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ABSTRACT 

Alkaline flooding is the earliest chemical flooding method reported. Its usage 

was in the beginning limited to reservoirs with high acid numbers because of the 

assumption that recovery is due to in situ surfactant that is formed from alkali-acidic 

components reactions. Alkaline flooding while succeeded in increasing microscopic 

sweep did not reduce the mobility ratio. Consequently, the macroscopic sweep was 

not improved. Later work proved that improvement in recovery was not dependent 

on high acid number. This work aims to relate the increase in recovery by alkaline 

flooding due to end-points relative permeability changes and formation of 1FT 

reducing components that do not depend on acids. 

Dulang crude, Waxy crude and Sodium Hydroxide as the alkaline solution 

were tested. Removals of acids from the crudes were effected by adding 2-

Ethylimidazole in Ethanol with the crudes. The extracted and un-extracted crudes 

were used in alkaline flooding using Berea sandstone cores with initial water 

flooding; End-points relative permeability changes and incremental recoveries from 

alkaline flooding were measured from the displacement tests for comparisons. Core 

properties after displacements were also inspected for any effective porosity and 

permeability alterations. Effluents from the displacement test were tested for alcohol 

formation which was expected to be a major Interfacial Tension (1FT) reducing 

component. 

Synthetically mixed crude oil (n-Heptanes/ Butanol/ Oleic Acid) were tested 

with alkaline solution to identity component which affected the 1FT the most. 

Emulsion stability test was also conducted using Dulang crude with alkaline solution 

to quantity the Interfacial Viscosity (IFV) which could play a major role in 

improving the volumetric efficiency. 

Incremental recoveries from alkaline flooding for un-extracted crude were 

around 7- 10% whereas for the extracted crude 5-6% incremental. End-points 

relative permeability to the displacing fluid, Krw' was reduced to around 30 - 50% 

in alkaline flooding compared to water flooding in all the displacement tests, thus 

leads to a lower Mobility Ratio of 0.5 - 0. 7 in the case for alkaline flooding. pH 

detection of more than 0.5 indicates a high possibility of alcohol formation from the 

effluents of the displacement runs. Effective permeability of the core sample prior to 
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flooding increased after the displacement test with an increase of around 0.2 - 13% 

increment from all cases. 

From all the synthetic crude mixture, Butanol as one of the type of alcohol, 

lead to the greatest 1FT reduction of 0.14 Dynes/em at 5% wt concentration. This 

confirmed that even if very small amount of alcohol was formed, it can lead to a very 

low 1FT. From emulsion stability test, at 2 % wt concentration of alkaline, the 

emulsion formed was the most stable giving the longest time for separation of around 

33 minutes. This explained the stability of emulsion droplets formed in alkaline 

flooding which improved the volumetric efficiency thus leading to a higher oil 

recovery. 

Alkaline flooding still offers a cheap alternative to other interfacial tension 

(1FT) reducing chemical process. Well defined relationships between the recovery 

improvements to key mechanisms in alkali flooding can be valuable in designing 

flooding processes using alkali as part of alkali polymer or alkali-surfactant-polymer 

flooding. 
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Alkaline Flooding of Low Acid Number Crude Oil 2011 

CHAPTERl 

1. INTRODUCTION 

1.1. Project Background 

Alkaline or caustic flooding is one of the methods by which oil 

displacement efficiency can be improved. Alkaline flooding is an Enhanced 

Oil Recovery (EOR) process where the pH of the injection water is increased 

by the addition of relatively inexpensive alkaline agents such as sodium 

carbonate, sodium silicate, sodium hydroxide and potassium hydroxide in an 

effort towards improving oil recovery lll. 

As what being classified by Cooke eta/. 121 and Ehrlich R. et al. 131, the 

principal theory of the process is the flooded alkaline solution will react with 

the acidic component in the crude oil inside the reservoir to form in situ 

surfactant which leads to the lowering of water-oil interfacial tension 141, 

spontaneous emulsification of oil and water [SJ, and wettability alteration 161. 

However, Mayer et al. [?J reported from the pilot testing on various 

field utilizing alkaline flooding, it was discovered that even in reservoirs with 

very low acid number; the performance of alkaline flooding somehow equals 

with reservoirs with higher acid number, and in some cases performs better 

and this opposed the general theory for alkaline flooding. 

This observed phenomenon requires better understanding of the 

displacement mechanism by considering other factors besides the 

conventional theory of enhanced recovery from alkaline flooding. 
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1.2. Problem Statement and Project Significance 

1.2.1. Problem Identification 

It was believed in the past that the application of alkaline 

flooding is limited only to high acid number crude oil; presence of 

acids in the crude oil in early studies l31 shows the minimum acid 

numbers ranging from 0.5 to 1.5 mg KOH/gram oil have been 

suggested for a successful alkaline flooding ll1l41. However there is no 

direct correlation been observed between acid number (AN) of the 

crude, interfacial activity and the incremental oil recovery l3ll&1. Mayer 

et al. l11l91 summarized that even in reservoirs with very low acid 

number of0.2-0.22 AN, the incremental recovery was 5-7% PV (Pore 

Volume) compared to a high acid number reservoirs of0.6 AN which 

achieved <I% PV increment. This shows even reservoirs with low 

acid number, the success of alkaline flooding is equal and sometimes 

better than high acid number reservoirs. The problem identified from 

these is that other displacement mechanisms beside acid-alkaline 

reaction to generate in-situ surfactant must be investigated to explain 

the incremental recovery in low acid number crude oil. 

1.2.2. Significance of the Project 

To be able to describe the displacement mechanisms of 

alkaline flooding in low acid number crude oil will greatly enhanced 

the prospect of implementing alkaline flooding since the method is 

one of the low-cost alternatives in EOR. To explain the phenomena of 

the increase in recovery of alkaline flooding for low acid number 

crude oil, three (3) key solutions were devised; (i) Better 

understanding of existing displacement theory of reduction in 1FT and 

wettability alteration by quantifying the changes in relative 

permeability end-points, (ii) formation of alcohol elements in the 

effluents, and (iii) rock properties alteration after displacements 

experiments. 
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1.3. Objectives and Scope of Studies 

1.3.1. ()bjectiVes 

a. To examine and illustrate the changes of relative permeability 

end-points for alkaline flooding for low acid number crude oil 

Alkaline solution cause wettability changes of rock from oil-wet 

to water-wet and emulsion can be formed through the reduction of 

IFT. Relative permeability describes the ability of fluid to flow 

and the reduction of fluid saturations. Incremental recovery can be 

obtained from relative permeability analysis through residual 

saturations values for displaced phase and end-points relative 

permeability of displacing phase measurements which mobility 

ratio can be calculated in order to quantizy the dependency on acid 

number towards the recovery. 

b. To identify the formation of alcohol elements in the effluents 

while investigating the components in crude oil composition 

wbicb most affects 1FT reduction and recovery 

In low acid number crude, it is believe that acid constituent plays a 

smaller role in reducing IFT which could leads to better oil 

recovery. Thus, components in crude sample will be examined to 

identizy which affects the 1FT the most. This would establish that 

alkaline flooding in low acid number crude does not depend on the 

acid content. Alcohol leads to ultra-low 1FT reduction in oil-water 

system, thus if formation of alcohol can be confirmed, it will be 

vital in explaining the increase of recovery in alkaline flooding. 

c. To quantify the effect of dissolution/precipitation of rock 

minerals 

Physical properties of the reservoir rock will be altered due to 

interaction between alkaline solutions with the rock surface. 

Exchanges of ion and minerals during alkaline flooding will be 

explained based on proven literature review. Alteration of the 

porosity and permeability before and after displacement runs will 

be examined. 

3 
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1.3.2. Scope of Studies 

• Acid Number measurement of the oil sample for core flooding, 

IFT measurement. 

• Removal of acidic components (Naphthenic Acid) for 

neutralization of crude oil using Ionic Liquids. 

• Core Flooding experiments to measure the End-Points Relative 

Permeability and Mobility Ratio using Dulang and Waxy crude oil 

(Acidic and De-Acidified). 

• Post-evaluation after core displacements of effluents for Alcohol 

formation and core properties 

• Interfacial Tension (1FT) measurement of the oil and alkaline 

solution sample mixed with either Alcohol, n-Heptane, or Oleic 

Acid. 

• Emulsion stability test of alkaline with different concentrations 

mixed with Dulang crude oil. 

1.4. Relevance ofthe Project 

The findings from this research will enhance the applicability of 

alkaline flooding in EOR process for reservoirs with low acid numbers. 

Through lab experiments, it is hope that the prospect of alkaline flooding 

will not just be limited to reservoirs with high acid number of 0.5 to 1.5 AN 

rzn41, but also to low acid number reservoirs (below 0.5 AN) which is very 

common throughout Malaysian field. The research is relevant in providing 

explanation on why it was observed that even reservoirs with low acid 

number, alkaline flooding has been quite successful in EOR project. 

