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Abstract: Several researchers have proposed that mobility control mechanisms can 
positively contribute to oil recovery in the case of emulsions generated in Enhanced-Oil 
Recovery (EOR) operations. Chemical EOR techniques that use alkaline components 
or/and surfactants are known to produce undesirable emulsions that create operational 
problems and are difficult to break. Other water-based methods have been less studied in 
this sense. EOR processes such as polymer flooding and LoSalTM injection require 
adjustments of water chemistry, mainly by lowering the ionic strength of the solution or by 
decreasing hardness. The decreased ionic strength of EOR solutions can give rise to more 
stable water-in-oil emulsions, which are speculated to improve mobility ratio between the 
injectant and the displaced oil. The first step toward understanding the connection between 
the emulsions and EOR mechanisms is to show that EOR conditions, such as salinity and 
hardness requirements, among others, are conducive to stabilizing emulsions. In order to do 
this, adequate stability proxies are required. This paper reviews commonly used emulsion 
stability proxies and explains the advantages and disadvantage of methods reviewed. This 
paper also reviews aqueous-based EOR processes with focus on heavy oil to contextualize 
in-situ emulsion stabilization conditions. This context sets the basis for comparison of 
emulsion stability proxies. 

Keywords: emulsions; enhanced-oil recovery; low salinity; chemical flooding;  
mobility control 
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1. Introduction  

This succinct review concentrates on crude oil-water emulsions stability proxies in the context of 
enhanced-oil recovery (EOR). If emulsions can act as mobility control agents, as hypothesized in this 
article, physicochemical conditions arising from injection of EOR fluid slugs into reservoirs are of the 
upmost relevance, if these conditions favor emulsion formation and stabilization. The issue of 
emulsion formation is set aside and we concentrate on issues of stability and consequently on stability 
proxies. Emulsions naturally arise in oilfield operations and understanding of stabilizing mechanisms 
is important [1]. Figure 1 is a cartoon of the evolution steps that emulsions typically follow toward 
phase separation: (1) creaming or sedimentation, depending on the density contrast between the 
continuous and dispersed phases; (2) flocculation; (3) coalescence; (4) phase separation. Emulsions 
can lose significant structural integrity, through coalescence, before any phase separation occurs.  

Figure 1. Steps toward phase separation in oil-water emulsions. 

 

Breaking oil-in-water emulsions associated with chemical processes such as surfactant-polymer and 
alkaline-surfactant-polymer flooding is relevant for the success of the EOR process [2,3], as these 
emulsions can be very stable. Hirasaki et al. [3] indicate that asphaltene layers at water drop interfaces 
are the main contributing agent in the majority of cases. The conditions established by the injection of 
surfactants and alkalis, on one hand, and polymers on the other hand, are conducive to stabilize 
emulsions as a result of electrostatic and steric effects. Emulsion breakers are often necessary/required 
to induce significant phase separation as to attain the required product quality. 

Colloid and Interface Science plays an important role in EOR [4]. The accepted wisdom in EOR at 
the microscale is to reduce the interfacial tension of water/oil interfaces to mobilize capillary trapped 
oil through either interfacial active agents, e.g., surfactants, or by reaching miscibility, e.g., miscible 
gas or solvent flooding. On the other hand, prevention of fingering or unstable displacement to 
improve sweep efficiency traditionally relies on either reducing displaced-phase viscosity (as in 
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heating methods or solvent mixed with the oil) or increased injectant viscosity (or non-Newtonian 
behavior). Sweep efficiency can be attained through deep conformance technologies. We argue that 
conditions originated in EOR designs that substantially impact water-oil interfacial tension might 
produce dispersion that can exert mobility control. 

Evidence of Emulsions Conformance Effects: Heavy-Oil EOR 

Oil-sand EOR more clearly illustrates the possible impact of mobility control or conformance by 
emulsions on oil recovery. Oil sand recovery using non-thermal methods is attractive for thin 
reservoirs that are not commercially viable via thermal methods [5]. The required concentration of 
commercial polymers (HPAM) for effective mobility control turns EOR processes based on polymer 
injection unviable for recovery of very viscous oils. The issue of mobility ratio or control arises 
because viscous water has much lower viscosity than heavy oil and consequently the displacement 
front develops fingers and oil recovery is generally poor. Alkali-surfactant (AS) flooding has been 
shown to be a potential viable technology for EOR in heavy-oil reservoirs [5–10]. However, in the 
absence of a thickening agent such as polymers, the increase in water saturation as water displaces oil 
only worsens the mobility control issue. This in principle should deteriorate in presence of surfactants 
and alkalis, because the drop in the water-oil interfacial tension should mobilize trapped oil and further 
increase water saturation. The question is, how does AS improve mobility ratio? 

Bryan and Kantzas [6] state that emulsification, entrainment and entrapment of dispersed phase and 
wettability reversal mechanisms can contribute to oil recovery during the injection of alkaline agents 
and surfactants in heavy-oil reservoirs. Recovery in chemical flooding of heavy-oil reservoirs have 
been shown to depend on flow rate, and consequently on the shear rate [5–10]. This is consistent with 
capillary number dependencies associated with emulsion flow [11]. At low capillary number, defined 
as ratio between viscous forces to capillary forces approaching zero, or equivalently at low flow rates, 
interfacial forces dominate flow in porous media. Cobos et al. [11] carried out flow of oil-in-water 
emulsions in quartz microcapillaries with a converging section, as a means to physically simulate a 
pore-throat, and found that the pressure-drop was a strong function of capillary number and drop 
diameter to pore-throat diameter ratio. More precisely, according to Cobos et al. [11], when the 
capillary number is less than 10−2, pressure drop fluctuations and average pressure drop depend 
strongly on oil-water interfacial characteristics, but as the flow rate increases droplets do not 
significantly control pressure responses and mobility control is expected to decrease. This is because 
the capillary pressure drop necessary to overcome mobilization of emulsion drops is easily overcome 
by viscous pressure drops at the pore scale. Liu et al. [12,13] studied optimal conditions for formation 
of emulsions for recovery of heavy oil in Western Canada in surfactant enhanced alkaline flooding.  
Lei et al. [14] developed a mathematical model to study the effect of emulsification on recovery during 
alkaline-surfactant-polymer (ASP) flooding. A good match with experimental results is found by 
including emulsion drop entrainment and entrapment in ASP flooding models. 

Figure 2 illustrates the proposed improved recovery mechanism for heavy oil recovery based on 
alkaline floods, as we interpret it. As water fingers through, water-in-oil emulsions might be produced 
by mechanisms such as snap-off. If water droplets are of a size similar or larger than typical  
pore-throats, then, capillary pressure will trap water droplets and block further displacement, deviated 
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water flow to other unswept areas of the porous medium. Although the purpose of this article is not to 
prove the mechanism associated with emulsion flow, the proposed mechanism is plausible and 
explains pressure drops observed in laboratory experiments (see discussion in this section). This 
mechanism can in fact operate similarly for oil-in-water emulsions.  

Figure 2. Proposed enhanced-oil recovery (EOR) mechanism by flow of in-situ emulsions. 
Water drops are represented in black. Filtration is representative of capillary trapped drops. 

 

Pressure response in a number of low-salinity flooding experiments is consistent with in situ 
formation of dispersed phases that have the ability to produce partial plugging of the porous  
media ([15], and references therein). If drops in an emulsion exhibit a size similar to typical pore 
throats, reduction in water mobility is expected, particularly for oil-in-water emulsions, with the 
resulting increase in pressure drop. This might also be expected with formation of bridges in fines 
migration. However, bridging of solid particles leads to more permanent formation damage and we 
speculate that emulsions or lamellar phases more adequately explain the pressure drop observed in low 
salinity waterflooding. Ours and one more recent study [16,17] shows changes in stability as a function 
of water-oil ratio and salinity in the presence of demulsifiers. 

There is enough peer-reviewed evidence showing that macro-emulsions, or fluid-fluid dispersions 
not in thermodynamic equilibrium in contrast with micro-emulsions, contribute positively to a number 
of EOR processes [18–21]. In order to elucidate how emulsions contribute to recovery, their stability 
must be determined under physicochemical conditions defined by EOR injection schemes. In other 
words, in order to test the hypothesis that emulsions contribute to recovery for a given EOR process, 
EOR conditions that favor macro-emulsion stability must be examined. This situation is common to 
several aqueous-based injection schemes in traditional chemical flooding, but processes such as steam 
flooding might also lead to low-salinity conditions, which favor water-in-oil emulsion formation [22]. 
The focus of emulsion stability has been on the production side, mainly due to product quality issues, 
e.g., separator design or demulsifier screening [22,23]. Although no standard is available at  
present [22], the fact is that several methods rely on phase separation to quantify emulsion stability. In 
contrast, methods such as tracking evolution of drop-size distribution [24], can relate to pore-level 
mobility control mechanisms. In this article, we describe a number of stability proxies and provide a 
rationale for the choice of method for evaluating the impact of emulsions on EOR process efficiency. It 
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is only when emulsions can travel through the pore space reasonably unscathed that their effect on 
displacement efficiency can be observed.  

This article is organized as follows. After this introduction, the main section of this article describes 
stability controlling agents, followed by emulsion stability proxies. A discussion section provides a 
summary of method comparison. Closing remarks are provided as the closing section. 

2. Stabilizing Agents 

2.1. Introduction 

This section covers two important aspect of emulsion stability. The first one refers to what controls 
emulsion stability. Although continuous phase viscosity plays an important role in this regard, we 
concentrate on interfacial controls. Two groups of naturally occurring agents are discussed here. Due 
to their importance, emulsions stabilized by particles are reviewed first. These correspond to the  
so-called Pickering emulsions [25]. The second type of agents is linked to organic fractions of the 
crude oil, namely asphaltenes, resins and organic acids.  

2.2. What Controls Emulsion Stability? 

2.2.1. Solid-Stabilized Emulsions: Pickering Emulsions  

Chemical flooding often requires injecting soft (low hardness or low divalent cation concetration) 
and fresh (low total dissolved solid, TDS, fraction) aqueous phase to enhanced polymer rheological 
behavior [26]. On the other hand, divalent cation concentration, a direct application of low-ionic 
strength solutions is the so-called low-salinity waterflooding, which has been cited as responsible for 
fines migration [27]. Fines have been considered contributors to recovery mechanisms in low-salinity 
waterflooding [27]. A different mechanism relates to fluid-fluid interfacial changes, not necessarily 
connected to fines transport, which may lead to the stabilization of lamellas and emulsions. The 
presence of particles of near-neutral wettability can lower interfacial and lead to stabilization  
of emulsions. These Pickering emulsions refer to particle-stabilized dispersions, named after  
S.U. Pickering, who first discovered at the dawn of the 20th century that suitable particles can stabilize 
oil droplets in water [25]. Solid particles, which must be smaller than the droplet size, can adsorb onto 
the interface between oil and water, providing a steric barrier, minimizing the interface interaction by 
volume exclusion to stabilize the emulsion [28]. A number of particles of varied affinity for the 
different phases can be used to stabilize Pickering emulsions, such as clays and silica, among others. 
The same holds for foams, as particles can accommodate at the water-air interface [28,29]. Pickering 
emulsions are of interest in a number of areas outside the realm of the oil industry [30,31]. This type of 
emulsions exhibits original rheological properties as well as considerable kinetic stability.  

