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ABSTRACT 

The hydrophile-lipophile balance (HLB) has been traditionallv used to 

describe oil/water/surfactant systems in the cosmetic and pharmaceutical 

industries. In this work, an attempt was made to use the HLB as a 

characterization tool for diluted bituminous froth, naturally occurring surfactants, 

asphaltenes and commercial demulsifiers. Most of the aforementioned items 

could be characterized by HLB, although the HLB system alone could not 

account for differences in emulsion stability with changes in the froth 

composition. Microscopic observations of water droplet interactions within the 

varying oil-phase environments revealed differences in stability which 

corresponded to the macroscopic observations used to identify differences in 

HLB. This work provides new insights into the inter-related roles of froth 

components and demulsifiers in determining water-in-oil emulsion stability. In 

particular, it brings to light the counteracting influences of the asphaltene and 

water-soluble natural surfactant fractions of bituminous froth on emulsion 

systems. 
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m 
1 -1.  Scow and Obiectives 

The purpose of this work has been to characterize bituminous froth, its 

naturally occurring surfactants, fine particulates and asphaltenes in terms of a 

hydrophile-lipophile balance or HLB. The HLB concept was first introduced by 

Griffin, ' as an empirical scale to describe the balance of the size and strength 

of the hydrophilic and lipophilic groups on an emulsifier molecule. The HLB 

dependence on the effect of shear, oil-water ratio, ternperdure, salinw and 

dilution was established in this research. Once the effect of these factors was 

clarified, the froth and its components could be analyzed through the HLB 

system. Required HLB values were obtained not onty for a reference system, but 

also for naphtha-diluted froth and other bitumen phases. Froth component HLB 

values were then attainable, 

Demulsif iers, chemical mixtures used to remove emulsified water from the 

bituminous froth, may also be characterized by HLB. An attempt to understand 

the commonly used demulsifiers by observing how effective they are at 

displacing the natural surfactants from the oil-water interface has also been 

made. 

Finally, a consistency check was established between the macroscopic 

HLB observations and the microvisual observations of interactions of individual 

water droplets within different froth and froth component environments. 

1.2. Thesis Format 

Following the backgound review, Section 2 summarizes the literature 

review which is relevant to this work. Section 3 outlines the development of the 

experimental procedure used to determine HLB values for both oil phases and 

surfactants. The results of the HLB determinations for froth and its components 

are presented in Section 4 and Section 5 provides a link between the HLB results 

and the microscopic observations. 
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1 -3. Backaround 

Emulsions today permeate all aspects of life in products such as milk, skin 

creams, or aerosol sprays. Foodt pharmaceutical and cosmetic industries 

make use of emulsions in many manufactured products intended for human 

use. Emulsions are also encountered or employed within the petroleum industry. 

These emulsions may be beneficial, for example, in the use of drilling fluids for 

lubrication or harmful in cases such as the uptake of seawater in marine oil spills. 

Emulsions can be defined as an internal liquid phase dispersed in a 

continuous liquid phase. Two classificdions describe the two basic types of 

emulsions: 

oil-in-water: O N  (internal phase: oil; continuous phase: water) 

water-in-oil: W/O (internal phase: water; continuous phase: oil) 

Emulsions are not limited to these categories as multiple emulsions such as 

W/O/W or O/W/O may be formed with relative ease in many situations. 

Emulsions may be more precisely defined as a heterogeneous system 

containing at least one immiscible liquid dispersed in an~ther.~ Droplet sizes 

may range from 1 nm to 1 pm.3 However, in practice, droplet sizes typically 

range from 50- 1 00 pm. l6 

Two immiscible liquid phases do not automdically form a stable 

emulsion as a result of mixing. When oil and water come into contact with one 

another, an interface is formed. The interfacial tension (IFT) is used to describe 

the imbalance of van der Waals forces between the water or oil molecules at 

the interface and those molecules in the respective bulk phases. An IFT of zero 

indicates complete misciblw of the two liquids. IFT values greater than zero 

indicate a tendency of the interfacial molecules to experience a 'pull' towards 

their respective bulk liquids. This results in reduced interfacial area and 

interfacial free energy. In order to form an emulsion, emulsifiers are needed to 

overcome this 'pull' such that the interfacial area and free energy may be 



3 
increased with only a modest mechanical energy input2 Emulsifiers are 

commonly surfactants. 

Surfactants are amphiphilic, meaning one molecule is partially soluble in 

both oil and water. Figure 1-1 provides an illustration for typical surfactant 

molecules containing a wuter-soluble head group attached to a hydrophobic 

hydrocarbon chain. The ensuing surfactant monolayer which develops at the 

oil-water interface not only counteracts the interfacial tension, but may also act 

as a protective film surrounding the dispersed globules which improves the 

emulsion stability by preventing coalescence upon collision of droplets.' 

water oil 
soluble head soluble tail 

f 

Figure 1 - 1 : Representation of a Surfactant Molecule 

Above a characteristic concentration, surfactants will form aggregutes of 

surfactant molecules - termed micelles - which exist not at the oil-water 

interface, but in one of the two phases. This characteristic concentration is 

termed the 'critical micelle concentration' or cmc. Micelles can affect solution 

properties such as solubilm/, viscosm/, and interfacial ten~ion.~ 

Sulfactants may be nonionic, anionic, cationic or zwitterionic. The 

charged head groups associated with anionic, cationic and zwitterionic 

surfactants impart water solubility to these molecules, while the hydrophilic head 

groups for nonionics derive their solubility from highly polar groups like 

poly~xyethyiene.~ Table 1-1 gives some common examples of these surfactant 

categories. 



Table 1-1 : Surfactant Classes 

. . . . .  - r , ~ ~ ~ a . , - z - r  . / d r l  ~ , . J ~ ~ ~ J I I - J ~ I ' - J - Z X * I . . - ~ ~ ~ - - ~ -  - r -  - -  - . r . 

CATEGORY 
, - STRUCTURE NAMES 

- ..*..r ,.,a,,.,*<, . . -*-  + -  #., A # - - -  , * .  * - - - .  - A 

ANIONIC 
Carboxylates, 

Sulfonates, Sulfates 
[also Phosphates) 

Quaternary 
Ammonium Halides 

Potyoxyet hylene(P0E) 
(Polyols, Polypeptides 

Polygtycidyls] 

Sulfobetaines 
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Fine particulates can also act as stabilizing agents if they are very small in 

comparison to the droplet size, they adsorb and orient at the interface and 

they are Wetted' by both phases. That is. both phases have a strong affinity for 

maximizing interfacial contact with the solid. Wetting is defined by the contact 

angle, 8, as illustrated in Figure 1 -2. The contact angle is typically measured 

through the aqueous phase at the point where solid, oil and water meet. If the 

contact angle is greater than 90". the particle is preferentially wetted by the oil 

and a water-in-oil emulsion resuls. On the other hand. if the contact angle is 

less than 90°, the particle is now Water-wet' and an oil-in-water emulsion may 

form.' 

Figure 1-2: Orlentations of Particles at the Oil-Wder Interface 
(Adapted from Reference 5) 

I 

In the petroleum industry, surfactants may be used to purposety form 

emulsions as in enhanced oil recovery by emulsion flooding. On the other 

hand, surfactants or fine particulates may occur naturally as one of the many 

constituents in oil. When it appears naturally, surfactant action may be 

capitalized on or may prove to be a hindrance to production. A classic 

example of this duality is seen in the oil sands operations of northern Alberta. 

The oil sands are a complex mixture of bitumen, water and sand. A 

general representation of the structure of this material as bitumen and sand 
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particles separated by a thin water film is given in Figure 1-3. Oil sand typically 

contains 6-1 8% bitumen and mineral contents [predominantly sand) ranging 

from 80% - 87%. A sample of oil sand with a bitumen content of 12% or higher 

is considered rich while one with less than 9% bitumen is lean? Similarly, the 

percentage of water, sand and fines [solid particles smaller than 44 pm, usually 

kaolinite and illite clays) in an oil sand sample can also be related to the grade. 

The lower the quantity of fines, the higher the grade. 

Figure 1-3: Depiction of an Oil Sand Sample (Taken from Reference 61 

The extraction of the bitumen from the sand by both Syncrude Canada 
Ltd. and Suncor Inc, is carried out via the hot water flotation process. Figure 1-4 

illustrates the overall procedure from excavating the oil sand in open pit mining 

to froth treatment operat~ons.~ The effectiveness of this process has been 

attributed to several factors, including sodium hydroxide concentration and 

therefore natural surfactant concentration, fines content, process temperature, 

the ageing of oil sand, di- and tri- valent positiiety charged ions, bitumen 
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viscostty, bitumen rise velocrty and asphaltene concentration. Reviews of these 

factors and the research done are supplied by Heplef and Schramm et aIo8 

The chemistry involved in the extraction is initiated by the addition of 

sodium hydroxide in the tumbler. The added base reacts with the naturally 

occurring surfactants which exist in their acidic form. Upon contact with NaOH, 

the surfactants are ionized to form primarily carboxylates and su~fonates.~ These 

anionic surfactants adsorb at the bitumen/water interface as well as to the 

surfaces of sand or clay particles. l o  Electrostatic repulsion between the anionic 

surfactants at the bitumenlwater interface and those at the sand particle 

surfaces results in an increased disjoining pressure within the separating aqueous 

film. The increased disjoining pressure, along with applied mechanical and 

thermal energy promotes the separation of the bitumen from the sand.' While 

production of these surface active agents aids processability of the oil sand they 

also increase ihe potential !or emulsification of water-in-oil by lowering the 

interfacial tension. ' ' 
The tumbler also ensures that the water/bitumen/solids slurry is sufficientty 

aeruted. At the low interfacial tensions created by NaOH addition, the freed 

bitumen globules are able to first attach to the air bubbles followed by 

spreading to completely encapsulate the bubbles.' These coated air bubbles 

enhance flotation of the bitumen and therefore separation from the water 

which would otherwise be difficult since both phases have similar densities.' The 

flotation occurs in the primaly separation vessel [PSV) at 80°C and the resulting 

froth consists of bitumen, air, a few percent of water and fine solids which is 

skimmed from the surface. The understanding of the water-in-oil emulsion which 

is formed in the PSV is limited. Some studies have shown that the primary source 

of emulsified water can be traced to the slurry water added in the tumbler and 

to a lesser degree the flood water added in the PSV. '~  The resulting mixture of 

air, fines, water and bitumen has been investigated and attempts crt 

characterization have been pursued. ' 
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Figure 1-4: Schematic of Continuous Oil Sand Mining, Extraction 
and Froth Treatment Process (Taken from Reference 7) 
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The froth viscosity is high. typicalh/ 2-3 x 103 mPa-s at 80°C, and is 

therefore diluted with naphtha [solvent to froth ratio of 0.7: 1 ) to ease pumping 

and treatment processes such as centrifuging.' The diluent is removed from the 

final bitumen product (called coker feed bitumen) following treatment and 

recycled within the froth treatment process. 

The froth treatment processes usually make use of physical means such 

as centrifuges to separate the remalnlng warer irom me orrumlnous irorn. 

Centrifuges may encourage droplet-droplet collisions which should promote 

coalescence or fusing of the droplets into larger drops which will then settle and 

can be easily removed. Within the dilution, pumping and separation processes. 

the amount of shear applied (the rate of deformation of a fluid when subjected 

to a mechanical shearing stress'? becomes impoflant since d low to moderate 

shear, multiple W/O/W emulsions result while at higher shear, inversion to W/O 

 occur^.'^ The multiple emulsions are extremely viscous and may cause 

difficulties in the separation process. Chemical treatment is often used to 

supplement the physical action of centrifuges. Demulsifier surfactant molecules 

will orient d the interface and displace the natural surfactants. The dernulsifiers 

are less effective in promoting coalescence than the original interfacial film and 

therefore destabilize the emulsion. Demulsification, the removal of emulsified 

water and the solids associated with the diluted froth by both chemical and 

physical means, continues on a trial-and-error type basis. 
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2.1 The HLB Conce~t 

2.1 - 1 .  Develo~ment of the HLB Classification Svstem 

The hydrophile-lipophile balance (HLB) was first introduced by Griffin. ' This 

scale for surfactants was designed for use in the cosmetic industry as an 

indicator for the choice of emulsifiers to be used in the production of a 

particular product. However, the HLB concept has also been widely used in the 

pharmaceutical and food industries. Table 2-1 outlines the basic HLB values 

assigned by Griffin to various Atlas Chemicals surfactants based on their 

industrial use. 

Table 2-1 : HLB Values Applied to Common Industrial Surfactants 

HLB Range 
. ,  ... - 

4-6 W/O emulsifiers 
7-9 Wetting Agents 

8-1 8 OtW emulsifiers 
13-15 Detergents 
15-1 8 Solubilizing - 

In general, emulsifiers with HLB values less than 9 are predominantly oil-soluble 

and will therefore form W10 emulsions. Conversely, an HLB value greater than 

10 indicates a predominantty water-soluble emulsifier which will seek to form 

OtW emulsions, 

In Griffin's proposal for the HLB system.' not only were surfactants classified 

under this scale, but also oil phases were classified in terms of a 'required HLB' 

value. In other words, the required HLB of an oil would be the HLB value of the 

surfactant needed to produce either an O N  or W/O emulsion. Therefore, each 

oil phase would actualw have two required HLB values depending on the 

desired final product. Both emulsifier HLB and required HLB values were 

determined using a relatively laborious experimental procedure. the details of 

which are described in a later section. The experimental error associated with 

all HLB values was + I .  
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The HLB classification of surfactants has been the focus of most 

researchers. A few groups have examined H LB requirements experimentally in 

terms of emulsion inversion points,25.26.33 turbidity)* and conductiv~ty.~~ At this 

time, there are no published reports on repetitions of Griffin's work. 

Due to the arduous experimental procedure for HLB determination, 

various groups have sought to calculate surfactant HLB values based on the 

molecular structures of surfactants. Griffini4 presented two simplistic equations 

for the evaluation of esters [equution (2-1 )] and ethylene oxides (equation (2-2)). 

where S = saponification number 
A = acid number of the recovered acid 

The saponification number is the amount of base (e.g. NaOH) required to react 

with the ester to form the corresponding alcohol and salt of the acid.I5 The acid 

number represents the amount of base needed to neutralize a given amount of 

sample in a standardized titration. The larger the acid number, the higher the 

concentration of acids in the original material.'' Equation (2-2) for the 

evaluation of ethylene oxides is given below. 

where E = weight percent oxyethylene content in the suffactant 

Since these equations were rather surfactant specific and could not be 

extrapolated for use with other surfactants, Daviest7 introduced a calculation 

scheme based on individual hydrophilic and lipophilic units within the surfactant 

molecule. Davies' scale derived from a proportionality found between [HLB - 7) 

and In I$ (where K, is the partition coefficient of the emulsifier between the two 

phases). This relationship is given in equation 12-31, 



where CJC, = K, (&,C, = emulsifier concentrations in water and oil) 

The [HLB - 7) data were then attributed to the various structural 

components of the surfactant molecule. Each structural contribution was given 

a group number. Group numbers have also been introduced as ihe 

contribution of each structural increment to changes in the free enthalpy during 

phase transfer.I9 Equation (2-4) describes Davies' work and Table 2-2 provides 

some examples of group numbers as reported by Davies" and Lin and 

HLB = 7 + qhydrophilic group numbers) - Z(lipophilic group numbers) 

Table 2-2: Summary of HLB Group ~umbers" 
_ - " .  r . - .  _ -  

Hydrophilic Group Numbers Lipophilic Group Numbers 
Grouc, ~avies ' Lin . . * .  . - Grou~ 

# . . -, Daviesl Lid8 
. P J  - .  - 

-OSO,Na 
-COOK 
-COONa 
-S03Na 
-N [tert.) 
-COO- (ester) 
-COOH 
-OH (free) 
-0- (ether] 
-(CH2CH20)- - .  . . , -  - -. 

There arose several difficutties with Davies approach to HLB calculation. First, 

the HLB values for ethoxyldes calculated by this method are incorrect due to 

the assumption that each ethylene oxide group contributes equally to the HLB.~' 

This assumption imparts error to the calculation of other surfactant HLB values. 

For example, a value of -0.475 was assigned for most types of methyl groups. 

Sowada et al.19 claim that this value is actually an arithmetic mean of 'actual' 
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values ranging from -0.658 to -0.109 using the atomic volume data to 

calculate group numbers. The relationship is expressed in equation (2-5). 

where V, = atomic volume [m3/mok) 
- n r  rmh r nf snl \ rant  mnlar~ rlas i m t n h t a d  in ~~l\trr)ir\n n f  the r: - IU1 I)Jel ", V l u V I  lVLC*VUIC* I v V I .  bU U s I V I  I 1u 

structural unit (n = 9 for anionic structural groups; 5 for 
cdionic structural groups) 

Secondty, the partition coefficient, C,,,,/C,, as presented in equation (2-3), 

is constant only if the molecule remains unaltered during phase transfer. 

However, the molecule, upon phase transfer, experiences two very different 

environments. In the aqueous solution, the surfactant head group is highh/ 

solvated while it is onty slightty solvated in the oil phase. Similarly, hydrophilie 

and oleophilic micelles form in the water and oil phases, respectively. Both of 

these aspects imply that equation (2-3) cannot be applied to the non-ideal 

conditions present in an emulsion. '' 
Finally, the group numbers of the sulfate group [+38.7) and the sulfonate 

group [+ 1 1.0) are significantly different enough to warrant suspicion. The high 

sulfate group number arose since sodium dodecyi sulfate was assigned an HLB 

value of 40 by the surfactant industry.'' However, group numbers calculated by 

equation (2-51 for these head groups are similar (+ 12.05 and + 12.25). 

So while Griffin's HLB equations are perhaps too surfactant-specific, they 

do not exhibit the same difficulties as the group number method of Davies" 

and Sowada et a ~ . ' ~  However, the group numbers, with all their inadequacies, 

do present a thermodynamic approach to HLB evaluation. What is still needed 

to support the group number theory is more experimental HLB determination 

data, especially with respect to the anionic surfactants. 
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2.1.2 HLB and Solution Pro~erties 

Due to the calculation difficutties for surfactant HLB, numerous 

researchers have attempted to establish a link between the properties of 

surfactant solutions and surfactant HLB. In general, solution properties can be 

linked to a fundamental understanding of interactions at a molecular level and 

a ~ossible connection between the two would lead to a greater 

comprehension of general surfactant behaviour. Table 2-3 lists the multitude of 

studies done on solution property-HLB relationships. 

Table 2-3: Solution Properties to which HLB has been related 
I - -  ' . . I  I ,  . . ,  

Solution Property ~ i i i rence , T 

Critical Micelle concentration (CMC] 21,22 
Partition Coefficients 23 
Spreading Coefficients 24 
Emulsion Inversion Points 25,26,27 
Phase Inversion Temperatures 28 
Solubility Para meters 29,30 
Electroacoustophoretic Behaviou r 3 1 
Turbidity 32 
Cloud Points 33 
Conductivity 34,35 
Drop Diameters 35,36,37 

38 Mixed Micelle Composition 
. - . -  . . - ,  . - . r , A . -  , - . -  - _ - , . + , -  r . - . r  - > .  , P C  , -  

Many of the studies listed in Table 2-3 developed reproducible relationships 

between specific solution properties and HLB. However, these relotionships were 

only valid within a particular surfactant class.23 This is illustrated best in Figure 2-1 

where the relationship between partition coefficients and HLB is plotted for a 

large variety of nonionic surfactants. It is clear that no master curve exists for all 

surfactant classes. 

2.1.3. Limitations of the HLB Svstem 

While the HLB system provides a way to characterize the ndure of 

surfactants, it fails to account for differences in ernulsifylng efficiency. In other 
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words, two surfactants of the same HLB value could emulsify with varying 

degrees of success. The HLB values do not take into account organic and 

aqueous phases present, different solubilities or polarities, the effect of 

electrolytes or temperature or the interactions which arise between emulsifiers 

and the aqueous and oil  phase^.^^'^^^* 
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Figure 2- 1 : Relation between the Hydrophile-Lipophile 
Balance and the Logarithm of the Oil-Water Partition 

Coefficient for Five Categories of Nonionic Surfactants 
Faken from Reference 23) 



2.2. Emulsion Formation 

The formation of emulsions is dependent on a host of factors including 

droplet deformation, interfacial tension, method of formation and the chemical 

nature and concentrdion of surfactants in the system. Some of these factors 

will be discussed here and for more in depth discussions, several excellent 
;c,,tie~i~ ~ ; e  a , , t a ~ ~ G ~ ~ e , 4 1 . 4 2  

2.2.1 Dro~let Deformation 

The break-up of a droplet is possible when the deforming force exceeds 

the interfacial force that maintains the shape. During emulsion preparation, 

large droplets are deformed and then broken up. Droplet deformation is 

resisted by the Laplace pressure which is defined as the difference in pressure 

between the inside and outside of a droplet. The Laplace pressure is given in 

equation (2-6) . 4 ' 4 2  

where 7 = the oil-water interfacial tension 
R, and R, = principal radii of curvature of the drop 
(For a spherical droplet, R, = R, = Dl2 where D is the droplet diameter) 

To break up a drop, it must be strongty deformed and any deformation 

increases APw by altering the principal radii. Consequently, the stress, or 

agitation energy, needed to deform a drop is greater for a smaller drop than 

larger ones .4' 

Surfactants can be added in order to lower the oil-water interfacial 

tension [IFT), and thereby decrease the Laplace pressure and the energy 

needed to break a drop. The ratio of the external stress over the Laplace 

pressure can be expressed in the dimensionless Weber number given by: 



where ye = the rate of droplet extension (shear rate x deformation parameter) 
q = continuous phase viscosrty 
d = droplet diameter 
y = oil-water interfacial tension 

Droplet deformation increases as We increases and above o critical value 

the droplet will burst. As seen in equation (2-7), the continuous phase viscosity 

plays a large role in droplet deformation and breakup. In fact, the qaJqwQIm ratio 

can also be related to the Weber number and the viscosity ratio often dictates 

the preferred emulsion type formed in the presence of surf act ant^.^^ 

2.2.2. Emulsification Methods 

A variety of industrial emulsification methods are available and are listed 

in Table 2-4. These methods rety on turbulent or laminar flow or in the case of 

ultrasound generators, cavitation as the means to deform droplets. 

Table 2-4: Emulsification Methods Available (taken from Reference 42) 

Emulsification Met hod Mode of Operation lntensity of Mixing 
Pipe Flow continuous low 
Static mixer continuous low-medium 
Stirrer batch, continuous low-medium 
Toothed disk [e.g. UltraTurrax) batch, continuous medium 
Colloid mill continuous high 
High-pressure homogenizer continuous high 
Ultrasound generator batch, continuous medium-high 
Membrane emulsification batch, continuous --- 

. - * -  .. - . , r f J 7  . - i  

2.2.3. Emulsion T V D ~  

The type of emulsion formed is dependent on the surfactant HLB as 

discussed previously. HLB has been related to the curvature of the surfactant 

monolayer and the oriented wedge theory. The oriented wedge theory links 

surfactant molecule orientation or packing at the interface to curvature.42 

Surfactant molecules which predominantly occupy a large volume in one 
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phase and a smaller volume in the other phase will adopt a Wedge-type' 

appearance. The large volume portion of the surfactant molecule is 

considered the wide end of the hedge', while the smaller volume portion is the 

narrow wedge end. Consequently, to pack these Wedges' in the most efficient 

manner, the narrow ends will point inwards. When the surfactant has a high HLB 

value, it is ~redominantly water soluble and the surfofactant mr\!ecu!e IN!!! C ) C P U ~ ~  

the most volume in aqueous phase. Consequently, the narrow Wedge' end, 

the oil-soluble portion of the molecule. will pack closeiy. The result is an 

interfacial film which is convex to water and concave to oil and the formation of 

an OtW emulsion. The curvature is reversed for W10 emulsions formed with low 

HLB surfactants. The theories behind curvature take into account mean and 

Gaussian curvature (based on the fact that each surface can be defined by 2 

principal radii) and bending moduli which measure the added energy required 

to deform the interfacial film,44 

The oriented wedge theory (or surfactant HLB] is a means of quantifying 

the Bancroft rule, which states that the phase with the higher surfactant solubility 

becomes the external phase in an emulsion.45 BancroWs rule is valid at higher 

surfactant concentrations since large quantities of sulfactant molecules are 

available for complete interfacial coverage. However, lower surfactant 

concentrations do not allow for complete coverage at the interface and 

Bancroft's rule is no longer appli~able.~~ 
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2.3. Emulsion Stabil-lty 

It must be recalled that stable emulsions are only kinetically stable 

dispersions. The increased oil-water interfacial area within an emulsion 

corresponds to an increase in free energy. For an oil-water system to be 

lhermodynamically stable, the free energy must be at a minimum. Therefore 

e.mu!sions  re n d  t!?e!modynamicalh/ stable. 

