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ABSTRACT 

Heavy oil is defined as liquid petroleum of 20 to 10 °API gravity at reservoir conditions, and 

the crude of which API is less than 10°API is termed as extra heavy. Heavy and extra-heavy oil 

reserves consist approximately of 21 and 32% of total oil reserves respectively, while those of 

light to medium are estimated at 47 %. This means there is a substantial volume of heavy oil, 

which sits within the reach of existing oilfields. Most of these oils are trapped within the pore 

throats of shallow, small and thin matrices including low permeable siltstones, sandstone and 

carbonate reservoirs. In theory, the increment in oil, from these mature reservoirs, is obtained 

by implementing a technique referred as improved oil recovery (IOR). The IOR has been 

classified mainly into two groups that are thermal and non-thermal methods. The former, in 

which the heat is supplied to the reservoir in form of steam, has been preferred for heavy and 

extra heavy oils, because steam injection is strongly expected to decrease the mobility of the oil 

and augments thereby the production. To date, the production scheme is slowly disfavored 

primarily because of the cost of stem generation. On the other hand, a typical non-thermal 

method consists of injecting a fluid (slug) that reduces either the interfacial tension (IFT) or the 

viscosity of the residual oil. However, a poor propagation of the slug lowers the efficiency of 

these methods. The implementation of either of these techniques, in a candidate mature heavy 

oil reservoir, is inherent to its petro-physical properties and the characteristics of the residual 

oil.  

The scope of this research considered two candidate heavy oil formations. The initial IOR 

screening highlights the possibility of gas-miscible (CO2) and chemical-IOR respectively to 

petro-physics of the candidate formations and the properties of the residual oil. The motivation 

was not only to evaluate their potential, but also to highlight the technical challenges. 

Ultimately, it was sought to propose a recovery scheme that increases the heavy oil production, 

while reducing associated energy cost. Both were investigated experimentally in this research. 

This dissertation consists of six chapters. 

Chapter 1 introduces the fundamentals of IOR, discusses on the various approaches in heavy 

oil recovery. Therein is also detailed the mechanisms inherent to heavy oil production and the 

screening criteria of IOR. The candidate formations, the properties of its untapped oils are 

presented. 



ii 

Chapter 2 investigates the potential of CO2 for the candidate formations, which was selected 

in respect of the petro-physical properties of the reservoir. The production was mimicked by 

injecting CO2 both at its sub-critical and super-critical state (sCO2) in candidate heavy oils (API 

11.5 and 16.6). Conducted in a PVT analyzing cell, the results showed that sCO2 has a better 

solvating potential than CO2. The swelling of the candidate heavy oils increased in a linear 

fashion with the concentration of sCO2 and was altered by the presence of reservoir water. It 

was further shown that sCO2 promoted a stripping process of light fractions from the native oil 

during the development of the miscibility front, which was followed by the deposition of an 

appreciable amount of asphaltenes. This latter phenomenon was highlighted as major drawback 

for this IOR method. Further investigations in this regard revealed that not only the petro-

physical properties of the candidate formation would dictate the concentration of aggregated 

asphaltene, but also the chemical composition of the crude oil and even the injecting conditions 

of sCO2. If implemented in the candidate formation, it is shown that the injecting gas (sCO2) 

would behave either as flocculent or coagulant. Subsequently, these properties would either 

control or enhance the amount of deposited asphaltene. It was concluded that sCO2 was 

potentially viable for a heavy oilfield provided that proper injection conditions were maintained. 

However, given the initial concentration in asphaltene in the candidate heavy oils, sCO2-IOR 

cannot be recommended. 

In Chapter 3, the heavy oil production, in respect of the physico-chemical properties of the 

candidate heavy oils, is investigated. Therein is introduced a new class of surfactants (Gemini 

surfactants). Two lyophilized cationic Gemini surfactants i.e. 12-3-12 and 16-3-16 were used 

to formulate the aqueous micellar slugs. Their inherent physico-chemical properties were 

subsequently investigated. These included the critical micelle concentration (CMC), the 

adsorption and the surface tension. Their potential for surfactant flooding were shown as they 

were able to achieve (i) an ultra-IFT (order of 10-3 mN/m), (ii) high water and oil solubilization 

and (iii) a relative low adsorption on sandstone and dolomite. More interestingly, those 

properties were found pronounced when the micellar slug, prepared from a Gemini surfactant 

with a longer hydrophobic alkyl chain (n=16), was used. Additionally, the micellar slugs 

showed an interesting potential as corrosion inhibitor by neutralizing the acidic materials 

generated as by-product during sCO2-IOR. 

Chapter 4 introduces the concept of cationic microemulsions and their relevance to oil 

recovery. The ultra-low IFT, achieved in the microemulsions, was altered by (i) the length of 
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the alkyl chain of the primary surfactant, and the nature of the respective cosurfactant, (ii) the 

presence in divalent ions in the brine solution and (iii) the acidity of the residual oil. The 

rheology of the microemulsions revealed a pseudo-plastic behavior, which was altered by the 

formation salinity. Therein is also addressed the characterization of the cationic 

microemulsions. 

Chapter 5 introduces a hybrid recovery-flooding scheme using microemulsions. The heavy 

production was performed by a series of core-flooding experiments, performed in Berea 

sandstone, representative of the formation rock. The production scheme consisted of the 

injection of microemulsion-gel type formulated exsitu, in water-flooded sandstone, at the trail 

of which low-saline water was injected. Conducted in the homogeneous Berea sandstones, up 

to 31% of the initial oil-in-place (IOIP) was recovered from the homogeneous water-flooded 

sandstone when the heaviest microemulsion formulation was injected. The oil recovery was 

lowered to 20.3% when the microemulsion was formulated from the micellar slugs prepared 

from the Gemini surfactants with the shorter alkyl chain. The microemulsion formulations 

prompted a series of chemical reactions with the native minerals and the residual petroleum 

fluids, which caused the formation of sludge in the effluent fraction. The sludge is believed to 

be the challenge in this recovery scheme. However, it was shown that altering the composition 

of the preflush water could mitigate the deposition.  

Chapter 6 concludes this research by highlighting the feasibility of two methods. A 

comparative analysis and proposed solution in respect the inherent challenges are presented. 

Further suggestions in regard of microemulsion-flooding and asphaltene deposition are 

discussed.  
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INTRODUCTION 

1.1 Oil Production and Fundamentals of Improved Oil Recovery 

Crude oil refers to a mixture of hydrocarbons, yellow to black in color, of which density and 

viscosity are variable. The former is defined quantitatively by a parameter known as API (i.e. 

American Petroleum Institute). The latter (i.e. viscosity) is a key parameter as far as the 

production of an oilfield is concerned. In general, the crude oil is classified either by its oiliness 

(i.e. API) or the chemical composition. Thus, an API that ranges from 32o to 40o denotes a 

light crude oil. Medium crude oil has an API, which ranges from 27o to 32o. On the other hand, 

an API, from 8 to 14, characterized heavy oil. For any value of API below 8o, the crude oil is 

an extra-heavy oil (Simanzhenkov and Idem, 2003). In 1997, Rogner (1997) reported 

approximately 3,396 billion of barrels of heavy oils and 5,505 billion of barrels (bbl) of extra-

heavy oils trapped within the reach of existing oilfields. Over two decades, these values have 

been decreasing to half showing thereby the interest in these fossil resources (Fig. 1.1). 

Conventionally, the life of a producing oil field is staged in three major stages including a 

primary, a secondary and a tertiary stage (Fig. 1.2). During the early stage of an oilfield, the 

natural resources are brought to the surface through the reservoir natural drive.  

 
Fig. 1.1 Estimation of technically recoverable heavy oils and natural bitumen; from (IEA, 

2013)  
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Fig. 1.2 Different stages of an oilfield life; modified from Kokal and Al-Kaabi (2010)  

 

Five crucial parameters should be highlighted here in order to understand the underlying 

mechanisms of the oil production. These include (1) solution-gas drive, (2) gas-cap drive, (3) 

water-drive, (4) gravity drainage and (5) the mixed drive (Donaldson et al., 1989; Green and 

Willhite, 1998). A solution-gas drive is predominant if the drive energy is supplied by the 

expansion of the dissolved gases in the oil and water, which is reportedly the case for most of 

the oil reservoirs. If the reservoir is under-saturated, i.e. no free gas (es) dissolved within the 

oil, the driving force is provided only by the bulk expansion of the formation rock and liquids. 

It is worth mentioning that most of the heavy oil reservoirs are under-saturated, thus subject to 

this mechanism at the early life of the production. A gas-cap drive dominates the production 

in a primary recovery process when the gas-cap (that is the segregated gas overlying the oil 

deposit) expands. The trapped gas pushes the gas-oil contact downwards. As the production 

continues, it reaches the producing wells. As a consequence, the gas-oil ratio (GOR) increases 

substantially and more oil is produced.  

Alagorni (2015) reviewed that the primary recovery by gas-cap drive mechanism could reach 

up to 40 % of the Initial Oil-in-Place (IOIP). If, however, the candidate oilfield has an aquifer, 

the governing mechanism is likely to be a water-drive. In this mechanism, the oil is produced 

as a result of the expansion of water into the formation, forcing the oil to move upwards. In 

this case, the production will decline at the water breakthrough. The fourth mechanism is the 

gravity drainage mechanism in which the density difference between the petroleum fluids (oil, 

gas and water) results in their natural segregation in the reservoir that forces further the oil to 

move upwards. This mechanism is commonly encountered in light crude oil formation. 

Unfortunately, the gravity drainage mechanism yields usually a low oil recovery and tends to 

be used in combination with other drive mechanisms (Donaldson et al., 1989). The last drive 

is a combination of aforementioned techniques, which tends to be encountered when none of 

aforementioned mechanisms, discussed above, prevails. 

Primary Recovery Secondary recovery Tertiary recovery 

Non-thermal ThermalWater flooding Pressure 

maintenance

Internal 

energy drive
Artificial 

lift

Less than 30% of stranded oil is  

recovered
Up to 50% of stranded oil is  recovered Up to 80% of stranded oil is  recovered

Underlying mechanisms Underlying mechanisms Underlying mechanisms
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Regardless the mechanisms(s) that dictate(s) the early life of an oilfield, the recovery is 

generally low. Most of the oilfields reported a recovery as high as to 30% of IOIP during the 

primary recovery process, which means that there is a substantial amount of oil trapped 

underground. In order to boost the production, it is routinely accepted to inject a fluid (usually 

water) that maintains the pressure within the formation and increases subsequently the oil 

production. This technique is referred as secondary production. In this approach, water is 

usually preferred. Few notable heavy oilfields, specially located in the United Kingdom, have 

successfully implemented water-flooding (Jayasekera and Goodyear, 2000). The problem with 

water flooding lies mainly on the tendency of the water to channel and to override the residual 

oil primarily because of its low viscosity. These phenomena, often concomitant, rend the 

implementation of water flooding less effective or even not applicable to heavy oil and extra-

heavy oil reservoirs. Nevertheless, where applicable, a classical water flooding could displace 

up to 50 % of IOIP (Mai et al., 2009). Furthermore, in a heavy oil reservoir in which the 

primary recovery is governed by gas cap drive, the secondary recovery technique considers 

rather the injection of a gas. Technica, the gases, produced at the first stage, are routinely 

injected back in the candidate formation. This method is known as gas flooding. It could be 

conjectured therefore that the choice of the secondary recovery method depends to a certain 

extent on the driving force during the early life of the reservoir. 

The last stage of the production life of an oilfield is the tertiary recovery. This stage is 

implemented when the primary and the secondary recovery processes have become inefficient 

and economically not beneficial. The stage is termed as improved oil recovery (IOR) or 

enhanced oil recovery (EOR). Although, both terms are used interchangeably, they imply the 

increment in amount of oil. To be more accurate, IOR is the general term to designate any 

means implemented after secondary process that increases considerably the amount of oil 

recovered. The terminology EOR is more specific. It defines a technique (or a combination of 

techniques) implemented to decrease the residual oil saturation and increases subsequently the 

amount of produced oil (Thomas, 2008).  

1.2 Tertiary Oil Recovery for Heavy Oil Reservoirs  

Over the past decades, the extraction and the production of heavy and extra-heavy oils have 

relied on cold production despites the wide range of existing EOR methods. Fig. 1.3is an 

overview of EOR methods for heavy and extra-heavy oils.  
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Fig. 1.3 An overview of enhanced oil recovery method; adapted from Thomas (2008) 

1.2.1 Thermal methods 

Thermal methods are the most advanced techniques among EOR methods, as long as the field 

experience and technology are concerned. They are best suited for heavy oils and tar sands. In 

these methods, the heat is supplied to the reservoir and tends to favor the vaporization of some 

of the oil. The supplied heat could be in form of vaporized water (steam), which is injected 

continuously into the oil layer (Fig. 1.4a).  

However, steam-EOR is sensitive to the geometry and the petro-physical properties of the 

candidate formation. The steam creates, within the oil layer, a steam zone that not only lowers 

the viscosity of the heavy oil, but also increases the driving pressure for the oil to move (Shah 

et al., 2010). Some heavy oilfields have reported that when the heat (therein steam) was 

supplied in a cyclic manner Fig. 1.4b), the production increased quickly. The injection of high-

pressure steam, followed by a soaking stage yielded a rapid payout with a recovery ranging 

from 10 to 40 % of IOIP. Steam assisted gravity drainage (SAGD) is another thermal method 

that has gained prominence within heavy oil operations. 

Enhanced heavy oil 
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(a) Steam flooding (b) Cyclic Steam Stimulation 

  
(c) Steam Assisted Gravity Drainage (d) In-situ combustion 

Fig. 1.4 Schematic representation of heavy oil recovery by thermal methods; adapted from 

Shah et al (2010)  

Its working principle, schematized in Fig. 1.4c, is quite similar to that of steam flooding at 

the difference of the steam chamber (Sasaki et al., 1999). This technique works best when the 

oil mobility is low, as steam channels are less likely to form. Unfortunately, this EOR method 

suffers also from its sensitivity to formation parameters including the thickness and the 

heterogeneity. In order to overcome these issues, modified forms of SAGD have been 

investigated including VAPEX that uses rather a solvent gas (or a mixture of solvents) to create 

a vapor chamber (Cuthiell et al., 2006). The vapor plays the same role as the steam chamber. 

Other variants include Steam and Gas Push (SAGP). 

Also, it is possible to generate the heat in-situ, i.e. within the oil-bearing matrix (Fig. 1.4d). 

In this case, the EOR is referred as in-situ combustion, which consists of the injection of a hot 

air (or oxidizing gas) is injected on the oil bearing matrix (Selby et al., 1989). The contact 

between the two fluids sparks a combustion that further supplies the thermal energy, which 

prompts further the oil viscosity reduction. However, the low viscosity of the gas that overrides 
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the oil is reported to be a major drawback for this method. The density difference between the 

oxidizing gas and the oil is eliminated tentatively by an improved method known as Toe-to-

heel air injection (THAI).  

1.2.2 Non-thermal methods  

Non-thermal methods encompass techniques that reduce primarily both the IFT and 

subsequently the mobility ratio. They are subdivided into miscible gas and chemical flooding. 

In the miscible displacement process, a foreign fluid (also called slug) is injected in the oil 

bank zone where the slug contacts the oil. The slug dissolves in the oil after a first (or multiple) 

contact(s). If the slug is a gas, the EOR is termed as gas-EOR, which works best in shallow 

deposits. Several gases have been tried with mitigated results. Routinely, gases considered in 

miscible gas-EOR include compressed air, acid sour gas, nitrogen (N2), flue gas, hydrocarbon 

gases, and carbon dioxide (CO2). The choice, however, is function of the formation, gas 

availability and costs (Taber et al., 1997a). 

The use of CO2, as slug for miscible gas-EOR, has been preferred over the other gases not only 

because it offers the possibility to sequester a greenhouse gas, but also because of its to ability 

to achieve a low minimum miscible pressure (MMP) for a wide range of crude oils. Moreover, 

it was highlighted that CO2 at its supercritical state (thus termed as supercritical CO2 or sCO2) 

presents attractive properties for EOR (Table 1.1). The singular properties of CO2 are effective 

in a formation deeper than 600 m. During the development of the miscibility front, CO2 

dissolves in the oil, resulting the oil swelling and viscosity reduction. The swollen oil tends to 

have a viscosity lower than that of the native oil. These concurrent mechanisms are even 

enhanced for light crude oils.  

Table 1.1 Advantages and drawbacks of sCO2; adapted from Hitchen et al. (1993) 
Enhanced properties  Advantages  Disadvantages 

 

 

Solvent Power 

 Cannot be oxidized 

 Miscible with gases in all proportion above its 

critical temperature 

 Miscible with organic material 

 High critical pressure and 

vapor pressure; 

 Low dielectric constant; 

 Lewis acid; 

 May induce low pH 

 

Transport 

 Dense as liquid but mobile as gas 

 Low viscosity (1/10 < water) 

 High diffusion abilities in porous media 

 May require handling high 

pressure equipment 

 

Environment 

 Low toxicity 

 Good biocide towards fungi, bacteria and 

viruses. 

 Could counterbalance EOR 

using microbial agents. 
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In the case of low pressure reservoirs (such as heavy oil formations), CO2 will form an 

immiscible fluid, or will mix partially with the oil (Danesh, 1998). This will result of some oil 

to swell, which favors the viscosity reduction of the residual oil. Strictly speaking, CO2 extracts 

the lighter fractions of the oil and promotes the deposition of heavier fractions. Often, this 

mechanism leads to asphaltene deposition, which is one of the major challenges of miscible 

CO2-EOR (Speight, 2004). Furthermore, the low viscosity of CO2 leaves usually a poor 

mobility control and sweeping efficiency. The latter case is, somewhat, overcome by injecting 

alternatively a small amount of CO2 and large volumes of water. This technique is best known 

as Water-Alternating-Gas (WAG). 

Chemical flooding encompasses a technique (or combination of techniques) that requires the 

injection of a chemical, which is either a polymer or a surfactant. The slug targets primarily 

the reduction of the IFT. Surfactant and/or polymer processes are the most prominent as far as 

EOR for heavy oil is concerned (Sheng, 2011). In both methods, the slug is a surfactant (usually 

a petroleum sulfonate) or polymer blended with a low-molecular alcohol (termed as cosolvent 

or cosurfactant) or even a micellar solution. At the leading edge of the slug, a preflush is 

routinely injected. The composition of the preflush is tailored to remove and/or neutralize the 

ionic elements that may reduce the efficiency of the slug. At the trail of the slug, a mobility 

buffer (usually a viscous water) is injected for the mobility control. One of the problems of 

surfactant-EOR is the loss of chemical. Phase partitioning and trapping, and the slug bypassing 

because of fingering, are equally reviewed as issues arising when a typical surfactant-EOR is 

implemented.  

Microbial-EOR, also classified as non-thermal method, has been investigated since 1960 

(Gray et al., 2008). This approach uses the potential of microbes to generate a surfactant in-

situ, which is termed as bio-surfactant (Thomas, 2008). In fact, the microorganisms react with 

the residual oil to yield either bio-surfactant, slimes (polymers), biomass and/or gases such as 

CH4, CO2, N2 and H2 as well as solvents and certain organic acids. Oil recovery mechanisms 

in microbial EOR are similar to those of the classic chemical methods, which include IFT 

reduction, emulsification, wettability alteration, improved mobility ratio, selective plugging, 

viscosity reduction, oil swelling and increased reservoir pressure due to the formation of gases. 

Increase in permeability can result from the acids formed (Thomas, 2008).  
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1.3 Emerging IOR Technologies 

1.3.1 In-situ conversion with electrical heating 

This method, patented by Shell in 1980, uses the sub-surface heating to convert kerogen into 

cleaner transportation fuels and gas (Speight and Loyalka, 2007) ; kerogen is the primary form 

of inorganic and insoluble hydrocarbons that occurs in the source rock. This method, defined 

as upgrading, is reported to contribute to pollution of aquifers.  