Particle morphology can alter wettability and in this respect, smooth particles tend to be more 
hydrophobic [32]. The wettability (three-phase contact angle) of the solids is a key factor in their 
potential to stabilize emulsions. Arditty et al. [30] show that silica particles, with surfaces treated for 
wettability alteration, can be used to stabilize either O/W (partially hydrophilized silica) or W/O 
emulsions (hydrophobized silica). As a rule of thumb, the continuous phase of the emulsion is 
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normally the one in which the particles are preferentially dispersed [31]. However, this is not always 
true, for example, hydrophilic particles stabilize O/W emulsions if they are small and their surfaces are 
not modified, but they stabilize W/O emulsions if dried and added to an asphaltene-containing  
oleic phase [33].  

The impact of calcium on bitumen drop surfaces in the presence of montmorillonite (M) was 
investigated by Moran et al. [34] (in 2006). They suggest that CaM aggregates can irreversibly reside 
on a (negatively charged) bitumen drop surface and apparently be responsible for the surface plastic 
behavior of bitumen drops. The adsorption of particles at an interface is irreversible in practical terms, 
because the detachment energy is larger than thermal fluctuation [29]. This is because the interfacial 
energy reduction by replacing fluid-fluid interfacial area with suitable particles lowers the total energy 
of the system to a significant extent. The removal of particles requires restoring fluid-fluid interfaces 
that demand thermodynamic work. The rheology of high concentration emulsions reflects the rigidity 
of the surface, which is not controlled by interfacial tension [30].  

Regarding flow behavior of Pickering emulsions, Yaghi [35] found that adding solids to the 
Newtonian or non-Newtonian emulsions of three oils results in a shear thinning behavior, with the 
relative viscosity increasing with the addition of solids. The relative viscosity of oil-in-water emulsions 
in the presence of solids varies with solids concentration, dispersed phase volume fraction, shear rate 
and oil viscosity. 

A number of factors impact the stability of Pickering emulsions [29,36,37]: 

1. Composition of the oleic phase. This includes asphaltene content and polarity of this fraction of 
the oil phase. Resins and waxes can also play an important role. 

2. Particle type. Hydrophobicity, size distribution and concentration appear to impact emulsion 
stability. 

3. Phase volume fractions. The general observation is that the most abundant phase usually 
becomes the continuous phase. Phase inversion occurs at a given phase concentration. In oil 
producing wells, as watercut reaches high values, O/W emulsions become more frequently 
encountered [38]. 

4. Salinity of the brine phase. It is apparent that the overall Total Dissolved Solid concentration 
(TDS) impacts stability. However, the concentration of divalent cations appears to impact the 
stability of Pickering emulsions even more so that monovalent cations. 

5. pH of the aqueous phase. Yan and Masliyah [39] show that pH changes the wettability of clay 
particles and alters the droplet size. The value of pH also alters the surface charge of particles. 

6. Temperature.  
7. Stress conditions (pressure). 

Regarding the composition of the crude oil, McLean and Kilpatrick [40] studied the role of 
asphaltenes and their interactions with the resins and surrounding crude medium in forming interfacial 
films leading to emulsion stability. Asphaltene along with resins, as naturally existing component in 
oil, can serve as powerful emulsion stabilizers. Although we do not usually ascribe asphaltene and 
resins to Pickering emulsion, they may provide the same effect as the solid particles by forming steric 
barrier between droplets, provided cross-linked asphaltene clusters are large enough. They determined 
that pH affected emulsion stability in a significant way. These authors attribute this result to increased 
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charge densities at high pH (10–12) by polarization of the polar groups, consequently destroying 
mechanical properties of the interfacial film. Lower pH results (neutral to acidic) hints on the effect of 
acidic components of the oils. They concluded that emulsion stability is governed by the state of 
solubility of the asphaltenes. We speculate that if asphaltenes are destabilized, they will form 
nanoclusters or even microscale clusters, which might eventually drop out of solution. These colloidal 
“particles” sit at the interface and might act as stabilizing particles. Grutters et al. [41] carried out 
experiments to evaluate the role of asphaltenes in the stabilization of W/O emulsions in a 20 API° 
crude oil with the viscosity approximately 70 cP at 25 °C. They argue that the observed loss of stability 
when asphaltenes are precipitated could be related to decreased viscosity of the continuous phase. 
Moreover, they point out that polar resins, such as napthenic acids, play an important role in stabilizing 
the emulsions in their experiments.  

Solid-stabilized emulsions represent a challenge during the production of bitumen from Canadian 
Athabasca oil sands, in terms of water-bitumen separation process [42]. Clays, mainly montmorillonite 
and kaolinite, have been identified as significant contributors to the stability of bitumen emulsions. 
These particles tend to stabilize water-in-oil emulsions that are not easily separated by mechanical or 
chemical means. Sztukowski et al. [43] indicate that kaolinite has been identified as one of the most 
common clay minerals in oil-sands reservoirs and Kaolin clays with adsorbed asphaltenes have been 
identified as emulsion stabilizers. Liu et al. [41] used zeta potential distribution measurements to study 
the interaction between bitumen and clay in aqueous solutions. In the absence of calcium, a mixture of 
bitumen emulsion and montmorillonite or kaolinite clay suspensions shows a bimodal zeta potential 
distribution. This is an indicator of the weak interaction between the two and a poor drop coating. 
Calcium suppresses the zeta potential for all the three components. When calcium is added to a 
mixture containing up to 1 mM calcium concentration, the potential distribution became unimodal, as 
opposed to results for kaolinite. From these results, one might infer that aqueous phase composition 
could lead to fine migration events in enhanced-oil recovery operations, which, depending on the ionic 
makeup of the water phase, might impact the effect of particles as stabilizing agents. 

Yan and Masliyah [39] studied the effect of pH on adsorption and desorption of clay particles at  
oil-water interface. Kaolinite clay particles treated with asphaltenes were used for this purpose. When 
kaolinite is treated this way, heavy organic fractions adsorb on the clay surfaces, changing their 
character toward oil-wetting. Under similar emulsification conditions, higher pH of the brine results in 
larger diameter of the oil droplet. At pH 7, the creamed emulsions were redispersed into the aqueous 
phase at a different pH. The clays desorbed from the oil surface at pH greater than 6, but adsorbed onto 
the oil droplet surface at pH < 6. Asphaltene treatment leads to wettability changes of the clay surfaces. 
Micropipette experiments demonstrate the formation of a viscoplastic skin on the surface of bitumen 
droplets in aqueous environments with dispersed clays [44]. In these experiments, oil or bitumen 
droplets are pushed out through capillary tubes (micropipettes) in a selected aqueous phase to exposed 
oil (bitumen) drops to the selected brine. If observed under optical microscopy, the stability of droplets 
can be inferred from lack of coalescence when two droplets are pushed against each other. Also, the 
formation of an organic/inorganic skin on the droplets surface can be visually demonstrated when the 
oil is sucked back in the micropipettes. Increased interfacial plasticity is prominent in deionized water 
with montmorillonite and calcium present. Process water for the same clay and high concentration of 
calcium does not lead to the same plastic behavior of the droplet skin. A modified micropipette 
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experiment is used to evaluate the interfacial rheology in similar bitumen systems [34,44]. In this 
experiment, a micromanipulator is used to stretch one drop between a micropipette and a measuring 
cantilever, enabling rheological experiment to be conducted on one bitumen drop. The plastic behavior 
observed in previous experiments is confirmed in these rheological tests. 

Ngai et al. [45] used stimulus-sensitive microgel particles as emulsifier. The resulting emulsions 
were responsive to pH, ionic strength and temperature changes which lead to changes in particles 
charge and hydrophobicity. Stable oil-in-water (octanol in water) emulsions were generated at high 
pH, while lowering pH to below 6.0 led to continuous coarsening of the emulsions. Tight packing of 
the particles at the highly charged oil-water interface suggests capillary attraction [46]. This capillary 
attraction arises from liquid-filled pore space between flocculated droplets and the continuous phase 
outside the porous medium formed by surface-occupying particles. Energy would be required to 
removed particles, as interfaces (menisci) must be deformed (removed). The higher the work required 
the more stable the particle-stabilized emulsion is. In microgel dispersions, high salt concentration 
reduces particle activity at the interface, leaving oil droplets unprotected [45]. On the other hand,  
Ngai et al. [45] argue that reduced average emulsion drop size caused by increased concentration of 
microgel particles can be explained by the augmented coverage of the surface.  

Yang et al. [47] studied the stability of paraffin-water emulsions, stabilized with positively-charged 
plate-like layered double hydroxides particles. They determined the effect of pH on the stability of this 
type of Pickering emulsions. They argue that the adsorption of particles at interfaces may be controlled 
by adjusting the electrostatic interaction between particles and the interface without changing 
hydrophobicity, which is thought to be a main controlling factor of emulsion type and stability. 
Electrostatic interactions are altered by changes in pH of the continuous phase, by addition of 
concentrated aqueous solutions of either NaOH or HCl under a N2 atmosphere. Zeta potential 
measurements were carried out as characterization of the surface charge of the particles. Based on 
arguments of reduction of interfacial energy ( ( )22 1 cosowE Rπ γ θ= − − ), where R, γow and θ represent 

particle radius, oil-water interfacial tension and three phase contact angle respectively , the so-called 
attachment energy, it is argued that a reduction in particle surface charge (or zeta potential) would lead 
to flocculation and therefore would increase attachment energy. The small influence observed is due to 
the kinetic control of the adsorption process. Increased stability with increased particle concentration is 
due to better surface coverage, according to Yang et al. 

Generally, the most stable emulsions are found when interfaces are stabilized by the smallest 
particles. A wide particle size distribution may potentially lead to less stable emulsions, if larger 
particles occupy interfacial areas, but do not contribute to the stability of these regions. Emulsion 
stability appears to increase with increasing solids concentration [32], and emulsion type could be 
inversed when the solid concentration is increased. Sztukowski and Yarranton [43] studied W/O 
emulsion stability with clays. They used heptane, toluene, asphaltenes as model fluids and native solids 
extracted from oilfield operations. They found that a combination of asphaltene and fine solids 
(submicron scale) coverage produced the most stable emulsions. They argue that fine solids compete 
with asphaltenes to adsorb at the interface and that a coverage of the interface by asphaltenes between 
60 to 80% and the remaining area covered by fine solids leads to the greatest stability. Coarser solids 
(above 1 µm) can indeed stabilize emulsions, but only if they are in sufficiently high concentration. 
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Apparently, asphaltene coverage does not contribute to stability in the case of coarse solids. Coarse 
solids tend to form bridges between droplets, particularly when they are present at high concentration. 