1.5. Feasibility of the Project within Scope and Time Frame 

With careful p Ianning and full dedication in conducting this research, 

all the experimental works were managed to be completed in time. All the 

materials and equipments to conduct the experiments were readily available; 

and with the assistance of the technicians in operating the equipments, all 

data has been successfully recorded and all the objectives set for this 

research has been achieved. 
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CHAPTER2 

2. LITERATUREREVIEW 

2.1. Enhanced Oil Recovery Concept 

In Enhanced Oil Recovery (EOR), the overall recovery efficiency E 

of any fluid displacement process is given by the product of the 

macroscopic, or volumetric displacement, efficiency E, and the microscopic 

displacement efficiency, EJ[IJ 

E=EvEa (1) 

Macroscopic displacement efficiency is a measure of how well the 

displacing fluid has contacted the oil-bearing parts of the reservoir. The 

macroscopic displacement efficiency is made up of two other terms: the areal 

sweep efficiency, Es and the vertical efficiency, E;. 

Macroscopic displacement is affected by the following factors: 

properties of injected fluids, properties of displaced fluids, properties and 

geological characteristics of reservoir rock, and geometry of injection and 

production well pattern 

Microscopic displacement efficiency is a measure of how well the 

displacing fluid mobilizes the residual oil once the fluid has contacted the oil. 

For the purpose of this research, we are mainly concerned with interfacial 

tension (1FT), wettability, relative permeability, and mobility ratio. 

2.1.1. Interfacial Tension 

Interfacial tensions or surface tension can be referred as forces 

per unit length acting at the fluid-fluid and rock-fluid interfaces. 

Interfacial tension between two fluids represents the amount of work 

required to create a new unit of surface area at the interface. In oil 

recovery, a low interfacial tension between oil-water is preferred to 

mobilize the residual oil. 

2.1.2. Rock Wettabi/ity 

W ettability is the tendency of a rock to prefer one fluid over 

another, by being either oil-wet or water-wet. Wettability is a function 

of the chemical composition of both the fluids and the rock. 

5 
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2.1.3. Capillary Number 

Residual oil saturation always depends on the dimensionless 

ratio of viscous to capillary forces defined as the capillary number, 

Vp 
Nc=­

up 
(2) 

Based on the equation, it is preferable to have low interfacial 

tension between oil-water and viscosity of the displacing fluid must 

be reduced to give a higher capillary number thus lower residual oil. 

2.1.4. Mobility Ratio 

The mobility ratio describes the displacement efficiency of our 

injected fluid. A mobility ratio of less than l is preferable based on 

the equation below 

krw 

M=.&._ 
kro (3) 

Jlo 

Mobility ratio effects stability of a displacement process, with 

flow becoming unstable (non-uniform displacement front) when 

M> 1.0 called viscous fingering. In displacement, a more stable (M 

<1.0) is more preferable. 

2.1.5. Relative Permeability 

Relative permeability is the ratio of effective permeability of a 

particular fluid at a particular saturation to absolute permeability of 

that fluid at total saturation. 

The relative permeability curve will explain how is the 

displacement efficiency is going to be based on the end-points of the 

relative permeability of each fluid phases as well as the incremental 

recovery based on the residual saturation points. 

6 
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2.2. Alkaline Flooding 

Alkaline agents have an appeal for enhanced oil recovery because of 

their low cost and favourable performance in laboratory test. Alkaline agents 

mobilize oil efficiently through several mechanisms. 

However, careful screening and preliminary studies must be conducted 

before any EOR method including alkaline flooding can be implemented. 

2.2.1. Screening Criteria 

In determining the feasibility of alkaline flooding, previous 

detailed studies of alkaline field projects have been conducted since 

1960. Screening parameters were identified from a detailed study of 

alkaline field projects, and summarize by French eta/. [!OJ 

. )§~~~~~~~i: ·,;ii;.:.; }.}.i:.•·. .. ·. ';E~llll.i'llti!lll. ·.•·· · ·.•·· •.. . t. r .:"· .. ;; . ; . '• • . .. •cl·• ...... ,. ......... '." ' .•••..•. •· • . . • • < 
Gypsmn Reservoirs with gypsum (anhydrite) content greater that 0.1 

percent should be rejected as it consmnes alkali agent, with 

I% gypsum can consmne I 0 PV of a I% solution of 

NaHC03 

Kaolinite Reservoir with kaolinite only injected alkali with low pH, 

because kaolinite can deter flooding with high pH alkali 

Montmorillonite The mineral can consmne much of the injected alkali by 

adverse precipitation due to its large surface area and very 

high cation exchange capacity. 

Sandstone Highly preferred for alkaline flooding 

Acidnmnber Important for oil to have high acid nmnber to achieve low 

1FT. But, even with crude oil with a low acid nmnber, 

alkaline flooding can be successful due to other mechanism. 

Detailed study of alkaline project shows no correlation 

between oil acid nmnber and project success. 

C02 Reservoirs with high C02, mole fraction of C02 (in 

produced gas) higher than 0.01, or a pH less than 6.5 are not 

good candidates. 

Table 1: Alkaline Floodmg Screenmg Cnter1a 
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2.3. Alkaline Flooding Displacement Mechanism 

Alkaline flooding is an EOR process where the pH of the injection 

water is increased by the addition of relatively inexpensive alkaline agents 

such as sodium carbonate, sodium hydroxide and potassium hydroxide in an 

effort towards improving oil recovery. The alkali reacts with the acidic 

constituents in the crude oil leading to lower water-oil interfacial tension, 

emulsification of oil and water. Also, alkali may react with the rock grain 

surfaces, leading to wettability alteration. 

Johnson et al. [ill provides a brief overview of the mechanism that will 

improve the oil recovery from alkaline flooding: 

2.3.1. Emulsification and Entrainment 

Increase capillary number by reacting with organic acids in crude 

oil to form emulsifYing soaps. The soap/surfactant emulsifies oil 

and water and reduces 1FT by two to three orders of magnitude. 

The oil-in-water emulsion formed is entrained by the fluid flow can 

then be produced. 

2.3.2. Wettability Reversal 

When displacement processes occur in oil-wet reservoir, residual 

oil is the continuous phase. Injection water changes rock wettability 

to water-wet. As a result, water-oil relative permeability and water­

oil mobility ratio are lowered [BJ. 

Even in water-wet reservoir, the discontinuous non wetting residual 

oil can be changed to continuous wetting phase if proper conditions 

of reservoir temperature, pH, and salinity of alkaline solution are 

met l21• Presence of water droplet in the continuous oil-wet phase 

raises the pressure gradient of the flow. Capillary pressures are 

overcome and residual oil saturation is reduced. 

2.3.3. Emulsification and Entrapment 

Additional oil could be produced due to entrapment of oil emulsion 

droplets by small pores. Since the flow is diverted into poorly 

swept or un-swept areas, volumetric sweep efficiency is improved. 

8 
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2.4. Basic Chemical Model for Alkali/ Oil Chemistry 

Addition of the alkali chemicals results in a high pH because of the 

dissociation in the aqueous phase. For example using NaOH, it dissociates to 

yield [Off] as follows [tJl: 

NaOH ~Na+ + OH- (4) 

Equilibrium dissociation of water is given by 

[ow][w] 
K - =-...,..,-=:=.--"' 

- (HPJ (5) 

Where brackets indicate molar concentrations and an increase in [OH"] causes 

a decrease in [H']. Water concentration is essentially constant. 

The hydroxide ion must react with a petroleum acid from the crude oil 

to form a surfactant. Some of the petroleum acid in the crude oil partitions 

into the aqueous phase according to the solubility expression: 

K == [HAo] 
D (HAw) (6) 

Where Kn is the distribution or partition coefficient and HAo and 

HAw denote petroleum acid in the oil and water phase. 

The petroleum acid dissociates in aqueous phase according to the expression 

(7) 

The dissociation is governed by the equilibrium relationship 

(8) 

The species A" is an anionic surface-active agent. Thus, recalling the 

hydroxide ion being dissociates in the aqueous solution, caustic reaction will 

occur 

(9) 

A measure of the potential of a crude oil to form surfactants is given 

by the acid number. Theoretically, higher the acid number, more surfactants 

can be formed thus better oil recovery. But this is not so since acid number 

does not always correlate with oil recovery due other recovery mechanisms 

due to the alkaline solutions. 
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2.5. Roek/Fiuid Interactions and Loss of Alkaline Chemical 

Usually due to alkaline reactive minerals, alkaline chemical is 

consumed during a displacement process [7]. Only a small amount of the 

chemical is used in the reaction with petroleum acids to form in situ 

surfactants. Hydroxide can interact with reservoir rock in several manner 

depends on the rock mineralogy. Thus, irreversible dissolution of silica and 

anhydrite can occur, and Base exchanges of divalent ions followed by 

precipitation of insoluble hydroxides can take place [!31. 

One caustic/rock interaction that is important in alkaline flooding is the 

reversible sodium/hydrogen base exchange; 

(10) 

Where M denotes a mineral-base exchange site. The exchange reaction 

indicates that both sodium and hydroxyl ions are involved in the Base 

exchanges. For every hydrogen mineral site exchanged, both a sodium and 

hydroxyl elements are lost. It was observed that the exchange process delay 

the breakthrough which can be significant in oil recovery. 

Figure 1: Schematic Diagram oflons Exchanges between Alkaline-Oil-Rock 

Besides that, alkali will react with Ca2
+ and Mi+ and can precipitate. 