1.3.2 Microemulsion flooding 

This method has been gaining prominence in the petroleum industry especially for the 

extraction of residual light oils but is still under investigation for heavy oils. Microemulsions, 

more stable than emulsions, are injected in the reservoir and prompt displacement of trapped 

oil. This approach is thought to be commercially viable primarily because of (1) their lower 

energy requirement, (2) their potential to develop an ultra-low IFT and (3) their high interfacial 

area (Bera and Mandal, 2015; Nguele et al., 2016c; Santanna et al., 2009).  

1.3.3 Nanofluid flooding 

Even more recently, the potential of nanoparticles (NP) and nanofluids have been explored for 

EOR (Devendiran and Amirtham, 2016). Although the studies are still at the embryonic stage, 

it has been reported that nanofluids formulated from alumina (Al2O3) or iron oxide (Fe2O3) 

have the ability to reduce greatly the viscosity of the residual oil. Likewise, silica (SiO2) NP 

has shown a potential in altering the IFT. 

1.4 IOR Screening Criteria 

Several tertiary methods have been investigated over the past decades with mitigated results. 

This is so because the choice, the implementation and the success of an IOR technique is 

affected by the geometry of the candidate reservoir, the properties of the residual oil.  

Traditionally, surface mining and thermal methods (steam methods) have been preferred for 

the production of viscous oils. Unfortunately, they are not only there are so sensitive to the 

geometry of the reservoir that their applicability is narrowed to specific oilfields, but also, they 

tend to have a high energy requirements. On the other hand, the sequestration of CO2, a 

greenhouse gas, has proven potential as displacing agent for stranded viscous oils. Although 

successful for light crude oils, this tertiary recovery technique is less attractive for heavy oils 

primarily because of the flow assurance issues arisen during the gas injection. These issues 

include asphaltene, wax and resins deposition (Zhang et al., 2007).  
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Table 1.2 Screening criteria in respect of petro-physical properties of formation and candidate 

oil characteristicsa 
EOR PROCESS Reservoir Characteristics Crude oil Characteristics 

So 

(% ) 

Requirements K (mD) D (m) T (oC) API (o) μ (cP) Chemical 

composition 

  

 

 

Thermal 

Steam EOR  

 

≥ 40 

 

High φ and K 

 

Sandstone 

≥ 200 ≤ 1,500 Not 

critical 

8 - 25 ≤ 

100,000 

Not critical 

 

In-situ 

combustion 

 

≥ 50 

 

≤ 3,833 

 

≥ 60 

 

10 -27 

 

≤ 5,000 

Asphaltic 

components 

to help coke 

deposition 

 

 

 

 

 

 

 

 

 

 

 

Non- 

thermal 

 

 

 

 

 

Miscible 

displace-

ments 

 

 

 

Miscible CO2 

 

 

 

≥ 20 

 

 

Carbonates 

 

Sandstones 

Not critical  

if sufficient 

injection 

rate can be 

maintained. 

Appropriate 

to allow 

injection 

pressure 

greater than 

MMP* 

 

 

 

- 

 

 

 

≥ 22  

 

 

 

≤ 10 

High 

percentage 

of 

intermediate 

HC 

 

 

N2 or flue gas 

 

 

≥ 40 

Carbonates 

with few 

fractures. 

Sandstones 

 

 

 

Not critical 

if uniform 

 

 

≥ 2,000 

 

 

Not 

critical 

 

 

≥ 35 

 

 

0.4 

 

 

High 

percentage 

of light 

fractions 

 

 

 

Hydrocarbon 

 

 

≥ 30 

Carbonates 

with 

minimum 

fractures 

Sandstones 

 

 

≥ 1,333 

Can have 

significant 

effect on 

MMP* 

 

 

≥ 23 

 

 

≤ 3 

 

 

 

Chemical 

methods 

Chemical  

≥ 50 

 

 

Sandstone 

preferred. 

Can also be 

used for 

carbonates 

 

 

 

≥ 10 

 

 

 

≤ 3,000 

 

 

 

 

≤ 90 

 

Not critical 

Organic 

acids 

needed to 

achieve 

lower IFT 

with 

alkaline 

methods 

 

 

Alkali 

 

 

 

≥ 35 

 

 

 

> 20 

 

 

 

< 35 

Polymer     >15 < 150 Not critical 
a So: oil saturation; K: average formation permeability; D: formation depth; T: average formation temperature, 

API: American Petroleum Institute; μ: Oil viscosity; φ:porosityEmerging EOR Technologies 

Clearly there is no single EOR method that would be applicable to all formations. Hence, a 

screening process must take into account not only the crude oil characteristic, but also the 

petro-physical properties of the candidate formation (Table 1.2). In fact, the signs (≤ or ≥), 

written in Table 1.2, should not be used. According to Taber et al. (1997a, 1997b), the limiting 

values have come from the process-mechanisms and successful field projects. This is to say 

that the chosen parameter to select an EOR, be it a petro-physical property of the reservoir or 

the crude oil property, is not absolute. Therefore, one should see Table 1.2 as a guideline. For 

example, if the candidate formation is shallow (i.e. D ≤ 3,000 m), Table 1.2 suggests that 

steam-EOR and/or chemical flooding is feasible.  

For a tertiary oil recovery to be effective, the method should efficiently mobilize the droplets 

to create an oil bank that could be propagated to the production wells. This is to say that an 

EOR should target primarily the reduction in the oil saturation (So) below residual oil saturation 

(Sor), which is feasible only by altering either the capillary number (Ca) and/or the mobility 

ratio (M). The former parameter defines the ratio of viscous forces that keep the residual oil 

stranded within the pore throats of the formation to the interfacial tension (IFT) acting across 

the interface oil/water and it is defined by, 
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                    (1.1) 

where v is the velocity of the displacing fluid or slug (in m/sec), μ is viscosity of the residual 

oil (in Pa.s) and σ  is the IFT across the interface oil/water (in N/m). 

A water-flooded formation leaves behind a poorly swept region with Ca in the order of 10-7. 

Practically, this means only the decrease in IFT could reduce the residual oil saturation further. 

Thomas (2008) reviewed that a decrease of 50% of So required an increase in Ca of about three 

magnitudes. The mobility ratio acts at both the microscopic level and macroscopic levels, 

                    (1.2) 

where kr1 and kr2 are the relative permeability of injected fluid or slug and the displaced oil 

respectively (in mD) and μ1 and μ2 are the respective viscosities of slug and oil (in cP).  

It is admitted conventionally that for a value of M greater than 1, the displacement of the 

residual oil by the slug is unfavorable. In fact, it indicates that the slug flows more readily than 

the oil, which is known as oil channeling. The channeling is the primary reason why a large 

area of the oil-bearing matrix is left unsweep after a classic water flooding. On the other hand, 

a mobility ratio lower than 1, the viscosity of the slug is large enough to favor the displacement 

of the residual oil. 

1.5 Problem Statement and Research Objectives 

1.5.1 Problem statement  

In this research, the two heavy oil fields were considered. They are located in the northern 

Japan. The petro-physical properties of the fields and the respective physico-chemical of the 

residual oils are shown in Table 1.3. It was conjectured in the earlier sections that increasing 

the heavy oil recovery from mature oilfields using thermal-EOR techniques for viscous oils 

require large volumes of water (steam- EOR for instance) and a high-energy consumption. 

Therefore, based on Table 1.2, neither of thermal-EOR could be implemented. However, the 

petro-physical data from the candidate fields as well as those of the residual oils show that both 

gas-miscible and chemical methods could be suitable.  
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Table 1.3 Presentation of the candidate heavy oilfields a 
 Petro-physical properties Physico-chemical properties of residual oil 

 D, 

(m) 

OIP, 

(m3) 

Rock type Code API, 

(o) 

Sp. gr, 

(-) 

μ, 

(cP) 

MW, 

(kg/kmol) 
AN, 

(mg KOH/g) 

Field-1 1738 220 Sandstone Oil-J1 11.6 0.988 874 338.5 0.72 

Field-2 1958 Oil-J2 16.6 0.955 50 266.6 0.56 
a D: formation depth; OIP: Oil-in-Place, API: American Petroleum Institute; Sp. Gr. : specific gravity measured 

at 15oC;  μ: viscosity measured at 30o; MW: molecular weight; AN: acid number 

In this regard, three (03) main objectives were set for this project: 

(1). Evaluate the technical applicability of gas-miscible and chemical methods for the 

candidate heavy oil fields. 

(2). Highlight their technical challenges.  

(3). Propose new recovery scheme, which eliminates (or at least reduces) the energy 

consumption.  

1.6 Thesis Outline 

This dissertation is organized in six chapters with this chapter serving as chapter 1 

(Introduction).  

Chapter 2 investigates the potential of CO2 for the candidate formations, which was selected 

in respect of the petro-physical properties of the reservoir. The conclusions are drawn from the 

experimental results of CO2 injected at its supercritical state. Also, therein is addressed 

systematically the issues of oil foaminess and asphaltene deposition. The latter is the crux of 

the chapter. Two thermodynamic models are presented, based on which the effects of the petro-

physical properties of the candidate formations and the physico-chemical parameters of both 

the candidate residual oils and the gas.  

In Chapter 3, a new class of surfactant (Gemini surfactants) is presented. The formulations 

of the respective micellar slugs are addressed. Therein is investigated the physico-chemical 

properties of the micellar slugs including the critical micelle concentration (CMC), the static 

adsorption and the surface tension. Aforementioned parameters were selected in respect of 

their usefulness for oil recovery. Also, it is highlighted the potential of micellar slug as 

corrosion inhibitor.  

Chapter 4 introduces the concept of cationic microemulsions and their relevance to oil 

recovery. The ultra-low IFT, achieved in the microemulsions, was altered by (i) the length of 

the alkyl chain of the primary surfactant, and the nature of the respective cosurfactant, (ii) the 
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presence in divalent ions in the brine solution and (iii) the acidity of the residual oil. The 

rheology of the microemulsions revealed a pseudo-plastic behavior, which was altered by the 

formation salinity. Therein is also addressed the characterization of the cationic 

microemulsions. 

In Chapter 5, core-flooding experiments are carried out to evaluate the potential of 

microemusions to displace residual oils. The core flood tests are performed in sandstone plugs, 

representative of the formation rock. The oil-bearing matrices are altered to fracture or highly 

porous medium to investigate the mechanistic displacements of the microemulsion 

formulations. Not only the effect of the composition of the preflush is studied, but also the 

interactions crude oil-microemulsion-reservoir brine are discussed. The technical challenges 

inherent to microemulsion flooding conclude the chapter.  

Chapter 6 concludes this research by highlight the feasibility of the two methods. A 

comparative analysis and proposed solution in respect of the inherent challenge are presented. 

Further suggestions in regard of microemulsion-flooding and asphaltene deposition are 

discussed. 
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Chapter 2.  

HEAVY OIL PRODUCTION BY SUPERCRITICAL CO2 

2.1 Fundamentals of Gas-Miscible Recovery 

Miscible gas flooding including carbon dioxide flooding (CO2-EOR) is reported to be the 

second largest recovery technique applied in a heavy oilfield after thermal methods (Kokal and 

Al-Kaabi 2010). CO2-EOR operates in a simple manner. Given the right injection conditions, 

CO2 mixes with the resident petroleum fluids behaving like a thinning agent. The oil, of which 

viscosity has been reduced, is flushed out from the reservoir by water (Donaldson et al., 1989). 

The slug (CO2) comes in contact with reservoir fluids and distributes the resident fluids prior 

at immiscible state into distinct thermodynamic phases that include gas-rich, hydrocarbon-rich 

(or oil-rich) and water-rich phases during the development of the miscibility front. 

Miscibility is reached within the reservoir through a phase composition change subsequent 

to a multiple-contact and mass transfer between candidate oil, the formation brine and the slug. 

This is to say that the displacement is theoretically efficient when the thermodynamic 

properties of the slug and those of the resident fluids become similar. In which case, the system 

is said to be at its pseudo-equilibrium state. However, the complex nature of the crude oil 

renders the phase distribution computation extensive and laborious. Thus, in order to account 

the concentration of the dissolved gas within the residual oil, it is acceptable to have to model 

the candidate oil as a single component (or pseudo-component). In this research, this was 

performed by modeling the heavy oils from their respective assays (Nguele et al., 2016d). It is 

worth highlighting that the implementation of miscible CO2-EOR is challenged by the 

deposition of heavy organic fractions (i.e. asphaltene deposition). The heavy hydrocarbon 

fractions are stripped out from the native crude oil during CO2 flooding (Zhang et al. 2007). 

Asphaltene is reported to cause well plugging, pipeline fouling as well as desaphalting original 

crude (Wilt et al. 1998).  

Considering the choice of CO2-EOR for the candidate oilfield, the study focused on the 

mechanisms of CO2 and sCO2 dissolution and asphaltene deposition in the candidate heavy oils 

in respect to the pseudo-equilibrium state developed during the miscibility front. The 

motivation, here, lied on the evaluation of their significance during the consideration of 

miscible sCO2-EOR. These objectives were tackled by considering two thermodynamic 

algorithms that compute in a more realistic manner (1) the amount of dissolved gas within the 
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oil phase and (2) the concentration in aggregated asphaltene. Both models were derived from 

experimental investigations.  

2.2 Improved Oil Recovery and Reservoir Thermodynamics 

2.2.1 Three-phase equilibrium calculations 

We conjectured that oil production, by miscible CO2-EOR, is accompanied by the change in 

fluid composition, pressure and temperature. The challenge here is to determine accurately the 

equilibrium conditions at which the dissolution (and thus the displacement) is optimal. In this 

context, it is important to apply thermodynamic concepts. The detailed development of the 

thermodynamic model of mole fraction of CO2 slug is presented by Nguele et al. (2016b).  

2.2.2 Thermodynamics of asphaltene deposition 

The mechanisms inherent to asphaltene deposition are still subject to debate. However, it is 

accepted that the asphaltene deposition is subsequent to a mass transfer between the gas (CO2) 

and the residual oil. In other words, asphaltene aggregation and its deposition depend on the 

physico-chemical changes occurring within the reservoir during the development of the 

miscibility front between CO2 and the residual oil. Also, the existing thermodynamic models, 

proposed for the understanding, the modeling and the prediction of the phase behavior of 

asphaltene deposition, are for most, developed based on how asphaltene fraction is defined in 

the crude oil. In this regard, several models have been proposed. However, they are 

conventionally grouped into two categories including: 

(1) The solubility model, which postulates that asphaltene and its solvent phases are in liquid 

state in the oil. Their thermodynamic properties are generally derived from the Flory–

Huggins-type solution theory, using an energy interaction parameter estimated from 

Hildebrand’s solubility parameter (Mannistu et al., 1997).  

 

(2) The solid model treats the oil as a multicomponent mixture in which the heaviest 

component is split into two pseudo-components including a non-precipitating and a 

precipitating component. The former is believed to remain soluble in the oil throughout the 

production while the latter forms the aggregated asphaltene (Nghiem et al., 1993). From this 

model, two other approaches were derived including the colloidal and the micellization 

models. Both consider asphaltenic materials as macromolecules whose size and nonpolar van 

der Waals interactions dominate the asphaltene-phase behavior. Inherent thermodynamic 
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properties are calculated from a modified version of statistical association fluid theory 

(SAFT) EoS (David Ting et al., 2003).  

Our proposed approach has thermodynamic inclination, however was derived from the 

simplified solubility model presented by Chung and Jones (1991). The suggested model 

postulated that the fraction of asphaltene that aggregates, flocculates and/or precipitates, 

occurred within the asphaltene phase, which is implicit to soluble asphaltene. This is to say that 

the maximum soluble asphaltene, derived from the model, estimated the concentration in 

aggregated asphaltene. The computation procedure of soluble asphaltene and that of the 

corresponding concentration in aggregated asphaltene is presented in Nguele et al. (2016a, 

2016d). 

2.3 Experimental Section 

2.3.1 CO2 and sCO2 injection 

CO2 (99.99% pure) was selected as primary slug. The gas injection was performed in PVT 

equipment. Its working principle and the schematic are presented in Nguele et al. (2015). Table 

2.1 summarizes the gas injection conditions as performed in this study.  

The injection scheme was designed to replicate the production of under-saturated oil of which 

the recovery mechanism is liable to bubble-point pressure. For each injection, CO2 (or sCO2) 

was allowed to contact the candidate heavy oil (Oil-J1/2) or the mixture (Oil-J1/2 - brine) for 

a minimum of 72 hours. The pressure within the PVT analyzing cell was increased step-wise 

after each pseudo-equilibrium state was reached during the test. At the end of the gas injection, 

the cell was slowly depressurized. The vapors were routed towards a gas-trapping cell, which 

was designed to trap the lighter (or vaporized) fractions of the oils.  

Table 2.1 Experimental conditions for CO2 injection 
Binary system 

Investigated system Injecting pressure (MPa) Operating temperature (oC) Gas state 

CO2 - Oil-J1 2.85 45 Sub-critical 

CO2 - Oil-J1 7.63  

36 

 

Supercritical CO2 - Oil-J2 7.00 

Ternary system 

CO2 - Oil-J1 – 2% NaCl 3.12 45 Sub-critical 

2.3.2 Quantification of asphaltene in the candidate heavy oils  
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To extract organic materials, the residual oil titration was performed. It aimed at estimating the 

initial concentration in asphaltenic materials within the samples. The experimental procedure 

was modified from ASTM D3279. The experimental procedure is described below: 

(1) Dissolve 5g of Oil-J1 (or Oil-J2) in 10 mL of toluene at 90oC to ensure a complete 

dissolution. 

(2) Centrifuge the mixture for 30 mins at a constant speed of 5000 rpm.  

(3) Separate the supernatant fluid from the precipitated organic matters by gravimetric 

filtration.  

(4) Allow the supernatant fluid to equilibrate overnight to allow a phase separation at a 

constant temperature of 25oC.  

(5) Mix the supernatant with heptane. The solution should be in the the ratio of 1:5 (v:v). 

(6) Weigh the filter paper.  

(7) Separate by vacuum filtration the deposited organic materials from the supernatant fluid. 

(8) Remove the resin and the wax by hot pentane.  

(9) Repeat Step # 6 until the effluent becomes clear in color.  

(10) Weigh the filter paper at the end of the vacuum-filtration. 

(11) Estimate the concentration in asphaltene by differencing the weight of the filter paper 

from step #9 to Step #5.  

2.4 Phase Equilibria Results 

2.4.1 CO2 solubility at sub- and supercritical conditions 

In a typical miscible CO2-EOR, the interest is to quantity the amount of CO2 that dissolves in 

the oil-rich phase. From the thermodynamic model presented by Nguele et al. (2016b), we 

computed the mole fraction of the gas (xCO2). Upon which, CO2 (or sCO2) solubility (Rs) was 

derived, 

                  (2.1) 

where xCO2 defines the mole fraction of CO2 (or sCO2) in the oil-rich phase calculated from the 

Vapor-Liquid model (dimensionless); nl
CO2 is the number of moles of  CO2 (or sCO2) in the 

liquid phase (in mol) and Win the weight of Oil-J1 (or Oil-J2) within the cell (in g).  
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The results, presented in Fig. 2.1, highlight the dependence of the solubility on the nature of 

the crude and/or the injecting gas. We observed, for example, that for the same type of crude 

oil (i.e. Oil-J1), CO2 solubility was 58% higher than that of sCO2 taken as slug. Also, we 

noticed that sCO2 dissolved evenly in both candidate heavy oils. Regardless the thermodynamic 

state of the slug, the solubility of both gases increased steadily with the equilibrium pressure 

until a deflection (i.e. curvature or flattening) was reached.  

Above which the solubility of either gas was fairly constant at least at the supercritical 

conditions (Fig. 2.1a). Injected at the sub-critical pressure, the solubility curve flattened and 

then increased suddenly. Thus, we defined the pressure at which the curve changed in shape as 

the bubble-point pressure (pb).  