Formation of particle networks has been determined by X-ray microscopy [48]. These networks 
could indeed alter the rheology of the continuous phase, but this is probably insufficient to justify the 
stability of emulsions in these environments. The structure and strength of particle networks are very 
sensitive to ionic strength and pH of the solution. A combination of surface coverage by solid particles 
and hindrance of drop coalescence by these networks (and likely increase in viscosity of the 
continuous phase) may lead to better stability of emulsions. Horozov and Binks [49] speculate that two 
general mechanisms of emulsion stabilization by solid particles exist, first is steric stabilization of 
emulsion droplets covered by coherent particle layers and second is stabilization by particle bridges 
when the droplets are sparsely covered. 

In summary, inorganic particles play an important role in stabilizing emulsions. At low ionic 
strength, aqueous solutions such as those in low-salinity flooding or polymer injection, clays and other 
fines can be released. These particles, as evidence reviewed here shows, can serve to stabilize 
emulsions, but this stabilization depends on particle wettability, which in turn is affected by interaction 
with asphaltenes, solution pH, surface charge and particle size. These factors appear to be the main 
controls for particles as stabilizers. Steric effects as well as capillary attraction (of the droplet surface 
covering particles) are important emulsion stability mechanisms. However, it is unclear how wax or 
asphaltene aggregates facilitate emulsions stabilization. Proxies of stability would be more adequate if 
they are able to reflect interfacial behavior, rather than only phase separation. 

2.2.2. Organic Crude Oil Components 

In this section, we review the proposed roles of organic components of crude oil in emulsion 
stabilization. Solubility classes, namely resulting from the application of a SARA (Saturated, 
Aromatic, Resins and Asphaltenes) analysis or variations of this technique is used to separate crude oil 
fractions to classify them. The interplay between resins and asphaltenes has been frequently used to 
explain emulsion stability. Additionally, the acid fraction of crude oils has been associated with 
emulsion stability through formation of complexes that adhere to interfaces. We highlight a few 
references that provide insight into stabilization mechanisms. 

2.2.2.1. Asphaltenes 

Asphaltenes are operationally defined in terms of solubility in different solvents and represent a 
group of components insoluble in low-molecular weight normal alkanes like n-pentane and n-heptane 
but soluble in aromatics like benzene and toluene. In general, asphaltenes are chemically composed of 
polynuclear aromatic rings, aliphatic rings and chains, and heteroatoms such as nitrogen, oxygen, 
sulfur, and various metals (vanadium, nickel, iron, copper, etc.). 

Asphaltene is an amphiphilic material and plays a very important role in stabilizing crude oil 
emulsions. It is speculated that the rigidity of the asphaltene cross-linked film on the interface leads to 
high emulsion stability [40] instead of providing a steric barrier, because the asphaltene interfacial 
films appear to be only in the order of 2–10 nm thick [50]. In spite of its importance, asphaltene is 
among the least understood deposits occurring in the oil field due to its high polydispersity and 
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chemical variability at the molecular level [51]. The typical, if at all, asphaltene molecule is flat or 
planar because the interconnection of the aromatic carbon rings, with content that typically falls 
between 40–60% of asphaltene, and a corresponding H/C atomic ratio of 1.0–1.2. This has a 
significant impact on asphaltene physical chemistry, aggregation, solubility, and interfacial film 
formation [52]. The association of asphatenes is driven by several intermolecular interactions, 
including electrostatic ones, van der Waals or dispersion forces between aromatic rings, intermolecular 
charge transfer, exchange-repulsion interaction, and hydrogen bonding [53]. 

McAuliffe et al. observed that crude-oil-in-water emulsions can be easily prepared using some 
asphaltic crude oils and dilute solutions of sodium hydroxide [54]. The asphaltenic material from the 
oil adsorbs slowly and irreversibly and forms rigid skins of water-in-oil emulsions in competition with 
surfactant-like species, which is fast and reversible [55]. Sztukowski et al. indicate that asphaltene 
properties have a significant impact on emulsion stability even for emulsions partially stabilized by 
solids, and asphaltenes with a larger molar mass make more stable emulsion [36]. Emulsions with 
particles and asphaltenes combined can be much more stable than those stabilized by asphaltenes 
alone, provided that all the adsorption sites on the particle surface are saturated with asphaltene [32,33]. 
Generally speaking, the crude oil with higher asphaltene concentration can make more stable 
emulsions [16,56]. However, Sztukowski et al. [36] observed that for emulsions prepared with 
asphaltenes and no solids, the stability decreases as the asphaltene concentration increases. They 
explained this result by arguing that the asphaltenes may contain a small amount of a component that 
reduces emulsion stability and at low concentrations, there may be too little of this component to affect 
emulsion behavior [43]. Xu et al. [57] found in their “wash test” that only a small fraction of the total 
asphaltenes is involved in formation of droplet covering skin or coating. 

2.2.2.2. Resins 

Resins, together with asphaltenes, affect emulsion stability via interfacial action. Resin-solvated 
asphaltenic aggregates are able to adsorb to the interface more quickly than larger pure asphaltenic 
aggregates to improve stability, but will reduce the emulsion stability when resins become the primary 
adsorbent in the monolayer by reptation through the consolidated asphaltene network. The reason for 
resin to be able to displace the asphaltene from the interface is that resin is more surfactant like than 
asphaltenes and is thermodynamically favorable to adsorb on the interface to minimize the surface free 
energy at longer times [58].  

2.2.2.3. Organic Acids 

Naphthenic and other naturally occurring fatty acids from the crude oil do not seem to stabilize 
emulsions alone [33]. Naphthenic acids can form neutralization products with saline water. Naphthenic 
acids and their naphthenates can accumulate at the interface between the oil and water phase and 
stabilize emulsions due to their amphiphilic property. Brandal et al. [59] investigated the interactions 
between naphthenic acids and divalent metal cations across model oil-alkaline water interfaces by 
correlating changes in dynamic interfacial tension (IFT). Their results show that the dynamic IFT 
strongly depends on naphthenic acid structure, type of divalent cation, and the concentration of the 
compounds as well as the pH of the aqueous phase. The divalent cations in the aqueous phase can react 
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with saturated naphthenic acids and cause mostly a permanent lowering of the IFT. This drop in IFT 
can lead to increase emulsion stability, which might explain why the divalent cations are more effective 
than monovalent ones at stabilizing emulsion. 

Mohammed and Sorbie [60] describe analytical procedures to extract and characterize naphthenic 
acid content and type from naphthenate deposits. They use electrospray mass spectroscopy and 
atmospheric pressure chemical ionization to discern different classes of families of acids from the 
extracted material. It turns out that Na-naphthenates do not form precipitate-like deposits, but they still 
contribute to emulsion “problems”. These naphthenates are emulsion-like. Ca-napthenate, on the other 
hand, forms solid deposits that contribute to impair oil production through emulsion formation as well 
as deposits. Mohammed and Sorbie [61] later present a thermodynamic model describing calcium 
naphthenate precipitation. Extraction (partition) experiments show that most of the acid remains in the 
oil phase (95%). The model results qualitatively agree with experimental results, including a maximum 
in the Ca-naphthenate mass at a watercut in the range of 60–70%. 

Despite all the extensive reports on the importance of asphaltenes and resins, and organic acids, in 
emulsion stability, it is not completely clear how these organic acids or the solubility classes contribute 
to stability. Naphthenic acids appear to be conducive to stability through the formation of interfacially 
active complexes with cations in aqueous solution. These cations tend to express two distinct classes of 
naphthenates, either emulsion-like or solid-like, which might explain observations regarding emulsion 
stability for some oils [62]. It is important to indicate that organic acids in oil are part of the resin 
fraction, in general, and therefore altering their conformation or content can affect the configuration of 
polar groups such as asphaltenes. What seems clear is that polar fractions of crude oils, namely 
asphaltene and resin, are needed to impart stability to emulsions, in the absence of other interfacially 
active agents. 

3. Stability Proxies  

This section discusses a number of stability proxies commonly used to characterize emulsion 
stability. Some of these proxies are more commonly used, while others have been more recently 
developed or are not common place in applications. We concentrate on droplet-size distribution 
methods, because they better represent proxies of coalescence, but discuss a number of other methods 
for completeness. 

3.1. Droplet Size Distribution Based Methods 

3.1.1. Nuclear Magnetic Resonance (NMR) 

NMR spectroscopy is based on the interaction between nuclear spins and radiofrequency signals 
when the nuclear spins are exposed to an external static magnetic field. The energy release through 
several relaxation mechanisms involves several relaxation rates. The proximity to interfaces affects 
relaxation mechanisms and therefore this can be used as proxy for drop size. The sensitivity of NMR 
depends on the strength of the external magnetic field and the nuclear moment, which in itself is a 
function of magnetogyric ratio. The structure of organic of molecules or the diffusion coefficient can 
be determined [63,64]. 
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Emulsion studies using NMR technique rely on signal attenuation due to random motion of the 
molecules when two magnetic field gradients are imposed on the system since the NMR signal 
intensity becomes directly proportional to the number of nuclei producing it. This method is called 
NMR pulsed field gradient-spin echo (PFG-SE) and was first demonstrated by Tanner and Stejskal [65] 
to measure the free unrestricted self diffusion of molecules. The signal attenuation for a single 
diffusing molecule is described by: 

( )2

0

exp
3

S D g
S

δγ δ⎛ ⎞⎛ ⎞= − Δ −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (1) 

where D is the self-diffusion coefficient of the relevant molecules (
2cm

s
) and Δ, δ and g are the 

temporal duration between application of the two magnetic field gradients (s), the duration of a single 

magnetic field gradient (s) and the strength of the magnetic field gradient ( T
cm

), respectively.  

γ (T−1S−1) is the gyro-magnetic ratio of the nucleus being studied (hydrogen, in the application 
discussed in this review [66]. 

Equation (1) can be used in a homogeneous system with no barriers for diffusion. In the case of 
water-in-oil emulsions, molecular diffusion is restricted to the spherical cavity represented by water 
droplets. By varying the duration of the applied magnetic field gradient it is possible to observe the 
effect of the cavity wall on diffusion and consequently cavity dimensions [67]. To estimate the droplet 
diameter, two approaches are usually followed [66]: 

I. Gaussian phase distribution model (GPD) 
This method was first formulated by Murday and Cotts [68] and assumes diffusion following 
the gradient pulses is Gaussian phase distributed. The signal attenuation for the spherical cavity 
has a complex relationship with the radius of the sphere (droplet radius). 