This reaction can be advantageous as it is sometime used in chemical 

flooding to soften the brine. Pre-flushing with alkaline chemicals is common, 

but the reaction results in loss of alkaline chemicals. At the right temperature 

(above 70°C) and pressure (above 1000 Psia), the precipitated minerals can 

be flushed out, thus improving the overall transmissibility of fluid as the grain 

surfaces are dissolved in the displacing fluid. 
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2.6. Removal of Naphthenic Acids nsing Ionic Liqnid 

A common method of removing the acidic components of which the 

crude is "washed" with alkaline solution to produce neutralized salt from the 

acid-alkaline reaction has major problems which are: 

• The forming of tight emulsion where it is almost impossible to 

separate the crude and the alkaline solution 

• Neutralized salt which is formed are usually in liquid state and 

miscible with the crude sample thus difficult to be extracted 

From the work ofLijuan eta/. [141, ionic liquids were used to remove the acid 

constituents and it overcomes the problems faced from the above method. 

2.6.1. Imidazole Derivatives in Solvents as Ionic Liquid 

Imidazole and its derivatives are five-membered 

heterocyclic compounds containing two nitrogen atoms, in which 

one is pyrrole-N and the other is pyridine-N. Pyrrole-N participates 

in the conjugated system, while pyridine-N, which does not 

participate in the conjugated system, has strong alkalinity and can 

easily combine with H+ to form an imidazole-cation, which is a 

common cation of ionic liquid. 

Naphthenic acid is a weak acid; therefore, the stronger the 

alkalescence of imidazole derivatives, the easier the reaction of 

them. It was considered that alkalescence of 2-Methylimidazole 

was the strongest. 

Lijuan et a/. [t<J found that the usages of pure polar polar 

solvents to extract acid were tremendously improved with the 

addition of Imidazole mixture. It was seen that the acid-removal 

rates of ethanol, n-propyl alcohol, n-butanol, and isopropanol were 

better with the Imidazole derivative solutions gave a larger increase 

to the acid-removal rates compared to the pure solvents. 

Polar solvents that were selected have different alkyl 

alcohol carbon number. The increase of the alkyl alcohol carbon 

number would result in the mixture become more miscible. It is 

because alkyl alcohol with fewer carbon numbers had a stronger 

polarity and weak solubility in crude oil. The polarity of alcohol 

weakened with the carbon number increasing; therefore led to the 

11 
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decrease in the amount of oil that can be yield from the 

neutralization reaction as more oil solubilised in the reagents. 

From the literature [1
41, it was found that by using Imidazole 

derivatives in Ethanol, it provides the highest oil yield rate from the 

neutralization reaction, with Acid Number of the crude sample is 

greatly reduced to almost below 0.001 AN. 

2. 7. Interfacial Rheological Properties 

W asan et a!. [lSJ first studied the effect of alkaline materials on 

interfacial rheological properties of oil/water system. The rheological 

properties of a liquid are dominant features that can be quantified to 

characterize its behaviour, and the response of a liquid to a forced shearing 

flow is the basis for determining the specific rheological properties of a 

given liquid. 

Interfacial viscosity significantly decreases in the presence of sodium 

hydroxide. Similarly, the rapid coalescence of oil droplets and poor stability 

of emulsions were traced back to ultra low interfacial viscosity. The 

phenomena were attributed to estherification and soapanifiation of natural 

surfactants adsorbed at the interface from the oil phase. 

From the research, it was observed: 

• Alkaline materials may decrease the interfacial viscosity by orders of 

magnitude and the average values are usually less than 0.1 Mn s/m. The 

greatest effect was found in the case of hydroxides, particularly sodium 

hydroxides. 

• Effect of temperature on interfacial rheological properties is dominant 

only at low alkali concentrations and long contact times. But, at high 

alkali content and particularly at low shear rate, the effect of 

temperature is negligible. 

From the research, it is explainable why alkali-containing systems 

readily from emulsions which then break also very rapidly indicating the 

instability of the emulsion. Apparently, what is often being reported in 

alkaline flooding experiments is that the in-situ formation of stable emulsion 
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is not a contradiction to the findings from the research. These might the 

alkali concentration is too low (< 2% wt) or the dynamic force are high 

enough to re-emulsizy permanently the liquid system thus leading to a better 

recovery through mobile emulsion of oil droplets. This could explain the 

improved recovery for low acid crude system. 

2.8. Alcohol Formation in Crude Oil 

Chemical reactions that occurred between the interactions of alkaline 

solution with acid components of crude oil may possibly generate other 

chemical residues beside soap or in situ surfactants. 

Due to the presence of unstable hydroxide ion in the alkaline solution, 

theoretically, it could react with the carbon chain in the crude oil to formed 

alcohol. Catalyst for this reaction could be the high temperature and pressure 

along with Ca/Mg/Fe/Al elements coming from the rock minerals. The 

possibility of the generation of alcohol is due to the fact that chemical 

industry produced alcohol based on if not the same approach, with almost 

similar condition. Usually, preparation of alcohol is due to substitution 

reaction. Primary alkyl halides react with aqueous NaOH or KOH mainly to 

primary alcohols in Nucleophilic Aliphatic substitution. 

F? 
R-C 

[0] ,0 
R-c' 

' H OH 
rima alcohol aldeh de carbox lie aci 

Figure 2: Oxidation of Alcohol to form Carboxy6c Acid 

Alcohol can be directly oxidized to form weak carboxylic acid. 

Potassium Permanganate is usually used as the reagents to promote the 

formation of the acid. 

A reason why formation of alcohol is important in oil-water system is 

because it will promote ultra low 1FT 121 as it increases the contact angle high 

enough to emulsifY the oil droplets such that it will mobilize the residual oil. 
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2.9. Acid Number Defmitiou 

Total Acid Number (TAN) or Acid Number (AN) is the amount 

of potassium hydroxide in milligrams that is needed to neutralize the acids in 

one gram of oil. The acid number is a measure of the amount of carboxylic 

acid groups in a chemical compound, such as a fatty acid, or in a mixture of 

compounds. In a typical procedure, a known amount of sample dissolved in 

organic solvent is titrated with a solution of potassium hydroxide with 

known concentration and with phenolphthalein as a colour indicator. 

Acid Number value can be deduced by a couple of different methods, 

commonly are potentiometric titrations or by colour indicator titration: 

• Potentiometric titration: The sample is normally dissolved in 

Toluene and Propanol with a little water and titrated with alcoholic 

potassium hydroxide (if sample is acidic). A glass electrode and 

reference electrode is immersed in the sample and connected to a 

voltmeter/potentiometer. The meter reading (in mill volts) is 

plotted against the volume of titrant. The end point is taken at the 

distinct inflection of the resulting titration curve corresponding to 

the basic buffer solution. 

• Colour indicating titration: An appropriate pH colour indicator 

e.g. phenolphthalein, is used. Titrant is added to the sample by 

means of a burette. The volume of titrant used to cause a permanent 

colour change in the sample is recorded and used to calculate the 

TAN value. 
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CHAPTER3 

3. RESEARCH METHODOLOGIES 

Six main phases in the research work were completed: (I) Acid Number 

Measurement, (2) Acid Extraction, (3) Core Flooding, ( 4) Post-Flooding 

Evaluation, (5) IFT Measurement, and (6) Emulsion Stability Test. 

3.1. Acid Number Measurement 

The measurements (colour titration) were carried out with reference to 

American Standard Testing Measurement 974 (ASTM 974). The un­

extracted crude and extracted crude for both Dulang and Waxy crude sample 

are measured using the method stated above. 

Chemicals and Apparatus: 

Erlenmeyer 250m!, Graduated Cylinder IOOml, Buret 5ml (O.Olml 

subdivision), Weighting Scale (accurate to O.Olg), Ethanol, Potassium 

Hydroxide (O.IM), Bromothymol Blue Indicator Solution. 

Procedure: 

• Alkaline solution was prepared by weighting out 0.1 mole of KOH 

(= 5.6ll g), which later be dissolved it in water, and water was 

added to make the total volume equal to exactly I litre as it will 

give O.IN KOH solution. 

• Then 50 ml of ethanol denatured was added into a 250 ml 

Erlenmeyer flask. 3 to 4 drops of bromothymol blue indicator 

solution was mixed and titrated with O.lN KOH aqueous solution. 

• Accurately 60g of sample was weighted and mixed into neutralized 

ethanol. The sample was swirled completely until dissolved by the 

solvent with constant heat supplied at 40 °C. 

• Then immediately it was titrated with O.IN KOH aqueous solution 

at room temperature, using a 5 ml buret. The solution was stirred 

vigorously and the KOH aqueous solution was added along, 

dropwise when approaching the end point. By using a pH meter, the 

titration was stopped when the pH read zero, to indicate the solution 

had been neutralized completely. 

• The volume ofKOH required to neutralize the sample was recorded 

to calculate the acid number of the crude oil sample. 
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3.2. Acid Extraction and Neutralization 

Two extraction methods were adopted as the first method that will be 

described below produced significant errors in the extraction process. 

Nevertheless, both methods will be discussed for research purposes. 

Method I 

Wang eta/. 1161 proposed a method to remove naphthenic acid in crude oil 

through reaction of an ammonia solution of ethylene glycol with the oil 

sample. It was reported almost 90% of the acid components can be removed 

through the reaction. 

Chemicals and Apparatus~ 

Beaker, Three-neck flask, magnetic stirrer, electric stirrer, temperature 

controller. 

Reagents: Ammonia Solution (25% v/v in water), Ethylene Glycol 

Procedure: 

• Solution consists of ammonia solution of 3 wt% with ethylene glycol 

was prepared by mixing it in a beaker, constantly stirred using 

magnetic stirrer. 

