml 5.94 6.12 
Crude Oil Crude Oil Crude Oil 
Surfactant  0.5% A092  0.5% A092  
Alkali - 2.5% EDTA 
Brine SASW SASW 
pH 7.6 10.0 
Duration, days  13 22 
Recovery in Surf, %OOIP 6.3 49.9 
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Table 4-10: Silurian Dolomite Core Properties, SI Experimental Conditions and Results 

 SD-2 SD-4 SD-6 SD-7-1 SD-7-2 
Length, cm 7.58 6.94 5.03 8.81 8.96 
Diameter, cm 3.81 3.81 3.81 3.81 3.81 
Porosity, % 17.34 15.35 16.97 16.97  16.97 
Pore Volume, ml 14.814 12.09 9.753 17.075 17.383 
Permeability, md 74.6 74.6 152.4 152.4 152.4 
Init. Oil Sat., % 72.9 72.9 78.4 78.4 78.4 
Oil Volume, ml 10.8 8.81 7.58 13.27 13.51 
Crude Oil Crude Oil Crude Oil Crude Oil Crude Oil Crude Oil 

Surfactant  0.25% 
A092  

0.25% 
A092  

0.25% 
A092  

0.25% 
A092  

0.25% A092 

Alkali - 2.5% 
EDTA 

- 2.5% 
EDTA 

1.0%Na2CO3 

Brine SASW SASW Softened 
SASW 

Softened 
SASW 

Softened 
SASW 

pH 7.0 7.0 7.0 10.0 10.0 
Duration, days  19 33 20 20 20 
Recovery in Surf, 
%OOIP 

16.9 36.8 31.7 69.7 47.3 

Table 4-11: Reservoir Core Properties, SI Experimental Conditions and Results 

 21A1-2 N18 (re-used) 16A1-1 
Length, cm 7.88 1.728 15.04 
Diameter, cm 3.81 3.81 10.16 
Porosity, % 8.92 14.0 14.0 
PV, ml 7.98 6.98 170.71 
Permeability, md 39.5 121 50.6 
Init. Oil Sat., % 85.0 72.9 85.0 
Oil Volume, ml 6.78 5.09 145.10 

Crude Oil 100% Crude Oil 
70% Crude Oil 
+30% Cyclohexane 

70% Crude Oil +30% 
Cyclohexane 

Surfactant  0.25% A092 0.25% A092 0.25% A092 
Alkali 2.5%EDTA 2.5%EDTA 2.5%EDTA 
Brine SASW SASW SASW 

pH 10.0 10.0 10.0 
IFT, mN/m 0.5 0.5 0.5 
Duration, days  44 33 57 
Recovery in Surf, 
%OOIP 29.4 24.9 31.3 
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4.8.1 Comparison of Imbibition Rate in Dolomite Cores 

There are many parameters governing the imbibition process. The rate of 

imbibition is primarily dependent on the rock permeability, pore structure, and 

heterogeneity. In this section, three different types of dolomite cores were selected to 

study how these factors affect imbibition rate with the same wettability alteration 

surfactant. The surfactant formulation used in this study is Enordet A092 in softened 

SASW with 2.5% EDTA. The IFT of this surfactant solution with crude oil is 0.5 mN/m. 

The inverse Bond number 1
BN −  is above 10 for all three cores, which indicates that the 

spontaneous imbibition occurred mainly in capillary-dominant fashion. The imbibition oil 

recovery of this experiment is reported in Figure 4-21. 
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Figure 4-21: Oil recovery by capillary imbibition as a function of dimensionless time for 
three types of dolomites. 

The rate of spontaneous imbibition should increase with increasing permeability 

of the porous medium, if other petrophysical properties are very similar. The highest 

permeability with Silurian dolomite accounts for the largest imbibition rate. The Canterell 

core has slight higher permeability than Guelph dolomite, but the imbibition rate turns 



 

 76 

out to be the lowest. The heterogeneity of reservoir core may explain this discrepancy. 

The tracer test and CT-scan data have confirmed that the reservoir core is a highly 

heterogeneous carbonate with very vuggy pore structures. (Data are not shown in this 

thesis).  

