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ABSTRACT 

 

With phenomenal rise in global population as well as robust economic growth in China, 

India and other emerging economy; the demand for energy across the world continues to 

grow in monumental proportions. Owing to its wide end-use capabilities, petroleum is 

undoubtedly the world’s number one energy resource. The present demand for oil as well 

as the future forecast (which points to the fact that the demand is expected to increase in 

the coming decades) makes it crucial that the exploration and production (E&P) industry 

must devise means to improve cumulative oil production. One way of achieving this is by 

reducing the overall wastages and inefficiencies associated with water-oil emulsions. 

 

In the petroleum industry, the formation of water-oil emulsion is a problem of significant 

proportions. The associated effect of this phenomenon include overall decrease in oil 

recovery efficiency, decreased flow assurance, high pumping cost and the attendant issue 

of pipeline and equipment corrosion. In this project, we undertake an experimental study 

to determine how the problem of emulsion can be treated using microwave irradiation 

and importantly, the effect of this method of demulsification on the characteristics of 

water-oil emulsions.  

 

The most important characteristic of any given oil emulsion is its stability, i.e. the ability 

to resist the separation of its dispersed phase from its continuous phase when subjected 

under the influence of an external stimuli. To this end, this study primarily seeks to 

investigate the effects of microwave irradiation on the stability of water-in-oil emulsions 

from different crude oil types and of varying water-oil volume ratios; and in so doing, the 

water separation efficiency attainable by this demulsification approach is determined. 

 

Overall, it is shown that microwave irradiation is an effective means of demulsifying 

water-oil emulsions. The reduction in the emulsion stability as well as the high water 

separation efficiency achieved after the exposure of the emulsions to microwave 

irradiation attest to this inference. Importantly, it is also shown that better demulsification 

results are generally achieved with water-oil emulsions of higher water-phase volume 

ratio when the emulsions are subjected to equal irradiation exposure time and power. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Background  

Petroleum, also known as crude oil, is a fossil fuel or liquid mineral whose origin has 

been ascribed to marine organisms that were deposited in the earth’s crust many eons ago 

and subsequently transformed (under anaerobic and extreme high temperature and 

pressure conditions) into the mineral which is at present very valuable to modern 

technology and world economy. The word ‘petroleum’, which literally means ‘rock oil’, 

is a combination of two Latin words petrus (meaning rock) and oleum (meaning oil) – an 

allusion to the fact that the earliest finds of this energy resource were in the form of 

seepages from sedimentary rock outcrops. Although the earliest usage of this energy 

resource is not precisely known, it is a believed however, that builders of ancient 

Babylonian empire used asphaltum (a tar-like substance found in the form of sedimentary 

rock outcrops) to cement stones with which they built their cities. Again, it is documented 

that ancient Persians as well as the Aztecs and Indians used this energy commodity for 

various purposes. The Greek historian Descorides Pedaners recorded that citizens of 

Agrigentum in Sicily burned petroleum in lamps long before the birth of Christ, Raisin 

(2011); thus, it is evident that the use of petroleum is probably as old as man himself.  

 

In contemporary times, petroleum has become so valuable and important that it is often 

referred to as liquid gold. Besides being a wide-end use energy resource that powers a 

whole range of specialized domestic, industrial and transportation machineries; it also 

serves as the raw material for a breathtaking range of industrial production operations and 

processes. 

 

Petroleum occurs mainly in the form of the well-known conventional crude oil, and as 

well as in the form of tar sands (oil sands or bituminous sands) and oil shale. The former 

occur in commercial quantities in Venezuela (Orinoco), Canada (Alberta), Russia, the 

USA and Madagascar to name a few; and the latter is found in commercial quantities at 

various locations across the globe. Global reserves of oil in 2011 are estimated at 1471 
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billion barrels – Oil & Gas Journal (2010) and USEIA (2011); and Table 1.1 shows the 

distribution of the reserves in different geographical regions.  

 

 

 

 

 

 

 

 

 

Table 1.1: Geographical distribution of global oil reserves 

 

Over the past half a century, the global economy and indeed mankind have become 

addicted to oil; and to satisfy this ‘addiction’, this non-renewable resource is exploited at 

a phenomenal rate. With the neck-breaking rates at which old reserves are depleted, and 

the enormous challenge of finding new ones, serious concerns have been raised to the 

effect that global reserves could run out in less than a century.  

 

1.2 Global Energy Demand  

In the previous section, it is established that the use of oil is probably as old as man 

himself. It is further established that petroleum have played and would continue to play a 

pivotal role both in the development of civilizations and the prosperity of mankind. Now, 

since there is always an overall increase in the level of development, civilization and 

prosperity from one generation to the other, it follows by common logic that there is 

always an overall increase in energy consumption or utilization levels from one 

generation to another; and invariably, this also translates to increase in global energy 

demand levels from one age to another. This pattern of increase in global energy demand 

and utilization is not expected to change anytime in the distant future; in fact, the trend is 

Geographic 

Regions 

Oil Reserves  

(109 bbl of Oil) 

% of Global 

Reserve 

Africa 124 8.4 

America (North) 206 14.0 

America (Others)  237 16.1 

Asia + Eurasia 140 9.5 

Middle East
 

753 51.2 

OECD Europe 11 0.7 

Total 1471 99.9 
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expected to continue.  According to the 2011 International Energy Outlook, the US 

Energy Information Agency (USEIA) posits that global energy consumption will 

significantly increase in the next quarter of a century. This unprecedented rise in demand 

of energy will be as a result of robust economic growth in China and India; and increased 

usage in other rapidly developing economies. Figure 1.1 depicts a summary of the 

projected energy demand for various energy resources as contained in the EIA 2011 

report. 
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Figure 1.1: Global energy use by energy type, 1990 – 2035 (raw data courtesy of USEIA (2011)) 

 

With its enormous ‘direct-end-use’ capacity and on the evidence of Figure 1.1; it is pretty 

clear that oil is the number one energy resource in the world. To meet the projected 

increase in global oil demand by 2035, the E&P industry must fashion out ways to 

increase the present (2013) global output of 89.1 million barrels per day by another 21 

million barrels per day. In the light of the fact that the industry is already struggling to 

meet present day demand, it is easy to see that the challenge of meeting the projected 

increase in demand is by all ramifications, an onerous task. The problem becomes even 

more glaring if we consider the fact that most of the existing oilfields are already at a 
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mature stage, and the discovery of large new oilfields are becoming fewer and far 

between. Inevitably, this has led to a disproportionate relationship in the market forces of 

demand and supply; and therefore, has resulted in significant increase in the price of 

crude oil in the global market – as shown in Figure 1.2.  
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Figure 1.2: Prices of crude oil from May 1987 to July 2012 (raw data courtesy of http://www.eia.gov)  

 

It is against this backdrop that we underline the imperativeness to devise means that 

would help bridge the gap between global demand and supply of oil. In other words, it is 

essential to develop effective techniques that would not only improve the recovery factor 

of existing and new oilfields; but also reduce wastage and overheads (costs) resulting 

from the problem of stable emulsions. To this end, a lot of research has been dedicated to 

finding alternative energy sources that would wean the world of its dependence on oil 

now or in the future when oil inevitably runs out. Importantly, a greater number of 

studies are firmly centered on finding and developing newer and effective techniques and 

methodologies that would improve oil production and reduce both the wastage associated 

with, and high operating and capital costs occasioned by the production of stable 

emulsion during oil recovery processes and desalting operations. 

 

 

http://www.eia.gov/
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1.3 Natural Occurrence and Production of Oil  

Both oil and natural gas share a common geological history (both are often referred to as 

geological cousins) – they originate from the remains of pre-historic plants and animals 

organic materials deposited underneath earth materials at different sites. Over a period of 

eons, these layers or sediments containing organic materials gradually stacked up from a 

few centimetres to hundreds and in some cases, thousands of meters. The resultant 

increase in temperature and pressure, as well as other severe environmental and 

geological activities transformed them into kerogens; and subsequent catagenesis (which 

involve the thermal maturation process of kerogens) yielded oil, gas and water. The 

hydrocarbon components (oil and gas) are separated from water by gravity, and because 

oil and gas are less dense than water they tend to migrate upwards. However, they form 

an accumulation (a reservoir) if during the course of their upward migration, they get 

entrapped under a layer of low-permeable or impermeable rocks or hydrocarbon trap. 

 

The production of oil from petroleum reservoirs involves all the processes that are aimed 

at depleting or draining the reservoir. Usually, the recovery of oil during production is 

broadly divided into primary, secondary and tertiary recovery processes.  

