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Abstract 

 This thesis considers the use of benchtop nuclear magnetic resonance (NMR) 

spectroscopy to research various aspects of emulsion science and characterisation.  To this end, 

it makes extensive use of NMR pulsed field gradient (PFG) techniques to quantify emulsion 

droplet size distributions.  A definitive focus is water-in-oil emulsions, which are particularly 

problematic during the various stages of crude oil production as they can be difficult to break 

(separate into constituent oil and water components) and consequently prevent processing of the 

crude oil into its constituent petroleum products.   

  Emulsion droplet sizing using NMR PFG relies on measuring the restricted diffusion of 

the droplet phase molecules due to the boundary of the droplets.   The methodology, being 

effectively non-invasive, is readily applicable to concentrated, opaque and/or complex emulsion 

structures; all of which can be true for the water-in-crude oil emulsions predominately considered 

in the work presented in this thesis.   Furthermore, it is developed and demonstrated here using a 

benchtop NMR spectrometer, featuring unambiguous chemical shift resolution of the oil and 

water NMR signal contributions.   

The following themes were explored and progressed, all of which made extensive use of these 

NMR measurement capabilities: 

Emulsion Science:  The evolution in droplet size distribution was quantified as water-in-oil 

emulsions were inverted into oil-in-water emulsions upon water addition.  Such water-in-crude 

oil emulsions were observed to have an exponential increase in mean droplet size when the phase 

inversion point (PIP) was approached, however no changes were observed for water-in-oil 

emulsions formed by pure hydrocarbon liquids stabilised by artificial surfactants.  Furthermore, 

there was no evidence of multiple emulsion formation around the PIP, as has been widely 

speculated to occur in the literature. The effect of flow on emulsion droplet sizing was also 

isolated using flow-compensated NMR PFG pulse sequences, and used to quantify dispersion for 

emulsion droplets for the first time due to droplet collision events.   

By-line Emulsion Characterisation:  Building on the observation of emulsion droplet dispersion 

under flow, droplet sizing was performed quantitatively on flowing systems, using sequential 

measurement of temporarily halted flow and/or rapid NMR PFG pulse sequences (specifically 

the Difftrain pulse sequence). The integration of NMR by-line measurement into emulsification 

control was thereby demonstrated for the first time.  The effect of three commercial demulsifiers 

on emulsion stability were consequently systematically explored.     

Emulsion Breaking:  Breaking of water-in-crude oil emulsions was considered, in which the 

effect of pressurised CO2 on water-in-crude oil emulsion stability was measured (via the evolution 

in mean emulsion droplet size) and shown to be effective for a range of industrially relevant 

conditions.  The dissolved CO2 was speculated to precipitate out the asphaltenes from the crude 
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oil and thereby, affect the emulsion stability.  The effect of salt on emulsion stability was also 

similarly quantified and shown to be pervasive in its ability to stabilise water-in-oil emulsions 

across a very wide range of oil types.   
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1. Introduction 

Throughout the production lifetime of an oilfield, crude oil, in conjunction with 

unavoidable brine solution (saltwater) extracted from the reservoir, must be transported through 

wellheads, pumps, pipelines and other processing facilities. The agitation and shearing, 

experienced throughout the transport, often cause the water and oil to form emulsions, in which 

water is generally the dispersed phase due to the nature of the surfactants (e.g. asphaltenes) within 

the oil phase (Djuve et al., 2001, Joseph and Peter, 1997, Sjöblom et al., 2003).  

To meet the sales specifications of crude oil, these oilfield emulsions must be treated to 

separate the water from the crude oil. Without such treatment, crude oil emulsions can cause a 

plethora of operational problems, such as corrosion, significant head loss due to high viscosity 

(Alboudwarej et al., 2007), blockages and catalytic poisoning. In addition, under circumstances 

where gases such as methane, ethane and carbon dioxide exist in the water-crude oil product, 

there is a possibility of forming hydrates in the pipelines. These problems will undoubtedly lead 

to a significant rise in operational expenditure and an increased likelihood of oil supply 

interruption, which can be very costly. For example, based on their total daily worldwide crude 

oil production of 943000 barrels, as detailed in the BP annual report 2016 (BP, 2016) and a crude 

oil price of ~$55 per barrel (Jan 2017), BP would suffer financial losses of $50 million per day 

based on their assumption that water issues result in an approximately 1% oil supply interruption.   

To avoid such industrial problems, water content in separated crude oil has to be lower 

than 3 wt% according to various crude oil specifications for transportation and processing in 

downstream facilities (Chilingarian et al., 1987). However, the treatment of emulsions can be 

challenging because the emulsions from wellheads are generally stabilised by various surface-

active agents (surfactants). Typical surfactants found in crude oil are asphaltenes, resins and oil-

soluble organic acids (Hill and Parker, 2003, Abdel-Aal et al., 2003). Crude oil emulsions can 

also be stabilised by fine particles such as clay particle, waxes, mineral scales, corroded materials 

and drilling muds (Kokal, 2006).  

There are a range of emulsion breaking methods. The use of demulsifiers can effectively 

counteract the surfactants and thereby separate the water and oil phases. However, the dosage of 

demulsifier is difficult to determine. Excessive use of a demulsifier can also increase the 

operational cost significantly. Besides that, the required demulsifier to break a particular emulsion 

is highly dependent on the type of crude oil and the surfactants there within (Kokal, 2006). 

Throughout the lifetime of an oilfield, the demulsifier will most likely have to be modified 

multiple times to optimise its emulsion breaking performance due to the change in crude oil 

composition over time. Conventional heating is also applied during emulsion separation processes 

to reduce the viscosity of crude oil so as to increase the separation rate (Warren, 2006). The 

drawback of this method is that excessive and uneven heating can result in the loss of lighter 
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compound hydrocarbons and an increase in power consumption. Gravity settling methods allow 

the oil and water phases to separate out due to their density difference according to Stoke’s Law 

(Stokes, 1845). These methods are very often time consuming. To improve separation efficiency, 

centrifugation can be used but the separation cost will increase substantially. Due to the 

drawbacks of these existing methods, many oil companies are seeking cheaper and more effective 

emulsion breaking measures. Hence, there is a great need for ongoing research towards 

understanding of emulsion morphology (in particular droplet size) to ultimately enable 

technology development for the monitoring and breaking of such emulsions. 

With nuclear magnetic resonance (NMR) emerging as a significant scientific tool to 

characterise colloidal suspensions (e.g.  Lonnqvist et al. (1991) and Voda and Duynhoven (2009)), 

NMR was selected as the primary tool to characterise oilfield emulsions in this study. Chapter 2 

covers the relevant emulsion fundamentals and details some basic relevant theory regards NMR 

(pulse excitation, spin-spin relaxation, spin-lattice relaxation, diffusion measurement and 

emulsion droplet sizing) required by the readers to understand the results in subsequent chapters. 

In addition, the two mobile benchtop NMR apparatus used in this thesis are described. The 

advantages and disadvantages of emulsion droplet sizing using NMR pulse field gradient (PFG) 

are also discussed and contrasted with alternatives. 

In chapter 3, investigations of water-in-oil emulsions approaching the phase inversion 

point (into oil-in-water emulsion) are reported as water content was gradually increased. The 

droplet size distributions of the emulsions were measured using low field NMR as a function of 

water content approaching emulsion phase inversion for both industrial crude oils and single 

component “model oils’. This chapter also details the measurements being performed on the two 

different bench-top NMR spectrometers with two different emulsion preparation methods being 

considered. Assessment of the NMR data for the presence of multiple emulsion morphologies 

near the inversion point is also considered. 

Chapter 4 details a comprehensive study of the phenomenon of shear-induced droplet 

diffusion that needs to be considered in on-line NMR measurements of emulsion droplet sizes 

under flow (Chapter 5). Shear-induced droplet diffusion is the migration of droplets due to various 

hydrodynamic effects. There are extensive experimental and simulation studies on shear-induced 

droplet diffusion of flowing hard spheres in the literature. In this chapter, the shear-induced 

diffusion coefficients of soft spheres, specifically water-in-oil emulsion droplets, were measured 

as a function of water composition (and hence droplet density) with the use of flow-compensated 

NMR pulsed field gradient (PFG) techniques to isolate the induced droplet diffusion 

perpendicular to the emulsion flow direction. The droplet shear-induced diffusion data measured 

for the emulsions are compared against relevant results from literature. 

Such droplet shear-induced diffusion can cause discrepancies in the NMR droplet size 

measurements of emulsions under flow. Consequently chapter 5 describes the experimental 
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apparatus developed for by-line NMR emulsion droplet sizing where temporary immobilisation 

of emulsion samples is used during measurement. Normalisation of the signal detected from 

successive fluid elements (replenished in the NMR spectrometers due to flow) sampled for 

measurement was required to prevent an erroneous contribution to the detected signal attenuation 

due to composition variations. The potential industrial application of this experimental setup is 

demonstrated by measuring the effect of three commercial demulsifiers on the evolution of the 

mean emulsion droplet size in water-in-oil emulsions. Finally, rapid measurements of the mean 

emulsion droplet size are demonstrated via the application of the rapid Difftrain NMR pulse 

sequence, with the measured mean droplet size being used in real time to control emulsion mixing 

via the applied mixing impeller speed. 

A related focus of the thesis is the application of mobile bench-top NMR to study oil field 

emulsion breaking. This includes studies of the effect of CO2 and salinity on oil field emulsions, 

which are discussed in chapter 6 and chapter 7 respectively. The work presented in chapter 6 

considered the use of comparatively low pressure CO2 to destabilise and hence break the water-

in-crude oil emulsions. NMR PFG techniques are applied to monitor the water-in-crude oil 

emulsion droplet size as a function of CO2 pressure and exposure time. Various other gases (CH4, 

N2, N2O) of different solubility in the aqueous and oil phases were also considered and compared 

in an attempt to better understand the mechanism whereby emulsion disruption occurs due to the 

presence of the CO2. Furthermore, the relevance of asphaltenes and oil-soluble organic acid 

content of the crude oil on CO2 emulsion breaking is explored by preferentially removing these 

materials from the crude oil deployed. 

In chapter 7, an investigation of the effect of salinity on oil field water-in-oil emulsion 

stability is reported. The mean droplet sizes of emulsions prepared from different aqueous phase 

salt concentrations were monitored over a period of approximately 100 hours. Sodium chloride 

was the main type of salt used while calcium chloride was used as a comparison to investigate 

the effect of monovalent and divalent ions on emulsion stability. Systematic studies on the effect 

of sodium chloride on different alternative emulsions systems - water-in-xylene emulsions, water-

in-paraffin oil emulsions, water-crude oil emulsions with either the asphaltene or organic acid 

content reduced - were also carried out to achieve a better understanding of the relevant 

mechanisms whereby salinity stabilises these emulsion systems. 

Finally, chapter 8 summarises the key contributions of this research thesis to the 

application of predominately mobile bench-top nuclear magnetic resonance measurements in 

emulsion science, characterisation and breaking.  Future work options are also considered and 

discussed. 
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2. Emulsions & Nuclear Magnetic Resonance (NMR) 

The fundamentals of both emulsions and nuclear magnetic resonance, relevant to this 

thesis, are discussed in this chapter. Section 2.1 details various emulsion types, the relevance of 

surfactants, the forces present in emulsions systems and finally the current understanding of the 

mechanism whereby emulsions break into their constituent phases. Section 2.2 details the basics 

of NMR relaxometry and diffusion techniques (as employed in this thesis) followed by their use 

to measure emulsion droplet sizes based on pulsed field gradient (PFG) techniques. Finally, the 

advantages and disadvantages of emulsion characterisation/sizing using benchtop NMR 

measurements, and a general overview of the benchtop NMR hardware that was specifically 

employed in the current thesis, are discussed in section 2.3 and 2.4 respectively. 

2.1. Emulsions  

2.1.1. Definition & Classification 

Macro emulsions (hereafter referred to as emulsions) are dispersed multiphase systems, 

where droplets of one liquid are dispersed in a secondary immiscible liquid (Smith and Arnold, 

1987), with typical radii of the order of micro-meters. Emulsions can generally be classified into 

water-in-oil emulsions (W/O) and oil-in-water emulsions (O/W), where the dispersed droplet 

phases are water and oil respectively. It is also possible, albeit not common, to generate oil-oil 

emulsions where immiscible oils (generally one of which is polar and one of which is not) are 

mixed together. Emulsions can also form more complex microstructures such as oil-in-water-in-

oil (O/W/O) and water-in-oil-in-water (W/O/W), collectively known as double emulsions, as 

schematically shown in Figure 2-1. 

 

Figure 2-1. Examples of W/O/W and O/W/O emulsions. 

2.1.2. The Role of Surface Active Agents (Surfactants) 

In general, emulsions are thermodynamically unstable and will separate into distinct 

liquids phases given sufficient time. Emulsions that are stable (or more accurately metastable) for 

a relatively long time period generally contain  additional components — surface (interfacial) 

active substances (surfactants) (Salager, 1988). Surfactants are usually amphiphilic compounds 

that contain both hydrophilic heads and hydrophobic (lipophilic) tails (as schematically shown in 

Figure 2-2, these molecules reside at the interface between the emulsion phases (droplet and 

continuous), lowering the interfacial tension and hence rendering the emulsion more stable). 
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Surfactant type will not only affect the emulsion stability but also the emulsion type (i.e. W/O 

and O/W). Winsor (1948) attempted to classify surfactants based on the interaction energies of 

the hydrophilic and lipophilic parts of the surfactant molecule with the organic and aqueous 

phases respectively. The correlation of resultant interaction energies can be expressed using the 

R-ratio defined by Winsor (1948) as: 

( )SO SO

SW SW

EH EL
R

EH EL





 (2-1) 

where SOEH  is the interaction energy of the surfactant hydrophilic part and the oil phase, SOEL  

is the interaction energy of the surfactant lipophilic part and the oil phase, SWEH  is the 

interaction energy of the surfactant hydrophilic part and the water phase and SWEL  is the 

interaction energy of the surfactant lipophilic part and the water phase. The emulsion type can 

then be predicted based on the value of R as per Table 2-1: 

Table 2-1. Winsor emulsion classification based on the R-ratio. 

R-ratio Emulsion Type 

1R    O/W 

1R   W/O 

1R   W/O or O/W  

or No Emulsions 

 

 Griffin (1949) later introduced the concept of hydrophilic-lipophilic balance (HLB). The 

HLB value indicates the weight percentage of the hydrophilic portion of a non-ionic surfactant 

molecule (Griffin, 1954). High values of HLB generally corresponds to a Winsor emulsion with 

R < 1 and vice versa. Most surfactants can also be categorised into anionic surfactants, cationic 

surfactants, non-ionic surfactants and amphoteric/zwitterionic surfactants (Salager, 1994) 

according to the dissociation of their hydrophilic head (H) in water. Anionic surfactants generally 

contain an anionic functional group at their hydrophilic heads (e.g. sulfate, carboxylates and 

sulfonate) while cationic surfactants contain cationic head groups (e.g. various forms of 

quaternary ammonium salts). Surfactants that contain both anionic and cationic components are 

classified as amphoteric or zwitterionic surfactants. The common hydrophilic group found in non-

ionic surfactants is a polyether chain usually with an alcohol end group.  

As mentioned above, the adsorption of these surfactant molecules at water-oil interface 

(as schematically shown in Figure 2-2) results in a reduction in water-oil interfacial tension, which 

is defined as the energy required to increase the surface area between the phases present by one 

unit (units of J/m2). In the case of W/O emulsions that contain surfactant molecules, small water 

droplets can remain relatively stable with minimal coalescence due to the reduction in this 
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interfacial tension. The water-oil interfacial tension will continue to decrease with further addition 

of surfactants into the water-oil system until the surfactant concentration reaches the critical 

micelle concentration (CMC), after which the interfacial tension will remain constant upon any 

further addition. At this point, the water-oil interface is saturated with the surfactant molecules 

and any excessive surfactant molecules will self-associate to form micelles (an aggregation of 

surfactant molecules). 

 

Figure 2-2. Schematic of a water droplet in oil stabilised by amphiphilic molecules. 

2.1.3. Thermodynamics of Emulsion Formation and Breakdown 

The formation of emulsions requires the input of mechanical energy to mix the two 

immiscible phases. Consider a W/O system, a large interfacial area is created when the water 

phase is dispersed into many small droplets, resulting in an increased surface energy, A

(positive). There is also an increase in configurational entropy, T S (positive) due to the 

formation of a large number of droplets. The change in free surface energy, G  can be described 

based on the second law of thermodynamics as follows:   

G A T S      (2-2) 

 In most cases, the increase in surface energy, A  is much greater than the increase in 

configurational entropy, T S , which means that the free surface energy, G is positive, 

indicating that the emulsion system is thermodynamically unstable. The emulsion will break into 

its constituent separate phases via several processes, as graphically illustrated in Figure 2-3, in 

the absence of stabilizing mechanisms. 

Forces relevant to emulsions stability include van der Waals attraction, electrostatic 

repulsion and steric repulsion – all effectively act between droplet pairs: 

In terms of van der Waals attractive forces these can be classified as follows: i) dipole-dipole; ii) 

dipole-induced dipole; and London interactions. The first two types of van der Waals attractive 

forces, with respect to emulsions, tend to cancel out due to different dipoles’ orientations. Thus, 

the governing van der Waals attraction in emulsions is due to London interactions, which arise 

from charge fluctuations. The van der Waals attraction between droplets in emulsions generally 

occurs as a result of London interactions between surface active molecules on the droplet surfaces. 

Electrostatic repulsion is produced in emulsions typically by ionic surfactants located on 
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the droplet surfaces.  The dispersed droplets become effectively charged due to the presence of 

these surface species and consequently repel one another – droplet coalescence is thus prevented.   

In the context of emulsions, steric repulsions are generally produced by the adsorption of non-

ionic surfactant at the interface. The surfactant molecules, adsorbed at the droplet surface, provide 

a volume restriction or a physical barrier for droplet interactions. As these droplets approach, the 

surfactant molecules are forced into proximity and repulsive forces arise stabilising the emulsion. 

As mentioned earlier, virtually all emulsions are however metastable and thus 

intrinsically unstable and will break into their constituent phases if left in a quiescent state.  Most 

emulsions will feature a significant density difference between the organic and aqueous phases – 

consequently for water-in-oil emulsions (as is the case for the water-in-crude oil emulsions 

considered in this thesis) the water droplets will migrate towards the bottom of the sample 

(sedimentation) whereas in water-in-oil-in-water emulsions, the oil droplets will migrate towards 

the top of the sample (creaming). Neither of these processes however intrinsically involve the 

aggregation of droplets into larger droplets. The droplets can also aggregate together without 

combining to form larger droplets, due primarily to van der Waals attractive forces, in a process 

known as flocculation. Aggregation of droplets to form discrete larger droplets (i.e. minimisation 

of interfacial area) is known as coalescence. Ostwald Ripening on the other hand involves the 

shrinkage of smaller droplets and the growth of larger droplets. This occurs as the solubility of 

the material in the droplet phase into the continuous phase is enhanced by the curvature of the 

droplet. Phase inversion, as first observed by Reynolds (1921), can also occur in which the 

discontinuous and continuous phases swap. This can occur due to either changes in the 

composition of the emulsion or temperature and will be considered in more detail in Chapter 3. 

The various processes, where by emulsions destabilise and potentially break, are summarised 

below in Figure 2-3. 

 

Figure 2-3. Various breakdown processes in emulsions. 
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2.2. Relevant NMR Background and Theory 

2.2.1. Low Field NMR Instruments: Historical Context 

Low field NMR generally refers to NMR spectroscopy and relaxometry performed using 

comparatively low magnetic field strengths (< 1-2 T).  It usually involves the use of strong 

permanent magnets or electromagnets as opposed to superconducting high field magnets as are 

conventionally used in NMR spectroscopy and MRI.   In the past, scientists and engineers have 

predominately made use of low field NMR in oil field well-logging (e.g. Jackson et al. (1980) 

and Matzkanin (1989)). Outside the oil industry, low field NMR was also trialled in moisture 

detection for building materials, food and soil (e.g. Paetzold et al. (1987) and Rollwitz (1985)). 

For example, Figure 2-4 shows a NMR device employing electro-magnets for moisture 

measurement in bridge decks.  

 

Figure 2-4. NMR device for moisture detection in bridge decks (Hogan, 1985). 

Over the past two decades, there has been an increasing number of developments with 

respect to low field NMR, which include the use of sufficiently strong and homogeneous 

permanent magnets to replace electromagnets, the down-sizing of spectrometer electronics (e.g. 

Sun et al. (2009) and Lee et al. (2008)) and the use of r.f. micro-coils (e.g. Olson et al. (1995)). 

These improvements, and others, are important developments with respect to size reduction and 

improved sensitivity of the NMR apparatus. Figure 2-5 qualitatively summarises how low field 

NMR devices have in some sense evolved from (a) essentially a bulky device to (b) a 

comparatively compact device with ‘built-in’ spectrometer and (c) hand-held mobile universal 

surface exploring device (e.g.  Eidmann et al. (2002)). It is acknowledged that the devices in 

Figure 2-5 are designed for different purposes. 

(a) 

 

(b) 

 

(c) 

 

Figure 2-5. Examples of some NMR devices in the past decade. 
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Another important development is the use of Halbach array (Halbach, 1980) permanent 

magnets to generate homogeneous magnetic (Figure 2-6(a)) fields and thereby provide chemical 

shift resolution (Figure 2-6(b)), whereby NMR resonance peaks of different components within 

a mixture can be readily distinguished. More details will be provided in section 2.2.4. 

(a) 

 

(b) 

 

Figure 2-6. (a) Uniform central magnetic field produced by a Halbach array permanent 

magnet, (b) chemical shift resolution of water and oil produced using such a magnet system. 

2.2.2. Fundamentals of NMR 

The physical phenomenon of nuclear magnetic resonance (NMR) was first observed by 

Purcell et al. (1946). Atomic nuclei and electrons possess a fundamental quantum property known 

as nuclear spin. Nuclei possess spin of ½ or multiples of ½. In this thesis, all NMR experiments 

performed concern the 1H proton. The unpaired 1H protons possess a magnetic moment and tend 

to align in the direction of, or the direction opposite to that of, an external applied magnetic field 

of strength B0 (see Figure 2-7(a)). In this case, the possible orientations of the nuclear magnetic 

moment are spin-up (½) and spin-down (-½). These spin states possess energy, E, which can be 

determined using equation (2-3).   

0SpinE hmB   (2-3) 

where   is the gyromagnetic ratio (for 1H this is 2.68 × 108 T-1s-1), h  is Planck’s constant (6.626 

× 10-34 J s), m is the spin state (½ or -½ for 1H protons) and B0 is the external magnetic field. 

Under an applied external magnetic field, the energy required for a nucleus to undergo a 

transition between energy states can be expressed as,  

0TransitionE hB   (2-4) 

The population of low energy state (spin-up) is slightly higher than the population of the high-

energy state (spin-down) at room temperature and thermal equilibrium and can be described using 

Boltzmann statistics via the following equation (2-5). 

exp( )
High Transition

Low

P E

P kT
   (2-5) 
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where 
HighP  is the spin population of the high energy spin state, LowP  is the spin population of 

the low energy spin state, k  is the Boltzmann constant (1.38 × 10-23 J/K) and T  is temperature. 

The slight excess of 1H in the lower energy spin state ( / 0.99995682High LowP P  , 

assuming a 0B  of 1 T/m and T  of 298 K) results in a net magnetic moment (as schematically 

shown in Figure 2-7(b)). Although this magnetic moment is very small, the sheer number of atoms 

still ultimately result in a detectable signal. The magnetic moment can be manipulated by varying 

the energy inputs of electromagnetic radiation (via pulse sequences) to carry out a very wide range 

of NMR experiments designated for different studies. 