A kineticalty stable emulsion is one which does not undergo significant or 

rapid creaming or sedimentation, flocculation, coalescence or Ostwald 

ripeninga4' Each of these factors are briefly explained below. 

Creaming or sedlmentdion is the movement of oil droplets [OW emulsion] 

or water droplets (W/O emulsion] in a centrifuge or under gravity to form a 

concentrated layer but with no change in drop-size distribution. Creaming or 

sedimentation is easily reversible with gentile agitation. 

Flocculution is the aggregation of droplets due the attractive potential 

energy of interaction at close distances of separation. Flocculation may or 

may not be easily reversible. 

Coalescence is the fusion of two droplets into one and is irreversible. 

Ostwuld rlpenlng describes the process by which larger droplets grow in size 

in preference to smaller droplets because of a difference in chemical 

potentials. l6 
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2.3.1 Stabilization Mec hanisrns 

Surfactants may stabilize the droplets against coalescence as a result of 

a "self-healing mechanism" known as the Gibbs-Marangoni effect. This effect 

only takes place if the interface is flexible enough to accommodate fast 

changesP2 The Gibbs-Marangoni effect is illustrated in Figure 2-2. As two 

droplets approach [a]. surfactant is de~leted in the thinning film (b).' An IFT 

gradient is established which causes the inward flow of liquid into the film (c) 

and as a result, the droplets are driven apart. 

1 
1 

'P 

z. 2\7k \ k y  \* i- * '* 9 'r 

1 -  

r . . - 

Figure 2-2: Diagram Explaining the Gibbs-Marangoni Effect 
for Two Approaching Droplets [Taken from Reference 42) 

The transport of surfactant in the interface is determined by convection, with the 

IFT gradient as the driving force, while transport towards the interface is 

governed by diffusion." 

As droplets approach and the film thins, the interfaces actually become much more planar in 
the region of closest approach than is suggested by the drawing in Figure 2-2(bJ. 



The magnitude of the IFT gradients and Marangoni effect depend on 

surface dilational modulus (also referred to as the Maragoni surface elasticity] 

which is defined as: 

where the change in IFT !@! is related to the change in interfacial area [dlnA) 

since surface area increases during emulsification. EM also represents the visco- 

elastic nature of the film and is time-dependent.42 The surface dilational 

modulus measures the resistance to the formation of interfacial tension 

gradients and the rate at which these gradients disappear after def~rrnation.'~ 

The type of surfactant used can also dictate the nature of droplet 

stabilization. For O N  emulsions, ionic surfactants can hinder droplet 

aggregation through electrostatic repulsion between the charged head 

Nonionic surfactants prevent instability by providing a steric barrier 

through their polyoxyethylene head groups. For W/O emulsions, the interfacial 

barrier is almost always steric or mechanical (in the presence of solids] due to 

the non-conductivity of oilax 

2.3.2. Stabilized Emulsions Made with S~ans and Tweens 

The Span and Tween surfactant series were used in the initial HLB studies' 

and continue to be used in both the cosmetic and pharmaceutical industries. 

The Span surfactant series are commonly palmitate, oleate or laurate sorbiton 

derivatives. Spans are oil-soluble and have HLB values less than 10. The Tween 

surfactant series have the same chemical backbones, but contain 

polyoxyethylene chains which impart water-solubility and high HLB values. 

Combinations of Spans and Tweens were used throughout this work since 

surfactant mixtures generally impart greater stability to ernu~sions.'~~' 

Spans and Tweens can align at the oil-water interface in an OlW emulsion 

as depicted in Figure 2-3.'' At high Tween/Span ratios, the polyoxyethyiene 
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chains of the Tween 40 molecules extend into the continuous aqueous phase 

[water] thereby moving the plane of shear further out into the bulk phase and 

providing a steric barrier to coa~escence."~~~ The Span 80 molecules enhance 

stabilization through closely packed hydrocarbon chains of alternating Span 80 

and Tween 40 molecules within the oil dr~plet."~' This close-packed interfacial 

coverage provides an explanation for the greater effectiveness of S~an-Tween 

mixtures over single surfactants in O/W emulsion stabilizdion. Support for this 

proposed molecular association was found in surfactant monolayer studies 

which showed that a larger area per molecule was obtained in Span-Tween 

blends than for either molecule alone.40 

, s ao 

Polyoxyet hylzne 
chams 

TLO 

580 

Figure 2-3: Orientation of Tween 40 and Span 80 Molecules in Mixed 
Films Adsorbed at the Oil-Water Interface Faken from Reference 40) 
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The preceding study was performed on O N  emulsions stabilized with 

Span-Tween blends. Other research has focused on the role of Spans and 

Tweens in W/O As in the case of OIW emulsions, the most stable 

W/O emulsions were formed with a Span-Tween blend. In oil, the Span 80- 

Tween 80 combination could form 'simple spherical inverted micelles into 

which srnall amounts of water could be emulsified. Either Span 80 or Tween 80 

alone formed more complex micelles which inhibited ernulsificdi~n.~~ 

The effect of electrolytes on Tween 80 demonstrated that H-bonding in 

PO€ chains is reduced leading to a closer packing of the polyoxyethylene 

chains at the interfaceOs2 Electrolytes were also shown to have a pronounced 

effect on emulsion stability at very low Span-Tween surfactant concentrations, 

but no studies were performed on emulsions formed with higher 

concentrations .53 

2.3.3. Stabilization of Water-in-Crude Oil Emulsions 

The following discussion on emulsion stability will focus primarily on the 

prevention of coalescence. Emulsified water is often found in produced crude 

An understanding of the factors preventing the coalescence and 

therefore removal of water is essential for developing demulsification methods. 

In general, no single parameter can be correlated to water-in-crude oil 

emulsion ~tabilty.~' However, there have been a significant number of studies 

done on the contribution of colloidal components such as waxes. asphaltenes 

and resins to stability. In crude oil emulsions, waxes are known to contribute to 

stability by orienting at the oil-water interface? Asphaltenes, large 

macromolecules solublized by resins in the oil, have also exhibited strong 

surfactant-type properties and have been shown to stabilize W/O 

ernu~s ions.~~~~~-~~ Furt henore, a possible link between asphaltenes and waxes 

has been investigated."** Asphaltenes will be discussed in more detail later. 
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The appearance of other, smaller surface-active molecules at the oil- 

water interface has also been Thus, the composition at the 

interface is a combination of surface-active molecules in association with 

colloidal particles such asphattenes and possibly mineral solids. This interfacial 

composition leads to the formation of an interfacial 'skin' which is easity seen 

upon carefully sucking a water droplet from the oil environment. The interfacial 

skin 'remains behind as a wrinkled phen~rnenon'.~~ These viscous interfacial 

films or 'skins' contribute to water-in-crude oil stability by providing a barrier to 

droplet coalescence. 

Other groups have focused on the detailed effects of these viscoelastic 

properties, interfacial tensions and shear v isc~sm/.~~~~' The coalescence of water 

droplets in a WiO emulsion is accompanied by a reduction in surface area and 

hence a compression of the adsorbed crude oii surf act ant^.^^ The 

viscoelasticm/ [or EM , the surface dilational modulus] of an interfacial film can 

be readily demonstrated by slowly condensing a surfactant film and observing 

the resulting change in interfacial tension. Several studies on the compcessibility 

of interfacial films were conducted by Singh et a1?4v65-W This group found that 

the anionic component of fractionated crude oil could most effectively adjust 

to overcome the compressing barrier. They concluded that the anionic oil 

fractions were best suited for emulsion stabilization, The effect of salts on film 

pressure [AFT) was also inve~tigated.~ Both anionic and cationic fractions 

exhibited enhanced compression in the presence of salts. The increased 

compressibility was attributed to the significant rise in concentration of the 

anionic polar molecules at the interface and in the film. 

Interfacial tension alone cannot be used as a gauge for emulsion stobiltty 

in all cases. This will be discussed in more detail later as IfT relates to the use of 

chemical demulsifiers. IFT values can, however, provide useful information on 

the amount of energy needed to create emulsions. Dynamic interfacial 

tensions of crude oil against water have also indicated that time-dependent 
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surface adsorption may be due to the slow diffusion of crude oil natural 

surfactants to the oil-water interface followed by steric rearrangement at the 

interf~ce.~' 

In general, the studies relating to the stability of water-in-crude oil 

emulsions have focused on the interfacial characteristics and cornposRion of 

the film formed at the oil-water interface. 

2.3.4 The Role of As~haltenes on the StabilW of Crude Oil Emulsions 

Asphaltenes are defined as the toluene soluble and pentane or heptane- 

insoluble fraction of crude oil. Asphaltenes are not a chemically identifiable 

class of compounds, but rather are thought of as material that separates from 

crude oil as a result of changes in the solvent properties of oiIe6' Asphaltenes 

contain a significant percentage of heteroatoms including metal atoms such as 

iron, vanadium and nickel."*82 Asphaltenes are also the most aromatic oil 

component and the highest molar mass fraction - 1000 to 10,000 g / r n ~ l . ~ ~  

Given the broad definition of asphaltenes and the likety variation in 

samples taken from different sources, many researchers have studied the 

asphaltene interfacial behaviour to gain an understanding of their role in 

emulsification, 

The formation of a highty viscoelastic film is believed to contribute to 

droplet stabilizution through the physical cross-linking of primary aggregates or 

micelles upon adsorption at the oil-water i n t e r f a ~ e . ~ ~ . " . ~ ~ . ~  The cross-linking of 

asphaltene groups has been attributed to x-bondlng arising from the aromatic 

rings on the asphaltene moleculesb9 (See Figure 2-4 for an illustration of this 

behaviour] . 



Figure 2-4: Illustration of the Aggregation of Individual 
Asphaltene Molecules followed by Adsorption at the Oil-Water 

Interface [Taken from Reference 69) 

The ability of asphaltenes to orient at the interface is strongly dependent 

on their solubility in the oil medium. Several studies have indicated that 

asphaltenes at the point of incipient flocculation will stabilize W/O 
emUI~i~nS, 72.73.74.75 Consequently, modification of the asphaltene solvency was 

found to destabilize W/O ern~lsions.~~.~~ Model oils with different aliphatic- 

aromatic ratios were created by using varying amounts of heptane and 

toluene. Asphaltene samples (0.5%) were dissotved in each mixture before the 

emulsification of deionized water and the resulting emulsions were centrifuged. 

The volume of the emulsified aqueous phase which separated was used as 
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measure of emulsion stability. Figure 2-5 shows that the most stable emulsion 

occurred at a 30:70 to1uene:heptane ratio. The dependence of efficient 

emulsification on intermediate aromaticity is supported by Papier et al." 

IU.0OU rpm 

The asphaltene interfacial activty is not dictated onty by the medium 

solvency, but also by the resin concentration. Resins are pentane soluble and 

therefore remain with the oil after asphaltene precipitation. Resins differ from 

asphaltenes in that the former are less polar, have a lower molar mass and 

heteroatom content. '' 
The role of resins as solubilizing agents for asphaltenes was established as 

early as 1 940.77 The resin molecules are thought to align with the polar head 
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groups at the asphaltene surface thus forming a steric layer around the 

asphaltene molecules. The result is a dispersion in oil of asphaltene particles 

with a highly polar core and a slightty less polar resin shell. The inabillty of resins 

alone to stabilize W/O emulsions has been dem~nstrated.'~ 

The removal of these resins or change in their concentration could greatly 

affect the interfacial actiilty of asphaltenes. This effect of the resin to 

asphaltene ratio was studied by a number of groups. 72.'3.78.79m80 In a11 cases, as 

the resin/asphattene ratio decreased, emulsion stabilization increased. 

The effect of resins and the aliphatic-aromatic nature of the oil medium is 

summarized in Figure 2-6." At the center of Figure 2-6, an asphaltene 

aggregate is stabilized by a sheath of resin molecules. As the resin 

concentration is either lowered or increased, the aggregates elher grow or 

disperse, respectivety. The same effect is noted with changes in the aromaticity 

of the medium. At low resin concentrations (or a highty aliphatic solvent), 

asphaltene molecules will tend to aggregate to a large degree and become 

too bulky to effectlvety adsorb and stabilize the oil-water interface. Similarty, an 

increase in aromaticity or resin content will tend to destabilize the aggregates 

causing the asphaltene molecules to be more dispersed in solution. Figure 2-6 

also shows that a change in the match of functional groups on resin and 

asphaltene molecules can lead to similar behaviour. 

Resin-asphaltene combinations at the interface were also investigated in 

an interesting study where the film surface area of a blended composition was 

compared with a calculated ideal mixing areanal At 30-40% resin 

concentration, attractions between resin and asphaltene molecules were 

observed while at higher resin concentrations, repulsion became evident. 

Repulsion between the resin and asphaltene molecules resulted in a larger area 

per molecule and therefore more efffectively stabilized emulsion. At very high 

resin concentrations, attractions between molecules once again dominated. 
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This study also supports the preceding discussion on optimum quant'iies of resins 

in solution, 

Y 
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Figure 2-6: Dominant Contributors to Asphaltene Solubility, State 
of Aggregation and the Resulting Impact on Interfacial Activm/ 

(Taken from Reference 73) 
i 

In several different investigations, asphaltenes have been fractionated in 

an attempt to pinpoint differences within such a broad class of compounds. 

One recent studys2 has contradicted the preceding discussion on the 

importance of aromaticity and the degree of aggregation of asphaltene 

molecules and pointed instead to the presence of metal ions, specifically iron. 

Differences in morphology and reactiie properties of different asphaltene 

fractions were attributed to these metal ions which were assumed to form links 

between the asphaltene molecules and influence asphaltene polarii and 
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dissolution. Unforlunatefy, no emulsification tests were done with the different 

asphaltene fractions.82 

Khulbe et alea3 also divided an asphaltene sample into 10 separate 

fractions. The interfacial tension of a 0.5% toluene solution of each fraction 

against a 0.1 % NaOH solution was examined over time. Most of the fractions 

increased with time but two decreased and leveled off at a low value of about 

0.2 mN/m. Multi-functional phenolic and other polar compounds were 

considered to be the components most likety responsible for the drop in IFT. 

Onty 40% of the original asphaltene sample could lower the IFT below 10 rnN/m. 

Once again, no emulsification tests were done. 

Interfacial tension measurements can often be used to show a potential 

for emulsification. Lower IFT values will indicate a greater possibility for 

emulsification .3.42 Several have examined interfacial tensions of 

asphaitenes dissolved in toluene against water adjusted to different pH values. 

Each study recorded a maximum in IFT at neutral pH and lower IFT values at 

extremely low and high pH. The asphaltene concentrations in these reports 

were comparable. The low IFT values at extremes in the pH scale are a result of 

the amphoteric nature of the asphaltene molecules or aggregates. 

Dynamic IFT studies reflected the diff usion-controlled adsorption- 

desorption of asphaltene molecules while equilibrium IFT values represent a 

more reaction-controlled situation of different asphaltene molecule 

rearrangements .87 

In summary, asphaltene stabilized emulsions depend on the formation of 

a viscoelastic film, a balanced aromaticlaliphatic solvent rdio, the 

resinlasphaltene ratio and pH. Many researchers have relied on interfacial 

tension measurements as indicators for asphaltene interfacial activity. 
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2.3,5. Solids Stabilized Emulsions 

As mentioned in the introduction, the contact angle the solid exhibits at 

the oil-water interface will help to dictate the type of emulsion formed. Many 

studies done on solids-stabilized emulsions have focused on changing the 

hydophilic nature and therefore contact angle of clay particles through 

changes in pH or surface-active additives (see References 89 and 90). The 

dependence on contact angle has been recently supported by the work of Yon 

and ~ a s l i y a h . ~ ~ ~ ~ ~  This group examined the adsorption and desorption of clay 

particles at interfaces and has found that contact angles can be altered by 

coating clay particles with asphaltenes. The coated particles were rendered 

hydrophobic with high contact angles. 

Brief reviews of some of the critical work done on solid-surfactant 

interactions are available in references 89 snd 90, These include discussions on 

steric stabilization of solids which form interfacial barriers, the appearance of 

complexes of solids and other surface-active material and the increased visco- 

elastic nature of the interface in the presence of solids. 

In general, there is little evidence to suggest that clay or sand particles 

alone can stabilize emulsions. But in combination with other material, their 

interfacial role can be significantly enhanced. 
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2,4 Concentrated Emulsions 

Many emulsions produced during the HLB determinations within this work 

were concentrated or high internal phase emulsions. A concentrated emulsion 

contains a dispersed phase volume fraction, $, which is greater than 0.74. The 

maximum packing for monodisperse droplets (equal radius) occurs when 4 = 

0.749' and thus, for the internal emulsion phase fraction to rise above 0.74, 

several conditions must be met with respect to surfactant interactions at the 

interface, preparation methods, geometry and dispersw of packed droplets. 

2.4.1 . Formotion of Concentrated Emulsions 

The abillty to form concentrated W/O and O N  emulsions has been linked 

to the oil phase viscosrty, surfactant concentrdion and the interfacial tension of 

each oil-water combination in the absence of s~rfactant.'~ Chen and 

~uckenstein~~ found that, in general, as the oil phase viscosm/ increased, the 

ability to emulsify more water in W/O emulsions decreased. As the anionic or 

nonionic surfactant concentration was raised, a maximum internal phase 

fraction was reached. However, at high surfactant levels in nonionic systems, 

the viscosrty of the continuous phase/surfactant mixture became too great to 

allow a concentrated emulsion to f ~ r m . ~ . ~ ~  The ability to create a concentrated 

emulsion corresponded to the oil-water IFT in the absence of su~actant. This 

trend was most notably evident with anionic surfactants/aroma-tic or aliphatic oil 

phases/water systems. 

An increase in internal phase volume arises due to a balance of 

interactions between the surfactant and the oil phase molecules. A strong 

interaction between the oil and the surfactant hydrocarbon tails implies that the 

oil is strongly hydrophobic and this was reflected in a high oil-wder IFT. Similarly, 

if the interactions are too weak, a mechanicalty strong surfactant interfacial 

layer cannot form. The balance ensures that a mechanicalw strong interfacial 

layer is produced which is still flexible enough to permit the incorporation of 

more internal phase? This explains the relationship between the oil-water IFT 
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and the concentrated emulsions formed from anionic surfactants/oil/water 

systems. 

On the other hand, when nonionics replaced the anionics, the 

relationship between oil-water IFT and emulsion phase volume was not as 

straight forward. The polyoxyethylene head groups of nonionic surfactants may 

interact with the aromatic oil phases due to the presence of some polarii in 

these phases. Consequentty, the surfactant polar head group becomes 

partially soluble in both the aqueous and oil phases resulting in an increased IFT 

because the surfactant head group-water interactions are weakenedqg2 

Therefore, concentrated emulsions could not be generated. This behaviour was 

not noted with the nonionic surfactants in combination with the aliphatic oil 

phases. 

A study done with Span 80 and Tween 40 as emulsifiers for paraffin-in- 

water emulsions suggested that o gel-like structure led to an increased emulsion 

stabi~rty.~~ The hydrated polyoxyethylene chains of Tween 40 were interpreted to 

be responsible for steric repulsion between oil droplets. When the Tween 

40ISpan 80 ratio decreased. Span 80 molecules dominated at the oil-water 

interface, reducing the steric hindrance to droplet-droplet attractions. The 

emulsion created with the higher Tween 401Span 80 ratio exhibited a higher 

degree of stability through the inter-penetration linkages of the Tween 40 

polyoxyethylene groups. This suggestion was supported by a significant increase 

in emulsion viscosity at higher Tween 4OISpan 80 ratios. 

Another proposal speculates on the formation of a concentrated water- 

in-paraffin emulsion through the 

OpN + W/O/W + w10 

sequence.95a99 An unstable low internal phase O/W emulsion is first formed. 

When further agitation is applied. the oil droplets begin to incorporate water 

droplets since the IFT is low and the surfactants used have a low HLB. At the 

same time these oil droplets begin to coalesce. At this point, a WIO/W emulsion 
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has developed. As the emulsification of water continues, the coalescence rate 

increases until a W10 emulsion emerges. 

The formation of concentrated emulsions has been linked to the 

surfactant-oil phase interactions and therefore the oil-water IFT and the potential 

for surfactant-surfactant interactions. The combined influence of these factors 

may encourage the inversion of low to high internal phase emulsions. 

2.4.2. Nature of Surfactants Used in Concentrded Emulsions 

It has been noted that HLB alone cannot be used to indicate the ability of 

a surfactant to form a stable emulsion. In an emulsification ability comparison 

done by Chen,* Brij 92 (HLB = 4.9) and Span 80 (HLB = 4.3) were both used to 

create W/O concentrated emulsions wRh various aromatic oil phases. No 

concentrated emulsions could be formed with Brij 92 due to interactions 

between its head group and the aromdic molecules. As mentioned previously, 

the surfactant head group-water interactions are then weakened and the IFT is 

raised. On the other hand, the Span 80 head group favours interactions with 

water leading to the formation of concentrded emulsions. 

This behaviour was confirmed by Arons~n,~' who formed concentrated 

water-in-paraffin emulsions using oil soluble emulsifiers such as oleate, 

octylphenol or branched hydrophobes. In this study, stable emulsions were 

formed with both Brij 92 and Span 80 since the oil phase used, paraffin, is not 

aromatic. It was noted that oil-insoluble emulsifiers, typically saturated straight 

chain hydrocarbons such as stearates and palmitates, were unable to form 

concentrated water-in-paraffin emulsions. 

These reports highlight the necessity to match oil and surfactant type in 

order to generate stable concentrated emulsions. Curiously, Span 80 was 

effective in emulsrfylng water into both aromatic and aliphatic cil phases, 

indicating its versatiltiy as an emulsifier. 
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The emulsifiers chosen must be able to form highly elastic films at the oil- 

water In other words, these surfactants must be film-forming 

emulsifiers or blends of film-forming and charged emulsifiers. The use of 

charged emulsifiers may supplement the elastic films formed with electrostatic 

stabilization. 

2.4.3. Emulsification Methods for Concentrated Emulsions 

Numerous methods have been cited for the creation of concentrated 

emulsions. The most common technique is to premix the emulsifiers chosen 

with the continuous phase followed by slow addition of the dispersed 
phase ,92.93.96,97 Nearly all published work emphasizes the need for low shear in 

the mixing of the two phases.92.93.94.96~97999 If the applied shear is too great, 

emulsion inversion may occur or the emulsion may not form. 

Several other interesting emulsification methods have also been 

explored. One technique makes use of a rapid change in temperature applied 

to a W/O or OIW microemulsion. W.'W Others have focused on creating osmotic 

pressure gradients to encourage a continuous phase to migrde into the 

dispersed phase of a multiple emulsion.98 Centrifuging has also been used to 

cream or settle low internal phase  emulsion^.'^' 

2.4.4. Theoretical Packina Models for Concentrated Emulsions 

Some of the first studies of concentrated emulsions were based on 

gaining a further understanding of the packed droplets within the 

e r n u ~ s i o n . ~ ' ~ ~ ~ ~ ' ~  In these studies, emulsion rheological data and SEM images of 

cyrogenicalty frozen emulsions were used to support a theory based on highly 

ordered geometrical packing of distorted, non-spherical droplets. Later studies 

focused on relating film thickness and internal volume fraction to the angle 

formed between films meeting at a Plateau border.'0'-'" The different models 

proposed all assumed monodisperslty of droplets wlhin the emulsion. 
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2.4.5, Effect of Electrohdes on Concentrated Emulsions 

Several studies have emphasized the effects of electroIyTes on 

emulsification and emulsion ~tability.~~.'~' In both cases, the degree of 

emulsification was increased with added electrotyfe as evidenced by an 

increase in internal volume fraction. Electrolytes also prevented the coarsening 

of the emulsions over time, prevented phase separation when submitted to 

freeze-thaw cycles and increased the emulsion yield stre~s.~"he increase in 

stability was attributed to the electrowe ability to increase the density, packing 

or cohesion of the surfactant layers at the oil-water interfaces in the emulsion 

film. This would lead to increased surfactant-surfactant interactions and 

therefore more rigid interfacial films. These findings were supported by 

rheological and interfacial tension studies.'04 Furthermore, electrotytes exhibit a 

'salting-out' effect which would affect high HLB surfactants by making them 

more lipophilic which would encourage the formation of more stable W/O 

emulsions. Io5 
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2.5 Demulsification 

In the petroleum industry. the removal of emulsified water from produced 

oil is essential. The problems which can arise from water-in-crude oil emulsions 

include difficulties in pumping due to increased viscosrty. corrosion of pipes, 

pumps and other equipment and the poisoning of downstream cc~tatysts.~~ 

A number of different methods are available for the resolution of these 

emulsions including hedlng, the use of chemicals, electrical dehydration, 

centrifuging or filtration.Im The priman/ focus of this discussion will be based on 

the use of chemical demulsifiers in emulsion resolution. 