 

In its initial state, the reservoir and its content (oil, gas, and water – separated by gravity) 

are in a state of high pressure equilibrium that has been established for eons. When a well 

is drilled through the impermeable seal rock and into hydrocarbon bearing reservoir rock, 

this equilibrium is immediately disturbed; and if not properly controlled by pressure 

valves (connecting reservoir to wells, and surface facilities), can lead to a blow-out (e.g. 

The Deepwater Horizon Oil Spill 2010). As the well is ready to produce, the valves are 

opened slightly, and hydrocarbons flow out of the reservoir due to the existence of high 

differential in pressure. The presence of this natural pressure-difference will continue to 

drive hydrocarbons toward the well and surface facility, and this process is referred to as 

primary recovery by natural drives. Primary recovery is basically driven by mechanisms 

such as depletion drive (solution gas drive and gas cap drive), water drive (from active 

aquifer or artesian water), compaction drive, gravity drainage and combination drives. 
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During this recovery, only a small percentage of the original oil in place is produced. 

Referred to as the recovery factor, this is perhaps about 20% for most oil reservoirs; after 

which there is a significant drop in the reservoir pressure. This drop in pressure leads to 

reduced flow of oil; and eventually, the production process will no longer be 

economically sustainable – as a new equilibrium is attained in which the reservoir 

pressure is equivalent or near-equivalent to surface pressure.  

 

This marks the beginning of secondary recovery by engineered drives. Secondary 

recovery often involves the injection of water or gas (depending on several factors) into 

the reservoir. Waterflooding, which involves the injection of water (via injection wells) 

into the subsurface reservoir, is arguably the most common and efficient secondary 

recovery operation. The reason for injecting water is twofold – to re-build the “lost” 

reservoir pressure, and to sweep out more profitable hydrocarbons from the injection 

wells towards some production wells. Depending on the formation of the reservoir, it is 

perhaps possible to produce another 15-35% of the original oil-in-place by this process as 

reported by Rossi et al. (2002) and Golder Associates (2000). It is important to note that 

waterflooding engineered drives are standard procedure at most E&P locations around 

the world. 

 

Finally, in order to produce even more oil, tertiary recovery or enhanced oil recovery 

(EOR) techniques are employed. This refers to techniques that alter the original 

properties of oil; for example, using chemicals such as solvents and polymers, or steam 

heating the reservoir. At present, such EOR techniques are considered too expensive for 

large scale commercial use. Several studies and research are being conducted in this area, 

with a view of investigating its mathematical foundations and economic viability, Aarnes 

et al, (2007). 

 

1.4 Water-Oil Emulsion Formation and their Effects 

In the petroleum industry, emulsions generally occur in two basic forms – oil-water and 

water-oil emulsions. Of the aforementioned forms, we are only interested in the later 
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because according to Ali and Alqam (2000), more than 95% of the crude oil emulsion 

formed in the oil field are of the water-oil type. During the production and processing of 

crude oil, the formation of stable water-oil emulsion is completely undesirable. However, 

the fact remains that there is a degree of inevitability surrounding this. In general terms, 

an emulsion is a heterogeneous aqueous system, containing at least one immiscible liquid 

intimately dispersed in another liquid in the form of droplets of diameter in the range of 

0.1–20 microns, and stabilized by an emulsifying agent. For the specific case of water-oil 

emulsion, the stabilizing agents include asphaltenes, resins and wax. The dispersed 

droplets are known as the internal phase, while the liquid surrounding the dispersed 

droplets is referred to as the external or continuous phase. According to Kenneth (1998), 

the emulsifying agent separates the dispersed droplets from the continuous phase.  

 

The number of carbon atoms in the individual chemical components that make up crude 

oil range from 1 in methane to more than 60 in asphaltenes. Some of these heavy carbon 

components such as asphaltenes, resins and wax can form films at oil surfaces – this 

effectively creates a readymade stabilizing agent for the formation of varying degrees of 

emulsions in the presence of water, Schramm (1992). Thus, it is fair to say that emulsion 

resulting from the production of oil often consists of crude oil as dispersion medium and 

water as dispersed phase, normally stabilized by heavy carbon components of the crude 

oil (which acts as a facilitator) such as asphaltenes, resins, and waxes.  

 

Physically, the stability of water-oil emulsion is hinged on the relative difficulty 

associated with separating one of the phases from the other when the fluid is under some 

form of external stimuli; therefore, the stability of water-oil emulsions is a very complex 

problem. From the chemical viewpoint, it seems to be predominantly governed by the 

interplay between the heavy carbon components in the produced fluid, Sjoblom et al. 

(2003). In this section, we will look at the origin of the emulsification that occurs in the 

production and processing process of oil. 

 

The origin of water-oil emulsion can be broadly traced to the production and processing 

stages of crude oil. During production mechanisms such as waterflooding (secondary 
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recovery) and steam stimulation or microemulsion flooding (tertiary recovery); water is 

effectively injected into the reservoir (to rebuild some of the lost pressure in the reservoir 

and to sweep the oil from designated injection wells to producers), and some of this 

injected water is inevitably produced alongside with the hydrocarbon content of the 

reservoir. Owing to phase immiscibility and the availability of heavy carbon components 

in the crude oil, the produced fluid (water and oil) forms water-oil emulsions of varying 

degree. Again, during the flow of produced fluid from the wellhead to the manifold, the 

necessity to reduce the prevailing high pressure in the flowline (by releasing the gas 

phase via chokes and valves) increases the intensity or degree of immiscibility of the 

liquid phases. The resulting intense mixing of the oil and water decreases the size of the 

droplets through flow induced break-ups down to diameters averaging around ten 

microns, thereby enhancing the formation of emulsion, Kokal (2006). 

 

Furthermore, it is important to note that another process that leads to the formation of 

water-oil emulsion is desalting. Basically, the process of desalting is fundamentally same 

as “dewatering twice” – Bishop (2013). The produced crude oil is washed using fresh 

water so as to remove contaminants such as dirt and inorganic salts (mainly chlorides and 

sulphates of sodium, potassium, magnesium and calcium). The quantity of fresh water 

employed for this purpose is determined by factors such as the salinity of the fresh water, 

salinity of the remnant water and the concentration of the remnant water in crude. 

Invariably, this process introduces water in the crude (as it increases the interfacial area 

available for adsorption), and ultimately this leads to the formation of undesired stable 

emulsions that need to be disposed of before refining. 

 

All in all, the formation of water-oil emulsion during the production and processing of 

crude oil is inevitable. Again, it is important to underline that the gradual and progressive 

shift from low-viscous conventional crude oil towards heavy oils which comparatively 

have higher proportions of heavy carbon components (asphaltenes, resins and waxes) 

further makes the issue of emulsion formation an unmitigated problem in the E&P 

industry. This is in the light of the previous mentioned fact that heavy carbon components 

of crude oil aid and abet the formation of emulsions – they often act as stabilizing agents. 
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The formation of these emulsions is highly undesirable from operational, economical and 

quality control points of view. Some of the associated disadvantages of the production of 

emulsion in the oil and gas industry include: 

 

1. Corrosion of process equipment such as pipes, pumps, casings and valves 

2. Lost of effective volume in process equipment and pipelines due to the fact that 

dispersed water (emulsion) occupies the space oil would ordinarily have occupied 

3. Expensive pumping due to increase crude oil viscosity as the formation of 

emulsion is often accompanied with significant increase in fluid viscosity 

4. Significant changes in the characteristics and physical properties of oil such as 

density – the density of oil can increase by up to 30% for the emulsion 

5.  Outright deactivation or poisoning of refinery catalysts  

6. The disposal of untreated or untreatable water-oil emulsion leads to significant 

environmental problems and concerns  

 

Therefore, the formation of emulsion in crude oil production and processing is very 

expensive as it leads to significant increases in both operating and capital costs. To this 

end, it is easy to see that dewatering and demulsifing of produced fluid is not only 

important; it is compulsory and crucial as well. In order to minimize the production 

problems related with crude oil emulsions and environmental concerns, petroleum 

operators need to prevent emulsion formation or to break it, Gafonova (2000). 