  

Figure 2-7. (a) Precession motion and (b) axis definition. 

2.2.3. Excitation and Detection 

At equilibrium, the net magnetisation vector (Mz) aligns with the 0B  field (Figure 2-7(b)) 

and can be manipulated via the addition of excitation energy. In the case of NMR experiments, 

this energy input comes in the form of an electromagnetic (radio-frequency (r.f.)) pulse at the 

Larmor frequency, which is the precession frequency of the spin axis about the magnetic dipole 

(as shown in Figure 2-7(a)). The Larmor frequency () is determined by the applied external 

magnetic field, B0, their relationship can be described via the Larmor equation (2-6), which is a 

derivation of equation (2-3). 

0B   (2-6) 

The Larmor frequency of the signal bearing species is generally in the radio frequency 

range for most practical NMR experiments and is the case for all experiment reported in this 

thesis. Hence, the excitation pulse is also conventionally referred to as a radio frequency (r.f.) 

pulse. The duration and intensity of this r.f. pulse is provided via what is known as a r.f. coil 

(Figure 2-8 shows a schematic of a simplified NMR apparatus) and determines the proportion of 

the spin ensemble that is excited into the upper energy state, corresponding to the degree of 

rotation of the net magnetisation vector. The common pulses, that rotate the net magnetisation 

vectors by 90° into the X-Y plane (as defined in Figure 2-7(a)) and by 180° into the -Z axis, are 
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known as 90° and 180° pulses respectively. 

The same r.f. coil is usually used to detect an induced e.m.f. signal as the sample loses 

energy and returns to its equilibrium. An observable signal is produced by the precession of the 

net magnetisation in the transverse plane (X-Y plane) and is known as the free induction decay 

(FID). Signal acquisition occurs in quadrature—the real and imaginary parts allows the phase of 

the signal to be determined. The decay of the excited e.m.f. signal is governed by two relaxation 

processes—spin-spin relaxation and spin-lattice relaxation as discussed in section 2.2.5. 

 

Figure 2-8. Simplified schematic of an NMR apparatus. 

2.2.4. Chemical Shift 

The chemical shift refers to the shift in the resonant frequency (Larmor frequency) of 

nucleus with respect to a standard reference (e.g. TMS—Tetramethylsilane is used for 1H NMR 

detection), which by definition has a chemical shift of zero in a magnetic field. The chemical shift 

for 1H in different nuclei arises from them being surrounded by electron clouds of different 

densities and configurations. The orientations and orbital motions of these electrons under the 

effect of the main magnetic field induce a secondary localised magnetic field. This secondary 

localised magnetic field experienced by the nuclei results in a shift in its resonant frequency — 

the chemical shift. The chemical shift is an important phenomenon as it can be utilised to identify 

various chemical species via NMR spectroscopy, provided that the applied magnetic field is 

sufficiently homogeneous. Inhomogeneous magnetic fields result in broadening of each species’ 

spectral peaks, this can result in them overlapping and becoming indistinguishable. In order for 

chemical shift resolution to differentiate adequately between oil and water (CH and OH resonance 

peaks respectively) the homogeneity of the applied magnetic field has to be significantly better 

than 1 part in 1,000,000.   Achieving this stringent magnetic field homogeneity is challenging.  In 

the context of low field NMR, the implementation of the Halbach array magnet arrangement, as 

shown earlier in Figure 2-6(a) to generate a uniform magnetic field across the sample to be 

measured, has greatly improved use of the chemical shift to differentiate different species. 

Homogeneity is also further enhanced with the use of shim coils (Figure 2-8) to correct for 
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comparatively minor inhomogeneities in the magnetic field. 

2.2.5. Signal Relaxation 

After a r.f. pulse excitation is completed, the ‘system’ returns to its equilibrium state via 

the re-distribution of excess energy; this process is known as signal relaxation. The two main 

relaxation processes are spin-lattice relaxation (T1 relaxation) and spin-spin relaxation (T2 

relaxation), both of which are now detailed. 

Spin-lattice Relaxation, T1 

The time taken for the net magnetization vector to return to its equilibrium position along 

the z-axis is characterised by the spin lattice relaxation time or T1 relaxation. T1 refers to the time 

taken for the difference between the longitudinal magnetization, Mz and equilibrium 

magnetization, M0 to reduce by a factor of e. To obtain the T1 relaxation time for a sample, an 

inversion recovery (IR) pulse sequence (Figure 2-9) is normally used. The free induction decay 

(FID) is repeatedly measured at a systematically increased time interval between the 180° and 90° 

r.f. pulses, t (Figure 2-10 shows the resultant signal intensity data plotted against t).  T1 can then 

be determined by fitting the resultant data to equation (2-7). 

1

0( ) (1 2 )

t

T

zM t M e


   (2-7) 

 

Figure 2-9. Inversion recovery pulse sequence. 

 

Figure 2-10. Magnetization (NMR signal acquired at the effective start of the FID) with 

respect to time interval (t) between the 180° and 90° r.f. pulses. 
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Spin-spin Relaxation, T2 

Another important NMR relaxation parameter is the spin-spin relaxation time or T2 

relaxation. This refers to the time taken for the transverse magnetization to reduce (or dephase) 

by a factor of e.)   The signal decay envelop evident for the FID signal in Figure 2-9 is an 

exponential with a decay constant referred to as T2*.  T2* results from both T2 (irreversible energy 

exchange between nuclei) and inhomogeneities in the applied magnet field, T2,inhomo. The 

relationship is as follows:   

*

2 2 2,inhomo

1 1 1

T T T
   (2-8) 

 Hahn (1950) discovered that by subsequently applying a 180° r.f. pulse following NMR 

signal excitation, the dephasing due to magnetic field inhomogeneities would completely rephase 

(in the absence of any molecular diffusion); producing a coherent detectable signal known as a 

spin echo. By producing multiple spin echoes via multiple repeated application of 180° r.f. pulses, 

the Carr-Purcell-Meiboom-Gill (CPMG) sequence developed by Carr and Purcell (1954) (Figure 

2-11) can be used to determine T2 relaxation (red line) whilst in practice minimising relaxation 

due to field inhomogeneities . The amplitude of these spin echoes decreases with time in a CPMG 

pulse sequence, as shown in Figure 2-12, due to spin-spin relaxation and can be described using 

equation (2-9), enabling T2 to be readily determined. 

2( ) (0)

t

T

xy xyM t M e


  (2-9) 

 

Figure 2-11. Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 

 

Figure 2-12. The maximum signal intensity of each spin echo in a CPMG train is plotted as 

a function of time. 



14 

 

2.2.6. NMR Measurements of Diffusion & Emulsion Droplet 

Self-Diffusion 

The pulsed field gradient (PFG) NMR technique, first developed by Stejskal and Tanner 

(1965), can be employed to measure molecular self-diffusion.  The PFG NMR technique requires 

the use of a pulsed constant magnetic field gradient across the sample being measured.  This 

pulsed gradient provides a temporary linear variation in B0 (and hence 0) across the sample in 

the direction of the applied gradient.  This is schematically shown in Figure 2-13.  Thus, the 

Larmor frequency of the spins is a function of their position in the direction of field gradient, and 

by applying a magnetic field gradient for a few milliseconds, the nuclei will be effectively labelled 

with a phase shift which is linearly dependent on their position in the field gradient direction. 

Figure 2-14 shows a spin echo pulse sequence with a magnetic field gradient pulse applied on 

either side of the 180° r.f. pulse and which are separated by a time duration, . In the case where 

the molecules are stationary (i.e. they do not diffuse), the second magnetic field gradient pulse 

will completely refocus the phase shifts induced by the first magnetic field gradient pulse, and 

theoretically the only signal loss would be due to spin-spin relaxation (T2 relaxation). 

 

Figure 2-13. Concept of magnetic field gradient. 

 

Figure 2-14. Spin echo pulsed field gradient (PFG) pulse sequence used for self-diffusion 

measurements. 

However, self-diffusion occurs in virtually all fluids and cause the molecules to be at 

different locations when the two magnetic field gradient pulses are applied (where the mean 3D 

distance between the locations is equal to √6D0, where D0 is the diffusion coefficient).  
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Consequently, the phases imparted to them by the two magnetic field gradients are different in 

magnitude resulting in a residual phase shift. Stejskal and Tanner (1965) developed a model 

(Stejskal Tanner equation) to calculate the NMR signal (S) resulting from the summation of the 

distribution of residual phase shift and thus diffusive displacements over  

2

0 0

0

( , ) exp ( ) ( )
3

S
R D g D g

S


 

 
     

 
 (2-10) 

where S0 is the signal measured when 0g  , g is the magnetic field gradient intensity (T/m),   

is the duration of the magnetic field gradient applied,  is the gyromagnetic ratio of the relevant 

nucleus (1H = 2.68 × 108 T-1s-1) and  is the time interval between two gradient pulses as 

mentioned above. Hence by varying g whilst measuring S, 0D  can be extracted by fitting equation 

(2-10). 

The PFG spin echo pulse sequence (Figure 2-14) often suffers additional NMR signal 

loss due to T2 relaxation. In cases where the T2 relaxation time is relatively short, the additional 

signal loss can severely limit the ability to measure self-diffusion. In most scenarios, T1 relaxation 

(i.e. water ~3s) is slower than T2 relaxation (i.e. water ~2.5s). A stimulated echo pulse sequence 

(Figure 2-15), featuring two 90º r.f. pulses (after the first 90º r.f. excitation pulse) is consequently 

often applied to measure diffusion. The second 90º r.f. pulse returns the magnetisation to storage 

along the Z-axis, where T1 relaxation occurs.  The third 90º r.f. pulse returns the magnetisation to 

the transverse plane where it can be detected (after application of the ‘decoding’ second magnetic 

field gradient pulse).  Consequently during , when we wish to measure the effects of molecular 

diffusion, signal relaxation is predominately determined by the T1 process. The stimulated echo 

sequence features a homospoil—a magnetic field gradient pulse that dephases any unwanted 

signal left during storage in the XY plane. The pulsed field gradient measurements in this thesis 

were performed using a stimulated echo sequence which is depicted in  Figure 2-15, and hereafter 

will be referred to as STE PFG sequence (Johns and Hollingsworth, 2007).  

 

Figure 2-15. Stimulated echo pulsed field gradient (STE PFG) pulse sequence used for self-

diffusion measurements. 

For the case of a single pure substance, diffusion measurements can be readily carried 

out using the STE PFG pulse sequence, where equation (2-7) can be applied to the resultant data 
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and hence D0 determined (i.e. D0 of water = 2.3×10-9 m2/s). In this case, the data is the total NMR 

signal detected.  For the case of a mixture, however, where diffusion of the molecules from only 

one of the phases needs to be determined, signal detection is required only from that phase. 

Generally, such phase differentiation is arrived at based on the chemical shift differences between 

the relevant molecules or species in these phases. Such chemical shift resolution however requires 

an extremely homogeneous magnetic field (as discussed earlier in section 2.2.3). For the case of 

an insufficiently homogeneous magnetic field (a significant number of low-field NMR 

instruments would fall into this category), it is still possible to differentiate the signal of the phases 

via application of an inversion recovery (IR) pre-cursor r.f. pulse. The resultant pulse sequence is 

shown in Figure 2-16. The inclusion of an IR step enables the signal corresponding to certain 

mixture components to be nullified based on their T1 relaxation times.  The 180° r.f. pulse is 

followed by a wait period, Tsuppression. When Tsuppression equals 0.693 × T1 of the species required to 

be nulled, that species will deliver no NMR signal.  Signal is still received however from species 

with a different T1 and in this case the diffusion of these species is subsequently probed. This of 

course requires an adequate difference in T1 between the phases of the mixture. 

 

Figure 2-16. Modified stimulated echo pulsed field gradient (STE PFG) pulse sequence with 

inversion recovery (IR) pulse precursor to facilitate (species) selective signal detection. 

Emulsion Droplet Size Measurement 

In the case where 
02D   (the mean distance diffused in the direction of the applied 

magnetic field gradient) is equal or greater than the distance between diffusional boundaries 

(bounding surfaces of the fluid sample), significant restricted diffusion occurs. For example, in 

an emulsion, the molecules within the droplet phase are restricted in the extent of their diffusion 

by the presence of the droplets’ boundaries. Figure 2-17 graphically illustrates the diffusional 

pathways of molecules (indicated as red and blue lines) within two droplets (A and B) being 

restricted by the droplet boundary. The degree of diffusional restriction experienced by molecules 

in each droplet (A and B) is dependent on the size of the droplets. The molecules in a larger 

droplet A experience less restriction on their diffusion, resulting in a greater NMR signal 

attenuation in NMR PFG measurements. Meanwhile, droplet B is smaller in size and the 

molecules within experience greater restriction on their diffusion, and consequently less signal 

attenuation. 
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Figure 2-17. Restricted diffusion of molecules within a droplet and a schematic of the 

corresponding comparative NMR signal attenuation. 

Murday and Cotts (1968) first formulated the Gaussian phase distribution (GPD) model 

to describe NMR signal attenuation when diffusion is restricted to a spherical geometry (such as 

an emulsion droplet).   The main assumption in this derivation is that the phase accumulated due 

to applied magnetic field gradients assumes a Gaussian distribution shape. The Murday Cotts 

model describes the NMR signal attenuation ( 0/S S ) for restricted diffusion within a spherical 

droplet of radius, a as follows: 
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(2-11) 

 

where m  are the positive roots of the following function: 

23/2 5/( )   ( )J a aJ a   ,  (2-12) 

and nJ  is a nth order Bessel function. An alternative derivation by a number of researchers (e.g. 

Linse and Soderman (1995)) is the short gradient pulse (SGP) model which assumes the gradient 

pulse duration is infinitely short, 0  , and hence that  diffusion that occurs during this period 

can hence be neglected.  

Both GPD and SGP models have their drawbacks based on their respective assumptions, 

for particular experimental parameters sets these can result in significant error in the value of a 

predicted  (Barzykin, 1999a, Barzykin, 1999b, Grebenkov, 2007). Lingwood et al. (2011) 

implemented the block gradient pulse (BGP) method to overcome some of these limitations based 
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on the use of general gradient waveforms (as developed by Caprihan et al. (1996), Callaghan 

(1997b), Ryland and Callaghan (2003)) to quantify the signal attenuation.  The block gradient 

pulse method solves the relevant Bloch Torrey equation (Torrey, 1956) using eigenfunction 

expansions (Barzykin, 1999b). The signal intensity, when the pulse sequence is divided into eN  

intervals of constant gradient, is expressed as: 

 †
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where 
2

0 /   t D t a is the dimensionless time,  
3

0  /c a D   g is the dimensionless magnetic 

field gradient and 

    ;  expt i z t      G Ζ  (2-14) 

where matrix 𝐙  correlates the equilibrium mode to the higher eigenmodes for a sphere 

(Grebenkov, 2007, 2008, 2009). 

The elements of matrix Ʌ are computed using: 

2

nm jk    (2-15) 

Where jk  is the Kronecker delta and nm is the mth  root of the Bessel function: 

 ' 0nJ    (2-16) 

The elements of v, describing the reflecting boundary surface without relaxation, are as follows: 
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The final resultant BGP signal attenuation function is as follows:  
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Droplet radius (a) can be obtained by regression of equation (2-18) to relevant experimental NMR 

data. The BGP method has been demonstrated to provide improved predictions of droplet size 

over all practical experimental parameter space when compared to random walk simulations of 

the diffusion process and the resultant simulated NMR signal intensity (Lingwood et al., 2011). 

Computation of Droplet Size Distributions via Regularisation  

Almost all practical emulsions however consists of a range of droplet sizes.  Packer and 

Ress (1972) employed equation (2-19) to compute the emulsion droplet size distribution, ( )P a  

based on NMR measurements:   
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where ( , )b a g  is the normalised NMR signal (experimental data) as a function of g and a.  For a 

given emulsion, the denominator of equation (2-19) is a constant and thereby can be neglected as 

it is a simple scaling factor. As the experimental NMR data are acquired in a discrete way, it is 

necessary to discretise the integral in the numerator of equation (2-19) and rewrite it as: 
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i j i j j

j
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  (2-20) 

where ib   is the 
thi  experimental attenuation data point, corresponding to a gradient strength ig , 

 jP a  represents the probability density of the 
thj  quadrature interval and 

jd  represents the 

spacing of the quadrature term. Equation (2-20) can be simplified to: 

b SP  (2-21) 

With S  almost always being an ill-conditioned matrix, the inversion of equation (2-21) is 

problematic.  In order for P  to be determined from equation (2-21), the use of Tikhonov 

regularisation, a common method used to regularise ill-posed problems, is required, the specific 

details of this regularisation technique are as follows: 

Numerically generating a solution to P  requires the minimisation of the quantity, 

2SP b . Such linear least square regression applied to real NMR data will generally result in 

producing a meaningless P  characterised by large fluctuations due to noise in the experimental 

data b . In order to provide meaningful results, a penalty function, 
2

LP  and a regularisation 

parameter, λ are added to smooth out the solution as shown in equation (2-22)     

 2 22min   H SP b LP  (2-22) 

The optimum regularisation parameter, λ to produce the most accurate solution P  with minimal 

fluctuation is selected using a generalised cross validation (GCV) method. The basic principle of 

the GCV method is to omit one of the data points and then determine the regularization parameter, 

which predicts the missing data point with the greatest accuracy. This is done for each 

experimental data point in turn and a cumulative score (CCV score) is generated and minimised 

to select λ.  

The use of the Tikhonov regularisation method to numerically invert equation (2-20) with 

the GCV technique was previously demonstrated by Hollingsworth and Johns (2003)1. This 

                                                   

1 A free version of this software is available at:  http://www.fsr.ecm.uwa.edu.au/. 

http://www.fsr.ecm.uwa.edu.au/
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regularisation technique has been extensively validated and used in several studies (Fridjonsson 

et al., 2014a, Haber et al., 2015). 

2.3. The Advantages and Disadvantages of Emulsion Characterisation / Sizing 

using NMR 

Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) 

techniques have previously been widely applied to the characterization of colloidal and non-

colloidal suspensions (e.g. by Lonnqvist et al. (1991), Voda and Duynhoven (2009), Creber et al. 

(2009), Schoenhoff (2013), and Fridjonsson et al. (2014b)). In the context of emulsions, NMR 

pulsed field gradient (PFG) techniques are most commonly employed to measure droplet size 

distributions (DSD) (e.g. by Packer and Ress (1972), Johns and Gladden (2002) and Voda and 

Duynhoven (2009), and as part of formulation quality control by industry (e.g. Unilever)). In 

comparison to other methods used to determine emulsion droplet sizes (e.g. microscopic 

observations, light scattering methods, ultrasound spectrometry, and electrical conductivity), the 

non-invasive NMR techniques can readily be employed on concentrated, opaque and complex 

emulsion structures (e.g. multiple emulsions (Hughes et al., 2013) and suspo-emulsions 

(suspensions of droplets and solid particles)). Magnetic resonance imaging (MRI) has been used 

to measure bulk shear-induced hard sphere particle migration in Couette, parallel-plate and tube 

geometries (Hampton et al., 1997, Graham et al., 1991, Chow et al., 1994, Phillips et al., 1992), 

while pulsed-field gradient (PFG) NMR techniques have been applied to directly measure the 

hydrodynamic dispersion of NMR-active particles in capillaries (Brown et al., 2007, Brown et 

al., 2009);  -capillaries (Fridjonsson et al., 2014b), a Couette geometry (Wassenius et al., 2003, 

Wassenius and Callaghan, 2004); porous media (Brosten et al., 2010); and for the study of 

emulsion transport (Hollingsworth and Johns, 2006, Creber et al., 2009).  

 Despite the advantages associated with the use of NMR for emulsion droplet sizing, a 

key requirement is that there be sufficient restricted molecular diffusion due to the droplet wall 

during  in order that an adequate signal attenuation can be measured. This is arguably the biggest 

limitation of NMR emulsion droplet sizing. As a rule of thumb, the mean molecular diffusion 

length, Dl  given by equation (2-23) has to be equal or greater than the droplet radius, a in order 

to have sufficient restricted diffusion. 

2Dl D   (2-23) 

 Viscous fluids such as oils, generally have lower diffusion coefficient, D , values and 

hence require a longer  to have sufficient restricted diffusion within a droplet. However, the 

upper limit of  is related to the spin-lattice relaxation constant T1.  Generally, T1 will reduce for 

more viscous fluids.  Consequently, for each fluid used to form the droplet phase of an emulsion 

there is an upper limit on the droplet size, a, above which the droplet size measured is no longer 
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sensitive enough. In the studies in this thesis the focus is predominately on water-in-oil emulsions; 

water has relatively large values of D (which of course is also a function of sample temperature) 

coupled with a long T1. Hence the accessible range is much larger than for most oils and generally 

up to ~100 µm. There is also a lower limit of the measurable droplet size, which is restricted by 

the capability of the NMR device. To be able to measure the size of extremely fine droplets the 

magnetic gradient, required to induce a measurable residual phase shift in the signal, must be 

sufficiently strong. The ability to measure a small phase shift and hence signal attenuation as a 

function of imposed gradient strength will ultimately be determined by the signal-to-noise ratio 

(SNR) of the measurement performed. For example, in the case where the measurement has a 

SNR of less than 5, a 10% signal attenuation due to a small phase shift falls within the noise level 

and can cause a significant discrepancy in the result analysed.   

Conventionally, large cumbersome superconducting magnets with high field strength are 

used to perform fast, high resolution NMR measurements for chemical and structural elucidation. 

However, these expensive magnets are bulky and cannot be easily transported. They also require 

liquid helium and/or nitrogen cooling, which is much more expensive to operate. On the other 

hand, benchtop low field NMR offers an alternative where fast measurements are not required. 

These measurements however have comparatively lower signal to noise ratio and more signal 

averaging of measurements will be necessary. Even though low field NMR measurements are 

comparatively slow, the cost of the hardware is relatively cheap. Equally important, benchtop 

NMR hardware is somewhat portable and hence more readily deployed in an industrial context. 

Table 2-2 summarises all the advantages and disadvantages of PFG STE emulsion droplet sizing 

technique using low field NMR as discussed above. 

Table 2-2. Summary the advantages and disadvantages of droplet sizing using low field 

NMR via the pulsed field gradient stimulated echo technique. 

Advantages Disadvantages 

- NMR measurements are non-invasive. 

- Instruments with uniform magnetic field 

can distinguish the signals of different 

substances unambiguously. 

- The cost of the instruments is 

comparatively low. 

- Low field NMR instruments have greater 

mobility in general. 

- The results measured using NMR droplet 

sizing technique matched those measured 

using optical methods (e.g. microscopy) 

(Johns, 2009) 

- The measurements using low field NMR 

produce a comparatively poorer signal to 

noise ratio (SNR). 

- Droplet sizing measurements can be time-

consuming (up to 30 minutes) as 

compared to other alternatives (e.g. 

microscope < 5 minutes) 

- The droplet size that can be measured has 

an upper limit that is restricted by the spin-

lattice relaxation constant of a substance 

(T1). 

- There is also a lower limit for the droplet 
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size that can be measured. This is 

restricted by the maximum magnetic field 

gradient strength available, and is a set 

feature of a given NMR device. 