 
 (a) Solubility of CO2 in heavy crude oils at sub- and supercritical conditions 

 
(b) Effect of reservoir water 

Fig. 2.1 Solubility of CO2 in heavy crude oils at sub- and supercritical conditions and effect of 

reservoir water 
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The analysis of Fig. 2.1, in respect of the experimental bubble-point pressure, showed that a 

larger gas solubility does not necessarily imply a higher bubble-point pressure. Rather, the 

solubility was found subsequent to the thermodynamic state at which the gas is injected. To 

understand the ability of sCO2 to develop a better miscibility compared to sub-CO2 and thus 

the bubble-point pressure, an insight could be drawn its polarity of sCO2 vis-à-vis of that of 

residual crude oil. Crude oil polarity relies upon its constituents, in particular the hetero-

compounds found in the heaviest fractions of oil, which are primarily resins and asphaltenes. 

Also, CO2 is normally non-polar but at its the supercritical state, it becomes more polar 

(Raveendran et al., 2005).  

Because the slug and the candidate oil are polar fluids, they could mix easily. This means 

thermodynamically that sCO2 perturbs the stability of the three intermolecular forces that 

govern the miscibility front. These forces are hydrogen bonding, dipole-dipole and Van Der 

Waals forces. Thus, the results, conveyed by Fig. 2.1a, suggested that the difference in sCO2 

solubility in the samples could be justified primarily by the solvation strength of the slug, which 

itself is influenced by the kinetic and/or stability of the equilibrium of intermolecular forces 

and the chemical composition of the oil. 

In general, the residual oil coexists with the formation water, also called formation brine. In 

this research, we considered synthetic formation brine primarily composed of sodium chloride 

(NaCl). The effect of divalent ions was neglected at this stage. While computing the mole 

fraction of slug that dissolves into the oil-rich phase (Fig. 2.1b), we found a decrease of about 

35% on the average. This is explained by the fact that CO2, upon contacting the mixture (oil+ 

brine), partitioned into three phases including oil-rich, brine-rich and gas-rich phases. These 

results suggested that the brine develops a kinetic barrier towards free mixing of slug i.e. 

decreases its solvating power.  

2.4.2 Oil foaminess  

Producing heavy oils by CO2-EOR implies the formation of foamy oil, which is subsequent to 

its swelling. The foamy oil has a lower viscosity than the native oil, which was observed 

experimentally during CO2 injection carried in this research (Fig. 2.2a). If one considers that 

oil swelling, and thus its foaminess, is a strict consequence of gas dissolution in the oil phase, 

then we can define a swelling factor (Sf) as,  
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                    (2.2) 

where Sf is the swelling factor (dimensionless); Vfoam is the volume of foamy oil (in cm3) and  

Voil, in is the volume of crude oil prior to the gas injection (in cm3).  

We found that the swelling increased with gas solubility following a linear regression (Fig. 

2.2b). At sub-critical conditions and for the system (Oil-J1: CO2) the linear fitting curves was 

given by equation (2.3): 

Rs = 156.6Sf+10.5, with R2=0.9 64                      (2.3) 

On the other hand, at the supercritical conditions, equations (2.4) – (2.5) expressed the linear 

relation between the oil swelling and the gas solubility. Thus, for Oil-J1: 

Rs =38.1Sf+17.4, with R2=0.999                          (2.4) 

Likewise for Oil-J2: 

Rs = 83.1Sf+37.9, with R2=0.987                             (2.5) 

Having shown above that the solubility was higher when CO2 was used, one might have 

expected that the amount in foamy oil would increase with the dissolved CO2 concentration. 

 

 

(a) Swollen Oil-J1 (b) Oil swelling 

Fig. 2.2 Heavy oil swelling during sub- and supercritical CO2 injection  
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The results, conveyed herein, stated otherwise. The swelling was rather found higher in sCO2. 

For instance, for the same type of oil (Oil-J1), the swelling factor increases for about 8 times 

when sCO2 was used comparatively to CO2. Based on equations (2.3) – (2.5), one may postulate 

that gas swelling (and thus the foaminess) is linear function of the solubility, in which two 

thermo-physical parameters including proportional coefficient of gas solubility 

(dimensionless) and the correction factor could be defined. Aforementioned factors were 

crucial in explaining the behavior of the advancing gas during the oil swelling.  

A higher value of proportional coefficient of gas solubility implied that the slug was highly 

soluble in the considered oil. Taking in account the thermodynamic considerations, we believed 

that the proportional coefficient of gas solubility highlights on how fast the miscibility is 

developed. Thus, a high coefficient would imply plausibly a rapid dissolution with a low 

bubble-point pressure while a reverse trend might state otherwise. Also, the non-uniformity in 

correction factors could be justified by how the miscibility front is developed within the cell. 

Care should be taken if afore-presented coefficients were to be used. From the results above 

discussed, we were lead to think that further investigations on sCO2-EOR should be conducted. 

We were particularly interested to look into its influence on the mechanisms of asphaltene 

deposition.  

2.5 Asphaltene Aggregation and Deposition 

Fig. 2.3a shows the maximum volume of soluble asphaltene and aggregated asphaltene as 

function of the saturation pressure both computed from thermodynamic model. Below the 

bubble-point region, pb, the maximum volume of the asphaltene soluble with the pseudo-

equilibrium pressure increased steadily with the pressure and thus sCO2 (Fig. 2.3a). This 

observation was contrasted in the maximum aggregated asphaltene (Fig. 2.3b). In fact, both 

maximum soluble and aggregated asphaltene mirror each other. In other words, the more 

asphaltene is soluble, the less it aggregates.  

The two mechanisms were concurrent and inherent to sCO2 solubility. However, the pattern 

changed at/near the experimental bubble-point pressure at which the solubility and the 

aggregation were less altered.  In estimating the amount of deposited asphaltene (Table 2.2), 

the results were found to corroborate with the literature, which states that the deposition in 

asphaltene is higher at the bubble-point pressure.  
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(a) Oil-J1 

 
(b) Oil-J2 

Fig. 2.3 Estimated maximum soluble and aggregated asphaltene  

With the belief that asphaltene is in suspension in the crude oil and its stability is controlled 

by the concentration in sCO2 within the oil-rich phase, then the solubility parameter of 

asphaltene phase could support our results. Porte et al. (2003) suggested that the dispersion 

forces between the slug and oil act upon the polarizability of either sCO2 and/or oil. To which, 

one should account the oiliness of the oil (i.e. C/H ratio). 

Table 2.2 Results of aggregated asphaltene during sCO2 injectiona 
  

 

Deposited asphaltene  (102 wt. %)  

Relative depositionc, 

(%) 
At the bubble-point 

pressure a 

At the end of gas 

injection b 

Flue gas b 

Oil-J1 16.7 6.6 - 11.9 

Oil-J2 4.90 2.0 0.04 3.51 
a Estimated from the thermodynamic model  (Nguele et al., 2016a, 2016d); 
b Determined by oil titration; c Relative deposition (%) = 100 deposited asphaltene at bubble-point pressure / 

estimated asphaltene in the feed oil (Hu et al., 2004).  
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Therefore, the attraction between the asphaltene molecules and the polar CO2, due to the 

weak Van Der Waals forces, favor the aggregation of asphaltene molecules. This results 

invariably to an increase in its concentration within the oil-phase. Furthermore, these results 

showed to a certain degree, the potential of sCO2 as aggregating (or flocculating) agent, which 

could be beneficial to oil industry were the dissolution of waxy materials are required.  

2.5.1 Effect of the slug composition 

To study the effect of slug composition on asphaltene solubility, we considered not only the 

injection of pure sCO2 (performed experimentally), but also that of an impure sCO2 that was 

modeled. An impure gas was defined as sCO2 diluted with a lean gas. In this assumption, we 

simulated the results for two impure gases including sCO2 enriched with methane (CH4) and 

sCO2 enriched with a mixture of ethane (C2) and propane (C3). The two gases were mixed at a 

ratio of 1:1 (v:v). The results are presented in Fig. 2.4.  

 

(a) Oil-J1 

 
(b) Oil-J2 

Fig. 2.4 Sensitivity analysis of slug purity on asphaltene solubility  
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Our analysis revealed that the gas composition plays a key role in the alteration of the 

solubility of asphaltene in the oils. The solubility of asphaltene increased with the concentration 

of slug within the oil. Regardless the oiliness of the crude oil; asphaltene was found less soluble 

in the candidate oil when an impure gas was used. Fig. 2.4 conveyed interesting insights on the 

behavior of the gas when it contacts the candidate oils: 

The solubility of asphaltene follows an S-shape for both candidate oils regardless the purity 

of the slug. The shape described somewhat the behavior of the gas. At this point, it seems that 

the oiliness of the oil, rather than its chemical composition, governed the shape of asphaltene 

solubility and to a further extent the degree of solubility of the asphaltene molecules. Fig. 2.4 

revealed further that at the bubble-point pressure, if the slug concentration is low enough, then 

an aggregation of heavy fractions might be promoted. However, rather to deposit, the 

aggregates re-dissolve presumably because of the weak thermodynamic equilibrium. We 

defined the concentration at which the aggregates started to re-dissolve (or to disaggregate) and 

later to flow as suspended particles within the oil as lower onset concentration. It was further 

seen that the disaggregation continued until a concentration in gas at which asphaltene was 

found totally miscible within the oil. The concentration was termed as upper onset 

concentration. Both lower and upper concentrations were chosen by analogy to lower/upper 

onset pressure (Tarek, 2007). These results suggested also that the composition of the candidate 

oil would enhance the flocculating potential of sCO2.  

At a fixed concentration of the slug, we found an average decrease in asphaltene solubility 

of 24 and 12% in Oil-J1 and Oil-J2 respectively (Fig 2.5). These results were observed when 

the minimum miscible pressure (MMP) of sCO2 increases only of about 2% (that was the 

computed MMP of sCO2+CH4). Similarly, aforementioned values were 7% lower when the 

MMP decreased of only 0.13%. In practice, it is convenient to inject a gas of which MMP is 

low.  Therefore, we estimated the theoretical MMPs of the gas investigated using Yuang’s 

correlation for pure sCO2 and Sebatian’s correlation for impure gases (Sebastian et al., 1985; 

Yuan and Johns, 2005). The estimated MMPs were plotted then against the experimental onset 

concentrations. The results, Fig. 2.5, showed that if the sCO2-EOR should be implemented in 

respect of the mitigation of asphaltene deposition, the preferential order should seemingly 

followed sCO2 > sCO2+Lean gas > sCO2+CH4. However, it should be highlighted that both 

lower and upper onset concentrations were fairly altered by the impurity of gas.  
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(a) Oil-J1 

 
(b) Oil-J2 

Fig. 2.5 Onset concentrations as function of MMP  

2.5.2 Pseudo-equilibrium temperature  

Temperature is a parameter believed to have a lesser impact to asphaltene aggregation 

compared to reservoir pressure and oil composition. However, if asphaltene is considered in 

suspension in oil, thus its thermodynamic stability (i.e. aggregation and/or dissolution) should 

be a function of the temperature (Holmberg et al., 2002). This means that upon injecting sCO2, 

the pseudo-thermodynamic equilibrium, which is reached within the oil-bearing matrix, will 

influence the concentration in asphaltene. Taking in account these considerations, three 

temperatures (40, 55 and 70oC) were selected. It is worth highlighting that 55oC was assumed 

to be the temperature of the candidate formation. The results are illustrated in Fig. 2.6. 

Therefrom, it is suggested that given a same slug, the higher temperature, the lower the 

asphaltene solubility and inversely the higher the amount of aggregated asphaltenes. Both 
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lower and upper concentrations for all investigated samples were less altered by the change in 

temperature. Furthermore, the onset concentrations were found dependent of the nature on the 

oil. We observed that the solvating power of sCO2 increased with the temperature. Considering 

the fact sCO2 solubility was higher in lighter crude, these observations probably explain the 

results in Fig 2.6. Not only the dipole-dipole forces between sCO2 and the asphaltene molecules 

were weakened, but also the solvating power of the asphaltene-phase (represented herein by 

solubility parameter) decreases with the temperature. Therefore, it is rational to expect that the 

behavior of the slug change between the two onsets concentrations prompting the re-dissolution 

of asphaltenes (Fig. 2.4). However, it should be noted that the mechanisms discussed above, 

are inherent to the initial concentration of the residual oil in asphaltene.  

 
(a) Oil-J1 

 

(b) Oil-J2 

Fig. 2.6 Effect of reservoir temperature on asphaltene aggregation  
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This primary analysis has highlighted the technical feasibility of sCO2-EOR. However, 

special care is required notably during the gas injection. Unfortunately, the initial concentration 

in asphaltene in the candidate heavy oils and the geometry of the formations are not suited for 

sCO2-EOR. 

2.6 Summary 

A preliminary study for the potential of miscible sCO2-EOR for the candidate heavy oils was 

performed in respect of gas solubility and asphaltene deposition was discussed in this chapter. 

Their pertaining mechanisms were tentatively explained. Using the candidate heavy oils, a pure 

CO2 was injected at both sub-critical and supercritical conditions. Two thermodynamic 

algorithms, developed from the crude oil assays, were used to account the concentration in CO2 

in the oil-rich phase and the volume of aggregated asphaltene. The key findings are listed 

below: 

(1). The solubility of CO2 and sCO2 were strongly influenced by the oiliness of the 

candidate oil and the injecting conditions. The mechanism of dissolution of CO2 (or sCO2) 

was inherent to the kinetics and the stability of the equilibrium of intermolecular forces 

developed between slug and candidate heavy oil during the development of the miscibility 

front. This mechanism is enhanced when CO2 was at its supercritical state, which yields 

invariably to a higher bubble-point pressure.  

 

(2). Heavy oil swelling, and thus the foaminess of the oil, prompted by dissolved gas, 

increased linearly with the slug solubility. Two thermo-physical parameters including 

proportional coefficient of gas solubility and correction factor were defined. The former gave 

an insight of the rate at which swelling occurs while the latter suggested how the miscibility 

front is developed within the cell. 

 

(3). The solubility parameters of asphaltene-phase decreased with the increase in saturation 

pressure, which itself enhanced the solvating strength of sCO2. Both phenomena, occurring 

concurrently, caused invariably a more soluble asphaltene. 

 

(4). The concentration and purity of sCO2 force asphaltene solubility to increase following 

an S-shape. Near the bubble-point pressure, and depending on oil composition, sCO2 

developed a potential as either a flocculent or a coagulant.  
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(5). Pseudo-equilibrium temperature altered the solubility parameter of asphaltene and that 

of sCO2, which prompted the re-dissolution of candidate heavy oils.  

 

(6). SCO2-EOR has a potential for the candidate oils in respect of the properties, however 

constringent injection considerations are required.  
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HEAVY OIL PRODUCTION BY CHEMICAL METHODS 

3.1 Chemical Recovery: Background 

A chemical method, among the existing EOR techniques, involves the injection of a chemical, 

which supplements the natural reservoir energy by interacting with the rock-oil-brine system. 

This creates favorable conditions for maximum oil recovery (Green and Willhite, 1998). These 

interactions EOR involve generally the lowering of the interfacial tension (IFT), the rock 

wettability alteration and a favorable phase behavior. The sequential steps in a classical 

chemical-EOR are schematized in Fig. 3.1. 

 
Fig. 3.1 A schematic representation of a typical chemical-EOR; adapted from Green and 

Willhite (1998) 
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The reservoir is pre-flushed usually with a low-saline water (also called buffer solution) of 

which purpose is to neutralize the divalent ions that reduce the efficient of the slug. The slug 

could be a surfactant, an alkali, a polymer or a combination of them. In principle, the surfactants 

are used primarily to lower the oil-water IFT and to modify the wettability of the reservoir 

rock. They can be either water-based or gas-based. If the slug is primarily made up from an 

alkali, the underlying mechanism is the in-situ generation of soap and the increase of pH. In 

the former approach, they are blended with the preflush to give a method referred as enhanced 

water flooding. In the latter case, however, the chemical-EOR is referred as the foam-EOR. 

It is worth mentioning that either of these chemicals can be combined to complement each 

other in various forms of recovery methods. At the trail of slug, a viscous water (also refers as 

postflush or chase water) is injected. The main purpose is to keep the mobility control. Adding 

a gentle amount of polymers thickens the viscosity of the water. Despite the high potential of 

chemical-EOR in increasing recovery, it only accounts for less as far as the recovery of heavy 

crudes is involved. With the development of surface chemistry, it has been shown that a certain 

class of surfactants could even lower the IFT, to what is defined, as ultra-low IFT i.e. lower 

than 10-3 mN/m. These surfactants are referred as Gemini surfactants (GS). The laboratory 

trials reported that GS reduces better the oil viscosity compared to monomeric surfactants 

having the same alkyl chain.  

3.2 Gemini Surfactants: A New Class of Surfactants for Heavy Oil 

Recovery  

A GS is defined as a surfactant made up of two amphiphilic moieties connected at the level of, 

or close to, the head groups by a spacer group (Sekhon, 2004). GS was first reported in 1971 

when Bunton et al (1971) synthesized bis-quarternary ammonium halides. These surfactants 

were referred then as bipolar surfactant or bis-quarternary ammoniums. It was found later that 

GS have a better bactericidal activities compared to their monomeric counterparts (Devinsky 

et al., 1985).  

A typical GS consists of three main parts including a hydrophobic tail, a hydrophilic head 

and spacer (Fig. 3.2). This chemical structure justifies the code m-s-m commonly used for GS, 

in which m is the number of carbon in the tail and s the spacer. The position of the spacer plays 

an important role in the surface activity of the GS.  
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Fig. 3.2 Chemical arrangement of dimeric Gemini surfactant showing the position of spacer 

The link between the two monomers could be located either between the two active heads 

(Fig. 3.2a), or in between the hydrophobic chain (Fig. 3.2b) or even towards the end of the tail 

(Fig. 3.2c). In the latter case, GS is said to be in its bola-form surfactants with a branched alkyl 

chain, and they do not show many interesting properties (Gao, 2012). GS can be synthesized 

in such a way that its hydrophobic tail has a variable length. Moreover, the polar group of a 

conventional GS is anionic (Fig. 3.3a), cationic (Fig. 3.3b) or nonionic also referred as 

zwitterionic (Fig. 3.3c). 

The interesting features developed by GS have attracted much attention as potential agents 

in various industrial applications. The recent development reported the synthesis of trimeric-

type (m-s-m-s-m) to multi-armed, poly-ionic, or even oligo-meric Geminis (Diamant and 

Andelman, 2003; Gao and Sharma, 2013; Yoshimura et al., 2004; Zana, 2002). Menger et 

al.(2000) reviewed that cationic Gemini surfactants can be readily synthesized by heating a 

mixture of the reagents in dry ethanol under reflux for two or three days and purifying the 

product by recrystallization.  

 
(a) Sulfate Gemini surfactant using 

propylene sulfonate  

(Gao and Sharma, 2013) 

(b) Ammonium Gemini surfactant 

using dibromo compound 

(Nguele et al., 2015a) 

(c) Ester-linked Gemini 

surfactants from butyl 

glucopyranosides  

(Castro et al., 2002) 

Fig. 3.3 A sample representation of different types of Gemini surfactant representation 
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On the other hand, anionic surfactants are synthesized primarily from sulfonates materials. 

For EOR applications, anionic surfactants show consistently low adsorption at neutral to high 

pH on both sandstones and carbonates and are generally preferred over cationic surfactants. 

This explains why cationic surfactants are generally used as cosurfactants in surfactant 

flooding. They could be used as chemical agents to promote wettability alteration from oil-wet 

to water-wet in a carbonate formation (Sheng, 2011). Cationic surfactants are unfortunately 

disfavored because of their strong adsorption in sandstone rocks. This latter reason limits their 

application in most oil sandstone reservoirs. 

3.3 Specific Properties of Cationic Gemini Surfactants in Respect of 

Improved Oil Recovery 

The unique properties of cationic GS included a low micelle formation, a high oil and water 

solubilization and greater emulsifying properties compared to their monomeric counterparts. 