II. Short Gradient Pulse (SGP) model 
This model assumes that the duration of the applied magnetic field gradient is zero. In the 
equations describe magnetic responses, the radius of the emulsion droplet is the only free 
parameter and all other parameters are determined in the experiment. Since emulsions are 
generally polydispersed, echo signals coming from different droplet sizes are superimposed. 
This can be solved by assuming the distribution function for droplet size. The measured signal 
in this case can be defined by the following integral: 
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Δ
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∫
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where R(g,δ,a,Δ) is the signal attenuation function and P(a) is the droplet size distribution function. 
Typically, a log-normal distribution function is used to describe the size distribution of the  
emulsions [65]. This restriction results in the loss of the actual size distribution of the emulsion. 
Therefore some alternative methods have been developed that do not assume any predetermined 
distribution function for the system and yield more general information about droplet size  
distributions [66–69]. 
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Another important issue to be considered is self diffusion of droplets due to their Brownian motion, 
which is not considered in the aforementioned method. The attenuation of NMR signal can be due to 
restricted molecular diffusion within the droplets or to the diffusion of droplets by themselves. This 
was studied by Garasanin et al. [70]. 

NMR is a non-invasive, non-destructive technique that can be used for high concentration 
emulsions, avoiding dilution. Since this method does not rely on the transparency of the continuous 
phase, NMR can produce size distributions in opaque systems such as water-in-crude oil emulsions. 
One of the first applications of this method for sizing water-in-crude oil emulsion was conducted by 
Balinov et al. [71]. In their study, NMR self-diffusion technique was used to determine water–in-crude 
oil emulsion droplet size, in addition to investigating the effect of aging, volume fraction of dispersed 
phase and the addition of demulsifier on droplet size. It was shown that results were in good agreement 
with parallel studies performed using optical microscopy. In another study [72], NMR pulsed field 
gradient with diffusion editing (PFG-DE) was utilized to quantify drop size distributions of brine/crude 
oil emulsions. The drop size distributions obtained from this technique were compared to results from 
the traditional pulsed field gradient (PFG) technique. The PFG-DE technique does not assume a form 
of the drop size distribution. An algorithm for the selection of the optimal parameters to use in a  
PFG-DE measurement is described in the reference [72]. Finally, the PFG-DE technique is shown to 
have the ability to resolve a bimodal drop-size distribution. The typical droplet size measurable with 
this technique is 0.3–20 µm for oil-in-water emulsions and 1–20 µm for water-in-oil emulsions. For 
most cases, bias due to droplet diffusion is negligible, but for small droplet sizes and low viscosity 
continuous phases this can have larger effect. High resolution NMR generally improved the sensitivity 
particularly for small droplet sizes [73]. 

3.1.2. Near-Infrared Spectroscopy (NIR) 

NIR spectroscopy relies on the absorption of near-infrared radiation, resulting in molecular 
vibration and also molecular light scattering that leads to intensity attenuation. NIR region covers the 
electromagnetic spectrum between mid-infrared and the visible region, i.e., the wavelength range  
780–2526 nm.  

Application of NIR spectroscopy for droplet size measurement in emulsions is based on light- 
scattering theories [74]. According to this theory, the intensity of a beam of light is exponentially 
attenuated while traversing a distance L through a particular medium. If multiple scattering is 
negligible, attenuation can be calculated by the following equation [75]: 

( )
0

exp ext
I L
I

α= −  (7) 

( )ext abs sca extN C C NCα = + =  (8) 

where 
0

I
I

is the ratio between the intensity of scattered light and the incoming light, Cext, Cabs and Csca, 

are the extinction, absorption and scattering cross sections , respectively. L is the sample thickness and 
N is the number of particle per unit volume. Expressions for absorption and scattering cross-sections 
have been developed to describe the extinction upon the chemical composition of the particles, their 
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size, orientation and shape, the surrounding medium, the number of particles, the polarization state and 
the frequency of the incident beam. Mathematical calculations have been performed by Rayleigh, Mie 
and Frauhhofer among others [76]. 

According to Rayleigh scattering, scatter intensity is a strong function of the droplets radius and the 
wavelength as described by the following equation [75]:  

4 6

2
0

I r
I L

π
λ

⎛ ⎞∝ ⎜ ⎟
⎝ ⎠

 (9) 

where r is the droplet radius and λ is the wavelength. Since water droplets in crude oil emulsions are 
usually about the same size or larger than the NIR wavelength and also water is a high absorbing 
compound, one may conclude that the Rayleigh scattering theory no longer applies [74]. For larger 
droplets, Mie theory may be applied, but refractive index data are required [77]. 

Water droplets radii can be extracted indirectly in NIR spectroscopy. It turns out that larger droplets 
scatter light more effectively than smaller ones with consequent decrease in absorbance, which can be 
seen in the shift in the baseline of the spectra [75]. 

NIR spectroscopy is a simple, low time-consuming method that can provide a variety of 
characteristics on a system from a single spectrum without consuming additional sample. However, 
there are some disadvantages related to this method such as required reference technique to build up 
calibration routines [73], insensitivity to minor constituents, broad absorption band, although 
multivariate techniques mitigate this problem [78–80].  

3.1.3. Acoustic and Electro-Acoustic Techniques 

These techniques are based on the interaction between ultrasound pulses and particles or droplets 
when sound waves travel through the dispersion. The frequency range is usually between 0.1–200 MHz. 

A brief description of attenuation mechanisms follows [73,81]: 

1. Viscous losses to shear waves generated by the particles oscillating in the acoustic pressure 
field. This is important mostly for particles smaller than the wavelength of ultrasound.  

2. Thermal mechanism. This is thermodynamic in nature and relates to resonance of sound waves 
in particles, which converts acoustic energy to thermal and causes attenuation of sound waves. 
This is important for deformable, soft particles, including emulsion droplets. 

3. Scattering mechanisms due to diffraction, reflection and refraction phenomena when sound 
waves interact with particles. This mechanism does not convert acoustic energy into other 
kinds of energy, but due to changes in direction, a portion of the wave cannot reach the 
transducer and as a result cannot be detected. At higher concentration particle-particle 
interaction and multiple scattering have to be considered. 

4. Intrinsic absorption of ultrasound by particles and medium due to interaction at the molecular 
level, which is not related to the particles size. 

5. Structural mechanism causes the acoustic attenuation in some structural network of particles.  
6. Electrokinetic mechanisms due to the interaction of ultrasound with electrical double layer of 

particles. Its contribution to acoustic attenuation is negligible, but this is the basis for 
electroacoustic. 
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There is no theory that can take into account all of the six mechanisms, but by simplification, a 
model to calculate the sound speed and acoustic attenuation can be obtained.  

There are two ultrasound-based techniques applicable to characterizing colloidal systems. The first 
one, “acoustic”, deals only with the acoustic properties of the dispersion such as attenuation and sound 
velocity. It can provide reliable particle size information of the dispersion with a wide range of 
concentration and also provides information about the microstructure of dispersed phase. The second 
technique is electroacoustics, which relates to the coupling between the acoustic wave and electric 
properties of the dispersion, by applying an electric field. Electroacoustic techniques can provide 
particle size information as well as zeta potential [81]. There are two different approaches depending 
on the different fields used to generate the driving force. In the first, sound energy is applied to the 
dispersion and an electric field results from the vibration of the electric double layers of particles. This 
is called colloid vibration current or potential (CVC or CVP). In the second one, an applied electric 
field causes the generation of sound energy and is called electrokinetic sound amplitude (ESA). From 
ESA response, dynamic mobility can be determined. The magnitude of dynamic mobility yields 
information about the zeta potential and the phase angle of mobility yields information related to size. 
Lower phase angle corresponds to smaller particles. This phase angle varies approximately from  
0 to 45° [82]. 

There are few studies reported in the literature relevant to the study of water-in-crude oil emulsions 
using the electroacoustic techniques. Electroacoustic technique based on colloid vibration potential 
(CVP) is effective to monitor the rate and extent of coalescence in water-in-crude oil emulsions, and to 
evaluate the effectiveness of additives to break the emulsion and optimize their concentration [83]. 
Marques and coworkers study electrical charging of oil droplets due to asphaltene adsorption in 
toluene-in-water emulsions, using the electroacoustic technique based on ESA. After establishing a 
direct relationship between the ESA signal and the asphaltene content, they concluded that the 
contribution of asphaltenes to the emulsion stability is based, in principle, on both mechanisms: steric 
and electrostatic [83]. 

3.1.4. Microscopy 

Microscopy is one of the oldest techniques used to provide direct observation of dispersed phase 
size and shape in a dispersion. The most significant development in this area has been transmission 
electron microscopy (TEM) and more recently scanning electron microscopy (SEM). The problems 
with optical microscopy are its limited resolution and also the difficulty in observing objects smaller 
than the wavelength of visible light. Several studies have compared microscopy-based methods to the 
other aforementioned alternatives. Generally, the comparison favors microscopy, except for the 
objection related to labor intensity [73,84].  

Optical microscopy usually combines the magnification of a microscope with the image 
acquisition capability of a digital camera. It provides a direct estimate of particle size, shape and 
dispersion quality. However, its accuracy is highly dependent on calibration, proper focusing and 
concentration of the dispersed phase in the sample [73]. The observation of particles or droplets with 
an optical microscope is limited by the two following factors: 
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1. The resolution of the microscope, which refers to the ability to discriminate between two 
closely spaced points in the field of view of the microscope. Light waves emanating from two 
neighboring points can interfere with one another to produce a diffraction pattern of alternate 
light and dark bands especially when the distance between the points is comparable with the 
wavelength of the light being used. If these two points are the opposite edges of a particle, then 
the particle appears as an object of indeterminate shape surrounded by a dark rings [85]. Hence, 
the operational size domain is limited by the wavelength of the applied light and known as the 
Rayleigh limit [54]. The resolving power, dp, of a microscope can be calculated by: 

[ ]0 sinpd
n

λ
θ

≈  (10) 

where n0 the refractive index of the medium and θ is the half angle subtended by the 
microscope objective at the focal plane. n0sinθ is known as the numerical aperture (N.A.). 
Applying a light with the lower wavelength or increasing the refractive index or θ, decrease dp, 
and improve resolution. Usually, visible light is used but by filling the region between the lens 
and the sample with the transparent oil (immersion oil) instead of air, the refractive index 
increases. Using wide angle lenses is also helpful, but the angle is limited by other optical 
problems like spherical and chromatic aberration [85]. 