No clear correlation has been observed between permeability and ultimate oil 

recovery. Cuiec (1977) and Hamon and Vidal (1986) observed increase ultimate oil 

recovery with increasing permeability when performing spontaneous imbibition tests into 

Fontainebleau sandstone cores. The factors affecting ultimate oil recovery should include 

pore structure and heterogeneity of core samples. The oil recovery value in Figure 4-21 

seems to be consistent with the previous research results. 

4.8.2 Dependency of Oil Recovery by Imbibition with Core Size 
The dimension is very important in up-scaling from laboratory conditions to field 

matrix blocks. The dependency of imbibition rate and ultimate oil recovery on core 

dimension was studied.  
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Figure 4-22: The effect of core dimension on oil recovery by spontaneous imbibition 
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In this study, one large whole core (Core No. 16A1-1, size 4” × 6”) and one small 

core plug (Core No. N18, size 1.5” × 1.73”) were used with the same surfactant 

formulation. Both cores were saturated with the diluted crude oil. When we prepared the 

whole core sample, the diluted crude oil was injected into this core without pre-cleaning 

core. The gas trapped in the core was displaced by the continuous oil flow with a high 

back pressure of 200psi. The whole core showed a very vuggy structure and the big holes 

can be seen all over the surface. The imbibition experiment results are shown in Figure 4-

22 and Figure 4-23 (in dimensionless time).  
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Figure 4-23: Scaling of dimension for the reservoir cores using LC (assuming the capillary 
dominant imbibition process). 
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4.8.3 Organic Alkali Enhances the Spontaneous Imbibition on Dolomites 

4.8.3.1 Cationic Divalent Ions Suppress Surfactant-mediated Wettability Alteration 

Cationic divalent ions such as Ca2+/Mg2+ bind to anionic surfactant molecules and 

suppress the function of surfactant. The interaction of cationic ions and cationic 

surfactant is considered to be negligible due to the same kind of charge. The experiment 

designed to testify how cationic divalent ions affect the surfactant-mediated wettability 

alteration. As indicated in Figure 4-24, the surfactant in SASW works as well as it does in 

softened SASW. Thus, brine hardness does not change the behavior of cationic 

surfactant. However, both Ca2+ and Mg2+ suppress the function of anionic surfactants as 

to their wettability alteration capabilities. Thus, surfactant A092 performs its wettability 

alteration only in lower hardness solution. Since softened brine may not been economic 

feasible solution for field application, we investigated the use of EDTA as a chelating 

agent in the surfactant formulation. 
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Figure 4-24: The effect of brine hardness on cationic surfactant-mediated wettabilty 
alteration (100oC) 
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Figure 4-25: The effect of brine hardness on anionic surfactant A092 –mediated 
wettability alteration 

4.8.3.2 EDTA Enhanced the Spontaneous Imbibition in Guelph Dolomites 
Two low permeability, homogeneous Guelph dolomite cores were investigated in 

this study. The core properties have been reported in Table 4-9. As illustrated in Figure 4-

26, the addition of 2.5% EDTA.4Na in surfactant A092 solution dramatically increases 

imbibition rate and the ultimate oil recovery by spontaneous imbibition from 6.3% to 

50% OOIP.  

The observations of contact angles and configuration of oil droplets are presented 

in Figure 4-27. The oil droplet size was reduced when EDTA.4Na was included in the 

surfactant solution, which indicates lower interfacial tension. The alkali EDTA reacts 

with crude oil and produces in-situ soap, reducing IFT between oil/water phases in the 

displacement front. The contact angle also decreased for surfactants with EDTA, 

indicating the fact that EDTA plays a role in the wettabiltiy alteration directly. With high 

ultimate imbibition oil recovery (50%OOIP), the dolomite core became very clean in 

appearance (Figure 4-27 B).  
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Figure 4-26 EDTA enhances surfactant-mediated wettability alteration on Guelph 
dolomite (100oC) 

 

Figure 4-27: The effect of EDTA on contact angle and maximum drop configuration 
(after 5 days of spontaneous imbibition). 

4.8.3.3 EDTA Enhanced the Spontaneous Imbibition in Silurian Dolomites 
To verify the hypothesis of EDTA enhanced spontaneous imbibition, Spontaneous 

imbibitions were performed in five Silurian Dolomites with surfactants with and without 

B) Surfactant: 0.5%A092+SASW 
+2.5%EDTA, pH10.0 

A) Surfactant: 0.5% A092+SASW, 
pH7.6 
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EDTA. The core properties and experimental condition are listed in Table 4-10. As 

indicated in Figure 4-28, the contact angle changed little, but the average size of oil 

droplets reduced dramatically with the addition of 2.5% EDTA in the surfactant solution 

due to lower IFT.  