  

2.4. NMR Apparatus 

The main NMR instrument used in this thesis was an ultra-compact (8 kg) NMR 

spectrometer built by Magritek Ltd. (hereafter referred to as the Magritek 1 Tesla system) as 

shown in Figure 2-18. This system features a Halbach array permanent magnet and a 5 mm inner 

diameter r.f. coil tuned to the 1H resonance of 43.36 MHz. This magnet arrangement provides a 

sufficiently homogeneous magnetic field (Water  linewidth at half maximum (LW50) : ~4 Hz) 

such that chemical shift resolution of oil and water NMR signal is readily achieved (Fridjonsson 

et al., 2014a).  A custom-built gradient coil, of maximum strength 1 T/m was used for all required 

pulsed field gradient (PFG) diffusion experiments. Measurements were performed on 5 mm 

diameter tubular samples with a sample temperature of 27.1 °C. The magnet/coil assembly is 

driven by a Kea2 spectrometer using the software package, Prospa. The system was purchased 

from Magritek Ltd., NZ. 

 

Figure 2-18. Magritek 1T NMR system 

Another spectrometer used specifically in emulsion phase inversion study, as will be 

discussed in chapter 3, was a commercial spectrometer, the Bruker Minispec MQ with a 1H 

resonance frequency of 20 MHz (Bruker GmbH, Germany) as shown in Figure 2-19. This 

instrument features a stronger gradient coil which can produce a maximum pulsed field gradient 

of 4 T/m for PFG diffusion measurements. This spectrometer can accommodate 10 mm (outer 

diameter) NMR tubes with sample temperature being maintained at ~22.0◦C. 
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Figure 2-19. Bruker Minispec MQ20 

 Each system has its own capabilities, they are listed below in Table 2-3. 

Table 2-3. Features and capabilities of both the Magritek 1T and Bruker Minispec MQ20 

systems. 

System Features Capabilities 

Magritek 1T 

NMR System 

- Halbach array permanent magnet 

- 43.36 MHz (1H resonance frequency) 

system 

- Max gradient: 1 T/m 

- Chemical shift resolution 

- Relaxation measurements 

- Diffusion measurements 

Bruker Minispec 

MQ20 

- Sample cooling chamber 

- 20 MHz (1H resonance frequency) 

system 

- Max gradient: 4T/m 

- Measurements possible at 

variable temperatures 

- Relaxation measurements 

- Diffusion measurements 
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3. Emulsion Science: Phase Inversion 

Emulsion phase inversion is a phenomenon whereby emulsions invert from water-in-oil 

to oil-in-water morphology or vice versa at a certain water concentration (known as the phase 

inversion point (PIP)). To investigate this phenomenon, the emulsions droplet size distributions’ 

PIPs were measured using the bench-top Nuclear Magnetic Resonance (NMR) pulsed field 

gradient (PFG) technique as shown and discussed in section 2.2.6. This is important to help 

establish how different potential mechanisms, such as a divergence of mean droplet size (or the 

formation of multimodal droplet size distributions) and/or the formation of multiple emulsions, 

are involved in the emulsion inversion process. Such a study is generally not viable using 

alternative emulsion droplet sizing techniques (e.g. optical methods and ultrasound techniques) 

due to the high concentration and opacity of emulsions involved as well as the possibility that 

they form complex multiple emulsion microstructures. Two separate NMR spectrometers were 

used partially to ensure measurement consistency and reproducibility. 

3.1. Introduction 

Emulsion phase inversion is the phenomena whereby a change in a system property, 

typically phase concentration or temperature, causes an abrupt change in emulsion morphology 

(the droplet phase becomes the continuous phase and vice versa). In the work presented here, the 

emulsion phase inversion point (PIP) corresponds to the water content at which the transition 

from a water-in-oil (W/O) to an oil-in-water (O/W) emulsion occurs. The PIP is an important 

parameter for a number of reasons (Sjöblom, 2005). For example, in spite of it being essentially 

a system instability, emulsion inversion has been used in the food, cosmetic and pharmaceutical 

industry to obtain emulsions with fine and uniform droplets (Salager et al., 2004). In the oil and 

gas industry, this inversion is often very desirable as it is much easier and economically viable to 

separate and/or transport an oil-in-water (O/W) emulsion than a water-in-oil (W/O) emulsion 

(Sjöblom, 2005, Zambrano et al., 2003, Plasencia et al., 2013) given the substantially lower 

continuous phase viscosity of the O/W emulsion. In some cases, O/W emulsions are deliberately 

produced to reduce the viscosity of highly viscous crude oils so that they can be more easily 

transported through pipelines (Martinez-Palou et al., 2011). This study exclusively considers 

catastrophic phase inversion, which is initiated by a variation in phase composition (Sjöblom, 

2005) through the addition, under shear, of more of the droplet phase. The emulsion micro-

structure (droplet size distribution and morphology) approaching the phase inversion point is 

important, both in terms of predicting the emulsion microstructure post inversion as well as in 

terms of generating an improved physical understanding of the mechanisms that lead to the 

emulsion phase inversion. As discussed below, the general poor understanding and prediction of 

emulsion inversion is a consequence of the typically concentrated, opaque and unstable nature of 

such emulsions around the PIP, which makes interrogation using optical or even ultrasound 

techniques very difficult. 
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The formation of multiple emulsions has been reported to be directly relevant to emulsion 

phase inversion (Jahanzad et al., 2009). Multiple emulsions are sometimes referred to as the co-

existence of water-in-oil emulsions and oil-in-water emulsions within polydispersed systems 

(Khan et al., 2006).  However, they are really an emulsion within an emulsion as schematically 

shown in Figure 2-1.  The characterization of multiple emulsions using NMR techniques is not 

something new. Hindmarsh et al. (2004), Guan et al. (2010)_ENREF_57  and Hughes et al. (2013) 

employed PFG-NMR to investigate and characterise W/O/W emulsions. Bernewitz et al. (2013) 

has also reported multiple emulsions characterization using NMR spectroscopy and diffusometry. 

In short, NMR techniques can be utilized to quantitatively size and characterize multiple 

emulsions. In our case W/O/W multiple emulsions are potentially relevant, in which there is an 

inner droplet water phase along with a continuous water phase.  

As discussed above, Lingwood et al. (2011) demonstrated how NMR chemical shift 

differences on low field  instruments can be used to unambiguously differentiate the oil and water 

NMR signals – these techniques can readily be applied to multiple emulsions in order to determine 

the size distribution of the inner droplet phase. In this chapter, the emulsion droplet size 

distributions were measured using NMR PFG techniques for various water-in-oil (W/O) 

emulsions as a function of water content approaching the emulsion phase inversion point (PIP). 

This was performed for various continuous phase oil viscosities, using both industrial crude oils 

and ‘model oils’ consisting of a single component (pure hydrocarbon). These measurements were 

performed on the two different bench-top NMR spectrometers detailed in section 2.4 and two 

different methods of preparing the various emulsions were considered (individual composition 

formation versus gradual concentration with water whilst shearing – these are detailed below). In 

this manner, the change in droplet size as the PIP is approached by water addition was quantified; 

the NMR data were also assessed for the presence of any multiple emulsions or other complex 

emulsion morphologies. 

3.2. Emulsion PIP Theory 

 Conversion between oil-in-water and water-in-oil emulsion (and vice-versa) is called 

emulsion phase inversion (Bouchama et al., 2003). Generally, phase inversion is classified as 

either transitional or catastrophic (Salager et al., 1983, Sajjadi, 2006). In the case of the 

transitional inversion the change in hydrophilic–lipophilic balance (HLB) causes a change in 

surfactant affinity for the two phases present. In most cases, variation of the HLB occurs with a 

change in temperature (Sjöblom, 2005). The term catastrophic phase inversion was introduced by 

Salager (1988) to describe phase inversion in emulsions induced by changes in the emulsion’s 

water-to-oil ratio (Bouchama et al., 2003). Catastrophic emulsion phase inversion is believed to 

occur because of the complete coalescence of an unstable emulsion droplet morphology as its 

closest packing arrangement condition is approached by addition of the droplet phase (Sjöblom, 

2005). The PIP thus corresponds to a critical droplet packing arrangement and typically lies 
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between 50 and 74 vol% of the dispersed phase for mono modal droplets, but can increase up to 

85 vol% depending on the droplet size dispersivity (Sjöblom, 2005, Salager et al., 1983). Current 

understanding about this critical point for emulsion phase inversion suggests that it occurs due to 

some combination of the following mechanisms: 

1) Addition of more of the droplet phase under shear requires a new dynamic balance between 

droplet break-up and coalescence. The coalescence rate increases more rapidly relative to the 

break-up rate with increasing volume fraction of the droplet phase. This results in an increase in 

mean droplet size with droplet phase addition, which diverges to infinity at the PIP (Bouchama 

et al., 2003, Galindo-Alvarez et al., 2011). 

2) The formation of multiple emulsions prior to phase inversion upon droplet phase addition, 

which serves to increase the effective droplet phase volume. For example, a W/O emulsion 

becomes an O/ W/O emulsion upon inclusion of smaller oil droplets into the larger existing water 

droplets, increasing their effective volume (Bouchama et al., 2003, Galindo-Alvarez et al., 2011).  

Equally it is conceivable that the addition of more water will cause the existing W/O emulsion to 

disperse into the additional water forming a W/O/W emulsion.   

The droplet phase addition rate has been reported to have an influence on the PIP value: 

a slow addition rate of the droplet phase under shear is reported to trigger an early emulsion 

inversion as a consequence of a high rate of a speculated multiple emulsion formation, in contrast 

to a fast addition rate (Bouchama et al., 2003, Galindo-Alvarez et al., 2011). It has been shown 

that the PIP value is also influenced by several other parameters, such as oil viscosity (Plasencia 

et al., 2013, Rondon-Gonzalez et al., 2007), surfactant concentration (Zambrano et al., 2003, 

Rondon-Gonzalez et al., 2006) and shear rate (Rondon-Gonzalez et al., 2008, Mira et al., 2003). 

However, a comprehensive understanding of, and hence a quantitative predictive capacity of, the 

PIP has remained elusive. Optical microscopy has presented some evidence of multiple emulsion 

morphology just before catastrophic phase inversion (Galindo-Alvarez et al., 2011), however the 

sample was necessarily very small and somewhat disturbed in preparation for optical analysis. 

Emulsion droplet size distribution in the vicinity of the PIP have also been measured by both laser 

light scattering and FBRM (Focused Beam Reflectance Measurement) (Plasencia et al., 2013, 

Fernandez et al., 2004). For dynamic light scattering measurements (Fernandez et al., 2004) a 

few droplets of O/W emulsion were injected into a bath of distilled water in order to obtain the 

dilution needed for laser light scattering measurements. Binks and Lumsdon (2000) also used 

dynamic light scattering to monitor the change in droplet size of W/O emulsions approaching the 

PIP. They noticed an increase in droplet size with addition of water. To enable measurements, 

they similarly needed to dilute their emulsions – they highlight that this dilution needs to be 

performed with special care, especially if surfactants are present in the system. FBRM measures 

chord length distribution profiles but the conversion from chord length to droplet diameter is not 

a trivial task. It has been reported that this method tends to underestimate the droplet diameter 
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(Boxall et al., 2010). The advantage of the NMR method over these other methods is that it can 

be readily and directly employed on concentrated, opaque and contaminated emulsion as is the 

case around the emulsion PIP. 

3.3. Methodology 

3.3.1. Materials and Equipment 

For this study W/O emulsions were considered with the oil phase consisting of either one 

of four crude oils, dodecane, decane or hexadecane, respectively. The crude oils used were local 

Western Australian samples from various active production wells. They are labelled as crude oils 

A, B, C and D respectively – these contained sufficient natural surfactants to stabilise W/O 

emulsions for at least a 24 h period. The single hydrocarbon oils (dodecane, decane or hexadecane) 

emulsions were stabilised by the addition of 0.5 wt% Span 40 (Sorbitan monopalmitate). Span 40 

was chosen as it is more soluble in oil than water and readily forms W/O emulsions (Schramm, 

2005, Ruckenstein, 1996). All chemicals were purchased from Sigma–Aldrich, Australia at 

purities in excess of 99 mol%. Deionised water was used in the preparation of all the emulsions. 

Table 3-1 below summarises the properties of the various oil phases used. Viscosities were 

measured with a Haake VT550 cone and plate viscometer. Interfacial tensions between the 

various oils and water were measured using drop shape analysis employing an optical tensiometer 

from Ata scientific. Asphaltene content of the crude oils was determined gravimetrically using 

hexane extraction. 

Table 3-1. Oil fluid characterisation. 

Oil Type Viscosity* 

[mPa s] 

PIP 

[wt% water] 

Interfacial 

Tension 

[mN/m] 

Asphaltene 

Content [wt%] 

Decane 0.92 71 20.6  

Dodecane 1.34 72 22.1  

Hexadecane 4.46 70 23.4  

Crude Oil A 9.59 77 8.9 0.42 

Crude Oil B 51 66 16.4 0.35 

Crude Oil C 130 76 11.2 1.74 

Crude Oil D 5 72 15.6 0.47 

*At T=20°C 

The W/O emulsions were prepared in 200 ml batches using a high shear homogeniser 

(Miccra D8, ART-moderne Labortechnik, Germany as shown in Figure 3-1). The Span 40 was 

initially dissolved in the single hydrocarbon oils at a concentration of 0.5 wt% in oil, this was 

retained for all emulsions formed. The samples were homogenised for 30 min at 17800 rpm, the 

temperature of the samples were consistently below 35 ◦C during homogenisation. The form of 
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each emulsion (W/O or O/W) was determined using conductivity measurements performed with 

an Aqua-CP conductivity meter (TPS, Rowe Scientific, Australia). In this manner, the inversion 

point (PIP) from W/O to O/W emulsions was determined upon water content increase. Two 

distinct samples were prepared for each oil type: 

• Individual preparation: A new emulsion was prepared for each required water content, 

from the required pure ingredients in the correct proportions (followed by the 30-min 

homogenization period detailed above). 

• Dilution preparation: The previously studied emulsion was modified to the revised 

required composition by the addition of water under shear (followed by the 30-min 

homogenisation period detailed above). 

 

Figure 3-1. Micra-D8 homogeneizer. 

In all cases, NMR measurements were performed immediately after the relevant 30-min 

homogenisation period with the samples being loaded as rapidly as possible into NMR sample 

tubes.  

As mentioned above, measurements were performed using both the Bruker Minispec and 

the Magritek 1T systems (Figure 2-18 and Figure 2-19 respectively). With respect to the Magritek 

1T measurements, the stimulated spin echo (SSE) PFG, as shown in Figure 2-15, was used. As 

discussed above, the Bruker Minispec has no spectral resolution and it is not possible to readily 

differentiate the NMR signal from the water and oil phases respectively. Consequently, the pulse 

sequence shown in Figure 2-16 was deployed, this features a 180◦ pulse inserted before signal 

excitation followed by a time delay equal to the null point of the oil signal (0.693 T1,oil). An 

example of T1 relaxation distribution of emulsion formed using crude oil C is shown in Figure 

3-2. Optimum implementation of this approach to eliminate the oil signal from a multi-component 

oil is detailed in the work by Fridjonsson et al. (2014a). The observation time ( ) used in all 

experiments conducted was 200 ms, the gradient pulse length ( ) was 4 ms and the gradient 
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strength ( g ) was increased from 0 to 1 T/m in 16 increments (in the case of the Magritek 1 Tesla 

measurements) and from 0 to 2 T/m in 32 increments (in the case of the Bruker Minispec 

measurements). 

 

Figure 3-2. An example of T1 distribution measured from the emulsion formed using crude 

oil C. 

3.3.2. Data Analysis 

For demonstration purposes, the data acquired for Crude Oil C emulsion using the 

Magritek 1T system and Dilution Preparation is used. As noted above, this NMR spectrometer 

allows for unambiguous detection of the water NMR signal. The NMR signal intensity is 

determined as a function of an increasing applied gradient strength, g, in 16 increments. Figure 

3-3 shows a 3D stack plot of typical data for a 65 wt% water W/O emulsion (as a function of 

NMR spectral frequency and gradient strength (expressed in equation (2-10)). Immediately 

obvious is the good spectral resolution of the NMR signals for the water and oil phases. The oil 

signal rapidly disappears as g is increased because the oil is the continuous phase and its self-

diffusion is not significantly restricted by the presence of droplet surfaces, resulting in rapid signal 

decay. The water signal is, in contrast, of almost exclusive interest here and sustains itself at all 

measurements performed: integrating the NMR water signal peak allows the signal attenuation 

( 0/S S ) to be determined – this is plotted as a function of g  (using equation (2-10) RHS 

coordinate) in Figure 3-4 for Crude oil C Emulsion at a range of water contents (note the PIP for 

Crude oil C Emulsion was 75 wt% water). Immediately evident is the greater signal attenuation 

with increasing water content, which is indicative of larger water droplets. Also, shown in Figure 

3-4 is the fit of equation (2-19), which along with the regularisation technique, allows the 

emulsion droplet size distribution - DSD (P(a)) - to be determined. 
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Figure 3-3. 3D stack-plot of the NMR signal evolution with increasing gradient strength 

(right axis), measured for a W/O emulsion with 65 wt% water (Crude oil C Emulsion) with 

the 1 Tesla spectrometer. The distinct oil and water spectral peaks are evident because of 

the homogeneity of the spectrometer’s magnetic field. 

 

Figure 3-4. Water signal attenuation in Crude oil C Emulsions with increasing water 

content as a function of applied gradient strength. The lines are the fits of equation (2-19). 

The resultant (normalised) emulsion DSD as a function of water content is shown in 

Figure 3-5 for all Crude Oil C Emulsion. The mean and variance of each DSD can then be readily 

extracted. An increase in mean droplet size with water content is evident. A small second peak 

emerges for the 70 wt% water emulsion sample around an apparent size of ∼20 microns. This 

was reproduced in triplicate for Crude Oil C Emulsion and is indicative of a more complex 

emulsion morphology, as will be discussed further below. Small peaks at even larger sizes evident 

in Figure 3-5 were not reproducible and are attributed to data inversion (regularisation) artefacts. 
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Figure 3-5. Droplet size distributions for water-in-oil emulsions made using Crude Oil C at 

different phase concentrations. 

3.4. Results and Discussion 

3.4.1. Initial Characterisation 

The viscosities and the phase inversion point (PIP) of different oils, as measured via the 

rheological and electrical conductivity measurements2, respectively, are reported in Table 3-1. 

The value of the PIP for each sample was determined via multiple repeats adding water with a 

resolution of 1 wt%, which was finer than that employed for the more time-consuming emulsion 

droplet sizing measurements. The variation in the PIP was consistently found to be less than 2 

wt% from these multiple repetitions. 

3.4.2. Preparation Method and Spectrometer Comparison 

Figure 3-6 shows the measured evolution in mean (water) droplet size as water content 

is increased up to the inversion point (PIP) using (a) individual preparation and (b) dilution 

preparation methods, as detailed above. Also shown are the data produced by the two different, 

independent NMR spectrometers, namely the Bruker Minispec and the Magritek 1T system. The 

data in Figure 3-6 correspond to Crude oil C Emulsion, as reported on in Figure 3-3 to Figure 3-5. 

It is immediately obvious that the mean water droplet size increases with water content towards 

the PIP for all systems and measurements involving Emulsion C. It is also evident from Figure 

3-6 that the increase in mean emulsion droplet size with increasing water content is exponential 

for dilution preparation samples (as observed by Plasencia et al. (2013) for example), whereas 

the increase is linear with water content for individual preparation samples. This was true for both 

                                                   

2 These measurements are conducted separately, from emulsion droplet sizing measurements, with greater 

resolution. 
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spectrometers and was the case for all emulsions formed from the various crude oils.  Figure 3-6(c) 

is a direct comparison of the two preparation methods (as measured by the Magritek 1T system) 

highlighting this linear-exponential contrast. An exponential increase is consistent with droplet 

coalescence exceeding droplet break-up, resulting in increasing droplet sizes that diverge 

effectively towards infinity as the PIP is reached. It is plausible that the variable shearing or 

homogenisation history is the reason for the difference between the preparation methods, with the 

dilution preparation samples being effectively subjected to successive or 30 min incremental 

shear events as water was added. However, it is noted that the 200 ml samples were subject in 

both cases to high shear for 30 min after each water addition or sample formulation, and showed 

no further change in droplet size distribution for selected samples that were sheared for a further 

30 min.  

The discrepancy between the two spectrometers in Figure 3-6(a) and (b) is relatively 

small, but systematic with water content, it can be attributed to several potential contributions: (i) 

different 2 ml subsamples (from a 200 ml batch) were analysed in the two systems to ensure they 

were measured at approximately the same time point following the cessation of shearing and (ii) 

as mentioned previously in section 2.2.6, the differentiation of the oil and water NMR signals is 

unambiguous in the case of the Magritek 1T system (relying on chemical shift differences) whilst 

it requires NMR signal relaxation suppression in the case of the Bruker Minispec. Contribution 

(i) would result in random errors whereas (ii) would be systematic as the oil contamination of the 

Bruker Minispec water signal would increase with reduced water content. Contribution (ii) is thus 

the more likely explanation for the differences in the data observed in Figure 3-6(a) and (b) 

between spectrometers. The next section will consequently focus only on (a) data produced using 

the Magritek 1T system and (b) emulsions produced by Dilution Preparation – this is more 

realistic of scenarios where emulsion inversion is industrially relevant. 

(a) Individual preparation samples 

 

(b) Dilution preparation samples 
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(c) 1Tesla comparison 

 

Figure 3-6. Mean water droplet sizes obtained for Crude oil C water-in-oil emulsions using 

two different bench-top NMR instruments in case of (a) individual preparation samples and 

(b) dilution preparation samples. (c) Mean water droplet size comparison obtained by the 

two different sample preparation methods measured with the 1 Tesla magnet. The solid line 

in Figure 3-6(c) is the fit of equation (3-1). 

3.4.3. Comparison of Emulsion with Different Oils 

Figure 3-7(a) shows the evolution in mean emulsion droplet size as a function of water 

content for all water-in-crude oil emulsions considered. Figure 3-7(b) shows the corresponding 

data for the emulsions produced using a pure hydrocarbon liquid. Immediately apparent is the 

exponential increase in mean droplet size as the PIP is approached for the crude oil systems, in 

contrast with the pure liquid hydrocarbon systems where the mean droplet size appears invariant 

at the composition resolution employed. This difference cannot be attributed to the viscosity 

difference between the crude oils and the pure hydrocarbon liquids: as evident in Table 3-1 the 

viscosity ratio of the least viscous crude oil (Crude oil D) to that of the most viscous pure liquid 

hydrocarbon (hexadecane) is approximately one. In addition, there is no obvious correlation 

between the exponential increase and the viscosities of the crude oils. The difference is also not 

a simple function of interfacial tension, as presented in Table 3-1, the crude oils only present 

consistently slightly lower values than the corresponding pure hydrocarbon liquids. The reason 

most likely lies with the crude oil’s chemistry, specifically in the contrast between the natural 

surfactants present in the crude oil and the artificial surfactants used to stabilise the pure 

hydrocarbon liquid emulsions. These natural surfactants in the crude oils are most likely the 

asphaltenes content. With reference to Figure 3-7(a) and the asphaltenes data summarised for the 

crude oils in Table 3-1, there is a strong correlation between asphaltenes content and the average 

size of the emulsion droplets stabilised. In regards to the Span 40 employed as the surfactant in 

the pure liquid hydrocarbon emulsions, the concentration employed (0.5 wt%) far exceeds the 

relevant CMC value of 0.001 wt% (Peltonen et al., 2001). A simple calculation based on the 

approximate area of the absorbed Span 40 molecules, estimated as 30 Å2 (Peltonen et al., 2001), 
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indicates that it was always comfortably in excess of what was required to coat the emulsion 

droplet distribution formed (and measured). Thus, it is speculated that the excess concentration 

of the Span 40, its general great mobility in the oil phase and the difference mechanisms involved 

in emulsion stabilisation (asphaltenes are generally considered to form a cross-linked, rigid, 

viscoelastic structure at the oil–water interface (Sjöblom et al., 2003, McLean and Kilpatrick, 

1997b, McLean and Kilpatrick, 1997a)) are the cause of the observed different behaviour between 

Figure 3-7(a) and (b). The above is of course speculative and requires extensive further 

investigation.  

