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ABSTRACT 

 

In Saskatchewan, Enhanced Oil Recovery (EOR) techniques were applied in many light 

and medium oil reservoirs in order to improve oil recovery. One of the most efficient 

EOR methods is chemical flooding. This research studied the efficiency of introducing 

various types of Ionic Liquids (ILs), 1-Ethyl-3-Methyl-Imidazolium Acetate 

([EMIM][Ac]), 1-Ethyl-3-methylimidazolium chloride ([EMIM][Cl]), 1-Benzyl-3-

methylimidazolium chloride ([BenzMIM][Cl]), and Trihexyltetradecylphosphonium 

chloride ([THTDPh][Cl]), on the recovery factor (RF) of medium oil,  (Weyburn oil, 

30.25 
o
API),at room conditions. 

The main focus of this research was to investigate the effects of IL concentration, Slug 

Size (SS), and IL + brine slug initiation time on the (RF). The runs carried out 

demonstrated that oil recovery cannot economically increase beyond using the optimum 

concentration of IL in the mixture of displacing fluid and that the most efficient injection 

time of the chemical slug was at the beginning of the flooding procedure (as secondary 

flooding mode). In addition, the effect of ILs concentrations on the Surface Tension 

(SFT), pH, wettability alteration, and viscosity of the displacing phases were also 

investigated. 

Finally, it was shown that the potential of injecting a slug of IL + brine is much better 

than that of introducing a slug of alkali + brine. Moreover, the combination of IL and 

alkali (AIL) resulted in better RF than injecting either of them alone. On the other hand, 

introducing a slug of polymer + brine was more efficient than the others in terms of 
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developing the recovery factor, but the combination of an IL slug and polymer slug 

resulted in a better RF , 91.68%OOIP, than injecting either of them alone.    
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CHAPTER 1 

INTRODUCTION 

1.1 Overview  

Given the depletion of oil reservoir energy and the limited discovery of new reservoirs, 

petroleum researchers have begun seeking an efficient new technique, and one of the 

most promising methods is Enhanced Oil Recovery (EOR); this process is undertaken by 

injecting chemicals into reservoirs to improve the recovery factor (RF) and refine residual 

oil remaining after primary and secondary recovery.  Chemically-enhanced oil recovery 

techniques have been over the last three decades. these methods have different impacts on 

the recovery factor based on the type of chemicals used in the process. Potentially, the 

chemicals decrease the residual oil saturation by  reducing surface tension, improve 

sweeping efficiency as they increase the displacing fluid’s viscosity, lowering the 

mobility ratio, and altering rock wettability (Healy and Reed 1974; Jamaloei, B. Y 2009). 

In recent times, chemicals called Ionic Liquids, have been used to enhance oil recovery. 

 

There are many types of Ionic Liquids which are formed mainly from an organic cation, 

and organic or inorganic anion. Although Ionic liquids have many advantages such as 

commercial availability, solvent stability, non-corrosion, recyclability, and low toxicity 

(Swapnil, 2012), chemically enhanced oil recovery by ionic liquids is still under 

investigation by researchers to quantify their effects on RF under  different flooding 

conditions. Consequently, the systematic application of Ionic Liquid flooding for 

enhanced oil recovery depends on several variables including: chemical concentration of 
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mixture, slug size, slug injecting time, and Ionic Liquid type, all required for 

investigation of oil displacement. 

1.2 Organization of Thesis 

This thesis is classified as follows,  

 Chapter one: provides an overview of the research topic; subsequent chapters 

outline the thesis.   

 Chapter two: identifies the statement of the problem and research objectives.  

 Chapter three: provides a literature survey.  

 Chapter four: describes the experimental procedure, materials and apparatus 

used in this study. 

 Chapter five:  shows study results with discussion. 

 Chapter six: summarizes findings and makes recommendations for further 

investigation. 

 Appendix  
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CHAPTER 2 

STATEMENT OF THE PROBLEM 

The purpose of this research is to investigate the effect of different types of Ionic Liquids 

on the medium oil recovery factor at room conditions. The main objectives of this study 

are summarized as follows:  

1. To determine the optimum Ionic Liquid (IL) concentration in displacing mixture 

that enhances medium oil recovery by flooding core samples with different IL 

concentrations mixtures , and by  determine the critical micelle concentration 

(CMC) that will optimize the IL concentration for additional oil recovery. 

2. To study the effect of ionic liquids’ slug sizes on oil recovery as the ionic liquid 

mixtures are injected as a continuous phase and different slug sizes when they 

were employed during the flooding process as secondary and tertiary flooding 

modes  

3. To explore the differences in effect of various ionic liquid types and other 

chemicals (alkali and polymer alone or combined with ionic liquids) on the 

recovery factor.  

4. To investigate the effect of ionic liquids on some mechanisms such as surface 

tension, pH, the viscosity of displaced fluid, and wettability alteration to improve 

oil recovery.    
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CHAPTER 3 

LETRITURE REVIEW 

It is crucial to increase the oil production from existing reservoirs, due to the high cost of 

exploring new reservoirs (Nilsson et al., 1997). About 5-30 % of the Original Oil in Place 

(OOIP) can be recovered by natural forces (primary recovery) (Farouq and Stahl, 1970). 

Secondary oil recovery techniques are applied when primary production fails to produce 

more oil by injecting fluids (water or gas) that maintain reservoir pressure (Satter et al., 

2008). However, applying only secondary recovery methods to increase oil production is 

not sufficient to produce all mobile oil in the reservoir.  Therefore, tertiary recovery, or 

enhanced oil recovery (EOR) methods are suggested to increase the percentage of oil 

recovered from trapped oil following conventional recovery methods (Dosher and Wise, 

1976; Zerpa et al., 2005). Many EOR techniques have been proven to increase oil 

recovery after reservoirs have lost their natural energy (Speight, J. G 2013). With a few 

minor exceptions, EOR methods can be classified into three categories:  miscible 

flooding, thermal oil recovery, and chemical flooding. This research is focused in 

chemical  flooding technique and mainly using ILs.  

3.1 Chemical Flooding  

Although chemical-EOR is not widely used, the chemical flooding process has proven to 

be an efficient enhanced oil recovery technique for recovering large amounts of trapped 

oil from the reservoir (Karambeigi et al., 2011). Obviously, the economics of using 

chemical flooding applications are affected by crude oil price, reservoir oil type, and the 

interaction of chemicals with reservoir rock and fluids (Thomas, 2008; Mandal, A 2015). 

Recently, chemical enhanced oil flooding methods have received significant attention as 
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a means of improving oil recovery using surfactants flooding, polymers flooding or alkali 

flooding, Additionally, combinations of the three processes are also employed as 

surfactant-polymer (SP), alkali-polymer (AP), and alkali-surfactant-polymer (ASP) 

flooding (Han et al., 1999; Nagarajan et al., 1982; Ali and Thomas, 2001). These 

chemicals play a significant role in reservoir mechanisms by manipulating oil recovery 

by reducing interfacial tension, changing rock wettability and improving the sweeping 

efficiency by increasing the viscosity of the displacing phase and decreasing the mobility 

ratio (Healy and Reed, 1974; Green and Willhite, 1998; Jamaloei, 2009). Furthermore, 

the application of some chemicals in flooding such as surfactants, which are known as 

surface-active agents due to their ability to reduce the IFT, can change the rock 

wettability, These chemicals are limited due to their high toxicity, high cost, low 

efficiency in harsh environments of high salinity, and adsorption on formation rock, 

which causes formation damage (Green and Willhite, 1998; Lake and Venuto, 1990). On 

the other hand, polymers have advantages in terms of their ability to control mobility 

ratio, which  limit the formation of viscous fingers formed into oil banks (Green and 

Willhite, 1998). Recently, chemicals called ionic liquids have been used as new surface 

agents in many flooding laboratory studies. 

Ionic liquids, discovered by Friedel-Craft in 1877, were called “red oil” before the name 

changed to ionic liquids (Nambu et al., 1976). Ionic liquids are formed from cations and 

anions. (Blanchard and Brennecke, 2001).  There are many Ionic Liquid types such as 

organic salts which have a melting temperature lower than 100 °C (Xiao and Malhotra, 

2005). In terms of enhanced oil recovery, ionic liquids have the capability to reduce the 

mobility ratio between the displacing fluid and displaced fluid; while the mobility ratio 
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remains stable in the case of waterflooding  (José-Alberto and Jorge, 2011).  

Additionally, Ionic liquids are used as demulsifying agents to desalt water and salts 

resulting from crude oil and water emulsions (Lemos et al. 2010). Compared to other 

commercial chemicals, ionic liquids have many advantages such as their commercial 

availability, solvent stability, non-corrosiveness, recyclability, and low toxicity (Swapnil, 

2012).  For these reasons, injecting ionic liquids (IL) into oil reservoirs has become a 

pivot application in the oil industry; more researchers are focusing their studies on ILs 

enhancement in oil recovery techniques. 