 

Figure 4-28: The effect of EDTA on contact angle and maximum drop configuration in 
Silurian dolomites (after 2 days of spontaneous imbibition). 
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Figure 4-29: Oil recovery by spontaneous imbibition on Silurian dolomites. 
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A mechanistic study of the role of EDTA in the spontaneous imbibition has been 

conducted on the Silurian Dolomites to answer the following questions: 

1) Is the chelating ability of EDTA critical to spontaneous imbibition? 

2) Is the alkalinity of EDTA solution critical to spontaneous imbibition? 

3) Is there any experimental evidence supporting dissolution mechanism? 

To answer the first question related to chelating ability of EDTA, we adjusted the 

brine pH to neutral even in the presence of EDTA. EDTA has very strong chelating 

capability at pH ranging from 4-12, because of four binding sites available in the 

molecule. As illustrated in Figure 4-29, In the presence of EDTA (pH7.0), oil recovery 

driven by surfactant A092 in SASW increased to 36.8% of OOIP compared to the 

imbibition test with surfactant A092 in SASW without EDTA (16.9% OOIP). We 

concluded that this increase of oil recovery was not from the alkalinity of EDTA, but 

from the chelating ability of EDTA.  

To answer the second question related to the alkalinity of EDTA, we compared 

the imbibition rate and ultimate oil recovery for EDTA and Na2CO3. To perform the 

imbibition experiment with Na2CO3, all the brine solution used in this test was softened 

SASW. As shown in Figure 4-29, comparing to no alkali (red curve), the imbibition rate 

by using alkali EDTA or Na2CO3 in the surfactant solution is increased dramatically. 

Also, EDTA created additional 40% OOIP oil recovery, while Na2CO3 resulted in 

additional 20% OOIP oil recovery.  

If we take a close look at the two curves (EDTA: blue curve and Na2CO3: red 

curve) in Figure 4-29, we notice that the two curves overlap in the beginning of 

imbibition process, but started to separate afterwards. This separation results in the higher 

imbibition rate and ultimate oil recovery for EDTA than Na2CO3. The difference between 

these two alkalis has to be related to chelating ability of EDTA. This is discussed in detail 

in the next chapter. 

EDTA-mediated dolomite dissolution mechanism is discussed next. 
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4.8.3.4 EDTA Significantly Promotes the Dissolution of Dolomites 

It has been well documented in the literature that dolomite dissolution is promoted 

by the addition of inorganic and organic ligands, such as acetate, citrate and EDTA. 

Pokrovsky (2001) measured the dissolution rate of dolomites at 25oC in a mixed flow 

reactor. He obtained that 0.00852 mol/L (0.35% w/w) EDTA (pH7.27) dissolves 

dolomite at the rate of 4.55×10-11mol/cm2/s. Zhang R. et al (2007) has studied the 

dissolution of dolomite at elevated temperature (up to 250oC) and found the release of 

Ca2+ and Mg2+ from dolomite increase with increasing temperature until 200oC. The 

dissolved Ca2+ and CO3
2- were found to be a strong inhibitors of dissolution at pH>7.  

The experimental observations in spontaneous imbibition test with EDTA support 

the dissolution of dolomite rock. As illustrated in Figure 4-30, the dissolution area turned 

white and oil-free.  

 

Figure 4-30: The dolomite dissolution is occurred at A) low hardness and B) exacerbated 
by addition of 2.5% EDTA. 

The observations in Figure 4-30 show the dissolution of dolomite occurred on the 

core surface. In order to know if the dissolution also occurs inside of the core, we 

conducted the flow experiments to study the effects of EDTA or low hardness brine.  
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The rock material studied was clean silurian dolomite. The core was originally fully 

saturated with formation brine. Softened SASW, SASW, Na2CO3 and EDTA.4Na were 

used to prepare the injected solutions. NaOH and HCl solution was used to adjust the pH. 

The injected brine pH, composition, injected sequence and injection rate ae shown in 

Table 4-12. A flow rate of 1.0 ml/min corresponds to a residence time of 33.6 minutes in 

the core. 