2.5.1 . Demulsification Mechanisms 

Demulsification occurs when two droplets move towards each other, the 

droplets are deformed, a plane-parallel film develops and the film thins to a 

critical thickness until the film becomes unstable, ruptures and the two dr~plets 

fuse.Io7 This is illustrated in Figure 2-7. 

Figure 2-7: Mutual Approach of Two Droplets and the 
Formation of a Plane-Parallel Film (Taken from Reference 107) 
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The Gibbs-Marangoni effect was described previousiy as a self-healing 

mechanism which helped to stabilize droplets against coalescence. In order 

for demulsification to occur, the resistive liquid flow into the film must be 

reduced,"*63 The resistive flow is overcome when the bulk viscous stress in the 

film exceeds the bulk viscous stresses within the droplet and the intetfacial 

tension gradient is maintained by the unequal distribution of surfactant at the 

interface. This action is illustrated in Figure 2-8. 

+.-- EWk rLeorP rtrlu 

J L L l c r f n d l e  Surfactant 
Bulk *(reom st- e 

t I I )  
f' I 1 1 i I I i  

A- - - - 
Figure 2-8: Tangential Stress Balance at the 
Film Interface (Taken from Reference 107) 

A number of theories have been developed to explain demulsification in 

terms of hole nucleation, rate of film drainage, surfactant adsorption-desorption 

and spontaneous curvature of surfactant monolayers at the hole in the film. 

These have been reviewed in Reference 108. At present, the theories deal with 

relatively simple systems and may not be applicable to a complicated mixture 

such as crude oil emulsions. However, the numerous studies done on the 

effectiveness of commercial demulsifiers have provided some insight into the 

mechanism of demulsification, 

2.5,2 Pro~erties of Demulsifiers 

Chemical treatment of emulsions usually involves oil-soluble, water 

dispersable demulsifiers with a molecular weight of 2,000-50,000. These 
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interfacialty active block polymers contain both hydrophilic and hydrophobic 

segments. '09 

It has been proposed that the demulsifier replaces the natural surfactant 

in the expanded, deformed part of the interface of two approaching drops. 

When the interfacial tension caused by the demulsifier is lower than that by the 

natural surfactants. the IFT gradient (see Figure 2-8) is better maintained which 

enhances interfacial film drainage leading to coalescence. '" 
This proposal is supported by studies on the film dilational modulus in the 

presence of demulsifiers. Oil films with low dildional moduli are expected to 

drain faster resulting in lower stability and enhanced demulsifier performance.' 

This has also been confirmed by electron spinning resonance experiments 

which indicated that relaxation processes of demulsifier molecules at the 

interface occur faster with effective dernu~sifiers.~~ 

As highlighted in Section 2.3.3 for crude oil emulsions, the dilational 

modulus is dependent on the interfacial tension, although IFT alone cannot be 

used to indicate surfactant perf~rmance.~~ A low IFT value implies migration of 

active agents to the oil-water interface but what occurs at the interface is 

determined by structure. orientation and film pressure.65 However, it has been 

suggested that the rate of lowering the IFT can be linked to the more effective 

dernul~ifier.~~ This rate was dependent on the rate of unclustering of ethylene 

oxide groups in nonionic demulsifiers at the interface. 

Studies by Singh6' and   ones" indicated that an effective demulsifier 

reduces the film pressure [AIFTJ of various crude oil fractions more than an 

ineffective demulsifier. A good demulsifier alone should produce a surface 

pressure in excess of 1 5 mN/m. " ' 
Film compression experiments were also used to gauge demulsifier 

performance as a function of the ndure of the crude oil, electroh/tes, 

temperature and the aqueous phase pH? Another study showed that 

ethoxylated polyol nonionic demulsifier performance is suppressed in the 
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presence of asph~ltenes.~' The influence on demulsifier performance due to 

aspha%enes has been attributed to their high polarity and therefore additives 

with a greater polarity are needed for emulsion resol~tion."~ The aqueous 

phase pH also had an effect on the asphaltene and resin crude oil fraction. In 

highly acidic or basic medium, asphattenes and resins show strong surfactant- 

type behaviour and compete with commercial demulsifiers at the intetfa~e.~' 

Therefore, commercial demulsifisrs could easily displace natural surfactants 

from the crude oil-brine interface at intermediate pH conditions. 

The choice of solvent used to deliver the demulsifier was shown to have 

an effect on film pressuresH3 Interfacial activtty was improved as molecular 

solubility in the solvent in~reased.'~ 

On the other hand, the most efficient additives have an intermediate 

molecular solubility in both water and l4 In two separate studies, 

demulsifiers with partition coefficients close to unrty were the most effe~tive.~'.' l6 

In addition, the need to look at different components of the demulsifier was 

stressed since individual fractions may not be interfacially active? Each 

demulsifier fraction should exhibit a high degree of static and dynamic 

interfacial activity, low interfacial shear viscosity and a low film dilational 

modulus with a high adsorption rate when the demulsifier is present in both 

phases rather than just the oil phase.' l6 The rate of adsorption is affected by 

molecular diffusion, the final equilibrium state and shape of the adsorption 

is~therm.~'. ' lo 

The importance of emulsifier quantity was demonshated by Aveyard et 

al.' l 5  In this work, the maximum demulsiflcation occurred at the cmc in a 1.0 M 

NaCl solution. The increase in emulsion stability at higher demulsifier 

concentrations was attributed to overdosing to the point where the molecules 

prefer to form micelles rather than to orient at the oil-water interface. 

Determination of the optimum demulsifier composition upon blending of 
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different additives proved to be more difficult since possible synergism between 

the components may change their interfacial behaviour. l o  

2.5.3, Relationshir, between HLB and Demulsificution 

One study has emphasized that HLB cannot be correlated to demulsifier 

perf~rrnance.'~ Surfactants with the same calculated HLB values [see Section 

2.1 . I  ) may have very different partition coefficients. In this case, dernulsification 

increased as the molecular weight increased or the degree of branching 

increased. 

On the other hand, several groups have found a correlation between 

demulsifier performance and HLB. High HLB surfactants with low molecular 

weights favoured partitioning and therefore sewed as better surfactants.' '6.'09 

Other research found an optimum HLB for demulsifiers with amino 

functional groups. The amino groups were thought to chelate the metal atoms 

of the asphattene molecules resulting in charge neutralization.' ' The more 

amino groups, the greater the demulsifier efficiency. 

An internal Syncrude document also reported optimum demulsifier HLB 

values (HLB < 10 or about HLB a1 4) for the resolution of bituminous froth using 

one series of nonionic sulfactants."* The resolution of Cold lake crude oil 

emulsions also occurred within an optimum HLB range for several different 

classes of nonionic surfactants. ' l 9  



3.1 . Materials 

3 , l .  1 . Nonionic and Anionic Commercial Surfactants 

Table 3- 1 : Nonionic and Anionic Commercial Surfactants Used 
- .  - . . - . * .  . - -*.r,, - .  * . .  

surfactant T& Surfactant Class Supplier HLB Percent 
. . . -  3 . - - - 

Activity 
-i I _  ,_ 

 mib box nonionic Eihoxyided Siepan i i , 2  100 
C-15 al kyloamides Company 

Atlox 847 nonionic PO€ sorbitol ICI Polymers & 1 1.2 1 00 
tetraoleate Chemicals 

Atlox 848 nonionic Potyoxylded ester ICI Polymers & 10 100 
surfactant Chemicals 

lncrodet anionic Trideceth- 7 carboxylic Croda 16 90 
TD-7C acid Canada Ltd. 
Makon nonionic Alkoxylated alcohol Stepan 7 87 
NF-12 Company 

RC 498-2 nonionic Potyether surfactant Champion n/a 100 
Technologies 

Ltd. 
Sandopan anionic Ethoxyloted anionic Clariant 6 40 

B complexes Canada Inc, 
Sandopun anionic Ethoxylated anionic Clariant 13 84 
DTC Acid complexes Canada Inc, 
Span 40 nonionic Sorbitan ICI Surfactants 6.7 90- 1 00 

monopalrnitde 
Span 80 nonionic Sorbitan monooleate ICI Surfactants 4.3 90- 1 00 
Span 85 nonionic Sorbitan trioleate ICI Surfactants 1 1.9 90- 100 

Uniqema 
Tween 80 nonionic POE (20) sorbitan ICI Surfactants 1 5 90- 100 

monoleate 
Tween 8 1 nonionic POE [5] sorbitan ICI Surfactants 1 0 1 00 

monooleate 
Tween 85 nonionic PO€ (20) sorbitan ICI Surfactants I 1 1 90- 100 

trioleate Uniqema 
Witcomul nonionic a l koxylbed Wiico Corp. 10 1 00 

401 6 alkylphenol [blend) Inc. 
Witconol nonionic ethyiene oxide W'ico Corp. 12 100 
SN-70 adducts of straight Inc. 

chain fatty alcohols 
Note: PO€ = potyoxyethylene 

Percent Activw = Percent active ingredient as received from the supplier 
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3.7 $2. Aaueous and Oil Phases Used 

The bituminous froth used in the HLB studies had been collected in Juty 

1998 from Canada's Ndural Resources Devon froth treatment pilot plant [AB] 

and stored at room temperature in the same epoxy-lined paint cans as those 

used in the ageing study [see Appendix 3). The percent emulsified water in 

these froth samples was 1.5-2.0%. Since the froth was stored for the duration of 

the HLB studies, the possibility of ageing-related changes in the froth became a 

concern. An ageing study was carried out to determine the change, if any, in 

the interfacial properties of stored bituminous froth and its components with 

time. The details of the ageing study are provided in Appendix 3. 

The free water (not emulsified) used in the HLB studies came from a 5 

gallon pail of froth which had also been collected in Juty 1998 and stored at 

room temperature. A typical anatysis of this free water is given in Table 3-2. 

Table 3-2: Typical Analysis of Free Water taken from Bituminous Froth 

concentrations and other Characteristics . . ,  

pH = 8.6 
Surface Tension [y,J = 55-60 mN/m : 

Chloride - (800 - 950 ppm) 
Sulfate - (200 - 250 ppm) 
Sodium - (950 - 1050 pprn) 
Potassium - [ 1 0 - 1 2 ppm) 

Calcium < 10 ppm 
Magnesium c 10 pprn 
Flouride < 5 ppm 

The aqueous phase used elsewhere throughout this research was triple- 

distilled, deionized water purified through a MILLI-Q Water System (Millipore]. The 

water was filtered to 0.2 pm and had a conductivrty less than 18 pS/cm. The pH 

of the water was between 6-7. Slight variations in pH had no discernable effect 

on the HLB studies presented in this work. 



Table 3-3: Aqueous and Oil Phases Used 
.... + - - , f l ,  . .  , + e  , . . -  . m p . - ~ ' , k , * + - .  .: - . - , - a * .  r .  . .  * .  . a ,  - . .  * - r  v , -  - r - - , > . x 4 - -  . - > . -  - - .  

. . . -  - Oil - .- Phase .. c , . . - . . . . - 
Supplier 

- . : > /-- .. *-A " , , - ., : * : ., - .' , . . 

bituminous froth Syncrude Canada Lfd. 

castor oil London Drugs 

coker feed bitumen Syncrude Canada Ltd. 

decane, 99,576 Fisc her Scientific Ltd. 

deuterium oxide (D,O), 99.9% C/D/N Isotopes lnc. 

heptane, 95% Sigma Aldrich Canada Ltd. 

heptol (50150 v/v heptaneltoluene] 

hexadecane, 99% Sigma Aldrich Canada Ltd. 

hexane, 91 -5% Shell Canada Chemicals Ltd 

isopropyl alcohol (IPA), technical grade Van Waters & Rogers Ltd. 

Karl Fischer Reagent Fisc her Scientific Ltd , 

kerosene Canadian Tire Corporation Ltd. 

naphtha Syncrude Canada Ltd. 

ortho-xylene, 97% Sigma Aldrich Canada Ltd. 

n-pentane, 99% BDH Inc. 

toluene, technical grade Van Waters & Rogers Ltd. 
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3.2 Exwrirnental Surface and Interfacial Tension Measurement Techniaues 

Surface and Interfacial tension measurements were used throughout this 

research in order to calculate spreading coefficlents [Appendix 11, to determine 

the effect of age on bituminous froth interfacial properties [Appendix 3) and to 

correlate HLB observations to oil-water interfacial characteristics (Section 5). 

3 2. i Suriace Tension ivleasurernenls 

Surface tension represents a contracting force acting around the 

perimeter of a surface.'' In the case of surface tension, one phase is gaseous 

and the other liquid or solid. This differs from interfacial tension which arises 

when both phases are liquids. 

The surface tension measurements were carried out using the Wilhelmy 

plate method using the Kruss Tensiometer Model K12. The Wilhelmy plate is a 

thin rectangular plate of platinum with precisely known dimensions. The plate is 

mechanically dipped into the liquid to a set distance and then slowly drawn 

away from the surface while maintaining a meniscus on either side of the plate 

(see Figure 3-1). 

Figure 3-1 : Illustration of Menisci Present during 
the Measurement of Surface Tension using the 

Wtlhelmy Plate (taken from Reference 120). 
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The weight of the liquid held within the menisci reaches a maximum as 

the plate is withdrawn from the surface. At this point, the mechanical force 

used to sustain the plate at this height is equal to the force due to gravrly on the 

volume of wder  within the menisci. The surface tension of the liquid times the 

perimeter of the plate is equal to this force. Equation (3-1 ) describes this 

relations hip: 

where y = surface tension 
mg = force due to gravity as a result of the menisci 
2(l+w) = perimeter of the platinum plate 

This relationship is valid when the plate is property wetted by the liquid 

such that the contact angle, 4, equals zero, the sides of the plate are vertical 

and there are no buoyancy corrections. Buoyancy effects are overcome when 

the lower edge of the plate is at the same level as the bulk surface (see Figure 

3-1 ).I2' 

Most methods of surface tension measurement are very sensitive to 

contamination and the Wilhelmy plate is no different. For this reason, all 

glassware was cleaned with a concentrated sulfuric acid solution and 

thoroughly rinsed with deionized water before use. The cleanliness of the 

glassware was confirmed by taking a measurement of a suitable standard, 

usually deionized wder. The plate itself is cleaned by flushing with water and 

then flamed to ensure complete dryness. 

3.2.1 .1 Critical Micelle Concentration Determinations 

The criiical micelle concentration [cmc) was obtained for a solution of 

natural surfactants extracted from the froth [extraction procedure is described in 

Section 3.4). The cmc was determined using the Kriiss Model K12 with a 

Metrohom 665 Dosimat autoburet and a Neslab refrigerated bath. The buret 
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was flushed with water followed by the surfactant solution. The surfactant 

solution was then incrementally dlspensed into a glass dish containing 30 mL (by 

weight) deionized water. After each addition, the solution was stirred for 30 

seconds followed by the measurement of the solution surface tension (surface 

age was approximately 2.5 minutes). The surface tension measurements were 

carried out using the Wilhelmy plate. All cleaning of glassware and the plate 

were identical to that described in the previous section. 

The presence of solids in solution can alter the surface tension 

measurements and thus a portion of the natural sulfactant solution (obtained as 

described in Section 3.4) was filtered to 0.1 pm to remove any particulates. 

3.2.2. Interfacial Tension Measurements 

The interfacial tension measurements were analyzed by the du Nouy ring, 

drop volume, the micropipette techniques and maximum droplet pressure. 

3.2.2.1. The du Now Rina Method 

When the du Nouy ring is used for interfacial tension determination, the 

force used to pull the ring through an oil-water interface is related to the IFT 

through Equation (3-2). '20 

where y,, = oil-water interfacial tension 
mg = force required to pull the ring through the interface 
R = radius of the ring 
F = correction factor 

Equation (3-2) applies when the IFT measurements are begun with the ring 

immersed in and fully wetted by the lower phase. Figure 3-2 illustrates the 

meniscus formed as the platinum ring is slowly pulled through an oil-water 

interface. Just prior to the rupture of this meniscus, the force required to pull the 

ring is at a maximum and the interfacial tension acts perpendicular to the plane 
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marked AA in the final image of Figure 3-2. The correction factor of Equation (3- 

4) accounts for the small differences in R and R' (see Figure 3-2) and the volume 

of liquid which remains attached to the ring upon rnensicus rupture.'20 

Figure 3-2: The du Noin/ Ring Technique for IFT Determination 
(Taken from Reference 1201 

The interfacial tension measurements made by the du Noin/ ring method 

were also performed using the Krijss Tensiometer Model K12. 

As with the Wilhelmy plate, the du Now ring is sensitive to contamination 

and therefore all glassware was cleaned with a concentrated sulfuric acid 

solution and thoroughly rinsed with deionized water before use. The cleanliness 

of the glassware was confirmed by taking a measurement of a suitable 

standard, usually deionized water. The ring, as with the plate, is flushed with 

water and then flamed to ensure dryness. 
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3.2.2.2. The Dro~Volume Method 

Interfacial tensions found using the drop volume method were 

determined from Equation (3-3].lZ0 

where y = interfacial tension 
mg = g . Ap . V, = weight of the drop 

( ~ p  = density difference between the two phases; 
g = acceleration due to gravity: V, = volume of one drop] 

r = radius of the needle opening 
F = correction factor for large values of r 

Equation (3-3) describes the relationship between the interfacial tension 

and the weight of a droplet (in this work, oil) emerging from an opening and 

surrounded by another liquid phase (in this work, deionized water).'20 The weight 

of the droplet can be determined by either carefully extruding a droplet by 

using a microburet (accurate to 0.1 $1 or a calibrated pump [see Appendix 3). 

A truncated and curved stainless steel needle was examined microscopically 

and carefully sanded to produce an undistorted, blunt circular opening. The 

correction factor, F, was solved by a potynornial function involving various 

coefficients and the fraction [NIR). The densities of both phases were measured 

using an Anton Paar (Model DMA45, Austria) densw meter. 

Cleanliness was also an issue for drop volume measurements although 

multiple rinsings with hot tap water and deionized water were sufficient to 

remove any trace surface active material from the glassware used to hold the 

aqueous phase. Toluene was used to ensure cleanliness of the stainless steel 

needle used. 
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3.2.2.3. The Mlcro~i~ette Method 

The interfacial tension of a water droplet suspended in a continuous oil 

phase can be related to the minimum pressure used to draw the droplet into a 

glass pipette. This is illustrated in Figure 3-3. 

Figure 3-3: Representation of a Water Droplet Held at 
the Pipette Tip by a Measurable Suction Pressure 

To determine the IFT of a given system, a suction pressure on the droplet held at 

the pipette tip is increased to the critical value where the droplet portion within 

the pipette is hemispherical. This occurs at the 'breaking poinl' of the droplet, 

the point at which the droplet is rapidly and completely sucked into the pipette 

with little or no change in suction pressure. The interfacial tension can then be 

found by Equation (3-4): 

where R, = pipette radius 
R, = droplet radius 
y = interfacial tension (IFT) 
AP = change in pressure required to suck the droplet into the pipette 

= R - PC1 - [P, - P A 1  

The pipettes were prepared by elongating 1 mm (outer diameter] glass 

capillary tubes with a KOPFB Needle/Pipette Puller (Model 730, David Kopf 

Instruments, CA, USA). The resulting rough tips were clut with a home-made 

forging device to gh/e internal pipette diameters in the range of 6-1 0 pm The 

pipettes are then coded with dichlorodimethylsilane [Aldrich Chemicals) to 
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render them hydrophobic and thereby water droplets will coat neither the 

external nor internal pipette surface. 

The pipettes were then fixed to mounts [Narishige, Tokyo) which allow for 

eased manipulation within the glass cell (see Figure 3-4). The glass cell was also 

methylded with dichlorodimethylsilane to prevent dispersed water droplets from 

coating on the glass surfaces. Once the glass cell was in place and the pipette 

tips manoeuvred in-between the two plates of the cell, the cell is covered with 

deionized water to prevent evaporation of the continuous phase of the 

emulsion. The emulsion was then injected into the cell (displacing any 

deionized water present) using a non-methyiated, standard glass pipette. The 

pipette tips and emulsion were viewed through an inverted microscope [Carl 

Zeiss Canada, North York, ON) in real time and were linked to a monitor which 

provides enhanced magnification and a VCR to allow for recordings and future 

image analysis [see Figure 3-4). 

Camera 

Microscope 

Figure 3-4: Schematic of the Micropipette Apparatus 



The suction pressures applied at the pipette tips were controlled manually by 

syringes and measured as voltages. The relationship between the suction 

pressure and the measured voltage is given in Figure 3-5 [commercial pressure 

transducers - Model PX142, Omega Engineering Inc., Stamford, CT, USA]. The 

suction pressure values were then used in Equation (3-4) to calculate IFT values. 

15 

- - 

0 1 2 3 

Voltage Change [V) 

Figure 3-5: Pressure Transducer Calibration 

The micropipette apparc~tus '~~~'~~ used in this research is owned by the Oil 

Sands Chair at the Universrty of Alberta and access was provided through 

Syncrude Canada Ltd. 

3.2.2.4. The Maximum Dro~let Pressure Method 

The maximum droplet pressure method was used only to confirm the IFT 

values obtained by the micropipette method. All IFT measurements were 
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provided by Elaine Stasiuk. The theory and practice for this technique can be 

found in Reference 129. 

3 -2.3. Error in Surface and lnterfacial Tension Measurements 

The uncertainty associated with the Wilhelmy Plate method for surface 

tension measurements and the du Now ring and micropipette methods for 

interfacial tension measurements was approximately & I  .0 mN/m. Each of these 

techniques is highly dependent on the precise dimensions of the platinum 

plate, the platinum ring or the pipette [and droplet) diameter. The IFT values 

obtained by drop volume technique have an uncertainty of r l . O  mN/m. This 

technique is more susceptible to error since calculated values depend on 

density measurements, needle dimensions and volume readings. The 

maximum droplet pressure method produces IFT values with an uncertainty of 

approximately k2.0 mN/m (Refer to Reference 129 for reasoning behind error). 

3.2.4. Choice of Interfacial Tension Techni~ue 

The choice of interfacial tension technique was dictated by the 

experimental conditions required. The micropipette technique proved to be a 

useful tool in Section 5 since both IFT measurements and coalescence 

behaviour of individual emulsion droplets could be obtained. In the spreading 

coefficient work (Appendix I ) ,  the du Now ring method was preferable since it 

allowed the same technique as was used in the original literature to be applied 

to interfacial tension measurements used in the calculation of spreading 

coefficients. Both values were obtained using the Krijss Tensionmeter and the 

use of similar solution volumes would minimize any errors due to wall effects. In 

the ageing study (Appendix 31, the interfacial tension measurements were 

performed using the drop volume method at 80°C. Both the micropipette and 

du Now ring methods cannot be used at such higher temperatures. 
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3.3, Exmrimental HLB Method Develo~ment 

The first attempts made to determine HLB values were through the use of 

two solution properties: spreading coefficients and conducth/m/. However, these 

proved unsuccessful means for HLB analysis. The details of these experiments 

are given in Appendix 1. 

The following sections describe the development of the method used to 

determine required HLB values for diluted bituminous froth and other bitumen 

phases (see Sections 4.1 and 4.3) as well as the HLB values for the individual 

froth components (Section 4.2). The effect of shear and oil-water ratio was 

shown to have a marked effect on the required HLB while commercial 

surfactant HLB values were affected by salinity and dilution. 

3.3.1 Determination of Reauired HLB Values 

Griffin's original work' focused on the creation of OIW emulsions which 

were of interest to the cosmetic industry. In order to evaluate the O N  HLB 

requirement, an HLB series was created. This was done by: a) weighing into 5 or 

6 jars 95 grams of oil per jar, b] blending 10 grams of emulsifiers (in varying 

ratios] into each jar followed by c) the one-step addition of 95 g of water and d) 

the contents of each jar were shaken. A stable emulsion was evident in jars 

where no oil or wder separated over a period of at least 24 hours. The 

surfactant mixture HLB which created the stable emulsion therefore 

corresponded to the O/W HLB requirement value for the oil phase employed. 

In a later publicationI4 from ICI United States Inc., Griffin's method was 

modified through the use of an oil/wder ratio of 20180 or smaller and surfactants 

which were 10-20°h by weight of the oil phase. A further adjustment to Griffin's 

method included the addition of water under propeller agitation. In both of 

these publications, only a few W/O HLB requirements were reported. 