• Then the oil sample was put into the three-neck flask with an electric 

stirrer and temperature controller. 

• Constant stirring was employed during the extraction. Extraction 

temperature was in the range 50-60 •c, and the extraction time was 

after 30 minutes. 

• After extraction, the mixture was put into a separating funnel for 1 

hour at 70 °C to gravity separate the solvent with the acid compounds 

from the oil. 

• Bottom of the funnel will be the ammonia solution of ethylene glycol 

and naphthenic acid ammonia salt, and at the top of the funoel is the 

de-acidified oil. 
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Method II 

Lijuan et a/ [251 in her work, proposed a method to extract Naphthenic Acids 

from crude oil sample using Ionic Liquid as the medium of extraction. This 

method was adopted for this research it overcomes the problems in method I 

and the results obtained were up to satisfaction. 

Chemicals and Apparatus: 

Beaker, Conical Flask, Magnetic Stirrer, Thermometer, Separating Funnel + 

Ring-O holder 

Reagents: 2-Ethylimidazole, Ethanol (990/o Pure) 

Procedure: 

• 1 litre of Ethanol was measured and mixed together with 227.5 of2-

Ethylimidazole powder, and later dissolved it with Ethanol. Magnetic 

stirrer was used to stir the mixture together. 

• 500g of crude oil sample was weighted. Then 200g of the reagent 

mixture is mixed with the crude sample in aIL conical flask. This 

gave a ratio of reagent: oil to 0.4: 1. 

• During the extraction, it was heated at a constant 30°C and constantly 

stirred using magnetic stirrer. This process was conducted for 20 

minutes. 

• After the extraction, the mixture was put into a separating funnel for 

30 minutes at room temperature to gravity separate the reagent with 

the acid compounds extracted from the crude oil. 

• ln the top of the funnel was the reagent with ionic liquid and in the 

bottom was mainly the de-acidified crude oil. The weight of the 

extracted crude oil should not be more than 500g to indicate that the 

reagent mixture had completely been separated 

17 
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3.3. Core Cleaning 

Before displacement test can be carried out, the core samples were properly 

cleaned and saturated to ensure each runs are not affected by any impurities 

inside the core sample. 

Chemicals and Apparatus: 

Soxhlet Extractor 

Toluene 

Procedure: 

Figure 4: Soxhlet Extractor for Core Cleaning 

• The Soxhlet distillation extraction method was used to dissolve and 

extract oil and brine from rock core sample by using solvents. 

• The cleanliness of the sample was determined from the colour of the 

solvent that siphons periodically from the extractor which must be 

clear. The samples were placed in the extractor and cleaned by 

refluxing solvent 

• The solvent was heated and vaporized in boiling flasks and cooled at 

the top by condenser. The cooled solvent liquid faiJs into the sample 

chamber. The cleaned solvent fills the chamber and soaks the core 

sample. 

• When the chamber is full , the dirty solvent which was used to clean 

the core siphons were absorbed back into the boiling flask and was 

redistilled. 
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3.4. Dry Core Properties 

Chemicals and Apparatus: 

Oven, Poro-Penn System 

Nitrogen gas 

Procedure: 

FigureS: Poro-Perm Measurement System 

• After the cleaning process, the core samples were put into oven to 

dry any residues of toluene which might be entrapped in the pore 

spaces. 

• Using Porosimeter, nitrogen gas was filled into the core chamber to 

completely saturate the sample. 

• Using suitable confmed pressure of 1200 Psia and setting up the 

pressure steps for reading purposes, stabilize air porosity and 

absolute penneability values were obtained. 

• The permeability obtained are gas penneability, thus it was corrected 

using the built-in software to correct the values using Klikenberg 

correction method. 
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3.5. Core Flooding 

Saturating the Core 

Chemicals and Apparatus: 

Relative Permeability 

System 

Brine Water ( 5% wt 

NaCl), Crude Oil Sample, 

Alkaline Solution (2% wt 

NaOH) 

Procedure: 

Figure 6: Relative Permeability System 

• The core samples underwent two saturating stages, firstly with 

nonnal brine water as pre-flush. The core penneability to brine was 

measured using a constant rate pump. 

• Assuming the core is 1 000/o saturated with water, initial volume of 

water should be equal to the pore volume. 

• Then it was flooded again with crude oil until both samples were at 

the state of irreducible water saturation. Original oil in place was 

detennined based on the amount of displaced water. 

• Following this, the cores were aged for 24 hours. It was believed that 

this aging period was sufficient for the crude oil, brine, and core 

material to at least approach wetting equilibrium. 

Flooding the Core 

Procedure: 

• After aging, brine of 5% Sodium Chloride content was used to flood 

and displaced the oil. The process was conducted until a stable 

residual oil was established. This is when only water is being 

produced at the outlet. 

• Then continuously flooding of the alkaline solution to remove the 

residual oil. Volume of the additional oil produced was recorded. 

• Incremental recoveries and end-points relative penneability of each 

runs were calculated for data discussions. 
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3.6. Post Flooding Evaluation 

After each displacement run, the effluents from each runs were 

analyzed for alcohol formation, and the core properties were again measured 

to find any alterations that have been made to porosity and permeability. 

3.6.1. Rock Properties 

Alkaline solutions react with certain minerals in the rocks. The 

hydroxide ions in the alkaline solutions may react to dissolve the 

grains and form new minerals due to high temperature and pressure. 

This reaction may alter the physical properties of our reservoir rock 

in terms of porosity and absolute permeability. 

The core samples were basically cleaned and dried using 

method described in 3.3 - 3.4. The new properties of each core 

samples were then compared against its initial properties. 

3.6.2. Alcohol Traces Detection 

Oxidation method was adopted 

to detect the alcohol formation. The 

oxidation process promoted the 

alcohol elements to form weak 

carboxylic acid in the effluents due to 

the chemical reactions which will be 

further described in the discussion 

sections. 

Five (5) gram of Potassium 
Figure 7: pH meter for Basic­
Acid Deftection 

Permanganate (KMn04) was mixed with the effluents sample to 

directly oxidized if any, alcohol elements in our solution through 

heating and constant stirring. pH of the solution was measured again 

to indicate if any acidic compounds has been formed due to the 

oxidization of the alcohol. 
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3.7. 1FT Measurements 

In determining the 1FT reduction from various mixtures of components 

for the crude sample with alkaline solution, Sessile Drop Method is adopted 

using IFT 700 equipment. 

Chemicals and Apparatus 

1FT 700 Equipment 

Dulang Crude Oil Sample, 

Alkaline Solution (2% wt 

NaOH), n-Heptane! Oleic 

Acid/ Butanol (I - 300/o wt) 

Procedure: 

Figure 8: 1FT 700 Systems 

• Synthetic oils were prepared by mixing Dulang crude with different 

components (Butanol, n-Heptane, and Oleic Acid). 

• The chamber cell where the mixed oil droplets with alkaline solution 

were cleaned to remove any impurities using a degreaser and air­

blower. 

• The cell was then pressurized to 1 000 Psi a at constant temperature of 

70°C to resemble the core flooding conditions which were set in the 

previous experiments. 

• A single Dulang crude oil droplet was formed in the pressure cell by 

carefully controlling the inlet/ outlet pressure of the oil tank. A 

microscope camera was used to capture the digital images of the oil 

droplets to ensure the oil droplet was stable. 

• The chamber which was filled with the Dulang oil droplet was then 

filled with alkaline solution by slowly adjusting the inlet/ outlet 

pressure of alkaline tank. 

• 1FT was then measured once the systems were at equilibrium as 

alkaline made contact with the crude oil. 

• The processes were repeated to measure 1FT for every synthetic 

mixture being prepared. 
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3.8. Emulsion Stability Test 

The stability of emulsion formed when different concentration of alkaline 

solutions mixed with DuJang crude were quantified based on the time taken 

for the two phases to separate after stirring and heating process. 

Chemicals and Apparatus 

Beaker, Magnetic Stirrer 

Dulang Crude Oil Sample, Alkaline Solution 

Procedure: 

• Alkaline solution with different concentration Solution ( 1%, 5%, 

10% wt NaOH) was mixed with the Dulang Crude oil 

• Ratios of mixture of 40:60 with 40 % volume to alkaline, 60% 

volume to oil were used for every case. 

• The mixtures were carefully stirred and heated until emulsions were 

formed for 30 minutes. 

• After that, time was recorded to measure the time taken where the 

two phase to be separated again completely. 

• The separation process was conducted at normal ambient condition 

(room temperature). 

Figure 9: Emulsion Stability Measurement 
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3.9. Viscosity and Density Measurement 

Basic properties of fluid being used in the displacement runs and 1FT 

measurement are measured beforehand. Viscosities of each fluid were 

measured using Rolling Viscometer and density using Densitometer. 

Viscosity Measurement 

Chemicals and Apparatus 

Rolling Viscometer 

Crude Oil Sample, Alkaline Solution, Brine 

Water 

Procedure: 

Figure 10: Rolling Viscometer 

• The equipment frrst was calibrated by rotating the visco-spindle 

filling normal tap water into the cup container. The spindle for 

measurement was tightened to ensure the rotations of needle were 

correctly in place. 

• Sample to be measured were filled inside the container at the specific 

height before measurement. 