These singular features are beneficial to oil industry and would be elaborated in the following 

sections. 

3.3.1 Critical micelle concentration 

Critical micelle concentration (CMC) defines the exact concentration at which micelles (or 

aggregates) are formed. This parameter has a great importance when surfactant is to be 

considered for chemical-EOR. It is reported that the CMC of Gemini are much lower than their 

monomeric counterparts with the same length in alkyl chain. CMC is reported not only to be 

dependent on the chemical structure of the surfactant, but more interestingly to the spacer group 

(Table 3.1).  

Zana et al.(1991) hypothesized that the nature and length of the spacer group influence the 

type and the shape of micelles. Both features define the CMC. It is important to notice that the 

lower the CMC, the higher the surface tension. During a typical chemical flooding, the slug 

targets the reduction IFT to a value low enough to decrease the mobility ratio.  

Table 3.1 Basic properties of some bis-quaternary alkylammonium chloridesa 
Length of the alkyl chain CMC (*10-3 mol) σCMC (mN/m) Foam@0min (mL) 

10 3.2 36.5 40 

12 0.78 37.0 280 

14 0.14 39.0 270 

16 0.02 42.2 100 
a CMC: critical micelle concentration; σCMC: surface tension at the CMC. The data taken from Kim et al.(1996) 
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The lowest IFT is referred as ultra-low IFT and is within the range of 10-3 mN/m. Also, the 

laboratory investigations have revealed that the ultra-low IFT is usually reached at the CMC 

above which the residual oil is either solubilized or emulsified (Sheng, 2010). This is so 

because the GS has the tendency to pack closely at the interface oil/water compared to the 

monomer counterpart. This property promotes a monolayer adsorption of the surfactant 

molecules at the said interface in a manner to achieve an ultra-low IFT (Gao, 2012). 

3.3.2 Solubilizing and emulsifying potential 

A micellar slug injected, above its CMC, promotes usually induces either a solubilization or 

emulsification of the residual oil. It is not rare that both phenomena occur concurrently. The 

slug prompts the formation of emulsions, which are either be very stable if a high viscous 

polymer is used as slug or the residual oil has a high content in acid materials or unstable 

(Sheng, 2011). These mechanisms are crucial in mobilizing the untapped crude oil especially 

if the residual oil has a naphthenic-based nature (heavy oil for example).  

In this regard, Dam et al. (1996) showed that cationic GS are better solubilizing agents than 

conventional surfactants, which is so because of the shape of the micelles yielded during the 

micellization process. For instance, the literature reports that when the micelles take a tubular 

shape, the tendency for oil solubilization is tremendously enhanced. Using toluene and hexane 

as synthetic oil, Dam et al. (1996) concluded that oil solubilization is significantly higher when 

a GS is used than conventional surfactants. Additionally, the emulsifying strength of GS have 

been highlighted by Yoshimura et al. (2013) who reported the formation of stable emulsions 

from amino-based GS. Using squalane oil (C30H62), they found that GS has a better emulsifying 

propensity.  

3.3.3 Corrosion inhibitor 

During the production life of an oilfield, the water cut of oil well ascends quickly and the 

corrosion of oil well arises a serious threat to the production. Routinely, a corrosion inhibitor 

is usually injected in the reservoir. The problem here lies on the cost and the efficiency of the 

corrosion inhibitor. In order to provide an alternative, Achouri et al. (2001) investigated the 

potential of cationic GS as corrosion inhibitor. The study was conducted in a strong acidic 

environment (HCl, 1 M). Their results showed that cationic GS acts mainly as cathodic 

inhibitor by adsorbing on the electrode surface and forming a protective layer.  
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3.4 Experimental Section 

3.4.1 Materials 

3.4.1.1 Synthetic oil 

We assessed the solubilizing (or emulsifying) potential of the micellar slug using a synthetic 

crude oil, which was prepared from hexadecane, decane and ethylbenzene at a fixed ratio of 

60/30/10 (% volume). 

3.4.1.2 Surfactants 

The cationic slugs were formulated from two lyophilized cationic Gemini surfactants. The 

surfactants had a white color and were coded as 12-3-13 and 16-3-16 in respect of the length 

of the hydrophobic tail and the spacer. Fig. 3.4 illustrates the chemical structures with their 

respective IPUAC names (Favre and Powell, 2013). 12-3-13 and 16-3-16 were synthesized, 

and supplied by Lion Corporation (Tokyo, Japan).  

 
(a) 12-3-13 

or 

Trimethylene-1, 3-bis (dodecyl dimethyl 

ammonium bromide) 

(b) 16-3-16  

or  

Trimethylene-1,3-bis(hexadecyl dimethyl 

ammonium bromide) 
Fig. 3.4 Chemical structure of investigated cationic Gemini surfactants  

The properties are shown in Table 3.2. The surfactants were 99.9% pure and were used as 

received. 

Table 3.2 Physical properties of investigated cationic Gemini surfactants a 
Surfactant  Type Purity (%) Free NH3 (%) MW (g/mol) 

12-3-12  

Cationic 

97.1  

0.2 

630.1 

16-3-16 96.8 740.6 
a MW: molecular weight 

3.4.1.3 Brine solutions 

The composition and properties of brine solutions are summarized in Table 3.3.  

Twelve brine solutions were prepared, in-house primarily at 25oC, from sodium chloride (NaCl, 

99.99% pure), calcium chloride (CaCl2, 99.99% pure), magnesium chloride hexahydrated 

(MgCl2,7H2O, 99.99% pure), sodium hydrogenocarbonate (NaHCO3, 99.99% pure), potassium 

chloride (KCl, 99.99% pure) and magnesium sulfate (MgSO4, 99.99% pure). 
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Table 3.3 Chemical composition and properties of brine solutions a  
B1 B2 B3 

Na+: 983;  

Cl-: 1517; 

TDS: 2,500; MW= 18.10 g.mol-1.  

Na+: 1,967;  

Cl-: 3,033; 

TDS: 5,000; MW= 18.20 g.mol-1.  

Na+: 2,950  

Cl-: 4,550; 

TDS: 7,500; MW= 18.30 g.mol-1.  

B4 B5 B6 
Na+: 3,934;  

Cl-: 6,066; 

TDS: 10,000; MW=18.41 g.mol-1 

Na+: 5,901;  

Cl-: 9,099; 

TDS: 15,000; MW=19.22 g.mol-1 

Na+: 7,868;  

Cl-: 12,132; 

TDS: 20,000; MW=18.81 g.mol-1 

B7 B8 B9 

Na+: 11,802;  

Cl-: 1 8,198; 

TDS: 30,000; MW=19.22 g.mol-1 

Na+: 17,703;  

Cl-: 27,297; 

TDS: 45,000; MW=19.82 g.mol-1 

Na+: 23,604; Ca2+: 79; 

Cl-: 36,431;  

TDS: 60,115; MW= 20.21 g.mol-1 

B10 B11 B12 

Na+: 1,472; Ca2+: 123; Mg2+: 79; 

Cl-: 48,558;  

TDS: 80,231; MW= 21.04 g.mol-1 

Na+: 47,207; K+: 42; Ca2+: 159; Mg2+: 120; 

Cl-: 72,918;  

TDS: 120,443; MW= 22.38 g.mol-1 

Na+: 59,011; K+: 58; Ca2+: 202; Mg2+: 

160 

Cl-: 91,160; HCO3
-: 44;  

TDS: 150,635; MW= 23.55 g.mol-1 
a Na+: sodium ion; K+: potassium ion; Ca2+: calcium ion; Mg2+: magnesium ion; Cl-: chloride ion; HCO3

-: 

hydrogenocarbonate ion; SO4
2-: sulfate ion; TDS: total dissolved solids; all concentrations are given in ppm. 

3.5 Methods 

3.5.1 Preparation of aqueous slugs from cationic Gemini surfactants 

Given the lyophilized form of the supplied surfactants, we aimed first at determining their 

solubility in aqueous phase. For this purpose, low saline water was considered as base fluid. 

For commercial considerations, we targeted to formulate the aqueous slugs of which 

concentrations were 0.25 and 0.15 wt. % for 12-3-12 and 16-3-16 respectively. The 

experimental sequence was as follows:  

(1). Measure accurately 0.127g and 0.076 g of 12-3-12 and 16-3-16 respectively.  

(2). Prepare a base fluid of which concentration is 2 wt. the base fluid was divalent ions-

free.  

(3). Dissolve 12-3-12 (or 16-3-16) in the base fluid. 

(4). Stir the mixture for a minimum of 2 hours until a complete dissolution is achieved (if 

any). 

(5). Allow the solution to equilibrate overnight.  

At this stage, we observed that neither 12-3-12 nor 16-3-16 could be dissolved fully in the 

base fluid (Fig. 3.6a). Thus, in order to increase the solubility of a surfactant, a third chemical 

must be added. The literature reports that the added chemical is usually a low-molecular weight 

alcohol, which is known as cosolvent or cosurfactant. Both terms, often used loosely, are 

distinguished actually by their functions in the base fluid.  
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(a) Gemini surfactant in 2wt.% NaCl; 

(1) 12-3-12 and (2) 16-316 

(b) Gemini surfactant in (2wt.% NaCl + 

TBA); (1) 12-3-12 and (2) 16-316 

Fig. 3.5 Solubility of 12-3-12 and 16-3-16 in different base fluids 

In this chapter and throughout, the added chemical will be referred as cosurfactant as we 

aimed at enhancing the solubility of the GS. We investigated a wide array of chemicals 

including among which only four solvents were selected based on the dissolution of Gemini 

surfactants (Fig. 3.6b). These include a low molecular weight alcohol (methanol or MeOH), a 

branched alcohol (ter-butyl alcohol or TBA), a polysorbate (Tween 20) and an ionic solvent 

(NaOH). All the solvents had a purity of 99.9% and were used as received. The experimental 

sequence, using the selected solvents, was as described below: 

 

(6).  Prepare a new base fluid of which concentration of 1% using the former base fluid and 

either of the solvent  

(7). Repeat the steps #1 ~ #5.  

Eight different micellar slugs were prepared therefrom. Their physico-chemical properties are 

outlined in Table 3.4. 

Table 3.4 Physico-chemical properties of micellar slugsa 
 

Gemini 

surfactant 

 

Cosurfactant 

 

Slug 

C0 

(wt.%) 

Type C1 

(wt.%) 

CT 

(mM) 

MW 

(g.mol-1) 

ρ  

(g/cm3) 

pH  

(-) 

Experimenta

l Code 

 

 

0.25b 

 

 

 

0.15c 

 

MeOH   

 

1.0 

 

54.2 21.2b 20.8 c 1.026 b 1.025 c 9.80b 7.30c R2 b H2 c 

Tween 20 53.9  34.5 b 32.8 c 1.076 b 1.093 c 4.10b 4.50c R3 b H3 c 

NaOH 54.4  21.4 b 21.0 c 1.018 b 1.100 c 12.3b 12.3c R4 b H4 c 

TBA 54.2  22.1 b 21.7 c 1.065 b 1.012 c 7.10b 7.80c R5 b H5 c 

a C0: concentration of Gemini surfactant; C1: concentration of cosurfactant; CT: concentration of the slug; MW= 

molecular weight of slug solution; ρ: its density; pH= its potential in hydrogen;  
b Rx designed the formulations prepared from 12-3-12; 
c Hx labeled designed the formulations prepared from 16-3-16. 

(1) 
(2) (1) (2) 
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3.5.1.1 Critical micelle concentration 

Static surface tension and the critical micelle concentration (CMC) were determined using 

capillary rise method. Throughout the test, the tubes were immersed in a water bath, which 

temperature was kept constant at 25oC. The rise of the liquid between the surface of the tube 

test and the meniscus formed by the liquid inside the capillary tube was read. For each 

measurement, the experiment was repeated until successive values agreed within a value of 

0.01 cm. To avoid any form of contamination aforementioned, the capillary tube test was 

replaced to a new one after each measurement. The readings were used further to compute the 

surface tension,  

                  (3.1) 

where ρ is the density of the slug (in g/cm3), r is the radius of the capillary tube (in cm3), h is 

the rise of the liquid due to the capillary forces, (in cm3) and g is gravity (in cm/s2).  

3.5.1.2 Solubilization potential  

The experimental sequence is described below: 

(1) Introduce 4 ml of synthetic oil and 4 ml brine (B1 – B12) solution in a graduated tube 

test.  

(2) Add 1 ml of Rx (or Hx). H5 was used for this trial test. 

(3) Agitate the tube test at a constant speed for a minimum of 2 hours.  

(4) Allow the mixture to equilibrate at 40oC for a minimum of 2 weeks.  

3.5.1.3 Static adsorption determination 

We quantified the slug retention following the methodology presented by Goddard et al. 

(2004). Four types of adsorbents were selected including dolomite, Berea sandstone, kaolinite 

and montmorillonite. The experimental procedure is described below: 

(1). Crush and weigh approximately 7 g adsorbent.  

(2). Dry the sample overnight at 120oC to remove any form of water. 

(3). Immerse, at a weight ratio of 1:20 v/v, the adsorbent into either Rx or Hx.  

(4). Shake the mixture for 14 hours at 25oC. 

(5). Leave the tube tests to equilibrate for a minimum of 25 days. 

(6). Collect the supernatant liquid for spectral analysis every week for 6 weeks.  

1 2 grh 
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UV-Visible spectrophotometer (Model 2450, Shimadzu, Japan) was used to perform spectral 

analysis. The concentration of the supernatant fluid was monitored and converted to adsorption 

using equation 3.2,  

                    (3.2) 

where As is the adsorption of the slug (in mg/g-rock), Co is the initial concentration of the slug, 

Ci is the concentration of the slug at the sampling time, ρ is the density of the supernatant fluid 

(in g/cm3), Vslug is the added volume of slug, Wa the weight of the adsorbent (in g) and Sa the 

surface area of the adsorbent (cm2/g). 

3.5.1.4 Corrosion and inhibiting activity of dimeric quaternary 

ammonium salts 

To evaluate the inhibiting potential of the slug, we selected for this purpose H5 and Oil-J1. The 

detailed experimental procedure is described below:  

(1) Introduce 10 mL of Oil-J1 in a cell of the PVT.  

(2) Inject sCO2. In this experiment, sCO2 was injected at 8 MPa and 55oC.  

(3) Allow the gas to contact the oil until the saturation pressure is reached.  

(4) Depressurize the cell and collect the foamy oil to perform infrared analysis.  

(5)  Mix Oil-J1 +H5 at volume ratio 1:20.  

(6) Repeat step #1 to #3 and allow the contact for a minimum of 14 days  

(7) Repeat step #4.  

The spectra analysis was conducted in on attenuated total reflectance Fourier Transform 

Infrared Spectroscopy (ATR-FT IR model 620, Jasco, Japan). The values obtained were based 

on transmittance with a wavelength scan ranging from 400–4000 cm−1. The equipment was set 

at 16 scans with a generated spectrum having a resolution of 0.4 cm−1 for 3028 cm−1 in the 

band for methane.  

3.6 Physico-Chemical Analysis of Aqueous Micellar Slugs 

3.6.1 Surface tension and critical micelle concentration 

The results of the surface tension measurements are shown in Fig. 3.6. Therefrom, it could 

be seen that the surface tension decreased sharply with the concentration. This pattern was 

observed for all the investigated slugs. The decrease was steady until the pattern changed 

abruptly (Fig. 3.6a) or remained fairly constant (Fig. 3.6b).  
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The summary of the experimental CMC, for all the prepared slugs, is outlined in Table 

3.5.While comparing our CMC results presented herein with those published in the literature 

(Zana et al., 1991), the CMC of slugs blended with cosurfactant were 8 times lower in the 

average. Likewise, the CMC of the slug formulated with surfactant of different alkyl chain but 

with the same type of cosurfactant was 11% lower for the slugs prepared from 12-3-12. The 

results suggested that the nature of the cosurfactant, the concentration in salt in the aqueous 

phase and the length of hydrophobic tail of the surfactant influence both the CMC and the static 

surface tension. 
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(a) Rx formulations 

 
(b) Hx formulations 

Fig. 3.6 Experimental determination of CMC of cationic slugs   
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Table 3.5 CMC and surface tension of investigated slugs in low saline watera 
Slug MW (g.mol-1) CMC (*10-5 mol/dm3) σCMC (mN/m) 

R2 21.2 0.21 30.2 

R3 34.5  2.27 33.0 

R4 21.4  1.11 26.6 

R5 22.1  1.13 23.3 

Zana et al (1991)a - 11 40.0 

H2 20.8  2.16 46.0 

H3 32.8  0.84 52.0 

H4 21.0  1.68 60.0 

H5 21.7  0.62 37.5 
a 12-2-12 

3.6.1.1 Effect of cosurfactant 

From Table 3.5, it appeared clearly that the CMC is altered by the nature of the solvent used to 

enhance its solubility. In order to quantify the effect of the cosurfactant, we used the dielectric 

constant, which accounts its solvating strength. Two different patterns were observed therefrom 

(Fig. 3.7).  

 
(a) CMC at 25o C in 0.5 wt.% NaCl 

 
(b) Surface tension at the CMC at 25o C in 0.5 wt.% NaCl 

Fig. 3.7 CMC and surface tension alteration as function of the dielectric constant of micellar 

slugs 
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3.6.1.2 Effect of salinity 

In order to investigate the effect of the salt concentration, we selected four slugs including R2, 

R3, H2 and H3. We spanned the salinity from B2 to B12. The results are presented in Fig 3.9. 

The surface tension decreased steadily with the concentration in salt. It was interesting to see 

with the appearance in bivalent ions (M2+) within the saline water, the surface tension of R/Hx 

decreased abruptly (Fig. 3.8a).  Therefore, it could be inferred that the presence of M2+ acts 

upon the micellization process. In fact, we think that M2+ redistributes the ionic forces. Both 

mechanisms occur concurrently.  

 
(a) Rx and Hx 

 
(b) R3 and H3 

Fig. 3.8 Effect of salt concentration and divalent ions on CMC and surface tension  
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The observations discussed above, were contrasted when Tween 20 was used as cosurfactant 

(Fig. 3.8b). Rather, we found that the surface tension decreased monotonically with the increase 

in salt concentration and that in M2+ in the aqueous phase. The results conveyed here, showed 

that the micellar slugs formulated blended with Tween 20, are likely to withstand the reservoir 

brine composition if they were injected as slugs. From a thermodynamic point of view, the 

energy of micellization (ΔGo
M) that is the energy requires for the micelles to form, gives deeper 

understanding of the differences. 

The free energy of micellization is defined as,  

                   (3.3) 

where ΔGo
M is the free energy of micellization per mole of Gemini surfactant containing two 

alkyl chains (kJ.mol-1), α is a constant based on the alkyl chain (α =0.21 for Rx and α =0.11 for 

Hx , (Gao, 2012); R is the gas constant (R= 8.314 J⋅mol−1⋅K−1); T is the temperature of the 

experiment (in K) and CMC is the critical micelle concentration of the slug (mol/m3).  

Fig. 3.9 shows that the energy, required for the micelles to form (also called the energy of 

micellization), is dependent of the alkyl chain and the spacer group (s) (Hua and Rosen, 1991; 

Nguele et al., 2015a). Depending of the length of the hydrophobic tail and the nature of the 

spacer, the polarity across the slug is redistributed. This means the more apolar is the spacer, 

the lower the static surface tension (Fig. 3.8b).  

 
Fig. 3.9 Energy of micellization of slugs at 0.5 wt. NaCl% 
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Therefore, we can hypothesize that the increase in surface tension for Hx slug (Fig. 3. a) is 

plausibly due to its polarizability inherent to the length of its hydrophobic tail. The former 

phenomenon is concurrent with the micellization energy.  

3.6.2 Evaluation of solubilization potential of cationic Gemini surfactants 

Oil solubilization is an emulsion (or colloidal dispersion) distinguished by the size of the 

molecule. Prior evaluating the solubilizing potential of the slugs in the actual crudes, we 

performed a trial test on a synthetic crude oil; the results from this trial test are depicted in Fig. 