As mentioned in Section 2.3.2, most of the published work done by 

Griffin1 and ICIl4 to determine required HLB values was carried out with the 

nonionic ICI surfactant series of Spans and Tweens. These surfactants are 
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sorbitan derivatives, commonly oleates, palmitates and laurdes. The Spans are 

typically oil soluble, low HLB surfactants while the Tweens have added 

polyoxyethylene chains which give them a higher solubility in water and 

therefore higher HLB values. 

The error associated with all surfactant HLB and required HLB values was 

assumed to be 41. This error is also inferred for HLB values in the present work. 

All HLB values obtained were the result of at least 2 separate experiments. 

3,3.2. The KerosenelWater Reference Svstem 

The method used to determine the HLB requirements in this study was a 

slight variation on ICl's14 approach. The 'standard' surfactants chosen were Span 

80 and Tween 80 (for chemical structures and details, see Appendix 1). Span 

80 (HLB 4.31 and Tween 80 (HLB 15) were blended using different weight 

percentages to produce mixtures of varying HLB. For example, if a mixture 

contained 30°h Span 80 and 70% Tween 80 then the resultant HLB would be 

1 1.8, according to Equation (3-5): 

The different Span 80-Tween 80 blends used to characterize the reference 

system are outlined in Table 3-4. 

Table 3-4: Span 80-Tween 80 Surfactant Mixtures and their HLB Values 

Span 80flween 80 Ratio 
9011 0 
80120 
70130 
60140 
50/50 
40160 
30170 
20180 
IOj90 

HLB 
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Kerosene was chosen as the oil phase for the reference system for two 

reasons. First, kerosene was one of the few oil phases Griffin had examined in 

terms of both WIO and OIW HLB requirements, which allowed for verification of 

the emulsion preparation method. Secondly, kerosene is a blend of many oii 

components. If a required HLB could be found for such a chemical muctuie, the 

emulsification method might also be valid for the bituminous froth investigated 

throughout this research. Decane, a pure hydrocarbon commonh/ used in the 

petroleum research communty, was also used to illustrate that required HLB 

values can be determined regardless of whether or not the oil contains a single 

component or is a chemical mixture (see Section 3.3.4). 

Various combinations of kerosene, deionized water and the Span 

80flween 80 blends were tested in order to elucidate the best method possible 

to create an accurate and reproducible emulsion series. In all cases, the oil- 

water ratio was kept at 50150 and the surfactant blends were those given in 

Table 3-4. The examined combinations are provided in Table 3-5. 

Table 3-5: Agitation Methods Examined for Required HLB Determinations 

KeroseneNVoter Agitation Method Percent Surfactant Surfactant 
Ratio (of the oil phase) Premixed with 

50/50 Vortex 15 Kerosene 
5 0/5 0 Stirring 15 Kerosene 
50/50 Blender 15 Kerosene 
50150 Wrist Action Shaker 15 Kerosene 
50150 Stirring during 15 Kerosene 

addition of water 
. 

Wdh the exception of the last method listed above, the various Span80flween 

80 mixtures were blended with the kerosene (as advised by Griffin] followed by 

the addition of the deionized water and then the agitation method was 

applied. The only alteration in the 'stirring under addition' method was that the 

water addition and applied shear occurred simultaneoush/. The high shear 

introduced by vortex and blender methods required only short application 
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times, thd is. less than 2 minutes while stirring and wrist action shaking were 

employed for 10 minutes. The longer mixing times for stirring and wrist-action 

shaking were needed to ensure emulsion homogeneity. 

Of the five methods tested, stirring during the addition of water appeared 

to give promising results for both the WIO and OIW HLB requirements. 

Therefore, in order to encourage the formation of both W/O and O N  type 

emulsions through lower internal (or dispersed] phase quantities, the 

kerosene/water ratio was adjusted to 80120 and 20180 respectively. Table 3-6 

outlines some of the variations made with these ratios to further pinpoint the 

exact order of combination necessary for successful emulsification within the 

HLB series. All trials were performed by the stlrring under additon method. 

Table 3-6: Trial Emulsification Procedures for Required HLB Determinations 

Trial Percent Percent Percent Surfactant Surfactant phase added 
Water Kerosene [of the oil phase) Premixed with under - . , + ,  Stirring .. 

1 20 80 15 water Kerosene : 
. 2  80 20 15 Kerosene water 

3 20 80 15 Kerosene Kerosene . 

4 80 20 7 5 water water 
5 20 80 15 water water 
6 80 20 15 Kerosene Kerosene 

The results of trials 1 and 2 successfully correlded with the correct WIO and 

O/W HLB requirements, respectively. In both of these trials. the surfactant was 

premixed with the dispersed phase and the continuous phase was added 

under stirring. *When surfactant was added to the continuous phase (trials 3 8( 

4) before addition to the dispersed phase, no stable emulsions developed. 

Similarly, if surfactant was added to the internal phase (trials 5 & 6) and then 

mixed into the continuous phase, successful HLB determination was not 

possible due to the instabilrty of the potential emulsions. 
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The W/O and OIW emulsions created from trials 1 and 2 were obsewed 

visually to be very viscous and exhibit long-term stability. Figure 3-6 illustrates a 

typical bottle series done to determine the W/0 and 0 1 '  HLB requirements 

[trials 1 and 2 of Table 3-6, respectiveIyJ. 

The experimental details for the bottle series in Figure 3-6 is given in Table 

i 

3-7 and the following text. 

Figure 3-6: Required HLB Determination for Water-In-Kerosene and 
Kerosene-In-Water Emulsions (Details in Text) 

Table 3-7: Experimental Description of Each Bottle in Figure 3-6 
(KerosenelDeionized Water/Span 80-Tween80 Systems) 

Jar OiItAq. Ratio 
w* 91 

1 80120 [48/ 1 21 
2 80/20[48/12] 
3 80120 [48112] 
4 80120 [48/12] 
5 80120 [48/12] 
6 80/20[48/12] 

Surf. 
HLB 
4.3 
5.4 
6.4 
7.6 
8,6 
9.7 

Wt. Surfactant (g) 
(1 5% of oil phase) 

1.8 
1.8 
1.8 
1.8 
1.8 
1.8 

Surfactant 
premixed with 

water 
water 
water 
water 
water 
water 

Phase added 
under stirring i I 

kerosene 
kerosene 
kerosene 
kerosene 
kerosene 
kerosene , 

7 20/80[12/48] 10.7 1,8 kerosene water , 

8 20180 [l 2/48] 1 1.8 1.8 kerosene water 
9 20180 [12/48] 12.9 1.8 kerosene water 
1 0 20/80 [I 2/48] 1 3.9 1.8 kerosene water 
1 1 20/80 [I 2/48] 15 

> .  - -  - ' I  . d 

1.8 kerosene . - - _  water : 
I . , "  ..- A d - +  
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In jars 1-6, 12 grams of deionized water was premixed with 1.8 grams of a 

Span 80/Tween 80 emulsifier blend followed by the addition of 48 grams of 

kerosene. For jars 7-1 1, 12 grams of kerosene was premixed with 1.8 grams of 

a Span 80flween 80 emulsifier blend followed by the addition of 48 grams of 

deionized water. The oil-water ratio was changed in the middle of the bottle 

series [Figure 3-61 since preliminary results had illustrated that at higher HLB 

values with an oil-water ratio 80120 or at lower HLB values with an oil-water ratio 

20/80, no stable emulsions resulted. Figure 3-6 shows that creamy, stable 

emulsions were formed in jar 2 and 3 (emulsifier blend HLB=6&1] and jar 10 

(emulsifier blend HLBz 1 4k 1 1. Although Figure 3-6 apparently shows a 

homogeneous emulsion in jar 5, the instability of this sample was actually 

undetected by the camera. Given that jars 2 and 3 each had an oil-water 

ratio of 80120, these emulsions were first presumed to be W/O. Conversely, it 

was assumed that jar 10 was an OIW emulsion. 

Two 2-3 gram samples of the stable emulsion produced in jar 2 were 

diluted with water and kerosene to confirm which phase constituted the 

continuous one.I2' Surprisingly, the emulsion diluted with water and not 

kerosene. The same observation was noted in the jar 10 emulsion which 

diluted with kerosene. This indicates that the jar 2 emulsion was actually OIW 

and the jar 1 0 emulsion W/O. 

Given this unexpected result, fresh emulsions were made with a blue dye 

(food colouring, Food ClubM) in the aqueous phase [the dye was completely 

insoluble in the kerosene]. This allowed for microscopic examination 

[Jenalumar, Zeiss, Germany) of the emulsion to prove whether kerosene or 

water was the external [continuous) emulsion phase. A drop of each emulsion 

was placed on a glass slide previously treated with ~esicote" (Beckman, USA) 

to render the glass surfaces hydrophobic. This was necessary to inhibit water 

droplets from coating the glass surface. The microscopic examination of the 
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emulsions confirmed the results of the dilution tests. In other words, where a 

W/O emulsion was expected, a O/W resulted and vice versa. 

The unexpected emulsions are therefore hlgh-internal phase or 

concentrated emulsions as discussed in Section 2.4. The explanation for this 

behaviour can be understood in terms of the shear applied in the emulsion 

formation and the description in the next section. 

3.3.3. Effect of Shear & Oil-Water Ratios on the Kerosene Reauired HLB 

The theory behind the formation of concentrated emulsions was 

discussed (See Section 2.4). There are several conditions needed to form a 

concentrated emulsion. Firstly, low shear mixing is required while the internal 

phase is slowly added to the continuous phase. Secondly. the surfactants used 

to create the emulsion need to be able to form elastic films. Span 80 and 

Tween 80, as sorbitan monooelates. both meet this second requirement, as 

discussed in Section 2.4.2. Both of these conditions were met in the reference 

system described in Section 3.3.2. 

The HLB system did not account for differences in surfactant behaviour 

with undar different shear conditions. Figure 3-7 depicts the expected HLB 

behaviour . 
To illustrate the difference in emulsification between low and high shear 

mixing, a number of kerosene/water/surfactant series were produced using a 

Waring blender. Oil-water ratios were altered while using only the two surfactant 

mixtures [HLB=6*l and HLB4 4* 1 ) which corresponded to the kerosene required 

HLB values. Table 3-8 gives the details of these experiments. 



Table 3-8: Emulsions Formed by Means of a Waring Blender 
(Kerosene/Water/Span 80flween 80 Combinations) 

~erosenehVder Span 80Meen 80 HLB Surfactant ~mulsion 
Ratio Ratio . .  . - , , - 3  I*--.. . 

premixed with formed 
Z" 7 a - x .  

20i80 1 0/90 13.9 kerosene O N  
80/20 1 0190 13.9 water unstable 
50/50 1 0190 13,9 kerosene OIW 

20/80 80/20 6.4 kerosene unstable 
80120 80120 6.4 water W/O 
50/50 80/20 6.4 kerosene unstable 

All samples listed in Table 3-8 were prepared by first mixing the surfactant with 

the designated phase followed by a one-step addition of the other phase. The 

two phases were then blended for 1 5 seconds. 

The emulsion formation method used for the kerosenetwater reference 

system involved adding the 80% phase to the 20% phase under stirring. 

Therefore, the samples of Table 3-8 were repeated by slowly introducing the 

added phase with a 40 cc glass syringe via a hole in the lid during the 15 

second blending period. The results were identical to those in Table 3-8, 

attesting to the importance of high shear over step-wise addition of one phase 

into another, 

The emulsion information provided in Table 3-8 is mapped in Figure 3-8. 

This phase diagram nearly matches the expected emulsification behaviour of 

Figure 3-7. Thus the HLB system remained valid at high shear. 

On the other hand, under low shear as was used to produce the series in 

Figure 3-6, emulsion tendency deviated from the expected HLB behaviour. The 

emulsions formed by this method are shown in Table 3-9. 
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Table 3-9: Emulsions Formed by the Stirring Under Addition Method 
(KeroseneMlaterlSpan 8Oflween 80 Combinations) 

..I J - -  . a  . . ,  i - 1  --, . . # r . * -  . * 

KeroseneWQter ~ p & n  80flween 80 HLB Surfactant Emulsion 
Ratio 

F , .  - 
Ratio . , 

premixed with 
- 7 -  

formed - - .-,xr., 9 -.. * 

20/8oW 10j90 13.9 kerosene WIO + 0 ~ 1 0  A 

80120 1 0190 13.9 water O N  
50150 10190 13,9 kerosene O N  

20180 80/20 6.4 kerosene WIO 
80120 80/20 6.4 water O N  + WIOW 
50150 80120 6,4 kerosene WIO . _  

Figure 3-9 is the phase diagram for the data of Table 3-9. Two things are 

immediately obvious upon comparison of Figures 3-8 and 3-9. First, at the 

kerosenelwder ratio 50150, the emulsion tendency is defined by the HLB system, 

regardless of high or low shear applied to the system. In other words, at high 

HLB values, 0 1 '  emulsions result while W/O occur at low HLB. 

Secondly, at oil-water ratios of 20180 or 80120, the low shear has a 

marked effect on the emulsion tendency. Where unstable emulsions are 

expected, namely d HLB = 6 1 oil-water ratio 20/80 and at HLB = 14 / oil-water 

ratio 80/20, highh/ concentrated emulsions formed. The reasoning behind the 

formation of concentrated emulsions has already been discussed. The most 

interesting emulsions formed at HLB = 14 1 oil-water rdio 20/80 and at HLB = 6 I 

oil-water ratio 80/20. Both of these combinations also formed concentrated 

emulsions, as seen in Figure 3-9, but in these cases, the emulsion types are 

contraly to what would be expected given the HLB chemistry. Under these 

conditions, a small amount of multiple emulsion samples appeared along side 

the concentrated emulsions. The formation of double emulsions is not surprising 

since multiple emulsions have been identified as the intermediate steps in 

phase inversion.27s36 [Recall that concentrated emulsions may form as a result 

of O/W + W/O/W -+ W/O or W/O -+ O/W/O + O N  sequences, as discussed in 

Section 2.4). The appearance of multiple emulsions in the work presented here 
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also points to the insufficiency of low shear to progress these intermediate 

emulsions through to their final concentruted emulsion forms. It appears from 

these results that the emulsification technique used can be of greater 

importance in determining the final emulsion type than the HLB of the 

surfactants themsetves. 

To match the correct emulsion type with the expected HLB chemistry, it 

would appear that an oil-water ratio of 50/50 would be the best choice for 

future characterizations, However, oil-water ratios of 20180 and 80120 were used 

throughout this work with the slow addition technique for two reasons. First. the 

highly concentrated emulsions were extremeb thick and creamy and their 

stability was immediately obvious and long-lasting. Second, the ability of 

unknown surfactants to form concentrded emulsions provided a useful insight 

into the nature of these surfactants as well as their characterization by the HLB 

system. 
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Figure 3-8: Observed Emulsion Tendency as a Function of 
HLB and Oil-Water Ratio for KerosenelWater Emulsions 

Prepared Under High Shear (Waring Blender] 
(Data from Table 3-8) 
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Figure 3-9: Observed Emulsion Tendency as a Function of 
HLB and Oil-Water Ratio for KerosenelWater Emulsions 

Prepared Under Low Shear (Stirring Under Addition Method) 
(Data from Table 3-9) 
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For the purpose of HLB characterization, concentrated O/W or W/O 

emulsions formed at HLB=6&1 and HLB= 14k1 were treated as WIO and OIW, 

respectively. This was done for the purpose of HLB calculdion onw. Using 

Figures 3-8 and 3-9, one can then predict the emulsion type expected under 

different shear conditions. 

3.3 -4. WIO Emulsification Usina Alternate Surfactonts and Oil Phases 

The required W/O HLB value found for kerosene was verified through the 

use of an alternate set of surfactants, Span 85 (HLB 1.8) and Tween 85 (HLB 1 1). 

The details of the experiments used to determine these values are summarized 

in Table 3-10. The W/O HLB values were once again determined by the 

appearance of an extremety viscous, concentrated OIW emulsion which was 

stable for more than one week. 

Table 3-1 0: Comparison of Required W/O HLB Values Found for Kerosene Using 
Different Surfactant Combinations 

Oil Phase Oil/Water Surfactants Used Percent Surfactant HLB for 
Ratio (of Oil Phase] Stable WIO 

Kerosene 80/20 Span 80flween 80 15 5.4-6.4 
Kerosene 80/20 Span 85lTween 85 I 5  2.7-7-3 
Kerosene 80/20 Span 85flween 85 7.5 4.6-5.5 

From Table 3-10, it is easy to identify differences in emulsification 

efficiency within the same class of surfactants. Although the Span 85fTween 85 

combinations emulsified water in kerosene at the same HLB value [within 

experimental error], only half the quanttty of surfactant was needed, indicating 

perhaps a more efficient interaction between these two surfactants at the 

interface compared wRh the Span 80flween 80 combination. 

This variation in surfactant interactions at the interface is further iilustrated 

through the use of different oil phases. A pure oil phase, decane, was chosen 

for this comparison to illustrate that the influence of shear and surfactant 

quantity play a larger role in emulsificdion than oil phase punty. In Table 3-1 1, 
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the difference in Span 8O/Tween 80 quantities needed to emulsify kerosene or 

decane in water is evident. 

Table 3-1 1 : Differences in Surfactant Quantities Needed to Create Stable 
Emulsions with Different Oils 

z 

Oil Phase OilNater Sulfactants used Percent surfactant HLB [+l for 
Ratio (of Oil Phase) 

- - a ,  

Stable WIO 
Kerosene 80120 Span BO/Tween 80 i 5 5.4-0.4 
Decane 80/20 Span 80/Tween 80 15 unattainable 
Decane 80/20 Span 80lTween 80 30 5.4 

As seen in Table 3-1 1, a greater surfactant concentration was required to 

produce a stable, concentrated decane-in-water emulsion. However, these 

results show that regardless of whether or not the oil phase is a mixture or 

contains only a single component, the preceding arguments regarding the 

requirements for concentrated emulsion production (i.e., low shear and 

surfactants which form liquid elastic films) are supported. The formation of the 

concentrated emulsion made with decane was verified by the same dilution 

tests and microscopic examination as used with the kerosene emulsions. 

3.3,5, The Effect of Tem~erature on the Rewired HLB Values of Kerosene 

In order to conectty characterize the bituminous froth in terms of HLB 

values, the effect of temperature on the reference system was important since 

emulsification and demulsification of the froth typically occur at elevated 

temperatures. Therefore the reference series for HLB determination was 

repeded at 80°C (see Figure 3-1 0). Apart from the temperature increase, the 

experimental conditions were identical to those outlined in Table 3-7. 

The results confirmed that the HLB values for W/O emulsification of both 

kerosene and decane were identical to those series prepared at ambient 

temperature. However, the stable O N  emulsion noted at room temperature 

(high HLB surfactant muctures used, see Figure 3-6) was absent at 80°C. This is 

most llkely due to a stronger effect of temperature on the higher HLB surfactant 



69 
(Tween 80). At high temperatures, high HLB surfactants with many hydrophilic 

powoxyethylene groups, such as Tween 80, may separate from the surfactant 

solution as a crystalline surfactant phase. Decreased hydrogen bonding 

between the surfactant hydrophilic head and the surrounding water molecules 

is responsible for the formation of this crystalline phase. The point at which this 

phase forms is termed the cloud point. Once a se~arate cwstalline phase 

forms, Tween 80 would no longer be available at the oil-water interface to aid in 

emulsification. On the other hand, Span 80 is less affected by changes in 

temperature since its H-bonding capacw is extremely low (water insoluble) and 

therefore would still be available for emulsion stabilization. It is reasonable to 

assume that the emulsifying behaviour of Span8Ollween 80 mixtures at low HLB 

will remain constant regardless of temperatures as high as 80°C. 

10.7 I l , $  12.9 

Figure 3-1 0: The Effect of Temperature (80°C) on the HLB Requirement for 

The HLB series in Figure 3-1 0 shows the formation of a concentrated OlW 

emulsion in jars 2 and 3 which indicates the W/O HLB requirement. However, in 

jars 7-1 1, no stable emulsion was evident. (Unfortunateh/, due to the less than 

ideal quality of the image, this is not immediately obvious.) 

3 -3.6. Determination of HLB Values of Unknown Surfactants 

The method for surfactant HLB determination is relatively straightforward 

once the required W/O or O N  HLB of the reference oil phase has been 

established. First, a blend of the unknown surfactant with either standara 

surfactant (Span 80 or Tween 80) in weight rdios ranging from 1 0190 to 9011 0 

unknownlspan 80 or unknownflween 80 were formulated. Second, these 
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blends were mixed with the 20% phase [water or kerosene) and the 80% phase 

(water or kerosene] was added under stirring. The unknownJSpan 80 or 

unknownflween 80 ratio at which a viscous, concentrated, stable emulsion 

appeared was used to calculate the HLB of the unknown by either Equation (3- 

6)  or (3-7),14 depending on the standard surfactant employed. 

k "" Required HLB,, = WT"! * HLB,,am,, su,, + wi% nLawmOw ct,t i3-oj 

Required HL€$,,o = wt% * HLB5tmdads~~tm + wt% * HLBwmwm sdac,mt (3-7) 

3.3 -6.1 . Verification of the Surfactant HLB Value Determination Method 

In order to verify Griffin's methodology for unknown surfactant 

determination, several commercial surfactants for which the manufacturers 

have provided HLB numbers were treated as unknowns. The unknown 

surfactants were premixed with Span 80 in varying ratios and then added to 

deionized water (20%) before the addition of kerosene (80%). The appearance 

of a viscous, concentrated kerosene-in-water emulsion indicated the W/O HL8 

requirement if the emulsion had been formed under high shear. Since W10 HLB 

for kerosene was shown to be approximately 6 (see Section 3.3.21, Equation (3- 

7) was used to calculate the unknown HLB. Table 3-1 2 lists the commercial 

surfactants used, their surfactant type and class, the manufclctureh HLB values 

and the calculated HLB, 
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Table 3-1 2: Comparison Between the Manufacturer's HLB and the Calculated 

HLB for Several Nonionic and Anionic Commercial Surfactants 
, . >  - ' 2 -  .i . i - -  r . r .  +  om mercia~ T Y P ~  surfactant-class ~ a i ~ f a c t u r e h  Calculated . 

Surfactant 
, . .  

HLB HLB (+I )  

Tween 81 nonjonic POE (5) sorbitan 10 9.2 
monooleate 

W'tconol SN-70 nonionic ethylene oxide adducts 12 12.8 
~f Siclight ~ h ~ f r i  f~;?y' 
alcohols 

Witcomul 40 1 6 nonionic alkoxylated alkyl~henol 10 8.6 
(non. blend) 

Sando pan DTC anionic ethoxVlated anionic 13 15.6 
complex (carboxytated acid 
alc hohol or alkylphenol 
ethoxylates) 

lncrodet TD-7C anionic Tfldeceth-7 carboxylic 16 14 
acid 

As can be seen from Table 3-1 2, a variety of surfactants from different classes 

were investigated in terms of their HLB numbers. The largest deviation from the 

manufactureh quoted HLB numbers occurred for the anionic surfactants. This is 

expected because of the difficulties in calculating anionic surfactant HLB 

numbers (see Section 2.1 ). Furthermore, the potential for inaccuracy in HLB 

values could derive from impurities present with the surfactant since many 

commercial anionic surfactants contain less than 1002 of the active ingredient. 

However, this comparison has confirmed that the method for HLB determination 

can be used to anaMe surfactants of unknown HLB. 

3.3.6,2. The Effect of Salts and Dilution on the Surfactant HLB 

Up until this point, deionized water was used as the aqueous phase. 

However, since the extracted natural surfactants will also contain other water- 

soluble species such as salts, it was pertinent to ascertain the effect these may 

have on the commercial nonionic and anionic surfactants, especially since the 

demulsifiers commonly used by Syncrude fall into these classes of surfactants. 
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In the experiments outlined in Table 3-1 3, deionized water was substituted 

with a 0.5% NaCl solution or free water (obtained as per the description in 

Section 3.2). The data in Table 3-1 3 has been presented as a comparison of 

theoretical vs. calculated HLB values of the high HLB surfactant rdher than 

theoretical vs. observed required W/O HLB values. The calculated high HLB was 

found using Equarion i3-7j, assuming inai ihe Tween 80 or incrodei iC-iC 

surfactants were the 'unknowns'. Salts are expected to have a pronounced 

effect on the high HLB surfactants due to 'salting out' effects, which diminish the 

water solubility of the surfactants used.'" 

Table 3- 1 3: The Influence of Electrolytes on the High HLB Surfactant 

Oil Aqe 
Phase Phase 

kerosene 0.5% 
NaCl 

kerosene 0.5% 
NaCl 

kerosene frw 
water 

kerosene free 
water 

OiVAq. Surfactant % 
Ratio Blend Surf. 