• Measurements started using spindle Class-I at RPM 100. Accuracy 

of measurement was based on calibration values displayed on the 

screen. Values above 200/o were considered correct thus viscosity 

reading at that value were recorded. 

• Multiple measurements were conducted using different needle class 

(Class-2 and Class-3) to ensure the viscosity values were correctly 

measured and to ensure consistencies in the reading were achieved. 

• Highest calibration values were obtained if the right spindle class and 

the right RPM was used for measurement. 
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Density Measurement 

Chemicals and Apparatus 

Densitometer 

Crude Oil Sample (Acidic, De­

Acidified, Synthetic), Alkaline 

Solution 

Procedure: 

Figure 11: Deuitometer System 

• The desired fluid sample to be measured was injected slowly into the 

air tube. 

• The fluid was injected continuously until the tube was full and no air 

bubble was formed between the fluid samples in the tube. 

• Air bubble will affect the density measurement as it will g1ve 

erroneous values. 

• Once this was achieved, temperature of 70°C was set, and the tube 

was heated up until at a stabilized pre-set temperature. 

• Then the option to start recording the density was selected. The 

equipment provided the density value once the reading had 

stabilized. 
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3.10. Tools, Materials, and Equipments 

Below is the summary of the utilized chemicals and the equipments 

throughout the research work. 

Chemicals/ Materials Experiment 

Dulang Crude Oil 
Core Flooding! 1FT/ 
Emulsion Stability 

Waxy Crude Oil Core Flooding! 1FT 

Sodium Hydroxide 
Core Flooding/1FT/ 
Emulsion Stability 

Sodium Chloride Core Flooding 
Potasium Permanganate Alcohol Oxidation 

2-Ethylimidazole Neutralization of Acid 
Neutralization of Acid/ 

Ethanol Acid Number 
Measurement 

Ethylene Glycol Neutralization of Acid 
Ammonium Solution Neutralization of Acid 

Bromothymol Blue Indicator Solution Acid Number 
Measurement 

Potassium Hydroxide 
Acid Number 
Measurement 

n-Heptanes 1FT Measurement 
Butanol 1FT Measurement 

Oleic Acid 1FT Measurement 
Distilled Water Core Treatment 

Toluene Core Treatment 
(Soxhlet Extractor) 

Table 2: List of Chemicals 

Main equipment used for each experimental work: 

• Sohxlet Extractor 

• Air Forced Drying Oven 

• Interfacial Tension Meter 

• PoroPerm System 

• Relative Permeability Test System 

• pH Meter I pH Indicator 
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3.11. Project Activities 

Understanding comprehensively the fundamental concept of 
displacing mechanism for Enhanced Oil Recovery through 

intensive readin~~; of EOR reservoir en~~;ineerin~~; books 

• 
Conducted literature reviews based on published journals, research 

papers, and text book in relation to the research topics 

• 
Proposed problem statements and objectives with the desired 

experimental approaches in achieving the objectives and solving 
the problems 

• 
Developed hypothesis and the expected findings based on the 

proposed experimental approaches 

+ 
Developed a detailed methodologies and procedures for conducting 

the required experiments to achieve the objectives 

• 
Conducted lab experiments to validate and investigate the 
hypothesis being proposed by considering other displacing 

mechanisms besides the dependency of acid number to improve the 
oil recovery through alkaline flooding. 

t 
Summarized all the findings and the analyses of the experiments by 

through experimental observations and calculations 

t 
Discussion based on the literature reviews and coming up with 

technical discussions and present the findings based on the results 

+ 
Designed posters for presentation, prepared technical paper and 
dissertation report for fmal evaluation purposes of the research 

Figure 12: Completed project activities for the research work 

Gantt charts are included in Appendix I and 2 for the detailed schedule of each 

experimental work. 
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CHAPTER4 

4. RESULTS AND DATA GATHERING 

Below are the summaries of the results obtained from each experimental phases. 

Detailed results from each experiment are presented in the Appendix for 

references. 

4.1. Table 3: Crude Oil Properties For Displacement Runs at 70°C 

Crude Sample Dulang Dulang 
Waxy 

Waxy Dutang 
De-Acidified De-Acidified Acid Added 

Density (glee) 0.792 0.784 0.761 0.755 0.793 
Specific Gravity 

0.810 0.802 0.779 0.772 0.811 (SG) 
Viscosity ( cP) 4.260 3.930 2.212 1.923 4.150 
Acid Number 0.110 0.0012 0.0026 0.0013 1.21 (AN) 

4.2. Table 4: Acid Neutralization 

Before After 
Extraction Extraction 

Acid 
0.11 0.0012 1.21 Dulang Number 98.9 Crude 

pH Value 6.34 7.14 5.81 
Acid 

0.0026 0.0013 Waxy Number 50.0 Crude 
pH Value 6.86 7.823 

4.3. Core Displacement Test 

Injection Rate (mllmin) 
Alkaline Solution 0.5 

Brine Water 1.0 
Inlet Pressure (Psia) 1000 
Core Temperature (Celcius) 70 
Overburden Pressure (Psia) 1500 

Table 5: Displacement Operating Conditions 
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Run 1 (Dulang) 

Run2 

(Dulang De-Acidified) 

Run3(Waxy) 

Run 4 (Waxy De­

Acidified) 

Run 5 (Dulang Acid 

Added) 
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Water Floodiag Alkaline Flooding 

(•!.) ("/e) 

74.35 85.21 

74.51 86.51 

76.70 83.70 

78.69 83.33 

76.49 92.00 

Inc n ·mcn ta I 

lh.'l'O\ (.' I"~ {" ") 

10.86 

6.20 

7.00 

4.61 

15.50 

Table 6: Recovery Calculation from Displacement Test 
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l·r, '111 1{,· L1t i' ~· 

l·l.t I Ill \lk<~lillL' \\ :1kr 

\\\L. 
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\I k.1l i 1 1 ~· I{L·I.il i \ ~· 

....,,,,. krl\· I I tlPll ill!..'. l\·nn~-:1hi I it' . 
...,,,r kl"\\.l. 

Run 1 
0.286 0.231 0.255 0.122 0.153 

Run2 
(DulangDe- 0.275 0.255 0.32 0.193 0.152 
Acid 

Run3 
0.273 0.233 0.542 0.163 0.431 

Run4 
(Waxy De- 0.283 0.213 0.492 0.167 0.322 

RunS 
(Dulang Acid 0.279 0.235 0.287 0.080 0.212 

Table 7: Relative Permeability End-Points 
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Run2 
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I ) i I k I ~·f h. ~· ' l I 

I illl-1 •, '" 11 ~ 

I\ ,·1.1!1' ~· 

1\:lllk".lhfi II\ 1'' ·ol 

40.00 
52.50 
20.48 
34.55 
26.13 

Mobility Ratio Mobility Ratio 
Water Alkaline 

1.0755 0.5387 
1.2451 0.4937 
1.1870 0.7879 
0.9367 0.5117 
1.2247 0.7551 

Table 8: Mobility Ratio of Water Flooding and Alkaline Flooding 

4.4. Post Flooding Evaluation 

Before 
18.37 79.48 68.31 

RUNt +0.27 + 10.30 
18.42 87.67 68.26 

18.38 75.32 68.29 
RUN2 + 0.71 + 13.13 

18.51 85.21 68.19 

18.33 151.55 69.77 
RUN3 +0.22 + 2.42 

18.37 155.21 69.73 

18.37 139.11 69.73 
RUN4 + 0.11 + 0.22 

18.39 139.41 69.68 

18.35 82.12 68.32 
RUNS + 0.054 + 4.14 

18.36 85.52 68.31 

Table 9: Rock Properties Measurement 

Dulaog 
DulaogDe-

Waxy 
Waxy De-

Aciduled Acidified 

pH Before 7.13 7.23 7.11 7.23 

pH After 6.73 6.68 6.43 6.52 
ph Difference 0.4 0.55 0.68 0.71 

Table 10: pH detection for alcohol traces from oxidation 
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4.5. Synthetic Oil Density at 70°C 

API 
Crude+ 27.31 

0.893 26.95 
Crude + n-Heptanes 

0.899 25.90 
0.793 46.94 
0.795 46.49 
0.798 45.82 

0.791 47.39 
0.796 46.26 

Crude + Oleic Acid 0.81 43.19 

Table 11: Density Measurement for Synthetic Mixture 

4.6. 1FT Measurement 

Soluliaa AdcleiiS= C'AIM II .:~-:cwt) IPT(DJW•) 

Alkaline+ Crude Oil (Acidic) 2 2.24 
Alkaline + Crude Oil 

2 4.15 (De-Acidified) 

Alkaline + Crude Oil 
5 5.47 
10 7.05 (Added n-Heptanes) 
35 7.14 
0.5 1.45 

Butanol+ Alkaline + Crude Oil l 0.92 
5 0.14 

Alkaline + Crude Oil 
1 4.89 
3 3.51 (Oleic Acid Added) 
5 0.24 

Table 12: IFf Measurement for different synthetic Dulang crude oil mixture 

4.7. Emulsion Stability Test 

\ I k 'II i Ill..' ( I lilL L' Ill! 'I t I I I 11 llilll' II 'I ""''I', II ,it II Ill 
t "" \\ l I I \1111' I 

Dulang 
1 33.45 
2 31.12 Crude 
10 2723 

Table 13: Emulsion Stability Test by measuring the time taken for separation 
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CHAPTERS 

5. DATAANALYSESANDDISCUSSIONS 

5.1. Acid Neutralization 

From Lijuan et al. [I
4J, ionic liquids are used to remove the acid 

constituents as it overcomes the problems discussed in the literature review 

which happened when the first extraction method were tested. The ionic 

liquids that have larger polar differences with the crude oil can be quickly 

separated from crude oil. There is no water in this process; therefore, the 

emulsification problem associated with the common aqueous solution will be 

overcome. 

