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Abstract 

The work contained within this thesis is an assessment of the water uptake 

ability of various crude oils, and an investigation of the relationship between water 

uptake and the chemical composition of crude oils. 

U sing the Karl Fischer titration technique it was possible to achieve rapid 

analysis of the rate of change of the water content of prepared crude oil/water blends 

with various added water quantities. A set of procedures, called Crude Oil Water 

Uptake Analysis (COWUA), were established using this apparatus and applied to a 

group of crude oils, with varying maturity and extent of biodegradation, from two 

main oil producing provinces, the U.K. North Sea and Santa Maria Basin, California. 

Water determination from the top and bottom of crude oil/water blends, combined 

with visual inspection, was used to characterise the water uptake of crude oils by their 

water retentive (rate of sedimentation of water and/or emulsion droplets) and 

emulsion formationlstabilisation (degree of oil/water separation) abilities. 

Initial results identified that both of these properties altered with the extent of 

biodegradation of the crude oil in question. Non-biodegraded crude oils exhibited 

"poor" water retention (rapid water or emulsion sedimentation) and formed stable 

water-in-oil emulsions, while degraded crude oils exhibited higher water retentive 

capability (slower sedimentation) yet possessed varied emulsification ability. 

Water retention was considered to be possibly due to either the 

physicochemical (viscosity, density etc.) or geochemical (crude oil compositional) 

properties of the crude oil. It was anticipated that the composition of crude oils, which 

exhibit "good" water retention would probably contain "emulsifiers", i.e., asphaltene 

and wax sols as well as oil-soluble surfactants, such as CO-C3 alkylphenols. These 

emulsifiers promote stable oil/water interfaces and produce good interaction between 

the immiscible phases, therefore slowing, or preventing, water and/or emulsion 

droplet growth. However, bulk chemical analysis showed that the effectiveness of 

asphaltene and wax emulsifiers decreased with increasing biodegradation and that 

NSO compounds exhibited no association with increasing water retention. Since no 

relationship between these crude oil geochemical compositions and increased water 

retention could be detected it is suggested that physicochemical properties of crude 

oil/water blends are probably responsible for the rate of sedimentation of the water 

content. 

The emulsion formationlstabilisation ability. of crude oils analysed varied. 

Bulk chemical analysis of the major crude oil chemical groups (aliphatic and aromatic 

hydrocarbons, resins and asphaltenes) showed that crude oils which formed stable 

water-in-oil emulsions either possessed a composition conducive to asphaltene and 



wax precipitation (as for the non-degraded North Sea crude oils) or possessed high 

NSO contents (as for both non-degraded and biodegraded Santa Maria Basin crude 

oils). However, where none of the above properties were exhibited, as for biodegraded 

North Sea crude oils, poor or no emulsion formation occurred. 

Detailed analysis of the CO-C3 alkylphenols found that their concentration was 

severely reduced in crude oils which were characterised by poor, or no, 

emulsification. Therefore, the reduction of oil-soluble surfactants (such as CO-C3 

alkylphenols), as well as asphaltene and wax sols, is related to poor emulsion 

formation! stabilisation. 

The importance of emulsifiers was further outlined by analysis of the organic 

matter extracted from the crude oil/water interfacial film present in the emulsions. All 

the above emulsifiers were found to be preferentially enriched, indicating their 

involvement in the formation and stabilisation of water-in-oil emulsions. 

The effect of biodegradation upon water uptake was further investigated under 

controlled conditions, by the laboratory biodegradation of non-degraded and 

biodegraded North Sea crude oils. The subsequent emulsification of the non-degraded 

crude oil during biodegradation was not attributed to the presence of asphaltene and 

wax sols (biodegradation was considered to reduce the presence of these particles) but 

the result of significant surfactant generation. This phenomenon is associated with the 

rapid microbial degradation of the easily metabolisable components in the crude oil. 

Consequently, the observed lack of emulsification, for the previously biodegraded 

crude oil, was attributed to both the reduced presence of asphaltene and wax sols, as 

well as poor surfactant generation associated with slow degradation rates. 
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CHAPTER 1: INTRODUCTION. 

1.1. General Introduction to Water Uptake Problems and the Aims 
of this Study. 

Crude oil water uptake is the incorporation of water into a crude oil medium, 

predominantly in the form of water-in-oil emulsions (Sheu & Shields, 1995). This 

process, even when only involving small quantities of water, results in many costly 

problems within the petroleum industry caused by the presence of both water and 

associated salts (Speight, 1980; Taylor, 1992b). Water incorporation into crude oil 

may occur in many areas of the petroleum industry, however, it is most frequent 

during production. It is reported in the literature that the average ratio of oil to water, 

during production of petroleum accumulations, is approximately 1: 1 while the average 

water content of produced crude oils frequently lies in the range of 10-50% (A veyard 

et al., 1990; Staiss et al., 1991). However, with increasing depletion of crude oil 

reserves, and greater use of secondary and tertiary recovery techniques, the co

production of oil and water, and consequently associated problems, are increasing 

(Stosur et al., 1990; Ng & Tsakiri, 1992). Problems associated with water uptake are 

common in many stages of the production and treatment of crude oil and are listed in 

Figure 1.1. 

Production: 

Emulsification, 

Treatment Costs, 

Loss of Rig Space, 

Corrosion, 

Water Cleaning. 

Reservoir: 

Increased Viscosity, 

Reduced Production, 

Deposition of Fines. 

.. 

Transportation: 

Emulsification in Pipeline, 

Increased Transport Costs, 

Corrosion, 

"Mousse" Formation on Spillage. 

Refinement: 

Corrosion, 

Catalytic Poisoning. 

Figure 1.1. Water Uptake Problems in the Petroleum Industry. 



Chapter 1: Introduction. 

During reservoir production, the incorporation of saline formation water 

increases the viscosity of the produced crude oil (Thompson et al., 1985; R0nningsen, 

1995). This slows the crude oil extraction rate, which in turn increases production 

costs due to reduced output. In addition, reduced rate of production may cause 

secondary problems, most notable of which is the deposition of fines, such as 

asphaltene and wax precipitates. The deposition of these fines will cause reduction in 

reservoir permeability, reducing production and possibly causing irreversible 

formation damage (Leontaritis, 1989; Philp & Bishop, 1995; Jamaluddin et al., 1995). 

One of the major problems associated with the co-production of crude oil and 

water occurs when the immiscible phases pass through the well head chokes and 

valves, where high shear action produces viscous water-in-oil emulsions (A veyard et 

al., 1990). These emulsions (emulsions are discussed in detail below), although 

thermodynamically unstable, are usually kinetically stable for long time periods 

(months to years; Eley et al., 1988; Aveyard et al., 1990). These emulsions are 

difficult to handle due to both their high viscosity and bulk (emulsions which contain 

80% water exhibit a volume five times greater than that of the crude oil alone; Bridie 

et al., 1980; Schramm, 1992). The creation of such troublesome emulsions increases 

costs due to greater processing and preparation time, which is necessary prior to crude 

oil transportation. In addition, the equipment needed for emulsion destabilisation, 

such as coalescers, as well as the standard water/oil separating vessels (referred to as 

"Free Water Knockout Vessels"; Giuliano, 1981), takes up valuable rig space. 

Johansen et al. (1989) suggested that prediction of whether or not a produced crude oil 

would form a stable emulsion could save vital rig space which could have more 

valuable uses. 

