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Abstract 

Hot water extraction technique has been applied to extract bitumen from oil sands 

for decades. With the challenge of low oil prices, achieving higher recovery and efficient 

production becomes more urgent. In recent years, the overall recovery and froth quality 

have been improved significantly when sodium citrate is used as a secondary process aid 

during oil sands extraction. The beneficial effects of sodium citrate on preventing slime 

coating, accelerating the liberation process, and enhancing bubble-bitumen attachment 

have been demonstrated in industry applications.  

Bitumen droplet size is a key factor affecting the flotation recovery. A bigger 

bitumen droplet tends to attach to an air bubble easily and can be effectively floated. This 

research focuses on the fundamental effects of sodium citrate on bitumen droplet size and 

coalescence. In order to study the effects of sodium citrate on bitumen droplet size, 

experiments were performed using a high-speed camera, Focused beam reflectance 

measurement (FBRM) and Smart online particle analysis technology (SOPAT) with oil 

sands ore or bitumen samples under various water chemistries. 

The beneficial effects of sodium citrate on bitumen droplet size and bitumen droplet 

coalescence have been observed when added with caustic into the oil sands system with 

process water.  At an optimum dosage, bitumen droplet coalescence is increased when 

sodium citrate is added as a secondary processing aid in the bitumen emulsion system with 

either process water or synthetic process water. However, sodium citrate did not show any 

beneficial effect at high concentrations in either process water or synthetic process water. 

The use of sodium citrate alone did not show any beneficial effect on bitumen coalescence 

at the concentrations studied in deionized water at pH 8.5. 
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The fundamental mechanism affecting bitumen droplet interaction consists of the 

interplay of three major factors: slime coating, surface properties, and surface forces. The 

use of sodium citrate as secondary processing aid can prevent slime coating, which keeps 

the surface clean to enhance the droplet coalescence. Also, the electrical double layer (EDL) 

repulsion between bitumen droplet could be increased at a high concentration of sodium 

citrate, which prevents the droplet coalescence. In our recent studies, the use of sodium 

citrate might soften the interfacial film at bitumen-water interface, which may promote the 

bitumen droplet coalescence. Depending on the concentration of sodium citrate, the overall 

effect of sodium citrate on bitumen droplets coalescence depends on the balance of these 

three factors. The fundamental knowledge obtained in this research indicates that larger 

bitumen droplets can be induced at an optimum sodium citrate concentration, which in turn 

results in a higher flotation recovery.  
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1. Introduction 

1.1. Background 

In 2019, Canada had 167.7 billion barrels’ crude oil in proven reserves, and 162 

billion mostly from Alberta’s oil sands deposits.1 Oil sands contain mineral solids, water 

and ultra-heavy oil, which is typically known as bitumen. Since bitumen is highly viscous 

and cannot flow at room temperature, the extraction from oil sands deposits is much harder 

than that from conventional oil reservoirs. One of the most common methods to produce 

bitumen from oil sands is by surface mining. During this process, oil sands ores are first 

mined from the open pit before being treated and transferred to the extraction plant. In 

order to extract the bitumen from oil sands, a water-based extraction process is applied, 

which uses hot water and “caustics (e.g., NaOH)” to liberate the bitumen from the gangue 

solids, and then recover the liberated bitumen by flotation.2 

More recently, Syncrude Canada Ltd. has patented a new technology to further 

increase the bitumen recovery with limited expense. In general, a trace amount of sodium 

citrate is applied as a secondary process aid while NaOH is still used as the primary process 

aid. It was found that adding both chemicals together can improve not only the final 

bitumen recovery and froth quality, but also accelerate the bitumen production rate. 

Moreover, this technology has already been proven as very promising in a piloted-scale 

demonstration operated by Syncrude. However, there is still a lack of fundamental 

understanding of the mechanism of how sodium citrate improves various aspects of the 

extraction process.3,4 

The oil sands extraction process involves slurry preparation, hydrotransport, 

liberation, aeration, froth treatment, and tailings management.2 During the liberation 
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process, bitumen detaches from its host surfaces and disperses into water.2 Xiang et al. 

investigated the mechanism of sodium citrate in enhancing the bitumen liberation 

process.5,6 It was found that sodium citrate increases the repulsion between bitumen and 

sand particles, resulting in better liberation. Meanwhile, bitumen aeration is another 

important process because it determines the final recovery.7,8 Bitumen has almost the same 

density as water at the operating temperature used in hot water-based oil sands extraction.9 

Therefore, bitumen needs to attach to air bubbles during aeration, which lowers the total 

density of bitumen significantly. Consequently, the as-formed bituminous froth can float 

to the top of the vessel for collection.2  

Collision efficiency is one of the most critical parameters evaluating the flotation 

efficiency. Collision efficiency is proportional to the ratio of the size of bitumen droplet to 

the size of the air bubble, 𝐸𝐶 ∝ (𝐷𝑏𝑖𝑡 𝐷𝑎𝑖𝑟⁄ )𝑛. Therefore, a large bitumen droplet is more 

favourable for bitumen-bubble attachment and thereby, resulting in better recovery.9 

However, increasing the bitumen droplet size is difficult due to the repulsive colloidal 

forces between bitumen surfaces, which are caused by bitumen surface properties and 

process water chemistry.10  

 

1.2. Research objective 

This research focuses on the effect of sodium citrate on bitumen droplets 

coalescence in aqueous solutions. 

A large bitumen droplet is more favourable for better recovery. In order to increase 

the bitumen droplet size, coalescence between bitumen droplets needs to happen first. The 
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overall goal of this research is to understand if sodium citrate will affect the bitumen droplet 

size and how it affects the coalescence process. 

The major research objectives of this M.Sc. thesis include: 

• To investigate bitumen droplet coalescence in oil sands slurry mixing condition 

with sodium citrate; 

• To investigate bitumen droplet coalescence in various model aqueous solution 

with sodium citrate; 

• To understand the fundamental mechanism of how sodium citrate affects 

bitumen droplet coalescence based on colloidal interaction, interfacial property, 

and clay.  

 

1.3. Thesis outline 

Chapter 1: 

- Introduces the research areas, statement of problems, objectives, and outline of 

this thesis. 

- Discusses briefly the background on oil sands. 

Chapter 2: 

- Reviews the formation and composition of oil sands and the elementary steps in 

a water-based bitumen extraction process. 

- Reviews the components, structures, and properties of bitumen droplets, and their 

roles in determining the bitumen droplet coalescence process. 

Chapter 3: 

- Presents the results of the bitumen droplet size test with sodium citrate in oil sands 

slurry mixing condition. 
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Chapter 4: 

- Presents the results of the bitumen droplet size test with sodium citrate in the ideal 

model bitumen emulsion system with process water. 

- Discusses the possible mechanism for bitumen droplet size change based on slime 

coating. 

Chapter 5: 

- Presents the results of the bitumen droplet size test with sodium citrate in the ideal 

model bitumen emulsion system with synthetic water. 

- Discusses the possible mechanism for bitumen droplet size change based on 

interaction force and surface property. 

Chapter 6: 

- Concludes the key findings on the effect of sodium citrate on bitumen droplet size, 

and the mechanism behind it. 
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2. Literature review 

2.1. Oil sands formation and water-based extraction process 

Oil sands in Alberta are unique resources. Unlike conventional oil that can flow 

like a liquid in the reservoir, oil sands contain highly viscous bitumen attached to sand 

grains that is not able to flow in reservoir conditions.2 

Two methods are commonly applied to recover bitumen from this unconventional 

oil resource: open-pit surface mining and in-situ thermal technologies. Open-pit mining 

followed by water flooding is generally used for the oil sands deposits less than 75 m 

beneath the ground. Trucks and shovels excavate the oil sands ore from the ground and the 

ore is transported to the extraction plant to separate the oil from sand and water.2 

For the oil sands that are deeper than 75 m, steam-assisted gravity drainage (SAGD) 

technology is typically applied to extract bitumen through the in-situ operation. In this 

method, hot steam is injected into the reservoir to lower the viscosity of bitumen which 

allows bitumen to flow into the production well.2 

Surface-mining followed by water-based extraction is the most mature and 

commercialized method nowadays, although SAGD is believed to be the future of the oil 

sands industry. Therefore, this study focuses on the water-based extraction method. 
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Figure 1. Schematic of oil sands extraction process. Reprinted from Ref. 9 with 

permission from John Wiley & Sons, Inc.  

 

The hot water extraction process was first introduced by Dr. Clark.11 The process 

is shown schematically in Figure 1.2,12 First, the mined oil sands ores are mixed with 80 ℃ 

hot water and sodium hydroxide to form an oil sands slurry, which is then transported in a 

hydrotransport pipeline before pumping into separation vessels. During the hydrotransport 

stage, the slurry conditioning happens, where the shear forces break the big lumps of ore 

into smaller ones layer by layer. Meanwhile, bitumen, sand and water also break apart from 

each other and form a dispersed solution.2,12 Bitumen liberation and aeration also happen 

in this dispersed solution during hydrotransport. Because of the added caustic, the pH 

alternation to 8.5 changed the interfacial tension of the sand and bitumen. Consequently, 

the contact angle on the sand grains decreases and the bitumen drop is then detached and 
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liberated from the sand surface. In the aqueous solution, the liberated bitumen droplets tend 

to coalesce. Eventually, air bubbles are applied and attached to bitumen droplets, lower the 

density of the bitumen and form a bituminous froth.2,12 

After hydrotransportation, the slurry is fed into the separation vessels, where the 

slurry separates into three layers by gravity: (1) The aerated bitumen on the top forms the 

primary froth, which is sent to froth treatment. (2) The sand settled at the bottom forms the 

tailing, which is sent to tailing treatment. (3) The bitumen, water, sand mixture in the 

middle part is middling, which is sent to a secondary separation vessel for further bitumen 

separation.2,9 

The froth collected from the hot water bitumen extraction process is not pure 

bitumen. In fact, it contains 60% bitumen, 30% water and 10% solid. This froth is sent to 

the froth treatment facility to recover purer bitumen. Organic solvent is used to separate 

the bitumen from the water and solids, and there are two major solvents commercially used: 

naphtha-based and paraffin-based solvent.2,9 In the end, tailing also needs to be treated 

before pumping into ponds and reclaim the land. Polymer and salt addition can accelerate 

solid aggregation and settling, however, tailing treatment is still a serious problem.2,9 

 

2.1.1. Liberation process 

There are two sub-steps involved in the bitumen liberation. First, bitumen recedes 

on the sand surface, whereas the second step is bitumen detaching from the sand surface. 