3.2 Mechanisms influencing remaining oil saturation  

Several mechanisms are effective in increasing oil recovery by injecting chemical 

mixtures into oil reservoirs. The entrapped oil can be recovered by introducing chemical 

fluids to the porous media to reduce the system IFT, increasing the capillary number, 

maintain mobility control, decrease oil viscosity, and change reservoir wettability (Green 

and Willhite, 1998). The first factor that influences the remaining oil saturation in a 

reservoir is the capillary number which is a function of Darcy velocity, displacing fluid 

viscosity, interfacial tension (IFT), and the contact angle. The second major mechanism 

that may have an impact on improving oil recovery is reservoir heterogeneity. Notably, 

porosity and permeability have an effect on fluid flow through the reservoir paths.  

Mobility ratio is one of the factors that greatly impact the oil recovery efficiency; it is 

defined as the ratio between the mobility of the displacing fluid and the mobility of the 

displaced fluid. The lower the total mobility ratio, the greater the displacement efficiency.  



 

7 

 

3.3 Laboratory Studies  

Like other investigated chemicals, ionic liquids have an effect on enhanced oil recovery. 

Many studies have measured the properties of ionic liquids at different concentrations 

mixed either with water or other solvents; such investigations discovered that some ionic 

liquid types are capable of increasing mixture viscosity (Yang et al., 2007; Huddleston et 

al., 1998). Moreover, the viscosity of ionic liquids depends on the type of cation, anion, 

and the temperature. Also, the organic solvent viscosities range from 0.2 to 10 cP 

(Shirota and Hideaki, 2005). Some ionic liquids are completely miscible with water or 

solvents, whereas others are not (Huddleston et al., 1998; Blanchard and Brennecke, 

2001; Chun et al., 2001; Carda–Broch et al., 2003). Furthermore, a small amount of 

contamination such as water and halides may significantly change the viscosity of ionic 

liquids (Seddon et al., 2000; Widegren at al., 2005). Kelkar and his colleges (2007) found 

that the effect of the ionic liquid (1-ethyl-3-methylimidazolium bis 

(trifluoromethanesulfonyl) imide) on viscosity depends on its concentration in the 

mixture. Another interpretation is that the viscosity of the mixtures decrease when water 

is added to the system  (Kelkar and Maginn, 2007). Lago et al. (2013) carried out studies 

showing that Trihexyl (tetradecyl) phosphonium chloride ionic liquid increases brine 

viscosity when mixed with it; which reduces the mobility ratio between heavy oil and 

brine resulting in higher oil recovery (Lago et.al, 2013).  

The effect of ILs on some surfaces behaviors such as surface tension have not yet been 

thoroughly studied as an aspect of enhanced oil recovery. However, surface tension is an 

important variable in applied sciences. Surface tension values are used as an indication of 

surface interactions and the liquid interfacial microstructure (Domańska and 
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Królikowska, 2010). For enhanced oil recovery process, the reduction in interfacial 

tension between oil and reservoir fluid were observed in order to increase the oil recovery 

(Hezave et al., 2012; Green and Willhite, 1998). It was observed that it increases as the 

concentration of salt in the aqueous phase increases; a small amount of chemical such as 

surfactant in the aqueous solution has the effect of decreasing the interfacial tension with 

salinity (Kumar, 2012). The Critical Micelle Concentration (CMC) is one of critical 

surface activities parameters and at this concentration the surfactant solution cannot 

reduce the IFT and SFT anymore (Kopczynska, 2007; Khan et al.2008). The CMC value 

can be determined either from measuring the IFT (Hezave et al.2012) or SFT (Rodríguez-

Escontrela et al., 2016). 

Wettability is one of the major mechanisms that affects fluids flow in the reservoir 

(Anderson, 1986). Jadhunandan and Morrow (1995) have identified that oil recovery can 

be enhanced by altering the rock wettability in oil reservoirs (Jadhunanadan and Morrow, 

1995). Limited studies have been carried out to demonstrate the wettability alteration by 

ionic liquids. Bin-Dahbag et al. (2014) have done a series of flooding experiments on 

Berea sandstone samples by using different ionic liquids concentrations to investigate the 

wettability alteration; they found that IL has the ability to shift the rock wettability from 

oil wet toward water wet and this change was due to the interaction between oil, rock, 

and IL (Bin-Dahbag et al. 2014). A similar study was conducted by Mohammed and 

Babadagli (2016) to investigate the effect of  several imidazolium ionic liquids to modify 

the wettability of oil-wet limestone and sandstone; the result of using ionic liquid showed 

that it can alter the wettability of oil-wet  more efficiently than other surfactants 

(Mohammed and Babadagli, 2016). However, some factors such as oil components, 
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capillary pressure, temperature, salinity, and initial water saturation have a great impact 

on the degree of wettability alteration (Melrose, 1982; Hirasaki, 1991).      

The scientific and technological interest in enhanced oil recovery by ionic liquids has 

stimulated more research in this field. Many studies demonstrated the results of 

extracting more than 90 % of bitumen from oil sand by using several IL (imidazolium 

base) mixed with non-polar solvents (Hogshead et al., 2010; Painter et al., 2010; 

Williams et al., 2010). In another study, the recovery factor was increased to 

approximately 95 % of the bitumen from the oil sand sample when IL mixed with n-

heptane and acetone (Li et al., 2011). Hezave et al. (2013) reported the effects of using-

dodecyl-3methaylimidazolium chloride ([DMIM][Cl]) at different temperature in 

enhanced oil recovery. They found that [DMIM][Cl] was able to reduce the dynamic 

interfacial tension between one of Iranian oils (API 30°) and high salinity formation brine 

to improve oil recovery (Hezave et al., 2013). Regarding core flooding experiments, Bin-

Dahbag et.al (2014) found that the injection of a mixture of Ammonium-based IL with 

brine into a core sample for tertiary recovery increased the RF for medium crude oil  

(API 28.77°) about 4.5 [% OOIP] compare to low salinity solution flooding (Bin-Dahbag 

et al., 2014). In comparison to ammonium-based IL and brine mixtures, imidazolium-

based IL mixed with brine and injected into a core sample as a tertiary recovery mode 

and was able to extract 13 [% OOIP] more (Hezave et al., 2013). Moreover, increasing 

ILs concentration in brine resulted in an increase in oil recovery factor from sandstone 

and carbonate reservoirs (Fathi et al., 2011). On the other hand, Tunnish et al. in 2016 

reported that IL (1-Ethyl-3-Methyl-Imidazolium Acetate, [EMIM][Ac]) was more 

efficient in extracting heavy Pelican oil  (14° API) from sand pack samples when it was 
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is mixed with low salinity aqueous solution. The results showed that the reduction in 

interfacial tension between the oil and displacing mixtures was marginal (Tunnish et al., 

2016). Moreover, Pereira et al. studied the effect of different ILs and brine solutions on 

oil recovery; the highest recovery was obtained by 1-ethyl-3-methylimidazolum tosylate 

([C2MIM][OTS]), which recovered 65.7% of trapped oil (API 31.14°) after flooding the 

core sample with 4 PV of IL; Approximately (30% OOIP) additional oil recovery 

compare to brine solution flooding (Pereira et al., 2014).  
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CHAPTER 4 

EXPERIMENTAL APPARATUS AND PROCEDURE 

This chapter presents a description of the materials and apparatus utilized in this study as 

well as the experimental procedures that were employed.   

4.1 Materials   

A variety of materials, both chemicals and calibration devices, were used to carry out the 

research. In general, chemicals are added to oil reservoirs to test those that would affect 

the greatest quantity of oil recovery following primary and secondary extraction. The 

materials used in this work were Weyburn crude oil with (30.25 API° and 15.35 cP).  The 

properties of the oil and the Saturates, Aromatics, Resins and Asphaltenes (SARA) 

fractions are presented in Table 4.1. Weyburn brine (56,000 ppm) was used for the initial 

saturation of the sand-pack samples and flooding experiments. The chemicals used to 

investigate their efficiency on improving oil recovery factor were 1-Ethyl-3-

methylimidazolium Acetate ([EMIM][Ac], 95 wt. %), 1-Ethyl-3-methylimidazolium 

Chloride ([EMIM][Cl], 98 wt. %), 1-Benzyl-3-methylimidazolium Chloride 

([BenzMIM][Cl], 97 wt. %), Trihexyltetradecylphosphonium Chloride ([THTDPh][Cl], 

95 wt. %), and alkali (Sodium Carbonate, [Na2CO3]). These chemicals were purchased 

from Sigma-Aldrich and used without any additional purification. The chemical 

structures of the employed ILs are shown in Figure 4.1. Also, partially Hydrolyzed 

Polyacrylamide Polymer [PHPA] was purchased from SNF Canada (SNF Floerger) and 

employed too. Different displacing fluids were made in the laboratory by mixing brine 

with the above mentioned chemicals that were later used in sand-pack flooding 

experiments. Ottawa sand, 40–80 mesh, was used to prepare unconsolidated sand-pack 
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samples. Table 4.2 shows the properties of all aqueous solutions and sand-pack used in 

this research. Table 4.3 depicts brine analyses that were obtained from Cenovus Energy 

Inc. 
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Figure 4.1 The Chemical Structures of Ionic Liquids 