Once the oil and water phases have been separated it is not a simple task to 

transport the crude oil and discard the water. The co-produced water will be an 

"industrial waste", containing pollutants. Consequently separated water has to be 

cleaned prior to dumping in order to meet environmental requirements (Staiss et al., 

1991; Madian et al., 1995). Such processing will inevitably increase production costs 

still further. 

Transportation, either by pipeline or tanker, is also greatly affected by water 

contamination. Obviously, the actual presence of water in crude oil lowers the volume 

of oil transported, thereby increasing costs. Even with advis~d maximum crude oil 

water contents of between 0.5 and 2.0%, for pipeline transportation (Speight, 1980; 

Giuliano, 1981), and 0.02% for tanker transportation (Staiss et al., 1991), huge costs 

will be acquired solely for_water conveyance. As well as transport costs the presence 

of saline water will cause pipeline corrosion (discussed below) and turbulence in the 

pipe induces water-in-oil emulsion formation, which increases viscosity and decreases 

2 
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transportation efficiency (&mningsen, 1995). However, it is possible that during 

transportation the water content of some heavy crude oils may be increased, due to 

their deliberate emulsification into oil-in-water emulsions (less viscous than water-in

oil emulsions due to the absence of rigid interfacial films) in order to improve the 

efficiency of heavy oil transportation (Schramm, 1992). 

Other problems associated with transportation, either pipeline or tanker, is that 

of spillage. The successful clean up of crude oil spillages, as well as the limitation of 

their immediate damage to the environment, is influenced by their ability to form 

water-in-oil emulsions (frequently referred to as "chocolate mousses" in oil spill 

situations, Berridge et al., 1968). Clean up operations, as for the Amoco Cadiz, are 

hampered by the high viscosity and large volume of these emulsions (Berridge et al., 

1968; Bridie et al., 1980). In addition, the efficiency of bioremediation techniques is 

lessened due to the limited access of oxygen and nutrients to the emulsified oil, 

thereby preventing effective degradation of the spilt crude oil (Atlas et al., 1981; 

Bragg et al., 1992). 

Once the crude oil arrives at the refinery intensive cleaning processes are 

performed to prevent metal corrosion problems which are related to the presence of 

water and associated salts, predominantly due to chloride ion attack (Speight, 1980). 

Such problems frequently affect pipelines in the production string, transportation 

(pipeline and tanker) and refinery processes. During refinement additional problems 

are caused by the formation, at distillation temperatures, of highly corrosive hydrogen 

chloride, which also poisons catalysts used during refinement (Speight, 1980; 

A veyard et al., 1990). The presence of salt, which partitions from the saline water to 

the crude oil, is generally considered to be the most problematic con.taminant 

(Speight, 1980). To remove it prior to refinement, the crude oil is often emulsified 

with distilled water with subsequent emulsion de-stabilisation removing both the salts 

and water from the crude oil (Speight, 1980). 

Consequently, prediction of the water uptake the ability of crude oils, from 

their geochemical compositions, would help the petroleum industry highlight possible 

production, transportation and refinery problems. 

1.2. Crude Oil Water Uptake. 

The incorporation of water into an immiscible crude oil medium represents the 

formation of an emulsion. Therefore, before assessment of crude oil water uptake 

ability may be attempted some understanding of emulsions and their terminology is 

required. 

3 



Chapter 1: Introduction. 

1.2.1. Introduction to Emulsion Principles and Terminology. 

This section gives a basic introduction to emulsions and the nomenclature used 

in this study. It does not represent a comprehensive review of emulsion technology as 

that is beyond the scope of this work. 

Emulsions, as defined in most text books, such as Becher (1966) and Myers 

(1991), are mixtures of two immiscible phases (usually an oil and water), where one 

phase is dispersed as droplets (0.1 Ilm to 10 Ilm in size) into the other, usually in the 

presence of a third, emulsifier phase. Emulsions are distinguished by the presence of 

large interfacial areas, however, they are perpetually driving to reduce such interfacial 

areas to their smallest possible value (acquired at total separation of the water and oil 

phases). Consequently, emulsions are naturally thermodynamically unstable (Myers, 

1991). However, as mentioned above, these kinetic ally stable emulsions may persist 

for long time periods (A veyard et al., 1990). The classification of emulsion stability is 

frequently assessed by the consideration of several factors (discussed below), 

creaming (sedimentation), flocculation and coalescence (Schramm, 1992)~ However, 

for simplicity this study uses coalescence to characterise emulsion stability, by 

monitoring the ease, or rate of oil and water separation (Mikula, 1992). 

Emulsions are predominantly split into two types depending upon which phase 

is dispersive and which is dispersed. Figure 1.2, displays the two main types of 

emulsion dispersions produced, water-in-oil and oil-in-water. One of the main factors 

determining the emulsion formation and stabilisation, as well as type formed, is the 

state and composition of the oil and water interface (Schramm, 1992). 

The oil/water interface is the boundary between two liquid phas~s and is 

usually characterised by interfacial free energy, more commonly referred to as the 

interfacial tension (1FT; force per unit length around an interface in millinewtons per 

meter). The higher the interfacial tension (1FT) the more unstable the emulsion (the 

more immiscible are the oil and water phases) and the greater the drive to reduce the 

interfacial area (Myers, 1991). The 1FT is the result of the sum of the surface tensions 

of both phases. In Figure 1.3a, the surface molecules for each phase are seen to be 

attracted back into their respective phase, resulting in the formation of a dense and 

stretched "skin", such as a meniscus, for each phase. If however, the surface 

molecules are attracted by the other phase, the tension is re4uced and the "skin" 

becomes less dense and tight, reducing the 1FT (Fig. 1.3b). Ultimately, the attraction 

from the opposite phase may equal that from the host phase and the molecules will 

then move freely between the two phases under Brownian motion. At this stage the 

phases are miscible and the 1FT is 0, Figure 1.3c (Myers, 1991). 

4 
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Dispersed Phase 
Oil Droplet _--1"-

Oil-in-Water 
Emulsion 

lOom --

Water-in-Oil 
Emulsion 

Small Droplet Size Produces 
Large Interfacial Areas 

Dispersed Phase 
Water Droplet 

Dispersive Oil 
Phase 

Figure 1.2, Illustration of the two main emulsion types (oil-in-water andwater-in-oil) and 
associated nomenclature. 
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The energy necessary for the emulsification of two immiscible phases is 

directly related to the 1FT of a particular system, with higher 1FT systems requiring 

greater energy for emulsification. This is illustrated in an example by Schramm 

(1992), showing that to emulsify a barrel (159 L) of oil with water, at a dispersed 

droplet size of approximately 0.64 Jlm and with an interfacial tension (1FT) of 35 mN 

m-I, the amount of emulsification energy needed would be 2.6 x 104 J, shown in 

Figure 1.4. If this energy is not available, surfactants may be used to reduce the 

necessary energy requirements. 

A surfactant has two main functions, increasing the ease of emulsion 

formation as well as helping to stabilise emulsions. Surfactants are able to perform 

these tasks because they are chemicals which possess both hydrophobic and 

hydrophilic constituents; consequently they have affinity for both the oil and water 

phases. As a result they partition to the oil and water interface with both chemical 

functions interacting with their preferred phases (Fig. 1.5; Myers 1991). This has the 

effect of reducing the 1FT, making an emulsion more stable and resulting in a lower 

energy requirement for emulsification. Schramm (1992) estimated that a small 

addition (less than 0.5% of the total volume) of surfactant to the barrel of oil in the 

above example, would reduce the 1FT from 35 mN m-I to 0.35 mN m-I, lowering the 

energy requirements by 100 fold to approximately 2.6 x 102 J (Fig. 1.4). 