Several factors can affect the whole liberation process, which can be explained by the 

Young’s equation. (Figure 2)2,13,14 

𝑐𝑜𝑠 𝜃 =
𝛾𝑆 𝐵⁄ − 𝛾𝑊 𝑆⁄

𝛾𝑊 𝐵⁄
(1) 
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where θ is the equilibrium contact angle and γ is the interfacial tension. S, B and W 

represent solid, bitumen and water, respectively. From Equation 1, in order to achieve 

better liberation, a smaller equilibrium contact angle is needed, which can result from a 

smaller 𝛾𝑊 𝐵⁄  and/or 𝛾𝑊 𝑆⁄ . (𝛾𝑆 𝐵⁄  is almost constant at the operating condition)2. 

 

Figure 2. Relation of contact angle with interfacial tension at bitumen/sand interface. 

 

Previous research showed that pH and water chemistry can affect the interfacial 

tension to control the contact angle, but it cannot change the contact angle to zero degrees. 

Therefore, the hydrodynamic force caused by agitation is essential to separate the bitumen 

from the sand grain.2,13,15  

With increasing pH, the contact angle decreases, which is beneficial to the 

liberation process.13 Higher pH results in a more negatively charged surface and the release 

of surface-active components from bitumen, which reduces the water-solid and bitumen-

water interfacial tensions.13 

With higher salt concentration, bitumen liberation is hindered. It could result from the 

compressed EDL double layer and reduced repulsive force.13,14,16,17 Moreover, in the presence 

of divalent cations, bitumen liberation could be further weakened. Calcium ions could absorb 

on the bitumen surface and reduce the repulsive force between bitumen and sand.15 
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2.1.2. Aeration process 

The attachment of an air bubble onto a bitumen droplet is defined as bitumen 

aeration. After liberation, bitumen droplets are suspended in the slurry and need to attach 

to an air bubble in order to form a floc and lower the density. Eventually, bitumen floats 

and gets recovered.2  

The aeration process is thermodynamic favourable. Therefore, as shown in Figure 

3, air and bitumen should be attached. Based on the Gibbs free energy and Young’s 

equation 

∆𝐺

∆𝐴
= 𝛾𝐴 𝑊⁄ (𝑐𝑜𝑠 𝜃 − 1) (2) 

it can be derived that the value of  ∆𝐺 ∆𝐴⁄  is always negative because cos 𝜃 ≤ 1.2  

 

Figure 3. Relation of contact angle with interfacial tension at the bitumen/air interface. 

 

However, before attachment between bitumen and bubble happens, a thin water 

film in between needs to be drained out first, and several factors can affect this process, 

such as pH, water chemistry, etc. In a pure system, smaller pH and higher divalent ions 
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concentration are favourable for aeration, because of the reduced repulsive force between 

bitumen and air bubble. 2,18–20 

 

2.2. Bitumen composition, surface structure and electric properties 

Bitumen is a natural mixture of hydrocarbons that contains about 15 - 21% saturated 

alkanes, 18 - 19% aromatics, 44 - 48% resins, and 14 - 20% asphaltenes.21 In addition, 

there are amphiphilic natural surfactants inside bitumen that can be extracted in alkaline 

aqueous solutions. Asphaltene is a paraffin-insoluble, colloidal-sized aggregate in bitumen. 

However, the molecular structures of asphaltenes are still under debate. Researchers have 

proposed several structures that contain aromatic rings with side carbon chains and 

molecular weights of 400 - 1500 Da.2,22 

The surface of bitumen in water is usually covered by asphaltene, natural 

surfactants, and clay minerals.2 Bitumen surfaces are not smooth microscopically, but 

rather exhibit nanometer-sized bumps, which cause the interaction between bitumen 

droplets to behave differently from the smooth surface models, such as DLVO (Derjaguin–

Landau–Verwey–Overbeek) theory23,24. Wu et al.25 used freeze-fracture scanning electron 

microscopy (FF-SEM) to observe the bitumen/water interface and found a rough bitumen 

surface. Protrusions from the surface were 50 - 100 nm in horizontal diameter, and the 

average vertical height was 38 nm.  

The bitumen surface is usually negatively charged in water.2 This phenomenon can 

be explained by the ionizable surface group concept.26,27 For bitumen, the negative surface 

charge results from the deprotonation of carboxylic acid (RCOOH = RCOO- + H+) and 
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amine (RNH3
+ = RNH2 + H+) groups of natural surfactants adsorbed at the bitumen-water 

interface.28 

 

2.3. Bitumen droplets coalescence process 

There are usually three steps for droplets to coalesce in an immiscible liquid 

medium, as illustrated in Figure 4.29 First, the droplets approach each other until a thin 

liquid film is formed between them. Then, the film between the droplets starts to drain, 

resulting in reduced interfacial area. The thinning rate is mainly affected by capillary 

pressure and disjoining pressure. When surfactants are in the system, the thinning rate of 

the thin film can be slowed down by the Marangoni effect.30 Studies have shown that 

polymers at the interface can also retard the thinning rate.31 After the thin film reaches a 

critical thickness, the film ruptures, and the droplets coalesce.  

 

Figure 4. Oil droplet coalescence mechanism. 

 

Oil droplets in an aqueous medium also follow this general coalescence mechanism 

(film drainage and film rupture). When two oil droplets approach each other, a thin liquid 

film forms between them with a minimum thickness at the centre. Due to the pressure on 

the film, a dimple structure, that means, an inversion of the film curvature, appears as film 
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drainage proceeds, and the minimum thickness is now at the rim.32,33 The dimple structure 

brings the surface of oil droplets closer which induces thin film rupture and the oil droplets 

coalesce.34 Film drainage rate between oil droplets is mainly governed by the continuous 

phase viscosity, the film area, and the surfactant concentration.32 The film drainage rate is 

retarded by larger film areas and surfactant which creates an immobile interface. Film 

rupture is mainly affected by the interfacial properties, such as interfacial strength, 

interfacial charge, and steric hindrance. Interfacial viscoelasticity is a major kinetic barrier 

for droplets coalescence.35 

Bitumen coalescence mechanism has been studied using two main approaches:  

(1) The focus is on the interaction forces between bitumen droplets. Wu et al. measured a 

much higher repulsive force than DLVO theory predicted when they assumed the bitumen 

surface was smooth.25 Laroche measured more repulsive forces than the results predicted 

by Wu’s disk protrusion model. The experimental result can be well explained by the steric 

hindrance model, which assumes a hair-like structure exists at the bitumen surface.36 Aksoy 

found that bitumen droplets coalesce at a slow rate even though a strong repulsive force 

was present at separation distances smaller than 70 nm. The author concluded that 

coalescence occurred because of Van der Waals interaction and hydrophobic forces.37  

(2) The focus is on bitumen surface charge heterogeneity.38–40 Yeung et al. found no 

coalescence happened when two micrometre-sized bitumen droplets interacted directly in 

a fines-free solution.38 However, when the two bitumen droplets interacted obliquely, 

coalescence occurred. In fines-free solutions, conventional DLVO theory can be applied to 

investigate the colloidal forces between two droplets. The calculated DLVO theory showed 

that there should be a strong repulsion between the two surfaces, which should prevent 
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coalescence when two bitumen droplets hit each other. However, since the bitumen surface 

is heterogeneous,2 it is believed that shear may be able to remove heterogeneity or 

otherwise change the surface structure of bitumen. In Pickering emulsions, the process of 

thin film drainage sweeps out the particles at the interface, allowing the droplets to form a 

bridge before coalescence.41 Yeung et al.38 believed that a steric layer could be torn off by 

the shearing motions of bitumen droplets so that the total repulsion could be lowered. Once 

the structure was broken, a bridge between bitumen droplets was formed across the solution, 

which then led to coalescence. The coalescence rate was determined by the deformation 

degree and droplet size.40 Similarly, Whitby et al. also found that the particle network at 

the oil droplets interface could be broken and the oil droplets could coalesce with shear in 

a model system (bromohexadecane-in-water Pickering emulsions).42  

 

2.4. Factors affecting bitumen droplets coalescence 

Colloidal interaction, asphaltene and clay are known to be detrimental to the 

bitumen droplet coalescence process.2 

 

2.4.1. Colloidal interaction between bitumen surfaces 

DLVO theory assumes the total interaction energy in a colloidal system is the sum 

of van der Waals (VDW) energy and electrical double layer (EDL) energy. When the 

discrepancy between experiment and theory occurred, researchers proposed non-DLVO 

interactions. The non-DLVO or extended-DLVO terms include steric repulsion, polymer 

bridging, hydration effects, and hydrophobic interactions.2 Steric repulsion is caused by 

large, adsorbed molecules on the colloidal surfaces. The adsorbed layer, often polymers, 
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acts as a physical barrier to keep the particles apart. Since the attractive VDW force decays 

with the distance between particles, the weak attractive forces are not enough to let particle 

surfaces touch if the distance of steric repulsion is large enough.2 Researchers have found 

that asphaltene could act like a polymer that creates steric hindrance through its aliphatic 

side chains.43–45  

Water molecules form hydrogen bond networks and molecular clusters in bulk 

solution, however, water molecules cannot form hydrogen bonds with a hydrophobic 

surface nor form clusters between two close hydrophobic surfaces. Therefore, an attractive 

hydrophobic force tends to form between two close hydrophobic surfaces.2  

Yoon et al. first explored the use of atomic force microscopy (AFM) to measure 

colloidal forces between bitumen surfaces. It was found that the bitumen-bitumen 

interaction was repulsive, and the asphaltene tails were present on the bitumen surface.46,47 

The colloidal forces measured by AFM between bitumen surfaces were repulsive with a 

“jump in” at close separation. Experimental data did not fit the traditional DLVO theory 

below 18 nm separation distance. It was observed that the force measured was more 

attractive than the force DLVO theory predicted for these close separations. Because the 

bitumen surface is hydrophobic, the extended DLVO theory that considered hydrophobic 

and steric forces was invoked to explain the measured forces.10  

The best-fit power-law constant for hydrophobic forces (100×10-21 J) was much 

larger than the Hamaker constant between bitumen surfaces in water (2.8×10-21 J), which 

means that the hydrophobic force was much stronger than van der Waals forces.10 A strong 

repulsive steric force only affected the interaction at a short distance (below 6 nm). After 

the jump in, the bitumen surfaces can deform and steric hindrance can happen because of 
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the asphaltene like macromolecules on the surface.10 Therefore, the dominant long-range 

forces between bitumen surfaces should be attributed to the EDL and hydrophobic forces, 

while steric force only dominates the short-range interaction.10  

 

2.4.1.1. Effect of pH on colloidal interaction 

Interaction forces between bitumen surfaces become more repulsive with 

increasing pH. Such trends can be explained by extended DLVO theory, where the fitted 

hydrophobic force constant decreases with the increasing pH, implying that the pH of the 

solution can affect the strength of the hydrophobic force. Additionally, measurements of 

the contact angle of air bubbles on bitumen surfaces also showed that the contact angle 

decreased with increasing pH, which illustrates that the bitumen surface becomes less 

hydrophobic at higher pH values.10  

As discussed previously, surfactants are released from bitumen in alkaline 

conditions, which results in the variation of hydrophobic adhesion force. At lower pH, 

amine groups (RNH3
+) are formed by the protonated cationic surfactants on the bitumen 

surface. These surface-anchored, positively charged groups can interact with aqueous OH− 

or anionic surfactants (RCOO− and ROSO3
−) on the bitumen surface, so that a strong 

adhesion occurs between the two surfaces.10  

At high pH, most of the surfactants released from bitumen into the slurry during 

the extraction process were found to be anionic surfactants of carboxylates and 

sulphates/sulphonates.48 At higher pH, amine ions (RNH3
+) deprotonate and reduce the 

electrostatic attraction to carboxylate groups, resulting in a weak adhesion force between 

bitumen droplets.10  
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Therefore, a lower pH is favourable for bitumen coalescence during the aeration 

process; however, the operational pH in the oil sands industry is around 8 to 9 to ensure 

overall higher recovery.2  

 

2.4.1.2. Effect of salinity on colloidal interaction 

The overall long-range interaction force decreases with increasing KCl dosage. A 

high concentration of salt can compress the EDL, which results in lower EDL forces. 