3.10. The solubilization ratio of oil (Vo/Vs) and that of the water (Vw/Vs) were defined as the 

fraction of the volume solubilized crude oil or brine respectively to the volume of surfactant in 

the microemulsion phase. Both parameters were obtained by measuring the volume of each 

different phase of the microemulsion. Vo/Vs decreases with the increase in salinity and a reverse 

trend was observed for Vw/Vs. These patterns are well-established in the literature (Sheng, 

2011).  

 
(a) Pictograph of solubilization trial test 

 
 

(b) Solubilization plot as a function of salinity 

Fig. 3.10 Evaluation of solubilizing potential of H5  
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The salinity, at which the two curves intercepted, is known to be the optimal salinity (Cϕ). 

For this trial test, Cϕ was found at 38,000 ppm. This point is of a great importance as far as the 

micellar flooding is concerned. It is reported that at the optimal salinity, the minimum 

achievable IFT is reached. Sheng (2011) reviewed that a value of Vo/Vs (or Vw/Vs) equal or 

greater than 10 is suitable to develop an ultra-IFT. From Fig. 3.10it could be seen that the 

investigated slug could withstand not a high salinity medium, but also it could develop a high 

solubilization potential. Based on these promising results, we spanned the investigations on the 

actual candidate oils.  

3.6.3 Adsorption study at solid/slug interface  

Surfactant retention or loss is one of the major drawbacks of chemical-EOR. The surfactant is 

adsorbed during its journey from the injector to the oil bank and it is enhanced by several 

factors including (i) the mineralogy of the adsorbent, (ii) the composition of the slug and (iii) 

the flow rate and the injecting conditions (Green and Willhite, 1998). Fig. 3.11 presents the 

results of static adsorption of R4 in Berea sandstone as a function of time and the pH and the 

summary of the results is outlined in Table 3.6.  

Based on the CMC results, both the adsorption amount of surfactant (Γ) and the minimum 

average area occupied by a molecule of surfactant (A) were computed using relations (3.4) and 

(3.5) respectively.  

                  (3.4) 

where Γcmc is the adsorption amount at the CMC (mol/m2),  is the slope of the plot of 

surface tension vs. concentration, R is gas constant, (J/mol. K), T is the experiment temperature 

(K); n is a dimensionless value which depends on the number of species constituting the 

surfactant and the adsorbing (i.e. saline water). n=3 for dimeric-type surfactant (Davies and 

Rideal, 1961),  

                    (3.5) 

where Γcmc is the adsorption amount at the CMC, (mol/m2), N is Avogadro’s constant = 6.02 

x1023 mol-1. 
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Fig. 3.11 Static adsorption of R4 in Berea sandstone 

The adsorption was found higher in kaolinite for all the investigated slugs while the lowest 

values were obtained in Berea sandstone. For example, an average adsorption of 0.419 mg/g-

rock was observed when kaolinite was used as adsorbent. The value was lowered to 0.057 

mg/g-rock when Berea sandstone was rather used (Table 3.6). The low content of clay in Berea 

sandstone, explains this large gap. A further analysis, in respect of the surface area occupied 

by the micelles and the micelle adsorption, shows that those parameters influenced the 

concentration of slug adsorbed. For example, an increase of about 63% in surface area (from 

R4 to R5) prompted the adsorption to increase of about 6% in Berea sandstone. Likewise, a 

surface area 28 times higher (from H2 to H5) yielded an adsorption in kaolinite of about 50%. 

Table 3.6 Summary of static adsorption experimentsa 
Micellar slug properties Adsorption 

Slug code Γcmc (×106 mol/m2) Acmc (Å2. molecule-1) Adsorbent As (mg/g-rock)  

R2   Kaolinite 0.264 

R3 1.13 146.7 Dolomite 0.377 

R4  

3.02 

 

54.91 

Kaolinite 0.419 

Berea sandstone 0.057 

Montmorillonite 0.151 

R5 8.08 20.55 Berea sandstone 0.060 

Dolomite 0.120 

H2 0.69 241.0 Kaolinite 0.291 

H3 3.02 54.91 Dolomite 0.367 

H4  

19.4 

 

8.565 

Kaolinite 0.437 

Berea sandstone 0.024 

Montmorillonite 0.126 

H5 2.23 74.47 Berea sandstone 0.070 

Dolomite 0.080 
a ΓCMC slug adsorption at CMC; ACMC minimum average area occupied the slug at the CMC 



 

55 

These results suggested that the larger micelles, the higher the adsorption, which could be 

enhanced by the surface area of the candidate adsorbent (e.g. kaolinite or montmorillonite) 

and/or the nature of the cosurfactant. Looking at the mineralogy of the adsorbent, dolomite, 

CaMg(CO3)2, in contact with reservoir water, dissolves to yield carbonate ions (CO3
2-). 

Negatively charged, ions CO3
2- attach preferentially to the hydrophilic head of the surfactant (-

NH4
+). Considering the mechanisms discussed earlier, the retention in dolomite, which 

decreased with the length in alkyl, is justified.  

Moreover, it could be seen that the adsorption was 3% higher when R3 was used instead of 

H3. Likewise, the adsorption was 2 times higher when R5 was used instead of H5. These 

increments were concomitant with minimum area occupied by the micelles. If one anlayzes 

Table 3.5 and Table 3.6 concurrently; it becomes obvious that the slug with the highest CMC 

adsorbed more on the dolomite. 

3.6.4 Inhibiting potential of cationic Gemini surfactants 

Fig. 3.12 shows the spectra obtained from infrared analyses. Three major regions of absorption 

were clearly noticeable at 3000 - 4000 cm-1 (strong), (1400-1700 cm-1 (strong) and 500-

1000cm-1 (fair). The first band is characteristic of vibration of –OH. Pronounced after injecting 

sCO2 injection comparatively to raw heavy crude, the peak hints at the occurrence of a 

chemistry that has invariably led to the build-up in hydroxylated materials. This point is 

supported by Okumura et al. (1990) who proved that peak is also characteristic of the vibration 

of solvated hydronium ions i.e. H3O
+
(H2)n.

 

 
Fig. 3.12 Infrared absorption spectra of Oil-J1, (Oil-J1+2 wt.% NaCl+sCO2) and (Oil-

J1+sCO2+H5); adapted from (Nguele et al., 2016c) 
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Table 3.7 Results of acidity inhibiting factor 
 Acidity factor, Af, (-) 

1400 – 1800 cm-1 3000 – 4000 cm-1 

Acidic water 1.00 1.0 

Oil-J1 0.33 0.67 

(Oil-J1 + 2% NaCl)+sCO2 0.56 0.99 

(Oil-J1+ 2% NaCl+sCO2) + H5 0.85 0.92 

This point is supported by Okumura et al. (1990) who proved that peak is also characteristic 

of the vibration of solvated hydronium ions i.e. H3O
+
(H2)n. Thus, we sought of quantify the 

concentration of acidic materials. This was done by introducing a parameter termed as acidity 

factor (1-Af) of which computation scheme is detailed in Nguele et al. (2016). Table 3.7 shows 

an increase of about 48% in acidic materials after injecting sCO2. However, when mixed with 

only 1% of micellar solution, the concentration in acidic materials decreased of about 8% in 

acidic materials. This suggested that micellar solution alleviated the acidity. However, the 

underlying mechanism was not well understood. Nevertheless, we hypothesized that the 

mixture (oil+ sCO2+slug) undergoes a complexation process that leads invariably to the 

mitigation of the acidity.  

3.7 Summary 

This chapter has discussed about the physico-chemical properties of formulated slugs. The 

major findings are highlighted below: 

(1) The formation salinity altered the achievable surface tension and the length of the alkyl 

chain.  

(2) The addition of a non-ionic surfactant not only minimized the influence of the salinity, 

but also increased (or decreased) the surface tension at the CMC for the micellar slugs 

prepared from the longer and shorter alkyl chains respectively.  

(3) The presence of divalent ions altered the CMC regardless the length of the alkyl chain, 

the cosurfactant and the concentration. 

(4) An ultra-low interfacial tension (order of 10-3 mN/m) was achieved for all the micellar 

solutions prepared with a low-surfactant concentration. 

(5) The cationic slugs adsorbed following a Langmuir adsorption type with a plateau value 

that follows the sequence kaolinite > montmorillonite > and dolomite > Berea sandstone. The 

large surface area of kaolinite adsorbent explained the highest retention. 

(6) The slug mitigated the formation of acidic materials yielded as co-products during 

sCO2-EOR.
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PROPERTIES OF CATIONIC MICROEMULSIONS  

4.1 Background 

Schulman et al. (1959) reported the term microemulsion (ME), for the first time, to describe a 

multiphase system consisting of water, oil, surfactant, which forms a transparent solution. This 

definition was amended later by Danielsson and Lindman (1981). They proposed, what is 

referred as the most effective and complete definition of ME to date. ME was defined as a 

system consisting of water, oil and amphiphilic material, which is optically isotropic and 

thermodynamically stable. Over past decades, the potential of ME, as displacing agent for light 

to medium oils, has been investigated extensively. These investigations were pioneered by 

Holm (1971) who reported a high extraction efficiency at elevated temperatures using sodium 

sulfates. Further works have proved the technical feasibility of ME-EOR primarily because of 

(i) their lower energy requirements (Magdassi et al., 2003), (ii) their potential to develop an 

ultra-low interfacial tension (IFT) (Bera et al., 2012) and (iii) high interfacial area. From a 

thermodynamic point of view, MEs are relatively stable compared to emulsions.  

Few works have tackled the use of cationic Gemini surfactants to develop MEs for a possible 

application in EOR, presumably because of the retention on the reservoir rocks. Nevertheless, 

Shah and Schechter(1977) reported that when the concentration in salt within a solution 

containing oil, water and a surfactant is increased, the solubilization of oil and water will 

decrease and increase respectively. In other words, the increase in salinity gradient promotes 

the formation of different types of ME that spans from a lower phase (l) at a low-saline medium, 

a middle phase (m) at an intermediate salinity to an upper phase (u) in a high saline environment 

(Bera et al. 2015). Another terminology uses Winsor type I (WI) to describe an l-phase and 

Winsor type II (WII) for an u-phase and Winsor type III (WIII) to refer a m-phase (Reed and 

Healy, 1977). In a typical type I system, the surfactant forms an oil-in-water (O/W) ME in the 

aqueous phase, while a water-in-oil (W/O) ME is predominant in the oleic phase in a type II. 

Both are unfavorable for an EOR application, as the ultra-low IFT desirable cannot be achieved. 

In a type III, however, a bi-continuous phase consisting of surfactant, water and dissolved 

hydrocarbons is promoted. The latter case is highly desirable for surfactant-EOR (Pillai et al., 

1999).  
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Fig. 4.1 Schematic representation of Winsor microemulsion 

Not only salinity and surfactant concentrations are said to alter properties of MEs, but also 

various parameters such as the cosurfactant type, the molecular structure of Gemini structure, 

crude oil acidity and the reservoir (Cayias and Schechter, 1976; Healy et al., 1976; Novosad, 

1982; Puerto and Reed, 1983). Considering afore-discussed points, the present chapter will 

screen the physico-chemical properties of cationic microemulsions formulated from aqueous 

micellar slugs. To do so, MEs will be prepared from the slugs and their alteration in respect of 

the candidate heavy oils properties and those of candidate formation properties investigated. A 

mechanistic study and characterization of MEs will be also conducted.  

4.2 Experimental Section 

4.2.1 Materials 

4.2.1.1 Petroleum fluids 

The two candidate heavy crude oils, Oil-J1 and Oil-J2 were used in this section. Prior 

performing any experiment, the crudes were centrifuged for 2 hours at 4,000 rpm to ensure a 

complete dewatering and the removal of any form of emulsified oil.  

Twelve brine solutions of which the concentration spans from low to high, were selected to 

represent the connate water. The compositions are summarized in Table 3.3.  

4.2.1.2 Aqueous micellar solutions 

The slugs R2 - R5 and H2 - H5 were used as primary solubilizing agents. The preparations of the 

slugs and their respective properties are presented in Chapter 3.  

4.2.2 Methods 

4.2.2.1 Preparation of microemulsion from candidate heavy oils 

The experimental sequence is described below: 

Oil

Microemulsion

Brine 

Middle phase (m) at 

intermediate salinity

Microemulsion

Brine 

Upper phase (u) 

at high salinity

Oil

Microemulsion

Lower phase (l) 

at low salinity
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(1) Introduce 4 ml of Oil-J1 (or Oil-J2) and 4 ml brine (B1 – B12) solution in a graduated 

test tube.  

(2) Add 1 ml of Rx (or Hx).  

(3) Agitate the test tube at a constant speed for a minimum of 2 hours.  

(4) Allow the ME formed to equilibrate at 40oC for a 4 weeks.  

4.2.2.2 Microemulsion rheology 

At the end of the salinity scan test, the corresponding ME was collected from the tube and 

introduced in the measuring tube of Brookfield viscometer (Model LV DVI-Prime) priory 

heated at 55oC.  

4.3 Phase Behavior of Micellar Slugs 

Phase behavior tests, as primary screening investigation when a surfactant is considered, 

include the salinity scan; the aqueous stability and the oil scan tests. The two formers were 

conducted in this research and they targeted the determination the optimal salinity slug and the 

achievable IFT. 

4.3.1 Salinity scan test 

Fig. 4.2 is a sample photograph of the salinity scan test of Oil-J2 after a month of equilibration 

at 55oC. Therefrom, it could be seen that the oil solubilzation (Vo/Vs) decreased with the 

increase in salt concentration with the aqueous phase. A reverse trend was observed, however, 

for the water solubilization (i.e. Vw/Vs). The middle phase (WIII) was achieved at saline 

concentration of 8 wt. % NaCl. Moreover, the solubilization ratios were averaged at 210 and 

63 for Vo/Vs and Vw/Vs respectively. However, we conducting the test for R/H3 slugs, an atypical 

pattern of solubilized water was observed. In fact, both solubilization ratios were found to 

decrease concurrently with the increase in salt in the aqueous phase. The trend contrasted with 

the literature that states that the increase in salinity concentration promotes a concurrent 

decrease in oil and water solubilization ratios (Sheng, 2011). In sought of highlighting the 

underlying mechanisms, one should look at the interactions slug-brine, slug-oil at their 

respective interfaces.  

In fact, when the slug contacts the brine solution, the charged head of the surfactant, dissolved 

within, develops an electrostatic attraction with dissolved salt. This effect (salting effect) 

increases with the concentration in inorganic cations including monovalent ions (Na+ and/or 

K+) and/or divalent ions (Ca2+and/or Mg2+).  
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(a) Photograph of salinity scan test of (Oil-J2 + R4+ x wt. % NaCl) 

 
(b) Solubilization plots 

Fig. 4.2 Solubilization plots as a function of salinity of Oil-J2  

If a slug is prepared from a surfactant or a mixture (surfactant/cosurfactant) that has fewer 

interactions with the ionic solution such as Tween 20, then the salting effect is hindered or 

counterbalanced, which explained the atypical behavior of R3 or H3 slugs. In order to evaluate 

the achievable IFT at the optimal salinity from the solubilization ratios, several correlations are 

proposed in the literature (Huh, 1979; Nelson and Pope, 1978; Reed and Healy, 1977).In this 

research, we estimated the achievable IFT using Huh relation because of its simplicity and its 

accuracy (Huh, 1979),  
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where σmo and σmw represent the IFT at the equilibrium between ME, heavy crude oil and water 

respectively (in N/m), CHo and CHw are empirical dimensionless values ranging from 0.1 to 

0.35. In general, CHo and CHw are determined experimentally.  

Table 4.1 confirmed that the optimal salinity, and thus the achievable IFT, of cationic 

micellar slugs is sensitive to (1) the length of the alkyl chain of the primary surfactant used to 

prepare the slug and the nature of the cosurfactant, (2) the presence in divalent ions (M2+) in 

the brine solution and (3) the acidity of the crude oil.  

Table 4.1 Summary of optimal salinity from the salinity scan tests a 

Slug  

Oil-J1 Oil-J2 

Before M2+ After M2+ Before M2+ After M2+ 

Cφ σφ Cφ σφ Cφ σφ Cφ σφ 

Rx 

R2 - - - -         

R3 26.0 3.25E-04 - - - - - - 

R4 - - 12.8 1.33E-5 4.70 6.89E-06 8.60 7.14E-6 

R5 1.60 2.80E-02 - - - - - - 

Hx 

H2 4.02 2.59E-06 - - - - - - 

H3 5.40 5.67E-6 - -   - - - 

H4 4.50 3.00E-05 12.4 

1.87E-

06 2.5 2.93E-6 11.0 2.31E-6 

H5 - - 7.80 7.50E-6 3.84 1.20E-2 - - 
a Cφ: optimal salinity (in wt. % NaCl);  σφ: achievable IFT at the optimal salinity (in mN/m); M2+: divalent ions 

(i.e. Ca2+, Mg2+ or both) 

4.3.2 Presence of divalent ions 

Divalent ions (M2+) were introduced to model the aqua-ions resulting from the leaching process 

occurring in a water-flooded formation. They contribute to the hardening of brine, thus tend to 

promote an incompatibility of the slug with certain oil reservoirs. While conducting the salinity 

scan test (Table 4.1), we observed that none of the slugs could achieve an ultra-low IFT under 

hard conditions except those R4 and H4.  

In fact, their salinity scans showed a change in solubilization curves with the appearance of 

M2+ (Fig. 4.3). For the same type of oil, the achievable IFT, at the optimal salinity, decreased 

of about 79.3% using R4 when the test was shifted from a soft saline medium to hard saline 

water. The decrease was lowered to 53% when the slug H4 was used instead. These 

observations suggested that the presence M2+ does not promote a slug incompatibility with the 

micellar slugs.   
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(a) Oil-J1+R4+ x wt. % NaCl 

 

(b) Oil-J2+H4+ x wt. % NaCl 

Fig. 4.3 Solubility plots of Oil-J1 and Oi-J2 as function of salinity and formation hardness 

Rather, they act upon the reduction of the IFT, which was thought inherent to (1) the 

electrostatic repulsion forces between the hydrophilic head and the M2+ (Yoshimura et al., 

2004) and the hydrophobic interactions between alkyl chain of the Gemini surfactant (Sjoblom 

et al., 1996). Upon changing the crude oil (Fig. 3.14b), we observed an IFT reduction of about 

67.3% when H4 was used, but an increase of IFT of about 10% when R4 was considered. 

The increase observed for the system R4/Oil-J2 highlighted an incompatibility of the slug 

with the resident aqueous phase. In this case, the slug pushes the equilibrium towards the upper 

phase of the microemulsion. The complex [M2+- R4] become oil-soluble (Green and Willhite, 

1998). Plausibly, given the experimental conditions a complexation process may occur and 

further promotes an intra-molecular rearrangement within the micellar solution (Nguele et al., 
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2015a). The “new slug” is thought to exhibit singular properties, different from the native slug, 

which participate at the alteration of the interface oil/brine. In fact, in a fairly alkaline medium, 

Pine (2011) showed that quaternary ammoniums are subjected to molecular rearrangements 

including Stevens and Sommelet-Hauser arrangements. Thus, during the pre-micellization 

process in hard and saline water, the slug may plausibly undergo through chemistry by equation 

(4.3) 

     (4.3) 

where is R1 is alkyl radical i.e. dodecyl or hexadecyl.  

4.3.3 Effect of crude oil acidity and cosurfactant 

The crude oil composition is quantified by parameter, known as Equivalent Alkane Carbon 

Number (EACN), which defines a dimensionless number that expresses the hydrophobicity of 

oil (Cayias and Schechter, 1976). A good correlation is generally obtained for synthetic oils, 

but converges poorly when the model is extended to actual crude oils. This is so because of the 

complexity in chemical composition of the crude oil (Shah and Schechter, 1977).  