Although surfactants are amphiphilic by nature (interacting with both water 

and oil phases; Fig. 1.5), to stabilise emulsions they generally have to possess a 

greater affinity for one particular phase (Shaw, 1980). This characteristic will not only 

influence whether or not the surfactant may stabilise an emulsion, it will also affect 

the type of emulsion formed (water-in-crude oil emulsion or crude oiJ:in-water 

emulsion; Shaw, 1980). This latter characteristic is well described by one of 

Bancroft's rules, which states that which ever phase a surfactant is most soluble in, 

that phase will comprise the dispersing medium (Becher, 1966). Therefore, a 

surfactant, soluble in the crude oil (oil soluble surfactant) will help form water-in

crude oil emulsions and vice versa. 
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Figure 1.4, Example of the effect of surfactant addition on the required emulsification energy 
toform an oil-in-water emulsion (Schramm, 1992). Energy present is gained by multiplying 
the total area by the interfacial tension. 
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Figure 1.5. Schematic diagram of a surfactant, illustrating the amphiphilic nature and 
orientation of a surfactant molecule at an oil and water interface (Myers, 1991). 

As well as reducing thennodynamic instability, by reduction of the 1FT, 

surfactants may also increase the kinetic stability of a dispersed system. Surfactants 

orientate themselves perpendicular to the interface (hydrophilic functions towards the 

water, hydrophobic away). This ordered structure adds mechanical strength to the 

interface making kinetic destabilisation more difficult (Myers, 1991). It must be noted 

however, that the emulsion fonnation and stabilisation abilities of surfactants due to 

the reduction of the 1FT, and increased mechanical strength, are not the only 

stabilising mechanism necessary for the fonnation of stable emulsions. There are 

many types of emulsion stabilisers, or emulsifiers, and their influence will vary with 

the type of emulsion fonned (oil-in-water or water-in-oil). 

1.2.2. Emulsion Stabilising Mechanisms. 

The stabilisation mechanisms for the two main types of emulsion vary greatly. 

An oil-in-water emulsion is predominately stabilised by electrostatic forces, while a 

water-in-oil emulsion is predominantly stabilised by the mechanical strength of a rigid 

and protective interfacial film. As this study is concerned with the dispersion of water 
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into crude oil, only the stabilising mechanisms of water-in-oil emulsions are 

considered here. 

Water-in-oil emulsions are highly viscous and persistent emulsions, which are 

prominent in both crude oil production and oil spillage scenarios (Bridie et al., 1980; 

Aveyard et al., 1990; Bobra et al., 1992). They are primarily stabilised by the 

mechanical strength gained from the adsorption and accumulation of emulsifying 

agents, surfactants and sols (sols are fine grained solid particles which may be 

suspended in a colloidal solution; Fine & Beall, 1990), at the oil and water interface 

(Schramm, 1992). The influence of the sol groups, especially asphaltenes and waxes, 

has been shown to be fundamental to stability (Thompson et al., 1985; Eley et al., 

1988; Schramm, 1992). Payne and Phillips (1985a) have suggested that both 

asphaltene and wax precipitates act together in the stabilisation of water-in-oil 

emulsions, although asphaltenes were considered to play the more important role. For 

both of these crude oil precipitates to be effective water-in-oil emulsion stabilisers 

three considerations have to be met. (1) the size of the precipitated sols has to be small 

relative to the water droplet they are stabilising; (2) the precipitated sols have to 

accumulate at the interface; (3) the sols have to be wetted by both phases (Schramm, 

1992). Once the sols and surfactants reach the interfaces sterical rearrangement 

occurs, increasing interfacial rigidity still further (Bhardwaj & Hartland, 1994). 

The build up of the interfacial film is not immediate as emulsifiers arrive at the 

interface at different rates. Surfactants diffuse to the oiVwater interface within the first 

few seconds of emulsification to provide initial stabilisation. Aggregates, especially 

asphaltenes accumulate at the interface over a period of hours (Sheu et al., 1992a). 

Sheu and Shields (1995, p.523) considered that this slower rate was "d1;le to the 

complicated structural distribution of asphaltene molecules because asphaltenes 

represent a class of material rather than a pure substance". Bhardwaj & Hartland 

(1994), in Figure 1.6, illustrate that the interfacial tension of the oil and water 

interface decreases with time from emulsification, indicating that the complete build 

up of surfactants was not complete 60 hours after the initial blending and was 

therefore relatively slow. 
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Figure 1.6. Variation in interfacial tension (mN m-I) with log (time) for crude 
oillbrine at 20°C. Time in seconds. Takenfrom Bhardwaj & Hartland (1994). 

As water-in-oil emulsions are strongly influenced by asphaltene and wax 

components both will be discussed in further detail below. The effect of oil soluble 

surfactants has already been discussed above; however, additional discussion will be 

made in Section 5.1. 

1.2.2.1. Asphaltenes. 

Asphaltenes were originally defined by Boussingault (1837) as material that 

precipitated out of petroleum upon the addition of petroleum ether. Today the 

definition has changed little and asphaltenes are generally classified as material that 

precipitates out of petroleums and sediment extracts (bitumen) upon the addition of an 

excess of light alkanes (Speight & Moschopedis, 1978). 

Work by Lawrence and Killner (1948), Berridge et al. (l?68) and Mackay et 

al. (1973), identified that the asphaltene group is of prime importance to water-in-oil 

emulsion stabilisation. In addition, Eley et al. (1976),. using electron micrography, 

were able to identify the pres_ence of asphaltene particles on the oil side of an oil and 

water interface, within a water-in-oil emulsion, estimating that they (asphaltene 

. particles) were approximately 10-30 nm in diameter. 
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Van der Waarden (1957) suggested that the effectiveness of the asphaltene 

group, in the stabilisation of water-in-oil emulsions, was due to the "incipient" 

precipitation of the asphaltene fraction. As asphaltene precipitation has received 

extensive attention due to it's detrimental effects upon reservoir production, crude oil 

transportation and others (Leontaritis, 1989; de Boer et al., 1995), conditions under 

which precipitation occurs have been well documented. Wilhelms and Larter (1994b 

and literature cited therein) showed that in reservoir scenarios, the main factors 

controlling asphaltene precipitation are (in order of importance) pressure, temperature, 

crude oil composition and the nature of the asphaltene. Earlier work by Leontaritis 

(1989) also considered electrokinetic effects upon asphaltene precipitation caused by 

the neutralisation of charges on asphaltene micelles during rapid flow ("streaming"). 

In many experiments, performed at surface conditions (constant temperature and 

pressure) the main restriction upon asphaltene precipitation was considered to be the 

chemical composition of the crude oil. Precipitation being predominantly caused by 

the change in the solvent properties of the crude oil (referred to by Leontaritis (1989) 

as alteration of the "solvent power" of the crude oil), where the solvent (crude oil) is 

incapable of supporting the solute (asphaltenes) resulting in precipitation (Wilhelms & 

Larter, 1994a). 