2. Optical properties of the sample. Sample must be transparent and the continuous phase and the 
droplets must have different optical properties to make them optically distinguishable such as 
different refractive indices and different colors [54]. 

Optical microscopy has been used to determine size distribution or the average size diameter of 
emulsions as proxy of the effect of asphaltene, waxes and fine solid particles on emulsion  
stability [64,86–90]. Eley et al. [87] studied emulsions of simulated sea water and three crude oils and 
in a model oil consisting of n-heptane,m-xylene and asphaltenes by optical microscopy to obtain 
droplet diameters. They found a log-normal distribution function fitted their results [87]. The use of a 
computerized microscope image analysis technique to determine the droplet size distribution in 
emulsion samples has been studied by Jokela et al. [91]. In their study, particle size distributions of 
standard polystyrene latex particles and a crude oil-in-water emulsion obtained using this technique 
were compared with those obtained using Coulter counting and a laser diffraction method. Satisfactory 
agreement between all three methods was found [91]. Also, other studies droplet size has been 
measured using microscopy techniques to investigate demulsification process to investigate the effect 
of the demulsifying process, aging and demulsifiers on emulsion stability [92], to calculate interfacial 
areas and film thickness [90]. In the following the principles of the above mentioned techniques are 
described briefly. 

Transmission Electron Microscopy (TEM) method relies on the wave nature of the electron 
Resolution of this method can be limited by electron wavelength but, in practice, the limit is set by the 
performance of the magnetic lenses and the maintenance of stable magnetic fields. In this method a 
focused electron beam of sufficient energy passes through the sample in a vacuum chamber. Electrons 
are absorbed or scattered by various part of the sample in proportion to the local electron density, and 
the remainder are transmitted. An electromagnetic objective lens, collect the transmitted electron and 
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magnifies the image of the sample into the object plane of a magnetic projector lens system, which 
induces the further magnification as it projects the electrons onto a fluorescent screen. The main 
problem concerns the preparation of the sample in a way that allows one to transfer it to the evacuated 
chamber of the microscope and be examined without undergoing changes in structure such as 
electrostatic charging, shrinkage and distortion [73,85]. 

In Scanning Electron Microscopy (SEM), a high energy electron beam is focused on a specimen 
and subsequently raster scanned over a rectangular area. The low velocity secondary electrons that are 
emitted as a result are drawn towards a collector grid and fall onto a sensitive detector. The output 
from this detector is used to modulate the intensity of an electron beam in a cathode ray tube. The 
beam itself is made to scan the surface of the cathode ray tube (CRT) in synchronism with the 
scanning of the sample by the primary electron beam. The result is a reconstructed image on the CRT 
with high magnification, resolution and depth of field. Since secondary electrons are emitted at low 
voltage, they can be easily deflected to follow curved paths to the collector. The electrons emerging 
from parts that are out of the line-of-sight are also collected and contribute to the striking realism of 
the three dimensional image [85]. The effective magnification is about 10–100,000× and at 1000× 
magnification depth of field is about 30 μm and resolution is about 0.005 μm. The size range that can 
be detected by SEM is 10–500 μm. Also, with additional solid state X-ray detectors, elemental analysis 
can be performed at local spots of the surface of the particles [73]. More recent developments are the 
scanning transmission electron microscope (STEM), and scanning tunneling microscope (STM). More 
information about these two technologies can be found in [85]. This method has the restriction related 
to the performance under vacuum similar to TEM and also particle surface should be conductive 
during analysis. Otherwise, the bombardment with electrons leads to a local high concentration of 
electrons which is called hot spots and can be observed as a very bright spots on the image [73]. 

3.1.5. Light Scattering and Diffraction 

This method is based on the interaction between the electromagnetic (light) waves and the particles. 
On the basis of scattering theory [85], there are several methods to calculate the particle or droplet size 
of the dispersions such as laser diffraction and dynamic light scattering. 

In Laser Diffraction or static light scattering method sample is illuminated by monochromic laser 
light and the scattered light intensity is measured on a series of detectors positioned at different angles 
mostly in the forward direction. The measured signals would be converted into a particle size 
distribution using a model base matrix, which contains the calculated intensities at all detector 
elements per unit volume of spherical particles for each size class of particles. The intensity data to 
size distribution conversion is biased by the conversion method used [73]. 

In Dynamic Light Scattering (DLS), dynamic changes of the scattered light intensity are measured 
at a given angle and as a function of time. This procedure is affected by the fact that re-radiated light 
from moving particle has different frequency from that of the incident light when it is observed by the 
stationary observer [73]. This frequency can increase or decrease depending on whether the particle is 
moving towards or away from the observer. Intensity alteration is then converted to a mean 
translational diffusion coefficient which is a function of particle size through the Stokes-Einstein 
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equation. Hence, the hydrodynamic radius of particle can be calculated, provided that at high 
concentration particle-particle interaction has to be taken into account [85]. 

These techniques have been used in different emulsion studies to determine the mean diameter and 
obtain droplet size distribution of water in crude oil emulsion [93–95], and also to investigate the 
coalescence of water in crude oil emulsion [96]. 

3.1.6. Small Angle Neutron Scattering 

Small Angle Neutron Scattering (SANS) involves scattering of a beam of neutron by the sample 
and measuring the intensity of the scattered neutron as a function of scattering angle [97]. SANS is 
used for studying the structure of the material on length scale of 10 to 1000 A°, and has been applied to 
study different problems such as polymer conformation and morphology, biological structure and the 
size, shape and orientation of the component [97]. In this method, scattering takes place from 
aggregates of atoms not from individual atoms, therefore the structural information is coarser than the 
atomic level [97].  

The generalized equation for the SANS from any sample is [94]: 

( ) ( ) ( )2 2d
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where Np is the number of identical particles, each of volume Vp, Q is 
( )4 sin pπ θ

λ
, where 2θ is the 

scattering angle and λ is the wavelength of the neutron. 2
pρ  is the particle contrast, P(Q) is the shape 

factor or form factor and S(Q) is the interparticle structure factor. These last three terms provide the 
information regarding the size, shape and interactions of the scattering particles [97]. The technique of 
“contrast variation” is responsible for the success of SANS. Contrast variation method is based on the 
definition of “contrast (∆ρ)”, which is the difference between particle and solvent average scattering 
density [97]. According to Porod’s law, the contrast relates to the specific surface area of the particle 
by [98]: 
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where S and V are the surface area and volume of the particles, respectively. PPorod is the plateau value 
of the I × Q4 vs. Q plot, and I is the scattering intensity. Specific surface area can be used to calculate 
the radius of the particle Raveሻ, assuming that particles have spherical geometry, which is the case in 
water-in-oil emulsions, according to [98]: 
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where φ is the volume fraction of particles and z is he polydispersity index. 
Small angle neutron scattering technique has been used by several researchers to study the size and 

composition of the asphaltene aggregates and also to study structure, thickness and composition of 
interfacial films at the water- crude oil interface [98–103]. 
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3.1.7. Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermal technique used to characterize emulsions. In 
the DSC technique, the heat exchange between a sample and a reference is monitored as a function of 
time or temperature [104,105]. In fact, in this method, information about droplet size is obtained based 
on the solidification or melting properties of the droplets while temperature is scanning down below 
the freezing point or up above the melting point of water. In principal, when water-in-crude oil 
emulsion is cooled down below the water freezing point, ice nucleation occurs inside droplets and 
formation of “ice germs” induces freezing [105]. Theoretically, the radius of the germ, which is 
supposed to be spherical, could be related to temperature and water droplet radius, as controlled by 
capillary phenomena [105]. 

The relation between water droplet radius R and the freezing temperature T is as follow [106]: 
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where T  is the rate of temperature change (K·s−1), A is the preexponential factor in the expression of 
the nucleation rate (s−1m−3), k is the Boltzman constant (N·m·K−1), γ (N·m−1) is the interfacial tension 
between water and ice germ, VS (m3·mol−1) is the molar volume of the germ, Lf (N·m·mol−1) is the 
molar melting heat and Tf (K) is the melting temperature.  

Since it is impossible to obtain some of the parameter in the above equation, such as interfacial 
tension, by a direct determination method, an empirical correlation between R and T is necessary to 
generate the calibration curve. For this purpose, droplet size required to be obtained by another 
analytical technique and be correlated to the freezing temperature obtained from DSC thermal  
analysis [105,106]. 

There are several studies reported in the literature that have applied DSC to determine emulsion 
type, water content in water-in-oil emulsions, emulsion stability, the ratio of dispersed water and the 
presence of additives [105–108]. 

3.2. Phase Separation Based Methods 

This type of methods relies on measuring the amount or fraction of resolved phases naturally 
separating from emulsion breakup or by external forcing. The paradigmatic example of this is the 
bottle test [22,23]. The volume of the dispersed phase separated from the emulsion as a function of 
time can be used as proxy of stability. In this method, the smaller the “resolved” volume of dispersed 
phase (with respect to the original volume), the more stable the emulsion is, provided separation 
conditions are comparable, namely acceleration [22]. There is an ASTM standard (ASTM 4007) for 
determining the bottom sediments and water in an emulsion. Kokal and Wingrove [23] present a 
method denominated emulsion separation index, which determines the effectiveness of emulsion 
breakers. Though a variety of stability proxies based on bottle tests are available, there is no accepted 
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standard protocol for emulsion stability determination based on bottle test. Bottle test is a controlled 
analog of gravitational settlers [109]. Bottle test are usually inadequate for very tight/stiff emulsions, 
because phase separation cannot be induced under gravity segregation or even commonly found 
centrifuges. Much higher acceleration in ultra-centrifuges can induce coalescence, but final separation 
might be difficult to attain, rendering the proxy inaccurate. Additionally, when the interface between 
the resolved and continuous phases is not sharply defined (observed), bottle tests become unusable. 

3.3. Electro-Coalescence 

Electric grids or electro-coalescers provide an effective means for breaking emulsions [22]. Electric 
methods offer a possible consistent method for determining w/o emulsion stability by measuring the 
critical electric field (CEF) [16,110]. The proposed mechanism consists of polarization of water 
droplets under the action of the electric field to form chains of droplets spanning the gap between the  
electrodes [47]. As the field increases, the compression of the interfacial film causes it to rupture and 
the current increases sharply as a result. If current is tracked as a function of the applied voltage, a CEF 
value can be defined as the ratio between the critical voltage and the electrode separation gap at which 
the current abruptly increases [16]. One implication of interface rupture and water percolation 
spanning between electrodes is the alteration of the emulsion structure. This in turn introduces the 
possibility of using rheological methods to determine stability. 