80/20 span 801 15 
Tween 80 

80120 span 801 15 
Tween 80 

80120 span 80 1 7.5 
Tween 80 

Surf. Theor. High 
Ratio HLB (*I) 

* _  4 -  

70/30- 15 
1 0190 

--- 16 

Calc. High 
HLB (&I ] 

6-1 0 

nla 

From these results, it is clear that the Tween 80 HLB has shifted from 1 5 to about 

8.6 in the presence of free water. The similarities in emulsion behaviour under 

the influence of both 0.5O10 NaCl and free water was apparent even though free 

water was a more complicated mixture of salts and surface active material 

than 0.5% NaCl alone (see Section 3.1.2 and Appendix 3). Firstly, at 15% 

surfactant, both aqueous phases produce stable emulsions over a wide range 

of surfactant ratios. Secondly, a more definite value for the surfactant HLB can 

be obtained from a reduction in the amount of surfactant used. While Span 

80flween 80 in the presence of salts produced a wide range of stable 

emulsions, the anionic lncrodet TD-7CISpan 80 blend produced no stable 

emulsions by which the surfactant HLB could be determined. Not surprisingly, 
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the effect of salts on commercial anionic surfactants is more profound than the 

effect on nonionics. In fact, the HLB values of anionics can be adjusted by 

altering the salt c~ncentration.'~~ Also, anionics are more susceptible to charge 

neutralization by the cations of the salt mixture. 

Just as salts can shift the HLB value of the high HLB surfactant, so can the 

-- - - 4  r o  9 4 -  +n-+ in +ha hler,d, To if!gs?rae this, nonicnic Ttbpen diiuii~n of ul re ur 1 1  rc oul IUCIU~ 1,s i r  i 1 1  j b  

80 or anionic lncrodet TD-7C surfactant samples were diluted with deionized 

water by a factor of 10 before being blended wiih Span 80. The quantities of 

surfactant added to the oil/water system were small in comparison to the 

voiume of water used. Therefore, the oil-water ratio was essentially unchanged 

during these experiments. Table 3-1 4 provides details of these experiments. 

Table 3-1 4: The Effect of High HLB Surfactant Dilution (1 OX) on the HLB Value 

Oil Oil/Aq. Low HLB Diluted High % Surfactant Theor. Calc. 
Phase Ratio surfactant HLB [of oil phase) High HLB High HLB 

surfactant (*I) (*1 I 
kerosene 80120 Span 80 Tween 80 15 15 n/a 
kerosene 80/20 Span 80 Tween 80 7.5 15 8,6 
kerosene 80120 Span 80 lncrodet TD-7C 15 16 

* .  
9.2 

Therefore, at a 10 times dilution, Tween 80 now has an overall HLB of 8.6 and 

lncrodet TD-7C an HLB of 9.2. In both cases, the shift down was about 7 HLB 

points, [his indicated a decrease in the availability of the surfactant to pack 

tightly at the interface with Span 80 and thus, a smaller low HLBIhigh HLB ratio 

was needed to create a stable emulsion. It is likely that, at different dilutions, the 

shift in HLB will change accordingty. 

Curiously, the combined effect of free water as the aqueous phase and 

diluted Tween 80 with Span 80 as the surfactant blend seemed to re-establish 

the Tween 80 HLB to 15. In reality, the natural surfactants present in the free 

wder may be contributing to the Span 80/Tween 80/kerosene/electroh/te system 

by enhancing the effect of Tween 80 and thereby counteracting the effect of 
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the electrolytes. In Section 4.2.1 , the HLB of the natural surfactants is discussed 

in more detail. 

3.3.7. Summarv 

The methods described in Sections 3.3.2 and 3,3.3 have shown that W/O 

and OW HLB requirements can be obtained for different oil phases, whether or 

not these oil phases are mtxtures of many different components. The method 

used to find the HLB values was the 'stirring under addition' technique where the 

20% phase was premixed with the commercial Span BO/Tween 80 surfactants 

and the 80°h phase was added under low shear. A concentrated emulsion was 

formed and used to determine the HLB requirement which would have 

developed under high shear. At higher temperatures, WIO HLB requirements 

were still attoinable since the effect of temperature on the HLB requirements was 

shown to be minimal at low surfactant mixture HLB values. 

Unknown surfactant HLB values were also achieved through a 

combination with one of the 'standard' surfactants (Span 80 or Tween 801 and a 

knowledge of the oil phase (in these experiments, kerosene) W/O or 0 1 '  HLB 

requirements. Concentrated emulsions were produced via the same method 

for HLB requirements and the unknown surfactant HLB was calculated using 

Equations (3-6) or (3-7). The high HLB values of commercial surfactants were 

reduced in the presence of salts and when the surfactant was previousty diluted 

due to the reduced availability of the surfactant for interfacial activrty. 
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3.4. Extraction of Bituminous Froth Comwnents 

Once the HLB requirements for emulsifying naphtha-diluted froth were 

determined, the next step taken was to isolate the individual froth components 

responsible for emulsification. 

3.4.1. Extraction of Surface Active Materials from Bituminous Froth 

The procedure used to extract surface active components from froth was 

a modification of the method employed by Layrisse et ~ 1 1 . l ~ ~  for the extraction of 

natural surfactants found in heavy crude oil. A 3: 1 heptane:xyiene mixture (by 

volume) was prepared and approximately equal weights of the solvent mixture 

and froth (200 grams excluding the free water] were stirred with intermittent heat 

for 90 minutes until the froth was completely dispersed into the solvent mixture. 

The diluted froth was then centrifuged at 10,000 rpm (Sorvall RC-50, DuPont 

Instruments, Canada) for 45 minutes to remove the larger solids. The resulting 

solution was blended with 150 ml of deionized water (Dl) using a Waring blender 

for 20 seconds. The deionized water had been adjusted to a pH of 9.1 -9.2 

using 1N NaOH. The resulting emulsion was centrifuged at 5000 rpm for 10 

minutes and the solvent containing oil was decanted and collected. A rinsing 

of 30-50 ml mixed solvent (hepiane/xylene blend) was added to the remaining 

emulsion in each of the centrifuge tubes and the samples were centrifuged 

again at 5000 rpm for 10 minutes. These rinsings were repeated 20-30 times 

until the decanted sotvent contained no oil. 

The remaining sludge in the centrifuge tubes consisted of only water and 

surface active agents responsible for stabilizing the emulsion. This emulsion was 

thick, viscous and brown in colour. The emulsion was broken by the addition of 

approximutely 300 ml of toluene. The resulting aqueous and oil phases were 

separated and individualty evaporated under vacuum to remove all water and 

solvent, respectivety. The water-soluble surfactants were re-dissolved and 

diluted to 250 rnl. The recovered oil-soluble components of the emulsion are 

referred to later on as 'extracted asphaltenes' due to their insolubility in pentane. 
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The collected decanted solventloil mixture was also evaporated under 

vacuum to remove all the heptane-xylene mixture. This recovered hydrocarbon 

phase is referred to in the following text as 'surfactant-free' froth. 

3.4.2. Extraction of Amhaltenes from Bituminous Froth 

In order to create a hydrocarbon phase free of asphaltenes, 69 grams of 

the 'surfactant-free' froth was dissolved in 300 rnl toluene and filtered to 2.5 p m  

to remove most of the fines. The toluene was then removed by rotovap and the 

resulting hydrocarbon (66 grams] was dissolved in 66 grams (77 ml] toluene 

before 3.08 lltres of pentane was added. The hydrocarbonltoluenelpentane 

mixture was allowed to sit for a minimum of 2 hours to allow for asphaltene 

precipitation. The solution was then filtered to remove asphaltenes (referred to 

later on as 'residual asphaltenes') and the remaining soivent/hydrocarbon 

mixture evaporated under vacuum to remove all pentane and toluene. This 

recovered hydrocarbon phase is referred to in the following text as 'surfactant- 

freeldeasphalted' froth. 

Deasphatted froth or coker feed bitumen were also obtained in the same 

manner as just described except the initial material was a sample of bituminous 

froth or coker feed bitumen and not the 'surfactant-free' froth. The asphaltenes 

collected from this sample were considered 'bulk asphaltenes'. 

The preceding discussion refers to the 'surfactant-free', 'surfactant- 

freeldeasphalted' and 'deasphalted' samples as 'froth'. Despite having so 

altered the samples, the term Yroth' has been maintained to keep in mind the 

origin of the samples. 

3.4.3. Extraction of Fine Solids found at the Oil-Water Interface in Froth 

The extraction of these fines was done according to the work of 

Shelfantook et on alternate diluents for froth treatment. A container of froth 

was first heated to 60°C such that the free water could be stirred into the froth to 

create a coarse mixture. A sample of this mixture (1 00 grams) was diluted with 
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hexane (200 grams) in order to exceed the solventlfroth ratio of 0.80 [wlw) as 

stated in Reference 124. The mixture was allowed to settle overnight in a 

separdory funnel. Afler this time, the top phase was a clean, dry hydrocarbon 

phase while a small amount of murky water settled to the bottom. At the 

interface between these phases, a viscous, sponge-like concentrated emulsion 

n _ p p ~ r s  which is ab~clr 10% of the total volume. It has been suggested that 

this emulsion is probably both water and oil continuous or bi-continu~us.'~~ The 

concentrated emulsion was broken by the addition of toluene and the resulting 

solution was centrifuged at 2000 rpm for 10 minutes to separate the water and 

solids from the toluene soluble phase. The tolueneloil was decanted from the 

centrifuge tubes and the water carefully siphoned aww. Fresh toluene was 

then added to remove all traces of oil from the solids' surfaces and the mixture 

was centrifuged again at 2000 rpm for 10 minutes. This was repeated until all 

traces of oil were absent from the decanted toluene. 

The decanted toluene/oil mixture was collected and the toluene 

removed by evaporation under vacuum. The remaining oil phase is referred to 

as the recovered hydrocarbon [RHC] from the hexane extraction. 
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c 
h the following sections, the experiments are described for the required 

HLB determination of naphtha-diluted froth and the HLB determination of 

different extracted fractions from bituminous froth, Once the extracted fractions 

were removed, the remaining hydrocarbon phases were also examined to 

d&ii?iifie theii recjiiisd HL9 v~lues . This CI!C~:!K! f i r  ccmpcxiscn betteen 

different 'froth' or bitumen phases so as to judge the validrty of the HLB system in 

identifying changes in the interfacial characteristics of froth composition. Finally, 

the HLB values for a commercial demulsifier were found and a link was 

established between demulsifiers and the individual froth components on 

emulsion stability. 

4.1 The Reauired HLB of Naphtha-Diluted Froth 

The required HLB of naphtha-diluted bituminous froth was determined in 

the same manner as in Section 3.3. The effects of shear, froth age and 

temperature on the required HLB of froth are also elucidated in the following 

sections. Span 80 and Tween 80 were used as the standard surfactants and 

deionized water as the aqueous phase. The naphtha-diluted froth was 

prepared by dissolving froth (see Section 3.1.2), excluding the free water, with 

naphtha in a 1 :0.7 weight ratio. 

4,1 . I .  Emulsion Formation 

The conditions used to evaluate the HLB of diluted bituminous froth were 

the same as those described in Section 3.3.2. Typicalty, 1 2 grams of naphtha- 

diluted froth was premixed with 1.8 grams of various Span 80flween 80 

surfactant blends followed by the slow addition of deionized water (48 grams] 

under stirring. The formation of a concentrated, viscous W/O emulsion was 

evident by the appearance of a 'chocolate-coloured mousse' similar to those 

seen in marine oil spills. [see Figure 4- 1 ) 



Figure 4- 1 : Required HLB Determination for Water-in-Naphtha-Diluted 

Table 4-1 outlines the exact experimental details for Figure 4-1. Onty low HLB 

surfactant mixtures were successful at creating stable emulsions with naphtha- 

diluted froth. This is explained in more detail in the following sections. 

Table 4- 1 : Experimental Conditions for Figure 4- 1 
(Naphtha-diluted FrothIDeionized WberISpan 80-Tween 80 Systems] 

Jar Oil/Aq. Ratio Surf. Wt. Surfactant (g) Surfactant Phase added 
[Wt* a HLB (1 5% of oil phase] premixed with under stifling 

1 20180 (1 2/48] 4.3 1,8 diluted froth water 
2 20180 [12/48] 5.4 1.8 diluted froth water 
3 20/80 [I 2/48] 6.4 1.8 diluted froth water 
4 20/80[12/48] 7.6 1.8 diluted froth water 
5 20/80[12/48] 8.6 1.8 diluted froth water 

The oil-continuous concentrated emulsion was verified by dilution tests as 

well as examination by confocal laser scanning microscopy [provided by 

CANMET Western Research Centre). The emulsion produced at an HLB of 5.4kI 

was a complex W/O/W/O emulsion as revealed in Figure 4-2. 



4.1.2. The Effect of Shear and Oil-Water Ratios on the Froth Reauired HLB 

The appearance of a stable W10 emulsion at an oil-water ratio of 20180 is 

expected under these conditions, in light of the discussion in Section 3.3.3. In 

order to develop phase diagrams for naphtha-diluted frothlwder emulsions, the 

experiments listed in Tables 4-2 and 4-3 were executed. The order of ingredient 

addition is identical to that used in Section 3.3.3 for Tables 3-8 and 3-9. 

Table 4-2: Emulsions Formed by the Stirring Under Addition Method 
[Naphtha-diluted Froth/Wder/Span 80flween 80 Combinations] 

. r . r .  - - - a d  - 3 -  - / - ,  

~rothhk~ter Span80flween80 HLB Surfactant Emulsion formed 
Ratio 

= # 

Ratio premixed . . -  . with - . ?  . - . # r: r 

20.180 1 0196 13.9 froth unstable 
80120 1 0190 13.9 water unstable 
50150 1 0190 13.9 froth unsia ble 

20180 80/20 6.4 froth W/O + WIO/W/O 
80120 80/20 6.4 water O N  + WIOW 
50/50 80120 6.4 froth WlO . 



Table 4-3: Emulsions Formed by Means of a Waring Blender 
[Naphtha-diluted FrothtWater/Span 8O/Tween 80 Combinations) 

* -  - . 

FrothlWater Span 8Oflween 80 HLB Surfactant Emulsion 
Ratio Ratio premixed with formed 

r . .  *i .r  - .  

20/80 1 0/90 13.9 froth unstable 
80/20 7 0/90 13.9 water unstable 
50150 1 0/90 13-9 froth unstable 

20/80 80/20 6.4 froth unstable 
80/20 80120 6,4 water WIO 
50/50 80/20 6,4 froth WIO 

Using the oil-water ratios and the HLB values given in Tables 4-2 and 4-3. 

two phase diagrams were constructed for naphtha-diluted froth under low and 

high shear, These phase diagrams are displayed in Figures 4-3 and 4-4. 

As seen in Figure 4-3, at low shear and low HLB values, stable 

concentrated emulsions formed with naphtha-diluted froth as seen with 

kerosene [see Figure 3-9). At high shear and low HLB values (Figure 4-41, the 

emulsion tendency is also identical to that with kerosenelwater emulsions (see 

Figure 3-8). At higher HLB values, regardless of shear. no stable emulsions were 

formed, indicating the primary importance of Span 80 in emulsion stabilization. 

Tween 80 may not be as effective in stabilization due to the presence of 

electrolytes in froth which would lead to salting-out effects as experienced by 

nonionic potyoxyethylene surfactants of high HLB (see Section 3.3.6.2). 
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Figure 4-3: Emulsion Tendency as a Function of HLB and Oil- 
Water Ratio for WaterINaphtha-Diluted Emulsions Prepared 

Under Low Shear (Stirring Under Addition Method) 
[Data from Table 4-2) 
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Figure 4-4: Emulsion Tendency as a Function of HLB and 
Oil-Water Ratio for WatertNaphtha-Diluted Emulsions Under 

High Shear (Waring Blender) 
(Data from Table 4-3) 
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4.1 -3. Effect of Aae & Tem~erature on the Reauired HLB of Diluted-Froth 

The age of the froth appeared to have a small effect on the required 

HLB. Table 4-4 shows these resutts at room temperature. 

Table 4-4: Difference in the HLB Requirement with Age of Bituminous Froth 
- 7 , s - . .  - * - >  

Oil Phase Oil-Water Span 80flween 80 Percent Surfactant HLB [kl ) for 
Ratio Premixed with !of Oil Phase! Stable WIO 

i 

9-month old 20180 diluted froth 15 5.4-6,4 
froth 
3-month old 20180 diluted froth 15 6.4-7.6 
froth 

Given the results of the ageing study [see Appendix 31, the changes in the 

interfacial properties of froth stored at room temperature were relatively minimal 

which would explain the insignificant differences in HLB between froth samples. 

Another small change in the HLB requirement for wuter-in-diluted froth 

was noted at higher temperature. At 80°C, the required W/O HLB dropped to 

about 4 from an HLB of about 6 at ambient femperaiure. At higher 

temperatures, W/O HLB values for both 3 and 9 month old froth approached 

identical values. 

4.7 -4. Summarv 

The HLB requirements for naphtha-diluted froth have been analyzed 

under low and high shear and an HLB of 6 was required for W/O emulsification. 

This value is important to further understand the conditions under which O/W or 

W/O emulsions form and consequentty, for the development and selection 

process of effective demulsifiers. In subsequent sections, the emulsification 

tendency is shown to depend on various bituminous froth fractions and on some 

possible synergistic effects of froth components with demulsifier molecules. 
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4.2. HLB Determination of Extracted Fractions from Bituminous Froth 

Attempts were made to determine the HLB values for each of the 

potentially interfacialty active fractions isolated in Section 3.4. This was done in 

order to ascertain the emulsion type. if any. that each fraction may act to 

stabilize. 

4.2.1. HLB Determination of the Water-Soluble Natural Surfactants in Froth 

The water soluble natural surfactants (NS) were extracted from the froth 

and then diluted in deionized water via the procedure outlined in Section 3.4.1. 

The diluted natural surfactants were believed to be high HLB surfactants based 

on their high water solubility. Consequently, these surfactants were added with 

Span 80 in varying quantities to deionized water (20%) before the addition of 

kerosene (80%). The resulting concentrded oil-in-water emulsion could be 

evaluated by Equations (3-6) or (3-7) with the W/O required HLB = 6 or the O N  

required HLB = 1 3.9. In the first case, the HLB of the water soluble natural 

surfactants would be 6.3 and in the second case, 15.6. Given the expected 

high HLB of the natural surfactants, the concentrated emulsion formed is 

analogous to the one expected at an oil-water ratio of 80120 and a high HLB 

surfactant mWure [refer to Figure 3-9. Section 3.3.3). Therefore. the natural 

surfactants were assigned the HLB value of 16r l .  

4.2,l. 1.  Concentration of the Natural Surfactants 

The concentration of the natural surfactants is of interest since dilutions 

were observed to affect the HLB of other commercial surfactants [Section 

3.3.6.2). Since emulsification behaviour can be affected by the surfactant 

concentration relative to the cmc, a cmc curve was constructed for the water 

soluble natural surfactants as per the description in Section 3.2.1 -1 .  The cmc 

curve for the filtered natural surfactant solution is given in Figure 4-5. As seen in 

Figure 4-5, the surface tension of the aqueous phase (into which the surfactant 
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solution is added) initially decreases with increasing aliquots of surfactant. As 

the surfactant concentration in the solu+ion increases, the inte~acial activity also 

increases as the surfactant molecules pack and orient at the air-water interface. 

At a certain critical point, any extra, added surfactant will form micelles causing 

the surfactant concentration in solution and at the air-water interface to remain 

relativety constant. This is evidenced by a relative lack of change in surface 

tension measurements as the surfactant concentration continues to increase 

and can be seen in Figure 4-5 by the general Watenning' of the cmc curve. 

The solution cmc was calculated from the intersection of the regression lines of 

the steepest slope and the flat (nearly horizontal) line (see Figure 4-51, 
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The concentration of the solution (moles/litre) was calculated based on 

solution conductivity assuming the predominant salt present was NaCI. This is 

reasonable since the salts extracted with the natural surfactants were expected 

to be predominantly NaCl as in the free water (see the anion and cation 

analysis for free water, in Table 3-2). Although the natural surfactants present are 

anionic and may therefore contribute to conductivity, this effect would be 

negligible in the presence of a large salt concentration. 

An average molecular weight of 280 glmole was also as~urned.~ Table 

4-5 outlines the calculations done to determine the approximate initial 

concentration. 

Table 4-5: Calculations for the Approximate Dilute Natural Surfactant 
Concentration in Solution 

Comments Calculated Values 
Total Water-Soluble Extracted Material 0.2321 g 

Conductivrty of Dilute NS Solution 0.29 pS/cm 
Conductivity of a 0.10 % NaCl Solution 1.7 rnS/cm 
Percent Dilute NS Solution Corresponding to 0.29 pS/cm 1 7,1°h 
Amount of NaCl in 0.23 2 1 g 0.03969 g 

Mass Extracted Material - Mass NaCl in Samples 0.19241 g 
No. moles based on a MW of 280 gjmol 0.000687 mol 
Volume used to dissolve NS 0.250 L 

Concentfdion of Dilute NS Solutlon 

The shape of Figure 4-5 indicates that the mixture of surfactants in the 

natural surfactants solution behaves similarly to a pure surfactant in that only one 

inflection point occurs in the curve marking the formation of micelles. If 

significantty different molecules had formed individual micelles, several breaks 

in the curve may have appeared, atthough a general broadening of the cmc 

curve has been previously noted upon the formation of different rnicelle~.'~~ 
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The cmc, calculated from the intersection of the two straight lines in 

Figure 4-5, was found to be 0.000371 M. Values for the crnc can also be 

estimated for straight chain sulfonates (Equation (4-1)) and carboxylates 

(Equation (4-2)). '27 

cmc = 70 (1.85-0.3~ N~.CafkWltOm~] 

cmc = 10 (1 .51-0.3xNooCarbonAtoms) 

Since the water soluble surfactants present in bituminous froth are thought to be 

straight chain (16-1 8 carbon atoms] sulfonates and carboxylatesI8 these crnc 

values were calculated by Equations (4-1 ] and (4-2) (see Table 4-61. 

Table 4-6: CMC Values [M) Calculated for C,,-C,, Straight Chain Sulfonates and 
Carboxylates 

Surfactant Type Chain Length 
CI, CI 7 CIt3 

COO- 0.001 1 22 0,000562 0,000282 
0.00051 3 0.000257 0.000 1 29 

The crnc values presented in Table 4-6 are comparable to the cmc found for 

the dilute natural surfactants solution. For example, a one-to-one mucture of C, , 
carboxylates and C,, sulfonates would yield a crnc of approximately 0.00041 M 

which agrees well with the crnc found for the natural surfactant solution. It is 

unlikely that the natural surfactant solution is simply a one-to-one mixture of any 

two components, but a mixture of C,,-C,, straight chain sulfonates and 

carboxylates is consistent with the results presented in this work. The shape of 

the curve in Figure 4-5 and the approximate crnc agree well with a former study 

on the characteristics of water soluble extracts from the Athabasca oil sands. 12' 

4.2.1.2. Chanae in HLB with Concentration of the Natural Surfactants 

To assess the change in HLB with concentration of the natural surfactant 

solution, a 100 ml portion of the diluted natural surfactants was concentrated to 
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10 ml. The HLB was re-evaluated and found to be 25.6 which is outside of the 

standard 0-20 HLB range. The high HLB value for the concentrated natural 

surfactants therefore indicates that the naturalty occurring surfactants are 

extremely hydrophilic and fall outside of the usual HLB range d this 

concentration. 

These results were confirmed by the natural surfactants found in the free 

water taken from froth (see Section 3.1). At the natural surfactant concentration 

in free water, the HLB value was close to 16k1 and at a 10 times more 

concentrated solution of free water, the HLB was approximatety 25+1. The large 

changes in concentration to the ndural surfactant solution and free water were 

monitored by jumps in the surfactant HLB values, Therefore, it can be 

concluded that the extracted surfactant concentration used in this study was 

relatively close to the concentration of natural surfactants found in the free 

water associated with froth, 

4.2.2. HLB Determination of Asphaltenes Precipitated from Froth 

The 'extracted' asphaltenes (see Section 3.4.2) were the water insoluble 

portion of the surface active material found during the extraction procedure. 