Work by Mackay et al. (1973), Eley et al. (1987) and others, has shown that 

the relative concentration of aliphatic and aromatic hydrocarbons in crude oil is of 

great importance to asphaltene precipitation because of their effect upon the solvent 

power of the crude oil. Bobra et al. (1992) used an aliphatic:aromatic hydrocarbon 

(Ali:Arom) ratio to indicate the occurrence of asphaltene precipitation in a model oil 

(artificially prepared oil). It was found that aliphatic hydrocarbon concentrations of 

. between 50% and 95% (Ali:Arom ratios of 1 to 19), caused asphaltene precipitation 

coinciding with, and was adjudged responsible for, the formation of stable water-in

oil emulsions. However, the most stable emulsions were found by both Eley et al. 

(1988) and Bobra et al. (1992, Fig. 1.7) to occur at an aliphatic hydrocarbon 

concentration of 80% (Ali:Arom ratio = 4). This was attributed to the optimum size of 

the asphaltene particles precipitated at these conditions. 
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Figure 1.7. Water content (0) of stable emulsions formed, and yield point (0) of 
stable emulsions versus % alkane in synthetic oil (aliphatic and aromatic 
hydrocarbon mixture). Illustrates that the most stable water-in-oil emulsion occurs at 
a Ali:Arom ratio of approximately 4. Taken from Bobra et al. (1992). (Fhe alkane 
percentage only represents the amount of alkanes in an aliphatic and aromatic 
hydrocarbon mixture which does not include the emulsifier content). 

Although asphaltene precipitates are regarded as the main stabilisers of water

in-oil emulsions due to their mechanical strength (Payne & Phillips, 1985a; Eley et 

al., 1988; Bobra et al., 1992), their surfactant ability may also have some stabilising 

effect. It is reported that asphaltenes are able to influence water-in-oil emulsions by 

lowering oil/water interfacial tensions (Anderson & Birdi, 1991; Sheu et al., 1992a & 

b; Bobra et al., 1992). It was also found that in model oils, asphaltenes only have to be 

present at low concentrations, approximately 0.025 mg ml- l (Bobra et al., 1992), to 

aid stabilisation. Any further increase in the asphaltene content appeared to have no 

additional stabilising effects (i. e., interfacial tension reduction). This phenomenon was 

also recognised by Sheu et al. (1992a & b), who attributed it to the attainment of a 

critical micelle concentration (CMC; Fig. 1.8). A critical micelle concentration 

(CMC) is the concentration at which the asphaltenes (or any surfactant) predominantly 

form discrete aggregates (while still in dispersion in the crude oil). Therefore, when 

the asphaltene concentration is larger than the CMC, the asphaltene distribution will 

be pr~dominantly in micelle form, with only minor asphaltene q~antities existing as 

"monomers" (Le., capable of interaction at the oil/water interface) (Myers, 1991). 

Anderson & Birdi (1991) found that the CMC value, and therefore the quantities of 
-

asphaltene micelles and monomers, will vary with the crude oil chemical composition, 

although monomer concentration is generally low (Sheu et al., 1992a). However, the 

low monomer concentration is able to maintain an interfacial tension of approximately 
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20-30 mN m-I, even after attainment of the CMC (Bobra et al., 1992). Such 

interfacial tensions are equal to those of stable water-in-oil emulsions (Shaw, 1980; 

Taylor, 1992b). Therefore, in addition to asphaltene sols, it is suggested that 

asphaltene monomers or asphaltene precursor entities (APEs; Wilhelms & Larter, 

1994a), acting as surfactants, are also effective water-in-oil emulsion stabilisers. 

..-.. -, 
44 

CMC 

/ 

36 ~ ______ L-____ ~L-____ ~L-____ ~L-____ ~ 

o .25 .5 .75 1 1.25 

Asphaltene Concentration in Pyridine Solution (Weight %) 

Figure i.8. illustration of the surfactant behaviour of the asphaltene group by the 
variation of the surface tension (dynecm-i) of a pyridine solution with increasing 
asphaltene concentration (wt%). CMC = critical micelle concentration. Taken from 
Sheu et al. (1992a). 

Papirer et al. (1982) and Siffert et al. (1984), suggested that different 

asphaltenes will possess different surfactant ability. They found that asphaltenes with 

the best emulsifying ability possessed large imbalances between their inherent acid 

and basic components (producing asphaltenes with an amphiphilic character indicative 

of surfactants) and low hydrogen bonding ability (preventipg aggregation of 

asphaltene thereby aiding their accumulation at the oil/water interface). In addition, it 

Was also found that a greater degree of emulsification was associated with asphaltenes 

that accumulated at the oil and water interface in regular laminae. Such ordered 

accumulations ensured rigid film development and therefore mechanically stable 

water-in-oil emulsions (Siffert et al., 1984). This regular structure is attributed to the 
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surfactant nature of the asphaltenes which causes orientation at the interface 

(discussed above), hydrophilic group towards the water, hydrophobic towards the oil 

(Fig. 1.5; Myers, 1991). 

1.2.2.2. Wax. 

Waxes, or petroleum waxes, are defined as high molecular weight alkanes 

(greater than n-C40, Philp & Bishop, 1995) although later work in this study will class 

waxes as n-alkanes which are solid at room temperature (n-C 18 +). They are 

predominantly sourced from reworked continental organic matter, common to crude 

oils generated from Type I and Type III source rocks (Tissot & Welte, 1984). 

However, some waxy crude oils are also generated from Type 11 source rocks (Tissot 

& Welte, 1984) possibly originating from, (1) high molecular weight precursors such 

as polyisoprenyl alcohol and bacterial carotenoids, (2) decomposition of asphaltenes 

and (3) oligomerisation of low molecular weight precursors (del Rio & Philp, 1992). 

The petroleum waxes which occur in crude oils are classified according to their 

average molecular mass. Hanstveidt (1992) lists three types of petroleum waxes 

common to crude oil. "Paraffin wax" which possesses an n-alkane distribution of n

C 18 to n-C50, which is also associated with smaller amounts of iso- and cyclo

alkanes. "Intermediate wax" which consist of predominantly n-C22 to n-C60 n

alkanes. Lastly "microcrystalline wax" which contains n-C23 to n-C85 n-alkanes as 

well as large quantities of iso- and cyclo-alkanes. Bobra (1990) only lists two types of 

petroleum waxes; "paraffin wax", with n-alkane distribution of n-C20 to n-C40, and 

"microcrystalline wax", predominantly consisting ofiso-alkanes with 35 to 70 carbon 

atoms. 

Precipitation of waxes, either in reservoirs (due to decreases in reservoir 

pressure) or production equipment (due to decreases in temperature), is of great 

interest to the petroleum industry; It has been estimated that losses attributed to wax 

precipitation annually cost billions of dollars (Misra et al., 1995). Consequently, the 

conditions under which wax precipitation occurs have been extensively investigated. 

It has been reported that problems associated with production and transportation are 

attributed to "macrocrystalline" waxes (predominantly n-alkanes), while 

"microcrystalline" waxes (predominantly branched alkanes) contribute most to the 

tank bottom sludges (storage tanks etc.). Investigation by. del Rio et al. (1992), using 

high temperature gas chromatography (HTGC; described in Section 4.2.3), found that 

wax deposits from Oklahoma crude oils were characterised by high molecular weight 

hydrocarbons. Bishop et al. (1994), using a novel wax concentration/precipitation 
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technique, coupled with HTGC (discussed in detail in Section 4.2.3), also identified 

that wax deposits contained high molecular weight hydrocarbons (HMWHCs) with 

distributions commonly possessing a maximum peak height at n-C45. Bishop et al. 