4. Discussion 

Table 1 lists methods reviewed in this article. The comparison among methods can be established 
by looking at the advantages (Pros) and disadvantages (Cons) of the different methods. The table also 
shows what each method is more likely to reflect, in references to Figure 1. As can be easily noticed in 
the table, methods based on size distribution require an external driving force to induce coalescence 
and phase separation, which for weak emulsions is gravity. While this might appear simple, for 
instance for microscopy methods, the challenge is to produce statistically equivalent samples for 
comparison purposes. This problem has been encountered before and a full description of one such a 
procedure can be found in reference [24]. In this sense, if for example centrifugal force is used to 
induce coalescence, all the drop-size distribution methods will have a similar pitfall as bottle tests. This 
means that stiff emulsions might need to rely on electromagnetic methods (electrocoalescence) or 
ultracentrifugation. On the other hand, methods that result too complex might be impractical. This 
includes SANS, and light diffraction for W/O emulsions, unless a proper solvent is found to suspend 
the dispersed phase without modifying the size distribution. For clean oils, this is not generally a 
problem, but for crude oils, the damage to optical windows is likely. Methods that require complex 
interpretation models, such as electroacoustics and NIR might also be impractical, due to calibration 
needs. In our opinion, NMR and optical microscopy, if properly combined with centrifuging and 
proper sampling procedures may be appropriate to analyze emulsions produced in EOR operations. 
Electrorheology is a newcomer in the list, but has high potential. Further development of this method 
is required, but as in the case of microscopy, small volume sample is appropriate.  

One important consideration must be brought up. If interfacial mechanisms must be understood, 
then techniques such as electrorheology, NMR and NIR might be preferable, because they are able to 
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provide additional information about the system. One distinction between EOR methods that favor the 
use of surfactants, which generally stabilize microemulsion phases and later macroemulsions, as 
opposed to say low salinity water flooding, is that in the latter method accumulation of naturally 
occurring crude oil material accumulates at the interface and stabilizes the emulsions without 
significant changes in interfacial tension [62]. In order to understand how these organic fractions in the 
oil are conducive to stability, stability proxies that provide more detailed information about the 
interface are needed.  

Table 1. Comparison of emulsion stability proxies described in this paper. 

Basis Method Pros Cons 
Separation 

Step 
EOR 

Applicability 

Si
ze

 D
is

tr
ib
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NMR  
(Nuclear Magnetic 
Resonance) 

Easy to implement and 
fast. Non-invasive and 
non-destructive. Rich 
in useful information 
such as diffusion and 
compositional analysis. 

Significant preparation 
steps are needed and 
interpretation can be 
complex. An external 
driving force is required 
for stiff emulsions, e.g., 
centrifugal force. 

Coalescence Applicable 

NIR 
(Near-infrared 
Spectroscopy) 

Simple and fast. 

Reference and 
calibration techniques 
are required. Insensitive 
to minor constituents. An 
external driving force is 
required for stiff 
emulsions, e.g., 
centrifugal force. 

Coalescence Applicable 

Acoustic and 
Electro-Acoustic 

Relatively simple to 
operate. It is not 
sensitive to optical 
density. 

Large amount of sample 
and a complex 
interpretation model. An 
external driving force is 
required for stiff 
emulsions, e.g., 
centrifugal force. 

Coalescence 

Applicable if 
significant 
volume of 
sample is 
available. 

Microscopy Direct observation 

TEM and SEM are too 
complex. Optical 
microscopy is time 
consuming, except for 
automated systems. Dark 
emulsions are 
problematic. An external 
driving force is required 
for stiff emulsions, e.g., 
centrifugal force. 

Coalescence 

Applicable if 
automated 
methods are 
developed, but 
unless contrast 
techniques are 
used 
(fluorescence), 
not good for 
dark emulsions. 

  



Energies 2011, 4                            
 

 

1079

Table 1. Cont. 

Basis Method Pros Cons 
Separation 

Step 
EOR 

Applicability 

Si
ze

 D
is

tr
ib

ut
io

n 

Light Scattering and 
diffraction 

DLS requires small 
sample volume. Both 
are simple. Fast and 
reliable. 

DLS works well for 
small drop size and 
mostly for oil-in-water. 
LD needs a special 
solvent for W/O. An 
external driving force is 
required for stiff 
emulsions, e.g., 
centrifugal force.  

Coalescence 

DLS can be used 
for 
microemulsions 
(O/W). Light 
diffraction works 
well with 
macroemulsions. 

SANS 
(Small Angle 
Neutron Scattering) 

Good for interfacial 
studies 

It provides specific 
surface area rather than 
size. Complex technique. 
It requires specialized 
facility and preparation 
time. 

Coalescence 
Too complex to 
be practical. 

DSC 
Differential 
Scanning 
Calorimetry 

Simple to set up and 
relatively fast. Small 
sample volume. 

A drop radius-freezing 
temp. calibration curves 
is needed. An external 
driving force is required 
for stiff emulsions, e.g., 
centrifugal force. 

Coalescence 

Not applicable as 
phase behavior 
(e.g., surfactants) 
depends on 
temperature 

Gravity 
Bottle Tests 
(Phase Separation) 

Simple to implement 
and some standard 
techniques are 
available, but not 
directly as proxy of 
stability 

Requires extreme 
accelerations (forces) for 
stiff emulsions, not 
attainable in traditional 
systems. Inaccurate and 
requires relatively large 
sample volume. 

Phase 
Separation 

Applicable, if 
emulsions can be 
broken. 

Electric 
Cond. 

Electro-coalescence 

Relatively fast. Small 
sample volume can 
be used. It can 
provide significant 
volume of 
information. Very 
stiff emulsions can be 
studied. 

Information on water 
content and size 
distribution may be 
needed to compare 
emulsions. 

Coalescence 

Applicable, but 
the technique is 
not as developed 
as other 
methods. 

5. Concluding Remarks 

A review of literature discussing conditions that favor emulsion stability has been completed in this 
article. Organic polar fractions of the crude oils represented by asphaltene and resin contribute 
significantly to stability, but mechanisms are still debatable. For particle-stabilized system, particle 
wettability, surface charge, pH and size seem the main controlling variables. 
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We have reviewed a variety of methods to determine emulsions stability. Some of these methods 
relying on direct observation of droplets are more applicable to relatively transparent or translucent 
dispersions, such as optical microscopy, while others are only proxies of emulsion stability, as they do 
not measure directly coalescence or phase separation. Electrorheology and other related methods have 
emerged in more recent times as promising alternatives. However, further investigation is required to 
understand what these methods really reflect, in regards to emulsion stability. Low-field NMR has a 
number of advantages, such as being non-invasive and non-destructive as well as being able to provide 
system characteristics, e.g., restricted diffusion response, that makes it a technique of choice. 

Enhanced-oil recovery (EOR) might often times impose physico-chemical conditions conducive to 
emulsion stability, in particular in low-salinity waterflooding and polymer injection. In this sense, the 
hypothesis of emulsions contributing positively to EOR mechanisms is compatible with conditions 
imposed by a number of recovery methods. Stability proxies such as low-field NMR, (electro-) 
rheologically based methods and optical techniques seem appropriate choices to investigate emulsion 
stability under EOR conditions. Obtaining the drop-size distribution occurring in EOR processes can 
be very powerful, especially if done in-situ, because it might be possible to determine if the drop size 
will produce adequate pore-level conformance. On the other hand, the implication of using methods 
such as NMR (high- or low-field) and electrorheology is the possibility of better investigation of the 
stabilization mechanism. In particular, for severely tight/stiff emulsions, electromagnetic methods 
might offer the only alternative to determine stability. This would also contribute to the development 
of better electrocoalescers, particularly if alternate current systems were used, because additional 
interfacial effects can be exploited. 

Acknowledgements 

This material is based upon work supported by the University of Wyoming School of Energy 
Resources through its Graduate Assistantship program. We would like to acknowledge the Enhanced 
Oil Recovery Institute at the University of Wyoming for financial assistance. 

References and Notes 

1. Kim, Y.H.; Wasan, D.T.; Breen, P.J. A study of dynamic interfacial mechanisms for 
demulsification of water-in-oil emulsions. Colloids Surf. A 1995, 95, 235–247. 

2. Li, M.; Lin, M.; Wu, Z.; Crhisty, A.A. The influence of NaOH on the stability of parafinnic 
crude oil emulsion. Fuel 2004, 84, 183–187. 

3. Hirasaki, G.J.; Miller, C.A.; Raney, O.G.; Poindexter, M.K.; Nguyen, D.T.; Hera, J. Separation 
of produced emulsions from surfactant enhanced oil recovery processes. Energy Fuels 2011, 25, 
555–561. 

4. Huang, J.S.; Varadaraj, R. Colloid and interface science in the oil industry. Curr. Opin. Colloid 
Interface Sci. 1996, 1, 535–539. 

5. Mandal, A.; Samanta, A.; Bera, A.; Ojha, K. Characterization of oil-water emulsion and its use in 
enhanced oil recovery. Ind. Eng. Chem. Res.2010, 49, 12756–12761. 



Energies 2011, 4                            
 

 

1081

6. Bryan, J.; Kantzas, A. Enhanced Heavy-Oil Recovery by Alkali-Surfactant Flooding (SPE 
110738). In Proceedings of the SPE Annual Technical Conference and Exhibition, Anaheim, CA, 
USA, 11–14 November, 2007. 

7. Bryan, J.; Mai, A.; Kantzas, A. Investigation into the Processes Responsible for Heavy Oil 
Recovery by Alkali-Surfactant Flooding (SPE 113993). In Proceedings of the SPE/DOE 
Improved Oil Recovery Symposium, Tulsa, OK, USA, 19–23 April, 2008. 

8. Bryan, J.; Kantzas, A. Potential for alkali-surfactant flooding in heavy oil reservoirs through  
oil-in-water emulsification. J. Can. Pet. Technol. 2009, 48, 37–46. 

9. Mai, A.; Bryan, J.; Goodarzi, N.; Kantzas, A. Insights into non-thermal recovery of heavy oil.  
J. Can. Pet. Technol. 2009, 48, 27–35. 

10. Zhang, H.; Dong, M.; Zhao, S. Which one is more important in chemical flooding for enhanced 
court heavy oil recovery, lowering interfacial tension or reducing water mobility? Energy Fuels 
2010, 24, 1829–1836. 

11. Cobos, S.; Carvalho, M.S.; Alvarado, V. Flow of oil-water emulsions through a constricted 
capillary. Int. J. Multiphase Flow 2009, 35, 507–515. 

12. Liu, Q.; Dong, M.; Yue, X.; Hou, J. Synergy of alkali and surfactant emulsification of heavy oil 
in brine. Physicochem. Eng. Aspects 2006, 273, 219–228. 

13. Liu, Q.; Dong, M.; Ma, S.; Tu, Y. Surfactant enhanced alkaline flooding for Western Canadian 
heavy oil. Physicochem. Eng. Aspects 2007, 293, 64–71. 