Naphthenic acid is a weak acid; therefore, the stronger the 

alkalescence oflmidazole derivatives, the easier the reaction of them. Usages 

of pure polar polar solvents like Ethanol to extract acid were tremendously 

improved with the addition oflmidazole mixture to create the Ionic Liquid. 

Dulang Crude achieved almost 95% acid removal rate whereas Waxy 

around 50% based on its Acid Number before and after extraction. Originally 

it was determined that Dulang initially had 0.11 AN and Waxy 0.0012 AN 

from ASTM 974 measurement procedures. After extraction, Dulang crude 

Acid Number goes down to 0.0012 AN, and Waxy to 0.0013 AN. 

Difference in the acid removal rate depends on the original acid 

content of the crude. If the crude initially contains a reasonably high amount 

of acid constituents, there will be more neutralization from the alkaline-acid 

reaction, thus more acid is neutralized giving rise to removal rate. 

5.2. Core Displacement Tests with Water and Alkaline Flooding 

Before displacement tests were conducted, porosity and permeability 

of the cores along with the viscosity of the crude sample at flooding 

temperature were recorded as data input for the displacement runs. 

From the 5 displacement runs that were conducted, the recovery 

factors are calculated based on the volume of crude oil that has been 

produced at the outlet of the core after water flooding and alkaline flooding. 

In general, recovery factor by water flooding for all cases are almost identical 

but Waxy Crude showed slightly higher recovery from water flooding. 
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This was mainly due to the viscosity of Waxy Crude (Acidic: 2.212 

cP, De-Acidified: 1.923 cP), which was lower than Dulang Crude (Acidic: 

4.26 cP, De-Acidified: 3.93 cP). Commonly in water flooding process, 

macroscopic displacement efficiency affects the recovery greater compared to 

microscopic efficiency. Mobility ratios for water flooding to displace Waxy 

Crude were slightly lower compared Dulang Crude based on the end-points 

of the relative permeability Krw@Sor and Kro@Swc. Assuming the viscosity 

is constant for the water and oil, the mobility ratio to displace Waxy Crude is 

around 0.95 - 1.187 whereas for Dulang Crude is around 1.08- 1.245 for 

both before and after de-acidification process. This observation correlates 

with the definition of mobility ratio, the lower the mobility; the more stable 

the displacement process which prevents any viscous fingering affect that 

leads to a higher oil recovery. In water flooding, we are not concerned with 

the microscopic efficiency as the water does not alter the properties of the 

crude oil and the rock surfaces. However in any EOR application, both 

microscopic and macroscopic efficiency must be thoroughly analyzed to 

describe the displacement mechanism and to ensure a successful EOR 

application can be implemented. 

As for alkaline flooding, overall the recovery is higher by 5-10% 

incremental compared to water flooding for all crude samples. Incremental 

recovery for Dulang Crude before acid removal showed higher recovery of 

10.86% compared to De-Acidified Dulang Crude of which only 6.20%. 

Whereas for Waxy Crude, incremental recovery before acid removal showed 

higher recovery of 7.00% compared to De-Acidified Waxy Crude of which 

only 4.61 %. From various studies of alkaline flooding, in-situ surfactant is 

generated by the reaction of alkaline elements with the acid constituents 

which leads to higher recovery based on principal displacement mechanism 

in alkaline flooding. However, as what being obtained from the displacement 

test, the difference in alkaline flooding recoveries for non-removed acid crude 

compared to De-acidified crude is not that much, and it is still acceptable. 

However for Dulang Added Acid sample which acid was added to crude to 

increase the Acid Number, the recovery is higher of 15.50% incremental 

compared to all other runs. This is actually prove that alkaline flooding 

performs best where there is significant acid constituents in the crude oil to 
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have significant lowering ofiFT, wettability alteration, and emulsification of 

the residual oil. But, as what being observed even in low acid number crude 

oil (less than 0.0015 AN) where there is almost non-existence of the acid 

components, the recovery is still up to satisfaction. Thus, this leads to further 

discussions on other displacement mechanism that leads to this phenomena 

based on the data gathered and experimental observation. 

5.3. Macroscopic Displacement Efficiency 

Macroscopic displacement efficiency is a measure of how well the displacing 

fluid has contacted the oil-bearing parts of the reservoir. In general, macroscopic 

displacement is affected by the following factors: properties of injected fluids, 

properties of displaced fluids, properties and geological characteristics of 

reservoir rock, and geometry of injection and production well pattern. In linear 

core displacement runs, the basis of explaining the efficiency will be more on the 

properties of the injected fluid and the reservoir rock, which in this case are the 

core samples 

5.3.1. End-Points Relative Permeability 

End-points relative permeability for water and oil, Krw@Sor and Kro@Swc 

are determined from the displacement test at terminal conditions. Residual 

oil saturation is when there is no more oil being displaced by either water of 

alkaline flooding. For all the displacement cases, the end-points for water 

relative permeability were reduced from 20 to 50% from its original value 

when alkaline flooding is implemented. This observation corresponds to 

lower residual oil value for alkaline flooding compared to water flooding. 

Lower end-points relative permeability for alkaline solution indicates the 

flow favours the displacement of oil, as it reduced the by-passing of the 

displacing fluid which in this case the alkaline solution. In terms of 

wettability, this indicates that the core samples in alkaline flooding becomes 

more water-wet as the water prefers to adhere to the rock surfaces, higher 

resistance to flow which leads to the mobilization of residual oil which 

initially occupies the surfaces of the rock. Wettability alteration is due to the 

lowering of 1FT from alcohol formation and in-situ surfactant formed, which 

mobilized the residual oil to form oil droplets which previously is wetting 

the rock surfaces. 
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5.3.2. Improved Mobility Ratio 

The introduction of alkaline into water does not just increase the pH of the 

solution to I I- I 5 pH, but also gives a slight rise to the viscosity of the water 

from I. 00 cP to 1.21 cP, 21% increase. 

w .... Alb be Mobility 
Mobility 

Jllood .. Floodiag Ratio 
(%) (%) 

Ratio Water 
Alkaline 

74.35 85.21 0.255 0.153 1.0755 0.5387 

74.51 80.71 0.32 0.152 1.2451 0.4937 

76.7 83.7 0.542 0.431 1.1870 0.7879 

78.69 83.33 0.492 0.322 0.9367 0.5117 

76.49 92 0.287 0.212 1.2247 0.7551 

Table 14: Recovery with end-points relative permeability and mobility ratio 

As what being discussed previously in the case of mobility ratio for water 

flooding, with the reduction of end-points relative permeability and the 

increase of viscosity for the displacing fluids, the mobility ratio will be 

lowered. Mobility ratio for water flooding of all displacement cases showed 

a mobility of around 0.9 to 1.2 whereas for alkaline the mobility is reduced 

to a value of around 0.5 to 0.7, almost 20 to 500/o reduction in mobility 

value. This leads to a better and stable sweeping efficiency as Mobility < I 

promotes a piston-like displacement to displace the oil in the reservoir. 

5.3.3. Rock Properties Alteration 

Porosity describes the pore spaces that are either inter-connected or isolated 

that can possibly stores hydrocarbon. Permeability which describes the 

ability for the fluid to flow, affects the recovery of oil as it governs the 

movement of the oil inside the rock. Alkaline flooding apparently altered the 

physical properties of the core in terms of porosity and absolute permeability 

as from the experiment it shows an increase in both properties. The 

dissolution of minerals had enlarged some of the pore spaces and throats, 

promoting better transmissibility for the fluid to flow between the pores 

spaces. An increment of0.05 to 0.7% porosity and 0.2 to 13% permeability 

were observed for all the core properties after each displacement runs. 
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Alkaline solutions react with certain minerals in the rocks during 

displacements. The hydroxide ions in the alkaline solutions may have 

reacted to the grain surfaces to dissolve the grains and due to high 

temperature and pressure within the core samples and may have been flushed 

out by the displacing fluid along with the crude oil during displacements. . 

Due to equipment limitation, the actual amount of Ca2+, Mg2+, or any other 

minerals which is flushed and mixed together with the effiuents cannot be 

determined. However, for future work it is recommended to analyse the 

composition of the effluents using any chemical reagents to force 

precipitation of these mineral ions to visible salt/ solid. 

5.4. Microscopic Displacement Efficiency 

5.4.1. Lowering of Interfacial Tension (IFT) 

From Talash et al. li7J, alkaline flooding has been well known to reduce 1FT 

leading to a better oil recovery, and a behaviour model on the relative 

permeability curve due to 1FT reduction and wettability changes. When the 

system's 1FT is reduced to low or ultra-low, the curve tends to approach 

crossed lines of 45°. This means that the oil is mobilized due to 

emulsification or wettability alteration of the rock surface as the value of 

water saturation from intersection between the water and oil relative 

permeability curve will be more than 0.5 li7J; more water-wet. 