Typicalty, this sample was less than 1 O h  of the original 200 grams of froth used in 

the extraction. Consequently. HLB determination of this fraction was not possible 

unless it was diluted. A portion of the sample was first dissolved in toluene at a 

concentration of 6.74 g/L. However, due to the effect of solvency on 

asphaltene interfacial activity (see Section 2.3.4), several trials were conducted 

with asphattenes dissolved in heptol (a 50150 mixture by volume of heptane and 

toluene] at the same concentration (6.74 g/L). Stable kerosene/water emulsions 

were obtainable with Span 80lheptol-diluted asphaltene solutions (concentrated 

WIO, oil-water ratio = 201801 and with Tween 80lheptol-diluted asphaltene 

solutions [concentrated O N .  oil-water ratio=80/20). The calculated HLB for the 
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asphaltene solution was found from these stable emulsions to be 1 0.0 and 1 1 -3, 

respectively. 

On the other hand, 'bulK asphaltenes were plentiful (see Section 3.4.2) 

and could be tested for their emulsification ability without the preceding 

dilutions. Table 4-7 summarizes these experiments and shows t h d  even at low 

concentrations, asphaltenes were able to form stable WIO emulsions over a 

wide range of surfactant ratios. 

Table 4-7: Determination of Bulk Asphatene HLB 

Oil Aq. OiVAq. Co- 5% Surfactant surfactants Calc. 
Phase Phase Ratio surfactant [ofoilphase) premixedwith HLB(k1) 

kerosene Dl 80120 Tween 80 15 Dl nla 
kerosene Dl 20180 Tween 80 15 kerosene nla 
kerosene Dl 20180 Span 80 15 kerosene 6-1 3 
kerosene Dl 20180 Span 80 7.5 kerosene 6-1 3 

In order to more accurately pinpoint the bulk asphaltene HLB, it wcs 

blended with the dilute natural surfactants solution (HLB 16). The resulting 

concentrated WIO emulsion occurred over a narrower range of surfactant ratios 

and corresponded to an asphattene HLB of 2-3.5. 

The effect of dilution on bulk asphaltene HLB was also demonstrated. As 

with the diluted extracted asphaltene sample, the heptol diluted bulk 

asphaltene sample had an HLB of 10-1 2. 

Therefore, the HLB value for pre-dissolved asphaltenes was assigned at 

4 1 k1, although lower HLB values may be possible when the asphaltenes are 

not completely dissolved. 

4.2.3. HLB Determination of Fine Solids Se~arated from Froth 

The solids analyzed were the fines collected from froth as described in 

Section 3.4.3, These fines were not surface active in that alone, or combined 

with a co-surfactant, no stable emulsions could be formed under low or high 

shear. Despite the apparent lack of interfacial activdy, the solids may play a 
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role in the stabilization of bituminous froth emulsions and will be discussed further 

in Section 5. 

4.2.4. Summarv 

The HLB of the natural surfactant solution was found to be -1 6k1, which 

highlights the ability of the natural surfactants to form O/W emulsions. The 

solution had a concentration above the cmc. The cmc value determined is 

consistent with a surfactant solution comprised of a combination of straight- 

chain (C,,-C,,) carboxylates and sulfondes with an average molecular weight 

of 280 glrnole. The concentration of the surfactant solution was approximutely 

equal to that found naturally in bituminous froth based on the change in HLB 

with surfactant concentration. 

HLB values for asphaltenes depended strongly on the degree of solubility. 

Asphaltenes which were pre-dissolved in heptol, prior to HLB determination. had 

an HLB -1 1 k1 while asphaltenes which were not pre-dissolved had much lower 

HLB between 2-3. In either case, asphaltenes were vefy effective at forming 

WIO emulsions. 

At this point, no HLB was obtainable for the fine solids found within 

bituminous froth. 
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4.3. The Reauired HLB of Different Froth and Bitumen Phases 

For comparison with the HLB results of naphtha-diluted froth (Section 4.1 ), 

the other naphtha-diluted froth phases analyzed for their HLB requirements were 

'surfactant-free' froth, 'surfactant-freeldeasphalted' froth. 'deasphat-ted' froth, 

coker feed bitumen, deasphalted coker feed bitumen and recovered 

hydrocarbon (RHC) from the hexane extraction, as described in Section 3.4. This 

comparison of required HLB values helped determine whether or not the HLB 

characterization can detect the changes in froth composition which ultimately 

affect emulsion stability. The HLB requirements were determined in the same 

manner as laid out in Section 4 , l .  

4.3.1 , HLB Values of Different Froth and Bitumen Phases 

Table 4-8 gives the HLB values for each of the diluted froth and bitumen 

phases. 

Table 4-8: HLB WIO Requirements for Different Diluted Froth and Bitumen Phases 
at Room Ternperdure 

NAPHTHA-DILUTED PHASE REQUIRED HLB (k 1 ) 
Surfactant-Free Froth -4.5 
Deasphalted Froth -6 

Surfactant-Free / Deasphaned Froth -4,5 
Coker Feed Bitumen -4.5 

Deasphalted Coker Feed Bitumen -4,5 
RHC from Hexane Extraction -6 

The HLB values listed in Table 4-8 did not vary greatly from one another. 

despite the large changes to the composition of each froth or bitumen phase. 

The lack of change in HLB values indicates that the HLB requirement alone is not 

sensitive enough to describe the nature of emulsion stabilty in these systems. 

4.3.2. The Control U~take of Water into Na~htha-Diluted Froth Phases 

For each of the bituminous phases listed in Table 4-8, a control (no 

surfactant added] bottle was included in the experimental bottle series. A little 
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more insight into the interfacially active components of froth is reached upon 

examination of the water uptake of each diluted froth or bitumen phase in the 

absence of the commercial surfactants (Span 80-Tween mixtures) from these 

controls. Table 4-9 catalogs these results. In each case, deionized water (80%) 

was added to diluted froth or bitumen (20%). 

Toble 4-9: Summary of Diluted Froth and Bitumen Phase Abilitv to lncor~orate 
Water in the Absence of Span 80-Tween 80 Mixtures at Room Temperature 

DILUTED PHASE CONTROL UPTAKE OF WATER 
Bituminous Froth NO 

Surfactant-Free Froth YES 
Deasphalted Froth NO 

Surfactant-Free 1 Deasphalted Froth NO 
Coker Feed Bitumen YES 

Deasphalted Coker Feed Bitumen NO 
RHC from Hexane Extraction NO 

The ability of a froth or bitumen phase to incorporate water under low 

shear appears to be directly linked to the presence of asphaltenes. In 

'surfactant-free' froth and coker feed bitumen, large amounts of asphaltenes 

are present which encourage the uptake of the added water. In the absence 

of these asphaltenes, no extra water was taken-up into the oil phase. The 

recovered hydrocarbon from the hexane extraction also falls into this 

asphaltene-free category since the interfacially-active asphaltene fraction is 

believed to be the stabilizing film in the emulsion rag layer. This idea is 

confirmed by the fact that the rag layer was broken by the addition of toluene 

which would solubilize the asphaltenes. Once the aliphatic-aromatic solvent 

balance necessary for asphattene stabilization has been upset, the emulsion is 

expected to be unst~ble.'~ The role of asphaltenes in emulsion stabilization will 

be further discussed in Section 5 with microscopic examinations of the 

macroscopic observations noted here. 

One unusual result was the inabilty of bituminous froth to incorporate the 

added water. Although bituminous froth contains a large amount of 



94 

asphaltenes, it also has a high water-soluble natural surfactant concentration 

(high HLB). A competition between these natural surfactants and the 

asphattenes present could inhiba excess water uptake. The water-soluble 

natural surfactants would not be present in any of the other froth or bitumen 

phases listed in Table 4-9. 

4.3.3. Summarv 

The anatysis of the HLB values for different iroth and bitumen phases 

revealed that the HLB system is not sensitive enough to detect gross changes in 

froth composition. However, asphaltenes appear to be the primary stabilizer for 

W/O emulsions as seen upon examination of the excess water uptake into 

various diluted froth and bitumen phases. 
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4.4, HLB of Commercial Demulsifiers 

Once required HLB values for naphtha-diluted froth and the HLB values for 

the various froth components were established, the role of demulsifiers in 

combination with the froth was examined. The demulsifier used was first 

classified in terns of its HLB value and then, in combination with a co-surfactant, 

was used to stabilize water-in-naphtha-diluted froth emulsions. These 

experiments were used to develop a rudimentary hypothesis regarding the 

interaction of asphaltenes, natural surfactants and demulsifiers. 

4.4.1 . HLB Determination 

The commercial surfactants used by Syncrude in the demulsification of 

bituminous froth are typically high molecular weight polymers intended to 

flocculate the emulsion droplets. It is presumed that the droplets will then 

coalesce due to increased collision frequency and under the influence of 

treatment processes such as centrifuges. The demulsifiers are iypicalty diluted in 

naphtha to before addition into the stream of diluted froth. The demulsifier 

concentration within the diluted froth is 25-40 ppm. Few details on these 

demulsifiers are available since most c hemica[ information is confidential. 

One demulsifier which showed preliminan/ positive results in Syncrude 

evaluations for water and solids removal was product RC498-2, a nonionic 

potyether surfactant with an average molecular weight of approximately 30,000 

glmol. This surfactant was soluble in both water and naphtha and therefore the 

HLB was determined for the surfactant in both phases. The concentration of the 

demulsifier was 40 ppm in both water and naphtha. Table 4-10 outlines the 

experiments done with kerosene and water as the oil and aqueous phases. 
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Table 4-1 0: HLB Analysis of Demulsifier RC498-2 with Kerosene/Water Systems 
a *,.- > - . r *  . - 

OiVAq. Unknown Co-Surf. Percent Surfactant Emulsion Calc. 
Ratio Surf. Surfactant premixed with T y p e  HLB (-11 ) 

80120 RC498-2 Tween 80 15 D I --- --- 
in naph. 

80120 RC498-2 Tween 80 7.5 Dl --- --- 
in naph. 

80/20 RC498-2 Tween 80 3,8 Dl --- --- 
in naph. 

20180 RC498-2 Span 80 30 & 7.5 Kerosene w/o 12.8 
In naph. 

80120 RC498-2 Span 80 15 Dl -..- --- 
in naph. 

20180 RC498-2 Span 80 30 Kerosene --- --- 
in Dl 

80/20 RC498-2 Tween 80 30 Dl O/W 7.6 
in Dl 

As can be seen in Table 4-1 0, stable, concentrated emulsions of water- 

in-kerosene and kerosene-in-water formed with the demulsifier dissolved in 

naphtha and water, respectively. The type of emulsion formed was confirmed 

by completing the dilution tests as described in Section 3.3.2. The HLB values 

obtained under these conditions are significantly different and could be a result 

of different components in the dernulsifier mixture. 

When RC498-2 was dissolved in naphtha, the surfactant exhibited a high 

HLB, indicating its tendency to form OIW emulsions. However, the emulsion 

formed was W/O. Clearly, the behaviour of the naphtha-diluted RC498-2 and 

Span 80 combination was dominated by Span 80. The same trend was noted 

with the aqueous demulsifier solution where a low HLB was found from a O N  

emulsion formed predominantly under the influence of Tween 80. Therefore, 

although the HLB values of the demulsifier do provide an idea as to the 

expected emulsion type, their tendency to form the expected emulsion may be 

greatly overshadowed by the emulsification behaviour (HLB] of co-surfactants. 
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4.5. Summarv: A Link between Demulsifiers, Natural Surfactants a Asphattenes 

A summary of the HLB values found for natural sulfactants, asphaltenes 

and demulsifier RC498-2 is presented in Table 4-1 1. 

Table 4-1 1 : Summary of HLB Values 
. . 

Surfactant Approximate HLB (k 1 ) 

Natural Surfactants 16 

Asphattenes s I 1  

Demulsifier RC498-2 in Naphtha 
Demulsifier RC498-2 in Water 

In light of the previous discussions and the HLB values given in Table 4-1 1, 

it is possible that when all of these substances are present in the naphtha-diluted 

froth, the natural surfactants and demulsifier molecules dissolved in naphtha will 

seek to create a O N  emulsion and thereby break the bituminous froth W/O 

emulsion. However, the asphaltenes and the demulsifier present in the water 

droplets or free associated water would tend to counteract this effect. 

One example of the combined influence of all four components con be 

illustrated through two experiments using naphtha-diluted froth/wder systems. 

Table 4-1 2 provides the conditions used. 

Table 4-1 2: Combined Effects of Natural Surfactants, Asphaltenes and 
Demulsifiers on Emulsion Stability 

Oil/Aq. Unknown Co-Surf. Percent Surfactant Emulsion 
Ratio Surf. Surfactant premixed with Type 
26/80 RC498-2 Span 80 15 Naphtha- w/o 

in naph. diluted froth 
20180 RC498-2 Span 80 3.8 Naphtha- WIO 

in naph. diluted froth 

In both of the above experiments, stable, mousse-type WIO emulsions were 

produced over the entire range of Span 80/RC 498-2 ratios. Since it was 

expected that this surfactant combination would be dominated by Span 80, 
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WIO emulsions were anticipated. However. the fact that emulsions developed 

over a large range of surfactant ratios indicated that the effect of Span 80 was 

boosted. This was also observed to a lesser degree with kerosene as the oil 

phase. This intensification of Span 80 behaviour could be a result of demulsifier 

migration to the aqueous phase in both the kerosenelwater and diluted 

frothlwater systems. In the diluted frothlwder systems. asphaltenes could also 

increase the influence of Span 80. It is therefore likely that both low HLB 

demulsifier components and asphaltenes may enhance the Span 80 behaviour 

since no wide range of emulsion stabilities was noted for diluted frothlwder 

systems when Span 80-Tween 80 blends were used (see Section 4.1). 

Furthermore. the high HLB components present in the experiments of Table 4-1 2 

are clearly not as effective as Tween 80 in prohibiting WIO emulsification. 
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F LINK BFTWEFN THE MICROSCOPIC AND THF MACROSCOPIC 

Once the required HLB for naphthadiluted froth and the HLB values for 

various components of froth were determined, microscopic examinations of 

emulsions made within these different froth environments were made. These 

helped to confirm the observations based on the macroscopic HLB studies 

reported in Section 4. 

5.1 . Validation of the Micro~imtte Techniaue 

In order to demonstrate the validity of the micropipette technique for IFT 

determination, experiments of water against two pure oil phases, toluene and 

'heptol (a mixture of 50:50 v/v toluene and heptol) were carried out. The 

emulsions were 1 % water-in-oil prepared by addkion of 100 pl water to 10 ml of 

the oil phase. The mixture was then sonicated for about 30 seconds to ensure 

complete dispersion of the water in the oil. The resulting emulsion was 

polydisperse and multiple emulsions were common. However, since individual 

droplets (with individually measuied R, values] were used in the IFT 

determination, potydispersity does not present a problem. Table 5- 1 gives the 

published IFT values for these oil phases against water and the IFT values found 

via the micropipette technique. All IFT values calculated from the micropipette 

technique are an average of 5-1 0 measurements taken from different emulsion 

droplets. Published values and micropipette experimental values were all 

obtained at room temperature. 

Table 5-1 : Interfacial Tensions of Water against Toluene and Heptol at Room 
Temperature: A Comparison between Published and 

Experimental Micropipette Values 

Oil Phase Published IFT Micropipette IFT Maximum ~ i o ~ l e t  ' 

[mN/m] (mN/m) Pressure1 29 [mN/m) 

Toluene 36,l 37 k 1 ,O 36.1 + 2 
Heptol 39.61M 39-41 k 1 .O 41 ,O + 2 
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5.2, Emutsion Pre~aration 

All prepared emulsions were used for IFT determination within 1 hour of 

preparation. 

5.2.1 . Reference Svsterns 

The reference oil phases used for dilution in this work were naphtha, 

kerosene and heptol. The emulsions were prepared in the same manner as the 

1 % water-in-toluene or heptol emulsions. 100 p1 water was added to 10 ml of 

the oil phase followed by sonication for 30 seconds. 

5.2.2. Diluted Bituminous Froth and Other Bitumen Phases 

Since bituminous froth and other bitumen phases are extremely viscous 

and opaque, they were diluted to be viewed optically. A 1 % solution of froth or 

bitumen in any given diluent (0.1 grams in 10 mi diluent, assuming a froth or 

bitumen density of 1.0 g/cm3) proved still too dark to see any real behaviour 

between droplets or obtain IFT values. Therefore, a 0.1 % solution of the 

frothlbitumen phases was used. To 10 ml of this oil solution (as in the standard 

system], 100 p1 of water was added to create a 1 % water-in-oil emulsion via 

sonication for 30 seconds. 

The oil phases used were bituminous froth that had been stored in an 

epoxy-lined paint can, coker feed bitumen, deasphaRed froth, 'surfactant-free' 

froth and 'surfactant-freeldeasphatted froth. The descriptions of the latter two 

can be found in Section 3.4. The diluents used were heptol and Syncrude 

naphtha. 

5.2.3. As~haltenes and Toluene-Soluble Surface Active Material 

As with the froth/bRumen phases mentioned in the previous section, a 

0.1% asphaltene in diluent provided a solution through which droplet-droplet 

interaction and IFT measurement could be analyzed. A 1 % water-in-oil 
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emulsion was prepared in the same manner as the samples in the previous two 

sections. 

The asphaltene samples used were bulk asphaltenes taken from a 

sample of bituminous froth, 'extracted' asphaltenes found at the interface 

following the extraction procedure and the 'residual' asphaltenes precipitated 

from the recovered hydrocarbon of the extraction procedure. See Section 3.4. 

for details. The diluents used were heptol, Syncrude naphtha and kerosene. 

5.2.4, Water Soluble Surface Active Material and Fine Solids 

The water soluble natural surfactants were extracted from the froth via the 

procedure described in Section 3.4.1 . 1 00 p1 of this solution was added to 1 0 

ml of either heptol, naphtha or kerosene to produce a 1 % surfactant solution-in- 

oil emulsion. This surfactant solution has a concentration above the cmc. 

The solids used were obtained from the froth via the method described in 

Section 3.4.3. To 10 ml of either heptol, naphtha or kerosene, 0.01 grams of 

these fine solids and 100 pl water were added and sonicated for 30 seconds to 

create a 1 % water-in-solids/oil emulsion. 

5.2.5. Combinations of Bituminous Froth Com~onents 

Finally, 0.1 % solutions of "sulfactant-free/deasphaltedU froth in heptol or 

naphtha were prepared as in previous trials. To these solutions, 100 pi of the 

natural surfactant solution, 0.1 grams buik asphaltenes + 100 p1 deionized water 

or 0.1 grams bulk asphaltenes + 100 pl of the natural surfactant solution were 

added. As before, solutions were sonicated for 30 seconds, 
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In addition to the IFT determination, in all of the systems mentioned 

above, the ease of coalescence when two drops were brought into contact 

was noted. Also observed was the presence or lack of a collapsible 'skin' when 

a water droplet was sucked into the pipette. This skin could be re-inflated if the 

water droplet was then slowly pushed out of the pipette. See Figure 5-1 for an 

illustration of this collapsible skin. 

Figure 5-1 : Evidence of a Collapsible Interfacial Skin at the Water Droplet 
Surface [In the first two panels, the water droplet is slowly being sucked into 

the pipette; in the final two panels the water flow is reversed until the 

5.3. Results and Discussion 

5.3.1, Reference Svstems: Kerosene and Na~htha 

The agreement between the literature IFT values and the IFT values 

obtained by the micropipette technique for toluene and heptol was very good 

(see Table 5-11, The ready coalescence that occurred between droplets and 

the lack of a 'skin' corresponded to the expected behaviour of water dispersed 

in pure oil phases. 

On the other hand, mixtures such as kerosene and Syncrude naphtha are 

subject to changes in composition from batch to batch. The IFT values for these 

oil phases against water are given in Table 5-2. 
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Table 5-2: IFT Comparison between du Now Ring and Micropipette Techniques 
for Kerosene and Naphtha 

- .  - . *  . s  * - .  > " 

Oil Phase Du Noin/ Ring IFT Drop Volume Micropipette IFT . 
[mN/m) (k0.5) [mN/m] (&I .0) - - -  (mNIm) - . '  (k1.0) 

Kerosene 27.8 
Naphtha nla 

The apparent discrepancy between the two different methods of IFT 

determination is not unexpected. As pointed out by Yeung et al.I3', once 

surfactants are present in the oil-water system, the resulting IFT can be 

dependent on the method of determination. The IFT variations noted in Table 5- 

2 were attributed to differences in surfactant partitioning between oil and water 

under different experimental conditions. The interfacial tensions should therefore 

be regarded as non-equilibrium measurements. 

A typical analysis of kerosene includes alkanes, alkyl derivatives of 

benzene, naphthalene, and naphthalene derivdives.13' Some of, or 

combinations of these components are most likely surface active. Similarly, 

Syncrude naphtha, which is recycled in the plant, most likely has dissolved 

surfactants from the bitumenlfroth itself. Despite the presence of surface active 

material, it was insufficient to prevent coalescence between water droplets in 

either oil phase. However, the presence of a skin was noted in the 

water/naphtha system. As will be explained later, this skin is thought to be due 

to the presence of solids. 

Given the non-equilibrium nature of the mixture interfacial tensions, 

consistency in the method used becomes all the more important in order to 

make meaningful comparisons between different oil/water/surfactant systems. 

The micropipette technique was chosen for IFI determination in this work for its 

ability to produce information on both interfacial tension and coalescence 

behaviour. IFT values were used to find trends between different froth and froth 

components rather than absolute interfacial tensions of different systems. The 
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micropipette technique gave reproducible interfacial tension measurements 

when emulsions were less than 6 hours old. 

5.3.2. Diluted Bituminous Froth and Other Bitumen Phases 

Table 5-3 outlines some of the IFT values for different froth and bitumen 

phases in heptol and naphtha. 

Table 5-3: IFT Values Found by Micropipette for Water against Froth and Bitumen 
Phases in Two Diluents 

Froth/B'rtumen Phase Diluent Aqueous Phase Micropipette IFT 
(mNIm) [k 1.0) 

Bituminous Froth Heptol Deionized Water 37 
Bituminous Froth Naphtha Deionized Water 19 

Coker feed Bitumen He ptol Deionized Water 37 
Coker feed Bitumen Naphtha Deionized Water 22 

'Surfactant-Free' Froth Heptol Deionized Water 36 
'Surfactant-Free' Froth Naphtha Deionized Water 20 

'Surf-Free/Deasph1 Froth Heptol Deionized Water n/a 
'Surf-Free/Deasphl Froth Naphtha Deionized Water 16 

Deasphalted Froth Heptol Deionized Water 30 
Deasphalted Froth Naphtha Deionized Water 17 

Dispersed water in bituminous froth, whether dissolved in heptol or 

naphtha, gave similar IFT values as those for water against coker feed bitumen 

in either diluent. A relationship between IFT and percent coker feed bitumen in 

heptol was determined by Yeung et 0 1 . ' ~ ~  For a 0.1% solution of coker feed 

bitumen in heptol, the IFT against wcrter was approximately 36 mN/m. This value 

agrees well with those found in this work. It should be noted that the samples of 

coker feed, as well as the heptol diluent, were different from those used in 

Reference 1 32. 
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Once the surface active components were removed [as described in 

Section 3.4), the IFT values for water against the "surfactant-freef' froth were 

evaluated and found to be similar to both bituminous froth and coker feed. It 

thus appears that removing the interfacially active constituents had little effect 

on the IFT. 

On the other hand, the removal of asphaltenes [from either a sample of 

bituminous froth or "surfactant-free" froth) caused a greater drop in IFT in both 

diluents. An IFT measurement for "surfactant-free/deasphaltedU froth in heptol 

was not possible due to persistent flocculation of water droplets which inhibited 

droplet pick-up. Upon comparison of the IFT values for froth, coker feed and 

"surfactant-free" froth with the deasphalted samples, it is apparent that 

asphaltenes tend to dominate at the interface. Once asphaltenes were 

removed, other surface active materials found within the froth were apparently 

able to orient at the interface, thereby lowering the IFT. Therefore, when 

asphaltenes were present, the other potentialv surface active materials 

probably played a lesser role in the stabilization of water-in-oil emulsions. The 

higher IFT in the presence of asphaltenes was especially noticeable when 

naphtha was the diluent, even to the point where the water in (bitumen or froth)- 

naphtha IFT is higher than the water/naphtha IFT. These unusualty high values 

may be an artifact of the micropipette technique. 

The dominding role of asphaltenes was further confirmed by the visual 

observdions noted when two water droplets were brought into contact under 

the different environments. These obseivutions are summarized in Table 5-4. 



Table 5-4: Visual Obsewations of Coalescence Between Water Droplets and the 
Presence of a 'Skin' on Individual Water Droplets in 

Different Froth/Bitumen Environments 
. , .- - .  