14. Lei, Z.; Yuan, S.; Song, J.; Yuan, J.; Wu, Y.-S. A Mathematical Model for Emulsion 
Mobilization and Its Effect on EOR During ASP Flooding (SPE 113145). In Proceedings of the 
SPE/DOE Improved Oil Recovery Symposium, Tulsa, Oklahoma, USA, 19–23 April, 2008. 

15. Zhang, Y.; Morrow, N.R. Comparison of Secondary and Tertiary Recovery with Change in 
Injection Brine Composition of Crude Oil/sandstone Combinations (SPE 99757). In Proceedings 
of the SPE/DOE Symposium on Improved Oil Recovery, Tulsa, OK, USA, 22–26 April, 2006. 

16. Wang, X.; Alvarado, V. Direct current electrorheological stability determination of  
water-in-crude oil. J. Phys. Chem. B 2009, 113, 13811–13816. 

17. Borges, B.; Rondon, M.; Sereno, O.; Asuaje, J. Breaking of water-in-crude oil emulsions. 3. 
Influence of salinity and water-oil ratio on demulsifier action. Energy Fuels 2009, 23,  
1568–1574. 

18. Arhuoma, M.; Yang, D.; Dong, M.; Li, H.; Idem, R. numerical simulation of displacement 
mechanisms for enhancing heavy oil recovery during alkaline flooding. Energy Fuels 2009, 23, 
5995–6002. 

19. Soo, H.; Radke, CJ. The flow mechanism of dilute, stable emulsions in porous-media. Ind. Eng. 
Chem. Fundam. 1984, 23, 342–347. 

20. Soo, H.; Radke, C.J. A Filtration model for the flow of dilute, stable emulsions in  
porous-media.1. Theory. Chem. Eng. Sci. 1986, 41, 263–272.  

21. Soo, H.; Williams, M.K.; Radke, C.J. A Filtration model for the flow of dilute, stable emulsions 
in Porous-Media.2. Parameter evaluation and estimation. Chem. Eng. Sci. 1986, 41, 263–272.  

22. Kokal, S. Crude-oil emulsions: A state-of-the-art review. SPE Prod. Facil. 2005, 20, 5–13. 



Energies 2011, 4                            
 

 

1082

23. Kokal, S.; Wingrove, M. Emulsion Separation Index: From Laboratory to Field Case Studies 
(63165). In Proceedings of the SPE Annual Technical Conference and Exhibition, Dallas, TX, 
USA, October, 2000. 

24. Moradi, M.; Alvarado, V.; Huzurbazar, S.V. Effect of salinity on water-in-crude oil emulsion 
stability: Evaluation of drop-size distribution proxy. Energy Fuels 2011, 25, 260–268. 

25. Pickering, S.U. Emulsions. J. Chem. Soc. 1907, 91, 2001–2021. 
26. Alvarado, V.; Manrique, E. Enhanced Oil Recovery: Field Planning and Development 

Strategies; Elsevier, Gulf Publishing: Houston, TX, USA, 2010. 
27. Tang, G.Q.; Morrow, N.R. Influence of brine composition and fines migration on crude 

oil/brine/rock interactions and oil recovery. J. Pet. Sci. Eng. 1999, 24, 99–111. 
28. Yan, Y.; Masliyah, J.H. Solids-stabilized oil-in-water emulsions: Scavenging emulsion droplets 

by fresh oil addition. Colloids Surf. A 1993, 75, 123–132. 
29. Hunter, T.N.; Pugh, R.J.; Franks, G.V.; Jameson, G.J. The role of particles in stabilizing foams 

and emulsions. Adv. Colloid Interface Sci. 2008, 137, 57–81. 
30. Arditty, S.; Schmitt, V.; Giermanska-Kahn, J.; Leal-Calderon, F. Materials based on  

solid-stabilized emulsions. J. Colloid Interface Sci. 2004, 275, 659–664. 
31. Binks, B.P. Particles as surfactants–similarities and differences. Curr. Opin. Colloid Interface 

Sci. 2000, 7, 21–41. 
32. Yekeler, M.; Ulusoy, U.; Hicyilmaz, C. Effect of particle shape and rougness of talk mineral 

ground by different mills on the wettability and flotability. Powder Technol. 2004,140, 68–78. 
33. Langevin, D.; Poteau, S.; Hénaul, I.; Argillier, J.F. Crude oil emulsion properties and their 

application to heavy oil transportation. Revue de l'Institut Français du Pétrole 2004, 59,  
511–521. 

34. Moran, K.; Yeung, A.; Masliyah, J. The viscoplastic properties of crude oil-water interfaces. 
Chem. Eng. Sci. 2006, 61, 6016–6028. 

35. Yaghi, B. Rheology of oil-in-water emulsions containing fine particles, J. Pet. Sci. Eng. 2003, 
40, 103–110. 

36. Sztukowski, D.M.; Yarranton, H.W. Oilfield solids and water-in-oil emulsion stability. J. Colloid 
Interface Sci. 2005, 285, 821–833. 

37. Tambe, D.E.; Sharma, M.M. Factors controlling the stability of colloid-stabilized emulsions.  
J. Colloid Interface Sci. 1993, 157, 244–253. 

38. Janssen, P.H.; van den Broek, W.M.G.T.; Harris, C.K. Laboratory study investigating emulsion 
formation in the near-wellbore region of a high water-cut oil well. SPE J. 2001, 6, 71–79. 

39. Yan, N.; Masliyah, J.H. Effect of pH on adsorption and desorption of clay particles at oil-water 
interface. J. Colloid Interface Sci. 1996, 181, 20–27. 

40. McLean, J.D.; Kilpatrick, P.K. Effects of asphaltene solvency on stability of water-in-crude-oil 
emulsions. J. Colloid Interface Sci. 1997, 189, 242–253. 

41. Grutters, M.; van Dijk, M.; Dubey, S.; Adamski, R.; Gelin, F.; Cornelisse, P. Asphaltene induced 
W/O emulsion: False or true? J. Dispersion Sci. Technol. 2007, 28, 357–360. 

42. Liu, J.; Zhou, Z.; Xu, Z.; Masliyah, J. Bitumen-clay interactions in aqueous media studied by 
zeta potential distribution measurement. J. Colloid Interface Sci. 2002, 252, 409–418. 



Energies 2011, 4                            
 

 

1083

43. Sztukowski, D.M.; Yarranton, H.W. Characterization and interfacial behavior of oil sands solids 
implicated in emulsion stability. J. Dispersion Sci. Technol.2004, 25, 299–310. 

44. Tsamantakis, C.; Masliyah, J.; Yeung, A.; Gentzis, T. The behavior of micro-bitumen drops in 
aqueous clay environments. J. Colloid Interface Sci. 2005, 288, 129–139. 

45. Ngai, T.; Auweter, H.; Behrens, S.H. Environmental responsiveness of microgel particles and 
particle-stabilized emulsions. Macromolecules 2006, 39, 8171–8177. 

46. Kruglyakov, P.M.; Nushtayeva, A.V. Investigation of the influence of capillary pressure on 
stability of a thin layer emulsion stabilized by solid particles. Colloids Surf. A 2005, 263,  
330–335. 

47. Yang, F.; Niu, Q.; Lan, Q.; Sun, D. Effect of dispersion ph on the formation and stability of 
pickering emulsions stabilized by layered double hydroxides particles. J. Colloid Interface Sci. 
2007, 306, 285–295. 

48. Thieme, J.; Abend, S.; Lagaly, G. Aggregation in pickering emulsions. Colloid Polym. Sci. 1999, 
277, 257–260. 

49. Horozov, T.S.; Binks, B.P. Particle-stabilized emulsions: A bilayer or a bridging monolayer? 
Angew. Chem. Int. Ed. 2006, 45, 773–776. 

50. Yarranton, H.W.; Sztukowske, D.M.; Urrutia, P. Effect of interfacial rheology on model 
emulsion coalescence I. Interfacial rheology. J. Colloid Interface Sci. 2007, 310, 246–252. 

51. Becker, J.R. Crude oil waxes, emulsions, and asphaltenes. Crude Oil Waxes, Emulsions & 
Asphaltenes; Pennwell Books: Houston, TX, USA, 1997. 

52. Sjöblom, J. Encyclopedic Handbook of Emulsion Technology; CRC Press: Boca Raton, FL,  
USA, 2001. 

53. Tan, X.; Fenniri, H.; Gray, M.R. Water enhances the aggregation of model asphaltenes in 
solution via hydrogen bonding. Energy Fuels 2009, 23, 3687–3693. 

54. McAuliffe, C.D. Crude-oil-in-water emulsions to improve fluid flow in an oil reservoir. J. Pet. 
Technol. 1973, 25, 721–726. 

55. Czarnecki, J.; Moran, K. On the stabilization mechanism of water-in-oil emulsions in petroleum 
systems. Energy Fuels 2005, 19, 2074–2079. 

56. Ali, M.F.; Alqam, M.H. The role of asphaltenes, resins and other solids in the stabilization of 
water in oil emulsions and its effects on oil production in saudi oil fields. Fuel 2000, 79,  
1309–1316. 

57. Xu, Y.; Dabros, T.; hamza, H.; Shelfantook, W.E. Destabilization of Water in Bitumen Emulsion 
by Washing with Water. Pet. Sci. Technol. 1999, 17, 1051. 

58. Yang, X.; Verruto, V.J.; Kilpatrick, P.K. Dynamic asphaltene-resin exchange at the oil/water 
interface: Time-dependent W/O emulsion stability for asphaltene/resin model oils. Energy Fuels 
2007, 21, 133–1349. 

59. Brandal, Ø.; Hanneseth, A.-M.D.; Sjöblom, J. Interactions between synthetic and indigenous 
naphthenic acids and divalent cations across oil-water interfaces: Effects of addition of  
oil-soluble non-ionic surfactants. Colloid Polym. Sci. 2005, 284, 124–133. 

60. Mohammed, M.A.; Sorbie, K.S. Naphthenic acid extraction and characterization from napthenate 
field deposits and crude oils using ESMS and APCI-MS. Colloids Surf. A 2009, 349, 1–18. 



Energies 2011, 4                            
 

 

1084

61. Mohammed, M.A.; Sorbie, K.S. Thermodynamic modelling of calcium naphthenate formation: 
Model predictions and experimental results. Colloids Surf. A 2010, 369, 1–10. 

62. Wang, X.Y.; Brandvik, A.; Alvarado, V. Probing interfacial water-in-crude oil emulsion stability 
controls using electrorheology. Energy Fuels 2010, 24, 6359–6365. 

63. Abraham, R.J.; Fisher, J.; Loftus, P. Introduction to NMR Spectroscopy; John Wiley and Sons: 
Hoboken, NJ, USA, 1988. 