In Figure 3-7(a), the data are fitted well by an exponential equation of the form (which 

includes only a single fitting parameter, M): 

exp( ) 1
M WC

a b
PIP WC


  


 (3-1) 

where a  is the mean droplet radius (μm), b  a pre-factor equal to one μm, WC  is the water 

content and PIP is the phase inversion point, as defined and reported above in Table 3-1. The 

author does not claim any great physical insight in deriving and using equation (3-1) but it is 

consistent with 0a  when 0WC  and a  when PIPWC  . Figure 3-8(a) and (b) shows 

the DSD for emulsions of Crude oils B and D acquired immediately prior to the PIP. Clearly 

apparent in these data is the bimodal appearance of the DSD, which is in contrast to DSDs 

observed for emulsions of the pure hydrocarbon liquids or the other crude oils, which presented 

a predominantly mono-modal distribution as the PIP was approached (although the emergence of 

a very small but consistent second peak was evident in Crude oil C Emulsion, as discussed above 

with respect to Figure 3-5). Particularly for Crude oil B Emulsion, these larger water droplets are 

probably domains of water (>100 microns and beyond the range of the NMR diffusion 

measurement) that do not span the sample as they do not trigger the conductivity measurement of 

PIP. They are speculated to be indicative of a form of local W/O /W emulsion. Attempts to fit the 

experimental attenuation data using a weighted combination of equations (3-2) and (3-3) to both 

estimate the diffusion coefficient of any free water and the droplet size distribution 

simultaneously, produced a poorer fit (as quantified using sum of errors squared between the fit 

and the experimental data) compared to application of equation (3-3) alone: 

2

0 0

0

exp ( ) ( ) ( , )
3

S
D g R D g

S


 

 
     

 
 (3-2) 

where S0 is the signal measured when 0g  , g is the magnetic field gradient,   is the duration 

of the magnetic field gradient applied,  is the gyromagnetic ratio of the nucleus (1H = 2.68 × 

108T-1s-1) and is the time interval between two gradient pulses. 
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where ( , )b a g  is the normalised NMR signal as a function of g. Equations (3-2) and (3-3) are 

reproductions of equations (2-10) and (2-19) in Chapter 2, repeated here for clarity. This indicates 

that this second peak cannot be simply considered as due to a quasi-continuous phase 

characterised by a single apparent diffusion coefficient. The emergence of this second peak is 

clearly biasing the data for Crude oil B Emulsion in Figure 3-7(a) as the PIP is approached.  

The diffusion behaviour of the oil peaks (as shown in Figure 3-3) for all samples studied 

were also analysed. This consistently attenuated rapidly (as in Figure 3-3) and there was little 

evidence of the formation of micron-scale droplets which would have resulted in a much reduced 

signal attenuation, and hence would have facilitated appropriate analysis of the oil signal (Hughes 

et al., 2013, Guan et al., 2010) so as to reveal any oil droplet size distribution. Thus there was no 

significant evidence in any of the samples of the formation of O/ W/O multiple emulsions which, 

as discussed above, has been speculated (Bouchama et al., 2003, Galindo-Alvarez et al., 2011) to 

increase the effective water content and hence reduce the PIP.  

(a) Crude oils 

 

(b) Single component ‘oils’ 

 
Figure 3-7. Mean water droplet sizes obtained with the Magritek 1T magnet and the dilution 

method for water-in-oil emulsion in case of: (a) crude oils and (b) single component oils. 

(a) Crude oil B 

 

(b) Crude oil D 

 
Figure 3-8. Droplet size distribution for (a) Crude oil B and (b) Crude oil D emulsions near 

the inversion point. 



36 

 

3.5. Conclusions 

It is demonstrated in this chapter that the combination of NMR measurements and the 

regularisation method of data analysis to obtain droplet size distribution is useful to explore 

emulsion microstructure near the phase inversion point (PIP). However, the emulsion 

characterisation (of oil-in-water emulsions) beyond through phase inversion is not possible due 

to the limited capability of the NMR hardware available. Here, this technique is employed to 

quantify the evolution in emulsion droplet size distribution approaching the phase inversion point 

(PIP) for a range of W/O emulsions formed by successive dilution through the addition of water. 

Crude oil emulsions showed an exponential increase in droplet size as the PIP was approached 

that was not replicated for emulsions formed from pure hydrocarbon liquids and excess artificial 

surfactants. This droplet evolution could be mathematically described using a single free 

parameter equation (equation (3-1)). For some of the crude oil emulsions, there was evidence of 

the formation of complex emulsion microstructures as the PIP was approached. These were  

consistent with a local W/O/W microstructure but there was no pervasive evidence of the 

formation of O/ W/O emulsions in any of the systems studied. 
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4. Emulsion Science: Shear-Induced Emulsion Droplet Diffusion  

There is a metrology need to develop a by-line NMR emulsion droplet sizing tool for 

industrial applications. This requires a systematic consideration of the effect of flow on the 

emulsion droplet sizing methodology. The work discussed in this chapter considers the effect of 

such emulsion flow on induced diffusion of droplets due to collisions – this is referred to as shear-

induced droplet diffusion.  This is conducted in a direction perpendicular to flow in a capillary 

and is dictated by available hardware gradients (and is the most practical orientation for magnetic 

field gradients to measure droplet sizes in emulsions).  Such shear-induced droplet diffusion will 

however contribute to PFG signal attenuation in addition to that caused by restricted molecular 

diffusion within droplets.  As such it needs to be effectively accounted for if emulsion droplet 

sizing is to be performed on flowing streams.    

Shear-induced droplet diffusion of flowing hard sphere suspensions is relatively well 

understood and has been extensively studied both experimentally and via simulations.  The same 

however is not true of emulsions, despite their broad and extensive industrial relevance. The focus 

of this study is thus to begin to address this issue and measure the shear-induced droplet diffusion 

of emulsions quantitatively using NMR techniques. A somewhat limited literature on this topic 

indicates that dilute soft spheres, like emulsion droplets, experience significantly larger shear-

induced droplet diffusion relative to equivalent hard sphere suspensions. 

4.1. Introduction 

Colloids consist of small particles, droplets or bubbles of one phase dispersed in a second 

immiscible liquid phase (Schramm, 2005). Depending on the interactions between the colloids or 

between the colloids and their surroundings, their various transport properties will vary.  

The transport properties of colloids under flow, including those in emulsions, are of 

significant interest (Griffiths and Stone, 2012). Diffusion of such colloids (typically 1μma  , 

where a  is the particle radius) can occur due to both hydrodynamic and thermal effects (i.e. 

Brownian motion), with the former dominating at high shear rates. For non-colloidal particles (i.e. 

non-Brownian, typically 10μma  ), even at low Reynolds numbers: 

Re ( ) /va   (4-1) 

where v  is the velocity and   the kinematic viscosity, hydrodynamic interactions give rise to 

shear-induced diffusion. Such transport processes have been widely studied experimentally (e.g. 

by monitoring the random walk of radio-active particles in a Couette cell (Eckstein et al., 1977)), 

theoretically (Wang et al., 1996) and computationally (Sierou and Brady, 2004). However, these 

extensive studies have predominately focussed on ‘hard’ non-deformable solid particles, as 

opposed to ‘soft’ deformable droplets as are considered here for emulsions.   
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This enhanced diffusion of particles (both colloidal and non-colloidal as defined above) 

across streamlines occurs practically during their transport in pipe and channel flow (Da Cunha 

and Hinch, 1996). Such fluid suspensions provide an economic mechanism for transporting large 

quantities of particulate materials across a very broad range of industries including mineral, 

chemical and pharmaceutical processing (Happel and Brenner, 1983, Yang, 2003, Seville et al., 

1997). Shear-induced diffusion and hence mixing of such particles is relevant to, for example, 

resuspension of the colloids (Da Cunha and Hinch, 1996), systematic particle migrations during 

rheometric measurements (Leighton and Acrivos, 1987), for particle sorting (Callens et al., 2008), 

and is also relevant to most typical fluid mixing processes (where the Péclet number equals 

3( ) / ( ) 1Pe a kT , (4-2) 

with   being the continuous phase viscosity,   the shear rate, a  the particle size, k the 

Boltzmann constant and T  is the temperature) which include non-Brownian deformable particles 

and where shear-induced diffusion is an essential dispersing mechanism (Loewenberg and Hinch, 

1997). Eckstein et al. (1977) showed that mixing or shear-induced diffusion is needed in blood 

flow, for example, to produce a diffusional flux of platelets to a thrombus on a wall and also to 

transport oxygenated red blood cells to unsaturated regions. 

In this chapter, the shear-induced diffusion coefficients of droplets in water-in-oil 

emulsions were systematically measured as a function of water composition (with emulsion 

droplet size distribution (DSD) kept constant) and shear rate. To minimize any deviation in 

emulsion droplet size distributions among the emulsion samples, the concentrations of surfactant 

added were varied with the amount of water included. The shear rates were also controlled by 

varying the flow rate of the emulsions within a capillary tube. 

In order to access shear induced droplet diffusion, this study required the use of flow-

compensated NMR PFG techniques to correct for the phase shift encoded due to very minor 

imperfections in the gradient coil orientation (within the NMR apparatus). By doing so, the shear-

induced droplet diffusion phenomenon (perpendicular to the main flow direction) was effectively 

isolated. It also required measurement of the initial emulsion DSD and subsequently a novel 

inclusion of the induced droplet diffusion effect on the detected NMR PFG signal description, as 

detailed below. The resultant diffusion data are subsequently compared against existing literature 

detailing shear-induced particle diffusion and discussed. 

4.2. Background 

4.2.1. Relevant NMR Theory 

The relevant underpinning NMR diffusion measurements and emulsion droplet sizing 

techniques have been discussed in section 2.2.6. Brownian motion of the actual droplets 

themselves can be described by the Stokes-Einstein equation: 
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However, the contribution to signal attenuation (S/S0) from such Stokesian dynamics of 

the particles is almost always insignificant (e.g. in the work of  Johns and Hollingsworth (2007), 

Johns (2009), Garasanin et al. (2002)). When the emulsions are flowing however, an additional 

contribution to signal attenuation will occur due to the velocity distribution experienced by the 

particles or droplets (note that it is the distribution of velocities that is relevant, no additional 

signal attenuation would occur in the case that all droplets experienced the exact same velocity). 

This can be partially negated by the application of flow-compensated NMR pulse sequences 

(Johns and Gladden, 2002), which eliminate the contribution of any coherent transport to the 

attenuation of the NMR signal. In the current work however, both of the following contributions 

to the measured value of S/S0 (the signal attenuation) need to be accounted for: 

(i) diffusion within the droplets (as expressed for an emulsion via equation (2-19) and (2-20)) 

and;  

(ii) incoherent motion of the droplets due to collisions (shear-induced diffusion) - these are 

detailed below. 

4.2.2. Relevant Shear-Induced Diffusion Theory 

Non-colloidal droplets or particles in suspensions, even at low Reynolds numbers, exhibit 

diffusion-like motion due to hydrodynamic interactions with their neighbours (Breedveld et al., 

1998). This diffusion-like motion is known as shear-induced diffusion (Eckstein et al., 1977, 

Leighton and Acrivos, 1987) and it is responsible for a variety of interesting rheological 

phenomena (e.g. velocity profile blunting (Hampton et al., 1997), viscous re-suspension 

(Leighton and Acrivos, 1987), meniscus accumulation (Ramachandran and Leighton Jr, 2007) 

and segregation in multi-component suspensions (Kumar and Graham, 2012)). For smooth non-

deformable spheres, shear-induced diffusion results from multi-particle interactions as pairwise 

interactions do not generate a net cross-flow displacement (Leighton and Acrivos, 1987). 

However, for roughened spheres (Da Cunha and Hinch, 1996) and deformable droplets 

(Loewenberg and Hinch, 1997) pairwise interactions do generate a net cross-flow displacement. 

For dilute suspensions, shear-induced diffusion is proportional to the product of the collision 



40 

 

frequency (which in turn is proportional to   ̇, where   is the droplet volume fraction and   is 

the shear rate) and the average square displacement per collision (which is proportional to 
2a , 

where a  is the droplet size) (Da Cunha and Hinch, 1996): 

2aD c  (4-5) 

where D  is the shear induced diffusion coefficient, c  (consisting of cx, cy, cz; where x, y, z refers 

to the flow, velocity-gradient and vorticity directions) is a coefficient that depends strongly on 

the droplet-suspending fluid viscosity but weakly on capillary number:  

/Ca a   (4-6) 

where   is the interfacial surface tension (Loewenberg and Hinch, 1997). D  is anisotropic: the 

value of cy for diffusion in the direction of the velocity gradient can be more than an order of 

magnitude greater than that along the vorticity direction cz (Loewenberg and Hinch, 1997). 

Most practical applications in which droplet diffusion is of interest involve suspensions 

in which the particle concentration spatial distribution is non-uniform with the result that a shear-

induced particle flux is created from regions of high concentration to low (Acrivos, 1995). In this 

case, known as gradient shear induced diffusion (Phillips et al., 1992), the diffusion coefficient 

gD  describing the shear induced flux is written akin to equation (4-5) as 

2

g gaD c  (4-7) 

As droplet collisions from the high concentration side are more frequent than those from 

the low concentration side cg is generally greater than c (Loewenberg and Hinch, 1997, Da Cunha 

and Hinch, 1996); cgy is at least twice cy (Loewenberg and Hinch, 1997) and for rough spheres cgy 

= 6cy (Da Cunha and Hinch, 1996). For deformable droplets the relationship between gc and c 

has not been established; however Loewenberg and Hinch (1997) found that droplets in a dilute 

emulsion have significantly larger shear-induced diffusivities than for equivalent rough spherical 

‘hard’ particles. 

For the experimental work presented here, the shear induced diffusion coefficient being 

measured is out of equipment necessity in the directions perpendicular to that of the flow in a 

capillary ( x ). Therefore, the measurement determines shear-induced diffusion in both the 

velocity gradient ( y ) and local ‘vorticity’ ( z ) directions (see Figure 4-1(b) for a schematic of 

these directions); as such the relevant measured diffusion coefficient is: 

2

, ,yy zz y zD a h  (4-8) 

where ,y zh  is a combination of cy and cz.  ,yy zzD  is effectively the mean of yyD and zzD where D 

is the following tensor: 
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At non-dilute volume fractions (   > 0.10), Sierou and Brady (2004) conducted 

accelerated Stokesian dynamics (ADS) simulations and observed that for non-Brownian spherical 

non-deformable (hard) particles: (i) at 0.10 <   < 0.30, 
yyD and zzD  are proportional to 

2  , and 

(ii) 
yyD  plateaued at higher   values due to decreased displacements associated with particle 

collision (a crowding effect). This non-dilute regime (0.10 <   < 0.30) covers the water 

concentration range that is considered here. For non-Brownian hard-sphere particles at 0.05 ≤   

≤  0.40, Leighton and Acrivos (1987) extracted values for the shear induced diffusivity at 

constant stress, which they fitted with the following expression: 

2 8.8

,

1 1
(1 )

3 2
yy zzD e    (4-10) 

while Phillips et al. (1992) considered and developed the following expression for non-Brownian 

hard sphere particles over the range 0.40 ≤   ≤ 0.60: 

2 0
,

1
0.65yy zz

R

d
D

d




 
  (4-11) 

where R  is the effective relative viscosity of the suspension: 
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These expressions (equations (4-10), (4-11) and (4-12)) were found to be in reasonable agreement 

with the simulation results of Marchioro and Acrivos (2001), who also found that gD was an 

order of magnitude greater than D  over a range from 0.15 ≤    ≤  0.45, indicating the 

importance of spatially non-uniform particle concentration to the magnitude of shear induced 

diffusivity. Based on observations by Loewenberg and Hinch (1997) in the dilute regime, that 

deformable droplets have higher diffusivities than roughened spheres, it is expected thus that 

deformable sphere shear-induced diffusivities will be significantly larger than those previously 

observed for non-deformable spheres at larger concentrations. 

4.3. Materials and Methods 

4.3.1. Experimental Measurements 

For this study two different W/O emulsions were studied with different oil phase 

composition: a water in paraffin oil emulsion stabilized with Span 80 Sorbitan (monooleate) 

surfactant and a water-in-crude-oil emulsion, sourced from a local West Australian field and 
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stabilized by its natural surfactant content (Sjöblom et al., 2007), which was found to be in excess. 

All emulsions remained stable over, at least, a 24-hour period; all NMR measurements were 

performed less than 2 hours after emulsion formation.  The water-in paraffin oil emulsions were 

stabilized with a minimum of 0.5 wt% Span 80; the exact content of which was increased with 

increasing water content to ensure a sufficiently consistent droplet size distribution between 

samples. Span 80 was chosen as it is generally more soluble in oil than water and readily forms 

water-in-oil emulsions (Ruckenstein, 1996, Schramm, 2005, Taylor, 2011, Morales et al., 2011). 

The Span 80 were purchased from Sigma Aldrich, Australia at purities in excess of 99 mol%. 

Deionised water was used in the formation of all emulsions and all water concentrations are 

reported in wt%. 

Each water-in-oil emulsion was prepared in 200 ml batches using a high shear 

homogenizer (Miccra D8, ART-moderne Labortechnik, Germany). The samples were 

homogenized for 30 minutes at 17800 rpm (with a maximum local shear rate of 39 000 s-1). NMR 

measurements were performed on the emulsions, with increasing water content, up to the 

emulsion inversion point (PIP from a W/O to a O/W emulsion), as determined using conductivity 

measurements performed with an Aqua-CP conductivity-TDS-pH-Temperature meter (TPS, 

Rowe Scientific, Australia). 

A schematic of the experimental set-up used for all emulsion droplet diffusion 

experiments is shown in Figure 4-1(a). A syringe pump (Fusion Touch 200, Chemyx) was used 

to pump the emulsion through a 5-mm outer diameter tube located vertically through the NMR 

magnet, at a range of velocities, with diffusion measurements being performed in a direction 

transverse to the flow direction at each velocity (and hence shear) value. Figure 4-1(b) 

schematically shows the direction of flow, as well as the velocity (x), velocity gradient (y) and 

local vorticity (z) direction. 

The NMR pulse sequence used for all measurements was the flow compensated 

stimulated spin echo (SSE) PFG, as shown in Figure 4-1(c) (Johns and Gladden, 2002, Callaghan, 

1997a), which is modified from the original STE PFG pulse sequence (Figure 2-15). Distributions 

of velocities (such as in laminar capillary or pipe flow) result in a distribution of phase in the 

detected NMR signal from a conventional PFG sequence and, consequently, a reduction in the 

value of 0/S S , as appears in equations (2-11) and (2-12) . In the flow compensated pulse 

sequence, as appears in Figure 4-1(c), the displacement due to flow of each individual molecule 

during the initial time period, / 2 , is equal to the displacement due to flow of the molecule 

during the second / 2  time period (assuming no change in velocity during  ). Consequently, 

they experience a zero-net phase shift and hence the effect of flow on the NMR signal, S , is 

eliminated. Thus, the flow-compensated sequence is sensitive to all temporally incoherent motion 

(and hence diffusion) whilst compensating for, and hence removing the effect, of temporally 

coherent motion (flow). 
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(a)  

 

(b)  

 

(c) Flow compensated NMR PFG pulse sequence 

 

Figure 4-1. (a) Schematic of the experimental set-up; (b) Direction of flow, velocity-gradient 

and vorticity; (c) Flow compensated NMR PFG pulse sequence used for the diffusion 

measurements. 

The observation time (  ) used in all diffusion experiments conducted was 400 ms, the 

gradient pulse length ( ) was 4 ms and the gradient strength ( g ) was increased from 0 to 1 T/m 

in 16 increments. In principle, a PFG sequence without flow compensation could be used to 

measure the shear-induced diffusion in the direction transverse to flow; however, this would 

require perfect alignment of the magnetic field gradient and the flow direction to completely 

remove the influence of flow on the NMR measurements. Hence to ensure adequate accuracy, it 

is preferable to perform the required diffusion measurements using the flow-compensated PFG 

pulse sequence as shown in Figure 4-1(c), as will be demonstrated below. 

   Figure 4-2 presents the signal attenuation (S/S0) as measured for pure crude oil fluid as 

a function of shear rate and a 20 wt% water in crude oil emulsion. The effective mean shear rate 

( ) is estimated as: 

8

3

Q

Ar


 
  

 
, (4-13) 

where Q  is the volumetric flow rate, A  the pipe cross section area and r  the pipe inner radius 

(Seo et al., 2014). In Figure 4-2(a), the signal attenuation is measured for the crude oil using a 

conventional PFG pulse sequence with no flow compensation. Increasing flow (and hence shear 

rate) clearly results in an unwanted reduction in signal attenuation (S/S0) despite the gradients and 

flow direction being nominally orthogonal. Figure 4-2(b) shows the corresponding data to Figure 

4-2(a), when the flow-compensated PFG pulse sequence is applied. The data are consistent; a fit 

of equation (2-10) produces a 0D   value range of 2.68-2.72 x 10-10 m2/s. Clearly the effects of 
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flow, and in particular coherent motion, have been compensated. However, the in-flow and out-

flow from the r.f. coil can still degrade the signal intensity of the sample and thus the signal to 

noise ratio. Therefore, there is an upper limit of the sample flow rate, above which the SNR will 

be unacceptable. Based on the data shown in Figure 4-2(a), as well as 1D imaging data, the 

alignment between the applied gradients and the flow axis of the sample is estimated to be 89.93°, 

indicating the stringent requirements of the current measurements and hence the necessity for the 

use of flow-compensated PFG pulse sequences (as shown in Figure 4-1(b)) in this particular 

application. In Figure 4-2(c), the flow-compensated pulse sequence is applied to a sample W/O 

emulsion (20 wt% water in crude oil) and it is observed that the attenuation of the NMR signal 

(reduction in the value of S/S0) is clearly increasing as the flowrate (shear rate) is increased. This 

additional attenuation is a consequence of shear-induced diffusion in the transverse direction to 

flow due to droplet collisions. The droplet size distribution obtained by analysing the dataset as 

shown in Figure 4-2(c) will be biased and appeared to be artificially larger. Therefore, the 

extraction of this shear-induced diffusion ( ,yy zzD ) from data such as in Figure 4-2(c) is not trivial, 

and is now detailed. 

Figure 4-2. Experimentally measured signal attenuations for: a) pure crude oil measured 

using the conventional SSE PFG pulse sequence; b) pure crude oil measured using the flow 

compensated SSE PFG pulse sequence and c) water in crude oil emulsion using the flow 

compensated SSE PFG pulse sequence (water droplet signal exclusively) at different 

effective mean shear rates measured as detailed above in s
-1

. 

(a) 

 

(b) 

 
(c) 
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4.3.2. Extraction of the Shear-Induced Diffusion Coefficient, Dyy,zz 

The first step of the data analysis is to fit signal attenuation data, measured for the relevant 

static W/O emulsion samples with equation (2-20) so as to determine the emulsion droplet size 

distribution— ( )P a . Bearing in mind that the shear rates applied to the emulsion during 

measurements are significantly smaller than those during emulsion formation, it is reasonable to 

assume the variation in droplet size distribution due to increasing flowrates is negligible. This 

was frequently checked (usually after each flowrate measurement) and found to be consistently 

the case.  

  The shear-induced diffusion coefficient term, 
,yy zzD  can be amended to equation (2-19)  

as shown in equation (4-14).  