Meanwhile, at higher salt concentrations, more hydrophilic electrolyte ions can absorb on 

the bitumen surface, which could further lower the hydrophobic effect slightly.10 Overall, 

the high concentration of electrolyte has a much stronger impact on EDL forces than 

hydrophobic forces, which makes the overall total force less repulsive. Therefore, the 

coalescence of bitumen droplets is more likely to happen at high salt concentrations. 

However, coalesced droplets are not as stable due to lower hydrophobic adhesion, and 

larger droplets have the potential to break up into smaller droplets by hydrodynamic 

forces.10  

The results show consistency with Wu’s finding that high salinity may compress 

the height of the “bump” on the bitumen and result in a higher chance of coalescence.25 

Wu et al. simplified the surface structure of bitumen and combined all the “bumps” on the 

surface into one uniform bump and used DLVO theory to calculate the interaction forces 

between the bitumen surfaces. The results showed a more repulsive force between the 

bitumen surfaces with the presence of the “bump”. If there was a “bump” on the surface, 

the probability of coalescence upon collision was higher with a smaller bump. The same 
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study also found the bump height was compressed with high salinity, and a “bump” cannot 

prevent bitumen coalescence at electrolyte concentrations above 1 mM KCl.25 

 

2.4.1.3. Effect of divalent ions on colloidal interaction 

Calcium ions affect both EDL force and hydrophobic forces by compressing the 

EDL and changing bitumen surface characteristics.10 Consequently, the hydrophobic force 

becomes weaker with the presence of calcium ions in the solution, because calcium ions 

can attach to the deprotonated carboxylic groups on the bitumen surface. This interaction 

between calcium ions and carboxylic groups can also lower the charge density on the 

bitumen surface, which reduces the EDL repulsion.10  Gan and Liu showed that a higher 

dosage of divalent ions caused a reduction in the absolute value of the zeta potential, which 

agreed with the force measurements.49 Lin used a micropipette technique to measure the 

coalescence probability between two bitumen droplets and found that the coalescence 

probability increased with higher calcium ions concentration.39 Therefore, divalent cations 

are considered to cause a reduced repulsive energy barrier and weaker attraction forces, 

enabling easier bitumen coalescence.10  

 

2.4.2. Effect of asphaltene on bitumen droplet coalescence 

Asphaltene is the fraction of bitumen, which can precipitate in paraffinic solvents 

but not in naphthenic solvents.50 The molecular structure of asphaltene is still unknown, 

but researchers have used methods like X-ray scattering to propose some models. Among 

all the models, the archipelago model and the island model are the most recognized.51,52 
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The archipelago model describes asphaltene molecules as polycyclic aromatic 

hydrocarbon groups connected by aliphatic chains, while the island model states that 

asphaltenes are one polycyclic aromatic hydrocarbon group consisting the intramolecularly 

connected aromatic rings with aliphatic side chains.51 

Asphaltene molecules can further interact with each other and form complex 

structures. The net interaction is mainly contributed by attractive London dispersion, π-π 

stacking, and repulsive steric forces. This net interaction leads to asphaltene aggregation in the 

solvent. Asphaltene molecules tend to form nanoaggregates with an aggregation number of 6, 

which is the critical nanoaggregate concentration of asphaltene. The nanoaggregates then form 

clusters, which can be formed by nanoaggregates with an aggregation number of 8.53–55 

Asphaltene is an interfacially-active component of bitumen. It can adsorb at the oil-

water interface and form a stable film to hinder droplets coalescence.56–58 Several 

researchers have studied the water-oil-water thin film drainage process by monitoring the 

film lifetime, which represents the stability of the film.59,60 Asphaltene can stabilize the 

film at a final thickness of 40-90 nm at 0.5-2 g/L asphaltene concentration, while maltene 

can only maintain an 11 nm film at much higher added concentrations of 10-50 g/L. The 

large film stabilized by asphaltene may result from the ageing effect of asphaltene in which 

aggregates are formed, making complicated 3D structures at the oil-water interfaces.61 

Salinity, pH and divalent ions can also affect the interaction between asphaltene 

layers. Liu et al.62 found that the interaction is more repulsive under high pH, low salinity 

and low divalent ions concentrations. Therefore, asphaltene may play an important role in 

the thin film drainage between bitumen droplets. Using AFM, Shi et al. studied the 

interaction between model oil droplets containing asphaltene and found that asphaltene 
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prevented the water film from draining.63 However, no research has been performed to 

investigate the water film drainage between two bitumen droplets. 

 

2.4.3. Effect of clay on bitumen droplet coalescence 

In the oil sands industry, fines refer to mineral solids smaller than 44 microns. They 

are detrimental to many operations in the oil sands industry. Fines mainly involve various 

clays. Kaolinite accounts for 69% of clay in oil sands, while illite accounts for 28%. They 

are the biggest fractions in the clay. On the other hand, montmorillonite only accounts for 

0.3% of the clay, but it is the most troublesome due to its swelling behaviour.2 

Clay minerals are composed of two basic layers: silicon-oxygen tetrahedron sheet 

(T) and aluminum-oxygen-hydroxyl octahedron sheet (O). Kaolinite is a two layers clay 

that has a T-O structure, while illite and montmorillonite are 3 layers clays that have T-O-

T structures. Due to the T-O structure, kaolinite has a stable structure and is classified as 

non-swelling clay. Isomorphic substitution at T-sheet makes the kaolinite base plane 

negatively charged. Illite is also a no swell clay, but the base surface is more negatively 

charged due to its looser structure. On the contrary, montmorillonite is a swelling clay 

because interlayer binding between the building blocks is weak.2 

Clay can attach to bitumen by colloidal interactions, and the slime coating effect 

happens when the bitumen droplet is covered by a layer of fine clays. Slime coating often 

results in lower bitumen recovery.2  Slime coating not only creates a steric hindrance barrier 

for bitumen-air attachment during flotation but also increases the difficulties of froth 

treatment.8,64,65 Calcium ions are believed to be the main reason for slime coating. It can 

link the bitumen surface to the clay surface and induce attachment. With zeta potential 
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distribution and QCM-D technology, researchers have further proved that not all clay 

particles can cause severe slime coating. With montmorillonite, calcium ions can cause 

severe slime coating. However, the attachment is not obvious with kaolinite and illite.8,64–

67 During the bitumen coalescence process, it was also found that the existence of clay 

minerals has a negative impact because of the steric barrier clay created.10 

Clay particles are naturally hydrophilic, but in oil sands slurry, they can be 

contaminated and become hydrophobic. Hannisdal et al. tested which bitumen components 

could be absorbed on mineral particles and make them hydrophobic.68 QCM-D results 

suggest that both resin and asphaltene can adsorb at the silica surface in the form of 

multilayer or aggregate. Asphaltenes are irreversibly adsorbed as a rigid film. However, 

the amount of adsorbed resin is significantly smaller than that of asphaltene. The adsorption 

process can be divided into two phases. First, significant adsorption of bitumen fractions 

happens on hydrophilic particles, causing the wettability alternation and surface charge 

changes.  Secondly, once the particle becomes hydrophobic, it will only adsorb smaller 

amounts of asphaltenes and resins, which leads to minor wettability changes. 

Li observed that the bitumen droplet size decreasing in emulsion after adding 

mineral particles, and hydrophobic illite particles will further decrease the bitumen droplet 

size.69  Nallamilli and Basavaraj found that surfactant hydrophobized kaolinite can help the 

formation of O/W emulsion, and increase the emulsion stability from two separated 

phases.70 Whitby et al. showed that in a dodecane-in-water emulsion, hydrophobized 

Titania particles would attach to the interface and form Pickering emulsion.71 If 

hydrophobized Titania particles were mixed with silica, silica particles were entrapped in 

the Titania particle layer, and prevented Titania particles from attaching at the interface 



21 

 

and lowering the emulsion stability. Fu et al. found that the organic matter in ore can coat 

the clay particles. Those particles can attach to bitumen, preventing bitumen droplet size 

from increasing.72 Chen and Li used nano-SiO2 to form bitumen Pickering emulsion and 

showed good stability.73,74 

Previous research also showed that clay can hinder bitumen droplet coalescence 

and hydrophobic clay can stabilize the emulsion better. Li believed hydrophobic force 

causes clay attachment on bitumen.69  

 

2.5. Effects of sodium citrate on the oil sands extraction process 

Citrate can chelate calcium ions in an aqueous solution. In the food industry, citrate 

has been used to remove the heavy metals in the processing of cooking oils.75 Xiang et al. 

showed that adding sodium citrate alone in bitumen emulsions increased the absolute value 

of the bitumen zeta potential.5,6 Stronger EDL repulsion between bitumen and clay induced 

by sodium citrate led to better liberation recovery. Bai et al. found that the more negatively 

charged bitumen surface caused by sodium citrate could reduce bubble-bitumen attachment 

probability at a given ionic strength.76 However, sodium citrate could have little negative 

effect on bubble−bitumen attachment at high salinity, when Ca2+ coexisted with sodium 

citrate. 

The mechanism for sodium citrate making the bitumen surface more negatively 

charged is most likely the chelation effect with Ca2+ ions, which removes the surface-bound 

metal ions, or caused by the deagglomeration and dispersion of surface-active compounds 

(Figure 5).49  
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Compared to the zeta potential of bitumen with divalent ions, the presence of citrate 

increased the absolute value of the zeta potential of bitumen droplets by around 30 mV, 

which means that EDL repulsion in the divalent cation/citrate system is stronger than with 

only divalent ions.49 

 

Figure 5. Mechanism of sodium citrate interaction with bitumen.  