 

Table 4.1 Properties of the Weyburn Crude Oil 

Oil Viscosity [cp] 

Oil Density [gm\cm
3
)    

Oil API
o
 

15.35 

0.874 

30.25 

SARA by Cenovus Energy Inc  

Composition  

[wt. %] 

Saturates 

Aromatics 

Resins 

Asphaltenes 

60.30 

24.10 

10.50 

3.15 
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Table 4.2 Properties of Aqueous Solutions and the sand pack 

Type of sand 

Core length 

Core diameter  

Cross- section area 

Bulk volume 

Average porosity 

Average absolute permeability 

Ottawa sand [40–80 mesh] 

18.75 [cm] 

4 [cm] 

12.57 [cm
2
] 

235.70 [cm
3
)] 

40 % [+2%] 

5.10 [Darcy] 

Displacing fluids 

(Brine) 

(1000 ppm [EMIM][Ac] + Brine) 

(3000 ppm [EMIM][Ac] + Brine) 

(5000 ppm [EMIM][Ac] + Brine) 

(1000 ppm [EMIM][Cl] + Brine) 

(2500 ppm [EMIM][Cl] + Brine) 

(1000 ppm [BenzMIM][Cl] + Brine) 

(1500ppm [BenzMIM][Cl] + Brine) 

(1000ppm [THTDPh][Cl] + Brine) 

(1500ppm [THTDPh][Cl] + Brine) 

(5000 ppm (Na2CO3) + Brine)  

(500 ppm [PHPA]+Brine) 

(750 ppm [PHPA]+Brine) 

(1000 ppm [PHPA]+Brine) 

Viscosity [cP] 

1.017 

1.437 

1.621 

1.729 

1.341 

1.422 

1.301 

1.375 

1.204 

1.213 

1.021 

5.394 

6.542 

8.165 

Density [gm\cm
3
] 

1.066 

1.075 

1.081 

1.083 

1.073 

1.080 

1.073 

1.075 

1.069 

1.072 

1.071  
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Table 4.3 Produced Water Analysis Provided by Cenovus Energy Inc. 

Cations Anions 

ION mg/L mg Fraction mg/L ION mg/L mg Fraction mg/L 

Na 30,711 0.3379 1,335.9 Cl 51,893 0.5710 1,463.7 

K 759 0.0084 19.4 Br    

Ca 2,355 0.0259 117.5 I    

Mg 525 0.0058 43.2 HCO3 825  13.5 

Ba 0.27 0.0000 0.0 SO4 3,761  78.3 

Sr 50 0.0006 1.1 CO3 0.00 0.0000 0.0 

Fe 2.3 0.0000 0.1 OH 0.00 0.0000 0.0 

Mn 0.18 0.0000 0.0     
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4.2 Experimental Apparatus  

The apparatus used in this study consists of the following components: a physical model, 

injection system, production system, and pores media and displacing fluids. 

4.2.1 Physical model: 

The physical model consisted of a steel core holder with a length of 18.75 cm and inner 

diameter of 4 cm. 

4.2.2 Injection and pressure monitoring system:  

The conventional core flooding system was used with A Model 500 D syringe pump, D 

series pump controller (provided by ISCO) to inject the fluids into the sand pack; the 500 

D syringe pump had a capacity of 520 ml of fluid at a maximum rate of 200 cm
3
/min. 

Also, this pump was connected to three transfer cylinders each with a floating piston with 

a capacity of 900 cm
3
 containing brine, or oil, or chemical mixtures.   The pressure data 

for each experiment was measured with a Heise Pressure Transducer, which calibrated 

the pressure drop across the core samples during the flooding process. Figure 4.2 (at the 

end of this chapter) provides a schematic of the flooding system. 

4.2.3 Production system 

The core holder effluent was collected in 10 ml glass tubes at atmospheric conditions 

(101.325 kPa and 21.5 ± 1 °C).  The oil and water were mixed at collection time and 

centrifuged through a Benchmark 2000 centrifuge (supplied by L-K Industries Inc). 
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4.2.4 Pores media and Displacing Fluids  

For all of the runs, the average size of the Ottawa sand, 40–80 mesh, which was 

controlled by using sieving analysis. The displaced fluids’ properties were measured by 

the subsequent apparatus. A Mettler PM 4,600 digital weight meters quantified the digital 

masses of specific chemicals, which were added to brine to prepare the displacing phases. 

Then, the solutions were stirred by Cole-Parmer Stable Temp Ceramic Stirring Hot Plate 

for 30 - 45 minutes at a speed of 120 rpm to allow the IL and alkali solutions to mix. The 

polymer solutions were stirred overnight at 60 rpm. The viscosities of displacing fluids 

were measured by DV-II + Pro viscometer (supplied by Brookfield) with a water bath 

and digital polystar temperature-controller (provided by Cole-Parmer) water-path. An 

Anton Paar DSA 5000 M instrument was used to measure the densities of the aqueous 

solutions. A KRUSS K100 device was employed to measure the surface tension (SFT) of 

the displacing mixtures using the Wilhelmy plate method; the temperature was controlled 

by Cole-Parmer water path. The pH and conductivity values of the displacing phases 

were measured with a pH/COND Meter (supplied by HORIBA).  

4.3 Experimental Procedure 

A preparatory stage during which all apparatus were cleaned and calibrated was 

undertaken prior to research implementation. The following paragraphs describe in detail 

the preparation stages. 

4.3.1 Packing Procedure:  

A vertically-oriented core holder with a length of 18.75 cm and inside diameter of 4 cm 

was packed using dry-packing method, (40-80 mesh) Ottawa sand with consistent sand-
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size parts was used. The core sample was vibrated during the packing process to 

distribute and uniform the sand grains in the core holder.  After packing the sand and 

fixing the caps, the sand-pack sample was 100 % vacuumed using a vacuum pump until 

no air bubbles came out (approximately 10 hrs) after which weight was measured. 

Subsequently, the model was connected to the pump and fully saturated with Weyburn 

brine, then the porosity was determined from difference between the dry and saturated 

weight of the sample, divided by the brine density and bulk volume. 

After that, the core sample was horizontally positioned and injected with brine at 

different injection rates to determine its absolute permeability using Darcy’s Law. The 

average petrophysical properties of the sand-pack samples are presented in Table 4.2. 

4.3.2 Saturation Process  

 After finishing the routine core analysis, the core holder was vertically connected to the 

core flooding system to determine the irreducible water saturation and initial oil 

saturation; the sand-pack samples were flooded with medium oil at a rate of 1cm
3
\min 

until no free water seeped out from core-holder outlet. The total displaced brine 

represents the original oil in place (OOIP) and initial oil saturation (Soi) while the 

remaining brine represents the irreducible water saturation (Swi). The moment that the 

core sample was thoroughly saturated with oil, the sand pack was ready for the flooding 

experiments.  
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4.3.3 Flooding Procedure  

 In this stage, the cores were positioned horizontally and flooded with either brine alone 

or chemicals (ILs, alkali, or polymer) mixed with Weyburn brine at different scenarios as 

following: in the first scenario, the core samples were flooded with 3 pore volumes of 

produced water or chemicals (IL, alkali, or polymer) mixed with brine. In the second 

scenario, the core samples were flooded initially with 0.5 or 1 pore volume of brine, then 

flooded with 0.5, 1, or 2 pore volumes of ILs and brine mixtures separately, and then, 

flushed by brine until they ultimately reached 3 pore volumes. In the third scenario, the 

core samples were initially flooded with 1 pore volume of chemicals (IL, alkali, or 

polymer) mixed with brine and then flushed by two pore volumes of brine. The optimum 

flow rate (2 cm
3
/min) was applied as injection rate for flooding experiments that were 

done to investigate the effect of chemical concentration, the chemical solution slug size, 

the initiation time for injecting the chemical mixture as well as the chemical type on 

enhanced oil recovery. 

The produced oil and water samples from the sand pack were collected in graduated tubes 

and then placed in a separator to determine the exact amount of recovered oil. The total 

oil recovery factor was expressed as the ratio of produced oil to the original oil in place.  

Subsequently, all the above-mentioned procedures were carried out at room temperature 

(21.5 ± 1 
o
C), and repeated in each experiment with fresh sand to control consistency. 
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Figure 4.2 Schematic Diagram of Conventional Core Flooding System Used in this Study 
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 CHAPTER-5 

RESULTS AND DISCUSSION 

This chapter provides the results of the experimental work that was performed in this 

study. This research was aimed to investigate the effects of different Ionic Liquid types, 

([EMIM][Ac], [EMIM][Cl], [BenzMIM][Cl], and [THTDPh][Cl]), on the recovery 

factor. Also, the effects of adding certain concentrations of these ILs on SFT, pH, 

wettability alteration, and viscosity of the displacing phases. Eventually, the effects of 

injecting alkali, polymer, combination of IL’s, alkali, and a mixture of IL and polymer 

into sand pack were studied. 