 3
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3
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( , ) ( , )
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 (4-14) 

where ,( , )yy zzR D g  is defined in equation (2-10) (here ,yy zzD  simply replaces 0D ) and 

determines the NMR signal attenuation due to the shear induced droplet diffusion. Similar to 

equation (2-19), the denominator of equation (4-14) is a constant for a given emulsion and thereby 

can be neglected. As the experimental data are acquired in a discrete way, it is necessary to 

discretise the integral in the numerator of equation (4-14) and rewrite it as: 
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(4-15) 

The only free parameter in this equation is ,yy zzD (the shear-induced diffusion coefficient), ( ( )P a

having already been measured) which can be readily determined by regression of equation (4-15) 

to the relevant experimental data, _i flowb  . Equation (4-14) and (4-15) can be extended to consider 

a distribution of ,yy zzD : 
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(4-17) 

where ,( )yy zzP D is the probability distribution of ,yy zzD  and can be extracted from equation (4-17) 

using regularization techniques as employed (and detailed above) to determine ( )P a  from 

equation (2-20).   

Following analysis of the data based on equation (4-15) and (4-17), the relationship 
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between diffusion and droplet size was further investigated with a more specific function. 

Consistent with the discussion above that the shear induced diffusion coefficient, 
,yy zzD , is 

proportional to 2a  (as presented in equations (4-5) and (4-8)) and the almost inevitable fact that 

the emulsions contain a distribution of droplet sizes, we also fit the following expression to the 

relevant experimental data: 

    2
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  (4-18) 

In equation (4-18), it is assumed that  
2

,yy zzD k a . Note that equation (4-18) still only 

contains one free parameter, k  , as is the case for equation (4-17). 

4.4. Results and Discussions 

4.4.1. Emulsion Characterisation 

For the emulsion droplet systems under investigation ( Ca  << 1, Pe >> 1) droplet 

breakup is negligible, while shear-induced diffusion is the major dispersion mechanism in the 

velocity gradient (y) and ‘vorticity’ (z) directions (Loewenberg and Hinch, 1997). As the droplets 

are stabilized by the surfactants, and the emulsion droplet size distributions (DSD) observed after 

each experiment showed no significant change, negligible coalescence is observed. The small 

droplet-to-capillary ratio ( /a R << 1) precludes any significant effects due to droplet drift away 

from the bounding wall (Smart and Leighton Jr, 1991), whilst the use of small shear rates (  = 1 

to 2 s-1) leads to negligible inertial effects ( 0Re / 1p u a   ). Buoyancy effects are 

negligible due to comparatively small droplet sizes (< 10 µm) and short observation times ( = 

0.4 s). Entrance effects are similarly negligible as the dimensionless entrance length (tube length 

over tube radius, L/R) used is on the order of 1000. 

Figure 4-3 shows the emulsion droplet size distributions measured for the various 

emulsions (as a function of water content) as determined using conventional PFG on stationary 

samples and application of equation (2-19) and (2-20). Figure 4-3(a) shows the distributions for 

the water in paraffin oil emulsions stabilised by Span 80 and Figure 4-3(b) shows the distributions 

for the water in crude oil emulsions. The mean droplet size in the case of the water-in-paraffin oil 

emulsions stabilised by Span 80 increased from 5.9 µm for the 10 wt% water W/O emulsion to 

8.97 µm for the 30 wt% water W/O emulsion, whereas in case of the water-in-crude oil emulsions 

the mean droplet size increased from 2.16 µm for the 20 wt% water W/O emulsion to 2.42 µm 

for the 40 wt% water W/O emulsion. By varying the concentration of Span 80 (from 0.25 wt% to 

0.7 wt%), some control was thus exercised over the water-in-paraffin oil’s emulsion droplet size 

distribution, which showed only a small increase in the mean droplet size as the emulsion phase 

inversion point (35 wt% water) was approached (in which case the dispersed phase of the 
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emulsion becomes the continuous phase as discussed in Chapter 3). The water-in-crude oil 

emulsions studied displayed a broader DSD than the water-in-paraffin oil emulsion. This is 

possibly because the water-in-paraffin oil emulsion is stabilized by just one surfactant and the 

paraffin oil has a simple chemical structure, whereas for the water-in-crude oil emulsions multiple 

factors affect and contribute to the droplet size distribution, such as natural surfactant types and 

concentration, oil composition, pH, surface tension, and temperature (Hoshyargar and 

Ashrafizadeh, 2013, Sjöblom et al., 2007). 

Figure 4-3. Droplet size distributions (DSDs) for (a) water-in-paraffin oil stabilized with 

Span 80 and (b) water-in-crude oil emulsion, for different water concentrations. 

(a) 

 

(b) 
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4.4.2. Sample Experimental Data 

Figure 4-4 shows sample water signal attenuation data for 10% and 30% water 

concentration W/O (paraffin oil) emulsions flowing at shear rates of 0, 1.03 and 2.06 s-1 

respectively.  In the case of 0 shear rate, the fit of equation (2-19) to the experimental data is 

shown. This fit allows the emulsion droplet size distribution ( ( )P a ) to be determined. Once the 

system is in a dynamic condition, flowing at different shear rates, as presented in Figure 4-2(c) 

and Figure 4-4(a), the signal attenuation increases with shear rate, which is indicative of higher 

droplet diffusion, as a consequence of an increased collision rate between the water droplets in 

the respective sample. In Figure 4-4(b), where the water content is higher than in Figure 4-4(a), 

it is apparent that the signal is more attenuated for the flowing sample at the same shear rate 

(1.03s-1). This larger diffusion is also indicative of increased water droplet collisions caused in 

this case by a larger sample water content (and thus higher concentration of droplets).  

Equation (4-17) was fit to the data in Figure 4-4 (for flowing measurements) enabling 

,( )yy zzP D  to be determined.  These are presented in Figure 4-4(c) for the measurements at a shear 

rate of 2.06 s-1 for water contents of 10 and 30 wt% respectively.  The increase in ,yy zzD  is evident 

as water content is increased. Once the ,( )yy zzP D distributions were obtained, the mean value of 

,yy zzD  ( ,yy zzD ) was determined and used to collate and compare all measurements as presented 

in the next section.  

(a) 
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(b) 

 

(c) 

 

 

Figure 4-4. Signal attenuation for (a) 10 wt% and (b) 30 wt% water-in-paraffin oil emulsion 

stabilized with Span 80 at mean apparent shear rates of 0, 1.03 and 2.06 s
-1

. The zero shear 

rate experimental data are fitted with equation (2-20), whereas the non-zero shear rate 

experimental data are fitted with equation (4-17); c) shear induced  probability 

distribution for 10 wt% and 30 wt% water in paraffin oil emulsion stabilized with Span 80 

at 2.06 s
-1

 shear rate. 

4.4.3. Shear-induced Diffusion Data 

Figure 4-5(a) shows the mean shear-induced diffusion ( ,yy zzD ) data for the paraffin oil 

emulsions as a function of water content and shear rate. ,yy zzD increases as a function of water 

content and, to a lesser extent, mean shear rate.  In Figure 4-5 (b), all the ,yy zzD  data for the 

,yy zzD
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paraffin oil emulsions are normalized by 
2a  (as per equation (4-5)) where   represents the 

shear rate and a  is the mean  particle radius. In Figure 4-5(c), all the ,yy zzD data plotted for the 

crude oil emulsions are also normalized by 
2a .  Also shown in Figure 4-5(b) and (c) is the 

estimation of ,yy zzD by accelerated Stokesian dynamic (ASD) simulations as produced by Sierou 

and Brady (2004) for hard non-deformable spheres. This simulation data is also shown multiplied 

by 85 and 7.5 respectively in Figure 4-5(b) and (c) respectively, such that it overlaps the emulsion 

dispersion data, to aid our discussion below. The solid line presents the fit to the paraffin oil 

experimental data in terms of a 
2 dependency. 

(c) 

 

Figure 4-5. (a) Shear-induced diffusion coefficient obtained by fitting the experimental 

results to equation (4-17) for water-in-paraffin oil emulsion at different shear rates 

(measured in s
-1

) and water contents; (b) normalized shear induced diffusion coefficients 

obtained for different water cuts for water-in-paraffin oil emulsions at different shear rates 

and compared to the estimation of D obtained by accelerated Stokesian dynamics (ASD) for 

hard non-deformable spheres produced by Sierou and Brady (2004). The solid line shows 

the  dependency, and (c) normalized shear induced diffusion coefficients obtained for 

different water contents for water-in-crude oil emulsions at different shear rates. 

2

(a)  

 

(b) 
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Figure 4-6 shows the normalized (by 
2a ) ,yy zzD  data obtained for the paraffin oil 

emulsions at different water concentrations and at different shear rates compared to the gradient 

shear induced diffusion (
/ /D ) results obtained by Marchioro and Acrivos (2001) for non-

deformable hard sphere particles. The predictions of equations (4-10) and (4-11) (presented by 

Marchioro and Acrivos (2001) but introduced by Leighton and Acrivos (1987) and Phillips et al. 

(1992) respectively) are also shown. Again, consistent with literature expectation, the deformable 

(emulsion) droplets present a greater normalized diffusion coefficient compared to non-

deformable hard-spheres undergoing gradient shear induced diffusion. Interestingly the slope of 

our experimental data is broadly consistent with that contained in equation (4-11) (in particular). 

 

Figure 4-6. Normalized shear induced diffusion coefficients obtained for different water 

cuts at different shear rates and compared to the experimental data obtained for hard 

sphere particles by Marchioro and Acrivos (2001) and to the equation (4-10) and (4-11). 

 With reference to equation (4-18), all the experimental data for both oil types with the 

following expression, 
2

,yy zzD k a , and as detailed in equation (4-18), where the required 

distributions of a  are sourced from Figure 4-3.  This is consistent with the description of shear-

induced diffusion (equations (4-8) - (4-10)) which features a linear dependency on 
2a .   Equation 

(4-18) features a single free parameter – k  .  All the data are also fitted for both oils with equation 

(4-15), which equivalently features a single free parameter ,yy zzD . In terms of the improvement 

in quality of fit, the total sum of errors squared (between the predicted and actual values of 0/S S ) 

across 42 measurements of both paraffin oil and crude oil W/O emulsions reduced from 0.14 to 

0.058 when equation (4-18) was utilized as opposed to equation (4-15). Clearly this is broadly 

consistent with the value of ,yy zzD  scaling with 
2a . This improvement of quality of fit did not 

correlate with water content or imposed shear rate.  For completeness, the dependency of k" on 

shear rate and water content is shown in Figure 4-7. 
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Figure 4-7. (as shown in equation (4-18)) for different water contents and at different 

apparent mean shear rates (measured in s
-1

). 

4.5. Conclusions 

 Bench-top NMR PFG methods have been shown to be able to differentiate between 

restricted diffusion inside emulsion droplets and the transverse shear-induced droplet diffusion 

that occurs as the droplets flow and collide along a capillary. This required the use of the flow-

compensated NMR PFG pulse sequence, in this case to eliminate minor geometric misalignment 

between the imposed gradient and the flow direction (which should be perfectly perpendicular). 

The resultant values obtained for the shear-induced diffusion data were considerably larger than 

literature data for equivalent hard-sphere systems (Sierou and Brady, 2004, Da Cunha and Hinch, 

1996, Leighton and Acrivos, 1987) including those for concentration gradient shear induced 

diffusion (Acrivos, 1995, Marchioro and Acrivos, 2001)—as hypothesized, this was consistent 

with literature expectations (Marchioro and Acrivos, 2001, Leighton and Acrivos, 1987, Phillips 

et al., 1992) for very dilute soft sphere systems but was demonstrated here for the first time in 

concentrated emulsion systems.  At low to intermediate concentrations, similarities in the 

behaviour of soft and hard spheres were evident however, notably a 
2  dependency for the shear-

induced diffusion coefficient.  The value of the measured diffusion coefficient as a function of   

peaked however as the emulsion inversion point was approached. This new experimental data, 

obtained through appropriate NMR experiments, provides an opportunity for modelers to 

compare their results across a very wide range of concentrations, and also to consider how to 

quantitatively include semisolid/deformable spheres.   

   

k 
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5. Emulsion Characterisation: By-line Droplet Sizing 

In Chapter 4, it was effectively demonstrated that flow compensated PFG techniques 

could eliminate the effect of individual droplet flow on emulsion droplet sizing measurements, 

but not the effect of shear-induced droplet diffusion due to droplet collisions. Whilst the ability 

to consequently measure this parameter (the shear-induced diffusion coefficient Dyy,zz) is valuable 

in multiple scientific fields, it does serve to distort the measured NMR signal attenuation and the 

required assumption for emulsion droplet sizing that it is due to emulsion droplet size alone.  In 

principle it would be possible to generate an estimate of Dyy,zz based on droplet volume fraction 

and imposed shear rate, and use this to determine the actual droplet size (essentially inverted the 

process detailed in Chapter 4).  This relationship is however not yet established in a sufficiently 

quantitative context (as can be concluded from the data and associated discussion in Chapter 4) 

to reliably use it to correct NMR signal attenuation data for flowing emulsions.   

In the current chapter, a by-line bench-top Nuclear Magnetic Resonance (NMR) device 

was developed and implemented with temporary stop-start flow control in order to eliminate the 

effect of flow during actual NMR measurement periods.   This was applied to a range of water-

in-crude oil emulsions; this required the implementation of a data normalisation procedure to 

account for variations in phase distribution in the actual measured volume (which was repeatedly 

replenished during the course of a measurement) – this is detailed below. This by-line apparatus 

was subsequently demonstrated to unambiguously and noninvasively quantify the effect of three 

commercial demulsifiers on water-in-crude oil emulsion stability. Finally, a rapid version of 

NMR PFG technique, Difftrain, was successful incorporated into a PID control loop where 

measured mean emulsion droplet size was controlled based on impeller speed of an emulsion 

mixing device effectively incorporated into the loop. Collectively it can be argued that these 

developments move benchtop NMR closer to direct industrial application.      

5.1. Introduction 

Representative and accurate sampling is one of the most important required procedures 

during emulsion characterisation. Characterisation or measurement of the whole bulk emulsion 

requires a significant amount of time, energy, money and effort; and hence it is simply not feasible. 

A (comparatively very) small sample is thus generally collected from the bulk material for 

measurement and the simple subsequent assumption is that this is representative of the whole 

emulsion.   The ‘magnitude’ of this assumption and be reduced and the overall accuracy improved 

by multiple sampling followed by appropriate signal averaging.  In the experiments presented in 

this chapter, such multiple repetitions are employed in a fairly unique manner.  The sampling 

volume in our measurements is determined by the measurement volume of the NMR device 

employed – the Magritek 1T system (Figure 2-18) as detailed in section 2.4 

Manual sample collection is, at the very least, time-consuming and subject to human error 
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and therefore, sample collection needs to be automated for greater efficiency and precision. 

Clearly in order for NMR based emulsion droplet sizing to be practiced in industrial 

emulsification processes, automation of the process is a necessity.  Such automation can be 

achieved with the implementation of by-line or on-line sampling and measurement configurations 

where these are applied to a process flow stream generally connecting two unit operations or 

sample storage entities. By-line refers to the measurement setup that consists of a separate sample 

collection line (which does not disturb the main process line significantly – i.e. it is much smaller 

in volumetric flowrate) where the sample is returned to the main process line following 

completion of the required measurements.   On-line refers to when measurement is performed on 

the main operating process line and essentially thus requires no sampling (although in practice, 

depending on what volume of the process line the measurement is sensing, effective volume 

sampling can occur – an example would be optical measurements of emulsion droplets near the 

surface of the main process piping).  

With the implementation of a by-line or an on-line sampling and measurement 

configuration, the sample being analysed can constantly be replaced by a refreshed sample while 

the measurements are being conducted. Clearly a by-line configuration is generally easier to 

implement but is in principle less representative of the main process stream.   

In section 2.2.6 and throughout Chapter 3, NMR PFG measurements were demonstrated 

for the measurement of emulsion DSDs, but were applied to stationary emulsion samples. In this 

chapter, the focus is now turned towards its use for on-line or more specifically by-line 

characterisation of emulsions, ultimately with the intention of possible future industrial 

application of the NMR-based droplet sizing protocols. By-line measurement generally involves 

the automated extraction, measurement and return to the process stream of a fluid sample; it is 

demonstrated here by the use of a bench-top NMR apparatus and its effective integration into a 

by-line measurement protocol during various emulsification processes. Its ability to both quantify 

the effect of various commercial chemical de-emulsifier products on droplet size in a water-in-oil 

emulsion and its use to automatically control an agitator used for emulsification purposes are also 

demonstrated in this chapter. 

5.2. Methodology 

5.2.1. Diffusion and Droplet Size Measurements 

NMR diffusion measurements were predominately conducted using the stimulated echo 

pulsed field gradient sequence (STE PFG) (Johns and Hollingsworth, 2007) shown schematically 

in Figure 2-15. Relevant details regarding diffusion measurement and emulsion droplet sizing 

using STE PFG can be found in section 2.2.6. In addition to the STE PFG method shown in Figure 

2-15, further diffusion measurements were also performed using the more rapid Difftrain NMR 

pulse sequence (Stamps et al., 2001, Mitchell and Johns, 2009, Hollingsworth et al., 2004). As 
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the Difftrain pulse sequence is an extension or modification of the bipolar alternating pulsed 

gradient stimulated echo (APGSTE) pulse sequence, the APGSTE pulse sequence will first be 

discussed. Similar to STE PFG, the APGSTE pulse sequence (as shown in Figure 5-1) consists 

of a series of 90º and 180º r.f. pulses along with encoding and decoding magnetic field gradient 

pulses. The APGSTE pulse sequence also features homospoil gradients that remove any coherent 

gradient echoes and undesirable coherent spins. The first part of the pulse sequence (up to the 2nd 

90° pulse) basically excites the spin ensemble into the transverse plane, provides spatial encoding 

and returns it for storage. Almost at the end of the observation period,  , the spin ensemble is 

returned into the transverse plane (by the third 90° pulse) and decoded prior to signal acquisition. 

The signal attenuation, as a result of incoherent phase shifts during the observation period 

between the encoding and decoding gradient pulses, , can be approximated using the Stejskal-

Tanner equation (2-10) as previously discussed in section 2.2.6.  The APGSTE pulse sequence is 

generally employed in the study of porous media (e.g. rock cores) as it has the capability to 

minimise the influence of background magnetic gradients. This is achieved by the bipolar gradient 

pairs applied in the encoding and decoding periods.  The 2nd magnetic field gradient of each of 

these pairs is refocussed by the 180° pulse and thus operate in the same direction and cause a 

cumulative phase accumulation.  The same is not true of background magnetic field gradients, 

the imparted phase shift of which due to the period before the 180° pulse is immediately 

refocussed by the period after the 180° pulse.    

As mentioned earlier, the Difftrain pulse sequence is a modification of APGSTE pulse 

sequence and it is shown schematically in Figure 5-2. It includes a small tip angle β r.f. restore 

pulse and an echo train (of n loops as shown in Figure 5.2) for rapid measurement. The tip angle 

β of the restore pulse determines the proportion of the spin ensemble (NMR signal) returned to 

the transverse plane from storage. The signal of each successive echo in the train is then measured 

and is separated by an increasing observation time, inc . In short, the NMR signal, S, is thus 

measured as a function of total observation time, inc n)a     . The computation of 

emulsion droplet size is similar to the procedures discussed in section 2.2.6 with the only 

difference being that the gradient strength (g) is no longer the variable that is varied, the 

observation time,   is varied instead (further details as to Difftrain’s development and 

implementation can be found  in the work of Buckley et al. (2003), Hollingsworth et al. (2004), 

Davies et al. (2007) and Mitchell and Johns (2009)). The value of  is progressively increased 

through the train to account for the reduction in the pool of NMR signal available (after each 

restoration pulse, this is reduced by sin) and T1 relaxation as  is increased.  Critically, the 

Difftrain pulse sequence reduces the total acquisition time of the measurements by a factor of 

eight in the work presented here.  It is, however, more sensitive to the available signal-to-noise 

ratio (SNR) given the smaller restoration pulse flip angle and as such is less readily applied on 

benchtop NMR apparatus or on water-in-oil emulsions featuring a comparatively low water 
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content. 

 

Figure 5-1. The alternating pulsed gradient stimulated echo pulse sequence (APGSTE). 

 

Figure 5-2. The Difftrain NMR pulse sequence. The NMR signal, , is measured as a 

function of , which is incremented via a series of loops as indicated. The tip angle, β, is 

progressively increased through the measurement as detailed in Davies et al. (2007). 

5.2.2. Emulsion Sample Details 

Initial testing of the PFG STE methodology was performed using both de-ionised (DI) 

water and paraffin oil.  Measurements were then performed using three water-in-oil emulsion 

samples.  Emulsions A and B were formulated using local Western Australian crude oils (as 

supplied by local producers); these emulsions were stabilised by natural surfactants in the crude 

oils.  Emulsion C was a water-in-oil emulsion formulated using paraffin oil and was stabilized 

using the non-ionic surfactant, Span 80 (C24H44O6, 0.5 wt% with respect to the oil phase) which 

is known to form W/O emulsions (Ruckenstein, 1996, Schramm, 2005, Taylor, 2011, Morales et 

al., 2011).  Further measurements with the Difftrain pulse sequence were also performed on 

Emulsion D, a Toluene-in-water sample stabilised by the non-ionic surfactant Tween 80 

(C64H124O26).  Paraffin oil, Toluene, Span 80 and Tween 80 were all purchased from Sigma 

S
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Aldrich, Australia. Table 5-1 summarizes various characteristics of the four emulsions studied: 

Table 5-1. Emulsion test samples. 

Emulsion Droplet 

Phase (wt%) 

Continuous Phase Continuous 

Phase Density 

Continuous 

Phase Viscosity 

A DI Water 

(30 wt%) 

Crude Oil A 0.81g/mL 12 mPa∙s  

(25°C) 

B DI Water 

(30 wt%) 

Crude Oil B 0.80 g/mL 10 mPa∙s  

 (25°C) 

C DI Water 

(20 wt%) 

Paraffin Oil 

(Span80 – 0.5 wt%) 

0.83 g/mL 110 mPa∙s  

(20°C) 

D Toluene 

(30 wt%) 

DI Water 

(Tween80 – 1 wt%) 

0.99g/mL 0.90 mPa∙s  

(20°C) 

 

 All initial emulsions were prepared at 17,800 rpm using a high speed Miccra D-9 

homogenizer purchased from ART Prozess & Laborthechnick, GmbH.   Shearing was performed 

for 10 minutes, during which time the emulsion temperature rapidly reached a steady state of ~ 

35°C.  Prior to use all emulsions were stored at room temperature (~ 20°C) in sealed containers 

following preparation.  To further demonstrate the NMR methodology, Emulsion A, was 

monitored in response to three commercial de-emulsifiers (hereafter referred to as de-emulsifiers 

I, II and III) supplied by a local oilfield chemicals provider.  These were applied at 1 wt% (with 

respect to the whole sample) and then the most promising was subsequently applied to Emulsion 

A at concentrations of 0.5, 0.75 and 1 wt%.  The composition of these de-emulsifiers is 

commercially sensitive and unfortunately could not be further specified; however, as the intention 

here is to demonstrate the NMR methodology for by-line characterisation of emulsion droplet 

sizes this was deemed acceptable. 