 

Zhang studied the effect of sodium citrate on slime coating and found that sodium 

citrate could prevent slime coating if added before slime coating happened. However, if 

the slime coating had already happened, sodium citrate did not have the ability to remove 

the slime coating.77 Sodium citrate could also prevent slime coating by reducing the 

bitumen-clay attachment, because of the more negatively charged bitumen and clay surface 

and the reduced bridging effect caused by calcium ions. This effect is more significant on 

slime coating induced by montmorillonite-bitumen attachment.77 
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3. Bitumen droplet size with sodium citrate in oil sands mixing 

process 

3.1. Methodology 

3.1.1.  Materials 

Oil sands and process water samples were provided by Canada Syncrude Ltd. Oil 

sands sample contained 8.3 wt.% of bitumen, which can be considered as poor-quality ores. 

Oil sands samples also contained 40 wt.% of fine particles on the basis of their solid content. 

The process water has a pH of 8.5±0.1. 

The sodium hydroxide (NaOH) and sodium citrate (Na3Cit) used in this study were 

analytical grade and were purchased from Fisher Scientific. The dosage for each experiment 

setup is listed in Table 1. 

 

Table 1. Concentration of caustic and sodium citrate for experiments. 

Set 

NaOH 

concentration 

(wt.%) 

NaOH 

concentration 

(mM) 

Na3Cit 

concentration 

(wt.%) 

Na3Cit 

concentration 

(mM) 

1 0 0 0 0 

2 0.00625 1.56 0 0 

3 0.0125 3.125 0 0 

4 0.025 6.25 0 0 

5 0.05 12.5 0 0 

6 0.075 18.75 0 0 

7 0 0 0.01 0.34 

8 0.05 12.5 0.005 0.17 

9 0.05 12.5 0.01 0.34 
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3.1.2. Experimental methods 

This study has two experimental setups based on time: (1) investigate the bitumen 

size number after 30-minute of mixing, and (2) investigate the evolution of bitumen size 

over the period of 0-30 minutes. 

 

3.1.2.1. Bitumen droplet size number at 30 minutes 

The measurements of bitumen droplet size can be divided into 3 parts: mixing, 

image acquisition, and image analysis, as illustrated in Figure 6. 

During the mixing process, 20 g of bitumen and 20 ml of process water were added 

together with/without caustic and/or sodium citrate, and then the mixture was heated to 

45℃. The temperature was kept constant at 45℃ during mixing. A stir bar inside the slurry 

was stirred with 1000 RPM mixing speed for 30 minutes. 1 ml of mixing slurry sample 

was collected by a pipette at 30 minutes and transferred into a glass cubic container, which 

contained 100 ml DI water inside. 

The glass cubic container was surrounded by LED lights, a high-speed camera 

(Basler acA2000-165uc), of which the setup was designed to capture images of bitumen 

droplets in the slurry. Once the slurry was transferred to the container, a glass stir bar inside 

the container was used to stir at 200 RPM speed, and the camera captured pictures at 2 

frames per second with 300 μs exposure time for 1 minute. 
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Figure 6. Experiment set up and procedure of bitumen droplet size measurement with oil 

sands and process water. 

 

Image analysis was done with ImageJ software. The image was converted to an 8-

bit greyscale before going through the Fast Fourier transform (FFT) bandpass filter 

(filter_large=40, filter_small=10, suppress=None, tolerance=5, autoscale saturate) to 

smooth the boundary and increase contrast. A threshold (0, 79) was then applied to the 

image to eliminate elements except for black bitumen droplets. The particle analysis tool 

was then used to measure the area of each particle and calculate the diameter of the bitumen 

droplets. 120 pictures were processed for each caustic and/or sodium citrate concentration 

to create size distribution curves. 
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Figure 7. Image analysis procedure for bitumen droplet size. (a) original image; (b) image 

after 8-bit grayscale transformation; (c) image after FFT bandpass and threshold 

adjustment. 

 

3.1.2.2. Bitumen size evolution over 0-30 minutes 

The experimental setups for the measurements of the bitumen size evolution were 

the same as the bitumen droplet size measurement as described in Section 3.1.2.1 

(including mixing, image acquisition and image analysis technique), except that the sample 

acquisition during the evolution tests was conducted at a time series of interest during the 

mixing duration. In this study, bitumen slurry samples were picked and transferred to take 

pictures at 5, 10, 20 and 30 minutes from starting mixing. The concentration of the chemical 

used in this experiment is listed in Table 2. 
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Table 2. Concentration of caustic and sodium citrate for experiments. 

Set 

NaOH 

concentration 

(wt.%) 

NaOH 

concentration 

(mM) 

Na3Cit 

concentration 

(wt.%) 

Na3Cit 

concentration 

(mM) 

1 0.05 12.5 0 0 

2 0.05 12.5 0.01 0.34 

 

3.2. Results and discussion 

3.2.1. Bitumen droplet size with caustic  

Based on an oil sands extraction patent4, caustic added inside the slurry has a 

correlation with fines content in oil sands in order to achieve the best liberation. The 

correlation is given as 

𝑦 = 0.024𝑥 − 0.0088 (3) 

where y is the caustic dosage (wt.% of oil sands ore) and x is the ratio of the fines content 

(%) over bitumen content (%). From Eq. 3, the best dosage of caustic is 0.05 wt.% for 

recovery of the used sample. 

In order to have a full picture of how caustic addition affects bitumen droplet size, 

experiments were conducted with 0 wt.%, 0.00625 w.t%, 0.0125 wt.%, 0.025 wt.%, 0.05 

wt.% and 0.075 wt.% of caustic dosage. 

As can be seen from Figure 8, with the addition of caustic, the cumulative volume 

fraction line shifted left, which means the bitumen droplets tended to be smaller with 

increasing caustic dosage. In general, more caustic addition caused the bitumen size 

distribution to move towards the smaller size region. 
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Figure 8. Relation of cumulative volume fraction and bitumen droplet size in the presence 

of caustic alone. 

 

Bitumen droplet size change was evaluated by their D90 and D50 values. D90 and 

D50 represent the size at which 90% and 50% of particles are smaller than that size, 

respectively. Therefore, D90 shows the size bigger bitumen droplets can get, and D50 

shows the median bitumen droplet size. 

From Figure 9 and Table 3, it can be observed that a small amount of caustic 

(0.00625 wt.%) did not affect bitumen size distribution significantly. However, at 0.05 wt.% 

of caustic addition, which is the best dosage for bitumen recovery, caustic significantly 

reduced the D90 value of bitumen droplets from around 305 μm to 235 μm. Meanwhile, 

the D50 value also reduced slightly from around 126 μm to 103.6 μm. With 0.05 wt.% 
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caustic, the reduced D90 and D50 values mean that there was a significant decrease in the 

general bitumen droplet size, especially in the big droplet region. 

  

Figure 9. D90 and D50 of bitumen size distribution at different caustic concentration. 

 

As mentioned in Chapter 2, a higher pH leads to better liberation, but worse aeration. 

With more caustic added in the slurry, the pH jumped from 8.5 to 10.4 at the experimental 

condition (Table 3). At pH > 10, the electrostatic repulsion between bitumen droplets is 

much stronger than the adhesion force, which prevents bitumen coalescence.10 Liu et al. 

studied the interaction forces between bitumen surfaces and found that there is no jump in 

phenomenon on the force curve at pH 10.5. This means that the bitumen surfaces did not 

attach to each other at pH 10.5, whereas at pH 8.2, the adhesion force was still stronger 
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than the repulsive force, which facilitated attachment (Figure 10).10 Therefore, adding 

caustic in the slurry, which results in higher pH, is not favourable for bitumen droplets 

coalescence. The best caustic dosage 0.05 wt.% is not favourable for bitumen droplet size 

increase.  

 

Figure 10. Colloidal interaction forces between bitumen surfaces as a function of 

separation distance. Reprinted from Ref. 10 with permission from Elsevier. 
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Table 3. Bitumen droplet size and slurry pH as a function of caustic concentration. 

 

3.2.2. Bitumen droplet size with caustic and sodium citrate 

Sodium citrate has been proven to increase bitumen recovery as a secondary 

process aid (SPA). As a SPA, the effect on liberation has been demonstrated to be 

promising, but it also has a mixed effect on bitumen bubble interaction.4,5,76 The effect of 

SPA on the bitumen-bitumen interaction, especially on the bitumen droplet size, is 

discussed in this section. 

As shown in Figure 11, adding 0.01 wt.% sodium citrate alone has a similar effect 

to adding 0.05 wt.% caustic alone, both of them are not beneficial for bitumen droplet size 

increase. However, if sodium citrate is added with caustic as a secondary process aid, the 

distribution curve shifts significantly to the right to the large size region, especially for the 

bitumen droplets with sizes greater than 200 μm. This shows that sodium citrate could have 

NaOH 

concentration 

(wt.%) 

0 0.00625 0.0125 0.025 0.05 0.075 

NaOH 

concentration 

(mM) 

0 1.56 3.125 6.25 12.5 18.75 

D90 (μm) 305±18 306±13 266±2 244±16 235±11 224±15 

D50 (μm) 126±3 127±6 124±3 109±2 104±4 97±3 

pH (before 

adding oil 

sands) 

8.5±0.1 9.2±0.1 9.7±0.1 10.1±0.1 11.2±0.1 11.9±0.1 

pH (after 

adding oil 

sands) 

8.3±0.1 8.8±0.1 9.0±0.1 9.4±0.1 10.0±0.1 10.4±0.1 
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a beneficial effect when synergizing with caustic addition, which leads to a dramatic 

promotion on bitumen droplet size increase. 

 

Figure 11. Cumulative bitumen droplet size volume-based fraction in the presence of 

caustic and sodium citrate. 

 

Figure 12 shows a detailed histogram of the volume fraction of bitumen droplets in 

different size ranges. From 0 to 100 μm, the percentage of bitumen droplets among all 

chemical addition in this size range is relatively similar, except for the case of sodium 

citrate alone. In the case of adding sodium citrate alone in process water, there is a 3% and 

6% difference between the sodium citrate alone group and other groups at the 0 - 50 μm 

and 50 - 100 μm range. This indicates that there are more small droplets in the slurry with 

the addition of sodium citrate alone. From 100 - 250 μm, the cases with caustic and sodium 
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citrate alone show a higher percentage of bitumen droplets located in this size range; while 

from 250 - 300 μm, all four cases have a similar percentage of bitumen droplets. However, 

at the size range greater than 300 μm, the percentage of bitumen droplets is much higher 

with the addition of caustic and sodium citrate together (~18% compared to ~3% with the 

addition of caustic and sodium citrate alone). This interesting phenomenon shows that 

neither the caustic nor sodium citrate alone can promote bitumen droplet size growth, but 

if they are added together, they can synergistically promote bitumen droplet size increase. 

The synergistic effect works mainly on medium-sized bitumen ranging from 100-250 μm, 

which help median sized droplets to coalesce into droplets bigger than 300 μm.  

 

Figure 12. Histogram of bitumen droplet size distribution with caustic and sodium citrate. 
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3.2.3. Bitumen droplet size as a function of time 

This experiment is designed to investigate whether the increase of bitumen droplet 

size is due to the bitumen coalescence as we proposed, or because the bitumen liberated 

from sand grains becomes larger with citrate addition. 