5.1 Permeability Measurement 

Permeability variability is an important factor to measure when considering the 

effectiveness of various chemicals on EOR. After the sandpack was fully saturated with 

brine, the column was injected by brine at different injection rates and plotted against 

versus pressure drops across the sandpack, as shown in Figure 5.1. Using Darcy’s law, 

the slope of the best straight line that fit all data points is Ka/µ.  

1.5........................
L

PkA
q




  

Where,  

q is the flow rate, cm
3
/sec; Ka is the absolute permeability,Darcy; A is the area of 

sandpack, cm
2
; µ is the fluid viscosity, cP; L is the length of sandpack, cm. 

From the Figure 5.1, the absolute value of permeability, Ka = 4.483 [Darcy]. 
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Table 5.1 Flow Rate, and Pressure Drop Values Used to Determine the Absolute 

Permeability 

q 

[cm
3
/sec] 

q/A 

[cm/sec] 

 

∆P [atm] 
 

∆P/L [atm/cm] 

0.016 0.001273 0.011565 0.000617 

0.033 0.002625 0.016327 0.000871 

0.055 0.004375 0.019048 0.001016 

0.066 0.005251 0.021769 0.001161 

0.083 0.006603 0.026531 0.001415 

0.100 0.007955 0.029252 0.00156 

0.116 0.009228 0.033333 0.001778 

0.133 0.010581 0.036054 0.001923 

0.150 0.011933 0.038776 0.002068 

0.166 0.013206 0.042177 0.002249 

 

 

Figure 5.1 Plot of q/A vs. ∆p/L to Interpret the Absolute Permeability of the Sand Pack 
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5.2 Flooding Experiment Results 

The main purpose of applying chemical flooding into oil reservoirs or core samples is to 

increase the quantity of the produced oil.  Twenty-six of the thirty runs were carried out to 

investigate the effect of ILs, alkali, and polymer alone or a combination of IL’s with 

chemicals (Alkali, and Polymer) on the RF. The following parameters were investigated: 

injection rates, chemical concentration with and without oil present, slug size (SS), 

injection time, and different types of chemicals.  The flooding experimental results are 

presented for a specific group of runs based on the parameter investigated by analyzing the 

production data and displacing fluid properties.  Table 5.2 summarizes the flooding 

experimental results of all runs. 

5.2.1 Effect of Varying Injection Rates on Oil Recovery Factor 

Waterflooding is still commonly-employed in many medium oil reservoirs. To understand 

the effect of flow rate on oil recovery, the formation water (FW), Weyburn brine, was 

flooded into core samples at different injection rates. As can be seen in Figure 5.2, the RF 

increases with decreasing brine-flow rates from 3 to 1 cm
3
/min. Thus, the injection rate 

affects the fluid front resulting in an increased oil recovery.  The recovery factors (RFs) of 

1, 2 and 3 [cm
3
/sec] at the end of 3 injected pore volumes (PVs), it was not economical to 

inject the brine in to core sample more than 3Pvs cause the water cut reached 95%, were  

74.07 [% OOIP], 71.17 [% OOIP] and 67.79 [% OOIP], respectively. Figure 5.2 

demonstrates that oil recovery of the three studied injection rates sharply increases with the 

injection of water until 0.37 PV, and then, the RF curves change from a straight line to a 

polynomial. Also, breakthrough occurs in the early life of water flooding and water cuts 
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rapidly rise, as shown in Figure 5.3. After breakthrough, the water finds a path from an inlet 

to an outlet with less resistance. However, a significant amount of oil is produced after 

breakthrough especially at lower injection rates. The breakthrough points obtained from 1 

cm
3
/min and 2 cm

3
/min experiments were the same and resulted in almost identical 

recovery factors at the end of the first pore volume injected, while there was a remarkable 

difference in the results when the injection rate was 3 cm
3
/min. Even though the maximum 

oil recovery was obtained when the employed injection rate was 1 cm
3
\min, the 2 cm

3
/min 

was selected as the optimum injection rate. The reasons for choosing 2 cm
3
/min and not 1 

cm
3
/min was that the difference in the accumulative RF was less than 4 [% OOIP] and the 

fact that the needed flooding time in the case of using 1 cm
3
/min as injection rate was 

double than that achieved at 2 cm
3
/min. Economically speaking, the optimum injection 

during this study was 2 cm
3
/min. 
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Table 5.2 Summary of Flooding Experiments Results 

Run 

No 

Injected Fluids 

 

 

Chemical 

Concentration 

[ppm] 

Chemical 

mixture 

injection 

strategy 

Chemical 

Slug Size 

 PV 

Injected 

Injection 

Rate 

[cm
3
/min] 

Ultimate 

Recovery 

 [% OOIP] 

1 Brine N/A continuous  N/A 1 74.07 

2 Brine N/A continuous N/A 2 71.17 

3 Brine N/A continuous N/A 3 67.79 

4 Brine+[EMIM][Ac] 1000 Tertiary  1 2 77.74 

5 Brine+[EMIM][Ac] 3000 Tertiary 1 2 78.28 

6 Brine+[EMIM][Ac] 5000 Tertiary 1 2 80.64 

7 Brine+[EMIM][Ac] 1000 Tertiary 0.5 2 74.85 

8 Brine+[EMIM][Ac] 1000 Tertiary 1 2 77.21 

9 Brine+[EMIM][Ac] 1000 Tertiary 2 2 77.23 

10 Brine+[EMIM][Ac] 1000 Secondary  1 2 81.31 

11 Brine+[EMIM][Ac] 1000 Tertiary 1 2 79.01 

12 Brine+[EMIM][Ac] 1000 Tertiary 1 2 76.95 

13 Brine+[EMIM][Cl] 1000 Secondary 1 2 78.36 

14 Brine+[BenzMIM][Cl] 1000 Secondary 1 2 75.01 

15 Brine+[THTDPh][Cl] 1000 Secondary 1 2 75.15 

16 Brine+[EMIM][Ac] 1000 Secondary 1 2 81.34 

17 Brine+[EMIM][Cl] 2500 Secondary 1 2 80.10 

18 Brine+([BenzMIM][Cl]) 1500 Secondary 1 2 77.51 

19 Brine+[THTDPh][Cl] 1500 Secondary 1 2 76.56 

20 [EMIM][Ac] 1000 continuous 3 2 84.41 

21 [EMIM][Cl] 2500 continuous 3 2 82.67 

22 [BenzMIM][Cl] 1500 continuous 3 2 80.01 

23 Brine+[THTDPh][Cl] 1500 continuous 3 2 79.21 

24 Brine N/A continuous 8 2 73.27 

25 Brine + Alkali 5000 Secondary 1 2 76.80 

26 Brine+[EMIM][Ac]+Alkali 1000,5000 Secondary 1 2 83.95 

27 Brine+ Polymer 500 Secondary 1 2 90.19 

28 Brine+Polymer 750 Secondary 1 2 92.15 

29 Brine+Polymer 1000 Secondary 1 2 92.92 

30 Brine+[EMIM][Ac]  

+Polymer 

1000 

500  

Secondary 

 

0.5 

0.5 

2 91.68 
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Figure 5.2 Medium Oil Waterflooding Recovery Profile 
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Figure 5.3 Produced Water Cuts in Medium Oil Waterflooding 
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5.2.2 Optimizing Ionic Liquid Concentration, Slug size, and Slug Injection Initiation 

Time 

To determine the optimum IL Concentration, Slug Size, and Injection Time, IL 

([EMIM][Ac]) was utilized for flooding experiments as following: 

5.2.2.1 Effect of [EMIM][Ac] Concentration on Oil Recovery Factor  

To study the optimum concentration of [EMIM][Ac] in the displacing phase, three sand-

pack flooding experiments were performed with three different IL concentrations: (1,000 

ppm, 3,000 ppm, and 5,000 ppm) mixed with Weyburn brine and compared with 

injecting only brine into sand pack. The flooding process was divided into three stages. In 

the first stage, the sand pack was flooded with one pore volume (1 PV) of formation brine 

(as secondary recovery mode) followed by 1 PV of IL + brine mixtures. Finally, the sand 

pack sample was flushed with 1 PV of brine. As shown in Figure 5.4, the amounts of oil 

produced for the three experiments were almost identical (63 % ± 1) at the end of the first 

stage. By the end of the three flooding stages, the total RF of increasing  IL concentration 

in the displacing phase from 1,000 ppm to 5,000 ppm developed from 77.74 [% OOIP] to 

80.64 [% OOIP]. In Comparison with injecting only brine that recovered about 71.52 [% 

OOIP] after injecting 3 PVs, the addition of 1,000, 3,000, and 5000 [ppm] of 

[EMIM][Ac] led to an increase in the oil recovery by 6.57 [% OOIP], 7.11 [% OOIP], 

and 9.47 [% OOIP], respectively. The additional oil recovery factor could be due to the 

increase in the displacing phase viscosity and/or the reduction of SFT when [EMIM][Ac] 

was added. Furthermore, the change in rock wettability plays a significant role in 

increasing the oil recovery. As shown in Figure 5.5, the water cut profiles obtained 
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during the three experiments were almost identical; a parallel trend emerged along the x-

axis after the first one pore volume was injected. Finally, as we can see in Figure 5.4, it is 

clear that increasing the concentration of IL from 1,000 ppm to 5,000 ppm improved the 