 

A number of techniques have been employed in dewatering crude oil and in the treatment 

of water-oil emulsions. The earliest of these is the gravity segregation technique which 

basically exploits the natural density difference between the oil phase and water phase; 

the FWKO (see Figure 1.3) which utilizes large settling tanks is based on this simple 

technique. Later on, the quadratic dependence of the water particle separation velocity on 

the water droplets diameter (or Stoke’s Law) was capitalized on to speed up the overall 

separation efficiency; and a number of techniques that is fundamentally based on this 

principle (droplet growth) have been developed. These include – the use of chemical 

emulsion breaker to enhance absorption at interfacial film, film destabilization, solid 
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wetting, flocculation of emulsion particles and water phase coalescence; the use of 

electrostatic coalescer which basically work on the basis of charging and polarizing the 

water droplets to effect attraction and coalescence; the use of mechanical force (high 

speed centrifuges); and the use of thermal energy (heat) to enhance rate of droplet 

movement, reduce crude viscosity, reduce crude oil interfacial tension and changes 

stabilizer solubility. 

 

    

Figure 1.3: A West Texas Treater and FWKO (left), and a cross-sectional view of a FWKO (right) – 

courtesy of Bishop (2013) 

 

 

Of these methods mentioned above, the use of electromagnetic heating effect in the 

treatment of water-oil emulsion is the focus of this project. Though it is acknowledged 

that the heating methodology may include different techniques (such as the use of heat 

exchangers, heat-treaters, microwave irradiation
1
, etc.); it is however, instructive to note 

that the use of the microwave irradiation and their effect on water-oil emulsion is the 

central focus of this study. 

 

 

                                                 
1
 It is important to note that the energy transfer at play in traditional heating is due to the existence of 

thermal gradients between the heat source and the emulsion; whereas the energy transfer at play in 

microwave irradiation is electromagnetic energy (from source) that is subsequently converted into thermal 

energy. 
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1.5 Objective 

In the foregoing, it has been established that the production of immiscible water and 

crude oil in the form of water-oil emulsion is highly undesirable. It promotes wastages, 

process inefficiencies and overall operation costs. Therefore, the objective of this project 

is to determine the effects of microwave irradiation on defined properties of different 

categories and types of water-oil emulsion.  

 

1.6 Summary  

In this introductory chapter, it was established that global oil (energy) demand and per 

capita energy utilization have continued to grow from one age to another; and it was 

further established that this trend will continue into the foreseeable future. A number of 

factors are attributed as reasons behind the unprecedented rise in energy demand. These 

include increased usage as a result of robust economic growth in emerging economies, 

Malthusian
2
 growth of human population, and the attendant increase in the number and 

variety of energy-using devices. Of the diverse energy resources that man can harness 

today, oil is the most demanded and utilized – no thanks to its tremendous direct-end-use 

capacity. The demand for oil in the global energy market has created a disproportionate 

relationship between market forces of demand and supply; and this has inevitably 

resulted in significant increase in the price of this energy resource. Considering that oil is 

a non-renewable energy resource which depletion rate is alarmingly worrying, there is 

need to increase the cumulative production of oil by understanding the effects of 

microwave irradiation on water-oil emulsions. Besides the environmental benefit of this 

study, it will undoubtedly reduce both the wastage associated with, and high operating 

and capital costs occasioned by the production of water-oil emulsion during oil recovery 

processes and operations. It is noted that there are other ways to increase the cumulative 

production of oil; but for all intents and purposes, the focus of this project is on how to 

achieve this purpose through clear understanding of the effects of microwave irradiation 

on water-oil emulsions. 

                                                 
2
 The Malthusian model is basically a simple exponential growth model that is named after Reverend 

Thomas Malthus who authored “An Essay on the Principle of Population”. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Introduction 

In the petroleum industry, the formation of water-oil emulsion is one of many problems 

directly mitigating process efficiency and operational cost. This is true for both the 

upstream (production) and downstream (refinery) sector of the industry; thus, it is 

imperative to understand and seek efficient ways of addressing this all important 

problem. In this chapter, a thorough review of the literature as it relates to the causes, 

stabilization and demulsification of crude oil emulsion is undertaken. 

 

As highlighted in the first chapter, water-oil emulsions are formed as a result of co-

production and transportation of water and crude oil in the presence of stabilizing agents 

such as asphaltenes, resins and waxes.  In the emulsion system, the crude oil acts as a 

dispersion medium, water as the dispersed phase while heavy carbon components of the 

crude oil acts as an interfacial stabilizing agents which basically accumulates at the 

water-oil interface, thereby hindering droplets dispersed phase to separate.   

 

According to Sjoblom et al. (1990), the major heavy component in crude oil samples that 

facilitates the stabilization of water-oil emulsion is believed to be asphaltenes. This is 

because of its ability to form a rigid film (at water-in-oil interface) around the water 

droplets, thereby protecting the interfacial film from rupturing during droplet-droplet 

collisions. Thus, the formation of stable water-oil emulsion is facilitated in all such 

situation. 

 

2.2 Demulsification of Emulsions 

Demulsification is the process of separating an emulsion into its constituent phases. 

Usually, this involves two distinct steps – the aggregation of droplets and the coalescence 

of the aggregated droplets. In the case of water-oil emulsion, the second step 

(coalescence of aggregated droplets) is often enhanced by any factor that allows the 
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breakage of the film surrounding the water droplets as shown in Figure 2.1. Thus, the 

process of coalescence is crucial to effective separation of emulsions. 

 

 

Figure 2.1: A simple demonstration of coalescence – courtesy of Bishop (2013) 

 

Coalescence refers to the process in which two or more droplets merge together to form a 

single larger drop in a thermodynamically irreversible way. In modern theories, it is 

generally described as the successive completion of three sub-processes, Chesters (1991) 

and Zdravkov et al. (2003). First, external forces, such as gravity play an important role 

in bringing droplets into collision. The second sub-process involves the thinning of the 

interstitial film of liquid (continuous phase) trapped in between the approaching droplets. 

In Stein (1993), it is noted that it is this rate of thinning (second sub-process) that has the 

strongest influence on collision or otherwise; it also decreases with the augmentation of 

the bulk phase viscosity as well as the presence of surfactants. The third and final sub-

process occurs when at some point, the film reaches its critical thickness, any significant 

mechanical or thermal disturbances will cause it to become unstable and break, possibly 

resulting in droplets coalescence. 

 

Broadly speaking, demulsification is often achieved in many industrial processes by the 

application of mechanical (centrifugation, filtration and membrane-associated), thermal 

(direct fired, heat exchangers and thawing), electrical (electrocoalescence), chemical 
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reagents (demulsifiers) and electromagnetic (ultrasonication and microwave irradiation) 

processes. In the literature, these techniques have been employed in one application or 

the other; we will look at them more closely with the view of pointing out their merits 

and demerits.  

 

In the use of freezing and thawing for water-oil separation, the freezing component of the 

process causes the molecules of heavy component in crude oil (which acts as stabilizing 

agents or surfactants) to move away from the water-oil interface; thereby allowing free 

water droplets to coalesce and separate. In Chen and He (2003) and Rajakovic and Skala 

(2006), it was highlighted that the economic benefit of this process tied to operating at the 

optimum freezing temperature of around –40°C; invariably, this on its own constitutes a 

major limitation.  

 

Chemical method of treating crude oil emulsions is based on the addition of chemical 

reagents generally called demulsifiers.  Basically, the principle behind demulsifers is the 

inhibition of the protective hydrophobic emulsifying agents, thereby allowing for water 

droplets agglomeration, coalescence and gravity sedimentation. According to Selvarajan 

et al. (2001), demulsifiers can be anionic, cationic and nonionic surfactants. Usually, 

when added into the emulsion, they often neutralize the stabilizing effect of the 

surfactants (asphaltenes, resins and waxes) by causing rupture or weakening of the 

protective film around the droplets in water-oil interface. In the treatment of emulsions 

using chemical demulsifiers, it was suggested in Bishop (2013) that the amount of 

chemical employed for this purpose must be minimal. Although a high dosage of 

chemicals can be used to break the emulsions, the separated water resulting from such 

situation often contain too much chemicals that generally leads to serious environmental 

concerns such as groundwater pollution.  

 

Although the oil-recovery efficiency resulting from the use of filtration and membrane 

processes is high, these processes suffer severe performance limitation in high viscous 

emulsion, and are therefore not feasible for situations involving heavy crude oil. For 
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more on the use of filtration and membrane-associated technique in emulsion separation, 

the interested reader should see Dezhi et al. (1999) and Benito et al. (2001). 