However in low acid number crude oil, the dynamic behaviour of 1FT 

reduction by the in-situ surfactant generated from the alkaline-acid reaction is 

not significant as shown from 1FT reduction comparison between Dulang 

Crude and De-Acidified Dulang Crude, where it is 2.24 dynes/em and the 

later to be 4.15 dynes/em. This behaviour indicates that with low acid 

number, the surface activities between alkaline and solution is less thus 

leading to higher 1FT compared to oil with higher acid number where the 1FT 

is greatly reduced. Thus this leads to investigation if other surface additives 

were generated to reduce the 1FT which does not depend on the alkaline-acid 

reaction. 

It is well known that the addition of alcohol in the displacing fluid will 

promote the reduction of 1FT which in turns mobilize the residual oil by 

forming emulsions 1181 However, adding alcohol in the displacing fluid 
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involves higher cost, different operating procedures, and health concerns in 

actual process. Thus, this leads to the objectives to investigate if there is any 

in-situ formation of alcohol from alkaline flooding. 

Due to the presence of unstable hydroxide ion in the alkaline solution, 

theoretically, it could react with the carbon chain in the crude oil (Alkanes) to 

formed alcohol components. Catalyst for this reaction could be the high 

temperature and pressure along with Ca/Mg/Fe/AI elements coming from the 

rock minerals. The possibility of the generation of alcohol is due to the fact 

that chemical industry produced alcohol based on if not the same phenomena, 

with almost similar condition with the temperature and pressure. 

The effluents from displacement runs were tested for alcohol trace. The 

oxidation process of alcohol will lead to the formation of weak carboxylic 

acid. Effluents from the displacement runs initially have pH around 7.21 -

7.45, due to the fact some of the alkaline elements may have been miscible 

into the crude oil. After the oxidation process which involves the reaction of 

the crude oil with Potassium Permanganate (KMn04), the pH is again 

measured for any deflection. From the 4 displacement runs, it had shown a 

slight lowering value of the pH to around 6.4 to 6.7, indicating a slightly 

acidic solution. Thus from these findings, there is possibility that in-situ 

alcohol elements had been formed. 

6 

5 -====. • • • r=::- ;a -+-NaOti 2" wt + Crude Oil 
(Acidic) 

4 ~ ~ - - --
--NaOH 2~ wt + Crude Oil (De-

3 :- Acidified) 

-""' .....-Alkaline+ Crude Oil (Added 
2 :'"" 

n-Heptanes) 5% wt 

1 ...-sutanol 5% wt + NaOH 2% wt 
,.,., - - ... --. ~ +Crude Oil 

0 

1 2 3 4 5 6 7 8 
1- NaOH 2" wt + Crude Oil 

(Oleic Acid Added) 5" wt 
IFTRI!adin& Trial 

Figure 13: IFf Measurement for different Synthetic Oil mixtures 

An additional test were conducted by creating synthetic mixture of Dulang 

Crude by mixing with Butanol, n-Heptane, and Oleic Acid. Referring to 
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Figure 13, when alcohol was mixed into the oil-water-alkaline system, the 

lowest IFT achieved was 0.14 dynes/em at Butanol concentration of 5 wt"/o. It 

was observed that as we increased the amount of Butanol, the IFT is reduced 

further to ultra-low IFT (near to 0.01 dynes/em). This prove the significance 

of the formation of in-situ alcohol in the oil-water reservoir system; alcohol 

reduce the IFT to mobilize the residual oil thus increase the recovery. 

However, it was observed when the crude oil becomes heavier; the effect of 

IFT reduction becomes Jess. n-Heptane was used to represent the heavy 

components of the crude oil. At 35% wt of n-Heptane added to the crude oil, 

the IFT was at 7.15 dynes/em, comparing to when at 5% ofn-Heptane, the 

1FT was lower at 5.47 dynes/em. Thus this shown that alkaline flooding 

might not be successful in reducing the 1FT in crude oil with more heavier 

components in it. 

5.4.2. Higher Interfacial Viscosity (IFV) 

W asan et al. [Is] first studied the effect of alkaline materials on interfacial 

rheological properties of oiVwater system. The rheological properties of a 

liquid are dominant features that can be quantified to characterize its 

behaviour, and the response of a liquid to a forced shearing flow is the basis 

for determining the specific rheological properties of a given liquid. In other 

words, it describes the stability of a fluid to be in continuous phase when 

external shear forces are applied. In our scenario, it describes the stability of 

emulsion being formed. 

In actual, interfacial viscosity (IFV) significantly decreases in the increase of 

presence of sodium hydroxide. Similarly, the rapid coalescence of oil 

droplets and poor stability of emulsions were traced back to ultra low IFV. 

However in cases where the alkaline concentration is low where in this case 

alkaline flooding having around l to 2 wt% alkaline concentration, the 

interfacial viscosity is still high enough to re-emulsify permanently the 

liquid system thus leading to a better recovery through continuous oil phase. 

To quantify these, emulsion stability test were conducted by estimating the 

time taken for emulsion being formed to be separated when the alkaline 

concentration is steadily mixed with Dulang Crude at temperature of 70°C. 

It was observed that at low concentration of alkaline at l% wt, the time 
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taken was around 33 minutes for both emulsion to be separated at room 

temperature and pressure. However as the concentration of alkaline increases 

at I 0% wt, the time taken for the separation becomes shorter to around 27 

minutes. This shows that at a very high concentration of alkaline (above 1% 

wt NaOH); the continuous oil phase in the emulsion is not that stable 

compared to lower concentration (below I% wt NaOH). This could explain 

the increase in recovery of alkaline flooding for low acid number crude oil 

or even in high acid number crude oil. A continuous oil phase in the 

emulsion will promote greater recovery provided there is enough energy 

from behind the flooding front to push the mobilize oil to the production 

outlet. The stability of the emulsion formed does not depend on the acid 

number regardless if it is low or high, but instead depend on the 

concentration of alkaline used. 
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CHAPTER6 

6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. CONCLUSIONS 

Incremental recovery from alkaline flooding in low acid number crude oil is not 

only due to of alkaline-acid reaction to generate in-situ surfactant, but also 

depends on other displacement mechanisms. To conclude the research work, 

• End-points displacing fluid relative permeability is lowered indicating 

better displacement efficiency, delayed breakthrough, and better sweeping 

of the residual oil 

• Dissolution of rock grain promotes higher rock absolute permeability, 

thus better fluid transmissibility between pore spaces for recovery 

• Improved Mobility ratio as alkaline solution with higher viscosity (1.2 -

1.5 cP) than water (0.9 - 1 cP) produce a more stable displacement, thus 

reducing the affect of viscous fingering. 

• Detection of in-situ formation of alcohol from alkaline flooding in the 

crude oil system lowers the interfacial tension (1FT) to around 0.01-0.14 

dynes/em helped to mobilize the residual oil. 

• High interfacial viscosity (IFV) due to the low concentration of alkaline 

solution (1 - 2% wt NaOH) promotes a more stable emulsion to be 

formed thus further aid the increase in recovery. 

6.2. RECOMMENDATIONS 

The results from this research work can later be improved and expanded to better 

strengthen the findings and further justify the objectives that have been achieved. 

• Core displacement test should be conducted in core samples where the 

native wettability and reservoir fluids are still intact and at its initial state 

to ensure the results are representative of the reservoir conditions. 

• Wider range of crude oil with different properties, different alkaline types 

and concentration should be used in measuring the reduction of 1FT and 

recoveries from displacement test so that results found from this research 

can be applied to various types of crude oil system. 

• Specific equipments and new experimental design should be used to 

better prove the existence of alcohol and rock minerals in the effluents. 
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Appendix 2: FYP II Gantt chart 
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2 

3 
4 

5 
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Chemical Solution 
p • .a. ..... n•n+:. 

1FT Measurement 
Emulsion Stability 

Test 

Core 

Flooding 1--...:..:..:·::.:---:.:..· ---1f--+-+-+--t-"""1 
& Waxy 

Effluents De-
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Dulang 
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Added 

1 

Pre-EDX 
(Poster & 

Final 
Report 
Draft 

Submission) 
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Appendix 3: Initial Core Prooerf ·--
Run 1 Core Name K-4 Run 2 Core Name K-4 Run 3 Core Name· K-2 

Porosity (%) 18.37 Porosity (%) 18.38 Porosity (%) 18.33 

Permeability (air,mD) 102.68 Permeability (air,mD) 98.23 Permeability (air,mD) 169.98 

Permeability (infinite,mD) 79.48 Permeability (infinite,mD) 75.32 Permeability (infinite mD) 151.55 