RF for just less than 3 [% OOIP]. Thus, it is noneconomic to inject 5 times the 

concentration of IL to increase the RF from 77.74 [% OOIP] to just 80.64 [% OOIP]. For 

that, the 1,000 ppm of [EMIM][Ac] in the displacing mixture was selected as the 

optimum concentration. 
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Table 5.3 Properties of ([EMIM][Ac] + Brine) Mixtures at 21.5c° 

Concentration 

[ppm] 

SFT 

[mN/m] 

µ 

[cP] 

COND 

[S/m] 

pH 

Brine 65.495 1.0645 113.8 6.95 

1,000 57.207 1.437 107.4 6.85 

3,000 57.543 1.597 110.5 6.82 

5,000 57.917 1.621 111.3 6.79 
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Figure 5.4 Effect of [EMIM][Ac] Concentration on the RF 
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Figure 5.5 Produced Water Cut for Medium Oil Flooded by Brine and [EMIM][Ac] 

Mixtures 
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5.4.2.2 Effect of [EMIM][Ac] Slug Size on Oil Recovery Factor   

Three experiments were performed to select the optimum slug size (SS). In these 

experiments, the sand-pack samples were initially flooded with 1.25 PV of formation 

brine, followed by different SS (0.5, 1 and 2 PV) of 1000 ppm of [EMIM][Ac].  Then, the 

samples were flushed with formation brine. As shown in Figure 5.6, the total obtained 

RFs of injecting 0.5, 1, and 2 PV SS were 74.85 [% OOIP], 77.21 [% OOIP] and 77.23 

[% OOIP], respectively. Also, it's noteworthy that the increase in IL SS greater than the 

optimum size does not increase the oil recovery factor economically. Regarding the RF 

results, it is obvious that 1 PV of 1,000 ppm [EMIM][Ac] is the optimum Slug Size.  

5.4.2.3 Effect of [EMIM][Ac] Slug Initiation Time on Oil Recovery Factor  

In order to obtain the appropriate initiation time of the chemical slug, the optimum 

concentration and slug size of [EMIM][Ac] were investigated at three different injection 

times, as shown in Figure 5.7. First, the sand pack was flooded with 1 PV of 1,000 ppm 

[EMIM][Ac] and then it was flushed with 2 PVs of formation brine. The results showed 

that the RF increased from 71.17 [% OOIP] of only brine flooding to 81.31 [% OOIP] 

during this run. Second, the injection time investigation occurred when the sand pack was 

flooded with 0.5 PV formation brine followed by 1 PV of 1,000 ppm [EMIM][Ac]; 

finally, the sample was flushed with 1.5 PV of formation brine, as shown in Figure 5.7. 

The accumulative RF for this run was 79.01 [% OOIP], which is less efficient than that of 

starting the flooding with the chemical slug.  The last examined injection time of the 

chemical slug started with introducing 1 PV of formation brine to the porous medium, 

followed by 1 PV of 1,000 ppm [EMIM][Ac], and then, flushed with 1 PV of formation 
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brine. The RF was only 76.95 [% OOIP], which was less than the final RF of the two 

previous tests. In conclusion, it is obvious that injecting the chemical slug at earlier stage 

results in a better RF. 
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Figure 5.6 Effect of [EMIM][Ac] Mixture Slug Size on RF in Tertiary Recovery Mode 
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Figure 5.7 Effect of [EMIM] [Ac] + Weyburn Brine Mixture Slug Initiation Time on RF 
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5.4.3 Effect of Ionic Liquid Type on Oil Recovery Factor  

To test the effectiveness of Ionic Liquids on the enhanced oil recovery, different types of 

ionic liquids,  [EMIM][Ac], [EMIM][Cl], ([BenzMIM][Cl]), and [THTDPh][Cl], were 

investigated by flooding their mixtures at selected optimum concentration (1000 ppm), 

slug size (1 PV), and slug initiation time (as secondary mode) based on the data obtained 

from previous experiments. Each core sample was flooded for one pore volume with one 

of ILs + brine mixtures at the first stage and later flushed with 2 PVs of brine. As shown 

in Figure 5.8, the recovery factor curves rose dramatically with the injection of 1000 ppm 

IL + brine mixtures until the breakthrough. The breakthrough occurred when the samples 

were flooded with 1000 ppm of [EMIM][Ac], [EMIM][Cl], ([BenzMIM][Cl]), and 

[THTDPh][Cl] + brine mixtures for 0.423 PV, 0.417 PV, 0.401 PV, and 0.398 PV 

Injected, respectively. After the breakthrough, the recovery factors increase gradually and 

mainly depend on the Ionic Liquid type. The total RFs obtained from injecting 1000 ppm 

[EMIM][Ac], [EMIM][Cl], [BenzMIM][Cl], and [THTDPh][Cl] + brine were 81.31 [% 

OOIP], 78.36 [% OOIP], 75.01 [% OOIP], and 75.15 [% OOIP], respectively. However, 

the results that were obtained from using ILs in the flooding process were superior to 

those generated from injecting brine alone. The difference in oil recovery improvement 

could be due to the effect of specific Ionic Liquids on displacing phase viscosities, and 

surface tension as shown on Table 5.4 
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Table 5.4 Properties of (1000 ppm IL + Brine) Mixtures at 21.5 c° 

IL Type  SFT 

[mN/m] 

µ 

[cP] 

COND 

[S/m] 

pH 

[EMIM][Ac] 57.207 1.437 107.4 6.85 

[EMIM][Cl] 62.701 1.341 109.3 7.02 

[BenzMIM][Cl] 59.033 1.301 116.7 7.43 

[THTDPh][Cl] 53.141 1.204 112.8 7.87 
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Figure 5.8 Effect of Ionic Liquid type on RF 
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5.4.4 Effect of Critical Micelle: Concentration on Oil Recovery Factor  

Surface tension (SFT) was examined to determine the Critical Micelle Concentration 

(CMC) of ILs in the displacing solutions at room conditions. The CMC is the 

concentration at which surfactant solutions surface tension could not be reduced further, 

as the concentration increased (Kopczynska, 2007). Moreover, [EMIM][Ac] has the 

capability to reduce the SFT regardless of solutions salinity (Tunnish et al., 2016). As 

shown in Figure 5.9, a noticeable reduction in the SFT was observed, as the concentration 

of [EMIM][Ac] increased from 0 ppm to 1,000 ppm. Any concentration greater than 

1,000 ppm resulted in a slight increase in the SFT values. It was observed that 1,000 ppm 

of [EMIM][Ac] has the highest potential to reduce the SFT of the aqueous solution. So 

the concentration of 1,000 ppm was considered as the CMC of [EMIM][Ac], While the 

CMC point that was obtained when [EMIM][Cl] was added to brine was 2500 ppm as 

shown in Figure 5.10. For the other two-studied ILs ([BenzMIM][Cl] and 

[THTDPh][Cl]), it was found that both of them have similar effectiveness in terms of 

reducing surface tension. The SFT values, as shown in Figures 5.11 and 5.12, decrease 

with increasing the concentration of [BenzMIM][Cl] and [THTDPh][Cl] to 1500 ppm 

after which the values grow slightly. Clearly, 1500 ppm of [BenzMIM][Cl] and 

[THTDPh][Cl] in the mixture produces the highest SFT reduction and it is considered as 

the CMC value of both ILs. For alkali (Na3CO2), as shown in Figure 5.19, 5,000 ppm was 

considered as the CMC. 

To investigate the effect of the ILs’ CMC on extracting more oil, the CMC for each of 

these ILs was mixed with brine and injected into the sandpack. The flooding procedure 

was similar to the optimum scenario obtained from the previous experiments. The core 
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samples were flooded with one of the IL + brine mixtures for one pore volume at the first 

stage and later flushed with brine for two pore volumes. As presented in Figure 5.13, the 

results show that the effectiveness of adding the CMC of the ILs ([EMIM][Ac], 

[EMIM][Cl], [BenzMIM][Cl], and [THTDPh][Cl]) to brine and flooding them into the 

sandpacks, more oil was able to be extracted than when 1000 ppm of the same ILs + 

brine mixtures were injected. Due to the similarity of CMC of [EMIM][Ac] and optimum 

IL concentration that was obtained at the early stages in this study, a negligible change 

happened in RF when the experiment was re-done for a sensitivity run. For the rest of 

ILs, the additional RF values of injecting the  CMC of [EMIM][Cl], [BenzMIM][Cl] and 

[THTDPh][Cl] were 1.74 [% OOIP], 2.50 [% OOIP], and 1.41 [% OOIP], respectively. 