5.2.3. Apparatus Setup 

Figure 5-3(a) shows the equipment used for the initial measurements.  A pre-prepared 

emulsion stored in a 1 litre vessel was injected using a syringe pump through the NMR apparatus 

at a flowrate of 1 mL/min. As such this represents a direct characterisation of the emulsion.  In 

terms of a by-line configuration, this is shown in Figure 5-3(b).  In this case the emulsion was 

sheared in a continuous flow loop A with a pipe diameter of 10 mm and length of 2 m (featuring 

a 2 litre storage vessel), in which the flowrate was 30 mL/min. Samples were extracted (loop B 

in Figure 5-3(b)) when required for NMR measurements and subsequently returned to the 2 litre 

storage vessel upon measurement completion.  In this manner Loop A was used to apply de-

emulsification treatment (via injection into the storage vessel) whilst the much smaller loop B 

was used for NMR analysis. Figure 5-3(c) shows an agitated vessel or mixing cell of volume 0.14 

litres, stirred by a 6-blade PEEK turbine (impeller diameter of 25 mm and clearance of 16.7 mm) 
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and which contained baffles (5 mm width).  A peristaltic pump was used to periodically extract 

samples for analysis, and then return them to this mixing cell.  The measured mean emulsion 

droplet size was then used to control the rotational speed of the impeller in the mixing cell by 

employing a standard proportional-integral-derivative (PID) control algorithm implemented in 

Labview software.        

(a) Direct Measurement 

 

(b) By-line Measurement 

 

(c) Impeller-Controlled By-line Measurement 

   

Figure 5-3. (a) Configuration used for direct emulsion characterisation using NMR. (b) By-

line emulsion characterisation using NMR. (c) By-line NMR characterisation integrated 

with emulsification control via impeller speed.   
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Measurements performed on the experimental configurations shown in Figure 5-3(a) and 

(b) were conducted in the following manner:  To avoid erroneous contributions from shear-

induced droplet diffusion as discussed in Chapter 4, measurements were performed on 

temporarily stationary samples. The emulsion flow was temporarily stopped (note this process 

was fully automated as schematically shown in Figure 5-3(a) and (b)) and NMR PFG 

measurements performed for up to five increments in magnetic field gradient, g.  The sample was 

then pumped for a minute in order to prevent excessive droplet sedimentation (movement 

downward due to density difference) within the NMR measurement’s field of view when 

considering a water-in-oil emulsion, followed by a 2-minute wait time to minimise the effect of 

inertia on the measurement. NMR PFG measurements were then performed for the subsequent 

five increments in g with the first point being identical in gradient strength to the last point 

measured in the previous series.  Using these two points acquired at identical values of g allowed 

correction for any erroneous loss of signal due to different water (droplet) contents of the volume 

within the NMR measurement region (dictated by the size of the r.f. coil – this is ~4 mm in length). 

An admittedly extreme version of this data normalisation process is shown below in Figure 5-4.      

 

Figure 5-4. Sample data normalisation technique in order to correct for variable 

composition between samples in the measured ‘NMR field of view’ (sample is Emulsion B).   

With respect to the configuration shown in Figure 5-3(c), the mean droplet size was 

determined using the Difftrain pulse sequence shown in Figure 5-2. This enabled measurement 

to be performed on temporarily stationary samples in under 1 minute. The mean droplet size 

determined by this NMR measurement was compared to a set-point value and the speed of the 

motor driving the agitator in the mixing cell adjusted accordingly to reduce the ‘error’. 



60 

 

5.3. Results and Discussions 

5.3.1. Initial Results 

Figure 5-5 shows the measured signal attenuation curves for (a) pure DI-water and (b) 

paraffin oil respectively.  These were acquired using the automated apparatus shown in Figure 

5-3(a) with flow re-activated for five minutes after every forth increment in gradient strength and 

associated acquisition of NMR signal, S. The normalisation process detailed above was then 

subsequently applied.  As expected for these homogeneous single phase samples, the 

normalisation process had no effect. Application of equation (2-10) to Figure 5-5(a) and (b) 

respectively produced values of D0 of 2.27×10-9 m2/s and 4.31×10-11 m2/s respectively for DI-

water and paraffin oil respectively. The value for DI-water is consistent with theoretical 

expectation and relevant literature (Krynicki et al., 1978). 

(a) (b) 

  

Figure 5-5. Signal attenuation measurement data for a single-phase fluid (a) DI-water & (b) 

paraffin oil. 

The apparatus in Figure 5-3(a) and associated methodology were then applied to 

Emulsions A, B and C respectively.  In this case, chemical shift spectral resolution was used to 

select NMR signal from the aqueous phase only. Figure 5-6(a)-(c) shows the resultant NMR 

signal attenuation data (pre- and post-normalisation) for Emulsions A-C respectively for this 

discontinuous water droplet phase. Figure 5-6(d) shows the resultant emulsion droplet size 

distributions (DSDs) following application of the regularisation protocol detailed above.  

Emulsion A was visually the most stable, this is reflected in the data in Figure 5-6(a). Emulsion 

B was particularly unstable (breaking into its constituent parts in under 30 minutes); however, the 

protocol was able to determine a sensible emulsion DSD in this case.  Despite having the ability 

to monitor both stable and unstable emulsions, some prior knowledge is required in terms of 

tuning flushing events and hence sample renewal in the NMR detection field of view. 
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(a) (b) 

  

(c) (d) 

  

Figure 5-6. Signal attenuation measurement data for: (a) emulsion A, (b) emulsion B, (c) 

emulsion C. (d) Droplet size distributions of emulsion A, B and C. 

5.3.2. By-line Measurement 

Given that Emulsion A was clearly the most stable crude oil emulsion, it was selected as 

the main sample to be treated with the three different demulsifiers (I, II and III) at a concentration 

of 1 wt%.  This was applied using the by-line measurement apparatus shown in Figure 5-3(b).  

The treated emulsion was circulated in Loop A (shown in Figure 5-3(b)) for an hour; 

measurements of emulsion droplet size distributions were then performed occasionally over the 

subsequent two hours using Loop B (Figure 5-3(b)).  Figure 5-7(a)-(c) shows the measured DSD 

as a function of time for demulsifiers I, II and III, respectively. Figure 5-7(d) summarises the 

resultant evolution in the mean droplet size as a function of time and clearly shows a large 

variation in the performance of the demulsifiers. Demulsifier I increases the mean droplet size of 

the emulsion the most and, hence, destabilises it most effectively. Demulsifier II and III were, in 

contrast, largely ineffectual. Consequently, further measurements were exclusively performed 

using demulsifier I. 
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(a) (b) 

  

(c) (d) 

  

Figure 5-7. Emulsion droplet size distribution after treatment with demulsfier (a) I, (b) II 

and (c) III. These are presented as a function of time following addition of the demulsifiers 

at a concentration of 1 wt%. (d) Resultant mean droplet size of emulsions treated with 

demulsifiers I, II and III as a function of time. 

Using demulsfier I, the effect of concentration was explored. The evolution in the DSD 

shown in Figure 5-7, was investigated similarly with demulsifier concentrations of 0.5 wt%, 0.75 

wt% and 1.00 wt%, respectively.  Figure 5-8 shows the resultant evolution in the mean droplet 

size as a function of time.  These data indicate that 1 wt% of this demulsifier is necessary to effect 

significant droplet coalescence and hence an increase in the mean droplet size. 

 

Figure 5-8. Mean droplet size of emulsions treated with demulsifer I of different 

concentrations. 
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The subsequent study was carried out on emulsion D using the agitator cell apparatus 

shown in Figure 5-3(c). A sample data set is illustrated in Figure 5-9, which shows the mean 

emulsion droplet size as determined by the Difftrain pulse sequence applied every 2 minutes.  

Using a set point of 30 microns, an ultimate impeller speed of 454 rpm was required to establish 

a steady state condition (no temporal variation in droplet size in the closed system). At 10 minutes 

the droplet size set point was increased to 45 microns, the control software responded and the 

impeller speed was gradually reduced to 180 rpm; a measured mean droplet size of 45 microns 

recorded approximately 20 minutes later.  The set-point was then restored to 30 microns and the 

control software gradually restored the impeller speed to approximately 450 rpm with about ten 

minutes required to restore the mean droplet size to 30 microns. 

 

Figure 5-9. Evolution in the mean emulsion droplet size in response to set-point changes at 

10 minutes (45 microns) and 30 minutes (30 microns) as indicated by the vertical dashed 

lines.  

The PID control scheme used in Figure 5-9 was not optimally tuned and was probably 

over-damped. The objective, however, was to demonstrate that our NMR-based droplet sizing 

methodology could be integrated into a control loop - this was clearly achieved. Moreover, this 

closed-loop system for monitoring and manipulating emulsion droplet sizes potentially opens a 

new avenue for efficiently investigating the dynamics of such dispersions in response to various 

stimuli regimes.  

5.4. Conclusions 

NMR measurements of emulsion droplet size distributions have been shown to be both 

possible and effective in a by-line measurement protocol.  Temporary immobilisation of the 

sample and normalisation of the signal detected from successive fluid elements sampled for 

measurement (by the volume surrounded by the r.f. coil) was required to prevent erroneous 

contributions to the detected signal attenuation due to shear-induced droplet diffusion.  The 

methodology was demonstrated on pure fluids and a range of water-in-crude oil emulsion samples. 

It was subsequently applied to a mixing loop following the separate introduction of three 

commercial demulsifiers.  The influence of these on the evolution of the means emulsion droplet 
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size was remarkably varied but unambiguous.  The performance of the most effective demulsfier 

was subsequently studied as a function of concentration.  Finally, it was demonstrated that via the 

application of the Difftrain NMR pulse sequence, the mean droplet size of an emulsion sample 

could be measured rapidly, and that this can be used to control an impeller speed dictating the 

extent of mixing and hence emulsion droplet break-up. Thus in summary, in this chapter it has 

been collectively demonstrated that NMR PFG is effective for by-line emulsion characterisation 

and that it can be effectively integrated into a control loop. 
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6. Emulsion Breaking: The Effect of CO2 on Oilfield Emulsions 

Stability 

Previous chapters were largely focused on emulsion morphology and development of by-

line emulsion droplet sizing ultimately for possible industrial applications. The following chapters 

shift the focus towards understanding the stabilisation and destabilisation of oilfield emulsions, 

specifically water-in-crude oil emulsions. In this chapter, the emulsion droplet sizing technique 

was directly applied to quantify the effect of comparatively low pressure CO2 in terms of its 

ability to destabilise and break water-in-crude oil emulsions. The effect of various other gases on 

emulsions stability was also explored for comparative purposes. In addition, the continuous 

phase—crude oil, was modified to have asphaltenes and acidic components removed respectively 

to understand the contribution of these components in stabilizing the emulsions and how they are 

related to the subsequent breaking of emulsions with the low pressure CO2. 

6.1. Introduction 

 Through the lifetime of an oilfield, the water cut can increase to in excess of 95 vol% 

(Ferro and Smith, 2007). Crude oil, along with formation water (brine solution) from the reservoir, 

must be transported through wellheads, pumps, pipelines and other processing facilities. The 

vigorous agitation and shearing experienced throughout this transport can result in the formation 

of emulsions, mainly water-in-crude-oil emulsions (Arnold et al., 2004). Such emulsions can 

cause many problems; in particular they are difficult to transport and can be very difficult to 

separate (break) into distinct water and crude oil phases during required downstream processing 

(Alboudwarej et al., 2007, Been et al., 2012). Such separation of the emulsified water is, however, 

usually critical to meet the sales specifications of the crude oil (Kokal, 2006). 

These water-in-crude oil emulsions are commonly stabilized by naturally occurring 

surface-active agents (surfactants) and fine particles. Surfactants are molecules with hydrophilic 

and hydrophobic moieties, allowing them to concentrate at the oil/water interface, stabilising the 

emulsion droplets and reducing the energy required to form emulsions by reducing the interfacial 

tension (Salager, 1994). Natural surfactants found in crude oil are varied and consist of asphaltic 

materials (Hill and Parker, 2003), resinous substances and oil-soluble organic acids (Abdel-Aal 

et al., 2003). Emulsions can also be mechanically stabilized by fine particles: these are much 

smaller than the emulsion droplets and can be clay particles, waxes, mineral scales, corroded 

materials or drilling muds (Kokal, 2006, Whitby and Garcia, 2014). Factors such as particle size, 

interaction between particles and wettability of the particles allow certain fine solids to collect at 

the oil/water interface and stabilize the emulsions (Binks and Horozov, 2006).  

Several methods of breaking water-in-crude oil emulsions (previously discussed in 

chapter 1 and expanded upon here) are employed in industry including the addition of demulsifier 

chemicals, heating, distillation, filtering and gravitational settling (Warren, 2006). However, 
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these methods are generally expensive, ineffective and often not environmental friendly. 

Demulsifier chemicals work by counteracting the stabilizing effect of surfactants, often by 

replacing them at the water-oil interface. Typical demulsifiers are the polymeric chains of 

ethylene oxides, polypropylene oxides of alcohol, ethoxylated phenols, ethoxylated alcohols and 

amines, ethoxylated resins, ethoxylated nonylphenols, polyhydric alcohols and sulphonic acid 

salts (Kokal, 2006). However crude oil chemistry can change significantly through the lifetime 

of a reservoir meaning that the composition of demulsifier treatments often requires frequent 

revision (Satter et al., 2008). Heating is applied to lower the emulsion viscosity and is often used 

in tandem with demulsifiers.  It can also weaken the interfacial film due to thermal expansion of 

the droplets hence enabling greater droplet coalescence. Heat application of course requires 

significant energy input and can also result in the undesirable loss of lighter hydrocarbon content. 

Energy consumption, variable effectiveness and complexity also often characterize emulsion 

breaking methods based on distillation, filtering and gravitational settling (Silset, 2008).   

The work presented here considers the use of comparatively low pressure CO2 gas (10 to 

50 bar) to break water-in crude oil emulsions. Such a treatment is cheap, as it can readily employ 

existing waste gas streams (which are possibly already at an elevated pressure), does not 

contaminate any (depressurised) discharge water or oil products and avoids the use of 

supercritical fluids and hence associated problems with corrosion.  In terms of the effect of CO2 

on emulsion stability, research work conducted thus far, and reported in the open literature, has 

exclusively focused on the application of supercritical CO2. Generally, the results have been 

interpreted in terms of two main mechanistic theories: 

Theory 1, patented by Sjoblom et al. (2002) involves dissolution of the CO2 into the aqueous 

(droplet) phase at elevated (supercritical) pressures, followed by de-pressurisation and formation 

of CO2 bubbles that rupture the water-oil interface stabilised by surfactants (Little, 1990, Burke 

et al., 1991, Auflem et al., 2001). Consequently, droplet coalescence is facilitated, which 

ultimately leads to the breaking of the emulsion.     

Theory 2, proposed by Zaki et al. (2003) contests that asphaltenes precipitate during CO2 

saturation at elevated pressure, causing removal of asphaltenes from the water-oil interface and 

hence resulting in the emulsion becoming unstable. This asphaltenes precipitation phenomenon 

is widely reported and discussed in the literature (Akbarzadeh et al., 2010, Srivastava et al., 1999, 

Zanganeh et al., 2012). 

In this study, NMR PFG techniques were applied to monitor the increase in emulsion 

droplet size for a water-in-crude oil emulsion as a function of CO2 pressure and exposure time. 

This study also considers further exploring the emulsion destabilisation process by replacing the 

CO2 with various other gases of variable solubility in the aqueous and oil phases (for comparative 

purposes in order to explore the influence of gas solubility in both or either the oil or aqueous 

phase on the destabilisation process). The treatment of water-in-crude oil emulsions with either 
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their asphaltene or oil-soluble organic-acid contents significantly reduced was also investigated 

to understand the relevance of these potential emulsion stabilizing agents to the CO2 emulsion 

breaking mechanisms. 

6.2. Methodology 

6.2.1. Emulsion Preparation 

In this study, two water-in-oil emulsions are considered. The bulk of the work is 

conducted using a water-in-crude oil emulsion formulated from a local West Australian crude oil 

(density: 0.81g/mL; viscosity: 10 mPa∙s at 25°C), known to readily form water-in-oil (W/O) 

emulsions. The W/O emulsion was formed using 30 wt. % de-ionised (DI) water. To act as a 

reference, a synthetic emulsion was formulated from paraffin oil (purchased from Sigma Aldrich 

with specified density of 0.83 g/mL and viscosity of 110 mPa∙s at 20°C). A 20 wt. % DI water-in 

oil emulsion was prepared in this case; this was stabilised by the non-ionic surfactant, Span 80 

(C24H44O6, 0.5 wt. % with respect to the oil phase) which was also purchased from Sigma Aldrich 

and which is known to form W/O emulsions (Morales et al., 2011, Ruckenstein, 1996, Schramm, 

2005, Taylor, 2011). The emulsions were prepared using a high speed Miccra D-9 homogenizer 

manufactured by ART Prozess & Laborthechnick, GmbH.  Emulsion samples were prepared in 

110 g batches and were sheared at 17,800 rpm for 10 minutes. The emulsion temperature during 

shearing was monitored and rapidly reached an equilibrium of ~35 °C, the pressure was 

atmospheric. All emulsion samples were stored at room temperature (~22 °C). 

6.2.2. Crude Oil Modification 

Significant literature suggests that naphthenic acids and asphaltenes are two main 

chemical components that contribute to water-in-crude-oil emulsion stabilization (Bestougeff and 

Byramjee, 1994, Gafonova and Yarraton, 2001, Chaverot et al., 2008, Simon et al., 2008). In 

order to elucidate the interplay of CO2 and these components regards emulsion stability, 

asphaltenes and these acids were individually (partially) removed from the crude oil (prior to 

emulsification) as follows: 

6.2.2.1. Asphaltenes Removal 

The asphaltenes removal was carried out using a technique employed by Pradilla et al. 

(2015). The crude oil was diluted with hexane to a volume ratio of 1:30. This was then allowed 

to rest on the shelf for 24 hours to allow for the formation of any asphaltene precipitate (which 

by definition is insoluble in hexane). The sample was then sequentially filtered using 40 m, 10 

m and 0.41 m pore size filter papers (supported by a mesh) respectively using the setup as 

shown in Figure 6-1(a). The amount of precipitate was gravimetrically determined. The crude oil 

sample was recovered by removing the hexane using a rotary evaporator Figure 6-1(b). 
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(a) 

 

(b) 

 

Figure 6-1. (a) Asphaltenes filtration setup; (b) rotary evaporator. 

6.2.2.2. Acid Removal 

Acid removal was achieved using an adsorption process (Gawel et al., 2014) via the 

apparatus shown in Figure 6-2. Approximately 40 g of the sorbent Superclean LC-SAX (which 

contains mainly quaternary amine and counter ions) was activated to allow for adsorption of 

acidic components from the crude oil with 500 mL 0.1 M NaHCO3/0.1 M Na2CO3 solution, 

followed by rinse washes with 600 mL de-ionised water, 300 mL methanol and finally 1000 mL 

CH2Cl2.  Prior to the acid adsorption process, 40g (~50 mL) of the crude oil was diluted with 500 

mL of CH2Cl2. The diluted crude oil was then flowed through the sorbent from above.  After the 

adsorption process had completed, the treated crude oil was stirred in an open beaker under the 

fume hood for 48 hours at ~25°C allowing the CH2Cl2 to vaporize.  To ensure the removal of any 

residual CH2Cl2 (boiling point 40°C), the treated crude oil was then heated to ~50°C for 10 

minutes.  Gravimetrically it was confirmed that no significant CH2Cl2 remained.  The total acid 

number (TAN) of the crude oil was measured prior to, and following this acid removal process 

using test method ASTM D664 (ASTM, 2011). 

 

Figure 6-2. Apparatus setup used for the acid removal process. 
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The water-in-oil emulsions formed with the oils that had either their asphaltenes or acid 

partially removed were prepared in the same way as all other emulsions used in this study and 

outlined in section 6.2.1. 

6.2.3. CO2 Emulsion Breaking  

A 38 mm (ID) × 100 mm (L) stainless steel pressure cell, rated to 100 bar, was constructed 

to enable treatment of the emulsions with high pressure CO2. This is schematically shown in 

Figure 6-3. CO2 pressure was controlled by a pressure regulator with a maximum supply pressure 

of 55 bar.  Initially 70 mL of the pre-prepared emulsion was loaded into the pressure cell and the 

cell lid closed.  The frit (purchased from Altmann Analytik GmbH & Co. KG, Germany with a 2 

μm pore size) at the bottom of the cell prevented the emulsion from draining into the CO2 supply 

line. The frit also served to generate fine CO2 bubbles (~2 m diameter) which were bubbled 

through the emulsion during treatment for periods varying from 0.5 to 2 hours at a flowrate of 50 

std cm3/s and pressures from 10 to 50 bar. Measurements were also performed in which the system 

was allowed to equilibrate to the test pressure and sustained at that pressure with no release of 

CO2 from the system (hereafter referred to as stationary measurements). During treatment, the 

cell was periodically depressurised and a 2 mL emulsion sample extracted and placed in a 5 mm 

outer diameter NMR tube for droplet sizing analysis as detailed below. This emulsion breaking 

procedure was repeated for a range of alternative gases, namely N2, CH4 and N2O. 

(a) 

 

(b) 

 

Figure 6-3. CO2 emulsion breaking setup; (a) schematic diagram, and (b) photo of the 

pressure cell. 

6.2.4. Gas Solubility Measurements 

Knowledge of the gas solubility in both liquid phases is critical to assessing how readily 

the gas can reach the oil-water interfaces within the emulsion as well as the propensity for 

(subsequent) bubble formation in the aqueous phase following depressurisation. The solubility of 

the four gases considered (CO2, N2, CH4 and N2O) in the crude oil were measured.  

Figure 6-4 shows the apparatus used for these solubility measurements. The pressure cell 
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has a void volume of 110 mL, and was loaded with 50 mL of the crude oil sample. The cell was 

connected to an ISCO pump loaded with the relevant gas, which was flushed through the void 

space at atmospheric pressure, prior to elevation of the pressure to 50 bar. Temperature was 

maintained at 25 ± 0.5°C using a cooling bath. The crude oil sample was stirred (using a magnetic 

stirrer) at pressure for 30 minutes and allowed to equilibrate for a further 24 hours. Using the 

initial (following pressurisation) and final gas volume reading on the ISCO pump, the amount of 

gas that had dissolved in the crude oil could be determined. The solubility of the gases in water 

were calculated using the volumetric method, with gas density information obtained from the 

recommended equation of state for the pure fluids (Span and Wagner, 1996, Lemmon and Span, 

2006, Span et al., 2000, Setzmann and Wagner, 1991) as implemented in the software package 

REFPROP 9.1 (Lemmon et al., 2013).  

 

Figure 6-4. Schematic of the setup used for the gas solubility measurements. 

6.2.5. Emulsion Droplet Size Measurements 

The measurement taken to observe the emulsion stability is to monitor the time evolution 

of emulsion droplet size using nuclear magnetic resonance (NMR) emulsion droplet sizing 

technique as detailed in section 2.2.6. The droplet size measurements were carried out via a bench-

top 1T permanent magnet featuring a Halbach array and a 5 mm inner diameter r.f. coil tuned to 

the 1H resonance of 43.36 MHz – the Magritek 1T apparatus (more information to be found in 

section 2.4).  

6.3. Results and Discussions 

6.3.1. Effect of CO2 Pressure and Exposure Duration on Emulsion Stability 

The effect of CO2 on the water-in-crude oil emulsion stability was investigated at 20, 30, 

40 and 50 bar, respectively.  Following the 2-hour CO2 treatment, NMR measurements of the 

emulsion droplet size distribution (as detailed above) were performed periodically following 

depressurisation. The emulsion droplet size distributions measured immediately following 

treatment are shown in Figure 6-5.  As the pressure of the CO2 during treatment is increased, the 

droplet size distribution clearly shifts to larger values. 
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Figure 6-5. Droplet size distributions (DSDs) for water-in-crude oil emulsions following 

treatment with CO2 at various pressures. 