We proposed a more simplistic approach, by introducing a parameter termed as Average 

Carbon Number (ACN), to represent rather the chemical composition of the candidate heavy 

crudes oils (Nguele et al., 2016c). Considering a crude oil of which assay shows n hydrocarbon 

compounds of xi mole fraction each, ACN is expressed mathematically by, 

                  (4.4) 

where Ci is the carbon number i.  

Equation (4.4) did not aim to substitute EACN. Rather, it proposed an easier route to model 

crude oil if its assay is available. Also, it is worth noting that this concept cannot be blindly 

applicable to all the crudes as the ME is not solely dependent of the crude oil type. 
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Fig. 4.4 Crude oil acidity as function of average carbon number 

Fig. 4.4 correlated the computed ACN with the crude oil acidity herein expressed by the acid 

number. The crude acidity within the oil increased in a linear fashion with the ACN, with the 

highest value obtained for the heaviest crudes. With the knowledge that the acid number 

accesses the concentration in organic acids materials within the crude oil, thus solubilizable 

materials, we could correlate therefore the ACN with the alteration in optimal salinity (Fig. 

4.5). On the average, in soft saline water, the optimal salinity was higher when the 

microemulsions were formulated from Rx. (Fig. 4.5a). A reverse observation was found when 

the microemulsion were prepared in hard water. (Fig. 4.5b). Moreover, the acidity of the crude 

oil increased the optimal salinity of about 20% if the slug was changed from R4 to H4. However, 

the optimal salinity of the microemulsions, derived from Oil-J2, was less altered in the presence 

of M2+ regardless the type of slugs used.  

 
 

 

(a) Soft saline water (b) Hard saline water 
Fig. 4.5 Alteration of optimal salinity by the crude oil acidity  
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4.3.4 Effect of reservoir temperature 

The temperature dependence was investigated by the salinity scan test performed at 25, 40 and 

55oC using Oil-J1 and H5 as slug. The results are shown in Fig. 4.6. The tolerance to reservoir 

salinity was found to increase with the temperature. Zielilqski et al. (1989) postulated that for 

a monomeric alkylammonium, the energy of formation of micelles decreases monotonically 

with the temperature. In other words, CMC is temperature-dependent. If we recall that CMC 

defines the optimal salinity, and thus achievable IFT, then we may plausibly think that reservoir 

temperature yields positive standard entropy of micelle formation. Experimentally, this would 

be seen by an increase in hydrophobic effect (Schick, 1963). The kinetics of micelle formation 

in the equilibrated aqueous phase increased with the heat, thus the ME formed, shifts from 

lower to middle phase. From this mechanism will result an alteration of both the optimal 

salinity and the achievable IFT. 

 
Fig. 4.6 Effect of reservoir temperature on the optimal salinity; 44.4% Oil-J1+11.2 % H5+ 

44.4% NaCl 

4.4 Mechanistic Analysis and Characterization of Microemulsions 

4.4.1 Rheology of microemulsions 

In the previous chapters, it was conjectured that the viscosity of the slug is a key parameter 

when designing an EOR technique. This is so because of the fingering and channeling effects 

that are often encountered when a low viscous material is used as displacing agent. The 

viscosity of a specific fluid depends mainly on both microscopic and macroscopic internal 

structures and interactions.  
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Fig. 4.7 shows the results of the measurements of the microemulsions prepared from R4/H4, 

which were selected because of their consistency. Therefrom, the native oils and the cationic 

microemulsions regardless the slug, exhibited a pseudo-plastic behavior i.e. their respective 

viscosities decreased with the shear rate.  This observation was consistent with the non-

Newtonian behavior of microemulsion reported by Bennett et al. (1981). On the average, the 

apparent viscosity of microemulsion formulated from the longer alkyl chain (H4) was 13 and 

60% higher than that of those formulated from R4 and the native oil respectively (Fig. 4.7a). 

These values increased to 77 and 94% when Oil-J2 was investigated (Fig. 4.7b). The difference 

lied primarily on the solubilizing potential of R/Hx slugs.  

 

(a) Oil-J1 

 

(b) Oil-J2 

Fig. 4.7 Rheology of microemulsions at reservoir temperature 

Shear rate, (s-1)

4 6 8 10 12 14 16

A
p

p
a

re
n

t 
v
is

co
si

ty
 ,

 (
c
P

)

100

150

200

250

300

350

400

450

500

Shear rate, (s-1)

4 6 8 10 12 14 16

A
p

p
a

re
n

t 
v
is

co
si

ty
 ,

 (
c
P

)

0

50

100

150

200

250

300

350

Oil-J1+H4 

Oil-J2+H4 

Oil-J1+R4 

Oil-J1 

Oil-J2+R4 

Oil-J2 



 

67 

If the chemical structure of cationic GS is recalled, it appears that the micellar slugs prepared 

from longer molecular chains have higher solubilization/emulsification degree. We think that 

H4 developed within the microemulsion a better (and stronger) droplet clustering and fusion. 

The latter effect is referred as microemulsion percolation. Both effects were more pronounced 

than their respective counterparts with prepared from the shorter alkyl chain. As a result, a 

modification of internal structure of the microemulsion is yielded, which is visualized 

experimentally by the increase in the apparent viscosity (Eicke and Christen, 1974). As the 

clustering is function of the alkyl chain, for the same type of oil, the longer the alkyl chain of 

the surfactant, the more viscous is the microemulsion.  

We investigated the effect of the salinity on the microemulsions obtained when R4 when 

selected as a slug. The results show that the viscosity of the microemulsions increased with the 

salinity. The heaviest microemulsions were observed at/around the optimal salinity (Fig. 4.8).  

It was interesting to see that the viscosity of the microemulsion followed the trend to the salinity 

scan test i.e. the formation of the ME. Our results are reported similarly in the literature (Dashti, 

2014). According to Garcia-Rio et al. (1994), the viscosity and the water solubilization capacity 

of cationic microemulsions phase are altered by the salt content and the acidity/alkalinity. With 

the knowledge that H/R4 were both enhanced by sodium hydroxide (NaOH), it is rational to 

think that this alteration was also inherent to the interaction cosurfactant-brine. 

 
Fig. 4.8 Effect of salinity concentration on the rheology of microemulsions; () Oil-J1; () Oil-

J2, () Literature from Dashi (2014);  The microemulsion consisted of 44.4% Oil-J1 (orJ2) – 

44.4% brine – 11.2% R4 
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4.4.2 Particle size analysis 

The microemulsion were further characterized as results of the atypical behavior and/or trend 

observed during the rheological tests. We sought of understanding the extent to which the 

salinity, the increase in M2+ concentration impacts the formation of microemulsions. For this 

purpose, we extracted the ME developed from R4 at different salinities.  

The particle sizes of the extracted ME were analyzed based on the microscopic photographs 

(Fig. 4.9). The particle sizes were found to increase not only with the salinity but also with the 

concentration in M2+ (Fig. 4.9).  Water-in-oil (W/O) and oil-in-water (O/W) emulsions 

clustered upon increasing the concentration in M2+ (Fig. 4.9a and 4.9b). These results suggested 

the formation of reverse micelles that explains subsequently the high viscosity (Fig. 4.7 and 

4.8). The ME behaves as if the M2+ develop an electrostatic/electrical field that promotes the 

clustering of water and oil molecules. Following this postulate, we thought of establishing a 

correlation between the concentration in M2+, the salinity, the acidity and an eventual electrical 

field. 
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(a) Micro-photographs of ME of Oil-J1+ R4 + x wt.% NaCl 

       
(b) Micro-photographs of ME of Oil-J2+ R4 + x wt.% NaCl 
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(c) Particle distribution 

Fig. 4.9 Particle size distribution of microemulsions  
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Let consider a heavy oil (A) in which petroleum acids (AH) are dissolved. Upon contacting 

saline water, Ramakrishan and Wasan (1983) suggested that petroleum acids equilibrate in both 

aqueous (w) and oil phase (o),  

HAo  HAw                   (4.5) 

HAw dissociates further to yield petroleum carboxylates (A-),  

HAw  H++ A-;               (4.6) 

Equation (4.6) suggests that two redox couples are involved in this reaction including 

(HAw/H+) and (A-/HAw). If the microemulsion is formed in hard saline water, Cannan et 

al.(1938) stated that a complex (AM+) is formed following equation (4.7),  

M2++ A- AM+;             (4.7) 

This relation also shows that (AM+/M2+) and (A-/AM+) appeared as redox couples. 

Combining (4.6) and (4.7),  

HAw + M2+
AM+ + H+;            (4.8) 

From equation (4.8), it could be seen that hard formation water promoted the formation of 

complexes within the microemulsions that are sensitive to acidity/alkalinity. This equation 

validated the results afore-presented. M2+, positively charged, may induce an electrical field, 

E, expressed by equation (4.9),  

                   (4.9) 

where D is the distance between M2+ and A- (dimension of length). To a further extent, D could 

be attributed to the diameter of the cluster.  Moreover, the electrical field (E) is related to its 

electric potential (ΔE) by equation (4.10),  

                            (4.10) 
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Combing equations (4.6) - (4.10) and solving them for D, the set of equations is obtained, 

If [M2+] = 0,               (4.11) 

If [M2+] > 0,                         

(4.12) 

where  and p[M2+] = - log [M2+]. 

Equation (4.11) was taken as governing model of electrical distribution forces in a low-saline 

medium while equation (4.12) represented the model when the aqueous phase was saturated 

with M2+. Based on which, the sensitivity of the reservoir acidity was evaluated (Fig. 4.10).  

The model highlighted clearly the dependence of the particle sizes of ME with the electrostatic 

forces, the acidity (Fig. 4.10a) and the salinity (Fig. 4.10b). 

 
(a) At different pH 

 
(b) Particle size distribution as function of salinity 

Fig. 4.10 Sensitivity analysis of reservoir acidity on clustering and particle size distribution  
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At low concentration of M2+ (in a sandstone reservoir for instance), the electrical field, 

prompted by salinity, will force W/O and O/W to cluster. Also, the particle size diameter is 

expected to be low under these circumstances. With these findings, one may expect that the 

slug, in a heavy oil sandstone reservoir may be efficient. With the increase in M2+ 

concentration, the electrical field decreases as consequence of an increase of D. The complex 

MA+ acts as repelling agent forcing the molecules of water (or oil) to increase in size, thus its 

viscosity increases (Fig. 4.7).  These observations were found true at pH ≥ 8 at which negative 

values in D were found. We were led to the conclusions that particle sizes of ME are altered 

sequentially by the formation salinity, its resident acidity and the concentration in M2+.. At a 

pH equal or near to 10, the particles sizes of ME followed seemly the pattern and the magnitude 

of electrostatic model on average of 0.53D – 0.73D for Oil-J2 and Oil-J1 respectively. Hence, 

we believed that the particle sizes could be explained, and perhaps predicted, by an electrostatic 

model. To mitigate the effect of M2+, i.e. injecting the slug in a carbonate reservoir, we should 

reduce the sharp increase observed in Fig. 4.10b. 

4.5 Summary 

This chapter has discussed about the physico-chemical properties of formulated slugs and those 

of their inherent microemulsions. The major findings are highlighted below: 

(1) The achievable IFT increased linearly with the reservoir temperature, but remained 

within the ultra-low range i.e. magnitude of 10-3 mN/m. 

(2) The micellar slugs, enhanced by an ionic cosurfactant, were not altered by the increase 

in divalent ions.  

(3) The viscosity of the microemulsions showed a pseudo-plastic behavior, with the 

heaviest microemulsion yielded by the slug prepared from the cationic Gemini surfactant 

with the longer alkyl chain. 

(4)  The reservoir salinity increased the viscosity of the microemulsions in such a way that 

the highest value was recorded at/around the optimal salinity. 

(5) The particle sizes of emulsions increased with the formation salinity and the 

concentration in M2+ as result of a clustering of water and oil molecules.  
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EXPERIMENTAL EVALUATION OF HEAVY OIL 

PRODUCTION BY MICROEMULSION FLOODING 

5.1 Theoretical Approach 

In theory, the chemical-EOR requires the injection of a slug, which solubilizes (or emulsifies) 

the acidic parts of the residual oil following the steps shown in Fig. 5.1a. The oil solubilization 

(or emulsification) mechanism occurs in-situ i.e. within the interstices of the reservoir rock in 

which the oil ganglia are trapped. In other words, the slug acts upon capillary forces that hold 

oil stranded. To be more explicit, the ratio of viscous forces to interstitial forces (capillary 

number) is so high (order of 10-7) at the end of primary recovery that the only route to produce 

more oil is to lower the interfacial tension. 

 

 
(a) Classical chemical-EOR (b) Microemulsion gel-type 

Fig. 5.1 Schematic representation of oil mobilization by microemulsion flooding 
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However, for the slug to be efficient, it is recommended to use large volumes of preflush of 

which the composition is tailored to neutralize the divalent and sulfate ions. It is worth noting 

that lowering the IFT of the residual oil is not sufficient as a typical chemical-EOR suffers 

principally of poor propagation, surfactant retention and injectivity loss. Therefore, injecting 

viscous water at the trailing edge of micellar slug mitigates the former issue. The polymer keeps 

the viscosity drive as the slug propagates in the reservoir. To have additional oil, low-saline 

water (referred as chase water or postflush) is injected at the rear of the polymer.  

An alternative production scheme could consider the injection of a fully solubilized oil (that 

is the microemulsion) following the scheme illustrated in Fig. 5.1b. In this production scheme, 

a microemulsion is formulated ex-situ and injected in the oil-bearing matrix. The 

microemulsion formulation should be heavy enough to lower the mobility ratio, thus to 

promote the increment in oil. However, this recovery scheme is challenged by the composition 

of the microemulsion. Some authors proposed to formulate the microemulsions from a material 

of which solubilization (or emulsification) yields to microemulsion-gel type heavier than the 

native residual oil. This approach implies extensive and synergistic studies between the slug, 

the material to be solubilized and the residual oil. Rather, our approach considered formulating 

microemulsions from the actual oil to be displaced. 

In theory, this scheme is thought to eliminate the incompatibility and the intermediate steps 

aforementioned. More oil is expected as results of a subsequent reduction of mobility ratio. 

One may think that oil production is primarily a physical process involving the reduction of 

capillary forces. This observation, if solely considered, could be misleading. In reality, as the 

microemulsion propagates through the formation, it interacts with the native minerals of the 

formation rock. Depending of the chemistry resulting from these interactions, the composition 

of the microemulsion, and thus its efficiency as displacing agent, could be altered (Yildiz and 

Morrow, 1996). This production scheme must consider therefore the use of a preflush.  

Moreover, if a microemulsion-gel type is poorly formulated, its displacement may suffer 

from a phase separation occurring at both the leading and trailing edges. Therefore, it should 

be advisable to investigate on the mobilization of heavy oil concurrently with (or subsequently 

to) the interactions of the microemulsions with the reservoir rocks. This is to say that the 

efficiency of this flooding scheme is expected to also be dependent of (i) formation requirement 

(i.e. small spacing), (ii) the formation water salinity, and/or (iii) the retention of the slug on the 

porous medium.  
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5.2 Experimental Section  

5.2.1 Reservoir fluids and slugs 

5.2.1.1 Preparation of dead crude oils at 25oC 

The candidate crude was Oil-J2. The properties are presented in Chapter 1. However, a prior 

the core flood tests, Oil-J2 was centrifuged for 3 hours at 4000 rpm. This step ensured a 

complete dewatering and the removal of any form of emulsified oil.  

5.2.1.2 Synthetic reservoir waters 

Three synthetic brine formations were used at this stage. The compositions of synthetic 

formation brines are summarized in Table 5.1. Their syntheses were performed in-house 

primarily from sodium chloride (NaCl) purchased from Junsei chemicals (Japan), calcium 

chloride (CaCl2), magnesium chloride hexahydrated (MgCl27H2O), hydrogen sodium 

carbonate (NaHCO3), potassium chloride (KCl) and magnesium sulfate (MgSO4) all supplied 

by Wako pure chemicals (Japan). It is worth mentioning that all the chemicals were used as 

received and were 99.99% pure.  

Table 5.1 Composition of synthetic formation waters a 
Synthetic formation water  

Code SFW-1 SFW-2 SFW-3 
 Na+: 3026; K+: 79; Ca2+: 541; Mg2+: 39 

Cl-: 4799; HCO3
-: 726; SO4

2-: 65 

 

 

TDS: 9275 

Na+: 4283; K+: 210; Ca2+: 722; 

Mg2+: 99 

Cl-: 6594; HCO3
-: 1452; SO4

2-: 

163 

TDS: 13522 

Na+: 7309; K+: 288; Ca2+: 1263; 

Mg2+: 138 

Cl-: 11393; HCO3
-: 2178; SO4

2-: 

228 

TDS: 22797 

Preflush  Chase water 

Code P-1 P-2 P-3 

 Na+: 1574 

Cl-: 2426  

TDS: 4000 

Na+: 3161 

Cl-: 609; HCO3
-: 734 

TDS: 4504 

Na+: 393;  

Cl-: 607;  

TDS: 1000 
a Na+: sodium ion; K+: potassium ion; Ca2+: calcium ion; Mg2+: magnesium ion; Cl-: chloride ion; HCO3

-: 

hydrogenocarbonate ion; SO4
2-: sulfate ion; TDS: total dissolved solid; all concentrations are given in ppm.  

 

5.2.1.3 Aqueous slugs 

Slugs, used in this set of experiments, are those which showed promising solubilizing 

potential during the phase behavior tests. The preparations, the physico-chemical properties are 

presented in Chapter 2.  

5.2.1.4 Berea sandstone cores 

Four Berea sandstone cores were selected for the coreflood experiments. The properties and 

the mineralogy are outlined in Tables Table 5.2 and Table 5.3 respectively.  
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Table 5.2 Berea sandstone properties a 
 

Nature 

Conventional Unconventional 

Homogeneous Artificially fractured Heterogeneous 

Core ID #4-01 #4-03 #4-04 #4-05 

L (cm) 7.23 7.20 7.19 7.15 

D (cm) 4.50 4.46 4.45 4.56 

PV (cm3)b 14.2 12.0 12.5 17.5 

 Φ (%)b 13 11 11 15 
a L: length; D: diameter; PV: pore volume; Φ:porosity;  
b PV and φ were determined by saturation method prior conducting coreflood tests.  

Table 5.3 Mineralogy of Berea sandstone 
Mineral Formula  Composition (%) 

Quartz SiO2 80.0 

Orthoclase KAlSi3O8 5.00 

Calcite  CaCO3 6.00 

Kaolinite Al4Si4O10(OH)8 7.00 

Montmorillonite (Na,Ca)0.33(Al, Mg)2(Si4O10)(OH)2, nH2O 1.00 

 

An artificial fracture was created in core #4-04 by cutting it in half following the length. The 

aperture of the fracture was measured to be lesser than 0.1 mm. The plug was then insulated 

with resin. On the other hand, a high permeable zone was created in core #4-05 by drilling a 

hole (diameter = 10 mm) in the center of the plug following the length. The hole was, then, 

filled with glass beads (diameter =0.4 mm). To ensure a perfect consolidation of the glass beads 

pack, the sandstone was air-vacuumed for a 30 mins after what, the plug was then insulated 

with resin. Once the cores were prepared, below procedure was followed: 

(1) Dry the clean or insulated plugs oven overnight at 105oC to remove of interstitial water. 

(2)  Record the weight of the dried core.  

(3) Mount the core in the core holder of the flooding apparatus.  

(4) Confine the core at 4.0 MPa. A backpressure regulator, set up to open automatically at 

3.0 MPA, controlled the pressure across the core holder during the fluid injection.  

5.2.2 Methods 

5.2.2.1 Ex-situ formulation of microemulsions 

The gravimetric titration method was used to formulate the microemulsion ex-situ. The titrant 

was an aqueous phase with a low concentration in salt and the analyte was a mixture of Oil-J2 

and R/Hx. The titration was conducted for different analyte ratios. The gravimetric titration, 

conducted at room temperature, followed the sequential steps described below:  

(1) Mix at different volume ratios of Oil-J2 and either R/Hx. The mixture had a dark color. 