64. Sjöblom, J.; Aske, N.; Auflem, I.H.; Brandal, Ø.; Havre, T.E.; Saether, O.; Westvik, A.;  
Johnsen, E.E.; Kallevik, H. Our current understanding of water-in-crude oil emulsions. Recent 
characterization techniques and high pressure performance. Adv. Colloid Interface Sci. 2003, 
100, 399–473. 

65. Tanner, J.E.; Stejskal, E.O. Restricted diffusion of protons in colloidal systems by the pulsed 
field gradient method. J. Phys. Chem. 1968, 49,1768–1777 

66. Johns, M.L. NMR studies of emulsions. Curr. Opin. Colloid Interface Sci. 2009, 14, 178–183.  
67. Packer, K.J.; Rees, C. Pulsed NMR studies of restricted diffusion. I. Droplet size distributions in 

emulsions. J. Colloid Interface Sci. 1972, 40, 206–218. 
68. Murday, J.S.; Cotts, J.M. Self-diffusion coefficient of liquid lithium. J. Chem. Phys. 1968, 48, 

4938–4945 
69. Peña, A.A.; Hirasaki, G.J. Enhanced characterization of oilfield emulsions via NMR diffusion 

and transverse relaxation experiments. Adv. Colloid Interface Sci. 2003, 105, 103–150. 
70. Garasanin, T.; Cosgrove, T.; Marteaux, L.; Kretschmer, A.; Goodwin, A.; Zick, K. NMR  

self-diffusion studies on PDMS oil-in-water emulsion. Langmuir 2002, 18, 10298–10304. 
71. Balinov, B.; Urdahl, O.; Söderman, O.; Sjöblom, J. Characterization of water-in-crude oil 

emulsions by the NMR self-diffusion technique. Colloids Surf. A 1994, 82, 173–181. 
72. Aichele, C.P.; Flaum, M.; Jiang, T.; Hirasaki, G.J.; Chapman, W.G. Water in oil emulsion 

droplet size characterization using a pulsed field gradient with diffusion editing (PFG-DE) NMR 
technique. J. Colloid Interface Sci. 2007, 315, 607–619. 

73. Merkus, H.G. Particle size Measurements; Springer: Berlin, Germany, 2009. 
74. Siesler, H.W.; Ozaki, Y.; Kawata, S.; Heis, H.M. Near-Infrared Spectroscopy; Wiley-VCH: 

Hoboken, NJ, USA, 2002. 
75. Araujo, A.M.; Santos, L.M.; Fortuny, M.; Melo, R.; Coutinho, R.C.C.; Santos, A.F. Evaluation 

of water content and average droplet size in water-in-crude oil emulsions by means of  
near-infrared spectroscopy. Energy Fuels 2008, 22, 3450–3458. 

76. Bohren, C.F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles;  
Wiley-VCH: Weinheim, Germany, 2004; Chapter 11, pp 287–324 

77. Collins, E.A. In Emulsion Polymerization and Emulsion Polymers; Lovell, P.A., El-Aasser, M.S., 
Eds.; John Wiley and Sons: Chichester, UK, 1997; Chapter 12, pp 385–436. 

78. Kallevik, H.; Hansen, S.B.; Sæther, Ø.; Kvalheim, O.M.; Sjöblom, J. Crude oil model emulsion 
characterised by means of near infrared spectroscopy and multivariate techniques. J. Dispersion 
Sci. Technol. 2000, 21, 245–262. 

79. Paso, K.; Kallevik, H.; Sjöblom, J. Measurement of wax appearance temperature using  
near-infrared (NIR) scattering. Energy Fuels 2009, 23, 4988–4994. 



Energies 2011, 4                            
 

 

1085

80. Kallevik, H.; Hansen, S.B.; Saether, O.; Kvalheim, O.M.; Sjöblom, J. Crude oil model emulsion 
characterised by means of near infrared spectroscopy and multivariate techniques. J. Dispersion 
Sci. Technol. 2000, 21, 245–262. 

81. Dukhin, A.S.; Goetz, P.J. Acoustic and electroacoustic spectroscopy for characterizing 
concentrated dispersions and emulsions. Adv. Colloid Interface Sci. 2001, 92, 73–132. 

82. Isaacs, E.E.; Huang, H.; Babchin, A.J.; Chow, R.S. Electroacoustic method for monitoring the 
coalescence of water-in-oil emulsions. Colloids Surf. 1990, 46, 177–192. 

83. Marques, L.C.D.; de Oliveira, J.F.; Gonzalez, G. Investigation on the role of asphaltenes as 
stabilizers for toluene-in-water miniemulsions using an electrosonic analysis (ESA) method.  
J. Dispersion Sci. Technol. 1997, 18, 477–488. 

84. Boxall, J.A.; Koh, C.A.; Sloan, E.D.; Sum, A.K.; Wu, D.T. Measurement and calibration of 
droplet size distributions in water-in-oil emulsions by particle video microscope and a focused 
beam reflectance method. Ind. Eng. Chem. Res. 2010, 49, 1412–1418. 

85. Hunter, J. Foundations of Colloid Science, 2nd ed.; Oxford University Press: Oxford, UK, 2001. 
86. Binks, B.P.; Rocher, A. Effects of temperature on water-in-oil emulsions stabilised solely by wax 

microparticles. J. Colloid Interface Sci. 2009, 335, 94–104. 
87. Eley, D.D.; Hey, M.J.; Symonds, J.D. Emulsions of water in asphaltene-containing oils 1. 

Droplet size distribution and emulsification rates. Colloids Surf. 1988, 32, 87–101. 
88. Nandi, A.; Agterof, W.G.M.; van den Ende, D.; Mellema, J. Investigation of the effect of a 

simple salt on the kinetics of gravity induced coalescence for a viscosity matched emulsion 
system. Colloids Surf. A 2003, 213, 199–208. 

89. Gelot, A.; Friesen, W.; Hamza, H.A. Emulsification of oil and water in the presence of finely 
divided solids and surface-active agents. Colloids Surf. 1984, 12, 271–303. 

90. Sullivan, A.P.; Zaki, N.N.; Sjoblom, J.; Kilpatrick, P.K. The stability of water-in-crude and 
model oil emulsions. Can. J. Chem. Eng. 2007, 85, 793–807. 

91. Jokela, P.; Fletcher, P.D.I.; Aveyard, R.; Lu, J.-R. The use of computerized microscopic image 
analysis to determine emulsion droplet size distributions. J. Colloid Interface Sci. 1990, 134, 
417–426. 

92. Mason, S.L.; May, K.; Hartland, S. Drop size and concentration profile determination in 
petroleum emulsion separation. Colloids Surf. A 1995, 96, 85–92. 

93. De Oliveira, M.C.K.; Carvalho, R.M.; Carvalho, A.B.; Couto, B.C.; Faria, F.R.D.;  
Cardoso, R.L.P. Waxy crude oil emulsion gel: Impact on flow assurance. Energy Fuels 2009, 24, 
2287–2293. 

94. Cazabat, A.M.; Langevin, D.; Pouchelon, A. Light-scattering study of water-oil microemulsions. 
J. Colloid Interface Sci. 1980, 73, 1–12. 

95. Novales, B.; Papineau, P.; Sire, A.; Axelos, M.A.V. Characterization of emulsions and 
suspensions by video image analysis. Colloids Surf. A 2003, 221, 81–89. 

96. Miller, D.J.; Böhm, R. Optical studies of coalescence in crude oil emulsions. J. Pet. Sci. Eng. 
1993, 9, 1–8. 

97. Willis, B.T.M.; Carlile, C.J. Experimental Neutron Scattering; Oxford University Press: Oxford, 
UK, 2009. 



Energies 2011, 4                            
 

 

1086

98. Verruto, V.J.; Kilpatrick, P.K. Water-in-model oil emulsion studied by small-angle neutron 
scattering: Interfacial film thickness and composition. Langmuir 2008, 24, 12807–12822. 

99. Gawrys, K.L.; Blankenship, G.A.; Kilpatrick, P.K. Solvent entrainment in and flocculation of 
asphaltenic aggregates probed by small-angle neutron scattering. Langmuir 2006, 22,  
4487–4497.  

100. Gawrys, K.L.; Blankenship, G.A.; Kilpatrick, P.K. On the distribution of chemical properties and 
aggregation of solubility fractions in asphaltenes. Langmuir 2006, 22, 4487–4497. 

101. Verruto, V.J.; Kilpatrick, P.K. Preferential solvent partitioning within asphaltenic aggregates 
dissolved in binary solvent mixtures. Energy Fuels 2007, 21, 1217–1225. 

102. Jestin, J.; Simon, S.B.; Zupancic, L.; Barre, L. A small angle neutron scattering study of the 
adsorbed asphaltene layer in water-in-hydrocarbon emulsions: Structural description related to 
stability. Langmuir 2007, 23, 10471–10478. 

103. Reynolds, P.A.; Gilbert, E.P.; White, E.P.J. High internal phase water-in-oil emulsions studied 
by small-angle neutron scattering. J. Phys. Chem. B 2000, 104, 7012–7022. 

104. Höhne, G.; Hemminger, W.; Flammersheim, H.J. Differential Scanning Calorimetry; Springer: 
Berlin, Germany, 1996. 

105. Clausse, D.; Gomez, F.; Dalmazzone, C.; Noik, C. A method for the characterization of 
emulsion, Thermogranulometry: Application to water-in-crude oil emulsion. J. Colloid Interface 
Sci. 2005, 287, 694–703. 

106. Dalmazzone, C.; Noik, C.; Clausse, D. Application of DSC for emulsified system 
characterization. Oil Gas Sci. Technol. 2009, 64, 543–555. 

107. Abivin, P.; Henaut, I.; Chaudemanche, C.; Argillier, J.F.; Chinesta, F.; Maan, M. Dispersed 
systems in heavy crude oils. Oil Gas Sci. Technol. 2009, 64, 557–570.  

108. Follotec, A.L.; Pezron, I.; Noik, C.; Dalmazzone, C.; Metlas-Komunjer, L. Triblock copolymer 
as destabilizer of water-in-crude oil emulsion. Colloid Surf. A 2010, 365, 162–170.  

109. Frising, T.; Noïk, C.; Dalmazzone, C. The liquid/liquid sedimentation process: From droplet 
coalescence to technologically enhanced water/oil emulsion gravity separators: A review.  
J. Dispersion Sci. Technol. 2006, 27, 1035–1057. 

110. Hemmingsen, P.V.; Silset, A.; Hannisdal, A; Sjöblom, J. Emulsions of heavy crude oils. I: 
Influence of viscosity, temperature, and dilution. J. Dispersion Sci. Technol. 2005, 26, 615–627. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