Diameter, em 3.81 Diameter, em 3.81 Diameter, em 3.80 

Length, em 7.33 Length, em 7.33 Length em 7.52 

Volume Bulk, ee 83.68 Volume Bulk, ee 83.68 Volume Bulk, ee 85.42 

Volume Pore, ee 15.37 Volume Pore ee 15.38 Volume Pore ee 15.66 

Volume Grain, ee 68.31 Volume Grain, ee 68.30 Volume Grain, ee 69.76 

Grain Density, g/ee 2.55 Grain Density, g/ee 2.55 Grain Density, f!/ee 2.55 

Bulk Density, g/ee 2.08 Bulk Density, g/ee 2.08 Bulk Density, g/ee 2.09 

Drv Weight, gm 174.36 Drv Weight, gm 174.36 Drv Weight, gm 178.12 

· Run 4 Core Name K-2 Rtin 5 Core . .Niune · K-3 
Porosity (%) 18.37 Porosity (%) 18.35 
Permeability (air,mD) 142.21 Permeability (air,mD) 103.42 
Permeability (infinite,mD) 139.11 Permeability (infinite mD) 82.12 
Diameter, em 3.80 Diameter, em 7.34 
Length, em 7.52 Length, em 83.72 
Volume Bulk ee 85.42 Volume Bulk ce 83.68 
Volume Pore, ee 15.69 Volume Pore, ee 15.35 
Volume Grain, ee 69.73 Volume Grain, ee 68.32 
Grain Density, g/ee 2.55 Grain Densitv, glee 2.55 
Bulk Density, g/ee 2.09 Bulk Density, g/ec 2.08 
Dry Weight, gm 178.12 Dry Weight, gm 174.36 
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Appendix 4: Saturation Volume 

Original Water Saturation (PV) 15.367 

Run 1 (Dulang) Oil-in-place (PV) 10.970 

Critical Water Saturation (PV) 4.397 

Original Water Saturation (PV) 15.379 

Run 2 (Dulang De-Acidified) Oil-in-place (PV) 11.150 

Critical Water Saturation (PV) 4.229 

Original Water Saturation (PV) 15.656 
Run 3 (Waxy) Oil-in-place (PV) 11 .382 

Critical Water Saturation (PV) 4.274 

Original Water Saturation (PV) 15.692 

Run 4 (Waxy De-Acidified) Oil-in-place (PV) 11.251 

Critical Water Saturation (PV) 4.441 

Original Water Saturation (PV) 15.355 
Run 5 (Dulang Added Acid) Oil-in-place (PY)_ 11.078 

Critical Water Saturation (PV) 4.277 

Appendix 5: Displacement Results 

Run 1 
15.37 
16.00 
10.97 

10.97 
4.40 
0.71 
0.29 
8.16 
2.81 
12.55 
0.18 
0.82 
2.81 
1.19 
1.62 
0.1 I 
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Run2 
15.38 
16.18 
] 1.15 

11.15 
4.23 
0.73 
0.27 
8.31 
2.84 
12.54 
0.18 

0.82 

2.84 
0.69 
2.15 
0.14 

Run3 
15.66 
I .41 

I 1.38 

11.38 
4.27 

0.73 
0.27 

8.73 
2.65 
13.00 
0.17 

0.83 
2.65 
0.80 
1.86 
0.12 
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RunS 
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Alkaline Additional Oil 
Flooding Residual Oil 

Critical Oil 

Residual Oil 

15.69 
16.28 
11.25 
11.25 
4.44 

0.72 
0.28 
8.85 
2.40 
13.29 
0.15 
0.85 
2.40 
0.52 
1.88 
0.12 

15.35 
16.11 
11.08 
11.08 
4.28 
0.72 
0.28 
8.47 
2.60 
12.75 
0.17 
0.83 

1.72 
0.89 
0.06 

*Corrected Brine represents the actual displaced brine from oil saturation 
processes; this is doe to the reduction of the additional water which is previously 
occupying the outlet tubing, not the actual water being displaced. 
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Appendix 6: End-Points Relative Permeability 

Run 1: Dulang Crude 

Core Inlet 
Temperature Pressure 

Outlet 
Pressure 

Delta Pressure 

49 

End-Points 
Overburden Relative 

Pressure Permeability 

Average 
Krw@Sor 

Water 

0.2552 
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Run 1: Dulang Crude 
Alkaline 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

50 

Overburden 
Pressure 

Krw@Sor 

End-Points 
Relative 

Permeability 
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Run 2: De-Acidified Dulang Crude 

Core Inlet 
Temperature Pressure 

Psia 
1006.84 
1006.84 

Outlet 
Pressure 

Delta Pressure 

51 

Overburden 
Pressure 

Average 
Krw@Sor 

End-Pomts 
Relative 

Permeability 

0.3167 
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Run 2: De-Acidified Dulang Crude 
Alkaline 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

52 

Overburden 
Pressure 

Average 
Krw@Sor 

End-Points 
Relative 

Penneability 
Water 

0.1522 
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Run 3: Waxy Crude 

Delta Pressure 
Core Inlet Outlet 

Temperature Pressure Pressure 

53 

Overburden 
Pressure 

Average 
Krw@Sor 

Relative 
Permeability 

0.5422 
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Run 3: Waxy Crude 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

54 

Overburden 
Pressure 

Average 
Krw@Sor 

End-Points 
Relative 

Permeability 
Water 

0.43ll 
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Run 4: De-Acidified Waxy Crude 
Water 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

55 

Overburden 
Pressure 

Average 
Krw@Sor 

0.4919 
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Run 4: De-Acidified Waxy Crude 
Alkaline 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

56 

Overburden 
Pressure 

Average 
Krw@Sor 

End-Points 

0.3194 
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Run 5: Dulang Acid Added Crude 
Water 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

57 

Overburden 
Pressure 

Average 
Krw@Sor 

Relative 
Permeability 

Water 

0.2873 
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Run 5: Dulang Acid Added Crude 

Core Inlet Outlet 
Temperature Pressure Pressure 

Delta Pressure 

58 

Overburden 
Pressure 

Average 
Krw@Sor 

Relative 
Permeability 

0.2123 
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API 
27.31 

Crude+ n-Heptanes (10%) 0.893 26.95 
Crude+ n-Heptanes (35%) 0.899 25.90 

Crude+ Alcohol (0.5%) 0.793 46.94 
0.795 46.49 
0.798 45.82 
0.791 47.39 
0.796 46.26 

Crude+ Oleic Acid (5%) I 0.81 43.19 

Alkaline+ Crude Oil (Acidic) 

I 
2 

Alkaline + Crude Oil (De-Acidified) 2 

Alkaline+ Crude Oil (Added n-Heptanes) 

I 35 7.24 7.1 
0.5 1.32 1.45 

Alcohol + Alkaline + Crude Oil I 1 1.01 0.99 
5 0.11 0.12 

4.85 4.89 
Alkaline + Crude Oil (Oleic Acid Added) I 3 3.56 3.42 3.31 3.22 3.75 

5 0.29 0.3 0.24 0.22 0.24 I 0.25 
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Appendix 9: Sample Calculations 

End-Points Relative Permeability 

General Darcy Law Equation in SI units, 

q 

Q =Fluid flow rate (cm3/s) 

kAdP 

J1. dX 

K =Absolute permeability (Darcy) 

A= Core area (cm2) 

f1 = Viscosity ( Cp) 

dP =Pressure Difference, Pinlet- Poutlet (Atm) 

dX =Core length between inlet to outlet point (em) 

Incorporating relative permeability for water displacement in oil, 

Rearranging the whole equation in terms of relative permeability to water, 

In the displacement experiments, once residual oil is established prior to water 

flooding or alkaline flooding, flow rate at the outlet is measured to ensure a near 

steady -state condition is achieved. 

This is obtained once, 

qinjectedfluid@inlet = qproducedfluid@outlet 

This is vital in ensuring the equation for relative permeability derived from Darcy 

Law valid, as it requires a steady-state, isothermal, incompressible, laminar flow. 
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For example, calculation is performed to calculate the end-points water relative 

permeability, Krw' for Run 1 (Dulang Crude) for waterflooding 

Results recorded: 

Inlet Pressure (Psia) = 1055.85 

Outlet Pressure (Psia) = 1047.32 

Delta Pressure (Psia) = 8.53 In (Atm) = 0.5802 

Absolute Permeability (D) =0.079 

Qinjectedwater (mils) =0.017 

Core Area (cm2) = 11.42 

Core Length (em) = 7.328 

Viscosity of Water ( cP) = 1.01 

(Data taken from the first row from page 46) 

qwJlwL (0.017)(1.01)(7.328) 
Krw' = kAdP = (0.079)(11.42)(0.5802) = 0·2357 

To calculate mobility ratio knowing the end-points: 

Krw' = 0.2357 

Kro' = 1 (assume 1 as at residual water, only oil flow, thus relative permeability to 

oil is I) 

Jlw = 1.01 

Jlo = 4.26 

Thus, 

krwff-lw 0.2357/1.01 
M = = = 0.9941 

krofJ-to 1/4.26 

This procedure is applied to all the displacement runs to calculate the end-points 

relative permeability of either water or alkaline flooding. 
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Appendix 10: Summary of Chemical Reactions 

Caustic Consumption Reactions [ll 

Ca2+ +20H --> Ca(OH)2 

Mg2+ + 20H- --> Mg(OH)2 

Alkali -water reactions Ca2+ + Co~- --> CaC03 

Mg2+ +co~- --> MgC03 

Ca2+ + H2Si0f --> CaH3Si04 

HA0 HHAw 

Alkali - oil reactions 
HAw H H3o+ +A-

Na+ +A- H NaAw 

NaAw HNaA 0 

Ion exchaoge 

(a) MH+Na+ HMNa+H+ 

(b) M2 Ca + 2Na+ H 2MNa + Ca2+ 

Alkali -rock reactions Congruent dissolution: 

Si02 (s) + H20 H Si(OH)4 

Incongruent dissolution 

CaS04(s) + 2NaOH <-> Ca(OH)2 (s) + Na2S04 
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