 

76 

(2) Titrate the mixture with the low saline water until a specific microemulsion is formed 

and remains unchanged. The change (or microemulsion formation) was observed visually by 

the formation of a brownish phase.  

(3) Allow the microemulsion formed to equilibrate for a minimum of 30 mins.  

(4) By visual observation, determine the type of microemulsion and record the volume of 

titrant.  

Four types of microemulsions were yielded including a WI, in which the brownish phase 

(corresponding to the solubilized water) was in equilibrium with an excess of oil. When the 

brownish phase (corresponding to solubilized oil) was in equilibrium with the excess of water, 

the microemulsion was labeled as WII. A WIII corresponded to the brownish phase in 

equilibrium with oil and water. The gel or WIV was assigned for a microemulsion in which 

there was no excess of either water or oil.  

5.2.2.2 Core flood tests 

The core flood tests were conducted in an apparatus illustrated in Fig. 5.2. The injection assays 

were performed at reservoir temperature.  

 
Fig. 5.2 Schematic representation of microemulsion flooding apparatus (1) Pump; (2) Cell 

containing the fluid to be injected; (3) Pressure controller at the injecting head; (4) Mounted 

core; (5) Temperature controller; (6) Backpressure regulator; (7) Fractionator; (8) UV 

spectrophotometer 

Thermostatic bath 

(2)

(3)

(5)

(4)
(6)

(7)(8)

(1)
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Table 5.4 Summary of injection assays 
Flooding  Flood-01 Flood-03 Flood-04 Flood-05 

Core type Conventional  Unconventional  

Berea sandstone used # 4-01 # 4-03 # 4-04 # 4-05 

PV (ml) 14.2 12.0 12.5 17.5 

Relative Permeability data 

Initial water saturation (-) 0.48 0.69 0.68 0.77 

Initial oil saturation (-) 0.52 0.31 0.32 0.23 

Synthetic water data 

Formation brine SFW-1 SFW-3 SFW-2 SFW-3 

Salinity (wt. % NaCl) 0.70 1.65 0.95 1.65 

pH, (-) 7.50 7.71 6.90 7.71 

M2+ concentration (ppm) 580.7 1401.0 820 1401.0 

Confined Pressure (MPa) 5.0 

T (oC) 55 

Aging time (day) 10 10 19 20 

Preflush stage data 

Code P-1 P-2 

Salinity (wt. % NaCl) 0.40 0.10 

pH, (-) 6.48 9.84 

Injection rate (ml/min) 1.50 1.00 0.75 

PV injected (PV)  2.92 1.33 2.21 2.38 

Microemulsion flooding data 

Slug Code NR-3 NR-2 NR-3 

Injection rate (ml/min) 0.25 0.25 0.15 0.1 

PV injected (PV) 0.51 0.69 0.68 0.35 

Chase water flood data 

Code P-3 

Salinity (wt. % NaCl) 0.10 

pH, (-) 7.92 

Injection rate (ml/min) 1.50 0.75 

PV injected (PV)  3.78 4.10 2.11 1.96 

The summary of the core flooding tests is outlined in Table 5.4. The detailed sequence of the 

injection assays, as performed in this work, is presented below: 

(1) Fresh water flooding. This step aims at determining the base permeability of the core. 

Fresh water (distilled water) was injected at constant flow rate of 0.5 ml/min. The rate was 

increased subsequently to 1.0 and 1.5 ml/min. For each flow rate, this step was conducted for 

1 PV. Water permeability for each run was then computed using Darcy’s law,  

                  (5.1) absK A P
Q

L


 
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where Q is the flowrate (m3/sec), Kabs the permeability (in D = 9.87*10-13 m2), μ is the water 

viscosity (in N.sec/m2), ΔP is the pressure drop across the plug (in Pa) and L is the length of 

the core (in m).  

The effluent water was collected at the production outlet. We used the aqueous fractions to 

prepare the calibration curves for chemical analyses.  

 

(2) Synthetic formation water and heavy oil flooding. SFW-1 (or SFW-2 or SFW-3) and oil 

flooding were conducted both following the unsteady state method. The core was first imbibed 

with 100% of synthetic formation water followed by a drainage using the candidate heavy oil, 

Oil-J2. The heavy oil was flooded down to initial water saturation (Swi). This method was 

chosen over the conventional steady method because it resembles to the displacement occurring 

in a typical oil reservoir. Also, it is reported to give a better endpoint. Both candidate oil and 

SSW were injected at a constant rate of 1.5 ml/min.  

 

(3) Preflush flood. The preflush was low-saline water (P-1 or P-2). The injection was 

performed at 1 ml/min. The preflush was conducted until residual oil saturation (Sor) was 

reached. The core was then allowed to age for 20 days at 55oC and at confined pressure around 

4 MPa.  

 

(4) Microemulsion and chase water flooding. The microemulsion formulation size was about 

0.10-0.25 PV and was injected rate of 0.25 ml/min. At the breakthrough, a postflush (P-3) was 

injected at the rate of 0.75 ml/min for approximately 2 to 3 PV. The effluent fractions were 

collected in a fractionator. The volumes of heavy oil and water, recovered therefrom, were 

recorded.  

5.2.2.3 Chemistry of effluent fractions 

The pH of effluent fractions was monitored using a Laqua Twin pH-meter (Model S010, Horiba 

Scientific, Japan). The concentrations in sodium (Na+) and calcium (Ca2+) were determined 

using Beer-lambert law. The calibration as well as the determination of sample concentration 

was done using UV-Visible spectrophotometer (Model 2450, Shimadzu, Japan).  

5.2.2.4 Dynamic adsorption test 

The dynamic adsorption was computed from the concentration of micellar slug in the effluent 

fractions. The concentration was measured using UV spectrophotometer (Model 2450, 
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Shimadzu, Japan) based on Beer-lambert principle. The calibration curves were prepared from 

the produced water during water permeability test. 

5.3 Microemulsions Formulations and Their Properties 

Fig. 5.3 illustrates the pseudo-ternary diagram obtained from gravimetric titration of the 

mixture (Oil-J2 + micellar slug) by low saline water, which encompasses four major regions.  

 
(a) Using Rx slugs 

 
(b) Using Hx slugs 

Fig. 5.3 Pseudo-ternary diagram of (Oil-J2-0.1 wt. % NaCl -micellar slug)  

WI 

WII 

WI 

WI 

WIII 

WIII 
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These regions included (1) a WI in which the investigated slug was in excess in the aqueous 

phase, (2) a WII in which the slug solubilized/emulsified preferentially the oil phase, (3) a WIII 

and (4) a WIV. Neither of the two formers was suitable to displace the heavy oil based on our 

proposed production scheme, largely because of either an eventual fingering effect (WI) or 

plausible loss of micellar slug (WII). For a concentration in Rx between the ranges of 40 – 85 

wt. %, a WIII was yielded. Likewise, WIII was obtained when the concentration in Hx ranged 

from 18 – 80 wt. %.  

Although this case is desirable for a classic chemical-EOR, formulating a microemulsion 

from this region might have led to misleading results as the microemulsion had an excess of 

oil and water. However, we noticed that beyond, at a defined concentration of oil and water, a 

fully solubilized mixture consisting of oil – water – micellar slug was obtained (WIV). The 

formulation, further injected, was selected therefrom. Both formulations had a brownish and 

gelatinous appearance, which suggested the formation of petroleum sulfonates. Table 5.5 

summarizes the properties and the composition of the microemulsion formulations.  

The rheological study of the formulated microemulsions revealed that NR3 was about 1.8 

heavier than NR2 at the same shear rate and temperature (Fig. 5.4). NR2 and NR3 exhibited 

both a pseudo-plastic behavior i.e. their respective viscosities decreased with the shear rate. 

This observation is consistent with the results discussed in Chapter 4. On the average, the 

viscosity of NR2 and NR3 was 2.5 and 4.2 times higher than that of Oil-J2 respectively. The 

difference lied to the extent to which the primary slug solubilized (or emulsified) the residual 

oil. 

 
Fig. 5.4 Rheology of microemulsion-gel type at 55oC 
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Table 5.5 Composition and properties of microemulsion-gel type a 
 Chemical composition, wt.% Physical properties 

Formulation code Heavy oil Micellar slug Brine ρ, kg/m3  MW, g/mol 

NR2 46.4 28.7 24.9 0.982  134.5 

NR3 67.5 3.7 28.8 0.995  235.0 

a ρ: fluid density measured at 25oC; μ: absolute viscosity measured at experiment conditions (55oC, 14 s-1); MW: 

molecular weight. 

If the chemical structure of cationic Gemini surfactant is recalled, it appears that the micellar 

slugs prepared from longer molecular chains (i.e. Hx) have better solubilization/emulsification 

degree even at low concentration. Furthermore, not only these results corroborated with the 

phase behavior results discussed in the earlier chapters, but also they tend to confirm the 

significance of alkyl chain and that of the microemulsion clustering. In other words, the 

rheology of the microemulsion depended on (i) nature of alkyl chain of the surfactant, (ii) the 

formation of reverse micelles and (iii) the synergy between oil and micellar slug. 

5.4 Oil Recovery  

5.4.1 Heavy oil production from conventional cores 

The secondary recovery using a classical water flooding (P-1) displaced about 33.6 and only 

0.29 % of the initial oil-in-place in Flood-01 (Fig. 5.5a) and Flood-03 (Fig. 5.5b) respectively. 

In this flooding scheme, the prime purpose of the P-1 was the wettability alteration rather than 

recovery of the residual oil. Moreover, the preflush stage aimed at ionizing the surface charges 

of both residual oil and the plug with the further purpose to investigate the effect of enrichment 

of the preflush. This step was performed until the oil cut was less than 1% at which NR2 (or 

NR3) was injected. Subsequently, an increment in oil production of about 31 and 20% in Flood-

01 and Flood-03 respectively was observed when the sandstones were flooded by NR3 and 

NR2 respectively.  

The oil production was accompanied with a sharp increase in pressure drop, which reflected 

the occurrence of interactions between the oil bank and each flooding fluid. In other words, the 

response in pressure should be viewed as a decrease of viscous forces that keep the oil trapped 

between the interstices of the sandstone. The increase in pressure drop was gradual until it 

peaked to its maximal at/or few PVs after MF flooding. At the trailing edge of the 

microemulsion, P-3 was injected. We conducted this step until the residual oil saturation was 

reached. The pressure drop was fairly altered in Flood-03 (Fig. 5.5b), which was concurrent 

with a low increment in oil that was about 21% (Fig. 5.5a). On the other hand, in Flood-01, the 
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pressure drop decreases monotonically until it reaches a value close to that of P-1. This 

observation is concurrent with an oil production of 20% of IOIP.  
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(a) Flood-01 
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(b) Flood-03 

Fig. 5.5 Oil recovery from conventional Berea sandstones; P-1: Preflush stage; NR2/3: 

microemulsion flood; P-3: Chase water flood  

5.4.2 Heavy oil production from unconventional cores 

The microemulsion flooding performed in unconventional sandstones i.e. an artificially 

fractured Berea sandstone (Flood-04) and heterogeneous sandstone (Flood-05) is presented in 

Fig. 5.6a and Fig. 5.6b respectively. Up to 37 and 70% of IOIP were achieved in Flood-04 and 

Flood-05 using P-2, an alkaline and low saline water. The fracture and the high permeability 
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zone provided both a matrix within which hydrocarbons are stored. This means as P-2 

propagated through the core, it channeled preferentially within the network developed by the 

matrix. The weak capillary driving forces, existing therein, favored the oil to be displaced 

easily. This mechanism explained presumably the high recovery at this stage. Also, it was 

interesting to see the different pattern follows by the pressure drop. In fact, with the artificial 

fracture within the sandstone (Fig. 5.6a), P-2 seemed to propagate similarly to a homogeneous 

core (Fig. 5.5a). However, a porous medium promoted a sharp increase in pressure drop (Fig. 

5.6b).  
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(a) Flood-04 
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(b) Flood-05 

Fig. 5.6 Oil recovery from unconventional sandstone cores; P-2: Alkaline preflush; NR2/3: 

microemulsion flood; P-3: Chase water flood  
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With the injection of NR2 (or NR3), the pressure drop increases steeply in both sandstones 

with the sharpest increase observed for the artificially fractured core (Fig. 5.6a). This was 

equally marked by an oil production of 6.4 and 8.4% of IOIP in Flood-04 (Fig. 5.6a) and Flood-

05 (Fig. 5.6b) respectively. A little increment in oil was observed upon flooding the 

unconventional sandstones with P-3 (3.3 and 6.7% of IOIP in Flood-04 and Flood-05 

respectively). Plausibly, both the pre-flush and the microemulsion flooding have exhausted the 

oil trapped within the thief zone. Another possibility is that flow of the displacing fluid is high 

in the thief zone to the point that the pressure drop does not play as important role in production. 

Perhaps in unconventional cores, Oil-J2 was produced subsequently to the fracture/matrix 

interactions. The literature reports that the efficiency of an oil recovery method in fractured 

formation and/or highly permeable medium relies primarily on spontaneous imbibition, which 

itself is efficient when the formation is at its strongly water-wet state (Salehi et al., 2008; Tarek, 

2001).  

5.5 Wettability Alteration 

5.5.1 Relative permeability ratio 

In reviewing the relative permeability ratio during the oil production considering this flooding 

scheme, we observed that the wetting state changed gradually from oil-wet to mixed wet (Fig. 

5.7a and Fig. 5.7b) and from neutral wet to strongly water-wet (Fig. 5.7c and 5.7d). A priori, 

aforementioned results showed that the injection, and the propagation, of the microemulsion 

formulations reduce the capillary forces within the core. The preflush (P-1) increased the water 

saturation (Sw) from 0.11 to 0.67 (Fig. 5.7a).  On the other hand, P-1 altered fairly flood-03 

from 0.48 to 0.49, which corresponds to a little increase of 0.31% (Fig. 5.7b). The alteration of 

Sw was lowered to 8% (Fig. 5.7b).  

With the implementation of the tertiary recovery i.e. NR2 (or NR3) + P-3, Sw increased 

subsequently from Swi to 65.3% in Flood-01 (Fig. 5.7a) and 58.7% in Flood-03 (Fig. 5.7b). A 

similar analysis for unconventional sandstones reveals that Sw increases from its initial value of 

about 67 and 81% during the preflush (P-2) and the tertiary recovery respectively in Flood-04 

(Fig. 5.7c). These values were lowered to about 66.1 % in Flood-05 (Fig. 5.7d). The weak 

alteration in Flood-05 is directly attributed to the large storage capacity through which Oil-J2 

flows preferentially. Therefore, one may think that the reasoning provides for the artificially 

fractured core could be valid for the heterogeneous sandstone.  
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(c) Flood-04 (d) Flood-05 

Fig. 5.7 Wettability alteration as function of water saturation, Sor: residual oil saturation  

5.5.2 Effect of preflush composition  

It is conjectured in the literature that altering the composition of the advancing fluid could 

produce more oil (Austad et al., 2010). This is so because, the chemical composition of 

displacing fluid acts upon the capillary forces through several physico-chemical mechanisms. 

Therefore, in the sought of verifying the extent to which the chemistry of P-1 and P-2 decreased 

the oil saturation, and subsequently alters the core wettability, we measured the effluent pH at 

each stage of the oil production with the assumptions that the pH hints at a chemistry occurring 

within the core. The results are shown in Fig. 5.8.  

The injection of a fairly acidic preflush decreased the pH at the effluent the first few PV, 

which increased subsequently upon injecting the microemulsion formulation (Fig. 5.8 a, Fig. 

5.8b). A reverse trend was observed for an alkaline preflush, which increases steadily the pH 

at the effluent (Fig. 5.8c, Fig. 5.8d). Subsequently, the oil saturation decreases (So). This is a 

clear indication that the acidity (or the chemical composition) of the preflush alters the 

saturation of the residual oil. While comparing, for example Flood-01 (homogeneous core) and 

Flood-05 (heterogeneous sandstone), we can see that the pH at the effluent increases steadily 

P-1 
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NR3+P-3 
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until it reaches its maximum after 1.5 PV and 1.66 PV in the homogeneous and heterogeneous 

cores respectively (Fig. 5.8a, Fig. 5.8d). This observation is concurrent with a sharp decrease 

in So of an average computed rate of 17 % per PV of injected brine (Fig. 5.8a) and 39 % per 

PV injected (Fig. 5.8d). The increasing pH, and subsequently the decrease in So, highlights 

somewhat the potential of both low saline waters to alter the properties of the sandstone.  

We believe the extent to which this alteration occurs is related to the ionic strength (and/or 

the acidity) of the injected water. Considering the work of Mohan et al. (1993), whom 

hypothesized a cationic exchange between the hydronium ions (H3O
+) and sodium ions (Na+), 

it is plausible that the weak acidity of P-1 and the alkalinity of P-2 were sufficient to ionize the 

native minerals of the cores leaving at their rears an ionized sandstone. With the injection of 

microemulsion formulations, we observed an abrupt decrease in the pH at the effluent water 

(Fig. 5.8a, Fig. 5.8c,, and Fig. 5.8d). While this observation was true for Flood-01, 04 and 05, 

a reverse trend is seen for Flood-03 (Fig. 5.8b). Presumably, the propagation of microemulsions 

prompted a series of chemical reactions.  
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(c) Flood-04 (d) Flood-05 

Fig. 5.8 Oil saturation alteration by change in preflush composition  
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(a) Flood-01 (b) Flood-05 

Fig. 5.9 Emulsion and water cuts from conventional sandstones 

These chemical reactions that promoted favorable conditions for in-situ saponification and/or 

emulsification, which accounts the emulsion cut observed during the oil production (Fig. 5.9). 

We could correlate therefore that the recovery during the postflush depends primarily of the 

state of the core prior its injection. If the minerals of the core are sufficiently ionized, it results 

an enrichment of the propagating fluid. The propagation will further resemble to an alkaline 

flooding, hence the incremental oil recovery and the shift to a more water-wet of the sandstone.  

5.6 Alteration of Heavy Oil Production by Microemulsion-Oil-Rock 

Interactions 

5.6.1 Ion tracking and its influence of formulation performance 

In the previous sections, it has been shown that the wettability, and thus the oil production, is 

dependent on crude oil/brine/rock (COBR) interactions. In order to increase and/or maximize 

the oil production, perhaps it is vital to understand the mechanisms of wettability alteration 

during this production scheme.  

For this purpose, we tracked the concentration of Ca2+ and that of Na+ in the effluent water 

with the assumption that both ions are representative of the composition of the native core and 

the formation water. The results, performed only for Flood-01, are shown in Fig. 5.10a. A 

monotonic decrease in concentration in respect of preflush size was observed, which inverted 

when NR3 is injected. Both ions reached their optimal values at/around the water breakthrough 

beyond which, their concentration decreased. It seems clearly that each displacing fluid 

interacts, its own way, with the reservoir rock and the resident fluids.  

In theory, if a fluid flows through a core without interacting chemically with the native 

minerals of the core, the concentration in any of its ionic element should be equal to that of the 
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diluted concentration of original fluid. Also, the curves diluted concentration vs. that of injected 

volume of the liquid, if plotted, should follow the same pattern. This implied that any reverse 

pattern between the diluted and measured concentration should be interpreted as result of 

chemistry between the propagating fluid and reservoir rock. In this research, we computed the 

diluted concentration of Na+ (that is the concentration of Na+ if there was no chemical 

interaction) and compare graphically with that of its equivalent concentration in the effluent 

fraction. The results are presented in Fig. 5.10b. 

Preflush stage. It can be seen that both diluted and measured concentrations decrease with 

the size of the preflush, P-2.  