Liberation usually happens at the initial stage of hydrotransport. From previous 

research, sodium citrate as a SPA can significantly increase liberation.2,5 Therefore, it is 

possible that the observed large bitumen droplets were liberated from oil sands directly.  

As shown in previous research, a higher pH condition is favourable for liberation 

and detrimental for bitumen droplet coalescence.2,10 If bitumen droplets are liberated as 

small droplets, then at that pH value, the coalescence of droplets is highly unlikely due to 

the high EDL repulsion between the droplets. However, due to the shear caused by stirring, 

there is still a chance that mechanical energy could help a small number of bitumen droplets 

to coalesce, but the bitumen droplet size should be relatively constant. 

As shown in Figure 13, with 0.05 wt.% caustic alone (pH ~ 10), bitumen droplet 

size distribution was relatively stable at all 4 time points. The values of D90 and D50 only 

exhibited negligible changes from 5 to 30 minutes (Figure 15). D90 has raised from around 

200 μm to 220 μm from 5 to 10 minutes, and after that, it increased slowly from around 

220 μm to 250 μm at 30 minutes. This slight increase was most likely caused by the shear-

induced droplet coalescence.  
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Figure 13. Cumulative volume-based bitumen droplet size distribution with 0.05 wt.% 

caustic at different mixing times. 

 

However, with 0.05 wt.% caustic and 0.01 wt.% sodium citrate together (pH ~ 9.9), 

the bitumen droplet size distribution has significantly shifted toward a bigger size zone 

from 5 to 30 minutes (Figure 14). D50 was relatively stable, but D90 has grown rapidly 

from ~ 200 μm at 5 minutes to around 480 μm at 30 minutes, which is more than doubled 

in size (Figure 15). It is known that adding sodium citrate does not change the pH 

dramatically. Therefore, the previous conditions of better liberation and poorer coalescence 

are still valid after adding sodium citrate based on high pH. However, bitumen droplet size 

increased after adding sodium citrate as a SPA with caustic, and the size grew as a function 
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of time. This phenomenon should thereby be attributed to the synergistic effect between 

citrate and caustic, which facilitates the bitumen coalescence. 

 

Figure 14. Cumulative volume-based bitumen droplet size distribution with 0.05 wt.% 

caustic and 0.01 wt.% sodium citrate at different mixing times. 
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Figure 15. Bitumen droplet size (D90, D50) as a function of time with 0.05 wt.% caustic 

alone and with 0.01 wt.% sodium citrate as SPA. 

 

It can be concluded that the increase of bitumen droplet size is a result of enhanced 

bitumen coalescence. If the growth was mainly due to liberation, big droplets should exist 

from the beginning instead of growing over time. Besides, if growth was mainly due to 

liberation, a similar but slightly worse pattern should also be observed with caustic alone. 

Adding caustic alone already increases liberation recovery, while sodium citrate works as 

a secondary process aid to help the liberation process. Interestingly, the two D90 curves 

followed a similar growth trend and number from 5 to 10 minutes. Liberation during this 

time period may help the number of liberated bitumen droplets in the slurry increase, which 

could result in higher collision efficiency and higher coalescence rate. But after 10 minutes, 
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bitumen droplet size increased significantly with sodium citrate as a SPA. Based on the 

previous discussion, the dramatic increase should be mainly due to droplet coalescence, 

and sodium citrate as SPA could help the droplet coalescence process. 

 

3.2.4. Summary 

In the oil sands system, adding caustic alone or sodium citrate alone did not promote 

bitumen droplet size increase. However, if sodium citrate was added as a secondary process 

aid together with caustic, it had a synergistic effect on bitumen droplet size growth. 

The growth may not be related to better liberation caused by sodium citrate, which 

could possibly liberate bigger bitumen droplets. The growth is more likely due to bitumen 

droplet coalescence in the medium-sized zone range of 100 - 250 μm. Therefore, the focus 

of future research should be on how sodium citrate affects bitumen droplets coalescence.  
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4. Effect of sodium citrate on bitumen droplet size in model bitumen 

emulsion system with process water 

4.1. Methodology 

4.1.1. Materials 

Vacuum stilled bitumen from Canada Syncrude Inc. was used to prepare bitumen 

emulsions in this chapter. Sodium citrate (from Fisher Scientific) at 0.1, 0.5 and 1 mM 

concentrations were added into process water (pH ~ 8.5) before or after making an 

emulsion. 

 

4.1.2. Experiment method 

SOPAT is a photo-optical and image-based analysis measurement technology. It is 

used to take photos and analyze particle size distribution and characteristics in multi-phase 

systems. As shown in Figure 16, SOPAT takes photos and detects droplets in the photos. 

The shape and characteristics of bitumen droplets can be then analyzed by the accompanied 

software.  

 

Figure 16. Use of SOPAT to detect bitumen droplets. Left: Original image. Right: 

Analyzed image. 
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The procedure for preparing bitumen-in-water emulsions is schematically shown in 

Figure 17. Bitumen samples of 1 wt.% were emulsified in 40 mL of the aqueous solution 

of desired water chemistry using an ultrasonic dismembrator. The resultant bitumen 

emulsion was then transferred into a beaker with the SOPAT probe. To reduce the chance 

of bitumen droplet sticking on the stir bar, a glass stir bar was soaked in pH 12 NaOH 

solution for 10 minutes to hydrophilize its surface. Then, the pre-treated glass stir bar was 

put inside the beaker with a stirring speed of 100 rpm. Then, the particle size in the 

emulsion was measured by 50 frames per second (FPS) in 1-minute increments for 30 min 

to monitor the coalescence behaviour of the bitumen emulsion. 

 

Figure 17. Experiment set up for bitumen droplet size measurement with SOPAT. 

 

This bitumen droplet size measurement experiment was done in 3 sets: 

(1) 40 mL of process water was added into a cell together with 0.4 g bitumen and 

0.1, 0.5 or 1 mM sodium citrate. The cell was transferred and installed on the dismembrator. 
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Dismembrator was operated with a 70% amplitude for 30 minutes. After that, the bitumen 

emulsion inside the cell was transferred to a 100 mL beaker. Then, the stir bar started to 

stir at 100 rpm. The SOPAT test was then conducted for a duration of 30 minutes.  

 

Figure 18. Procedure of the set 1 experiment with process water.  

 

(2) 40 ml process water was added into a cell together with 0.4 g bitumen. After 

the bitumen was made and transferred to the beaker, 0.1, 0.5, or 1 mM sodium citrate was 

added inside the emulsion. The remaining procedure was the same as in 4.1.2 (1). 

 

Figure 19. Procedure of the set 2 experiment with process water. 

 



42 

 

(3) 40 ml process water was filtered by a 0.22 µm syringe filter first, in order to 

remove fines contents in the process water. Then, the filtered process water was mixed 

with 0.4 g bitumen into a cell. The remaining procedure was the same as in 4.1.2 (2). 

 

Figure 20. Procedure of the set 3 experiment with process water. 

 

4.2. Results and discussion 

4.2.1. Effect of sodium citrate in process water (citrate pre-added) 

In experiment set 1, sodium citrate was pre-added into process water, which is 

similar to the procedure in Chapter 3. The results are shown in Figure 21 and there exist 

both similarities with and differences from the results in Chapter 3. 

In all four cases, the bitumen droplet size increased with time, but at different 

magnitudes (Figure 22). Bitumen droplet size increased the most with 0.1 mM sodium 

citrate addition in process water, growing from around 45 μm to 100 μm. For the process 

water scenario, bitumen droplet size grew from around 50 μm to 80 μm. The result showed 

that adding 0.1 mM sodium citrate helped bitumen droplet size increasing more 

significantly. The beneficial effect of sodium citrate shown above is consistent with the 

results from Chapter 3. 

However, when sodium citrate was added with concentrations of 0.5 mM and 1 

mM, the growth (~ 40 μm to 60 μm and ~ 40 to 55 μm, respectively) was not as pronounced 
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as in process water. This phenomenon is opposite to the result in Chapter 3. It shows that 

adding a relatively high dosage of sodium citrate could hinder the increase of bitumen 

droplet size.  Previous research has shown sodium citrate can increase the absolute value 

of zeta potential of bitumen droplets, and the resulting higher EDL repulsion can prevent 

attachment between bitumen and sand.5,49,77 For two negatively charged bitumen surfaces, 

the EDL repulsion increases when adding more sodium citrate. At a certain dosage, the 

EDL repulsion might be able to prevent bitumen droplets coalescence, resulting in a 

smaller bitumen droplet size. The result showed that sodium citrate has a beneficial effect 

on bitumen droplet size growth but at a relatively low concentration. When the 

concentration was high, sodium citrate had a negative effect on the size growth, which may 

be due to high EDL repulsion. Therefore, there is likely an optimum sodium citrate 

concentration for the best coalescence performance in process water, which is around 0.1 

mM in this experimental condition. 
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Figure 21. Evolution of the bitumen droplet Sauter mean size in Na3Cit pre-added process 

water.  

 

Figure 22. Bitumen emulsion images taken by SOPAT in Na3Cit pre-added PW with 0-1 

mM sodium citrate. 
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4.2.2. Effect of sodium citrate in process water (sodium citrate post-added) 

In experiment set 2, the bitumen emulsion was made without pre-added sodium 

citrate. 0 - 1 mM sodium citrate was added before stirring. As shown in Figures 23 and 24, 

in process water, the bitumen droplet size decreased with increasing sodium citrate 

concentration. Without sodium citrate, the bitumen droplet size grew from around 50 μm 

to 80 μm. However, the bitumen droplet size only grew from 50 μm to slightly below 60 

μm with the presence of sodium citrate. Regardless of the dosage of sodium citrate, all 

cases had negative effects on bitumen droplet size growth. This different phenomenon 

compared to set 1 should be a consequence of adding sodium citrate.  

One of the major concerns when using industrial process water is the presence of 

fine clay particles, which might change the colloidal interactions. During emulsification, 

clay particles might attach to the bitumen droplet surface and cause slime coating. Previous 

research has shown that the addition of sodium citrate can prevent slime coating.77 

However, it has to be mentioned that the same study also demonstrated that sodium citrate 

could not remove the slime coating that had already happened.77 In the current 

experimental setup (as shown in Figure 19), it is possible that slime coating may have 

already happened during emulsification if there were fine particles existing in the process 

water, and the clay layer on the bitumen surface could prevent the coalescence process. 

With the synergetic effect of a more negatively charged surface caused by sodium citrate, 

the strong repulsion also prevents bitumen droplets from coalescing. 
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Figure 23. Evolution of the bitumen droplet Sauter mean size in Na3Cit post-added 

process water. 