 The mean emulsion droplet size from the distributions shown in Figure 6-5 was 

determined and are reported in Figure 6-6 as a function of pressure and time following emulsion 

formation.  The stability of the untreated emulsion is clearly evident.   The increase in emulsion 

water droplet size with treatment pressure was distinct and sustained.  The effect is most evident 

at a pressure of 50 bar (where the droplet sizes approximately triple) and is minimal at 30 bar. 

Whilst previous literature (Zaki et al., 2003) has focused on emulsion destabilisation at 

supercritical conditions, it is demonstrated here for the first time to the best of our knowledge, 

that sub-critical CO2 can have a significant effect on water-in-crude oil emulsion stability. It also 

highlights the strength of the NMR measurements as a screening technique that can readily detect 

micron-scale changes in mean droplet size.  For clarity and ease of comparison, all subsequent 

emulsion measurement data are presented in terms of the mean emulsion droplet size. 

 

Figure 6-6. Mean droplet sizes for water-in-crude-oil emulsions with and without CO2 

treatment over 5 hours.  The grey region corresponds to the treatment period (if one 

occurred) with CO2 at the pressure indicated.  At other times, the pressure applied to the 

emulsion was atmospheric. 
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 Given the effectiveness of the 50 bar CO2 treatment, the effect of treatment duration at 

this pressure was also explored.  Figure 6-7 shows the effect of CO2 treatment durations from 0.5 

to 2 hours (separate experiments were performed for each treatment duration) on the emulsion 

droplet size distribution. Figure 6-7(a) shows the measurements corresponding to the flow of the 

CO2 through the emulsion sample at 50 mL/s (STP) whilst Figure 6-7(b) shows the measurements 

when the sample was simply pressurised to 50 bar in a closed system using CO2. In both cases, it 

is evident that treatment duration had a pronounced effect on emulsion stability. However, at 

intermediate treatment times the effect on emulsion stability is more pronounced in Figure 6-7(a), 

which shows the flowing CO2 scenario, indicating that mass transfer limitations are reduced in 

this case.  These could either be dissolution into the oil phase or across the interface and into the 

aqueous droplet phase. However, no difference is evident for a two-hour duration between the 

two treatment scenarios, which is indicative that mass transfer limitations are not affecting the 

overall emulsion destabilisation extent at these conditions. Two-hour treatment durations at 50 

bar were thus applied in all subsequent experiments. 

(a) Flow 

 

(b) Stationary 

 
Figure 6-7. Measurements of CO2 treated and untreated water-in-crude-oil emulsions mean 

droplet sizes over 5 hours under a) continuous CO2 flow treatment and b) stationary 

conditions (as detailed in the text).  The grey regions correspond to the different CO2 

treatment durations. 

6.3.2. Effect of Various Gases on Emulsion Stability 

The emulsion treatment process was repeated at 50 bar for two hours with three 

alternative gases to CO2: N2, CH4 and N2O.  Table 6-1 reports their respective solubilities in the 

crude oil, as well as in water.  Figure 6-8 shows emulsion stability following treatment with the 

respective gases.  The N2 and CH4 clearly have no effect on emulsion destabilisation, which is 

consistent with their low solubilities in both water and the crude oil. In contrast, the N2O behaved 

similarly to CO2 in terms of its effect on emulsion stability.  With reference to Table 6-1, N2O 

was twice as soluble in the crude oil as CO2 but about 45 % less soluble in the aqueous phase.  

This suggests that gas solubility in the oil phase is less important to the destabilisation mechanism 
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than its aqueous phase solubility, although from the results in Figure 6-8 the relative contributions 

of the two effects are difficult to isolate.    

Table 6-1. Solubilities in Crude Oil (Measured) and Water (Sander, 2015) 

Gas Solubility in Water 

(50 bar, 25 °C) 

Solubility in Crude Oil 

(50 bar, 25 °C) 

CO2 1.74 mol/L 3.80 mol/L 

N2 0.03 mol/L 0.73 mol/L 

CH4 0.07 mol/L 1.09 mol/L 

N2O 1.20 mol/L  7.6 mol/L 

 

(a) CO2 

 

(b) N2O 

 
(c) CH4 

 

(d) N2 

 
Figure 6-8. Measurements of a) CO2 b) N2O c) CH4 d) N2 treated and untreated crude oil 

emulsions mean droplet sizes over 5 hours. The grey regions correspond to the CO2 

treatment duration. 

6.3.3. Effect of Liquid Composition on Emulsion Stability 

 The crude oil was replaced with paraffin oil and a stable emulsion with 20 wt% water 

using 0.5 wt % Span80 (w.r.t. to the oil phase), as detailed above, was formulated.  Consistent 
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with the data in Figure 6-8, this was then subjected to a treatment of 50 bar CO2 for 2 hours 

followed by depressurisation and subsequent periodic droplet sizing.  The resultant evolution in 

the mean droplet size is summarised in Figure 6-9 below.  The droplets formed in this emulsion 

were approximately 50% larger than those formed in the water-in crude oil emulsion.  The effect 

of the CO2 treatment was, however, negligible. This result is inconsistent with the mechanism 

proposed in Theory 1 (as detailed above in section 6.1) in which CO2 dissolves in the aqueous 

droplet phase, ruptures through the droplet interface and destabilises the emulsion.  Hence the 

lack of emulsion destabilisation observed provides evidence for the mechanism proposed in 

Theory 2, in which the CO2 causes asphaltenes to precipitate out of solution resulting in emulsion 

destabilisation. The results in Figure 6-8, however, suggest that this is not unique to CO2 and that 

N2O also interacts with the asphaltenes. 

 

Figure 6-9.  Measurements of CO2 treated and untreated water-in-paraffin-oil emulsions’ 

mean droplet sizes over 5 hours. The grey regions correspond to the treatment duration. 

To explore this further, the same treatment process was applied to water-in-crude oil 

emulsions formed from oil phases where either the asphaltenes or naphthenic (oil soluble) acid 

content was significantly reduced, as detailed above.  Results for the sample with acid removed 

are shown in Figure 6-10(a). The total acid number of this sample was reduced by 50% from 0.2 

to 0.1 mg KOH/g.  This clearly affected the stability of the initial emulsion, which featured 50% 

larger droplets that were slightly less stable over time. However, it did not accentuate the 

subsequent destabilisation effect of the CO2 – the final mean droplet size was comparable to that 

in Figure 8(a).  With respect to the sample with asphaltenes reduction, the results are shown in 

Figure 6-10(b) – the initial emulsion appears unaffected by the removal of the asphaltenes (0.31 

wt% was removed, as determined gravimetrically). However, in this case the CO2 was 

significantly more effective at destabilising the emulsion in contrast with the effect of CO2 as 

shown in Figure 6-8(a), increasing the mean droplet size by almost an order of magnitude and 

ultimately breaking the emulsion into its constituent phases. This suggests that the CO2 to 
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asphaltenes ratio has reached a critical level, above which the emulsions will destabilise rapidly. 

It can be speculated that in this case, consistent with Theory 2, CO2 precipitated out the remnant 

asphaltenes and thus rendered the emulsion considerably less stable. 

(a) Acid-removed 

 

(b) Asphaltenes-removed 

 

Figure 6-10. Measurements of CO2 treated and untreated a) acid-removed and b) 

asphaltenes-removed crude oil emulsions mean droplet sizes over 5 hours. The grey regions 

correspond to the treatment duration. 

6.4. Conclusions 

Treatment of water-in-crude oil emulsions with CO2 at 50 bar for a duration of 2 hours 

resulted in significant emulsion destabilisation as determined by NMR measurements of droplet 

size distributions.  This was not replicated for a model emulsion (water-in-paraffin oil featuring 

a non-ionic surfactant) indicating that CO2 enhancement of asphaltene precipitation in the crude-

oil emulsion was most likely the destabilisation mechanism.  The effect was replicated when CO2 

was replaced by N2O; it is worth noting that both gases have significant solubilities in both the 

crude oil and water at the treatment conditions. Partial removal of the asphaltenes prior to the 

emulsion formation resulted in the CO2 treatment being significantly more effective. Partial 

removal of napthanic acid content resulted in a significantly more unstable initial emulsion but 

did not enhance the subsequent destabilisation effect of the CO2 treatment.   Collectively Theory 

2 (as detailed above) in which asphaltene removal by CO2 is the cause of emulsion destabilisation, 

appears more consistent with the measurements made in this chapter.    
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7. Emulsion Breaking: The Effect of Brine on Oilfield Emulsions 

Stability 

This chapter mainly focuses on quantifying the effect of salinity on oilfield emulsion 

stability using the NMR pulsed field gradient droplet sizing technique. This study also 

systematically investigates the effect of monovalent and divalent cation salts on oilfield emulsion 

stability. Different water-in-oil emulsion systems, formulated with crude oil, paraffin oil, xylene, 

crude oil with reduced asphaltene content and crude oil with reduced organic acid content 

respectively, were also explored to improve the understanding of the mechanisms involved 

whereby salt content or salinity affects the stability of these water-in-crude oil emulsions. 

7.1. Introduction 

The stability of oilfield emulsions is an important parameter to consider during separation 

process. One of the major concerns is how saline content of the water phase affects the emulsion 

stability, and is the focus of the work presented in this Chapter. Literature reports of the effect of 

salinity on water-in-crude oil emulsion stability are varied.  Moradi et al. (2010) and Wang and 

Alvarado (2012) both consider water-in-crude oil emulsions and report that increased salinity (up 

to 3.9 wt%) promotes droplet coalescence and hence decreases emulsion stability. Moradi et al. 

(2010) used optical microscopy to observe droplet size, whilst Wang and Alvarado (2012) used 

centrifuged bottle tests, and hence water separation, to assess emulsion stability.  On the other 

hand, based on rheological measurements, Rocha et al. (2016) observed an increase in water-in-

crude oil emulsion stability with salinity up to a concentration of 1 wt% NaCl; this is in agreement 

with observation by Lashkarbolooki et al. (2014). Lashkarbolooki et al. (2014) also noted that 

this stabilising effect was much more pronounced when divalent cations were used to form the 

salt. Márquez et al. (2010) also observed that an increase in salinity (primarily via CaCl2 

concentration) resulted in visually more stable water-in-oil emulsions and also an increase in the 

phase inversion point (PIP – the % aqueous phase at which the emulsion inverts from a water-in-

oil to an oil-in-water microstructure as discussed in Chapter 3).  There is also considerable 

literature evidence (Jones et al., 1978) that increased salinity results in a decrease in interfacial 

tension (IFT) between the aqueous phase and crude oil, and hence by inference an increase in the 

stability of water-in-crude oil emulsions.       

In terms of the mechanism whereby salinity affects emulsion stability, Márquez et al. 

(2010) attributed the observed increased stability to both a reduction in attractive forces between 

droplets due to dielectric constant differences and an increase in surfactant concentration at the 

interface.  In the case of crude oil, this interface stabilisation is widely reported to be due to the 

adsorption of asphaltenes and resins.  Jones et al. (1978) measured the film pressure during the 

expansion and contraction of a water-crude oil interface and concluded that Ca ions render this 

film more rigid and consequently result in a more stable emulsion. Recent study by Alves et al. 
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(2014) focused on Brazilian crude oil/brine system suggested the presence of salt (NaCl was used 

in this study) can lead to stronger interfacial activity of the surfactants. Their interfacial elasticity 

and compressibility tests suggested that the presence of salt could increase the elastic modulus 

and viscous modulus of the crude oil-brine interfacial film, indicating the increase in strength of 

the interfacial film. They also observed significant growth in interfacial film strength during aging 

for emulsions with higher salinity. Emulsion stability tests also showed greater stability as a 

function of salinity. The various literature findings of the potential mechanisms relevant to the 

effect of salt on W/O emulsions are summarised briefly and listed in Table 7-1 below. 

Table 7-1. The potential mechanisms whereby salt affects the emulsion stability. 

Effect of Salt on W/O 

emulsions 

Potential Mechanisms 

Decreased emulsion stability Saline content increases the density difference 

between the two phases present and thus the settling 

and subsequent coalescence rates of the water 

droplets.  

Increased emulsion stability Saline content increases the viscosity of the solution 

and slows down the coalescence process. 

Increase in the number of ions within the solution 

changes the charge at the W/O interface. 

Electrostatic repulsion can prevent the droplets 

from coalescing. 

Existence of the ions can enhance various surfactant 

activities at the W/O interface, resulting in a 

decrease in interfacial tension and hence more stable 

emulsions. 

Growth in interfacial film strength over time for 

emulsions with higher salinity  

Given the variability in the literature concerning the effect of salinity on emulsion 

stability (as detailed above), the effect of salinity is explored in this chapter based on NMR 

measurements of various water-in-oil emulsions. NMR PFG techniques, as demonstrated in 

previous chapters, were applied to consider the effect of NaCl concentration (varied between 0 – 

15 wt%) on the droplet size of water-in-oil emulsions. Initially, this was conducted on a limited 

range of samples as a complement to a study concerning hydrate particle stability (Aman et al., 

2015) but was subsequently expanded into a more comprehensive study in its own right. This 

earlier work indicated that 0.1 wt% NaCl was able to stabilise a 30 wt% water–in-crude oil 

emulsion against droplet coalescence over a five-day period. Subsequently a more comprehensive 

study was executed in this chapter in which the effect of NaCl on emulsion stability was studied 

over the range 0 – 1 wt% NaCl. NaCl was then replaced with (divalent) CaCl2 and the stability 

measurements were repeated. The effect of salinity on water-in xylene and water-in paraffin oil 

emulsions stabilised by non-ionic surfactants was also considered.  Finally, in order to consider 
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the effect of salinity on the surface-active components of crude oil, the measurements were 

repeated with crude oils whose asphaltene or organic acid content had been substantially reduced 

(the same crude oil samples that were considered in Chapter 6).   

7.2. Methodology 

7.2.1. Emulsion Preparation 

All emulsions were prepared by first dissolving the required amount of salt in deionised 

(DI) water and then adding it to the relevant oil at the required water cut.  This was then mixed 

vigorously for 10 minutes using a high speed Miccra D-9 homogenizer (as shown in Figure 3-1) 

manufactured by ART Prozess & Laborthechnick GmbH at a shear rate of 17,800 rpm.  During 

the mixing process, the sample temperature was consistently below 35 °C, all emulsion samples 

were then stored at 22°C for 24 hours prior to measurement with NMR. Table 7-2 below 

summarises the pertinent properties of the emulsions prepared, each repeated with the addition of 

0, 0.01, 0.1 and 1 wt% NaCl or CaCl2 to the aqueous phase respectively. The corresponding 

salinities for these various aqueous phase modifications are reported in Table 7-3 along with the 

solution ionic strengths calculated according to the corresponding ionic strength equation 

(Castellan, 1971). The solution’s molar ionic strength, I  is the sum of the ionic strength of all 

ions within the solution and this can be described as follows: 

2

1

1

2

n

i i

i

I c k


   (7-1) 

where ic  and ik  are the molar concentration and the charge number of a particular ion.   

Table 7-2. Emulsion test samples. 

Emulsion Droplet Phase 

(wt%) 

Continuous Phase Continuous 

Phase Density 

Continuous 

Phase Viscosity 

A Water 

(30 wt%) 

Crude Oil 0.81g/mL 10 mPa∙s  (25°C) 

B Water 

(30 wt%) 

Crude Oil (Reduced 

Asphaltenes) 

0.80 g/mL 10 mPa∙s  (25°C) 

C Water 

(30 wt%) 

Crude Oil (Reduced 

Organic Acids) 

0.80 g/mL 10 mPa∙s  (25°C) 

D Water 

(20 wt%) 

Paraffin Oil 

(Span80 – 0.5 wt%) 

0.83 g/mL 110 mPa∙s  

(20°C) 

E Water 

(20 wt%) 

Xylene 

(Span80 – 1 wt%) 

0.86 g/mL 0.62 mPa∙s  

(20°C) 

Note: The densities of the crude oils were determined based on the masses and volumes measured 

respectively using a scale and a volumetric flask while the viscosities were measured using a 

parallel plate viscometer.  The densities and viscosities of paraffin oil and xylene were obtained 

from the material data sheets provided by the supplier, Sigma Aldrich. 
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Table 7-3. Ionic strength of different brine samples 

Brine Sample (wt%) Ionic Strength (M) 

0% NaCl 0 

0.01% NaCl 0.0017 

0.10% NaCl 0.0171 

1.00% NaCl 0.1711 

0.01% CaCl2 0.0027 

0.10% CaCl2 0.0273 

The crude was sourced from a local West Australian producer.  All other chemicals were 

purchased from Sigma Aldrich at purities in excess of 99%.  Organic acids and asphaltenes are 

often considered as the natural surfactants that stabilise water-in-crude oil emulsions (e.g. in the 

work of Bestougeff and Byramjee (1994), Gafonova and Yarraton (2001), Chaverot et al. (2008) 

and Simon et al. (2008)), their interaction with salt content is often cited as having a significant 

effect on emulsion stability (Márquez et al., 2010, Jones et al., 1978, Alves et al., 2014).  Hence 

Emulsion B and C feature significantly less of these two components respectively in order to 

explore such interactions.  The continuous crude oil phase of emulsions B and C were prepared 

as follows (mimicking the preparation as detailed in chapter 6, which explored the effect of CO2 

on emulsion stability):     

Asphaltene reduction (Pradilla et al., 2015): the crude oil was initially diluted with hexane 

using a volume ratio of 1:30.  Subsequently, the diluted crude oil was mixed vigorously and 

allowed to rest for 24 hours to allow for the formation of asphaltene precipitates which are (by 

definition) insoluble in hexane. The sample was then coarsely filtrated using 40μm and 10μm 

filter membranes, following by fine filtration using a 0.41μm filter membrane. The amount of 

precipitated asphaltenes was gravimetrically determined to be ~0.31 wt%. The filtrate (asphaltene 

reduced crude oil and hexane) was heated to ~ 68°C and the hexane was evaporated using a rotary 

evaporator. The crude oil was thus recovered and used to produce Emulsion B.    

Organic acid reduction (Gawel et al., 2014): A filtration process was applied. This 

requires the activation of a sorbent (BIOTAGER ISOLUTE SAX) with 500 mL of 0.1 M 

NaHCO3/0.1 M Na2CO3 solution; this was then washed with 600 mL de-ionised water, 300 mL 

methanol and 1000 mL CH2Cl2 respectively. 50g of crude oil was diluted with 500 mL of CH2Cl2. 

The mixture was then filtrated through the sorbent, BIOTAGER ISOLUTE SAX to allow for acid 

adsorption. After the completion of this process, the treated crude oil was stirred in an open beaker 

under a fume hood for 48 hours allowing the CH2Cl2 (boiling point of 39.6°C) to vaporise. The 

total acid number (TAN) of the crude oil was measured using test method ASTM D664 (ASTM, 

2011). It was determined that this acid removal process had reduced the TAN from 0.22 to 0.11± 

0.01 mg KOH/g. 
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7.2.2. Emulsion Droplet Size Measurements and NMR Pulse Calibration 

To study the effect of brine salinity on emulsion stability, the time evolution of emulsion 

droplet size was monitored using nuclear magnetic resonance (NMR) emulsion droplet sizing 

technique discussed in section 2.2.6. The NMR device used is the Magritek 1T system as shown 

in Figure 2-18 with details concerning its characteristics and capabilities found in section 2.4. 

Saline samples have been reported to effectively abs the excitation energy input from the 

r.f. coil during NMR experiments by multiple sources (e.g. the work of McDermott and Polenova 

(2010)) and hence this needs to be accounted for.  To ensure that the r.f. coil effectively inputs 

enough energy to perform a 90° excitation as previously mentioned in section 2.2.3, calibration 

of the r.f. pulse duration as a function of the saline solution’s ionic strength is necessary. Samples 

with different salinities were prepared and for each saline sample, the NMR pulse and collect 

sequence (which consists of basic pulse excitation and signal detection as discussed in section 

2.2.3) were run with a series of different r.f. pulse durations. Polynomial curve fittings were 

applied to the pulse signal intensities—durations measured (Figure 7-1) and the highest signals 

(where the derivatives of the fitted curves equal zero) were selected as the 90° r.f. pulse duration. 

Similar measurements were carried out for all brine/salt solution at different concentrations and 

the optimal pulse durations for NaCl was determined and is tabulated in Table 7-4. Note that these 

values will be specific to the 1H frequency (43.36 MHz) as well as the r.f. hardware deployed 

here.   

 
Figure 7-1. (normalised to the maximum) Signal measured from NMR pulse and collect 

sequence with different pulse durations - the pulse durations that produce the maximum 

signal were selected by appropriate curve fitting. 

Table 7-4. Optimal 90° pulse durations for different brine samples 

NaCl concentration (w%) Optimal pulse duration (μs) 

0 5.79 

2 5.87 

4 5.89 

8 5.90 

15 6.00 

20 6.05 
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7.2.3. Interfacial Tension Measurement 

Water/oil interfacial tension measurements were also conducted for all samples to 

complement the NMR studies of emulsion stability.  The interfacial tension measurements were 

carried out using the pendant drop method, where the oil phase was pushed out from the tip of 

the needle forming a pendant-shaped droplet in a continuous aqueous phase. This process was 

monitored using an optical tensiometer, Theta Lite, as shown in Figure 7-2(a). Once the droplet 

shape had stabilised, the interfacial tension was computed by fitting of equation (7-3) (derived 

from Young-Laplace equation (7-2)) to the profile of the droplet as shown in Figure 7-2(b).  

(a) (b) 

 

 

Figure 7-2. (a) Optical tensiometer Theta Lite, (b) Young-Laplace fit on pendant drop 

The classical Young-Laplace equation is: 

int ext

1 2

1 1
( ) ( )P P P

R R
      (7-2) 

where σ is the interfacial tension, ΔP is the Laplace pressure across the interface and R is the 

radius of curvature. 

For a pendant drop the principal radii of curvature at the vertex (highest point of the drop) are: 

1 2R R R  . With the introduction of the parameter, arc length, S  of the drop shape (as shown 

in Figure 7-2(b) with its origin, O), equation (7-2) can be rewritten into a set of three first-order 

differential equations with three boundary values, which is solvable by numerical methods: 
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where x and z are the length scales in both x and z axis direction, Δρgz is the hydrostatic pressure 

with Δρ as the density difference between the drop phase and continuous phase and g as the 

gravitational constant. 

7.3. Results and Discussions 

7.3.1. Effect of Brine Salinity on Crude Oil Emulsion Stability 

The stability of emulsion A (30 wt% water cut) was studied initially over several days 

with low-field NMR measurements, where 0 to 10 wt % NaCl was added to the brine phase. The 

results show that increasing the NaCl fraction in water did not change the shape of the DSD 

measured 24 h after preparation (Figure 7-3(a)), but functioned to decrease the mean droplet 

radius by more than 50 % at high brine concentrations (Figure 7-3(b)) relative to their being no 

salt present. The largest effect was evident between 0 and 1 wt% NaCl (a 25% reduction in mean 

droplet size) and thus further study was narrowed down to investigate the effect of salinity ranging 

from 0 to 1 wt%. 

(a) 
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(b) 

 

Figure 7-3. (a) Droplet size distributions measured 24 hours after emulsion preparation as 

a function of NaCl content, (b) mean droplet size of emulsions, measured 24 hours after 

preparation, with increasing NaCl concentration (wt%). 