(1994) subsequently analysed the crude oils associated with the wax deposits (which 

in conventional gas chromatographic analyses showed no sign of HMWHCs), and 

highlighted an HMWHC distribution of up n-C70, with a maximum peak height at n

C30. Therefore, HMWHCs are present in low concentration implying that wax 

deposits are built up slowly and are possibly common to most crude oils (Philp & 

Bishop, 1995). 

It is the precipitation of these waxes which probably influences emulsion 

stability. This is supported by Eley et al. (1976) who were able to identify the 

presence of wax platelets at oil and water interfaces by use of electron micrography. 

However, the ability of the wax to influence emulsion stability, was found to be 

related to the temperature history of the crude oil, which affected the size of the wax 

particles (Bridie et al., 1980; Graham et al., 1983 & Thompson et al., 1985). Slow 

cooling was shown to give large wax crystal formation, while rapid cooling 

(conditions found during petroleum production) produced small wax crystals. The 

significance of this being that large crystals do not assist with the formation of stable 

water-in-oil emulsions, whereas small crystals, formed during production, do (Fig. 

3.4.1). Bridie et al. (1980) and Thompson et al. (1985) also found that removal of the 

wax fraction from a crude oil would inhibit the formation of stable water-in-oil 

emulsions. However, Bobra et al. (1992) indicated that although waxes were 

important stabilisers they were also dependent upon a small quantity of asphaltenes 

being present to achieve emulsion stability, while the asphaltene fraction was ~apable 

of stabilising water-in-oil emulsions by itself. Using a model oil consisting of 

aliphatic & aromatic hydrocarbons and emulsifying agents (resins and asphaltenes 

which were precipitated from a Californian crude oil using ethyl acetate), Bobra et al. 

(1992) was able to produce a stable water-in-oil emulsion without the apparent 

presence of waxes. Therefore, it was concluded that waxes were not essential to 

stabilise crude oiVwater emulsions. However, a recent paper by Bishop et al. (1994), 

has shown the difficulty of separating asphaltenes and waxes by standard precipitation 

techniques. In Figure 1.9 it is seen that an isolated asphaltene fraction still contains a 

prominent distribution of n-C14 to n-C90 aliphatic hydrocarbons .. Consequently, the 

precipitation of both wax and asphaltene fractions at surface conditions is probably 

concurrent and therefore, as reported by Payne and Phillips (1985a), their effects upon 

emulsion stability are likely to be indistinguishable, although they also reported that 

asphaltenes were probably the dominant stabilisers. 
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Figure 1.9, High Temperature Gas Chromatography (HTGC) o/Oil # 1665 
A, whole oil fraction, B, asphaltene fraction. Alkane carbon numbers are identified 
Takenfrom PhiIp & Bishop, 1995. -
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The above work indicates the importance of precipitated waxes in aiding 

emulsion stabilisation. However, even when in liquid form waxes, as viscosifiers, may 

produce some stabilising influence. As viscosifiers, waxes will slow the separation 

(coalescence; definition given in Section 1.2.2.3) of the water and oil phases, therefore 

aiding emulsion stability (Johansen et al., 1989). 

1.2.2.3. Post Emulsification Processes. 

Immediately after the formation of a water-in-oil emulsion the dispersion will 

begin to alter, eventually culminating in the complete separation of the water and oil 

phases. The rate of separation identifies the kinetic stability of the emulsion, slow 

separation being indicative of a stable emulsion while rapid separation being 

indicative of an unstable emulsion. 

The two main alteration processes which occur after dispersion are 

flocculation and coalescence (definitions below and illustrated in Fig. 1.10). 

Flocculation is a reversible aggregation of the dispersed phase droplets, due to 

the force of gravity, resulting in agglomeration, or grouping, in which all the droplets 

remain as independent entities (Cavello & Chang, 1990). The droplets do not coalesce 

due to the presence of an interfacial film between the oil and water phases. Therefore, 

the flocculants will still be classed as emulsions. Eventually the inherent 

thermodynamic instability of the emulsion (see above), as well as gravity, thins the 

interfacial films, eventually rupturing them, causing coalescence and the formation of 

separate oil and water layers (Myers, 1991). 

There are two types of flocculation, creaming and sedimentation, which differ 

according to the relative densities of the dispersed and dispersing phases. Creaming 

refers to the accumulation of the dispersed phase droplets, which are less dense than 

the dispersing phase. Therefore, creaming is a flocculation process which is 

characteristic of oil-in-water emulsions. Sedimentation is the same process however, 

the dispersed droplets are denser than the dispersive phase and therefore, accumulate 

at the base of the blend. Sedimentation is a flocculation process characteristic of the 

emulsion phase of water-in-oil emulsions and subsequently encountered during this 

study ... 

Coalescence is the irreversible reduction of interfacial area. Consequently, the 

droplets merge to form a single phase, reducing the interfacial area between the 

dispersed (water) and dispersing (oil) phases. Coalescence is the result of either (1) 

lack of the formation of an interface; (2) rupture of the interfacial film. Gravity will 

then separate the coalescing fractions resulting in individual water and oil phases 
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(Cavello and Chang, 1990). Whether or not coalescence is preceded by a flocculation 

process (sedimentation or creaming) is dependent upon the availability of the 

emulsion stabilisers discussed above (asphaltene sols, wax sols and oil soluble 

surfactants; Cavello & Chang, 1990). 

1.3. Thesis Outline. 

Characterisation of crude oil water uptake ability is achieved by quantitatively 

monitoring both the rate of sedimentation of water and/or emulsion droplets as well as 

the degree of emulsion formationlstabilisation, which occurs when a crude oil is 

blended with different quantities of water. 

As discussed above, sedimentation is a flocculation process which describes 

the separation of an emulsion phase (emulsion droplets) from the majority of the 

dispersive crude oil medium. In this work, sedimentation, and the rate of 

sedimentation, is not concerned with emulsion stability but is used to describe the 

separation of water (either emulsion or water droplets) from the top of the crude 

oil/water blends (see below). The relative rate of sedimentation of emulsion and/or 

water droplets in the crude oil/water blends will be described in terms of "crude oil 

water retention ability". 

Assessment is achieved by measurement of the variation of the water content 

at the top of crude oil/water blends by use of a Karl Fischer Titration technique. The 

results are used to provide information of use in predicting problems associat~d with 

crude oil transportation and refinement, by indicating whether or not crude oil will 

retain water for substantial lengths of time (increasing transportation costs and the 

amount of water arriving at the refinery etc., Section 1.1). 

The ability to form stable water-in-oil emulsions is monitored by visual 

assessment of the crude oil/water blends. Results from these observations may be 

related to well head or oil spillage scenarios, where the formation of water-in-oil 

emulsions produces increased costs. 

Chemical analysis of crude oils investigates any association between the 

emulsifier content of crude oils (asphaltene and wax sols, as well as surfactants (NSO 

compounds» and water uptake, as these chemical groups are of prime importance in 

the formation of stable water-in-oil emulsion (above; Schramm, 1992). In addition, 

the effect of biodegradation _ upon the concentration of these emulsifiers is also 

addressed. 
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It is hoped that the characterisation of relationships between crude oil 

chemistry and water uptake ability may provide some explanation of the variation in 

water uptake ability of different crude oils. In addition, it is hoped to provide some 

predictive geochemical technique which may indicate the occurrence of future crude 

oil water uptake problems. 
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CHAPTER 2: METHOD DEVELOPMENT. A RAPID TECHNIQUE FOR THE 

ASSESSMENT OF THE WATER UPTAKE ABILITY OF CRUDE OILS OF 

DIFFERENT CHEMICAL COMPOSITION. 