 

Figure 24. Bitumen emulsion images taken by SOPAT in Na3Cit post-added PW with 0-1 

mM sodium citrate. 
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4.2.3. Effect of sodium citrate in fines-filtered process water 

From the previous sections, it can be seen that fines may play a detrimental role in 

bitumen droplet size growth. As a result, the slime coating phenomenon might prevent 

sodium citrate from achieving its beneficial effect on bitumen droplet size growth. 

Therefore, experiment set 3 was designed to prepare bitumen emulsions under a fines-

filtered process water environment, such that little slime coating effect would be considered. 

In this manner, the effects of sodium citrate on bitumen coalescence can be studied 

explicitly. 

As shown in Figures 25 and 26, the overall trend of sodium citrate on bitumen 

droplet size evolution in fines-filtered process water is similar to that in experiment set 1 

(Figure 21). There exists an optimum dosage of sodium citrate to achieve the biggest 

droplet size growth, which is 0.1 mM. With 0.1 mM sodium citrate added, bitumen droplet 

size grew from around 40 μm to 100 μm. For the cases with only process water, 0.5 mM 

and 1 mM sodium citrate addition, bitumen droplet size growth trends were similar, from 

around 40 μm to 60 μm. 
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Figure 25. Evolution of the bitumen droplet Sauter mean size in fines-filtered process 

water. 

 

Figure 26. Bitumen emulsion images taken by SOPAT in fines-filtered PW with 0-1 mM 

sodium citrate. 
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4.2.4. Comparison between the cases with process water and discussion 

From the previous sections, sodium citrate showed different effects based on the 

fines content in process water and the sequence of adding sodium citrate. As shown in 

Figure 27, if sodium citrate was added after the emulsion was made in process water, it had 

a completely different effect compared to fines-filtered process water and citrate pre-added 

process water. Without sodium citrate, bitumen droplet size grew by around 30 μm, but the 

growth shrank to only around 10 μm with any dosage of sodium citrate.  

If fines were removed from process water, the bitumen droplet size increased by 

around 38 μm without sodium citrate. The size growth increased by 60 μm with 0.1 mM 

sodium citrate, which almost doubled the original growth. However, the growth dropped 

to around 35 μm with 0.5 mM or 1 mM sodium citrate addition, which is almost negligible 

to the cases without addition. 

If sodium citrate was pre-added into process water before emulsification, it 

promoted droplet size increase, but at a smaller magnitude. For example, the growth was 

around 55 μm with 0.1 mM sodium citrate addition, which is higher than in sodium citrate 

post-added process water, but lower than in fines-filtered process water.  
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Figure 27. Bitumen droplet size difference between 0 minutes and the average of the last 

5 minutes in PW, fines-filtered PW, and sodium citrate pre-added PW. 

 

From the above comparison, it can be confirmed that the effectiveness of sodium 

citrate on promoting bitumen droplet size growth depends on at least 3 factors: sodium 

citrate concentration, sodium citrate adding sequence, and fines concentration. 

For sodium citrate concentration, there seems to exist an optimum dosage for 

bitumen droplet size growth. It is obvious that if EDL repulsion increases with increasing 

sodium citrate concentration, the chance for bitumen droplet coalescence decreases as a 

consequence. As a result, the bitumen droplet size should always decrease with increasing 

sodium citrate concentration by only considering the surface forces. However, the results 

show bitumen droplet size difference first increases at low sodium citrate concentration 
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and then decreases at relatively higher sodium citrate concentration. Therefore, there must 

be some other factors contributing to the beneficial effect of sodium citrate. 

Although the current evidence supports that sodium citrate has a beneficial effect 

at the optimum dosage, such a favourable phenomenon has one prerequisite condition, 

which is the elimination of slime coating. Adding sodium citrate before emulsification can 

prevent slime coating from happening, but not completely. Therefore, the overall slime 

coating degree is significantly reduced compared to adding sodium citrate after 

emulsification. Since there are still fines attaching to bitumen, the overall slime coating 

degree when pre-adding sodium citrate is slightly higher than in fines-filtered process water. 

The size increase is the biggest in fines-filtered process water. While in sodium citrate pre-

added process water, the size increase is slightly lower. In sodium citrate post-added 

process water, the size increase is the least among all three conditions.  

Therefore, it is obvious that bitumen droplet size is negatively affected by the 

degree of slime coating. Sodium citrate could have a beneficial effect on bitumen droplet 

size by controlling the slime coating degree. 

 

4.3. Effect of sodium citrate on clay on the bitumen droplet surface 

From the results in Chapter 3 and the discussion in Chapter 4.2, it is demonstrated 

that one of the mechanisms of sodium citrate affecting bitumen droplet coalescence has to 

be related to the clay. If sodium citrate was added before the slime coating happens, sodium 

citrate can effectively prevent slime coating from happening. Otherwise, slime coating 

could not be removed if sodium citrate was added after slime coating already happened.77 
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Therefore, it is essential to prevent slime coating first, a step that is key to obtaining 

the positive effect of sodium citrate on enhancing bitumen droplets coalescence. If slime 

coating happens first, the beneficial effect of sodium citrate would not become evident and 

the impact can even be negative. In the oil sands system, this prevention step is also of 

extreme importance due to the presence of much higher fines concentration. As shown in 

Figure 28, the bitumen surface may be partially covered by clay before liberation happens. 

With the synergistic effect of caustic and sodium citrate, a better liberation can be achieved. 

Meanwhile, sodium citrate can prevent further slime coating from happening on the clean 

bitumen surface just liberated from the sand surface. Those clean surfaces can interact with 

other clean surfaces and eventually form aggregate and bigger droplets. 

 

 

Figure 28. Possible mechanism of sodium citrate helping to prevent slime coating and 

promoting bitumen droplet coalescence. 

 

4.4. Summary 

Sodium citrate has shown a beneficial effect at an optimum dosage (0.1 mM in this 

study) on droplet size growth when it was pre-added into process water or added into fines-

filtered process water. If sodium citrate concentration was higher than the optimum dosage 

(> 0.5 mM), it did not exhibit a beneficial effect on droplet size increase. When sodium 
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citrate was post-added into process water, it had a significant negative effect on droplet 

size at all concentrations. 

This phenomenon is most likely related to the manipulation of slime coating. In 

fines-filtered process water, where little slime coating could happen, sodium citrate has a 

beneficial effect at 0.1 mM. However, it does not have any beneficial effect when post-

added into process water, where slime coating has already occurred. Once sodium citrate 

prevented slime coating when pre-added, it showed the beneficial effect again. Therefore, 

the prevention of slime coating is a prerequisite condition to enable the beneficial effect of 

sodium citrate on bitumen droplet coalescence in process water.  
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5. Effect of sodium citrate on bitumen droplet size in model bitumen 

emulsion system with synthetic water 

5.1. Methodology 

5.1.1. Materials 

Vacuum distilled bitumen was provided by Canada Syncrude Inc. Synthetic process 

water was made with DI water, and it contained the salts in Table 4.78 The pH of synthetic 

process water was controlled at 8.5 by titrating NaOH/HCl. 

Table 4. Synthetic process water recipe. 

Salt Concentration (mM) 

Na2SO4 2.10 

NaHCO3 12.49 

NaCl 9.05 

CaCl
2
 1.10 

MgCl
2
 0.78 

 

Calcium chloride, sodium citrate and sodium hydroxide were analytical degrees 

and were purchased from Fisher Scientific. 

 

5.1.2. Experiment set up 

5.1.2.1. Bitumen droplet size measurement 

SOPAT and FBRM were used to measure bitumen droplet size in this chapter. 

Focused beam reflectance measurement (FBRM) and Smart online particle analysis 

technology (SOPAT) were used to measure the size distribution of bitumen droplets in 

various aqueous solutions. FBRM is one of the most flexible equipment to measure 
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particles with a measurement range of 0.5 - 2000 µm. FBRM uses a rotating laser to 

measure the chord length distribution (CLD) of the particles. Schümann79 compared 

particle video microscopy (PVM) with FBRM and presented a method to convert obtained 

CLDs to particle size distributions (PSD). Boxall measured oil, crude oil, and mineral oil 

with FBRM, which means FBRM is able to measure bitumen droplet emulsions.21 

The current experiments to measure the bitumen droplet size were done in 3 steps. 

In the first step, the bitumen droplet size was measured in DI water and single ions with 

FBRM. In the second step, bitumen droplet size was measured in DI water and multiple 

ions with FBRM. In the third step, bitumen droplet size was measured in synthetic process 

water with SOPAT. 

When using the FBRM method (Figure 29), 1 wt.% vacuum distillation bitumen 

was emulsified in 30 mL of the aqueous solution of desired water chemistry with an 

ultrasonic dismembrator. Then, the emulsion was diluted with the same amount of the 

aqueous solution to satisfy the volume requirements of the FBRM measurement. The 

resultant bitumen emulsion was added to a beaker with the FBRM probe inserted at 45 

degrees from the vertical line. A stirrer motor was installed on the top of the beaker and an 

impeller was attached and inserted into the emulsion with a stirring speed of 100 rpm. Then, 

the particle size in the emulsion was measured in 10 s increments for 30 min to monitor 

the coalescence behaviour of the bitumen emulsion. 
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Figure 29. Experimental set up for bitumen droplet size measurement with FBRM. 

 

The experiments using SOPAT followed similar methods as in Chapter 4. The 

experiments were conducted with the sets below: 

1) Set 1: As shown in Figure 30, the bitumen emulsion was prepared with 1 wt.% 

bitumen and pH 8.5 sodium hydroxide solution. 0.1 mM, 0.5 mM, or 1 mM calcium 

chloride, or sodium citrate were added separately to investigate the effect of different 

chemicals individually. The maximum concentration for divalent ions in the industry is 

around 1 mM. Therefore, the concentration for this experiment was chosen to be in the 

industrially relevant range.  
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Figure 30. Procedure of the set 1 experiment with synthetic water. 

 

2) Set 2: As shown in Figure 31, the bitumen emulsion was made by mixing 1 wt.% 

bitumen and pH 8.5 sodium hydroxide solution with 0.1 mM to 1 mM calcium chloride. 

0.1 mM, 0.5 mM, or 1 mM sodium citrate was added to investigate the effect of sodium 

citrate with the presence of divalent cations, respectively. The chemical concentration for 

each experiment is listed in Table 5. 

 

Figure 31. Procedure of the set 2 experiment with synthetic water (adding calcium ions 

before emulsification). 
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Table 5. Salt concentration for FBRM experiment with multi-ions. 

Experiment set 

number 

Calcium chloride 

concentration (mM) 

Sodium citrate 

concentration (mM) 

1 0.1 0.1 

2 0.1 0.5 

3 0.1 1 

4 0.5 0.1 

5 0.5 0.5 

6 0.5 1 

7 1 0.1 

8 1 0.5 

9 1 1 

 

3) Set 3: As shown in Figure 32, bitumen emulsion was made with 1 wt.% bitumen 

and synthetic process water. 0.1 mM, 0.5 mM, or 1 mM sodium citrate was added after 

emulsification to investigate the effect of sodium citrate in bitumen emulsions with 

synthetic process water to mimic real processing conditions. The same experimental 

procedure was performed again but keeping the bitumen emulsion at 40 ℃.  