7.3.2. Effect of Mono-valent and Di-valent Salts on Crude Oil Emulsion Stability 

Figure 7-4(a) shows sample emulsion droplet size distributions for Emulsion A, for 

various NaCl concentrations, acquired 30 minutes after emulsion formation.  There are little 

variations between the distributions with respect to the dominant droplet size peak between ~1 

and 10 microns.    The smaller random peaks can be attributed to measurement noise and possible 

imperfect sample homogenisation.   In Figure 7-4(b) the equivalent emulsion droplet size 

distributions are shown after four days (during which time the samples were stored at stagnant 

conditions at room temperature). Clearly, relative to Figure 7-4(a) and the samples 30 minutes 

after preparation, there is a general increase the emulsion droplet size.   This effect is also clearly 

much more pronounced for low salinity samples: The mean droplet size of the emulsion with no 

NaCl has grown from 2.5µm to 8µm, whereas there was no discernible difference for the emulsion 

formulated with 1% NaCl. Thus in contradiction of the results of Moradi et al. (2010) and Wang 

and Alvarado (2012), but consistent with the results of Rocha et al. (2016), Lashkarbolooki et al. 

(2014) and Alves et al. (2014), an increase in emulsion stability with salinity increase is observed.  

For further analysis of the results, the evolution in the mean emulsion droplet size as determined 

from distribution data such as that in Figure 7-4 will be presented hereafter.  
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(a) 

 
(b) 

 
Figure 7-4. Water-in-crude oil emulsion droplet size distributions measured (a) 30 minutes 

and (b) 96 hours after sample preparation. 

 Figure 7-5(a) shows the evolution in the mean droplet size for Emulsion A, sampled daily 

post emulsion formulation, for all considered salinities for both the mono-valent (NaCl) and 

divalent (CaCl2) salts added separately. A significant linear growth rate in mean emulsion droplet 

size is evident for the emulsion formulated with no salt.  The addition of 0.01 wt% sodium 

chloride (NaCl) or calcium chloride (CaCl2) significantly stabilises the emulsion, whilst 0.1 wt% 

sodium chloride (NaCl) or calcium chloride (CaCl2) (or higher salt concentration) rendered an 

emulsion that was completely stable over the 4-day period showing no discernible increase in 

mean emulsion droplet size.  With reference to Table 7-3, ionic strength for these two salts at 

identical wt% is comparable.  Thus there is no evidence of divalent CaCl2 rendering a significantly 

more stable emulsion compared to an equivalent amount of NaCl. The observation that a stable 

emulsion is produced for an ionic strength of 10-2 M is consistent with Perles et al. (2012).  Figure 

7-5(b) shows the corresponding change in interfacial tension as a function of salt concentration 

for both salts.  Whilst there is clearly a decrease in interfacial tension, it is relatively modest.  It 

seems implausible that a reduction in interfacial tension from ~18 to ~17 mM/m would result in 
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the emulsion stabilisation observed in Figure 7-5(a).   

(a) (b) 

 
 

Figure 7-5. (a) Mean droplet size of water-in-crude oil emulsions with different salt 

concentrations, monitored with NMR over 4 days, (b) interfacial tension of water and crude 

oil with different salt concentrations (dotted line: no salt content).  

7.3.3. Stabilisation of Modified Crude Oils (Emulsions B and C) 

Asphaltenes and organic acids are generally recognised as a significant contributor to 

water-in-crude oil emulsion stability.  Emulsions were formulated from crude oils in which the 

asphaltene content was reduced by 0.31 wt% using the methodology detailed above (Emulsion 

B).  The resultant evolution in mean droplet size is shown in Figure 7-6(a), corresponding 

interfacial tension data is shown in Figure 7-6(b); both as a function of NaCl content.  In the 

absence of salt, the emulsion is slightly more unstable (relative to Figure 7-5) consistent with the 

findings in Chapter 6. However consistent with the original crude oil emulsion, 0.1 wt% NaCl 

was adequate to stabilise Emulsion B over the four-day period. The interfacial tension data was 

broadly consistent between Figure 7-5 and Figure 7-6.  

(a) (b) 

  
Figure 7-6. (a) Mean droplet size of asphaltenes-reduced crude oil emulsions (Emulsion B) 

with different NaCl concentrations in the aqueous phase monitored via NMR over 4 days, 

(b) interfacial tension of water and asphaltenes-reduced crude oil water systems at different 

NaCl concentrations. 

The equivalent data to Figure 7-5 and Figure 7-6, for the crude oil with its total acid 

number reduced (Emulsion C) as detailed above (0.2 to 0.1 mg KOH/g) is shown in Figure 7-7.  

DI Water/Asphaltenes-reduced Crude Oil IFT 

DI Water/Crude Oil IFT 



86 

 

Similarly, the initial emulsion formulated from the modified crude oil was slightly less stable than 

that from the original crude oil.  However again 0.1 wt% NaCl in the aqueous phase was adequate 

to stabilise the emulsion over a 4-day period.  A similar trend in interfacial tension was evident 

in Figure 7-7(b) with respect to salinity albeit with significantly elevated values.   

(a) (b) 

  
Figure 7-7. (a) Mean droplet size of acid-reduced crude oil emulsions with different NaCl 

concentrations in the aqueous phase monitored via NMR over 4 days, (b) interfacial tension 

of water and acid-reduced crude oil at different NaCl concentrations. 

7.3.4. Model Oil Emulsions 

The effect of the oil phase on emulsion stability as a function of oil type – specifically an 

aliphatic (paraffin oil) and an aromatic oil (xylene) continue to be explored.  In both cases water-

in-oil emulsions were formulated using non-ionic Span 80 as a surfactant.  The concentration of 

Span 80 was tuned to deliver an initial emulsion (with zero salinity) that was reasonably and 

similarly unstable over an equivalent 4-day period to that of the crude oils.  Figure 7-8(a) shows 

the evolution in the mean droplet size for Emulsion D as a function of time and salinity; the 

equivalent interfacial tension data is shown in Figure 7-8(b).  For this system, a 0.1 wt% NaCl 

solution again renders a stable emulsion over the 4-day period.  This is however accompanied by 

a reasonably significant % reduction in interfacial tension for this system. 

(a) (b) 

  
Figure 7-8. (a) Mean droplet size of water-in-paraffin oil emulsions (Emulsion D) with 

different NaCl concentrations in the aqueous phase monitored via NMR over 4 days, (b) 

interfacial tension of water and paraffin oil at different NaCl concentrations.  
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The equivalent data for water-in-xylene emulsions (Emulsion E) is shown in Figure 7-9.  

Again, salt is observed to increase the stability of the emulsions whilst in this case there is no 

appreciable change in interfacial tension with salinity. The initial emulsion features a 

considerably larger mean droplet size than is the case for other emulsion systems considered in 

this chapter. 

(a) (b) 

  
Figure 7-9. (a) Mean droplet size of water-in-xylene emulsions (Emulsion E) with different 

NaCl concentrations in the aqueous phase monitored via NMR over 4 days, (b) interfacial 

tension of water and xylene at different NaCl concentrations. 

7.3.5. Discussion 

The outcomes of the work presented in this chapter suggest that a similar (relatively low, 

much lower than is the case for seawater for example) concentration of salt can stabilise a 

reasonably wide range of water-in-oil emulsions, indicating that the stabilizing effect of salt on 

water-in-oil emulsions is not directly relevant to the type of the organic phase and the species of 

the surface-active agents within. Among the potential mechanisms listed in Table 7-1, the 

increased solution’s viscosity due to saline content is somewhat unlikely as the saline content 

within the solution is relatively low (0.01 – 0.1 wt%), whilst a significant increase in emulsion 

stability was observed. Whilst increasing salinity served to reduce interfacial tension, there is no 

correlation across Figure 7-5 to Figure 7-9 with respect to the absolute value of interfacial tension 

and emulsion stability, indicative perhaps of the low impact of the increased surfactant’s W/O 

interface activities on emulsion stability. In the case of water-in-crude oil emulsions, the effect of 

saline content continued to exist despite with the asphaltenes and acidic components in the crude 

oil being greatly reduced. The observations from all experiments conducted can narrow down the 

dominating mechanism of the stabilising effect to possibly be electrostatic in origin, where 

droplets with similarly charged interface repulse each other, preventing the droplets from 

coalescing. 

7.4. Conclusions 

Various water-in-oil emulsions were tested regards their stability following addition of 

either sodium chloride or calcium chloride to the aqueous phase at different concentrations. The 

DI Water/Xylene IFT 
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oils used for the oil (continuous) phase were paraffin oil, xylene, crude oil, and modified crude 

oil, in which the crude oil’s asphaltenes or acidic component was removed respectively. The 

droplet size distribution for each emulsion used in this study was determined via the NMR PFG 

technique. NMR droplet sizing results suggest that with salt concentration increased from 0 to 1 

wt%, the emulsions’ (formed using crude oil and model oils) droplet growth rate is reduced, 

indicating that salt has a stabilising effect on the emulsion. These results were consistent with 

interfacial measurements that also reduced with increasing salt content.  There however appeared 

to be no quantitative link between emulsion stability (as explored by NMR PFG emulsion droplet 

sizing) and absolute value of interfacial tension.   In all cases 0.1 wt% of the salt was adequate to 

stabilise the emulsions. This was independent of whether NaCl or CaCl2 was used.  Interestingly 

the extent of stabilisation was retained for crude oils in which either the asphaltene or acid content 

had been substantially reduced. More unexpected, the effect occurred for model oils as well; these 

were stabilised by a non-ionic surfactant, Span 80. This would indicate that the effect of the salt 

in causing emulsion stability is not related to stabilization of an asphaltene surface layer. The data 

is only consistent with the emulsions being stabilised by electrostatic repulsion between droplets.  

This effect requires further investigation—it is directly relevant, for example to attempts to 

extrapolate different emulsion breaking methods to emulsions formed from either seawater and 

formation water during oil production.  
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8. Conclusions & Future Work 

This chapter summarises the findings and contributions of this thesis, points out the 

limitations of the current work, and outlines the scope of future research.  The chapter is divided 

into two sections covering conclusions of the work conducted followed by suggestions for future 

work. 

8.1. Conclusions 

In this thesis, nuclear magnetic resonance (NMR) pulsed field gradient (PFG) techniques 

were extensively used to develop both emulsion science and characterisation. The improved 

understanding of emulsion morphology and the development of emulsion characterisation tools 

are two important aspects that are directly relevant to the specific industry application—water-in-

crude oil emulsion breaking - which was a specific focus in this thesis. The breaking of water-in-

crude oil emulsions, without which the extraction of petroleum products from crude oil is virtually 

impossible, is particularly challenging. Addressing such industrial problem requires a 

fundamental understanding of relevant emulsion characteristics and relevant stabilising 

mechanisms. To do so, a reliable characterisation tool designated for industry application is 

necessary and thereby, a by-line measurement apparatus setup was implemented.   In short, this 

thesis covers three main broad research topics: i) emulsion science (phase inversion and shear-

induced droplet diffusion), ii) emulsion characterisation (by-line droplet sizing) and iii) industrial 

applications (the stabilisation and breaking of oilfield emulsions).  

A definitive focus in chapter 3 is the correlation between water-in-oil emulsions droplet 

size and emulsion phase inversion (W/O to O/W). In this study, the combination of pulsed field 

gradient (PFG) NMR diffusion measurements and the regularisation method to extract emulsion 

droplet size distribution was employed to investigate the evolution of emulsion droplet size 

approaching the phase inversion point (PIP). A range of water-in-oil emulsion systems were 

formed by successive dilution through water addition. Among the systems studied, an exponential 

increase in droplet size was observed in crude oil emulsions as the PIP was approached. This 

observation was not replicated for emulsions formed using single component hydrocarbons and 

artificial surfactants. There was limited evidence of the formation of W/O/W microstructure in 

some of the crude oil emulsions as the PIP was approached but there were no sign of O/W/O 

emulsions in any of the systems investigated. This is important to the eventual development of a 

quantitative prediction of the PIP for a given emulsion, this is critical to industrial processes where 

inversion of the emulsion is required (for example inversion of water-in-crude oil emulsions into 

oil-in water emulsions for ease of separation).   

In chapter 4, a phenomenon, namely shear-induced droplet diffusion, that affects the 

NMR measurement of emulsions under flow, was systematically studied. Bench-top NMR PFG 

methods were demonstrated to be able to differentiate between restricted diffusion inside 
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emulsion droplets and the transverse shear-induced droplet diffusion that occurs as the droplets 

flow and collide along a capillary geometry. The use of the flow-compensated NMR PFG pulse 

sequence is essential to enable these measurements. The study of shear-induced droplet diffusion 

in dilute to concentrated emulsion systems is demonstrated here for the first time and compared 

against similar data for hard-sphere suspension flow (Sierou and Brady, 2004, Da Cunha and 

Hinch, 1996, Leighton and Acrivos, 1987), including those for concentration gradient shear 

induced diffusion (Acrivos, 1995, Marchioro and Acrivos, 2001) and very dilute soft sphere 

systems (Marchioro and Acrivos, 2001, Leighton and Acrivos, 1987, Phillips et al., 1992). The 

shear-induced diffusion coefficient of the droplets within emulsions (by definition a  soft sphere 

systems) was considerably larger than the literature data from the hard-sphere systems (Sierou 

and Brady, 2004, Da Cunha and Hinch, 1996, Leighton and Acrivos, 1987) and peaked at a 

concentration coinciding approximately with the emulsion phase inversion point. The 

experimental data measured in this study provides an opportunity for colloidal modellers to 

compare their simulation results across a very wide range of emulsion droplet concentration and 

to consider how to quantitatively include semisolid/deformable spheres.  

The understanding of shear-induced droplet diffusion is required prior to the development 

of by-line emulsion droplet sizing tools as the inclusion of shear-induced droplet diffusion in the 

NMR measurements can produce inaccurate droplet size estimation. Due to the fact that the shear-

induced droplet diffusion is complex and the current somewhat simplified model is unable to 

predict this phenomenon accurately for industry application, NMR by-line droplet sizing 

benchtop setup was developed based on brief and periodic static emulsion measurements to avoid 

the inclusion of erroneous shear-induced droplet diffusion. In chapter 5, the by-line NMR 

measurement protocols for emulsion droplet sizing have been shown to be both possible and 

effective with temporary immobilisation of the emulsion sample, and normalisation of the signal 

detected from successive fluid elements sampled for measurement. Both temporary sample 

immobilisation and signal normalisation technique are essential to prevent errors in signal 

attenuation due to shear-induced droplet diffusion and composition variations in the detection 

volume respectively. This NMR by-line measurement tool was demonstrated on both pure fluids 

and a range of emulsion samples. It was subsequently successfully applied to monitor the 

influence of three commercial demulsifiers on the stability of the water-in-crude oil emulsions. 

With the most effective demulsifier being then selected, its performance was studied 

systematically with increasing demulsifier concentration. Finally, the Difftrain NMR pulse 

sequence was demonstrated to be able to rapidly measure emulsion droplet sizes, which can then 

be used to control an impeller speed to dictate the extent of mixing and hence emulsion droplet 

breakup. The NMR PFG technique was thus collectively demonstrated to be effective for by-line 

emulsion characterisation on a benchtop NMR system with a control loop being integrated into 

its operation. This demonstrates its potential for inclusion into industrial processes where 

processing control of emulsion droplet size distributions is required. 
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Chapter 6 and 7 shift the focus towards the application of NMR emulsion droplet sizing 

technique to investigate the breaking of water-in-crude oil emulsions using CO2 and the 

stabilising effect of salt on water-in-crude oil emulsions respectively.  

Chapter 6 considers the use of comparatively low pressure carbon dioxide (CO2) to 

destabilise the crude oil emulsions and thus as a potential emulsion breaking method. Water-in-

crude oil emulsions were treated with relatively low pressure CO2 and the emulsions were 

monitored using NMR PFG technique. NMR measurements of the droplet size distributions 

suggested that water-in-crude oil emulsions treated with CO2 at 50 bar for a duration of 2 hours 

were significantly destabilised. This result was not replicated for water-in-paraffin oil emulsions, 

featuring a non-ionic surfactant, indicating that CO2 enhancement of asphaltene precipitation in 

the crude-oil emulsion was most likely the destabilisation mechanism. The plausible explanation 

is that the dissolution of CO2 in the organic phase greatly reduces the solubility of asphaltenes 

and the precipitated asphaltene molecules are no longer surface-active, resulting in a significant 

reduction in emulsion stability. The same effect can be replicated by replacing CO2 with N2O, 

which has significant solubility (like CO2) in both the crude oil and water at the treatment 

conditions. The observation that the partial removal of the asphaltenes prior to the emulsion 

formation resulted in the CO2 treatment being significantly more effective, could suggest that CO2 

to asphaltenes ratio has reached a critical level, above which the emulsions will destabilise rapidly. 

Meanwhile, the partial removal of naphthenic acid content resulted in a significantly more 

unstable initial emulsion but did not enhance the subsequent destabilisation effect of the CO2 

treatment. 

In chapter 7, the effect of salinity on emulsion stability was studied by adding sodium 

chloride and calcium chloride to the aqueous phase of the water-in-oil emulsions at different 

concentrations. The oils used for the oil (continuous) phase were paraffin oil, crude oil, and 

modified crude oil, where the asphaltenes or acidic components were significantly reduced. The 

droplet size distribution for each emulsion used in this study was determined via PFG NMR 

measurements. NMR droplet sizing results suggest that the emulsions (formed using crude oil 

and model oils) droplet growth rate is reduced with salt concentration increased from 0 to 1 wt%, 

indicating that salt has a stabilising effect. These results were validated with interfacial 

measurements that show a reduction in W/O interfacial tension with increasing salt content.  

However, no quantitative link between emulsion stability (as explored by NMR PFG emulsion 

droplet sizing) and absolute value of interfacial tension was observed, indicating that the 

surfactants are not directly relevant. In all cases 0.1 wt% of the salt was adequate to stabilise the 

emulsions Over a period of four days, independent of whether NaCl or CaCl2 was used.  

Interestingly the extent of stabilisation was retained for crude oils, in which either the asphaltenes 

or acid content had been substantially reduced, and for model oils, in which a non-ionic surfactant 

is added. This is indicative of the irrelevance of the stabilisation of interfacial films around 

emulsion droplets due to the presence of salt.  In fact, the data is surprisingly only consistent with 
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the emulsions being stabilised by electrostatic repulsion, where droplets with similarly charged 

interface repulse each other, preventing the droplets from coalescing. 

8.2. Future Work 

8.2.1. Emulsion Science 

Whilst a significant amount of experimental work was conducted in this thesis to aid 

understanding of emulsion science – specifically emulsion phase inversion and shear-induced 

droplet diffusion -  it is an ongoing endeavour with further questions and issues that still need to 

be addressed. 

With respect to emulsion phase inversion, future work will focus on attempting to better 

link the emulsion droplet size evolution with water content to the chemical composition of the 

crude oils in order to further elucidate the reason for their contrasting behaviour relative to the 

emulsions of pure hydrocarbon liquids. It is also necessary to formulate a better theoretical basis 

for equation (3-1) (repeated as equation (8-1) for clarity) or a variant thereof.  

exp( ) 1
M WC

a b
PIP WC


  


 (8-1) 

where a is the mean droplet radius (μm), b is a pre-factor equal to one μm, M is the fitting 

parameter, WC is the water content and PIP is the phase inversion point. Besides the model 

formulation, further experiments need to be conducted over a wider range of compositions and 

experimental conditions to validate the microstructure of emulsion at the phase inversion point 

(PIP) as observed using NMR techniques. These experiments involve the use of optical 

microscope to visually observe the microstructure of the emulsions to compliment the NMR data.  

The study of shear-induced diffusion of soft deformable spheres like emulsion droplets, 

is an on-going endeavour where the complications involved in quantifying the shear-induced 

droplet diffusion needs to be addressed in future. These complications include the effect of 

different emulsion compositions, ambient temperature and pressure, and other rheological effects. 

A thorough understanding of these factors is essential for the improved modelling of the shear-

induced diffusion phenomenon.  This could take the form of empirical equations (as is the case 

in equation (8-1) above), however this is unlikely to be either insightful or readily transferable.  

3D simulations using molecular or (deformable) particle dynamics are likely to be much more 

useful – the complexity is accounting accurately with (numerical) efficiency for the effect of 

temporal droplet shape change of individual droplets.  Such an improved modelling platform 

would allow for better predictions of spatial emulsion concentration distributions in multiple 

relevant industrial contexts.  In our current application, it would allow for more ready emulsion 

droplet sizing using NMR techniques on flowing emulsions.  In order to do so, it requires the 

models developed for shear-induced droplet diffusion to be included into the restricted diffusion 

equations for NMR analysis and the implementation of algorithms to automatically isolate the 
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NMR signal attenuation of molecules’ self-diffusion as restricted by the droplet walls.  

8.2.2. Emulsion Characterisation 

In this study, an online/by-line setup has been implemented in the emulsion 

characterisation tool. However, the tool is yet to be optimised to improve its overall performance. 

The current setup lacks chemical resistant components, particularly the tubing, that is constantly 

being replaced after each experiment. This can be problematic for long term industrial 

applications as significant corrosion can occur. These components need to be chemically 

compatible with the content of crude oils. Besides chemical compatibility, further optimisation is 

required on the various control parameters and their respective tuning in combination with an 

appropriate model of the emulsification/mixing process. 

Another limitation of the current setup is that the measurement requires the temporal 

immobilisation of emulsion samples. Future work should consider eliminating such limitations to 

enable measurement of flowing emulsions as briefly mentioned above.  An automated procedure 

to select when replenishment of the sample is required would also be very desirable.  

This thesis has considered how the emulsions stability is affected by (comparatively low) 

pressurised CO2 and saline water. The two aspects covered in this thesis are directly relevant to 

the emulsion treatment process implemented in the oil industry. 

With respect to the breaking of emulsion using low pressure CO2, the overall goal is to 

develop an advanced and cheap alternative for emulsion treatment. More work is necessary in the 

near future to further explore the interplay between different theories regarding the effect of CO2 

on emulsion stability by carrying out in-situ emulsion droplet sizing at pressure, prior to 

depressurisation. In-situ high pressure measurement using the NMR spectrometers can be 

particularly challenging, as the pressure vessel must be non-magnetic and carbonic acid 

compatible, and furthermore, the material available to build such pressure cell is limited and 

costly. While this thesis is being written, a suitable pressure cell has been constructed with 

polyether ether ketone (PEEK) as the material of construction. With the cell (shown below in 

Figure 8-1), more in-situ measurements can be done to conclusively prove whether film rupture 

and drainage during CO2 depressurisation is the primary cause of emulsion destabilisation. These 

measurements can also be applied to a range of crude oils featuring a range of asphaltenes and 

acid contents to further improve our understanding.    

The scope of future work should also cover the investigation of the performance of CO2 

in breaking brine-in-crude oil emulsions as many oilfields are producing brine which contains a 

wide range of minerals. In order to do so, in-situ measurements, as discussed above, can be 

repeated with brine-in-crude oil emulsions as a replacement for water-in-crude oil emulsions. It 

is important to determine the practicality of this emulsion breaking method prior to any industrial 

implementation. 
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Figure 8-1. Carbonic acid compatible NMR pressure cell. 

 In this thesis, the presence of salts was observed to stabilise water-in-crude oil emulsions. 

However, the relevant stabilizing mechanisms are still somewhat ambiguous despite the effort to 

explore the effect of acidic components and asphaltenes in the crude oil. Future work should focus 

on a better understanding of the relevant emulsion stabilising mechanisms of saline solution. The 

scope of the future study should be considering replacing the sodium chloride and calcium 

chloride, that were previously used, with other types of salts so as to investigate the relevance of 

salt type to emulsion stabilisation. Zeta potential measurements can also be considered as an 

alternative for NMR measurement to investigate how the existence of various salts affect the 

electrostatic repulsion between the droplets within the emulsions. For industrial applications, a 

semi-empirical model can be developed although preferably a more thorough fundamental 

understanding should be developed.    
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