FrofhIBitumen Phase Diluent Aqueous Phase coalescence skin 

Bituminous Froth Heptol Deionized Water NO NO 
Bituminous Froth Naphtha Deionized Water SOME LITTLE 

Coker feed Bitumen Heptol Deionized Water NO YES 
Coker feed Bitumen Naphtha Deionized Water SOME YES 

'Surfactant-Free' Froth Heptol Deionized Water LITTLE NO 
'Surfactant-Free' Froth Naphtha Deionized Water SOME NO 

'Surf-Free/Deasphl Froth Heptol Deionized Water YES NO 
'Surf-Free/Deaspht Froth Naphtha Deionized Water YES YES 

Deasphalted Froth Heptol Deionized Water YES NO 
Deasphalted Froth Naphtha Deionized Water YES YES 

These results indicate that, in heptol, very little coalescence between 

droplets can occur until asphaRenes are removed from the bitumen or froth. 

This is also true when naphtha is used as a diluent, although to a lesser degree. 

It was difficult to judge the exact effect of naphtha due to the residual 

components of froth or additives it may have contained. 

The presence of a skin is less easy to explain and does not necessarily 

coincide with the expected lack of coalescence. In heptol, the only sample in 

which a skin appeared at the interface was the coker feed bitumen, perhaps 

since more fine solids were available in this bitumen phase. The formation of a 

skin from various froth/bRumen samples in naphtha is even more difficult to 

explain, especially since naphtha alone contained the material necessary to 

form a skin (as pointed out previously). This skin could not be characterized, but 

it most likely contained biwettable fine solids ( ~ 2 . 5  pm) present in the froth or 

naphtha. The onty froth sample diluted in naphtha which exhibited no skin was 
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the "surfactant-free" froth. This may be due to the dominance of asphabenes at 

the interface, which once eliminated, the naphtha components [fines] once 

again take effect and produce an interfacial skin. 

5.3.3. As~haltenes and Toluene-Soluble Surface Active Material 

Table 5-5 summarizes the changes in IFT values for different asphaltene 

fractions in heptol, naphtha and kerosene. 

Table 5-5: IFT Values Found by Micropipette for Water Against Asphaltenes 
Diluted in Heptol, Naphtha and Kerosene 

Asphaltene Sample Diluent Aqueous Phase Micropipette IFT 
(mN/m] [& 1.0) 

Bulk Asphaltenes Heptol Deionized Water 3 1 
Bulk Asphaltenes Naphtha Deionized Water 23 
Bulk Asphaltenes Kerosene Deionized Water 23 

Extracted Asphaltenes Heptol Deionized Water 13 
Extracted Asphaltenes Naphtha Deionized Water 14 
Extracted AsphaRenes Kerosene Deionized Water 13 

Residual Asphaltenes Heptol Deionized Water 34 
Residual Asphaltenes Naphtha Deionized Water 23 
Residual Asphaltenes Kerosene Deionized Water 23 

In all three diluents, bulk asphaltenes and residual asphaltenes solutions 

exhibit similar IFT values. However, the IFT values of water against extracted 

asphaltene solutions are significantly lower. Clearly there exists a pronounced 

difference in intelfacial activrty between bulk or residual asphaltene solutions 

and the extracted asphaltene solutions. Although the extracted asphaltenes 

would have been present in the bulk asphattene sample, their smaller quantity 

and therefore effect d lowering the IFT would have been over-ridden by the 

majority presence of the other asphaitene fractions. Although the values were 

not identical (due to the non-equilibrium factor], this decrease in IFT caused by 
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the extracted asphattene fraction was confirmed by the maximum droplet 

pressure method (see Section 3.2.2.4). 

Since a variation in the IFT values of different asphaltene samples was 

found (Table 5-5), an attempt was made to link changes to composition. 

Figures 5-2 to 5-4 provide the X-ray diffraction [XRD] data for bulk, extracted and 

residual asphaltenes. Upon comparison of these figures, reduced aluminum 

and silicon peaks in the residual asphaltene sample (Figure 5-41 are apparent. 

This suggests that the extracted asphaltenes included the mineral fines found in 

the bulk asphaltene samples. Since these fines were also isolated via the 

extraction procedure, it would appear that they were interfacially active when 

combined with this fraction of asphaltenes. In the extracted asphaltene XRD 

pattern [Figure 5-3), a small peak was attributed to calcium. At this time, it is not 

clear why calcium appears in XRD pattern. 

The visual observations for all three asphaltene samples are summarized 

in Table 5-6. The lack of an interfacial skin in any of the asphaltene 

environments seems to further support the idea of a fines related skin. Even 

though fines were found in the extracted asphaltene fraction, the effect of 

asphaltenes prohibited the formation of a 'skin'. All three asphaltene fractions in 

heptol prevented coalescence. This corresponds to the observation that 

deasphalted froth samples allow for coalescence between droplets. On the 

other hand, droplet coalescence did occur when all three asphaltene fractions 

were diluted in kerosene or naphtha. It should be noted that the asphaltenes 

were not as thoroughly dissolved in these diluents as in heptol which could 

explain why both deasphatted froth and asphaltenes themselves could allow for 

coalescence, regardless of the IFT values. 



Table 5-6: Visual Observations of Water Droplet Coalescence and the Presence 
of a 'Skin' on Individual Droplets in Different Asphaltene Environments 

I ,  * *  - , . ,  - . 
~~othl~itumen Phase ' Diluent Aqueous Phase C?alescence - .  . sin 

Bulk Asphaltenes Heptol Deionized Water NO NO 
Bulk Asphaltenes Naphtha Deionized Water SOME NO 
Bulk Asphattenes Kerosene Deionized Water SOME NO 

Mracied Asphai tenes i-iepioi Deionized L';aiei ;4C I vu It- 

Extracted Asphaltenes Naphtha Deionized Water YES NO 
Extracted AsphaRenes Kerosene Deionized Water YES NO 

Residual Asphaltenes Heptol Deionized Water NO NO 
Residual Asphaltenes Naphtha Deionized Water SOME NO 
Residual Asphaltenes Kerosene Deionized Water SOME NO 

One further interesting observation for all asphaltene fractions was their 

preference to exist at the wder/oil interface. No visible asphaltene particles 

were cornpleteh/ surrounded by either water or oil. 



Figure 5-2: XRD Analysis of Bulk Asphaltenes 

Figure 5-4: XRD Analysis of Residual Asphaltenes 

r 

Figure 5-3: XRD Analysis of Extracted Asphaltenes 
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5.3.4. Water Soluble Surface Active Material and Fine Solids 

As seen in Table 5-7, water-soluble natural surfactants [NS), did not have a 

significant effect on the IFT of wdedheptol or wder/kerosene. The IFT of 

water/naphtha in the presence of these surfactants could not be measured due 

to extreme flocculation which inhibited droplet pick-up. However, in all three oil 

phases, coalescence between water droplets occurred, indicating this froth 

fraction's inability to stabilize water-in-oil emulsions. The presence of a skin at the 

water/naphtha interface is most likely due to the components already present in 

the naphtha and not the added natural surfactant solution. This was confirmed 

by the "surfactant-free/deasphaRedM froth fraction (a sample with theoretically 

no natural surfactants] in naphtha which also showed evidence of an interfacial 

skin (see Table 5-41, 

Table 5-7: IFT Values Found by Micropipette and Vsual Observations for Natural 
Surfactants (NS] and Fine Solids in Water Against Heptol, Naphtha and Kerosene 

' * * z  

Oil Phase Aqueous Phase Micropipette IFT Coalescence Skin ' 

(mN/mJ (21 .O) 

Heptol NS 
Naphtha NS 
Kerosene NS 

39 YES NO + 

n/a YES YES 
18 YES n/a 

Heptol + solids Deionized Water 30 DEPENDS YES 
Naphtha + solids Deionized Water 29 DEPENDS YES . 
Kerosene + solids Deionized Water 27 DEPENDS YES 

On the other hand, the solids had an interesting effect on IFT. In heptol, 

these fine particulates were able to lower the IFT and gave values similar to 

those of water in heptol-diluted deasphatted froth, whereas in kerosene or 

naphtha, the IFT values were somewhat higher than the interfacial tensions of 

kerosene or naphtha against water (Compare Tables 5-2 and 5-7). In general, 

the IFT results in the presence of a large amount of solids may be suspect since 
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a re-distribution of fines at the interface may occur while the droplet is sucked 

into the pipette. 

The coalescence of droplets in the presence of fines depended mostly 

on the orientation of some solid particles. If a particle was large enough, say - 
1 pm, it provided a large enough steric barrier to coalescence. However, if one 

droplet was manipulated such that this particle was no longer directly in- 

between the droplets, the droplets coalesced instantly. Most of the solids seen 

in these experiments were much smaller than 2.5 pm (filtered limit used in 

deasphalted samples]. The skin thickness seen in these samples was 

exaggerated in comparison with interfacial skins seen in all previous samples. It 

is likely that a lower concentration of solids was responsible for the skins seen in 

earlier trials. Finally, as with the un-dissolved asphaltenes in naphtha and 

kerosene, the solids used here were always partitioned to the oil-water interface, 

never surrounded solely by water or oil. 
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5.3 -5. Combinations of Bituminous Froth Com~onents 

The IFT values found for various combinations are summarized in Table 5- 

Table 5-8: IFT Values Found by Micropipette for Water Against Combinations of 
Bituminous Froth Components Diluted in Heptol, Naphtha and Kerosene 

- .  s .  . .  
Oil Phase Diluent Aqueous Phase Micropipette IFT 

[mNjmj [&I .OJ 
. - 2  r _  

"Surf-free/DeasphU Froth Heptol NS 
"Surf-freeJDeasph" Froth Naphtha NS 
"Surf-f ree/Deasph Froth Kerosene NS 

"Surf-freeiDeasph" Froth Heptol Delonked Water 32 
+ Bulk Asphattenes 

"Surf-free/ Deasphff Froth Naphtha Deionized Water 21 
+ Bulk Asphaltenes 

"Surf-free/Deasph Froth Kerosene Deionized Water 22 
+ Bulk Asphaltenes 

"Surf-f ree/Deasph Froth Heptol NS 
+ Bulk Asphaltenes 

"Surf-free/DeasphM Froth Naphtha NS 
+ Bulk Asphaltenes 

"Surf-free/DeasphN Froth Kerosene NS 
+ Bulk Asphaltenes 

Once the surface active materials were re-combined with the "surfactant- 

freeldeasphalted" froth, one would expect the IFT values to coincide with those 

found in Table 5-3. For the first two groupings in Table 5-8 (see highlighted rows). 

the IFT values correspond to those listed in Table 5-3 for deasphalted froth and 

'surfactant-free' froth, respectively. However, the similarity between IFT values in 

Tables 5-3 and 5-8 is limited when both natural sulfactants and asphaltenes 

were introduced to the 'surfactant-freeldeasphalted froth. Ideally, these IFT 

values (final grouping Table 5-8) should correspond to those for bituminous froth 

[Table 5-31, The lack of similarity between these IFT values can be attributed to 
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concentration differences between the original froth samples containing all 

active material and the 'surfactant-freeldeasphalted' froth sample to which 

active components were added. Whether natural surfactants, bulk asphaltenes 

or a combination of the two was added to this froth, all three concentrations 

grossly exceeded the naturally found proportions. This was done to amplify the 

effect of the most surface-active, and therefore dominant, fraction at the 

interface. The dominant interfacial influences were gauged not by the IFT 

measurements, but by the visual obsewations of coalescence as outlined in 

Table 5-9. 

Table 5-9: Visual Observations of Coalescence Between Water Droplets in 
Different Combinations of Bituminous Froth Components 

Oil Phase Diluent Aqueous Phase Coalescence 

"Surf-f ree/DeasphU Froth Heptol NS 
"Surf-free/DeasphM Froth Naphtha NS 
"Surf-free/Deasphn Froth Kerosene NS 

YES 
YES 
YES 

"Surf-free/DeasphN Froth + Heptol Deionized Water NO 
Bulk Asphaltenes 

"SuCfree/Deasph" Froth + Naphtha Deionized Water NO 
Bulk Asphaltenes 

"Surf-free/DeasphU Froth + Kerosene Deionized Water SOME 
Bulk Asphaltenes 

"Surf-free/DeasphN Froth + Heptol NS 
Bulk Asphaltenes 

"Surf-free/DeasphM Froth + Naphtha NS 
Bulk Asphaltenes 

"Surf-free/DeasphW Froth + Kerosene NS 
Bulk Asphaltenes 

The conclusion which can be drawn from these observations of 

coalescence behaviour is that the asphaltenes, once re-introduced to 

"surfactant-free/deasphalted froth, clearly impede water droplet coalescence 

which is consistent with the low to moderate HLB value determined in Section 
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4.2.2. The water soluble natural surfactants (NS) exhibited no such effect which 

is consistent with the high HLB value found in Section 4.2.1. It is therefore clear 

that the asphaltenes play a dominating role in stabilizing water droplets in these 

W/O emulsions, Whereas the water soluble natural surfactants tend to stabilize 

OIW emulsions and might cause increased oil loss rather than lower product 

purity. 



116 

5.4, Summarv 

Asphalenes play a dominant role in the stabilization of water droplets in 

diluted froth, as seen in the bituminous frothlbitumen studies. Asphaltenes 

appeared as the primary stabilizer. although other froth components may be 

surface active and change the emulsion stabilw once the effect of 

asphaltenes is re~noved. Furthermore, two fractions of asphaltenes taken from 

the extraction procedure of Section 3.4.2 had notably different interfacial 

tensions, regardless of diluent used. This suggests that further asphaltene 

fractionation and study should be pursued in future work. 

The water soluble natural surfactants, although somewhat surface active. 

did not inhibit droplet coalescence which is consistent with their high HLB. The 

role of the natural surfactants seems to be overshadowed by the presence of 

asphattenes. 

Fine solids, present in all froth phases and naphtha, seemed to form an 

interfacial skin. However, this skin did not necessarily correspond to a lack in 

droplet coalescence. The role of the fine solids also seems to be 

overshadowed in the presence of asphaltenes. 

Studies involving combinations of various froth components indicated 

that the concentrations used in this work may not be representative of those 

found in the original froth and therefore the present IFT values may not be 

representative. However, the coalescence behaviour of droplets in these 

environments was consistent with the inferences drawn regarding the 

dominance of asphaltenes at the interface. 

Finally, although interfacial tension is a useful property used to help 

understand the interfacial behaviour of various froth components, it cannot 

always be used to predict the coalescence behaviour of waier droplets in 

different froth/diluent environments. This is not unexpected in light of the 

literature review given in Section 2. 
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FUTURE WORK 

One goal of this research was to ascertain whether or not bituminous froth 

and its components could be characterized by the hydrophile-lipophile 

balance (HLB). Another objective was to search for a connection between the 

froth components HLB values and the demulsifiers used in the froth treatment 

process. Several advancements towards a better understanding of bituminous 

froth emulsions and their stability have been achieved in this work. 

In the attempt to relate surfactant HLB to solution properties, spreading 

coefficients and conductivity could only be related to surfactant HLB if the 

surfactants belonged to the same class or category [example: sorbitan 

monoesters or poh/oxyethylated alcohols]. Therefore these methods could not 

be used to gauge changes in the HLB of an unknown surfactant. 

An adaptation of Griffin's method,'.'* involving series of emulsion bottle 

tests and calibrated with a reference system, was found to give good results 

even for surfactants from different structural classes. The same approach was 

used to determine the HLB requirements for O N  and W/O emulsion formation in 

different systems. 

The HLB requirements for emulsification of oil phases such as kerosene, 

naphtha-diluted bituminous froth and other bituminous oil phases were 

determined at room temperature and higher temperatures [80°C). Phase 

diagrams were constructed to illustrate the effect of low or high shear on the 

emulsion type. Concentrated or high internal phase emulsions developed 

under low shear and were most often used in the required HLB analysis since 

they produced emulsions were extremety stable and gave insight into the elastic 

nature of the interfacial components. 

The HLB requirement for W/O emulsion formed from naphtha-diluted froth 

was found to be approximately 6. It was found that HLB requirements for 

emulsification of bituminous froth and other bitumen phases were not 

significantly different from each other despite the removal of natural surfactants, 
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asphaltenes and fine solids. In these cases, the HLB system, although providing 

valuable guidance, was not sensitive enough to detect the effects of these 

components on emulsion stabilm/. The required HLB values did not vary 

significantly with temperature for all oil phases considered. 

Some individual components of froth were isolated and subjected to 

further study: bulk asphaltenes, water-soluble and toluene-soluble natural 

surfactants and fine solids. HLB values were determined for each fraction - 
some of which were low [promote W/O emulsification) and others high (promote 

O/W emulsification]. It was further found that some of the components exhibited 

significantly different HLB values in different solvents. Bulk asphaltenes exhibited 

a low HLB of 2-4 when directly added to an oil[kerosene)/water system and a 

moderate HLB of - 10 when previously dissolved in heptol. The toluene-soluble 

natural surfactants (or extracted asphaltenes) also had a moderate HLB 4 0  

when pre-dissolved in heptol. On the other hand, the HLB value for the water- 

soluble natural surfactants was closer to 16 at concentrations above the cmc. 

No HLB value was attainable for the fine solids. At higher temperatures, 

difficulties in characterizdion of froth components arose since commercial co- 

surfactants may have been strongly affected by temperature-related 

phenomena such as cloud points. 

Similarly, the commercial demulsifier (RC498-2) examined in this work was 

found to exhibit different emulsification behaviour when dissolved in naphtha or 

water. When evaluated as a demulsifier in naphtha solution, the HLB was found 

to be - 1 3 while only - 7.5 when used as an aqueous demulsifier solution. In 

light of the results for the various froth components and demusifiers, it appears 

as though the asphattenes and the partitioning of demulsifier into the water 

phases associated with the froth would tend to promote WIO emulsion 

formation while the partitioning of water soluble natural surfactants and 

demulsifier in naphtha would counteract with a tendency to produce O/W 

emulsification. 
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The effects of asphaltenes, natural surfactants and solids on the 

emulsification of water in bituminous froth was supported by the microscopic 

examination of water droplets in different diluted oil phase environments. From 

this work, asphattenes appear to dominate emulsion formation as the primary 

stabilizer, although other froth components are clearw surface active when 

asphaltenes are removed. In particular, the effect of the natural surfactants was 

overshadowed by the presence of asphaltenes. Fine solids, when present, 

produced a visible interfacial skin but this did not necessarily form any barrier to 

droplet coalescence and again, the fine solids did not dominate behaviour at 

the interface when asphaltenes were present. Reconstituting various 

combinations of various froth components similarly indicated the ability of 

asphaltenes to dominate emulsification behaviour at the interface. 

An ageing study was conducted since stored froth was to be used for 

HLB analysis and if the interfacial characteristics of froth varied with time, the 

changes may have affected the HLB analysis. However, neither bituminous froth 

nor its free water aged significantly. Little change occurred to elher phase in 

terms of water content, emulsion stability, surface and interfacial tensions and 

droplet sizes, over an 18 month period when stored in glass, plastic or metal 

vessels at O°C, ambient temperature or 45OC. The observed 'ageing' of froth in 

large-scale pilot plant operations may be due to mechanical effects and 

therefore artifacts resulting from the storage conditions. 

A modification of the ageing study presented in this work would also be 

useful to confirm to that the proposed 'ageing' effect is actually a result of the 

storage conditions presently used in the larger-scale operations. It would be of 

interest to have froth samples taken directly from the pilot plant storage tank on 

a monthly basis to monitor the changes in interfacial propeflies. 
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Future Research 

The work presented in this thesis has opened many opportunities for future 

research. While individual components of bituminous froth have been analyzed 

for their HLB values, the effects of component combinations in terms of HLB and 

emulsion stability should be further explored. Similarly, the effect of mixing 

commercial demulsifiers with individual or combinations of froth components 

may lead to some useful insights on the effectiveness of demulsifiers in the 

presence of different froth fractions. 

Many of the characterization techniques used here need to be modified 

to use higher temperatures [50°C and 80°C) to more accurately emulate 

commercial plant conditions although increasingty the commercial plants are 

moving towards low temperature operations. In this area, different nonionic 

standard surfactants, which have cloud points above 80°C, may have to be 

studied as well. 

Asphaltenes from bituminous froth have been characterized in terms of 

the HLB system and have demonstrated their ability to inhibit coalescence 

between water droplets. Several areas are open to examination in light of these 

results. Asphaltene-resin interactions, a combined HLB anatysis as well as 

stabilization observations should be carried out. 



In this work, the HLB system was used to classify various froth and bitumen 

phases in terms of a required HLB. Despite large compositional changes to 

these froth and bitumen phases, the HLB system was unable to detect changes 

in the interfacial properties of these oil phases. The individual components of 

froth were also characterized by the HLB, although further work needs to be 

completed to confirm whether or not these HLB values are valid when synergistic 

effects between components may act to stabilize water-in-froth emulsions. 

Demulsifiers were also classified in terms of HLB values. A combination of HLB 

assessments and microvisual observations provided a consistent categorization 

of the tendency of different froth components to stablize OW or W/O emulsions. 

The physical picture that emerges from this work is one in which the 

water-soluble natural surfactants (generated in the commercial bitumen 

extraction process] act in opposition to the asphaltenes from the bitumen. The 

natural surfactants tend to stabilize OIW emulsions and therefore counteract the 

formation and stabilization of WIO emulsions. The dominance of asphattenes, 

when present, at the interface explains the ubiquitous occurrence of W/O 

emulsions in the processing and treatment of bituminous froth. Effective 

demulsifiers for these W/O emulsions therefore impede the actions of the 

asphaltenes and act in concert with those of the water-soluble natural 

surfactants. The HLB approach to characterizing the components may provide 

a useful means of understanding and predicting the directional effects of such 

components and additives. 
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9.1 HLB and S~readina Coefficients 

No master curve could be obtained to describe the relationship between 

various solution properties and HLB for surfactants of different classes. Most of 

this aforementioned work was carried out with nonionic surfactants. In order to 

ascertain whether the same non-compliant behaviour was observed bemeen 

different classes of anionic surfactants, spreading coefficients were examined. 

Spreading coefficients describe the tendency of a liquid to spread over the 

surface of another liquid. Since spreading coefficients are defined 

thermodynamically as the negative of the Gibb's free energy change for the 

spreading process, spreading is favoured when the coefficient is greater than 

zero. i6  

Spreading coefficients were determined as per Ross' procedure.24 Ross 

calculated the spreading coefficients, S, and S,, for oil on the surface of a 1% 

aqueous emulsifier solution and for water on the surface of a 1 % emulsifier in oil 

solution, respectively. The spreading coefficients were calculated using surface 

tensions and interfacial tensions (IFT) via the following formulae: 

where Y A i wmuwne, = surface tension of a 1 % aqueous emulsifier(s) 
solution 

YA ~~m,, 
= surface tension of a 1 % emulsifier(s] in oil solution 

Y A ~ W  Y A ~ O  = surface tension of water or oil against air 

Y~rn&*, 10 
= IFT of a 1 % aq, emulsifier solution against oil 

Ywlomwfia = IFT of a 1 % emulsifier in oil solution against water 
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Ross used aqueous or oil solutions containing blends of Span 80 (HLB 4.3) 

and Tween 80 (HLB 15) to create a series of surfactant solutions of varying HLB 

values. Using 7 different oils, linear relationships were obtained for S, against HLB 

when HLB > 7 and for S, against HLB when HLB c 9. 

Part of Ross work was repeated and is given in Figure 9-1 as an illustration 

of the relationship between HLB and S,, as done here and in Ross' original work. 

Negative spreading coefficients are expected, but the exact physical meaning 

of the relationship between spreading coefficients and HLB is not entirety clear. 

Span 80 and Tween 80 were blended to create a range of HLB values 

from 4.3 to 15. Each blend was added to deionized water to create a series of 

1 O h  [by weight) emulsifier solutions. The oil phase used was castor oil. Surface 

tensions were measured by the Wilhelmy plde and the interfacial tensions by 

the du Nouy ring method (see Section 3.2). Small differences between the 

original work and that presented here are most likety due to differences in the 

castor oils. The relationship is linear, as expected, and was therefore used as a 

calibration curve in the determination of unknown surfactant HLB numbers. 

Given the relationship between spreading coefficients and HLB, unknown 

surfactant HLB values could be determined by calculating the spreading 

coefficient for castor oil on a 1 Oh unknown emulsifier solution. Table 9-1 shows 

calculated HLB values for a number of commercial surfactants based on their 

spreading coefficients. 

Table 9-1 : A Comparison Between Expected and Calculated HLB Values for a 
Number of Commercial Nonionic Surfactants 

Commercial Expected HLB Calculated HLB Surfactant Type 
Surfactant 1 - .,,a 

Aflox 847 I 1  9.9 PO€ sorbiol tetraoleate 
Span 40 6,7 2.8 sorbitan monopolmitate 
Tween 85 1 1  9.8 FOE sorbitan trioleate 

Makon NF-12 7 10.2 alkoxyiated alcohol 



S 1 - Present Work 

0 S1 - ROSS' Data 
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As seen in Table 9-1 , the difference between expected and calculated 

HLB values is quite high. The error arises from differences in surfactant classes. 