 

Figure 32. Procedure of the set 3 experiment with synthetic water. 
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5.1.2.2. Zeta potential measurement 

Zeta PALS (Brookhaven) was used to measure the zeta potential of bitumen 

droplets at room temperature. Bitumen emulsion was made by dismembrator with 1 wt.% 

bitumen and 30 mL solution with various water chemistry as described previously. Each 

sample was diluted 10 times with the same solution before it was put into Zeta PALS. Each 

sample was measured with 5 cycles for a run, and the measurement was repeated for 10 

runs. 

 

5.2. Results  

5.2.1. Effect of single ions 

From Chapters 3 and 4, it was shown that sodium citrate had a beneficial effect on 

bitumen droplet size growth at a certain optimum dosage. However, those experiments 

were done with complicated water chemistry. They did not reveal the mechanisms involved 

with sodium citrate ions alone.  

The FBRM result showed that the size of the bitumen droplets was relatively stable 

during the 30 minutes measurement in a citrate solution, as shown in Figure 33. The size 

distribution at the beginning and the end of the measurement (Figure 34) show that the 

droplet size distribution did not have a big difference. This interesting result shows that 

sodium citrate alone actually prevents bitumen droplet size from increasing. 
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Figure 33. Evolution of median bitumen droplet size in sodium citrate solution. 

 

 

Figure 34. Size distribution chart with the addition of 1 mM sodium citrate. 
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Divalent ions are known to be troublemakers in the oil sands extraction process. It 

is hypothesized that sodium citrate could chelate divalent ions to decrease the concentration 

of “active” divalent ions, thereby improving the liberation process.5,77 For bitumen-

bitumen interaction, divalent ions have been shown to decrease the repulsion and make 

attachment easier.10  FBRM results showed that with the addition of calcium ions, bitumen 

droplet size increased with increasing calcium ion concentration (Figure 35). From the 

distribution chart (Figure 36), it can be seen that the distribution significantly shifted to 

larger sizes with time.  

 

Figure 35. Evolution of median bitumen droplets in calcium chloride solution. 
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Figure 36. Size distribution chart with the addition of 1 mM calcium chloride.  

 

Consequently, one could conclude that adding calcium ions promotes bitumen 

droplet size growth, while sodium citrate can prevent bitumen droplet size from growing.  

Ions in the water can change the bitumen surface zeta potential, which influences the 

repulsive EDL force. Therefore, the coalescence kinetics of bitumen droplets is 

significantly affected by water chemistry. Previous research5,49 found that the absolute 

value of the zeta potential of bitumen increased with sodium citrate concentration but 

decreased with divalent ions. Therefore, the EDL forces should be more repulsive with 

citrate and less repulsive with divalent ions. This is consistent with the fact that bitumen 

droplet size increase with calcium ions but not with sodium citrate.  
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5.2.2. Effect of sodium citrate with divalent ions 

In Chapter 4, we demonstrated that sodium citrate had a completely different effect 

on bitumen coalescence based on the adding sequence. The beneficial effect was only 

anticipated when sodium citrate was added before emulsification, which may be due to the 

prevention of slime coating. Calcium chloride played an important role to cause slime 

coating, and thereby, it links the negatively charged clay particles to the negatively charged 

bitumen surface. Research has shown that in the presence of calcium ions, slime coating 

prevention depends on the sequence of adding sodium citrate too.77 In this section, fines 

were not present in the synthetic water, so slime coating would not happen, and the effect 

of sodium citrate in calcium ions pre-added synthetic water was investigated. 

As shown in Figure 37, when calcium ions were added during emulsification, after 

30 minutes, bitumen droplet size increases in all sets, and it increases the most with 0.1 

mM sodium citrate and 1 mM calcium chloride. With more sodium citrate added, the 

increased margin was lower. 
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Figure 37. Median bitumen droplet size at 30 minutes as a function of sodium citrate 

concentration in the presence of calcium ions (adding calcium before making the 

emulsion, the droplet size among all cases is around 19 ± 1 μm at 0 minute). 

 

Citrate ions can chelate divalent cations, lowering the effective concentration of 

calcium ions. When sodium citrate was added after the emulsion preparation, some calcium 

ions had already been adsorbed on the negatively charged bitumen surface. Therefore, the 

calcium ions effective concentration was readily high at the bitumen surface, because not 

all sodium citrate had the opportunity to chelate calcium ions. As a result, after chelation, 

more calcium ions kept adsorbed on the bitumen surface, which kept the surface charge 

less negative. As a result, sodium citrate can also show its positive effect without 

significantly lowering surface charge. 

At higher concentrations of citrate added to an emulsion containing calcium, it was 

observed that the bitumen droplet median size dropped with increasing citrate 
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concentration (Figure 37). However, at 0.1 mM citrate concentration, the bitumen droplet 

median size was larger than the case where no citrate was added to the Ca2+-containing 

emulsion. This small amount of citrate may soften the bitumen droplet film. Since the small 

amount of citrate does not substantially affect the surface charge, the overall surface charge 

is dominated by calcium ions. Therefore, a combination of less repulsive EDL forces and 

softer film leads to a higher coalescence probability. Increasing the citrate concentration 

further has little effect on the film softness but causes an increase in EDL force from the 

removal of Ca2+ from the interface, which results in slower coalescence with an increase 

of citrate concentration.  

 

5.2.3. Effect of sodium citrate in synthetic process water 

Sodium citrate showed similar behaviour in synthetic process water, compared to 

that in process water, and that in DI water containing divalent ions. The Sauter mean size 

of bitumen droplet size was the biggest with 0.1 mM sodium citrate. While at higher 

sodium citrate concentration, the bitumen droplet mean size decreased with increasing 

sodium citrate concentration (Figure 38). It is obvious that much bigger bitumen droplets 

can be seen with 0.1 mM sodium citrate in the photo and it forms aggregate (Figure 39). 
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Figure 38. Evolution of Sauter mean bitumen droplet size in synthetic process water. 

 

 

Figure 39. Bitumen emulsion images taken by SOPAT in SPW with 0-1 mM sodium 

citrate. 



67 

 

Compared with the results from process water, it can be seen that the bitumen 

droplet size change in SPW followed a similar trend. However, at lower sodium citrate 

concentration, the margin for size increase was even bigger than in fines-filtered process 

water and sodium citrate pre-added process water (Figure 40). 

Without any sodium citrate, the bitumen droplet size already increased to around 

60 μm, which is almost doubled compared to that in fines-filtered process water. This result 

shows that bitumen droplet size can grow much larger without slime coating. With 0.1 mM 

and 0.5 mM sodium citrate, the bitumen droplet size growth margin was at least 15 μm 

more than in any type of process water, which emphasizes again that it is important to 

prevent slime coating. However, unlike in process water, bitumen droplet did not grow 

with 1 mM sodium citrate in SPW. Bitumen droplet in SPW has a much cleaner surface 

without any slime coating, so the effect of sodium citrate may be stronger and more 

straightforward. Combined with the high EDL repulsion caused by sodium citrate, bitumen 

droplet size did not increase at this condition. 
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Figure 40. Bitumen droplet size difference between 0 minutes and the average of the last 

5 minutes in SPW, PW, fines-filtered PW and sodium citrate pre-added PW. 

 

Previous experiments performed in process water were conducted at 45 ℃ to mimic 

the industrial condition. At 45 ℃, the viscosity of bitumen drops, and better overall 

recovery can be achieved. Experiments with synthetic process water were also done at 45 ℃ 

to see if sodium citrate performs differently at different temperatures. As shown in Figure 

41, the coalescence rate increased at 45 ℃. It only took 10 minutes to reach a relatively 

stable condition of bitumen droplet sizes. The final result was still similar to the result at 

room temperature because 0.1 mM sodium citrate is the optimum dosage for the most 

growth.  
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Figure 41. Evolution of Sauter mean bitumen droplet size in synthetic process water at 

45℃. 

 

When compared with results at room temperature, it can be seen that the final result 

at 30 minutes showed a similar trend as at room temperature, but the size grew much faster 

at the beginning (Figure 42). This means that the effect of sodium citrate is not relative to 

temperature, but the temperature has a significant influence on coalescence dynamics. 
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Figure 42. Comparison of the evolution of Sauter mean bitumen droplet size in synthetic 

process water at room temperature and at 45℃. 

 

5.3. Effect of sodium citrate on surface force between bitumen droplets 

Previous zeta potential measurements have shown that the bitumen droplet is more 

negatively charged with the addition of sodium citrate.5,49 For example, bitumen droplet 

zeta potential is around -40 mV in 1 mM KCl solution. When 0.2 mM sodium citrate was 

added into the solution, the measured zeta potential became more negative to around -100 

mV.5 

As shown in Figure 43, the sodium citrate effect on zeta potential was similar to 

previous research. Despite the background calcium ions concentration, the zeta potential 

of bitumen droplets becomes more negative with increasing sodium citrate concentration. 

If sodium citrate concentration is lower than calcium ions concentration, the zeta potential 
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becomes more negative but does not change significantly. However, once sodium citrate 

concentration is equal to or higher than calcium ions concentration, a more obvious zeta 

potential change can be seen. For example, with 1 mM calcium ions, the zeta potential only 

dropped 10 mV from 0 to 0.5 mM sodium citrate addition, but dropped 20 mV from 0.5 to 

1 mM sodium citrate addition. In 0.1 mM calcium ions background solution, adding 0.1 

mM sodium citrate can readily reduce the zeta potential by 10 mV, and adding 1 mM 

sodium citrate can reduce the zeta potential by 55 mV. 

 

Figure 43. Zeta potential of bitumen droplets in pH 8.5 calcium solution as a function of 

sodium citrate concentration.  

 

But generally, adding 0.1 mM sodium citrate did not dramatically reduce the zeta 

potential, especially with higher calcium ions in the background. With 0.5 mM and 1 mM 
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calcium ions in the background, adding 0.1 mM sodium citrate only changed the zeta 

potential by 3 mV. This is most likely the reason that 0.1 mM sodium citrate was found to 

be the optimum dosage for bitumen droplet coalescence. 

The same phenomenon happens with sodium citrate in synthetic process water. The 

zeta potential became more negative with the addition of sodium citrate (Figure 44). The 

zeta potential decreases by around 15 mV after adding 1 mM sodium citrate. 

 

Figure 44. Zeta potential of bitumen droplets in synthetic process water as a function of 

sodium citrate concentration. 

 

Based on the zeta potential, the colloidal interaction force between two bitumen 

droplets can be calculated.80 The Debye length can be obtained from  

𝜅−1 = √
𝜀𝜀0𝑘𝐵𝑇

2 × 103𝑁𝐴𝑒2𝐶
(4) 
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where κ−1 is the Debye length, C is the ionic strength of the electrolyte in molar units (M 

or mol/L), ε0 is the permittivity of free space, ε  is the dielectric constant, kB is the 

Boltzmann constant, T is the absolute temperature in Kelvin, NA is the Avogadro number, 

e is the elementary charge. 