Table 4-12: Brine Compositions and Injection Rates 
Run No. pH Brine Composition Injection Rates (ml/min) 

2 7.0 Soften SASW 8, 4, 2, 0.5, 0.15, 0.1 
3 10.0 1% Na2CO3 in Soften SASW 8, 4, 1, 0.1 
4 7.0 1% EDTA in Soften SASW 8, 4, 1, 0.1 
5 7.0 SASW 8, 4, 2 ,0.1 
7 10.0 1% EDTA in Soften SASW 8, 4, 1, 0.1 

 

Figure 4-31: Effect of residence time in the core on effluent pH, 80oC 
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The effluent pH is shown in Fig. 4-31 for runs 2 through 7 as a function of the 

residence time in the core on a semilog scale. Values of injected pH are also indicated in 

Fig. 4-31 for different runs, as the symbols at zero residence time for each run. For run 2 

with softened SASW only, the effluent pH values are much higher than the injected pH. 

Dissolution of dolomite increased the pH of the effluent samples. Dissolution occurred at 

a very fast rate because effluent pH jumped to 9.90 even at residence time 4.2 minutes. 

For run 2, the decrease in the effluent pH as the residence time increased may have been 

caused by the slow dissolution of quartz or clay minerals in a high-pH solution. For the 

injection of 1% Na2CO3 in Soften SASW (pH10.0), the effluent pH remained near the 

injected pH in different residence times ranging from 4 minutes to 336 minutes. This may 

support that CO3
2- is strong inhibitor for dolomite dissolution. For run 4 with 1% EDTA 

(pH 7.0), the equilibrium pH was estimate to 7.93 in the effluent. The effluent pH 7.93 in 

run 4 seems to be not that high, because EDTA solution has the buffering effect.  

For run 5, the injected brine is seawater, which contains about 1,800 ppm 

Ca2+/Mg2+. The effluent pH does not deviate very much from the injected pH. This is in 

agreement that Ca2+ is also a strong inhibitor for the dissolution of dolomites. For run 7 

with 1% EDTA (pH 10.0), the value of effluent pH jumped from injection pH 10.0 to 

10.3. It should be noted that Darcy velocity of typical water flooding (1-2 ft/day, i.e. 0.05 

ml/min) is lower than the flow rates we used in these experiments.   

Pressure measured along the core during the displacement showed that dissolution 

of dolomite during approximate 40 pore volumes of EDTA injection had negligible effect 

on rock permeability. The chemical reactions in EDTA flow experiments are listed 

below: 

2 2
3 2 3 3

2 2
3 3

2 2
3 2 3

2 2
3 2 3 3

( ) ( ) ( )

( )

( ) ( ) 2 ( )

4 ( ) ( ) .4 4 ( ) .4 ( ) 4

CaMg CO s MgCO s Ca CO

MgCO s Mg CO

CaMg CO s Mg Ca MgCO s

CaMg CO s EDTA Na MgCO s EDTA Ca aqueous CO

+ −

+ −

+ +

+ −

= + +

= +

+ = +

+ = + +

 

Another evidence of EDTA promoting dolomite dissolution is shown in Figure 4-

32. The Silurian dolomite were crushed and sieved to 35 mesh (particle size < 500um), 
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then 2 grams of powder was incubated with 8 grams of three brine solutions in the 100oC 

oven. After 6 hours incubation, the calcium ion concentrations were measured in ion 

chromatography to quantify the dissolution of dolomite. 
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Figure 4-32: Quantification of Ca2+ concentration in Na2CO3-treated and EDTA-treated 
dolomite suspension (80oC) 

Since the softened SASW itself does not contain any Ca2+, the Ca2+ detected in 

the suspension is stripped from dolomite powder since that is the only source of Ca2+ in 

the system. The dissolution of dolomite with softened SASW treatment is in agreement 

with the flow experiment above. Since Na2CO3 inhibits the dissolution, the Ca2+ 

concentration detected in the suspension is negligible (<1 ppm). The Ca2+ concentration 

measured in the EDTA-treated dolomite suspension system is markedly high (371.1 

ppm), which shows again that EDTA significantly promotes dissolution of dolomites. 