 

The first application of electrocoalescence for the separation of water-in-oil was 

mentioned in Cottrell and Speed (1911). After inducing a high potential difference 

between two metallic wires immersed in a water-in-crude oil emulsion, the authors 

observed arrangement and re-arrangement of droplets in chains extending from one 

electrode to the other. Coalescence of adjacent droplets then rapidly occurred, increasing 

their size until the point where they became large enough to sediment. Ever since then, 

several studies on the use of electrocoalescence as an emulsion separation technique have 

been undertaken. These include: Charles and Mason (1960), Bailes and Larkai (1981), 

Bailes and Stitt (1987), Taylor (1988), Eow et al. (2001) and Raisin (2011). The 

fundamental principle behind electrocoalescence phenomenon is that interfacial 

instability and coalescence are often enhanced by electric field induced attraction force – 

Lundgaard et al. (2006). It is noted that though electrical demulsification is an overall 

effective technique, the fact that it requires expensive specially designed electrical field 

equipment as well as the need for additional use of chemicals creates severe drawbacks. 

  

The use of centrifugation as applied in Chen et al., (2008) and ultrasonication as 

employed in Ye et al. (2008) and Nii et al. (2009) have also shown to be efficient in terms 

of oil recovery percentages. However, the costs of equipment and running of these 

processes are comparatively high. 

 

Microwave irradiation technique involves the use of nonionizing electromagnetic energy 

in the frequency range between 300MHz and 300GHz to cause molecular motion by 

migration of ions and rotation of dipoles (without causing any changes in the molecular 

structure), Kingston and Jassie (1988). Since its successful application as an emulsion 

separation technique by the pioneering works of Klaila (1978) and Wolf (1986), its 

popularity in emulsion separation operations has grown from strength to strength. This 

fact is evident in the breath-taking number of interesting publications in which the 

application of microwave irradiation as an emulsion separation technique has been 
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undertaken. These studies include Fang et al. (1988, 1989), Kingston and Jassie (1988), 

Fang and Lai (1995), Nilsen et al. (2001), Chan and Chen (2002), Xia et al. (2003, 2004), 

Jemaat et al. (2004), Saifuddin and Chua (2006), Fortuny et al. (2007), Anisa and Nour 

(2009), Nour et al. (2010), Huda and Nour (2011), Abdulbari et al. (2011) and Nour et al. 

(2012). This list is by no means exhaustive.  

 

Of all the aforementioned techniques, the use of microwave irradiation for 

demulsification purpose has grown to be one of the most effective emulsion separation 

techniques, Kuo (2011). The popularity of this technique is firmly based on the fact that it 

does not require the addition of chemicals, and importantly, microwave irradiation offers 

a clean, convenient, non-polluting, high-quality, low-cost and near-uniform volumetric 

heating effects which in most times results in faster processing times and efficient 

separation. Indeed, conventional methods such as chemical demulsifier and thermal 

heating present an economic burden and additional contaminated water disposal 

problems, Anisa and Nour (2009).  

 

2.3 Microwave Irradiation in Demulsification 

In the first known publication of the use of microwave technology for emulsion 

separation, Klaika (1978) conducted several field tests after his patent was authorized and 

the results were encouraging. This was followed by Wolf (1986) where it was established 

that microwave irradiation provides a much higher efficiency in the breaking of water-oil 

emulsions when compared to conventional thermal heating. The author also demonstrated 

that the use of microwave irradiation for water-oil demulsification purpose was more 

effective in the treatment of emulsions with 50% (or greater) oil content by weight. Later 

Fang et al. (1988, 1989) presented a demulsification model for 1:1 and 3:7 water-oil 

systems on laboratory and field scale. A field test was conducted on 188 barrels of water-

oil emulsion in tanks, and the emulsion was separated into 146 barrels of oil and 42 

barrels of clear water; the result indicated that the percentage of water separated from the 

emulsions was higher than 80%. In Fang and Lai (1995), laboratory and field results 

showed that near-same temperature distributions were attained across the entire sample; 
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thus establishing or reinforcing the fact that with microwave irradiation, uniformly 

distributed volumetric heating effect is achievable.  

 

Nilsen et al. (2001) proposed a method for separating water-oil emulsions based on the 

application of microwave radiation from a specific frequency range in the microwave 

region. The effects of inorganic salts and inorganic acids in microwave demulsification of 

water-oil emulsions were investigated in Chang and Chen (2002). According to the 

authors, the separation efficiency as well as the demulsification rate are enhanced with 

increasing concentration of inorganic acids and also with the inorganic salt (NaCl, KCl, 

NaNO3, and Na2SO4) concentration in dilute range (<0.5 M). This phenomenon was later 

named salt-assisted microwave irradiation, Kuo (2011). Using water-n-decane emulsion, 

Xia et al. (2004) studied the role of asphaltenes and resins on the stability of emulsion 

during microwave demulsification process. Their experimental results demonstrated that 

microwave irradiation can enhance the demulsification rate when compared to 

conventional heating procedures.  

 

In Jemaat et al. (2004), an integrated method involving the use of microwave irradiation 

and chemical demulsifier was investigated. The result shows that such integrated 

techniques can accelerate water-oil emulsion demulsification rate; and this acceleration is 

dependent on factors such as microwave exposure time, concentration of the 

demulsifying agent (chemical), and the water-oil ratio of the emulsion. Saifuddin and 

Chua (2006) investigated the effects of NaOH and HCl on the demulsification of oil 

emulsions using microwave irradiation. The authors reported that addition of NaOH (an 

alkaline) stabilized the emulsion, therefore decreasing demulsification or separation 

efficiency. The demulsification rate increased with addition of HCl (an acid) to a final 

concentration of 0.48 M. In Fortuny et al. (2007), the effects of pH, salt (NaCl) and water 

content on water-oil emulsion undergoing microwave demulsification process was 

investigated. According to this study, the addition of dissolved salts significantly 

increases the heating efficiency, destabilizes the emulsions and increases separation. 
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In their experimental study, Anisa and Nour (2009) used a batch microwave process to 

investigate the dielectric properties and volumetric heating properties of microwave 

irradiation with respect to varying phase volume ratio and radiation time. The results 

showed that phase ratio and rate of temperature increase decreases the dielectric 

properties and volumetric heat generated. Nour et al. (2010) investigated the capability of 

microwave technology in demulsification of crude oil emulsions of different phase ratios 

with respect to exposure time. The results reported indicated that the rate of temperature 

increase of emulsions decreased at higher temperature due to decreasing dielectric loss of 

water; it also showed that overall, microwave demulsification of water-in-oil emulsions 

does not require chemical additions. For the sake of completeness, it is important to note 

that the latter finding contradicts the findings in Jemaat et al. (2004). 

 

Huda and Nour (2011) investigated the stability of crude oil emulsions using surfactants 

of different concentrations in different volume ratio of water-oil emulsion,  and as well as 

examined the performance of microwave application in the demulsification of the 

emulsions in comparison to the conventional methods. In the work of Abdulbari et al. 

(2011), the influences of Triton X-100, sorbitan monooleate (Span 83), low-sulfur wax 

residue (LSWR) and sodium dodecyl sulphate (SDS) on emulsion stabilization and 

microwave demulsification was investigated. The findings showed that emulsion stability 

was related to surfactant concentration, stirring time, temperature, the water-to-oil phase 

ratio and agitation speed. And in Nour et al. (2012), the authors performed comparative 

analyses of the demulsification of water-oil emulsion using microwave irradiation and 

conventional thermal heating by comparing the percentage of water separated, and 

droplets size distribution in each crude oil. The work also focused on designing optimal 

independent variables for microwave irradiation experiments using response surface 

methodology (RSM). 

 

In this project, we will investigate the effects of microwave irradiation on some pre-

defined characteristics of water-crude oil emulsion. According to Fingas and Fieldhouse 

(2003), the most important characteristic of a water-in-crude oil emulsion is its stability. 

To this end, the study embarked upon in this project is to investigate the effects of 
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microwave irradiation on the stability, and in so doing, determine the water separation 

efficiency attainable by deploying this method of water-oil emulsion demulsification. 

 

2.4 Mechanism of Microwave Irradiation Demulsification 

The focus of this section is to look at the mechanism in which demulsification is achieved 

via microwave irradiation, with the view of understanding the generation, propagation 

and interaction of microwaves with emulsion. According to Lidstrőm et al. (2001), 

microwave energy is a nonionizing irradiation that causes molecular motion by migration 

of ions and rotation of dipoles, without causing any structural change to the molecules. In 

other words, energy is transferred from the microwave radiation source to the material 

(emulsion) through the mechanisms of dipole rotation and ionic conduction. Dipole 

rotation is the interaction of the electric field component with the medium which 

generates heat as a result of friction with the neighboring molecules, while ionic 

conduction is the movement of dissolved ions under the influence of an electric field, 

thereby resulting in increased collision rate and heat conversion.  