2.1. Method Selection. 

The assessment of the water uptake ability of a crude oil was achieved by the 

measurement of its water content variation with increasing time, after the crude oil 

was initially blended with distilled water. The assessment of crude oil water uptake 

ability is therefore based upon the rate of water content change. 

There are four basic techniques which are listed in the Institute of Petroleum 

(Great Britain) "Standard methods for analysis and testing of petroleum and related 

products" (1990) publication, for determination of the water content in non-aqueous 

samples. These techniques are "distillation" (Institute of Petroleum Standard (lP) #74 

& 358), "centrifugation" (lP#359), "height measurement" (lP#290) and "titration" 

(lP#356). 

Distillation analysis, also known as Dean & Stark analysis (Mikula, 1992), 

involves the distillation of water from the sample into a graduated receptacle. 

Distillation requires a sample mass of 5 g or more. As distillation is a large scale, 

irreversible technique, altering the sample during analysis, it is not possible to analyse 

water variation with time from blending, because all the sample would be consumed 

in one analysis. 

The centrifuge technique is an inaccurate method, yielding approximate water 

content values. During centrifuge analysis, as with distillation, the sample is altered 

by the analytical procedure and therefore, water content variation in the crude 

oiVwater blend, versus time from blending, can not be monitored. 

Height measurement is a direct assessment of the amount of water separating 

from an oil and water blend, either by height of water column, or volume of water 

accumulated after blending. However, this is a slow and inaccurate analytical 

technique, allowing limited appreciation of water content variation with time. 

The last technique is titration, otherwise known as Karl Fisher Titration 

(Scholz, 1984). This technique allows rapid and accurate analysis, while utilising a 

small sample size of approximately 100 Ill. Consequently, water content variation 

with time from blending can be assessed. This technique was employed for the 

analysis of the water uptake ability of crude oils: 
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2.2. Crude Oil Water Uptake Analysis. 

Crude Oil Water Uptake Analysis (COWUA) represents a set of procedures 

necessary for the assessment of the water uptake ability of crude oils using of the Karl 

Fischer Titration method. These procedures are shown in Figure 2.2.1, and range from 

apparatus preparation to presentation of results. 

Crude Oil Water Uptake Analysis 

I 

Sample 
Preparation 

I 

Crude Oil 
Preparation 

I 

Water 
Addition 

I 

Crude Oil and 
Water Blending 

11 

Sampl ing 

ing Sampl 
Strategy 

Samplin 
Procedu 

g 
re 

I 
Visual 

Analysis 

III 

Karl Fischer 
Titration 

I 

Metrohm 702SM 
Titrino, Volumetric 
Two Component 

Analysis 

I 

Results 

1 
Normalised 

Percentages (%R) 

I 

%R plotted· 
against time 

from blending 

Figure 2.2.1. Flow diagram illustrating the three stages (/ to Ill) o/the Crude Oil 
Water Uptake Analysis. 

2.2.1. Karl Fischer Titration. 

·The Karl Fischer Titration, first described by Fischer (1935), was a redox 

reaction whose original constituents, which formed the working reagent, were sulphur 

dioxide 0.5 ml 1-1, pyridine 1.7 ml 1-1 and iodine 0.33 ml 1-1 in methanol. The 

pyridine was essential to the reaction, keeping the reaction mixture within an optimum 

pH range (5-8) by acting as a basic buffer, neutralising produced acids. The Equations 

1-3 show that the buffered alkyl sulphite acid was oxidised by iodine, which was 
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concomitantly reduced to iodide (Equation 3, B represents a basic buffer, R represents 

an alkyl group). The reaction was initiated by the presence of water. The amount of 

water present was calculated directly from the amount of iodine consumed. 

To allow this reaction to go to completion a form of iodine addition 

mechanism was required, as well as monitoring the amount of iodine necessary to 

consume all the water present. Two methods can be used for this purpose; 

Coulometric and Volumetric (Scholz, 1984; MacLeod, 1991). 

1. 2ROH + S02 <=> RS03- + ROH2+, Solvolysis 
2. B + RS03- + ROH2+ <=> BH+S03R- + ROH, Buffering 

3. H20 + 12 + BH+S03R- + 2B => BH+S04R- + 2BHI-, Redox 

Coulometric analysis generates iodine, during analysis, at an anodic electrode. 

Water content is proportional to iodine consumption, while iodine generation is 

proportional to the amount of electrical charge used. Consequently, water content may 

be calculated from the electrical energy used to generate iodine, with a relationship of 

1 mg (H20) being equal to 10.71 coulombs (poynter & Barrios, 1994). 

Volumetric analysis involves metering (from a burette) the amount of iodine 

necessary to consume the water. As the amount of iodine that reacts with a standard 

volume of water is known, it is possible to calculate the water content of any non

aqueous sample (Scholz, 1984). 

The chemical reactions involved in both coulometric and volumetric 

detections are identical. The coulometric analysis generates accurate results for low 

water contents while using small sample size. As experimentation for assessment of 

water uptake ability would involve high water content, the accuracy of the 

coulometric analysis was not required. In addition, it was reported that the reliability 

of the coulometric apparatus may be affected by particulates present in crude oil 

samples (MacLeod, 1991). 

2.2.2. Volumetric Analysis. 

There are two types of Karl Fischer volumetric analysis, one component and 

two component (Scholz, 1984). One component analysis was the original type of 

volumetric analysis, the reagent containing all the chemicals necessary for Karl 

Fischer titration. Unfortunately, the shelf life of the one component mixture is short 

and therefore, a two component analytical system was developed, consisting of 

components A and B. Component A . contained sulphur dioxide, pyridine and 

methanol, combining to act as the sample solvent in the titration vessel (Fig. 2.2.2). 
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Component B, contained iodine, pyridine and methanol, combining to act as the 

reagent. Component B was titred from the burette to the titration vessel (containing 

component A) when required. 

The chemistry of the two methods is identical; however, the development of 

the two component system brought two major advantages. First, the rate of reaction is 

increased (therefore, titration time reduced) due to the high initial concentration of 

sUlphur dioxide and buffer in the titration vessel. Second, the endpoint stability and 

therefore accuracy of the water determination is improved. Figure 2.2.3, taken from 

Scholz (1984), shows that the titration of 40 mg of water was faster. The Two 

Component analytical method was chosen for use. 

8 

6 

t (min) 

4 
B 

2 

A 

10 20 30 40 
mgH.O 

Figure 2.2.3. Titration of 40 mg of water with different Karl Fischer reagent. A = two 
component reagent; B = one component reagent. Adaptedfrom Scholz (1984). 

The components used were the Karl Fischer Titrant U, pyridine free, BDH 

catalogue #19260 (containing iodine and basic buffer) and Karl Fischer Solvent 

Solution, pyridine free, BDH catalogue #19266 (containing S02, methanol and a 

basic buffer). The Karl Fischer Titrant U, otherwise called the reagent, has an 

approximate reactivity with water of 1 ml reagent to 5 mg of water .. 