This enhancement of oil recovery could be due to the reduction in SFT and slight 

increase in viscosity as presented in Table 5.5. Overall, the results indicate that using the 

CMC of ILs and mixed with brine was efficient in improving the RF.  
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Table 5.5 Properties of CMC of (ILs + Brine) Mixtures at 21.5c° 

IL Type  SFT 

[mN/m] 

µ 

[cP] 

COND 

[S/m] 

pH 

1000 ppm 

[EMIM][Ac] 

57.207 1.437 107.4 6.85 

2500 ppm 

[EMIM][Cl] 

59.221 1.422 113.7 7.13 

1500 ppm 

[BenzMIM][Cl] 

58.931 1.375 116.9 7.65 

1500 ppm 

[THTDPh][Cl] 

51.618 1.213 113.2 7.93 

 

 

Figure 5.9 Effect of ([EMIM][Ac]) Concentration on SFT of Displacing Phase 
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Figure 5.10 Effect of ([EMIM][Cl]) Concentration on SFT of Displacing Phase 

 

Figure 5.11 Effect of ([BenzMIM][Cl]) Concentration on SFT of Displacing Phase 
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Figure 5.12 Effect of ([THTDPh][Cl]) Concentration on SFT of Displacing Phase 
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Figure 5.13 Effect of Ionic liquids at CMC on RF
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5.4.5 Continuous Ionic Liquid Flooding (Secondary Oil Recovery Mode) 

In this section, the efficiency of injecting 3 PVs of CMC values (1000 ppm, 2500 ppm, 

1500 ppm, 1500 ppm) of ILs ([EMIM][Ac], [EMIM][Cl], [BenzMIM][Cl] and 

[THTDPh][Cl]) + brine, respectively, on the RF were studied and compared with 

injecting only Brine for 8 PV. As can be seen in Figure 5.14, the highest RF (84.41 

%OOIP) was obtained when 3 PVs of 1000 ppm [EMIM][Ac] was injected. The total RF 

values were increasing in the following order: Brine (73.27 [% OOIP]) < [THTDPh][Cl] 

(79.21 [% OOIP]) < [BenzMIM][Cl] (80.01 [% OOIP]) < [EMIM][Cl] (82.67 [% OOIP]) 

< [EMIM][Ac] (84.49 [% OOIP]). These differences in RF values could be due to the 

differential impact of ionic liquids on wettability. Additionally, recovery enhancement is 

further improved by the continuous flooding of the chemical mixture as opposed to 

chemical slug injection.  
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Figure 5.14 Effect of CMC Ionic liquids on RF in Continuous Secondary Recovery Mode 
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5.4.6 Effect of Wettability Alterations on Oil Recovery Factor 

Wettability alteration mechanism is one of the critical factors which affect the ratio of oil 

recovery. To investigate the effect of ILs on the wettability of the studied sand packs, 

relative permeability (kro & krw) curves were plotted based on four previous flooding 

experiments, 3PVs of (ILs + Weyburn brine) mixtures flooding and one of  Weyburn brine 

flooding at 2 cm
3
/min) under the same conditions. The kro and krw during these runs were 

calculated using step by step graphical technique, as presented in appendix A. This method 

was explained by Jones and Roszelle (Jones & Roszelle, 1978), then the relative 

permeability curves were smoothed by using STARS simulator in CMG 2015 software. 

From all relative permeability curves, the rock water wetness increases and the residual oil 

saturation decreases for all ILs slug flooding comparing to brine flooding. Relative 

permeability curves, as presented in Figure 5.15, clearly show that the maximum shift in kro 

and krw intersection (Sw = 0.705, kro and krw = 0.101) was obtained after flooding 3 PV of 

1000 ppm [EMIM][Ac] + brine as continuous secondary recovery. After 1500 ppm of 

[BenzMIM][Cl] + brine mixture was injected, the kro and krw curves intersected at a Sw 

value of kro and krw became 0.82 and 0.081, respectively, as demonstrated in Figure 5.16.  

Besides, the intersection point of the relative permeability curves was reduced further with 

the injection of 2500 ppm of [EMIM][Cl] + brine, and the intersection point between the 

kro and krw curves had a Sw value of 0.6639 and 0.100 for both kro and krw, as shown in 

Figure 5.17. The minimum shift to the right occurred when 1500 ppm of [THTDPh][Cl] 

was injected and the intersection point between the kro and krw curves had a Sw value of 

0.6366 and 0.089 for both kro and krw, as shown in Figure 5.18. From two phase water oil 

relative permeability as a function of water saturation, the rock water wetness increases and 
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the residual oil saturation decreases when ionic liquid solution flooding is applied as 

compared to brine flooding. These outcomes confirm the enhancement in the RF results in 

our study due to wettability alteration mechanism. 
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Figure 5.15 Relative Permeability Curves of Continuous Flooding with Brine and 

[EMIM][Ac] Solution 

 

 

Figure 5.16 Relative Permeability Curves of Continuous Flooding with Brine and 

[BenzMIM][Cl] Solution 
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Figure 5.17 Relative Permeability Curves of Continuous Flooding with Brine and [EMIM][Cl] 

Solution 

 

 

Figure 5.18 Relative Permeability Curves of Continuous Flooding with Brine and 

[THTDPh][Cl] Solution 
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5.4.7 Using Different Types of Chemicals  

Various chemical types have different effects on the RF. In this section, chemical 

flooding was performed in order to investigate the effect of optimum alkalis 

concentration and mixture of IL with alkali on the RF. Also, the effect of polymer 

concentration and a combination of IL mixture and polymer mixture slugs were 

investigated.  

5.4.7.1 Effect of Alkalis/ionic liquid slug on Oil Recovery Factor  

One of the upsides of injecting alkali is its ability to react with the oil component in order 

to generate surfactants (Xu et al., 2012). Before injection Alkali and IL slug, the optimum 

concentration of Alkali (Na2CO3) based on SFT measurements was obtained. As shown 

in Figure 5.19, 5,000 ppm was considered as the CMC of Na2CO3. Therefore, 1 PV slug 

with 5000 ppm Na2CO3 + brine was introduced from the beginning of the flooding 

process and followed by 2 PVs of Weyburn brine to flush the core sample. The 

breakthrough occurred when the sample was flooded with 5000 ppm Na2CO3 + brine 

mixture at 0.39 Injected PV. After the breakthrough, the recovery factors increased 

gradually until the end of flooding. In comparison with the results of injection brine 

alone; an extra 5.63 [% OOIP] was recovered due to the potential of the added alkali, as 

shown in Figure 5.20. In addition, combing IL with Alkali resulted in a much better RF 

than injecting Alkali alone. When 1000 ppm of [EMIM][Ac] was added to 5000 ppm of 

Na2CO3 + Weyburn brine slug, the RF increased from 76.80 [% OOIP] of injecting a slug 

of alkali + Weyburn brine alone to 83.95 [% OOIP], as shown in Figure 5.20. This 
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increase in oil recovery factor could be due to the reduction in SFT as well as the increase 

in displacing phase viscosity, as shown in Table 5.6. 
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Table 5.6 Properties of (Alkali/IL + Brine) Mixtures at 21.5c° 

Chemical 

Concentration   

SFT 

[mN/m] 

µ 

(cP) 

COND 

[S/m] 

pH 

5000 ppm Na2CO3 57.357 1.021 108.3 7.05 

5000 ppm Na2CO3 + 

1000 ppm [EMIM][Ac] 

55.452 1.358 112.7 7.08 

 

 

Figure 5.19 Effect of Na2CO3 Concentration on SFT of Displacing Phase 
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Figure  5.20.Effect of Na2CO3 on the RF in Secondary Recovery Mode 
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5.4.7.2 Effect of Varying Polymer Concentration on Oil Recovery Factor  

Polymer flooding is one of the most efficient techniques for improving oil recovery 

(Stiles, 1949).  Polymer flooding has the ability to increase oil recovery by reducing the 

mobility ratio and increasing the displacing phase viscosity (Shirif, 1998). The 

investigation of polymer concentration effect on the RF was predictable to be similar to 

that of IL concentration. Three different polymer concentrations (500 ppm, 750 ppm, and 

1000 ppm) were used in this study. Each polymer concentration was injected into 

unconsolidated sand packs for one pore volume and flushed by brine for two pore 

volume. Figure 5.21 shows the curves of the injected pore volumes versus oil recovery of 

500 ppm, 750 ppm, and 1000 ppm of polymer . The breakthrough occurred when the 

samples have been flooded with 500 ppm, 750 ppm, and 1000 ppm polymer + brine 

mixtures for 0.473 PV, 0.479 PV,0.486 PV, respectively. After the breakthrough, the 

recovery factors increased slowly and depended mainly on the polymer concentration in 

the displacing mixtures. The total RFs obtained of injecting 500 ppm, 750 ppm, and 1000 

ppm polymer + brine were 90.23 [% OOIP], 92.15 [% OOIP], and 92.19 [% OOIP], 

respectively. As shown in Figure 5.22, the water cut profiles obtained during the three 

experiments were almost identical; a parallel trend emerged along the x-axis after the first 

one pore volume was injected, and their trends were less than that calculated from water 

flooding. The oil recovery increases, as the polymer concentration increases is 

understandable because the addition of polymer reduces the mobility ratio by increasing 

the brine viscosity, as shown in Table 5.7. Finally, as we can see in Figure 5.21, the 

increase in the polymer concentration to more than 500 ppm in the mixtures was not 
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economical. Therefore, 500 ppm was considered as the optimum polymer concentration 

in the displacing solution mixture. 
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Table 5.7 Viscosity of (Polymer + Brine) Mixtures 

Polymer 

Concentration   

µ 

[cP] 

500 ppm  5.394 

750 ppm  6.542 

1000 ppm 8.165 
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Figure  5.21. Effect of Polymer Concentration on RF 
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Figure  5.22 Produced Water Cut for Medium Oil Flooded by Brine and Polymer 

mixtures 
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5.4.7.3 Effect of Polymer/Ionic Liquid Slug on Oil Recovery Factor 

A flooding run was done to elaborate the effect of IL slug combining with polymer slug. 