 

In Anisa and Nour (2009), the efficiency of the microwave irradiation in water-oil 

emulsion separation is attributed to the following effects: 

 

 reduction of the viscosity of the continuous phase (oil) because of the increase of 

the temperature which favors the water droplets contact 

 

 reduction of the stability of the emulsion as a result of microwave-induced 

rotation of water molecules, which neutralizes the zeta potential of the dispersed 

droplets 

 

 reduction of the stability of the emulsion as a result of breaking the chemical 

bonds between the surfactant molecules and the water molecules  

 

 reduction of the thickness of the interfacial surfactant film because of the 

expansion of the dispersed phase caused by the increase of the internal pressure of 

the water droplets during microwave irradiation 

 

Different materials are known to behave differently when exposed to microwave 



 

 20 

 

irradiation. Materials that absorb microwave irradiation are called dielectrics, and 

depending on their interaction with microwave irradiation, these dielectric materials can 

be classified into conductors, insulator, and absorbers.  This classification is illustrated in 

Jones at al. (2002); and depicted in Figure 2.2. 

conductors e.g. metal material

insulators e.g. plastic material

absorbers e.g. water, oil emulsions
 

Figure 2.2:  Microwave absorption characteristics for conductor, insulator and absorber – Jones 

(2002) 

 

When microwave radiation penetrates into a material, the total energy absorbed by the 

material at any given power of irradiation is dependent upon the dielectric properties of 

the material. Chief among these properties is its loss tangent (also known as dissipation 

factor) which is defined as a measure of rate of loss of power. Mathematically, the loss 

tangent, tan δ, is a ratio of the material’s dielectric loss factor, '', to its dielectric constant 

',  i.e. 

"
tan

'





                                                                                  2.1 

where   is the dielectric loss angle (the difference between 90
o
 and the dielectric phase 

angle), and the dielectric constant is a measure of a material’s ability to store the 
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microwave energy as it passes through, while the dielectric loss factor measures the 

material’s ability to dissipate that energy.  

 

A high value of loss tangent goes pari-passu with high loss in microwave power inside 

the material, while lower values signify the opposite. Other dielectric properties are the 

power factor, Pf, and the penetration depth Pd. 

 

The power factor is a function of the dissipation factor, and is defined as the ratio of the 

dissipation factor to apparent power. The higher the value of the power factor, the lower 

the loss in the microwave power inside the material, and vice-versa. Mathematically, the 

power factor is represented as:  

                                    
2

tan

1 tan
fP







                                                                       2.2 

 

The penetration depth is defined as is the distance from the surface of a dielectric 

material where the microwave field is reduced to 1/e of its value transmitted into the 

sample, Mishra (2006). 

molecular rotationdispersed phase (water)

irradiation 
(microwave)

continuous phase (oil) 

 
Figure 2.3: Microwave irrad. demulsification mechanism on water-oil emulsion – Fang et al. (2002) 
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In the study of dielectrics, the dielectric properties of a material are given by the general 

formulae:  

                                     ' " jj e                                                                          2.3 

where   is the complex relative dielectric constant and 1.j     

 

Therefore, it follows that when microwave irradiation is used in demulsification operations of 

dielectric materials (e.g. water-oil emulsion), two major mechanisms occur simultaneously. 

One is the rapid increase of temperature in the dielectric emulsion (which reduces the 

viscosity of the emulsion), and the other is molecular rotation, which neutralizes the Zeta 

potential because of the rearrangement of electrical charges surrounding the water 

droplets as illustrated diagrammatically in Fang et al. (1988) and depicted in Figure 2.3. 

These aforementioned mechanisms ultimately lead to water droplets coalesce which 

result to the sedimentation and separation of the water.  

 

2.5 Summary 

The issue of emulsion in the petroleum industry is a very expensive problem in crude oil 

production and processing. The seriousness of this problem has led to numerous studies 

that seek a systematic approach to solving this problem. Consequently, background 

knowledge of the origin, formation and stability of crude oil emulsions as well as 

demulsification techniques were presented in this chapter. Generally speaking, a number 

of techniques aimed at addressing this problem of water-oil emulsions have been reported 

in the academic literature; these techniques include mechanical (centrifugation, filtration 

and membrane-associated), thermal (direct fired, heat exchangers and thawing), electrical 

(electrocoalescence), chemical reagents and electromagnetic waves (ultrasonication and 

microwave irradiation).  These diverse demulsification techniques were reviewed with 

particular attention to the use of microwave irradiation – this is because it offers a clean, 

convenient, non-polluting, low-cost and near-uniform volumetric heating effects which in 

most times results in faster processing times than the other techniques. 
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CHAPTER 3 LABORATORY EXPERIMENTAL WORK 

 

3.1 Introduction  

In this chapter, details of experimental work of this project are presented. The focus is to 

investigate by way of laboratory experiments, the effects of microwave irradiation on 

pre-defined physical characteristics of water-oil emulsions. The emulsion characteristics 

of interest include stability as well as water separation efficiency.  

 

3.2 Experimental Apparatus and Materials  

In carrying out the experiments to study the effects of microwave irradiation on defined 

characteristics of water-oil emulsion, the under listed laboratory apparatus was employed; 

these include: 

 A DMW 1048SS model Danby designed domestic microwave oven with 

specifications which include an external dimensions of 11.5×15.25×20.5 (all in 

inches), a rated power output of 1000W, a test load capacity of 275±15ml, an 

operating voltage and frequency of 4.15KV and 2450MHz respectively 

 Six thermal-stable borosilicate-made 100ml graduated cylinder of dimension 

25cm (height) and 3.1cm (diameter) respectively 

 Four 900ml graduated beaker (also made of borosilicate glass) of dimension 

14.5cm (height) and 10.5cm (diameter) respectively 

 A hand-held stop clock 

 Laboratory filter papers 

 A hand-held 750rpm rated 3-blade propeller 

 A jug of clean tap water 

 Samples of Antan Blend and Qua Iboe crude oil  

 Sodium dodecyl sulphate (SDS)  
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3.3 Emulsion Preparation and Experimental Procedure 

As indicated in the preceding section, the experimental work was carried out on 

emulsions resulting from Antan Blend and Qua Iboe crude oil samples; the physical 

properties or specifications of these crude samples are given in Tables 3.1 and 3.2 

respectively. In preparing the emulsion, the agent-in-oil technique as described in Nour et 

al. (2010) was followed. Using this methodology, four emulsion samples (two from each 

of the crude oil samples) were prepared in the ratio 1:1 and 3:7 water-oil volumes.  

 

Properties Value 

API gravity 20.6 

Specific gravity 0.9306 

Sulphur content 0.36 

Viscosity @40°C (cSt.) 11.05 

Neutralization number (TAN) 0.48 

Wax content 4.87 

Asphaltene content 0.24 

Salt content 4.6 

 
Table 3.1 Physical properties of Antan Blend crude oil sample – NNPC (2012). 

 

Properties Value 

API gravity 35.2 

Specific gravity 0.8487 

Sulphur content 0.13 

Viscosity @40°C (cSt.)  3.92 

Neutralization number (TAN) 0.32 

Wax content - 

Asphaltene content - 

Salt content 10.8 

 

Table 3.2 Physical properties of Qua Iboe crude oil sample – NNPC (2012). 

 

To prepare the 50:50 water-oil emulsion, 200ml of both crude oil was individually poured 

into separate 900ml graduated beakers made of thermal-stable borosilicate glass, and 
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20ml of sodium dodecyl sulphate (SDS)
3
 – the surfactant – was added into the separate 

continuous phase in both beakers. With the aid of a three-blade 750 rpm rated propeller, 

the oil and surfactant mixture in each beaker was vigorously agitated at laboratory 

temperature (28
o
C) for a duration of 120 seconds.  

 

Thereafter, the dispersed phase was introduced by the addition of 200ml of clean tap 

water into the beakers containing the crude oil samples and surfactant in a slow and 

gentle manner. After the addition of the dispersed phase, the content in the beaker was 

further agitated with the propeller to facilitate homogenization or contact between the 

components of the resulting emulsion. Subsequently, a droplet of the resulting emulsions 

was placed on a filter paper to ascertain the prevailing type of emulsion formed. The size 

of a droplet of the emulsion on a filter paper will not disperse if the emulsion type is 

water-oil. On the other hand, droplets of oil-water emulsion will disperse to a bigger size 

or on all of the filter paper. Figure 3.1 is a simple flow chart depicting the 50:50 water-oil 

emulsion preparation processes for both crude oil samples. 