To perform the Karl Fischer water determinations with a volumetric, two 

component system, a Metrohm 702SM Titrino was selected (Fig. 2.2.2). This 

performs automatic endpoint determination (endpoint represents the completion of the 

titration) of the titrations by the use of a potentiometric detector. 
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A potentiometric detector was employed to avoid the reliance on visual 

endpoint determination in Karl Fischer titrations, thereby reducing probable human 

error. A double platinum electrode was attached to a voltmeter and then polarised by 

the application of a current. When a "wet" solution is present and there is an absence 

of iodine, a large potential difference between the electrodes exists. However, when 

the water content of the sample is eventually consumed during titration the iodine 

content will sharply rise, producing a rapid decrease in the applied voltage between 

the two electrodes consequently indicating the end of the titration. The amount of 

water present is then determined from the amount of iodine titred (Scholz, 1984; 

MacLeod, 1991). 

2.2.3. Metrohm Apparatus. 

The preparation of experimental consumables and adjustment of the titration 

conditions for the water determination analyses performed in this thesis are described 

in detail in Appendix 1, Sections Al.5 to A1.7. The method used followed the 

procedures described for the determination of "Water in crude oil by Karl Fischer 

Volumetric Titration" (ASTM 4277/87; IP 356/87), as well as valuable 

recommendations by Nick Kernhigan, BP (Sunbury). 

2.2.3.1. Basic Preparations. 

Basic preparations assess and maintain the materials and equipment, of the 

Metrohm, which are consumed and worn out by Karl Fischer titration. The reagent, 

reaction medium levels, condition of the septum in the titration vessel, electrode 

condition and state of the molecular sieve traps were all checked before analysis. In 

addition, the reactivity ratio of the reagent (i. e., the amount of reagent that reacts with 

a given water quantity, on average 1 ml of reagent reacting with 5 mg of water) will 

vary with time and exposure to the atmosphere. To produce accurate titration results 

the reagent has to be re-calibrated daily when in use. 

2.2.3.2. Titration Conditions. 

Before analysis, the titration conditions of the Metrohm require adjusting to 

Ineet the requirements of the samples to be analysed, in this case crude oil. There are 
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two main problems associated with the analysis of the water content of crude oil when 

using Karl Fischer titration. These are the de-asphaltening of the crude oil, by solvent 

dilution, and interfering side reactions between the Karl Fischer reagents and 

components in the crude oil. 

De-asphaltening of a crude oil occurs when the solubility potential of the crude 

oil is lowered (loss of solvent power, Section 1.2.2.1), either by changes in PVT 

conditions or changes in the composition of the oil. Such changes make the oil unable 

to support the high molecular mass asphaltenes in a colloidal or solution state, 

consequently asphaltene precipitation occurs (Kawanaka et al., 1989; Wilhelms & 

Larter 1994b). Addition of the crude oil sample to the BDH solvent solution (SS), in 

the titration vessel, produces de-asphaltening. To prevent de-asphaltening, xylene 

(Xy), a good crude oil solvent, was mixed with the SS. The mixture, (SS:Xy; 40:60), 

known as the reaction medium, maintained the solubility balance of the crude oil and 

overcame prevent de-asphaltening. 

An interfering side reaction may be classed as any reaction, between the 

sample and titration components (reagent and solvent solution), other than the actual 

Karl Fischer reaction. Interfering side reactions affected the water content 

determination by either generation or consumption of water. Water loss resulted in 

low water content determination while water addition resulted in two possible 

outcomes; a higher than expected water content was determined or, the slow addition 

of water prevented the titration from reaching an endpoint (Section 2.2.2). Such a 

condition is referred to as a "vanishing endpoint". Crude oils, due to their complex 

chemical nature, are susceptible to interfering side reactions (Scholz, 1984). 

To reduce the risk of poor water determination, caused by complication~, the 

Karl Fischer reaction was encouraged to reach an endpoint (EP) rapidly (Scholz, 

1984, 1985). The endpoint (EP) occurs when the titration has reached completion. 

Rapid endpoint completion was achieved by the manipulation of three parameters in 

the Metrohm Karl Fischer program. The three parameters were: 1, endpoint limit; 2, 

dynamic limit and 3, the minimum titration rate. The first two parameters are 

illustrated in Figure 2.2.4. 

The endpoint limit represents the point of cessation for reagent addition. 

Figure 2.2.4, shows that when the detected voltage falls below the endpoint limit of 

250 my, reagent addition and therefore titration, ceases. The limit ~as set at the high 

value of 250 m V to give early cessation of titration and help promote rapid endpoint 

determination. 

Prior to the cessation of reagent addition, the rate of titration must be slowed 

to avoid passing the endpoint and overdosing the reaction with reagent, giving 

overestimation of the water content of the sample. The dynamic limit represents the 
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voltage at which reagent addition was slowed in preparation for the endpoint limit. A 

balance between overdosing and achieving a rapid titration was required and the 

dynamic limit was set at 10 m V above the endpoint limit. In Figure 2.2.4, the slope of 

reagent addition decreases, indicating a decrease in the reagent addition rate, when the 

dynamic limit of 260 m V was reached (10 m V prior to the endpoint limit). This was 

relatively late for slowing the titration and some overestimation of water content was 

possible; however, the benefits from rapid endpoint determination and the 

consequential restriction of prohibiting side reactions was preferred. 

Minimum titration rate represents the rate of titration at the beginning and end 

of analysis. As previously mentioned, to reduce complications (interfering side 

reactions) from influencing water content determination, analysis was rapid. 

Consequently, the minimum titration rate was high, at 45 JlI min-1. 

2.2.4. Sample Preparation. 

Sample preparation is divided into three parts; crude oil preparation, water 

addition and crude oil and water blending. These procedures are described in detail in 

Appendix 1, Section Al.8. As in Section 2.2.3, procedures were based around those 

described in the ASTM 4277/87 and IP 356/87 method, as well as additional 

recommendations (Kernhigan, N., pers. comm. 1991) 

2.2.4.1. Crude Oil Preparation. 

All crude oil samples used for analysis have to be representative of the entire 

sample batch, and not altered by storage effects such as gravity separation or 

oxidation. Homogenisation of the crude oil was achieved by use of an IKA Ultra

Turrax T25, high speed disperser and S25N-18G disperser attachment prior to further 

Work (Fig. 2.2.5). 
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Figure 2.2.5. The lKA Ultra-Turrax T25 Disperser. 

I 

The Ultra-Turrax system was chosen for homogenisation procedure because of 

its capability of blending without aeration, and little or no heating. The S25N-18G 

disperser attachment allowed homogenisation of samples with a volume between 10 

011 and 500 ml. 

The S25N-18G dispersion tool, attached to the Ultra-Turrax T25 drive unit, 

Was lowered into the bulk crude oil sample until it was estimated as being 

approximately 10 mm from the base of the crude oil container. The bulk sample was 

then homogenised, the blending rate being slowly increased from the minimum, 8,000 

RPM, to approximately 18,000 RPM. This rate was maintained for 3 minutes and then 

slowly decreased to the minimum rate. 

During operation, the high speed rotor of the Ultra-Turrax dispersion tool 

causes the crude oil to be sucked axially into the dispersion head, as depicted by 

Figure 2.2.6. The crude oil was then forced radially through the slots of the rotor

stator arrangement, shown in Figure 2.2.7, and passed through the shearing gap. Here 

the crude oil receives approximately 1000 times more energy than by stirring, in 

addition, the turbulence in the shearing gap produces excellent dispersion conditions. 