4.8.4 Proposed mechanism for EDTA-Enhanced Spontaneous Imbibition 
In a spontaneous imbibition process into an oil-wet carbonate core by wettability 

alteration, the imbibition rate must be reflected by the wettability alteration rate. As 

illustrated in Figure 4-29, the imbibition rate of EDTA/surfactant system is markedly 

371.1 ppm 

39.4 ppm 

0.96 ppm 
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higher than Na2CO3/surfactant and surfactant only system. EDTA is not a wettability 

alteration modifies by itself (data not shown). Therefore, it is infered that other 

mechanisms are involved in EDTA-enhance spontaneous imbibition process. Two 

possible mechanisms are proposed in this thesis. 

1) In my study, Enordet A092 is a good wettability alteration agent in the low-

hardness aqueous system. Ca2+ and Mg2+ signigicantly inhibit the surfactant-mediated 

wettability alteration. In capillary dominant imbibition process, the wettability alteration 

must take place at the imbibition front in order to create positive capillary forces. The 

imbibition front contains high concentration of divalent ions (Ca2+ and Mg2+) when the 

imbibed seawater mixed with initial formation brine in the core, gradually slows down 

the wettability alteration rate. The imbibition finally reaches the zero rate. EDTA, as a 

chelating agent, reduces the concentration of free Ca2+ and Mg2+ in the imbibition 

front, thus wettability alteration process penetrates deeper into the core. Since all the 

chelation agents have limited chelating ability, compared to EDTA/Surfactant/S-SASW, 

EDTA/Surfactant/SASW system yields lower imbibition rate and ultimate oil recovery 

(Figure 4-29). 

2) EDTA promotes dissolution of dolomite, creating more water-wet sites. 

The oleic phase is stripped from the dolomite mineral surface both by wettability 

alteration and mineral dissolution. With EDTA present in the imbibition front to chelate 

the dissolving calcium and therefore increase Ca2+ undersaturation, dissolution of 

dolomite continues with or ahead of the imbibition front. This dissolution of dolomite not 

only takes place at the water-wet sites but also at the oil-wet sites due to the surface 

roughness. Adsorbed hydrocarbon may be released and new water-wet surface areas may 

be created.  

Additionally, EDTA.4Na can alter wettability and improve spontaneous 

imbibition as a regular alkali. Calcite/brine interface, which is normally positively 

charged at neutral pH, can be made negatively charged through the addition of 

EDTA.4Na. The negatively charged surface reduces adsorption of anionic surfactants.  



 

 88 

EDTA.4Na can react with petroleum acids to form soap, which acts as an anionic 

surfactant. The natural soap plus EO/PO sulfonate is effective in lowering IFT. 

Generally, spontaneous imbibition becomes gravity force-dominant when capillary force 

decreases because of increasing water saturation in the system. Low IFT is critical in this 

buoyance-dominant imbibition process. 
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Chapter 5  Conclusions and Future Work 

This chapter of the thesis presents the conclusions drawn from the work. Also 

some recommendations for future work are suggested. 

5.1 CONCLUSIONS 

5.1.1 Wettability of Carbonate Reservoir 

1) Based on Amott-Harvey Index and contact angle measurements, the reservoir 

rock is determined to be weakly oil-wet. 

2) The reservoir carbonate cores and outcrop dolomite cores have to be flooded in 

each direction with crude oil in order to obtain a homogeneous wettability, and can be 

rendered oil-wet by aging them in crude oil for more than 4 weeks at 80oC.  

5.1.2 Wettability Alteration by Electrolytes or Surfactant 

1) Additional sulfate ions in seabrine render the calcite plates towards more 

water-wet. 

2) Cationic surfactants including BTC8358, CTAB show the potential of altering 

the wettability towards more water-wet. 

3) The phase behavior and aqueous stability tests shows the appropriate cationic 

and anionic surfactant mixtures could be a good surfactant formulation in EOR. 

BTC8358 (with benzene ring) and ethoxylated sulfonate (with branched carbon chain) 

have excellent aqueous stability and good phase behvior. This surfactant mixture changes 

wettability on calcite plates.  

4) Ultra-low IFT surfactant formulations, including AKL 203, AKL 207 and Rice 

blend, decrease contact angles to strongly water-wet only when the brine salinity is 

decreased and divalent ions are reduced as well. 