The flooding strategy for this experiment was done by injecting 1000 ppm [EMIM][Ac] 

+ brine mixture for half pore volume, followed by 500 ppm polymer + brine mixture for 

half pore volume, which was then flushed by brine for two pore volumes. The 

accumulative RF of flooding the sample with 3 PV was 91.68 [% OOIP], as shown in 

Figure 5.23. It was also noticed that injecting 1 PV of IL and polymer (0.5 PV of 500 

ppm IL + brine/0.5 PV of 500 ppm polymer + brine) was more efficient in enhancing the 

RF than that of introducing 1 PV of the same concentration (1000ppm of IL or 500 ppm 

of polymer) of either of these two chemicals. The obvious improvement in the RF is 

likely related to the noticeable reduction in both mobility ratio and the SFT due to the 

injection of IL and polymer. 
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Figure  5.23. Effect of [EMIM][Ac] and Polymer Slugs on RF 
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5.4.8 pH and Conductivity  

The pH values of the displacing phase mixtures used in this study were measured at room 

temperature. It was found, in another study, that the pH values of the solutions increased 

with increasing [EMIM][Ac] concentration in the mixtures, while the effect of 

temperature was marginal (Ober and Gupta, 2012). As expected, pH values of extraction 

mixtures decreased with increasing water content. Additionally, the alkali had the same 

effect on the pH, as presented in the previous Tables (5.3, 5.4, 5.5, and 5.6). 

As presented in the previously mentioned tables (5.3, 5.4, 5.5, and 5.6), electrical 

conductivity of the displacing phases increased in tandem with increasing IL 

concentration in the mixtures. When various [EMIM][Ac] concentrations were added to 

brine, similar to the CMC values obtained from conductivity as a function of 

tributylmethyl phosphonium dodecylsulfate concentration, which was in congruence with 

the CMC attained from surface-tension measurements (Rodríguez-Escontrela et al., 

2016). The CMC point obtained from surface tension measurements for [EMIM][Ac] + 

brine solutions was in consort with that obtained from conductivities values versus 

[EMIM] [Ac] concentrations.  
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

This research was done to investigate the effect of using ILs in flooding experiments and 

to assess their ability to increase the quantity of medium oil that can be extracted from 

unconsolidated sand packs. Several chemical flooding experiments were performed to 

investigate the optimum concentration of IL, the most efficient chemical slug injection 

initiation time, and slug size. The efficiency of using ILs alone or in the combination of 

IL with either alkali or polymer in recovery factor aspect was also studied.  Also, the 

effect of ILs on surface tension (SFT), pH, wettability alteration and viscosity of the 

displacing phases were considered as mechanisms that could have an impact on recovery 

factor.  

6.1 Conclusions  

The following conclusions were reached based on the experimental results obtained in 

this study: 

1. ILs proved to be as efficient chemical when used for enhanced medium oil recovery. 

It is evident that the efficiency of ILs depends on the IL types, concentration, slug 

size, and slug initiation time. 

2. Regarding IL concentration, it was observed that the RF increased as the 

concentration of IL in the displacing phase increased. However, the increase in the 

RF was not economical when the IL concentration rose beyond the optimum 

concentration. Also, the optimum concentration depended on the type of IL.  
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3. In terms of IL slug size, 1 PV was the most efficient IL mixture slug size followed by 

2 PV of brine. Also, introducing the IL mixture slug at the beginning of flooding 

resulted in a higher recovery factor in less time.   

4. In this study, it was found that [EMIM][Ac] is the most effective ionic liquid for 

enhanced medium oil recovery in comparison with the other three ILs.  

5. The oil recovery was increased when the ionic liquids were added to the displacing 

phase due to reduction in mobility ratio and surface tensions of displacing fluids. 

Also, the ionic liquids used had the ability to improve the wettability of the rocks to 

become more water wet.  

6.  The polymer flooding runs showed better oil recovery than those obtained from 

using either ionic liquid mixtures alone or in combination with an alkali. However, 

the injection of IL slug, 0.5 PV of 1000 ppm of [EMIM][Ac] + brine, followed by a 

polymer slug, 0.5 PV of 500 ppm of polymer + brine in flooding process showed 

better results (91.68 %OOIP) than those obtained from using a high concentration and 

large slug of polymer mixture alone during flooding process.   

6.2 Recommendations  

Further studies that could be undertaken to extend this research:  

1. The effect of different conditions (pressure and temperature) on the efficiency of ILs 

on enhanced medium oil recovery. 

2. The effect of combining different ionic liquids with varying water salinity for 

enhanced medium oil recovery. 
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3. Investigating the effect of the rock type (Sandstone, Limestone, etc.) on the 

effectiveness of ILs. 

4.  The effect of ILs on interfacial tension between the displaced, medium oil, and 

displacing fluids.  

5. Investigating the history match of the flooding experimental results by using 

simulation programs. 



 

67 

 

REFRENCES  

Anderson, W. (1986). Wettability literature survey-part 2: Wettability measurement. 

Journal of Petroleum Technology, 38(11), 1,246-1,262.  

Bin-dahbag, M. S., Al Quraishi, A. A., Benzagouta, M. S., Kinawy, M. M., Al Nashef, I. 

M., and Al, E. (2014). Experimental study of use of ionic liquids in enhanced oil 

recovery. J Pet Environ Biotechnol, 4(165), 1-7. 

Blanchard, L. A., and Brennecke, J. F. (2001). Recovery of organic products from ionic 

liquids using supercritical carbon dioxide. Industrial & Engineering Chemistry 

Research, 40(1), 287-292.  

Carda–Broch, S., Berthod, A., and Armstrong, D. (2003). Solvent properties of the 1-butyl-

3-methylimidazolium hexafluorophosphate ionic liquid. Analytical and Bioanalytical 

Chemistry, 375(2), 191-199.  

Chun, S., Dzyuba, S. V., and Bartsch, R. A. (2001). Influence of structural variation in 

room-temperature ionic liquids on the selectivity and efficiency of competitive alkali 

metal salt extraction by a crown ether. Analytical Chemistry, 73(15), 3737-3741.  

Dharaskar Swapnil, A. (2012). Ionic liquids (a review): The green solvents for petroleum 

and hydrocarbon industries. Research Journal of Chemical Science, 2(8), 80-85,.  

Domańska, U., and Królikowska, M. (2010). Effect of temperature and composition on the 

surface tension and thermodynamic properties of binary mixtures of 1-butyl-3-



 

68 

 

methylimidazolium thiocyanate with alcohols. Journal of Colloid and Interface 

Science, 348(2), 661-667.  

Dosher, T., and Wise, F. (1976). Enhanced oil recovery potential. an estimate. paper SPE 

5800. J.Pet.Technol, 575  

Farouq-Ali, S., and Stahl, C. (1970). Increased oil recovery by improved waterflooding. 

Earth Miner.Sci.;(United States), 39(4)  

Fathi, S. J., Austad, T., and Strand, S. (2011). Water-based enhanced oil recovery (EOR) by 

“smart water”: Optimal ionic composition for EOR in carbonates. Energy & Fuels, 

25(11), 5173-5179.  

Green, D. W., and Willhite, G. P. (1998). Enhanced oil recovery. henry L. doherty memorial 

fund of AIME. Society of Petroleum Engineers: Richardson, TX,  

Han, D., Yang, C., Zhang, Z., Lou, Z., and Chang, Y. (1999). Recent development of 

enhanced oil recovery in china. Journal of Petroleum Science and Engineering, 22(1), 

181-188.  

Healy, R. N., and Reed, R. L. (1974). Physsicochemical aspects of microemulsion flooding. 

Society of Petroleum Engineers Journal, 14(05), 491-501.  

Hezave, A. Z., Raeissi, S., & Lashkarbolooki, M. (2012). Estimation of thermal conductivity 

of ionic liquids using a perceptron neural network. Industrial & Engineering Chemistry 

Research, 51(29), 9886-9893. 



 

69 

 

Hezave, A. Z., Dorostkar, S., Ayatollahi, S., Nabipour, M., and Hemmateenejad, B. (2013). 

Investigating the effect of ionic liquid (1-dodecyl-3-methylimidazolium chloride ([C 12 

mim][cl])) on the water/oil interfacial tension as a novel surfactant. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects, 421, 63-71.  

Hogshead, C. G., Manias, E., Williams, P., Lupinsky, A., and Painter, P. (2010). Studies of 

bitumen− silica and oil− silica interactions in ionic liquids. Energy & Fuels, 25(1), 293-

299.  