 

The resulting emulsion in each of the beakers was then transferred into three 100ml 

graduated measuring cylinders where it was allowed to sediment. For a period of 2.5 

hours, the volume of water was read and recorded repeatedly every 15 minutes interval. 

The average for each measurement at each interval was computed for each of the 50:50 

emulsion samples.  

 

After this period, the emulsions in the graduated measuring cylinder was transferred yet 

again into the 900ml beakers, it was further agitated to reinforce homogenization and 

then wrapped with aluminum foil with perforated holes on the top side as described in 

Nour et al. (2012). Following this, the beakers containing the emulsions (aluminum foil 

wrapped beakers) are placed at the center of the DMW 1048SS model Danby domestic 

microwave oven as schematically depicted in Figure 3.2 and heated at maximum power 

                                                 
3
 Sodium dodecyl sulphate is one of the most commonly used anionic alkyl sulphate surfactants which are 

widely used in thousands of domestic and industrial cleaners. Its synthesis involves the sulphation of 1-

dodecanol and subsequent neutralization with a cation source. It is noted that the choice of SDS as 

surfactant in this study is primarily based on its widespread availability. 
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for 150 seconds. As stated earlier, the rated power output of the microwave oven is 

1000W, its test load capacity is 275±15ml and its operating voltage and frequency are 

4.15KV and 2450MHz respectively. 

 

start

pour 200ml volume of each 

crude oil sample into two 

separate 900ml beakers

water-oil 

emulsion

end

agitate resulting mixtures 

using hand-held propeller

gently add 200ml of water 

into each 900ml beaker

agitate mixture with the 

hand-held propeller

re-start process

add 20ml of surfactant (SDS) 

into each 900ml beaker

yes

no

 

Figure 3.1: Flow chart showing the 50:50 water-oil emulsion preparation process 
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After this time interval, the aluminum foil wrapped beakers containing the emulsions are 

quickly and carefully retrieved from the microwave oven and the emulsion sample 

contained therein was transferred into three 100ml graduated measuring cylinder where it 

was allowed to sediment. The water sedimentation volume after 2.5 hours is observed and 

recorded after every 15 minutes, and the average for the measurement at each interval 

computed. A flow chart showing the experimental procedure as detailed above 

(microwave demulsification) is shown in Figure 3.3. 

microwave generation chamber

handle

microwave control panel

beakers containing emulsion 
samples seating on oven turn-plate

Figure 3.2: Schematic depiction of emulsion samples in the microwave oven 

 

For the 30:70 water-oil emulsion, 280ml of both crude oil samples was individually 

poured into separate 900ml graduated beakers, and 25ml of the surfactant was added into 

the separate crude oil sample in the beakers. With the aid of a three-blade 750 rpm rated 

propeller, the oil and surfactant mixture in each of the beakers were vigorously agitated at 

laboratory temperature for a duration of 120 seconds. Thereafter, the dispersed phase is 

introduced by the gentle addition of 120ml of clean tap water into the beakers containing 

the crude oil samples and surfactant in a slow manner 
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start

pour individual emulsion into 

three 100ml measuring cylinders 

end

compute average water volume 

for each time interval

transfer same emulsion type into 

beaker and agitate content

wrap beaker in foil and place in 

microwave oven for 150 seconds

record water separation volume 

every 15 minutes interval

pour out emulsion into three 

100ml measuring cylinder and 

record separated water volume

retrieve beakers and measure 

defined emulsion characteristics

 

Figure 3.3: Flow chart showing the microwave demulsification process 
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After the addition of the dispersed phase, the content of the beaker was further agitated 

with the propeller to facilitate contact between water droplets in the resulting emulsion; 

thus, promoting homogenization.  

  

start

pour 280ml volume of each 

crude oil sample into two 

separate 900ml beakers

water-oil 

emulsion

end

agitate resulting mixtures 

using hand-held propeller

gently add 120ml of water 

into each 900ml beaker

agitate mixture with the 

hand-held propeller

re-start process

add 25ml of surfactant (SDS) 

into each 900ml beaker

yes

no

 

Figure 3.4: Flow chart showing the 30:70 water-oil emulsion preparation process 
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Like in the previous instance, a droplet of the resulting emulsions was place on a filter 

paper to ascertain the prevailing type of emulsion formed; and because the droplet of the 

emulsion on the filter paper did not disperse, water-oil emulsion was inferred. Figure 3.4 

shows a flow chart for the preparation of the 30:70 water-oil emulsions. 

 

The resulting emulsions in each of the beakers was subsequently transferred into three 

100ml graduated measuring cylinder, and the same step-by-step procedure (see Figure 

3.3) that was conducted for the 50:50 water-oil emulsion is repeated. 

 

3.4 Summary  

In this chapter, the primary focus was to investigate the effects of microwave irradiation 

on defined characteristics of water-oil emulsion. The characteristics of interest include 

emulsion stability and water separation efficiency. Detailed descriptions of the laboratory 

apparatus as well as consumables or materials used in this study were highlighted; 

furthermore, the emulsion preparation was described in details. Finally, the step-by-step 

procedure involved in the experiments was also described. The results emanating from all 

the experiments as well as the analyses of same will be discussed in great details in the 

next chapter. 
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CHAPTER 4 RESULTS ANALYSES AND DISCUSSION 

 

4.1 Introduction 

In this chapter, we will discuss and analyse the results emanating from the experimental 

procedures described in the previous chapter. Firstly, the results arising from different 

emulsions prepared from both crude oil samples are presented; based on these results, the 

effects of microwave irradiation on the characteristics (stability) of the emulsions as well 

as the water separation efficiency arising from microwave irradiation are analysed in the 

discussions that follow. 

 

4.2 Results on Antan Blend Emulsion 

Furtherance to the emulsions preparations and the experiments described in the previous 

chapter, the readings of the volume of water settled at the bottom of the measuring 

cylinder were recorded in a tabulated format. For the 50:50 water-oil emulsions arising 

from the Antan Blend crude oil, the readings of the water volume settled at the bottom of 

the three 100ml measuring cylinders before and after the microwave irradiation 

demulsification process are given as tabulated in Tables 4.1 and 4.2 respectively.  

 

Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 3 2 2 2.33 4.7 

30 5 5 6 5.33 10.7 

45 9 8 9 8.67 17.3 

60 10 9 9 9.33 18.7 

75 13 12 12 12.33 24.7 

90 14 14 14 14.00 28 

105 14 14 15 14.33 28.7 

120 14 14 15 14.33 28.7 

135 15 14 15 14.67 29.3 

150 15 14 15 14.67 29.3 

 

Table 4.1: Volume of water separated from 50:50 Antan Blend emulsion before MW irradiation  
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It is noted that at each measurement time interval, the measurements recorded from the 

measuring cylinders are averaged over the total number (three in this case) of measuring 

cylinders employed – as this reduces error of the relative volume of settled water. 

  

Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 12 13 15 13.3 26.6 

30 16 16 18 16.7 33.4 

45 19 22 23 21.3 42.6 

60 24 29 31 28 56 

75 29 34 34 32.3 64.6 

90 34 37 38 36.3 72.6 

105 38 41 43 40.7 81.4 

120 41 42 45 42.7 85.4 

135 43 45 46 44.7 89.4 

150 43 45 46 44.7 89.4 

 

Table 4.2: Volume of water separated from 50:50 Antan Blend emulsion after MW irradiation  

 

Subsequently, the water separation efficiency relating to the emulsion at every time 

period before and after the microwave irradiation demulsification is computed and 

recorded as well. Mathematically, the water separation efficiency (WSE) is given by: 

 

                      
average volumeof settled water

WSE = 100%
pro- rated volumeof original water volume

                     (4.1) 

 

For the 30:70 water-oil emulsions arising from the Antan Blend crude oil, the readings of 

the water volume settled at the bottom of the three 100ml measuring cylinders before and 

after the microwave irradiation demulsification process are given as tabulated in Tables 

4.3 and 4.4 respectively. Using Equation 4.1; the water separation efficiency was 

computed and recorded as well. For all intents and purposes, the relative volume of water 

that settles at the bottom of the measuring cylinder for any of these emulsions (both 

before and after microwave irradiation) is a practical indicator of the stability of the 

emulsion. This is because the stability (or otherwise) of an emulsion is the ability of the 

emulsion to separate into its constituting continuous (oil) and dispersed (water) phases.  
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Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 - 1 - 0.33 1.1 