 

(a) Calcium and sodium tracking analysis 

 
(b) Diluted and measured concentration of Na+ during flood-01 

Fig. 5.10 Ion tracking and effect of flooding fluid  
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On the average, we found that the concentration in Na+ was on average 43.4% lower than 

that of the diluted one in Flood-01 (Fig. 5.10b). Considering that investigated plug is rich in 

orthoclase (KAlSiO3), it is plausible from a geochemical point of view that the native mineral 

may undergo through a chemistry shown in equations (4.2 and 4.3). If the preflush is a low-

saline water weakly acidic (P-1),  

                (5.2) 

If however, the preflush is alkaline (P-2), plausibly during flood-04 or flood-05,  

             (5.3) 

With enrichment of preflush with a weak base (Flood-04 or Flood-05), the formation of 

anorthite (CaAl2Si3O8) is prompted from the native orthoclase (KAlSiO3), while a preflush 

with weakly acid low-saline water yields albite (Flood-01 or Flood-03). Following equations 

(4.2) – (4.3), the decrease observed in Na+, and thus that in Ca2+ during preflush stage, are 

justified.  

Microemulsion formulation injection. NR3 prompted a sharp increase in measured Na+ 

concentration increased (Fig. 5.10b). More interesting, we observed that the heavy oil 

production was accompanied with a sludge deposition (Fig. 5.11), which is noticeable 

drawback for this method. This was true regardless the composition of the preflush and the 

microemulsion formulations. With the understanding that NR3 was prepared from divalent-

free materials, there is no apparent reason that justifies the build-up in divalent ions. The only 

rational thought would be the assumption of a series of chemical reactions (equations 4.4 and 

4.5) prompted by the formulation during its propagation inside the pore throats.  

 
(a) Flood-01 (b) Flood-05 

Fig. 5.11 Sludge deposition at the water breakthrough; from Nguele et al. (2017) 

3 8( ) ( ) 3 8( ) ( )KAlSi O + Na  NaAlSi O Ks aq s aq

  

2 3

3 8( ) ( ) ( ) ( ) 2 3 8( ) ( ) 4 4( )KAlSi O + 4OH + Ca Al CaAl Si O K H SiOs aq aq aq s aq aq

      
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Therefore, in an acidic environment, we proposed the following reaction,  

            (5.4) 

On the other hand, the microemulsion propagates in an alkaline medium, we think that the 

sludge is formed subsequently to reaction between anorthite and silic acid: 

          (5.5) 

Equations (5.4 - 5.5) are consistent with the pH profile of the effluent fraction (Fig.5.8). We 

were lead to think that both microemulsion formulations promote the adsorption of free cations 

on ionized sites of the core. This mechanism is known as ion binding effect. Therefore, the 

sludge is believed to be an aggregate of kaolinite or Al4Si4O10(OH)8. The results reported in 

this research are consistent also with the literature, which stated that the ion binding is likely 

to be pronounced if the crude oil is highly acidic and the reservoir formation rich in clay i.e. 

kaolinite and/or montmorillonite (Anderson, 1986). 

The latter effect was verified by the dynamic adsorption analysis shown in Fig. 5.12, which 

revealed that the slug was retained more either at the early stage of micro emulsion formulation 

injection (Fig. 5.12a) or during water breakthrough (Fig. 5.12b). As NR3 journeyed through 

the sandstone, it leached the minerals of the sandstone. If the core is rich in kaolinite and/or 

montmorillonite, the large surface area of the mineral (and its charged sites) would favor a high 

retention (Fig. 5.12a). On the other hand, if there are less interaction between the residual oil 

and the formulation (probably due to the existence of high permeability zone and/or fracture 

network), we believe that the slug retention was subsequent to an ion binding promoted by the 

preflush. 

Chase water. The concentration in Na+ decreases during P-3 flooding. It was equally 

observed that the volume of deposited sludge was reduced. Both observations suggest that the 

P-3 favor dissolution of aggregates. The decrease in Na+ weakened the columbic interactions 

between ionic materials dissolved within the reservoir fluids. Depending on the ionic strength 

of the effluent, Morrow et al. (1996) proposed several interactions between resident oil, 

divalent (or monovalent) ion and the mineral rock. These interactions include [oil – M2+ – oil], 

[mineral – M2+ – mineral] and [oil – M2+ – mineral], where M2+ is the divalent ion. The latter 

combination is similar to what is known as Calcium Bridge. In this type of interactions, the 

3 8( ) ( ) 2 ( ) 4 4 10 8( ) ( ) 4 4( )NaAlSi O 4H 18H O Al Si O (OH) 4Na 8H SiOs aq aq s aq aq

     

3 2

2 3 8( ) ( ) ( ) 4 4( ) 4 4 10 8( ) ( ) 2 ( )CaAl Si O 4OH 2Al H SiO  Al Si O (OH) Ca 2H Os aq aq aq s aq aq

      
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divalent ions (present in the formation brine) form a buffer layer between residual oil and the 

propagating fluid. Their presence, if proven, could provide a deeper explanation in the loss of 

efficiency of the microemulsion formulation. We ran several infrared spectra of effluent 

fractions, i.e. produced heavy oil and its corresponding effluent water at different stages of 

production, for Flood-01 and flood-05 to confirm the presence of calcium bridges.  

 
(a) Flood-01 

 
(b) Flood-05 

Fig. 5.12 Dynamic adsorption during microemulsion flooding  

Therefrom, we think that acid environment, within which the NR3 is propagating, promoted 

the complexation of petroleum acids by divalent ions, following a plausible chemistry shown 

in Equations 5.6 - 5.7 as proposed by Nguele et al. (Nguele et al., 2017) ,  

            (5.6) 
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            (5.7) 

However, the microemulsion leaves at its trail an alkaline environment, calcium bridges can 

be re-dissolved following Equation 5.8,  

 

(5.8) 

5.6.2 Formation of clusters 

The phase behavior tests, discussed in Chapter 3, have revealed that the built-up in M2+ reduces 

the efficiency of the cationic microemulsion. Moreover, we have shown in above sections that 

concentration in M2+ could increase due to the leaching of the native minerals of the sandstone. 

Therefore, in sought of understanding deeply the efficiency loss of NR3, we analyzed at the 

microscopic level the different aqueous phase of the effluent fractions. These experiments were 

only performed for Flood-01 and Flood-02 (Fig. 5.12).  

This was equally marked by an increase in particle size distribution, which tends to confirm 

the occurrence of Equations (5.4 and 5.5). The use of the chase water, P-3, prompts a 

disaggregation of the clusters. We should note that that the clusters were pronounced when the 

concentration in divalent ions increased. Therefore, it should be rational to guess the existence 

of threshold concentration in M2+ above which these ions develop an electrostatic and/or 

electrical field that further promotes clustering of water and oil molecules and/or presumably 

the formation of calcium bridges. Following this assumption, we used the model presented in 

Chapter 3 with consideration that the concentration in M2+ is considerable to promote the 

clustering, which is in reality, close to the actual case study.  

The results are shown in Fig. 5.14. The clusters and/or the sludge formation were found 

dependent of the concentration in M2+ and the acidity/alkalinity. Each production stage is 

accompanied by a change in acidity depending of the propagating fluid. This is to say that the 

preflush (or microemulsion formulations) favors a phase transition, which is enhanced by the 

complexation of hydrophobic parts of the oil by M2+.  
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(a) Microphotographs of emulsion formed in the effluent fractions; (i) Flood-01 and (ii) 

Flood-05 

 
(b) Particle size distribution at the different stages of oil production; () Flood-01 and () 

Flood-05  

Fig. 5.13 Particle size distribution at the different stages of oil production 

The phase transition resulting from the displacement of heavy oil by a NR3 could be seen as 

W/O  O/ NR3  NR3/W. While this phase transition was found valid when PF1 was used, 

P-2 inverted the sequence. Also, Fig. 5.14 revealed that particle size, predicted by the 

electrostatic model is much higher compared to that of emulsions. The chase water flooding, 

the corresponding values for Flood-01 and Flood-05 were found to be 36.2 and 39.1% 

respectively, which implied that beyond the chemical occurrence included in the electrostatic 

model, there are probably more factors that promote also the emulsion clustering. Also, this 

model highlighted the significance of the preflush composition in clustering, and thus the 

microemulsion formulation efficiency. For example, it shows that with the addition of as an 

alkali in the preflush, the size of the clusters decreases steeply. 
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(a) Flood-01 

 
(b) Flood-05 

Fig. 5.14 Modeling of particle clustering; () Predicted; () Experimental  

5.7 Summary 

In this chapter, we have investigated experimentally the potential of microemulsion flooding 

for heavy oils in different Berea sandstones. Herein was discussed a flooding scheme consisting 

of the injection of a microemulsion formulated ex-situ. Not only was presented a mechanistic 

study, but also we presented the impact of the interactions microemulsion-oil-reservoir rock. 

The major outlines of this chapter are:  

(1) The salinity at which the microemulsion formulations should be prepared is sensitive 

to (i) the length of the alkyl chain of the primary Gemini surfactant, (ii) the nature and the 

molecular weight of its cosolvent and (iii) the acidity of the residual crude oil. 
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(2) The incremental oil recovery using microemulsion formulations displaced about 31, 

20% of the initial oil-in-place (IOIP) in conventional water-flooded sandstones. From 

unconventional sandstones, the values were lowered to 6.4 and 8.4% of IOIP. 

 

(3) The propagation of microemulsion formulations promoted favorable conditions for in-

situ saponification and/or emulsification which yield an interfacial tension low enough to 

alter the wettability of the sandstone. 

 

(4) The composition and the pH of the advancing formation brines defined the type of 

interactions mechanisms with the native minerals and residual oil, which further dictated the 

wettability. 

 

(5) Microemulsion formulations prompted an increase in divalent/monovalent ion 

concentrations and the formation of sludge. Both mechanisms were influenced by the 

composition of the preflush. 

 

(6) Emulsion clustering, the sludge deposition and the formation of calcium bridges were 

dependent of (i) concentration in divalent ions, (ii) acidity/alkalinity and (iii) the nature of 

propagating fluid. 
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SUMMARY and CONCLUSIONS 

6.1 Summary  

The current trend in oil production reveals that most of the supplied resources come from 

mature oilfields that have undergone through a primary and/or secondary recovery. These 

observations associated with the fact that few fields have been discovered over the past 

decades, there is an obvious for the oil industry to develop technologies that will sustain the 

increasing demand in energy. Heavy oils, and to a further extent extra-heavy oils, could be a 

providential alternative. On average, the primary and secondary oil recovery account for about 

one-third of the initial oil-in-place (IOIP), which leaves behind a considerable amount of oils 

underground. The untapped heavy oils are trapped primarily because of the high capillary 

forces existing within the pore of the sandstones. They prevent the oil to flow the wellbore for 

production.  

Therefore, this research presented the screening and the laboratory evaluation of two tertiary 

recovery methods for heavy oil trapped within the pore throats of a sandstone formation. The 

motivation was to highlight their potential application in the candidate fields. Ultimately, it was 

sought to propose an improved recovery technique, which is (i) technically achievable, (ii) 

eliminates (or at least reduces) the energy requirements and (iii) is environment-friendly. 

Primarily experimental, this work has used as starting materials two candidate heavy oils (11.5o 

and 16.6o API), collected from the surface equipment in Akebono oilfield (Akita, Japan). Given 

the low oil saturation and permeability of the candidate formations, two non-thermal improved 

oil recovery (IOR) methods were pre-screened including miscible gas-EOR and chemical-

EOR.  

6.2 Heavy Oil Production in Respect of the Petro-physical Properties of the 

Candidate Formations 

Gas injection is one of the oldest EOR methods. Successfully implemented for light to medium 

crudes oils, miscible gas-EOR (CO2-EOR in particular) is the only EOR method, of which 

importance keeps growing worldwide despite the fluctuating oil price. This is so because the 

mechanisms of miscible gas-EOR have been mastered as a result of extensive laboratory and 

field experience. Additionally, CO2 has the ability to achieve a low minimum miscibility 

pressure (MMP) in a wide type of crude oils compared to other gases like N2 and CH4. From 

the experiments conducted in this research the following conclusions could be drawn: 
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(1) Supercritical state (sCO2), has a better solvating potential than sub-critical CO2. If 

injected in the candidate formations, its ability as solvating agent will be altered by the gravity 

i.e. the oiliness of the residual oils. Moreover, the formation water is also expected to lower 

the solubility of sCO2 as it acts as a kinetic barrier.  

 

(2) sCO2 perturbed better  the kinetics and the stability of the equilibrium of intermolecular 

forces than CO2. This means, from a technical point of view, that sCO2 will develop a better 

foaminess in the candidate heavy oils.  

 

(3) However, during the development of the miscibility front, sCO2 will promote the 

desaphalting of the residual oil, which strips the light fractions of the residual to the heavier 

fractions. This study revealed this mechanism will increase with the saturation pressure.  

 

(4)  The challenge in implementing sCO2 injection in the candidate field would be the 

asphaltene deposition, which was shown to be subsequent to the concentration in sCO2 within 

the oil phase.  

 

(5) The purity of sCO2 would force the solubility of asphaltene to increase following an S-

shape. However, an impure sCO2 (that is sCO2 diluted with a lean gas) is expected to decrease 

the asphaltene solubility, thus to increase its tendency to aggregate. Furthermore, the impurity 

of sCO2 will enhance either the flocculation or the coagulation of asphaltene depending on 

the specific gravity of the residual oils.  

 

(6)  The formation temperature enhance the solvating power of sCO2, thus decreases the 

solubility of asphaltene, which means that at the reservoir conditions asphaltene will be less 

soluble. However, if the temperature at the equilibrium is lower than that of the formation. a 

re-dissolution of suspended asphaltenes is expected.  

 

(7) For sCO2 to be applicable in the candidate oilfields, proper injecting conditions, at which 

the dissolved gas would keep asphaltene in suspension, should be defined.  
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6.3 Heavy Oil Production in Respect of the Physico-Physical Properties of 

the Candidate Heavy Oils 

A chemical method, among the existing IOR techniques, involves the injection of a chemical 

(slug), which supplements the natural reservoir energy by interacting with the rock-oil-brine 

system. This creates favorable conditions for maximum oil recovery. These interactions EOR 

involve generally the lowering of the interfacial tension (IFT), the rock wettability alteration 

and a favorable phase behavior. In a classical chemical-EOR, the reservoir is pre-flushed with 

buffer solution, which neutralizes the ionic elements that reduce the efficient of the slug. The 

slug could be a surfactant, an alkali, a polymer or a combination of them. The success of a 

chemical-IOR resides on the ability of the slug to mobilize efficiently the oil droplets trapped 

within the pore throats. In this regard, a new class of surfactants i.e. Gemini surfactants were 

investigated in this research.  

6.3.1 Cationic Gemini surfactants for improved heavy oil recovery 

Gemini surfactants are a group of new class of surfactants with more than one hydrophilic head 

group and hydrophobic tail group linked by a spacer at/or near the head groups. Two cationic 

Gemini surfactants were investigated including a 12-3-12 (trimethylene-1,3-

bis(dodecyldimethylammonium bromide) and 16-3-16 (trimethylene-1,3-

bis(hexadecyldimethylammonium bromide). Their unique features in respect of oil recovery 

were investigated including the surface tension, the critical micelle concentration (CMC), the 

adsorption and the corrosion inhibiting potential of the slugs. Further analyses on the physico-

chemical properties of their inherent microemulsions from the candidate residual oils were 

carried out. The key findings are: 

(1) Both the length of the hydrophobic tail of the cationic Gemini surfactant and the 

formation salinity would alter the CMC. However, formulating a micellar slug with a non-

ionic cosolvent would alleviate the latter effect. 

 

(2) The hardness of the candidate formation water (i.e. its concentration in divalent ions) 

would alter the CMC, and thus the static surface tension, regardless the length of the alkyl 

chain, the cosurfactant and the concentration.  

 

(3) The static adsorption of cationic micellar slug followed the sequence kaolinite > 

montmorillonite > and dolomite > Berea sandstone, where the highest adsorption was found 
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in kaolinite. With the knowledge that the formation is a sandstone type, a low adsorption may 

be expected.  

 

(4) Using a micellar slug prepared from a cationic Gemini surfactant, it is possible to control 

the formation of acidic materials yielded during sCO2 injection.  

 

(5) The micellar slugs from cationic Gemini surfactants showed an extraordinary ability to 

achieve an ultra-low interfacial tension (IFT) even at a low-surfactant concentration. 

However, the achievable IFT is dependent on the length of the hydrophobic tail of the primary 

surfactant, the nature of the respective cosurfactant, the presence in divalent ions in the 

formation water and the concentration in acidic materials within the residual oil.  

 

(6) The candidate formation temperature increases the achievable IFT, while its hardness 

altered the optimal salinity. Both observations were found valid regardless the type of 

candidate heavy oils.  

 

(7) The viscosity of the microemulsions showed a pseudo-plastic behavior, with the heaviest 

microemulsion yielded by the slug prepared from the cationic Gemini surfactants with the 

longest alkyl chain. The apparent viscosity was equally altered by the salinity with the highest 

value recorded at/around the optimal salinity. 

6.3.2 Laboratory evaluation of microemulsion flooding for heavy oils 

The potential of microemulsion as displacing agent was verified by a series of core flood tests. 

The recovery scheme proposed the injection of a microemulsion prepared ex-situ. A systematic 

mechanistic study is presented. Additionally, the alteration of the potential of microemulsion 

as displacing agent due to the interactions with the system oil-reservoir rock was investigated. 

The key conclusions drawn are: 

(1) The incremental oil recovery using microemulsion formulations displaced about 31 and 

20% of the initial oil-in-place (IOIP) in conventional water-flooded sandstones. The same 

formulations injected in an artificially fractured and heterogeneous cores yielded a recovery 

of about to 6.4 and 8.4% of IOIP respectively. 
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(2) The composition and the acidity of the preflush would define the type of interactions 

mechanisms between the microemulsion formulation, the residual petroleum fluids and the 

native minerals. The resulting wettability alteration is inherent to these interactions.  

 

(3) Microemulsion formulations were found not only to prompt a build-up in divalent and/or 

monovalent ion concentration, but also to promote the precipitation of sludgy materials.  

 

(4) The sludge deposition is the main challenge in this production scheme. A tentative 

mitigation route would be the use of an alkaline preflush.  

 

(5) Emulsion clustering and the sludge deposition were found dependent of (i) concentration 

in divalent ions, (ii) acidity/alkalinity and (iii) the nature of propagating fluid. 

 

6.4 Future Challenges and Considerations 

Heavy oils and extra-heavy oils represent a huge potential for the growing energy demand with 

large volumes still trapped underground. Several tertiary methods have been investigated over 

the past decades with mitigated results. This is because the choice, the implementation and the 

success of an EOR technique is severely affected by the geometry of the reservoir, the 

properties of the residual oil. Throughout this work, several factors and challenges, highlighted 

as possible drawbacks, required further investigations prior considering the method for a trial 

field. These key points, among many others, include: 

 Candidate formation data are essential to the design process, and should be collected and 

used whenever possible for more realistic (compared to Berea sandstones). 

 

 Investigation on mechanisms of asphaltene aggregation during the swelling process of the 

oil, which requires more experiments that will validate the thermodynamic model proposed. 

 

 A core-flood tests using sCO2 should be conducted in order to define the injecting 

parameters window for the test field. 

 

 The clustering within the microemulsion is an interesting topic as it can help to 

understand the rheology of microemulsions and thus its propagation within the formation. 
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The model, proposed in this work, should be further investigated and validated by additional 

experiments.  

 

 A deeper study on interactions [crude oil – reservoir brine – microemulsion] should be 

extended. This will be helpful to understand, and perhaps to predict, the mechanisms of 

sludge deposition.  

 

 A numerical simulation should be carried to evaluate the potential of the proposed 

production scheme on a field scale. However, it should be noted that a typical simulation is 

based upon assumption specially when building the geological model. This means that for 

the results to reflect the reality, not only the experiments should be conducted from the 

candidate formation cores, but also the actual petro-physical properties of the formation are 

needed.  
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