Both Span 80 and Tween 80. the commercial surfactants used to generate the 

calibration curve, are sorbitan monooledes. Therefore the HLB of other 

nonionic oleate surfactants could be determined based on the relationship 

presented in Figure 9-1. Unfortunaten/, surfactants from other classes could not. 

As highlighted by Sch~t t ,~~  linear relationships are plentiful between HLB and 

solution properties, such as spreading coefficients, wlthin the homologous series 

of a single surfactant category. So the calibrdion curve produced from Span 

80Kween 80 mixtures (S, as a function of HLB) cannot be used to determine 

unknown HLB numbers for surfactants outside of their particular class. Similarly, a 

report1I9 on the demulsification of heavy oil noted a correlation between 

demulsifier performance and HLB, but not between demusification and 

spreading coefficients. This also confirms that spreading coeff icients/tiLB 

relationships do not exist outside of single surfactant classes. 

Most of the research done to date on HLB / solution property relationships 

has focused on nonionic surfactants. Since the surfactants formed during the 

bitumen extraction process are anionic, it is of value to establish whether or not 

the restriction of surfactant class applies to anionics as it does to nonionics in the 

relationship between HLB and solution properties. 

A second spreading coefficient calibration curve was thus created using 

blends of two anionic surfactants, Sandopan B (HLB 6) and Sandopan DTC acid 

(HBL 13). The oil phase used was hexadecane. Figure 9-2 illustrates that a linear 

S,/HLB relationship can easity be obtained for anionics as well. 

The HLB values for commercial nonionic surfactants were then 

determined from the spreading coefficients, as performed above. Ideally, 

anionic surfactants would have been analyzed for HLB. but since there are few 

commercial anionics which have given HLB values and are liquid at room 

temperature, the validlty of this relationship could not be properly tested. 
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Table 9-2 provides a comparison between expected and calculated HLB 

values for severa I nonionic commercial surfactants instead. 

Table 9-2: A Comparison Between Expected and Calculated HLB Values for a 
Number of Nonionic Commercial Surfactants 

(Using the calibration curve from the anionic Sandopan surfactants) 
- . . _  A A + .  

Ccmrnercia! E Y Q K ? ~ ~  HL9 CaIcuIatCI ULB Surfactant Type 
Surfactant ) 

Atlox 848 10 10,l polyoxylated ester 
Amidox C-5 11,2 17.5 ethoxylated alkyloamides 
Atlox 847 11.2 17.8 POE sorbitol tetraoleate 

In Table 9-2, as in Table 9-1, it is once again clear that surfactants outside 

of the class used to create the calibration curve cannot be evaluated for HLB by 

spreading coefficients. The only surfactant which exhibited good agreement 

between expected and calculated HLB values was Atlox 848. The only 

chemical information provided for the Sandopan surfactants is that they are 

ethoxylated anionic complexes. Presumably a good portion of these 

complexes are mixes of polyoxylated esters, that is, of the same surfactant class 

as Atlox 848. 

In a third attempt to relate S, to HLB, Sandopan B and Sandopan DTC 

acid were dissolved in a mixture of toluene and isopropyl alcohol instead of 

hexodecane. This mixture was chosen since the Sandopan surfactants were 

soluble onty in a mixture of aromatic and polar solvents. The greatest difficulty 

which arose during this work was the appearance of a precipitate at the oil- 

water interface wbic h inhibited interfacial tension measurements, No standard 

cuwe was obtainable, 
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9.2. HLB and Conductivitv 

Conductivrty has long been used as a means to monitor emulsion 

stabilw with time or under various forms of stress such as centrifugation or 

heating-cooling cycles.'3L134 The conductivlty of the aqueous phase can be 

monitored to assess changes in the continuous phase of the emulsion. If the 

emulsion is WIO, little to no conductivlty is expected. Therefore, as emulsions 

age and/or are submitted to stressful conditions or changes in temperature, a 

W/O or a OW emulsion muy invert or separate, both of which are observable 

through conductivity measurements. Phase inversion, brought about by 

temperature changes, can be detected by conductivrly to reveal phase 

inversion temperatures [PIT) for a water/oil/nonionic surfactant system135 or the 

formation of concentrated emulsions, 99.100 

In a recent reporttJ4 the required HLB for a given oil phase was found 

through conductivity measurements of oil/water/surfactant muctures. In that 

report, Span 60 and Tween 20 were blended to form surfactant mixtures with HLB 

values ranging from 4.7 to 1 6.7. The emulsions were made with 20% paraffin 

oil, 5% surfactants and 75% water. A sharp jump in conductivrh/ was noted as 

the emulsifier HLB increased. This sharp rise corresponded with the expected 

O N  required HLB for paraffin oil. 

This effect was duplicated using Span 80, Tween 80 and a 

kerosene:water ratio of 5050. To prepare each sample in the series, 3 grams of 

the emulsifier blend was dispersed into 30 grams of kerosene. The water phase 

(also 30 grams] was then added and the mucture shaken on a wrist-action 

shaker. The samples were stirred thoroughly during the conductivity 

measurements [CDM83 Conductivrty Meter, Radiometer A/Sl Denmark]. The 

continuous stirring was necessary to homogenize the samples thoroughly. If the 

stimng was removed, the samples with HLB emulsifier blends far from the 

required O/W HLB value would rapidly settle. Kerosene was used as the oil 

phase since its required O N  HLB value is known to be -12.' Figure 9-3aJ 
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illustrates the jump in conductiirty at an HLB 1 1-1 2, which is in good agreement 

with the published value. 

On the other hand, replacement of the nonionic Span 80flween 80 

mixtures with anionic Sandopan B/Sandopan DTC acid muctures led to a linear 

conductivity-HLB reldionship as seen in Figure 9-3b). Since the highest HLB value 

attainable with the Sandopan mixtures is about 1 2.5, Sandopan B was mixed 

with another anionic surfactant, lncrodet TD-7C [HLB= 16). The subsequent 

experiments led to a very similar linear relationship to that shown in Figure 9-3b). 

Changes in procedure, such as premixing the surfactant blends with the water 

and adding the kerosene, did not change the result. In Figure 9-3b), the 

conductivlty at the lower HLB values exceeds that expected for 0.5% KC1 

solution. It is probable that the oil has coated the electrode plates and the 

anionic surfactants oriented at the coated oil-water interface have effectively 

decreased the inter-electrode distance causing the conductivlty to appear 

higher than would othelwise be possible. 

The lack of an inflection point characteristic of the OM, required HLB when 

anionic surfactants are present makes conductivity measurements an 

ineffective tool for HLB determination of oil sand surface-active material. 
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1 0. APPENDlX: OFTAILS OF SPAN 80 AND WEN 80 SURFACTANTS 

Swn 80: 

Surfactant Class: Sorbitol derivative 

Name: Sorbitan monooleate 

Chemical Structure: 

1 

HO 

R 
OH 0 

Where R =fatty acid residue 
(Taken from Reference 1 3 1 ) 

Tween 80: 

Surfactant Class: Sorbitol derivative 

Name: Polyoxyethylene (20) sorbitan monooleate 

Alternate Name: Polysorbate 80 

Chemical Structure: 

HO 

Where w+x+y+z=20 and R=(C,,H,,)COO 
Faken from Reference 1 3 1 ] 

Some Physical Data Available for Span 80 and Tween 80 
Surfactant Colour Boiling Point Melting Point Flash point 
Span 80 yellow to amber > 1OO0C n/a > 149°C . 

oily liquid 
Tween 80 yellow to amber > 1OO0C n/a > 149°C 

oily liquid 
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1 1. APPENDIX 3: AGFING snm OF BITUMINOUS FROTH 

As the outline for the HLB work developed, it quickly became evident that 

changes in the froth age could cause variations in HLB test results. Therefore an 

ageing study was constructed to monitor the changes in froth with time. Up until 

this time, no such study had been completed on the bituminous froth itself. 

although there have been some investigations into the ageing of oil 
sands, 136.U7, I38 

1 1 .1 Exmrimental Section 

1 1.1 .I Froth Sam~linq 

Bituminous froth was collected in July 1998 from the CANMET pilot plant 

facilities in Devon, AB. Thfee different types of containers were used: 1 litre glass 

Mason jars f ied  with rubberized metal lids, 1 litre fluorinated plastic bottles and 

1 quart metal containers with an internal epoxy coating. All three container 

types were stored at O°C, ambient temperature and 45°C. The time intervals 

between sample examination were first 3 weeks, then 4 weeks, then 6-8 weeks 

and finally more than 10 weeks. At each interval, 9 samples (all three container 

types at all three temperatures] were inspected. The total time intended for the 

ageing study was 13-1 4 months, although the possibility remained to test a few 

more samples at a later date if necessary. 

Associated with bituminous froth was free water which contained a 

significant amount of salts, natural surfactants, NaOH and solids. This free water 

spontaneously separated from the froth upon cooling. Some preiiminary 

experiments to re-homogenize froth and free wder by re-heating to 80°C and 

using mixing, milling or stirring proved unsuccessful. Since the free water could 

not be mixed with the froth to form a uniform sample. the free water was 

decanted from each sample at the specified time intervals of investigation. This 

free water was tested for changes in surface tension. 
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In addition to the evaluation of surface tension of the free water, the 

interfacial tension of froth against deuterium oxide was carried out at each 

interval. The use of deuterium oxide instead of water is explained in Section 

1 1 . I .  7. An emulsion stability test was also performed to detect changes in the 

amount of emulsified water in the diluted froth sample under centrifugation. 

Similarly, a froth characterization of water, bitumen and solids content of each 

sample was included to asceftain any changes with time. Finally, 

photomicrographs were taken of each sample for droplet size comparisons. 

1 1.1.2 Surface Tension of Free Water 

The surface tension measurements for the free water were carried out 

using the Wilhelmy plate method described in Section 3.2.1. Most of the free 

water samples had both suspended solids and a fine film of oil on the surface. 

Both of these features presented difficulties to the measurement of surface 

tension values. To minimize floating fine particulates, the water samples were 

centrifuged at 2000 rpm for 30 minutes. This produced relatively clear samples 

for analysis. Surface films were removed by pipetting the solution into a glass 

pipette before emptying the water into the Krijss glass dishes used in the 

measurement of surface tension. Any residual oil remained coated on the glass 

pipette. This can be verified by observing the wder surface for any refraction of 

light characteristic of oil on water. 

1 1 . I  .3  Anion and Cation Analvsis of Free Water 

The anion and cdion analyses of the free water were provided by 

Syncrude Canada Ltd. The techniques used were atomic emission 

spectroscopy, atomic absorption spectroscopy and ion chromatography. The 

anions assayed were flouride, chloride and sulfate while the cation analysis 

included silicon, magnesium, iron, aluminium, calcium, potassium and sodium. 
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1 1 . I  -4 Emulsion Stabilm Study 

The procedure for the emulsion stability study was designed by Schramm 

and Morri~ion'~' as a scaled down version of Syncrude's standard test for froth 

treatment plant demulsifiers. The aim of these experiments was to estimate the 

amount of emulsified water still present in froth following centrifuging. 

Each froth sample (excluding free water] was analyzed by weighing into a 

15 ml glass centrifuge tube, froth and naphtha in a mass rcrtio of 0.7:l 

naphtha: bitumen. The centrifuge tubes were then capped and heated at 80°C 

for 10-1 5 minutes, followed by rotation at 60°C overnight to ensure complete 

dissolution of the froth. The next day, all samples were centrifuged for 30 

minutes of 2000 rpm (Interndional Equipment Co. Model HN Centrifuge). The 

volume of settled water and solids was recorded and the diluted oil decanted. 

From the decanted oil, 1-2 ml aliquots were used in Karl Fischer titration anatysis 

to determine water content. 

1 1 ,1,5 Froth Characterization for Water/Solids/Bitumen content 

The percentages of water, solids and bitumen within each froth sample 

were found by the Syncrude method"' based on the dissolution of 1 2- 1 5 grams 

froth in 500 mL of the dry toluene:IPA mixture, as used previously. Water content 

was determined by Karl Fischer titration analysis, bitumen content by 

evaporation of 5 ml of solution (filtered to 0.45 pm] on a pre-weighed glass fiber 

filter paper and solids content by difference. For all calculations, see Reference 

140. 
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1 1 . I  .6 Karl Fischer Anaivsis 

The Karl Fischer analysis for water content was based on the coulometric 

titration of the oil sample with a pyridine-methanol solvent (containing iodine 

and sulfur trioxide) to a coulometric endpoint. The chemical reaction is as 

follows: 1 4 '  

As shown in Equation (1 1-11, the oxidation of sulfur dioxide by iodine in the 

presence of pyridine to C,H,N(SO,] and C,H,N(HI) consumes the water. 

However, in the presence of excess methanol, Equation (1 1-21 results: 

Excess methanol is present to prevent the C,H,N(SO,] produced in Equation (1 1 - 
1 ] from consuming water by the reaction: 

in preparation for Karl Fischer titrations, a toluene:2=propanol (IPA) mixiure 

(74:26 by volume] was dried for at least 24 hours. The solution density was 

between 0.8435 and 0.8445 g/crnB3 This mixture was then used to prepare 

standards. In 100 ml methylated volumetric flasks, 0.2 to 2.0 grams of water 

was weighed and diluted to 100.0 ml with the toluene:IPA mixture. The standard 

solutions were then transferred to dark glass bottles and sealed with a septum to 

allow for aliquot extraction. 

A portion of the toluene:IPA mixture was titrated with Karl Fischer reagent 

until all trace amounts of wuter had been eliminated. To analyze the prepared 

standards, a 1-2 ml sample of each Karl Fischer standard was weighed 

accurately in a 5 ml glass outfitted with a sterile metal needle to allow for 

extraction through the septum. The aliquot was then injected into the water-free 
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toluene:IPA portion and the syringe re-weighed. The same method was bsed in 

the anatysis of oil samples. 

Karl Fischer anatysis was carried out using a 672 Titroprocessor in 

conjunction with a Dosirnot 655 (Metrohm AG, Switzerland). A double platinum 

electrode was used to determine the endpoint. 

i i . i .7 ~n~eriaciai Tension iiFTj of Giluminous Froth aaainsi D,G (3; 8GcC 

Bituminous froth and deionized water have similar densities at 80°C and 

therefore D20 was required to produce a significant density difference between 

the two phases to permit IFT determination, The replacement of water with 40 
has proven a valid substitution for interfacial tension measurements since 

deviations in IFT values arising from the use of D,O were minimal.'42 The 

interfacial tensions were measured by the drop volume method at 80°C as 

described in Section 3.2.2.2. 

The apparatus shown in Figure 1 1-1 was used for the IFT measurements. 

A pump was used to displace stored bituminous froth at a controlled rate. The 

displaced froth exited through a needle of known diameter into a cwette of 

D20. The dispense time required for 5-7 drops was recorded. 
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Since the pump rate was needed for the calculation of V, (droplet 

volume), a calibration of the pump (Sage Instruments, Model 355 Syringe Pump) 

was first carried out. Figure 1 1-2 shows the calibration of the pump at the range 

setting used for all measurements. 

Given the pump rate, V, was calculated by the relationship: 

pump rate (mUs) x time for x no. drops (s) 
vd = (  no. drops 

Furthermore, in order to meet the requirements of Equation (3-31, the 

densities of D,O and the bituminous froth were measured d ambient pressure 

and 80°C using an Anton Paar (Model DMA45, Austria) denslty meter outfiied 

with an externally heated stainless steel cell. A truncated and curved stainless 

steel needle was examined microscopically and carefully sanded to produce 
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an undistorted, blunt opening. The extruded bitumen did, however, coat the 

top surface of the needle such that the outer diameter of the needle, rather 

than the internal one, was used in the IFT calculations, The correction factor, F, 

was solved by a polynomial function involving various coefficients and the 

fraction [ N ' ~ ) .  

In order to assemble the IFT apparatus, the transfer vessel (fixed to the 

stainless steel tubing above it) was first filled with bituminous froth at 80°C. The 

froth was degassed by heating at 80°C for 36 hours. The pump and stainless 

steel tubing, which eventually connected to the bottom of the transfer vessel, 

were then filled with deionized water. This tubing was adjoined to the transfer 

vessel and the whole assembly submerged in the preheated water bath. A 

glass cuvette [4 x 2 x 5.8 cm) filled with D,O was also positioned in the water 

bdh. The needle was then attached to the tubing and the tip immersed in the 

cuvette. One hour equilibration time was required for all air bubbles to be 

displaced from the apparatus. The time required for 5-7 drops to emerge was 

then recorded and an IFT calculated from the subsequent V,. This was 

repeated 4-6 times and the average of these values is reported. 

1 1.1.8 Microsco~ic Examination of Froth for Bubble Sizes 

The froth samples were smeared on disposable plastic slides and viewed 

microscopically [Jenalumar, Zeiss, Germany] to assess for changes in water 

droplet sizes with time. Plastic microscope slide were used rather than glass 

ones since glass slides are hydrophilic which could induce water droplets to 

spread on the surface, thereby distorting the actual size distrib~tion.'~~ 



1 1.2 Aaeina Studv Resutts 

1 1 .2.1 Surface Tension of Free Water 

The surface tensions for the free wder samples collected from each 

container of froth were not significantv different from each other over the 14 

month investigation period. Figures 1 1-3, 1 1-4 and 1 1 -5 illustrate the 

consistency in surface tension. The surface tensions found for free wder taken 

from samples stored ut 0°C remained around 55 mN/m within experimental 

error. These results agree well with oil sand ageing s t ~ d i e s ' ~ ~ ~ ' ~ ~  which showed 

that storage at sub-zero temperatures resulted in the lowest degree of change 

in natural surfactant concentrations. 

On the other hand, surface tensions of free water taken from samples 

stored at 45OC and room temperature, although relatively constant in and of 

themselves, demonstrated greater scatter between container types. At both 

these storage temperatures, the samples in ranking from highest to lowest 

surface tension were: 

Plastic Containers > Lined Paint Cans > Glass Jars 

Potential reasons for the slight differences in surface tension obvious in plastic 

containers could be attributed to the transfer of gases, including oxygen, which 

may cause the breakdown of surface active agents. On the other hand, a 

general lowering of surface tension in free wder taken from glass jars may be a 

result of W-initiated reactions which may increase the amount of surface active 

material present. 

1 1.2.2 Anion and Cation Concentrations of Free Water 

The anions analyzed by Syncrude Ltd, included flouride [of which there 

were negligible quantities), chloride and sulfate. Figures 1 1 -6, 1 1 -7 and 1 1-8 

represent concentrations of chloride found in the free water taken from sample 

containers stored at 45OC, room temperature and O°C, respectively. Although 

there appears to be large amounts of variation in the data, this is unlikely due to 
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the effects of ageing froth. Rather, it is more probable that sample differences 

originate from the incomplete mixing of the froth and the associated free water 

at the pilot plant before the 1 litre aliquots were taken for the purpose of this 

study. The values range from 750 ppm to 1 100 ppm and constitute the majority 

of the anions found in solution, The second most abundant anion is sulfate. 

Figures 1 1 -9, 1 1 -1 0 and 1 1 -1 1 illustrate that few changes in sulfate 

concentration with time occurred at ambient temperature and O°C. However, 

at 45OC, the sulfate concentrations were somewhat lower. Sulfate 

concentrations have been used previously to indicate the extent of natural 

surfactant decomposition in the presence of minerals such as pyrites or 

oxygen.'38 The lower sulfate concentration in samples stored at 45°C could 

therefore be due to a lower rate of surfactant break-down since most 

entrapped oxygen would have been released from the froth. 

The cation concentrations examined were sodium, potassium, calcium, 

silicon, magnesium and iron. The presence of silicon, magnesium and iron 

indicated that some sand or clay particulates remained dispersed in the 

solutions. These results were arbitrary since sandlcluy content could depend on 

the efficiency of centrifuging and/or filtration prior to anavsis. Calcium and 

potassium content were consistently low in comparison to sodium. Therefore 

these results were not included. The changes in sodium concentration are 

outlined in Figures 1 1-1 2, 1 1-1 3 and 1 1 -1 4. The high sodium concentrations 

corresponded to those of chloride, and any variations were most likely due to 

differences inherent to the sampling procedure as mentioned previously. 

1 1.2.3 Emulsion Stability Study 

The results of the emulsion stability tests are given in Figures 1 1 -1 5, 1 1-1 6 

and 1 1 -1 7. Regardless of container type and storage temperature, the 

percentage of emulsified water within the froth following dilution and 

centrifugation remained approximately 1 .5- 1 .7. Slightly lower values obtained 
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for samples stored at O°C may have been a result of freeze-thaw release of 

emulsified water. However, it is clear the majority of tightly held water within the 

froth was not affected by time, 

1 1 -2.4 Froth Characterization of Water/Solids/Biturnen Content 

In Figures 1 1 - 1 8 through 1 1 -26, the bitumen content of all samples was 

found to be approx~mareiy 80-85%, wiih the high& percentage occuiiing ir; 

froth stored at 45°C. Water content was consistently between 1.5 and 2%. The 

solids content was not as high as 2076, as some of the figures indicate. Rather, 

the values associated with solids actually represent a combination of solids and 

free water because the latter was removed prior to Karl Fischer analysis. 

1 1.2.5 Interfacial Tension (IFTI of Bituminous Froth aaainst D,O at 80°C 

The interfacial tensions of froth against 40 d 80°C did not alter 

noticeably over the 1 4 month investigation period. Figures 1 1 -27, 1 1 -28 and 

1 1 -29 show these results. Although there did appear to be a slight rise in IFT 

within the first 10 weeks, this development is within experimental error. 

Furthermore, the IFT rise is only -3 mN/m which is not very significant. An 

average value of 25-26 mN/m characterized the froth/D,O interface, regardless 

of container type or storage temperature. 

1 1 -2.6 Microsco~ic Examination of Water Dro~lets within Froth 

Upon visual examination of the froth samples, the water droplet 

distributions remained consistently similar between all container types at all three 

storage temperatures for the first 5 months. After 5 months, there was a 

noticeable drop in large droplets within the froth stored in glass jars, plastic 

bottles and paint cans at 45OC. The fact that there were only very small droplets 

may indicate the slow diffusion of these larger droplets from the froth matrix. 

Figures 11 -30, 11-31 and 11-32 illustrate the 2 month appearance of froth 

stored in glass, plastic and paint cans at 45OC, respectively. Figures 1 1-33, 1 1 - 
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34 and 11-35 show froth stored in all three container types after 6 months at 

1 1 -2.7. The Effect of Container Corrosion on Bituminous Froth Aae 

When it became evident that the bituminous froth was not changing 

significantly over time, a number of froth samples which were stored at 45°C in 

lined paint cans were transferred to unlined paint cans and stored at 80°C. Any 

corrosion of the paint can which may have occurred had no significant effect 

on the interfacial froth properties. 

7 1.3. Conclusions 

Since the interfacial properties of froth did not change significantly over 

the 14 month time period, the age of froth was not a concern for the HLB 

analysis. In other words, the HLB studies were unaffected by the bituminous froth 

age. 

1 1.4. A Commrison Between the Aaeina Studr and Pilot Plant Observations 

The lack of any significant change in the interfacial properties of 

bituminous froth over time was surprising since, in the general experience of the 

pilot plant operators, less wder was associated with the froth after 3-6 months. 

This was thought to be a result of changes in the froth interfacial properties. 

However, the results presented in this work indicate few, if any, changes in the 

physical properties of the froth. This suggests that the 'ageing' observed in the 

plant may be a side-effect of the plant storage condi-tions. The froth, as 

received from the Syncrude Fort McMurray operations, is stored in an insulated 

steel tank which is heated to 80°C and homogenized by a re-circulating pump 

and a mechanical mixer. The froth is fed from the bottom of the tank when 

needed for plant operations. 
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The water associated with the froth is either free water which separates 

with relative ease from the froth or emulsified water. When a fresh sample of 

froth arrives at the pilot plant and is stored at 80°C, free water will tend to 

separate from the froth and settle to the tank bottom. For the first 3-6 months 

following the arrival of the froth, the free water is probably fed together with the 

froth into the pilot plant. [The froth and free water are taken from the bottom of 

the tank.) However, after this time, the quantlty of free water in the silo will have 

diminished. Consequently, after 3-6 months, less free water would be present 

with the froth while the quantity of emulsified water would remain relatively 

unchanged. Thus, the observed 'ageing' noted at the pilot plant may result 

from the storage condbtions used and not from change in froth interfacial 

properties. 
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taken from Froth Samples Stored at 0°C over Time 
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