30 2 3 3 2.67 8.9 

45 4 5 5 4.67 15.5 

60 5 5 5 5.00 16.7 

75 5 6 5 5.33 17.8 

90 5 7 7 6.33 21.1 

105 6 7 7 6.67 22.2 

120 7 8 7 7.33 24.4 

135 7 8 7 7.33 24.4 

150 7 8 8 7.67 25.5 

 

Table 4.3: Volume of water separated from 30:70 Antan Blend emulsion before MW irradiation  

 

Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 6 5 5 5.33 17.7 

30 7 7 8 7.33 24.4 

45 11 11 11 11.00 36.7 

60 18 16 17 17.00 56.7 

75 22 21 20 21.00 70 

90 23 22 22 22.33 74.4 

105 23 23 23 23.00 76.7 

120 23 23 23 23.00 76.7 

135 23 24 23 23.33 77.8 

150 23 24 23 23.33 77.8 

 

Table 4.4: Volume of water separated from 30:70 Antan Blend emulsion after MW irradiation  

 

The average volumes of water settled at the bottom of the measuring cylinder are 

subsequently plotted against time for both Antan Blend crude oil emulsions in MATLAB
®; 

and this is shown in Figures 4.1 and 4.2 for the 50:50 and 30:70 water-oil emulsions 

respectively. Furthermore, the computed water separation efficiency attained both before 

and after both emulsion types were subjected to microwave demulsification was also 

plotted against corresponding time taken; and the plot (which was also carried out in 

MATLAB
®) resulting from this is shown in Figure 4.3. 
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Figure 4.1: Average volume of water measured before and after microwave irradiation against time 

for 50:50 water-oil Antan Blend crude oil emulsion  
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Figure 4.2: Average volume of water measured before and after microwave irradiation against time 

for 30:70 water-oil Antan Blend crude oil emulsion 
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Figure 4.3: Water separation efficiency against time for both 50:50 and 30:70 Antan Blend crude  
oil emulsion before and after microwave irradiation demulsification  

 

4.3 Results on Qua Iboe Emulsion 

The same sets of experimental procedures that were performed on the Antan Blend crude 

oil emulsions in the previous section are repeated for both emulsions that are based on 

Qua Iboe crude oil. The readings of the volume of water settled at the bottom of the 

measuring cylinder for both the 50:50 and 30:70 water-oil emulsions prepared from Qua 

Iboe crude oil were read and recorded in a tabulated format. For the 50:50 water-oil 

emulsion the readings of the water volume settled at the bottom of the three 100ml 

measuring cylinders before and after the microwave irradiation demulsification process 

are shown in Tables 4.5 and 4.6 respectively. And in a similar manner, the readings of the 

water volume settled at the bottom of the three 100ml measuring cylinders before and 

after the microwave irradiation demulsification process (for the 30:70 water-oil emulsion) 

are given as tabulated in Tables 4.7 and 4.8 respectively.  
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Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 6 3 4 4.33 8.7 

30 7 5 7 6.33 12.7 

45 10 9 10 9.67 19.3 

60 11 12 14 12.33 24.7 

75 12 15 16 14.33 28.7 

90 14 17 16 15.67 31.3 

105 16 17 19 17.33 34.7 

120 17 17 19 17.67 35.3 

135 18 19 19 18.33 36.7 

150 18 19 19 18.33 36.7 

 

Table 4.5: Volume of water separated from 50:50 Qua Iboe emulsion before MW irradiation  

 

 

Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 11 14 13 12.67 25.3 

30 18 19 22 19.67 39.3 

45 25 24 27 25.33 50.7 

60 28 28 32 29.33 58.7 

75 34 31 35 33.33 66.7 

90 37 36 39 37.33 74.7 

105 42 43 46 43.67 87.3 

120 47 48 47 47.33 94.7 

135 47 48 47 47.33 94.7 

150 48 48 47 47.67 95.3 

 

Table 4.6: Volume of water separated from 50:50 Qua Iboe emulsion after MW irradiation  

 

Again, in view of the importance to determine the relative volume of settled water at each 

time interval and as well as to reduce errors; the measurements recorded from the 

measuring cylinders are averaged over the total number (three in this case as well) of 

measuring cylinders. Furthermore, the water separation efficiency corresponding to the 

various Qua Iboe crude emulsions was computed with the aid of Equation 4.1; and the 

values are recorded appropriately. 
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Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 2 4 4 3.33 11.1 

30 5 7 6 6.00 20 

45 7 8 7 7.33 24.4 

60 7 8 10 8.33 27.8 

75 9 10 10 9.67 32.2 

90 10 10 11 10.33 34.4 

105 10 11 11 10.67 35.6 

120 10 12 13 11.67 38.9 

135 10 12 13 11.67 38.9 

150 10 12 13 11.67 38.9 

 

Table 4.7: Volume of water separated from 30:70 Qua Iboe emulsion before MW irradiation  

  

 

Time 

(min) 

Volume of Water Separated 

   MC1        MC2         MC3 

Average 

(ml) 

WSE 

(%) 

15 8 10 7 8.33 27.8 

30 14 14 13 13.67 45.6 

45 19 22 18 19.67 65.6 

60 23 25 25 24.33 81.1 

75 24 27 25 25.33 84.4 

90 26 27 27 26.67 88.9 

105 26 27 27 26.67 88.9 

120 26 27 29 27.33 91.1 

135 27 27 29 27.67 92.2 

150 27 27 29 27.67 92.2 

 

Table 4.8: Volume of water separated from 30:70 Qua Iboe emulsion after MW irradiation  

 

Finally, the average volumes of water settled at the bottom of the measuring cylinder are 

plotted against time for both Qua Iboe crude oil emulsions using MATLAB
®; and the 

results are respectively shown in Figures 4.4 and 4.5 for the 50:50 and 30:70 water-oil 

emulsions, and the computed water separation efficiency attained both before and after 

both emulsion types were subjected to microwave demulsification was also plotted 

against corresponding time interval – the resulting plot is shown in Figure 4.6. 
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Figure 4.4: Average volume of water measured before and after microwave irradiation against time 

for 50:50 water-oil Qua Iboe crude oil emulsion 
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Figure 4.5: Average volume of water measured before and after microwave irradiation against time 
for 30:70 water-oil Qua Iboe crude oil emulsion 
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Figure 4.6: Water separation efficiency against time for both 50:50 and 30:70 Qua Iboe crude  
oil emulsion before and after microwave irradiation demulsification 

 

 

4.4 Discussion of Results 

Based on the results gathered from the water-oil emulsions considered in this study, it is 

clear that the use of microwave irradiation significantly enhanced the volume of water 

separated; thus, reducing the stability of the emulsions. In the 50:50 water-oil emulsions 

prepared from Antan Blend crude oil, an average volume of 14.67ml of water was settled 

at the bottom of the graduated measuring cylinder after a period of 2.5 hours. However, 

when the same emulsion sample was exposed to microwave irradiation for 150seconds, 

an average volume of 44.7ml of water was recorded at the bottom of the measuring 

cylinder. In other words, the volume of water recovered from the Antan Blend crude oil 

50:50 emulsion that was exposed to microwave irradiation is slightly more than thrice the 

volume of water recovered without microwave irradiation. For the 30:70 water-oil 

emulsion prepared from same crude oil (Antan Blend), the average volume of water 

settled at the bottom of the measuring cylinder after 2.5 hours of sedimentation was 
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7.67ml; and this value represents less than 33% of the volume of water recorded when the 

same emulsion is allowed to sediment (for the same time period of 2.5 hours) after a 150-

second microwave demulsification exercise. It is also important to highlight that for the 

Antan Blend crude oil, the 30:70 water-oil emulsion attained a maximum water 

separation efficiency of 77.8% which is below the 89.4% separation efficiency attained 

by the 50:50 water-oil emulsion. Since water separation efficiency is inversely 

proportional to stability, it therefore follows that the 30:70 water-oil emulsion is more 

stable than the 50:50 water-oil emulsion. This is in agreement with Figure 4.3 – the more 

stable emulsions are at the lower part, while the unstable 50:50 water-oil Antan Blend 

emulsion is at the uppermost part of the graph. 