5) Single anionic surfactant Enordet A092 in softened seabrine or with EDTA can 

alter the wettability to strongly water wet. High concentration of divalent ions such as 

Ca2+ and Mg2+ strongly inhibits A092-mediated wettability alteration.  
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5.1.3 Summaries of Spontaneous Imbibition Tests 

1) The ultimate oil recovery of spontaneous imbibition by seawater, or high 

concentration of sulfate ion formulation CaMg4S is less than 15% OOIP, which is not 

sufficient enough to be considered for EOR.  

2) The ultra-low IFT surfactant formulation AKL-207 in 75% SASW (optimum 

salinity) has recovered 28-38% OOIP. Another low IFT sufactant formulation AKL-412 

only produced 9% OOIP.  

3) The anionic surfactant: branched C16,17 ethoxylated sulfonate Enordet A092, 

shows good oil recovery by imbibition in softened SASW with addition of 0.5% EDTA, 

the ultimate oil recovery is 40% OOIP. 

4) The spontaneous imbibition test using the mixture of cationic and anionic 

surfactants confirmed the synergistic effect of wettability alteration and increased oil 

recovery.  

5.1.4 Parametric Study of Spontaneous Imbibition with Surfactants 

1) The spontaneous imbibition test on the three different types of dolomite cores 

with the same surfactant formulation indicates the strong effect of permeability on the 

imbibition rate and ultimate oil recovery. Higher permeability leads to higher imbibition 

rate and higher ultimate oil recovery. 

2) Besides permeability, heterogeneity of core samples affects the imbibition rate. 

More heterogeneous, slower the imbibition rate if other properties aresimilar. 

3) Core dimension is very important in up-scaling from laboratory conditions to 

field matrix blocks. The imbibition rate is slower in the bigger size core, but the ultimate 

oil recovery is very close. The upscaling of two imbibition oil recovery curve fits each 

other. 

5.1.5 Mechanistic Study of Spontaneous Imbibition by Surfactant/EDTA 

1) High concentration of cationic divalent ions such as Mg2+ and Ca2+ in the 

aqueous solution markedly suppresses the surfactant-mediated wettability alteration. 
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2) With the addition of 2.5% (w/w) EDTA, the anionic surfactant A092 (0.5%) 

triggers the oil recovery by spontaneous imbibition jumping from 6.3% to 50% OOIP in 

Guelph Dolomite cores. 

3) The combined use of A092 with EDTA strongly promotes spontaneous 

imbibition oil recovery in Silurian dolomites. Not only alkalinity, but also the ability of 

chelation of divalent ions accounts for the elevated imbibition rate and ultimate oil 

recovery. 

4) EDTA-mediated dissolution of dolomite may be the one of major mechanisms 

responsible for the boost of imbibition rate and ultimate oil recovery in all three types of 

dolomites. With EDTA present in the imbibition front to chelate the dissolving calcium 

and therefore increase undersaturation, rapid dissolution of dolomite continues to move 

with or ahead of the imbibition front. 

5) The benefits of using EDTA in the surfactant solution includes but not limited 

to: altering the surface charge of carbonate from positive to negative, producing the in-

situ soap, reducing the brine hardness, decreasing the surfactant adsorption, and creating 

the water-wet surface area by dissolving the dolomite mineral. 

5.2 FUTURE WORK 

Fundamental research related to the mechanism for spontaneous imbibition of 

surfactant solution into oil-wet carbonate is needed. Further work on this subject can 

include the following topics: 

� Forced displacement in dolomite using the promising wettability alteration 

agents covered in this thesis is needed.  

� The strategy of using surfactant mixture of anionic and cationic surfactant 

for surfactant EOR should be fully studied.  

� Conduct Spontaneous Imbibition tests on the core with residual gas 

saturation to study the effect of presence of gas phase on imbibition rate and oil 

recovery. 
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� Develop more chelating agents, especially the low-cost agents, can boost 

the imbibition oil recovery or alter the wettability. 

� More investigation of physical-chemical process related to imbibition of 

brine into oil-wet carbonate at elevated temperature.  

� Find more direct and solid evidences to support the dissolution mechanism 

in spontaneous imbibition. 

� Develop upscaling laws for spontaneous imbibition into oil-wet carbonate. 

� A model describing the wettability alteration mechanism should be fully 

developed and included into commercial reservoir simulators. 
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