Huddleston, J. G., Willauer, H. D., Swatloski, R. P., Visser, A. E., and Rogers, R. D. (1998). 

Room temperature ionic liquids as novel media for ‘clean’liquid–liquid extraction. 

Chemical Communications, (16), 1765-1766.  

Jadhunandan, P., & Morrow, N. R. (1995). Effect of wettability on waterflood recovery for 

crude-oil/brine/rock systems. SPE Reservoir Engineering, 10(01), 40-46.  

Jamaloei, B. Y. (2009). Insight into the chemistry of surfactant-based enhanced oil recovery 

processes. Recent Patents on Chemical Engineering, 2(1), 1-10.  

Jones, S., and Roszelle, W. (1978). Graphical techniques for determining relative 

permeability from displacement experiments. Journal of Petroleum Technology, 

30(05), 807-817.  

José-Alberto, M., and Jorge, A. (2011). Current knowledge and potential applications of 

ionic liquids in the petroleum industry. Ionic Liquids: Applications and perspectives, in 

Tech, , 439-456.  



 

70 

 

Karambeigi, M., Zabihi, R., and Hekmat, Z. (2011). Neuro-simulation modeling of chemical 

flooding. Journal of Petroleum Science and Engineering, 78(2), 208-219.  

Kelkar, M. S., and Maginn, E. J. (2007). Effect of temperature and water content on the 

shear viscosity of the ionic liquid 1-ethyl-3-methylimidazolium bis 

(trifluoromethanesulfonyl) imide as studied by atomistic simulations. The Journal of 

Physical Chemistry B, 111(18), 4867-4876.  

Khan, M. Y., Samanta, A., Ojha, K., and Mandal, A. (2008). Interaction between aqueous 

solutions of polymer and surfactant and its effect on physicochemical properties. Asia-

Pacific Journal of Chemical Engineering, 3(5), 579-585.  

Kopczynska, A. (2007). Polymeric surfaces and their true surface tension in solids and 

melts. Journal of Materials Education, 29(3), 325.  

Kumar, B. (2012). Effect of Salinity on the Interfacial Tension of Model and Crude Oil 

Systems,  

Lago, S., Francisco, M., Arce, A., and Soto, A. (2013). Enhanced oil recovery with the ionic 

liquid trihexyl (tetradecyl) phosphonium chloride: A phase equilibria study at 75° C. 

Energy & Fuels, 27(10), 5806-5810.  

Lake, L. W., and Venuto, P. B. (1990). A niche for enhanced oil recovery in the 1990s. Oil 

& Gas Journal, 88(17), 62-67.  



 

71 

 

Lemos, R. C., da Silva, E. B., dos Santos, A., Guimaraes, R. C., Ferreira, B. M., Guarnieri, 

R. A., . . . Fortuny, M. (2010). Demulsification of water-in-crude oil emulsions using 

ionic liquids and microwave irradiation. Energy & Fuels, 24(8), 4439-4444.  

Li, X., Sun, W., Wu, G., He, L., Li, H., and Sui, H. (2011). Ionic liquid enhanced solvent 

extraction for bitumen recovery from oil sands. Energy & Fuels, 25(11), 5224-5231.  

Mandal, A. (2015). Chemical flood enhanced oil recovery: A review. International Journal 

of Oil, Gas and Coal Technology, 9(3), 241-264. 

Melrose, J. C. (1982, January). Interpretation of mixed wettability states in reservoir rocks. 

In SPE Annual Technical Conference and Exhibition. Society of Petroleum Engineers.  

Mohammed, M. A., and Babadagli, T. (2016). Experimental investigation of wettability 

alteration in oil-wet reservoirs containing heavy oil. SPE Reservoir Evaluation & 

Engineering,  

Nagarajan, R., and Harold, M. P. (1982). Surfactant-polymer interactions in tertiary oil 

recovery. Solution behaVior of surfactants (pp. 1391-1413) Springer.  

Nambu, N., Hiraoka, N., Shigemura, K., Hamanaka, S., and Ogawa, M. (1976). A study of 

the 1, 3, 5-trialkylbenzenes with aluminum chloride-hydrogen chloride systems. 

Bulletin of the Chemical Society of Japan, 49(12), 3637-3640.  

Nilsson, S., Lohne, A., and Veggeland, K. (1997). Effect of polymer on surfactant floodings 

of oil reservoirs. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 

127(1-3), 241-247.  



 

72 

 

Ober, C. A., and Gupta, R. B. (2012). pH control of ionic liquids with carbon dioxide and 

water: 1-ethyl-3-methylimidazolium acetate. Industrial & Engineering Chemistry 

Research, 51(6), 2524-2530.  

Painter, P., Williams, P., and Lupinsky, A. (2010). Recovery of bitumen from utah tar sands 

using ionic liquids. Energy & Fuels, 24(9), 5081-5088.  

Pereira, J. F., Costa, R., Foios, N., and Coutinho, J. A. (2014). Ionic liquid enhanced oil 

recovery in sand-pack columns. Fuel, 134, 196-200.  

Rodríguez-Escontrela, I., Rodríguez-Palmeiro, I., Rodríguez, O., Arce, A., and Soto, A. 

(2016). Characterization and phase behavior of the surfactant ionic liquid 

tributylmethylphosphonium dodecylsulfate for enhanced oil recovery. Fluid Phase 

Equilibria, 417, 87-95.  

Satter, A., Iqbal, G. M., and Buchwalter, J. L. (2008). Practical enhanced reservoir 

engineering: Assisted with simulation software Pennwell Books.  

Seddon, K. R., Stark, A., and Torres, M. (2000). Influence of chloride, water, and organic 

solvents on the physical properties of ionic liquids. Pure and Applied Chemistry, 

72(12), 2275-2287.  

Shirif, E. (1998). Mobility control by polymer under bottom-water conditions. Ph.D. thesis. 

Shirota, H., and Castner, E. W. (2005). Why are viscosities lower for ionic liquids with− 

CH2Si (CH3) 3 vs− CH2C (CH3) 3 substitutions on the imidazolium cations? The 

Journal of Physical Chemistry B, 109(46), 21576-21585.  



 

73 

 

Speight, J. G. (2013). Enhanced recovery methods for heavy oil and tar sands Elsevier.  

Stiles, W. E. (1949). Use of permeability distribution in water flood calculations. Journal of 

Petroleum Technology, 1(01), 9-13.  

Thomas, S. (2008). Enhanced oil recovery-an overview. Oil & Gas Science and 

Technology-Revue De l'IFP, 63(1), 9-19.  

Thomas, S., & Ali, S. M. (1999, January). Micellar flooding and ASP-chemical methods for 

enhanced oil recovery. In Annual Technical Meeting. Petroleum Society of Canada. 

Tunnish, A., Shirif, E., and Henni, A. (2016). Enhanced heavy oil recovery using 1‐Ethyl‐3‐

Methyl‐Imidazolium acetate. The Canadian Journal of Chemical Engineering, 95(5), 

871-879.  

Widegren, J. A., Laesecke, A., and Magee, J. W. (2005). The effect of dissolved water on 

the viscosities of hydrophobic room-temperature ionic liquids. Chemical 

Communications, (12), 1610-1612.  

Williams, P., Lupinsky, A., and Painter, P. (2010). Recovery of bitumen from low-grade oil 

sands using ionic liquids. Energy & Fuels, 24(3), 2172-2173.  

Xiao, Y., and Malhotra, S. V. (2005). Friedel-crafts acylation reactions in pyridinium based 

ionic liquids. Journal of Organometallic Chemistry, 690(15), 3609-3613.  

Xu, Z., Shaw, A., Qiao, W., and Li, Z. (2012). Branched chains of arylalkyl surfactants 

effects on the interfacial tension between crude Oil/Surfactant-alkaline systems. Energy 

Sources, Part A: Recovery, Utilization, and Environmental Effects, 34(18), 1723-1730.  



 

74 

 

Yang, P., Lau, C., Liu, X., and Lu, J. (2007). Direct solid-support sample loading for fast 

cataluminescence determination of acetone in human plasma. Analytical Chemistry, 

79(22), 8476-8485.  

Zerpa, L. E., Queipo, N. V., Pintos, S., and Salager, J. (2005). An optimization methodology 

of alkaline–surfactant–polymer flooding processes using field scale numerical 

simulation and multiple surrogates. Journal of Petroleum Science and Engineering, 

47(3), 197-208.  

 

 

 

 

 

 

 

 

 

 

 

 



 

75 

 

APPENDIX  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1........... EA
V

N
SS

p

p

wcw 

2..........., EA
dQ

dS
QSS

i

w
iwoutw 

3.........../)( ,, EAQSSf ioutwwouto 

4...........1 ,, EAff outooutw 

5...........1 EA

q

p

q

p

b

b
b 



 

6...........
1

11 EA
dQ

d
Q

i

ioutout


 




7...........1
, EA

f
k

out

outw
wrw 




8............1
, EA

f
k

out

outo
oro 