 

A similar pattern was also observed in the emulsion prepared from Qua Iboe crude oil 

sample. In the 50:50 water-oil emulsion for example, an average volume of 18.33ml of 

water was recorded at the bottom of the measuring cylinder after a sedimentation period 

of 2.5 hours. Following a 150-second exposure to microwave irradiation, the average 

volume of water recorded at the bottom of the measuring cylinder (after same time 

interval of 2.5 hours) rose to 47.67ml. In the 30:70 water-oil emulsion prepared from Qua 

Iboe crude sample, the average volume of water settled at the bottom of the measuring 

cylinder after 2.5 hours of sedimentation was 11.67ml; which represents 43.75% of the 

26.67ml that was recorded following 2.5 hour sedimentation interval after same emulsion 

was exposed to microwave irradiation for a period of 150 seconds. In terms of water 

separation efficiency, the 50:50 and the 30:70 emulsions prepared from Qua Iboe crude 

oil attained maximum separation efficiency (following microwave irradiation exposure) 

of 95.3% and 92.2% respectively.  To this end, it can be said that the 30:70 Qua Iboe 

crude oil emulsion is more stable than the 50:50 Qua Iboe crude oil emulsion – since for 

all intents and purposes, water separation efficiency has an inverse correlation with 

emulsion stability; this point is also buttressed by Figure 4.6. 

 

Furthermore, the water separation efficiency for all emulsion types of the same water-oil 

ratio was analyzed to see how the stability of the Antan Blend crude oil emulsions relates  
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Figure 4.7:  Water separation efficiency against time (before and after microwave exposure) for 

50:50 water-oil emulsions from both crude oil 
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Figure 4.8:  Water separation efficiency against time (before and after microwave exposure) for 

30:70 water-oil emulsions from both crude oil 
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to that of Qua Iboe crude oil of the same water and oil mix. Figures 4.8 and 4.9 show the 

plot of the water separation efficiency against time (before and after microwave 

exposure) for emulsions of the same water and oil ratio. On the evidence of both graphs, 

it is clear to see that irrespective of water-oil ratio in the emulsions; emulsions prepared 

from Antan Blend crude oil are generally more stable than emulsions prepared from Qua 

Iboe crude oil sample. 

 

A simple illustration that explains this is the Stoke’s law. According to Stoke’s law, the 

magnitude of the settling velocity ,sv  of water droplets (dispersed phase) in a continuous 

phase such as oil is given by: 

                                                     
2

18
s

o

gD
v






                                                               (4.2) 

where   is is the difference between the densities of the dispersed phase and 

continuous phase (a direct function of the specific gravities of both phases), g is 

acceleration due to gravity, D is the diameter of the water droplets and o  is the dynamic 

viscosity (or resistance to flow) of the continuous phase. 

 

Since g is a constant, it therefore means that one of the salient meanings of Equation 4.2 

is that the stability of water-oil emulsions is reduced by any mechanism that results either 

in increasing of the density difference between the phases and/or reduction in the 

dynamic viscosity of the continuous phase. From Tables 3.1 and 3.2, it is evident that the 

density difference between the dispersed phase and the Qua Iboe crude is higher than the 

density difference between the dispersed phase and the Antan Blend crude. Again, the 

Tables also show that the viscosity of the Qua Iboe crude is lower than that of the Antan 

Blend crude sample. Since the viscosity of any crude oil sample further decreases with 

temperature increase (from exposure to microwave irradiation), it is easy to see why 

water-oil emulsions arising from Antan Blend crude are generally more stable than those 

from Qua Iboe crude sample of equal water-oil proportions. Furthermore, the information 

given in Tables 3.1 and 3.2 shows that Antan Blend crude oil contains asphaltenes and 

wax whereas the Qua Iboe crude oil does not contain any significant percentage of these 
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heavy carbon molecules that often act as stabilizing agents in water-oil emulsions. This 

also explains the reason why water-oil emulsions arising from Antan Blend crude were 

more stable than those from Qua Iboe crude sample of equal water-oil proportions.  

 

For the sake of completeness, it is equally important to note that another salient point 

arising from Equation 4.2 is the quadratic dependence of the settling velocity sv  on the 

droplet diameter D; thus, any process or mechanism that increases the size of D would 

invariably lead to significant increase in phase separation and reduction in emulsion 

stability. Because of the fast and volumetric heating effects occasioned by the use of 

microwave irradiation, lower fluid viscosity is facilitated and this ultimately results to 

droplet diameter growth and a rapid emulsion separation process. 

 

4.5 Summary  

In this chapter, the results arising from the experiments performed in the previous chapter 

was analyzed and discussed. Since the most important characteristic of any water-oil 

emulsion sample encountered in the petroleum industry is its stability and/or its water 

separation efficiency, these characteristics were the focal points in the analyses of results. 

From the results, it was observed that the water separation efficiency of all emulsions 

generally increases with increasing separation time; and importantly, the separation time 

for all kinds of water-oil emulsion is significantly enhanced upon exposing the emulsion 

to microwave irradiation. Also, of the two crude oil samples used in the preparation of 

the emulsions that were studied in this project, the Antan Blend crude oil sample resulted 

in the emulsions that are more stable; and furthermore, the 30:70 emulsions from both 

crude oil samples were generally more stable than the 50:50 emulsion arising from same 

crude oil sample.  
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

The formation, production and stabilization of water-oil emulsions constitute a problem 

of significant proportion in the petroleum industry. The associated effects of this problem 

include an overall decrease in oil recovery efficiency, decreased flow assurance, high 

pumping cost and the attendant issue of pipeline and process equipment corrosion. In this 

project, a series of experimental studies were conducted to investigate how water-oil 

emulsion can be treated using microwave irradiation and importantly, the effect of this 

method of demulsification on the characteristic of the water-oil emulsions. 

 

The most important characteristic of water-oil emulsion is its stability; hence, stability as 

well as water separation efficiency was designated as the characteristics of interest in this 

project. Therefore, microwave irradiation demulsification technique was applied on 

water-in-oil emulsions of different crude oil types and varying water-oil volume ratio to 

evaluate the effects of this electromagnetic radiation on the emulsion stability.  

 

From the results of the experiments conducted of four different water-oil emulsions, 

microwave irradiation is undoubtedly an effective means for emulsion demulsification, as 

evident in the high water separation efficiency attained in all four water-oil emulsions 

considered. Based on these results, the following inferences or conclusion are made: 

 

 microwave irradiation – a dielectric heating technique – offers a unique and 

characteristic cheap, clean, fast and volumetric heating effect that accelerates 

water-oil emulsion separation by reducing viscosity and enhancing gravity 

sedimentation 

 microwave demulsification does not require additional thermal or chemical 

demulsifiers 
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 irrespective of water-oil ratio in the emulsion samples, emulsions prepared from 

Antan Blend crude oil are generally more stable than emulsions prepared from 

Qua Iboe crude oil sample 

 for equal microwave irradiation power and exposure time, better demulsification 

results were particularly achieved with water-oil emulsions of higher water-phase 

volume ratio in both the Antan Blend crude oil and Qua Iboe crude oil emulsions 

– as demonstrated in Figures 4.8 and 4.9 

 the reason why favorable demulsification results were attained when dealing with 

higher water-oil ratio emulsions is not entirely known at this time; however, it is 

known that water molecules always favor dielectric heating, this may be the 

reason why higher efficiency was attained from these emulsion types 

 

5.2 Recommendations  

Undoubtedly, the inherent potential of the use of microwave irradiation technology for 

demulsification purposes in the petroleum industry is huge. In this project, the 

experimental studies were conducted to evaluate the effects of microwave irradiation 

on the characteristics of water-oil emulsion over constant operating parameters such as 

microwave power, stirring time, irradiation exposure time, agitation speed and 

agitation time. Thus, there is need in the future to further investigate microwave 

demulsification on a broader range of operating parameters. It is suggested that a 

deeper and more comprehensive study of the effects of varying these parameters is 

conducted in the future, so as to unravel the inter-relationship (or otherwise) between 

these parameters as well as their effects on the overall demulsification exercise.  

 

Furthermore, there may be a potential to predict emulsion stability as well as 

demulsification efficiency and variance based on the emulsion properties and the 

operation conditions.  

 

Therefore, based on the findings of this project, we present a number of 

recommendations that can be implemented in future to further improve and optimize 
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the use of microwave irradiation technique in the petroleum industry. These include: 

 

1. Comparative experimental study between electrical, thermal, chemical and 

microwave demulsification methods 

2. Hybridizing two or more demulsification techniques 

3. Study the effects of variables such as varying microwave power, stirring time, 

irradiation exposure time, agitation speed and agitation time – note that these 

variables were held constant in this study   

4. Analyze the effect of emulsion temperature on water separation efficiency 

5. Further experimental study need carried out using natural crude oil emulsion 

from the field 
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