EDL and VDW disjoining pressure between two plain surfaces can be calculated 

by  

𝑊𝐸𝐷𝐿 = 𝜀𝜀0𝜅
2𝜓1𝜓2𝑒−𝜅𝐷 − [𝛥1𝜓2

2 + 𝛥2𝜓1
2]𝑒−2𝜅𝐷

1 − 𝛥1𝛥2𝑒−2𝜅𝐷
(5) 

𝑊𝑉𝐷𝑊 = −
𝐴

12𝜋𝐷3
(6) 

where WEDL is EDL energy, ψ is the surface charge, D is the distance between two surfaces, 

Δ is the relative magnitude of the regulation capacitance Ki to the diffuse layer capacitance 

(𝜀𝜀0𝜅), which is given by Equation 7 

∆𝑖=
𝐾𝑖 − 𝜀𝜀0𝜅

𝐾𝑖 + 𝜀𝜀0𝜅
(7) 

with −1 ≤ ∆𝑖 ≤ 1 . Specifically, the extreme conditions correspond to ∆𝑖= 1  for the 

constant surface potential and ∆𝑖= −1 for the constant surface charge density. In this study, 

∆𝑖= 1 for the constant surface potential. 

Based on Derjaguin approximation, the force between two spheres with the same 

radius is  

𝐹(𝐷) = 2𝜋𝑅(𝑊𝐸𝐷𝐿 + 𝑊𝑉𝐷𝑊) (8) 

where F is the surface force, R is the droplet radius. 

In this research, surface force is calculated based on the zeta potential from SPW, 

ionic strength is calculated from the SPW recipe, assuming a droplet radius is 20 μm. 
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As shown in Figure 45, the interaction force becomes higher with increasing 

sodium citrate concentration, resulting in a larger energy barrier. With 0.1 mM sodium 

citrate, the maximum force increases from around 40 nN to 55 nN. While with 1 mM 

sodium citrate, the force increases from around 40 nN to 75 nN, which almost doubles the 

force needed for coalescence. 

 

Figure 45. Colloidal interaction force between bitumen droplets in SPW with sodium 

citrate. 

 

From the results and discussions above, it can be seen that adding sodium citrate 

would be detrimental to bitumen droplet coalescence based solely on colloidal interactions. 

With sodium citrate, it takes much more energy for bitumen droplets to overcome the 

energy barrier and get close enough to coalesce. The increased EDL repulsion is the main 

reason causing a much higher energy barrier that needs to overcome during the coalescence 
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process.  However, colloidal interaction is not the only factor affecting bitumen droplet 

coalescence. Bitumen droplet size does not always decrease with increasing sodium citrate 

concentration. Instead, there is an optimum sodium citrate concentration (0.1 mM in the 

experiment condition) to achieve the biggest growth. 

 The overall droplet size growth may depend on the balance of several factors. 

When sodium citrate concentration is lower, the absolute value of zeta potential increases 

slightly (less than 10 mV in all experimental sets). The energy barrier could rise by less 

than 50%, so it may still be possible for bitumen droplets to overcome the energy barrier 

at this condition. However, the absolute value of the zeta potential increases significantly 

(could be more than 50 mV) with higher sodium citrate concentration. The energy barrier 

at this condition could be more than doubled compared to the conditions in the absence of 

sodium citrate. The droplet size data shows that the size could not grow with 1 mM sodium 

citrate in SPW, which means that this high energy barrier plays an essential role in 

inhibiting coalescence. 

In conclusion, adding sodium citrate could cause a higher energy barrier for 

bitumen droplets, which is detrimental to bitumen droplet coalescence. The increase of the 

energy barrier is much lower if the sodium concentration is low, and bitumen droplets could 

overcome the energy barrier and coalesce at these conditions. However, if the sodium 

citrate concentration is high, it could be harder for bitumen droplets to overcome the 

drastically increased energy barrier, causing a negative impact on coalescence behaviour. 
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5.4. Effect of sodium citrate on the surface property of bitumen droplets  

Asphaltene can form a thin film at the oil-water interface, and the film has been 

shown to hinder droplet coalescence.56–60 Feng has studied how sodium citrate affects the 

asphaltene film rheology.81 When the asphaltene film formed at the oil-water interface, it 

showed viscous property first, which means the interface is more liquid-like. Asphaltene 

at the interface then formed a complex structure, showing an elastic property, and the film 

became more solid-like over time. Ageing time can determine how fast the film property 

changes. From the preliminary experiment, sodium citrate could increase the ageing time 

of the asphaltene film, meaning that it may take a longer time for the asphaltene film to 

becomes rigid. Sodium citrate also could decrease the yield stress of the film. Therefore, 

sodium citrate may make the film softer and liquid-like for longer, which may facilitate 

droplets coalescence. Bitumen film may be similar to asphaltene film at certain conditions, 

and sodium citrate may also be possible to soften the bitumen film. 

 

5.5. Summary 

Sodium citrate as a secondary process aid showed a beneficial effect on the increase 

of bitumen droplet size at 0.1 mM. However, when sodium citrate was added alone into 

bitumen emulsion, it did not have any beneficial effect. The negative effect of sodium 

citrate may be due to the increase of EDL, which increases the electrostatic repulsion 

between bitumen droplets. At high concentrations, sodium citrate could cause the energy 

barrier to increase significantly. Consequently, bitumen droplets can barely approach each 

other and coalesce due to this energy barrier. Besides the negative effect, it is possible that 

sodium citrate could make the interfacial film between bitumen and water softer. At a lower 
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concentration, the energy barrier is not too high, and taking into consideration the 

beneficial effect from the possibly softer film, the overall effect could still be beneficial. 
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6. Conclusions and future works 

6.1. Conclusions 

In this study, the effect of sodium citrate on bitumen droplet size has been 

investigated with different bitumen samples in various water chemistry. Three measuring 

techniques have been used to show the beneficial effect of sodium citrate on bitumen 

droplet size growth. 

By using a high-speed camera and image analysis technique, bitumen droplet size 

has been measured with oil sands ores in process water. Caustic has been added in the oil 

sands extraction process to enhance recovery, showing a significantly beneficial effect on 

the liberation process. However, caustic had a negative effect on the bitumen droplet 

coalescence process. With the addition of caustic alone, bitumen droplet size decreased 

compared to the size in pure process water. Sodium citrate has shown beneficial effects as 

a secondary process aid for the liberation process as well. In this study, bitumen droplet 

size increased with the addition of sodium citrate as secondary processing aid.  

With SOPAT technology, the evolution of bitumen droplet size was measured in 

different groups of bitumen-in-process water emulsions. Sodium citrate showed different 

effects on droplet size depending on the concentration and process water. If sodium citrate 

was pre-added into process water, a beneficial effect on bitumen droplet size growth at 0.1 

mM concentration was observed. However, there was a negative effect of sodium citrate 

addition at a higher concentration. The same effect was detected in the fines-filtered 

process water. On the other hand, if sodium citrate was post-added into process water, a 

negative effect on bitumen droplet coalescence at all tested concentrations was observed.  
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With SOPAT and FBRM, bitumen droplet size has been measured with bitumen 

emulsion in synthetic water. With sodium citrate alone in DI water at pH 8.5, there was no 

significant change in bitumen droplet size, meaning that the addition of sodium citrate 

individually has no noticeable impact on bitumen droplet size growth. On the other hand, 

with the presence of calcium ions alone, bitumen droplet size increased with increasing 

calcium ion concentration. More importantly, if sodium citrate co-existed with calcium 

ions, there was an optimum sodium citrate concentration to achieve the biggest bitumen 

droplet size growth. As long as sodium citrate concentration was lower than calcium ions 

concentration, a positive effect on bitumen droplet coalescence was obtained. 

Sodium citrate can affect the bitumen droplet coalescence as a secondary process 

aid possibly by the interplay of three main factors: slime coating, colloidal interaction, and 

surface property. The overall balance between these three factors decides whether sodium 

citrate shows a positive or negative influence on bitumen droplet size. 

Sodium citrate could prevent slime coating from happening if added before 

emulsification77. If slime coating had already happened, sodium citrate only had a negative 

effect on bitumen droplet size growth. If slime coating had been prevented, sodium citrate 

had a beneficial effect at the optimum dosage. Therefore, the sequence in which sodium 

citrate was added was a crucial factor. Adding sodium citrate before slime coating 

happened was the first step to achieve bigger bitumen droplet growth. 

Sodium citrate could increase the absolute value of the zeta potential on the bitumen 

surface, resulting in higher repulsion between droplets. As the concentration of sodium 

citrate became higher, the energy barrier for bitumen droplets to coalesce increased 

dramatically. Such a phenomenon makes it almost impossible for bitumen droplets to 
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aggregate at high sodium citrate concentration (e.g., 1 mM in this study). However, when 

the sodium citrate concentration was still low (0.1 mM in this study), the energy barrier 

was relatively low. It could still be possible for two droplets to overcome the energy barrier 

and other beneficial effects of sodium citrate can still be applied, which could result in a 

bigger bitumen droplet size. 

Sodium citrate may change the surface properties of bitumen droplets, possibly 

interfacial film softness. The softer interfacial film might enhance the coalescence of 

bitumen droplet. 

 In conclusion, sodium citrate had a significant beneficial effect on bitumen droplet 

size growth if added as a secondary process aid, but did not have a beneficial effect on 

bitumen droplet size growth individually. The effects of sodium citrate depend on the 

balance of three factors: slime coating, colloidal interaction and surface property. 

 

6.2. Future works 

1) The bitumen droplet coalescence process in the real system also involves 

hydrodynamic interactions. In this study, the hydrodynamic condition has been kept the 

same to compare each experiment in sets of experiments. However, shear could play a 

crucial role in the bitumen droplet coalescence process. Studies have been done with the 

micropipette technique to show the coalescence probability with different shear conditions 

and water chemistry.38,39,82 It would be more comprehensive to confirm the results with 

micropipette at different shear conditions. With higher shear and softer bitumen film 

caused by sodium citrate, the beneficial effect of sodium citrate may be more obvious. 
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2)  In this study, the colloidal interaction was calculated based on the measured zeta 

potential. In order to understand if sodium citrate also affects other forces, such as steric 

hindrance, force measurement by atomic force measurement (AFM) or other equipment is 

needed.  

3) The bitumen droplet coalescence process contains 3 sub-steps: thin film 

formation, film drainage, and film rupture. The softer film caused by sodium citrate may 

be beneficial for film rupture, but the detailed mechanism and its effect on film drainage 

are still unknown. Using a technique such as the dynamic force apparatus (DFA) may be 

helpful to understand this mechanism. 
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