The result of this procedure was that the composition of the crude oil was 
homogeneous. 
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Figure 2.2.6. Ultra-Turrax blending action. 

Once the sample had been homogenised crude oil aliquots, approximately 6 g 

in weight, were taken from the bulk sample for blending with water. 

Unifonn Dropl~et_~ .... 
Size DistributiOn 

Rotor 

~ Shearing 
Gap 

Figure 2.2.7. Illustration of the shearing gap in the Ultra-Turrax tool, emphasising 
the shearing and homogenisation action. 

2.2.4.2. Water Addition. 

The crude oil samples (approximately 6 g) were pipetted into a 28 ml vial and 

a quantity of distilled water added. The amount of water added was dependent upon 

the required crude oil water content, either 5%, 10%,20% or 30% by weight. 
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2.2.4.3. Crude Oil and Water Blending. 

The Ultra-Turrax high speed disperser was used to blend the crude oil and 

water phases. The procedure followed was the same as described in the Crude Oil 

Preparation (Section 2.2.4.1) however, a S25N-lOG VS dispersion tool was used 

which can blend liquid volumes in the range of3 to 10 ml. The aim of blending was to 

uniformly disperse the water phase, into the oil phase, as droplets with an even size 

distribution. The effectiveness of the Ultra-Turrax, for water droplet formation and 

distribution into North Sea crude oils, using varying blending times and speeds was 

assessed by 10hansen et al. (1989). The results of that study are plotted in Figure 

2.2.8. It was found that the water droplets maintained a narrow size range, even with 

large variation in both blending time (1 - 8 minutes) and rate (8,000 - 20,000 RPM). It 

was therefore considered that the blending procedure, of 18,000 RPM for 3 minutes, 

used for these experiments, was acceptable. 
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Figure 2.2.8. Illustration of the Ultra-Turrax blending efficiency at varying rates and 
times. Takenfrom Johansen et al. (1989). 

2.2.5. ~ampling. 

Once the crude oil and water blends were prepared, they were immediately 

sampled according to the sampling strategy (Appendix 1, Section A1.9) and analysed 

by Karl Fischer titration (later modifications, made to the samping strategy, are given 

in Section 3.2). The results were calculated and plotted against time from blending. 

The blends were observed for any sample alteration such as water or emulsion 
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separation (sedimentation). These observations are used in conjunction with the Karl 

Fischer titration results. 

2.2.5.1. Sampling Strategy. 

Samples were taken from the top of the crude oil and water blends, as shown 

in Figure 2.2.9. The initial sampling frequency was high and is shown in Table 2.2.1. 

x 

Crude Oil 
and Water ----1-
Emulsion 

~ Sample -. 
Vial 

Supematant 
---1--- Crude Oil. 

Emulsion Phase 

-:1--- Water Phase 

Time=O hrs. Time = 1 - 240 hrs. 

x = sample points 

Figure 2.2.9. Sampling Procedure. 

Sampling Sampling Sampling Sampling 
No. Time No. Time 

- (Hrs. Mins) (Hrs.Mins) 
1 0' 3" 9 3'0" !--

2 0'6" 10 6'0" -3 0'9" 11 9'0" -4 0' 12" 12 12'0" -5 0'21" 13 24'0" 
6 0' 30" 14 48' 0" -7 l' 0" 15 72'0" 
8 2'0" 16 96'0" -
Table 2.2.1. Sampling Frequency. 

2.2.5.2. Sampling Procedure. 

lcm 
L-.I 

Sampling 
No. 

17 
18 
19 
20 
21 
22 

Sampling 
Time 
(Hrs.Mins) 
120'0" 
144'0" 
168'0" 
192'0" 
216'0" 
240'0" 

Sampling procedure is -described in greater detail in Appendix 1, Section 

AI.9.2. The titration vessel was filled to approximately 3 cm depth with the reaction 

medium. The water content of the reaction medium had to be neutralised and this was 
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achieved by titration. When the reagent dispensing rate had fallen to 3 JlI min-1 or 

less, the reaction medium was considered to have been dried and sample analysis 

could begin. Consistently waiting for a dispensing rate of 3 JlI min-1 or less, prior to 

sample analysis, improved the analytical precision of the Karl Fischer titration. 

Titration commenced when the Metrohm was started (press START button). 

The crude oil/water blend was prepared by the procedure described in Section 

2.2.4, and sampled immediately after blending. Accurate, precise and rapid sampling 

Was achieved by clamping the sample vial, and a 250 JlI Hamilton gas syringe, as 

shown in Figure 2.2.10. This arrangement ensured that the needle always sampled the 

same area of blend (i. e., the top 1 mm of the blend). The syringe was lowered into the 

sample, placing the needle in the top 1 mm of the crude oil and water blend (Fig. 

2.2.9). Approximately 100 JlI of crude oil and water blend was sampled. The syringe 

and sample were weighed to 0.1 mg. 

Clamp 

Syring e 

Clamp 

ater Crude OillWi 
Blend 

I 
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Figure 2.2.10. Sampling Procedure Set Up. 
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Prior to injection of the sample, the Metrohm's "START" button was pressed 

tWice to give the prompt "sample weight" on display (Fig. 2.2.2). The method of 

injecting the sample into the reaction medium was a crucial stage in the analysis and 

Was performed exactly as described below and illustrated in Figure 2.2.11. 
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The syringe was pushed through the septum of the titration vessel, until the 

needle tip was in the dried reaction medium (Fig. 2.2.11a). The sample (100 J.l.I) was 

then injected into the reaction medium (Fig. 2.2.11b). It was very important to ensure 

that the sample was injected directly into the reaction medium as this prevents loss of 

sample on the sides of the titration vessel. Sample loss would result in the 

underestimation of the water content of the sample. 

The syringe was withdrawn from the reaction medium (Fig. 2.2.11c) but, 

before total removal from the titration vessel, approximately 50 Jll of air was taken up 

into the syringe (Fig. 2.2.11d). Taking air into the syringe removes any drops of crude 

oil and water blend from the needle tip. If these drops were not removed they would 

be smeared onto the septum when the syringe was subsequently removed from the 

titration vessel. This would have resulted in inaccuracies in sample weight calculation 

and underestimation of the water content. The syringe was removed from the titration 

vessel and re-weighed. The sample weight was calculated and entered into the 

Metrohm and the "ENTER" button pressed so that the Karl Fischer water 

determination (titration) commenced. The titration endpoint was automatically 

determined and the water content of the sample calculated to 0.01 percent. The dried 

reaction medium was used for two titrations only, the Metrohm was then stopped 

(press STOP button) and the reaction medium was replaced, the fresh reaction 

medium being dried by titration (press START button). 

Once the sample vial had been analysed it was put aside until its next sampling 

time and the next sample vial clamped, and the above procedure repeated. 

2.2.5.3. Sample Alteration. 

During the analysis period it was possible that the state of the sample could 

change (already illustrated in Fig. 2.2.9 and briefly addressed in Section 2.2.5) from 

well-dispersed emulsion into a mixture with several phases. 

The sample, as soon as 1 hour after blending, (Section 3.3.2, Fig. 2.2.9), was 

capable of separating into different phases. The oil which accumulated at the top of 

the sample was referred to as the supematant oil. In Section 3.3.1, it is shown that the 

supematant oil predominantly contained oil but also contained a significant amount of 

Water (water and/or emulsion droplets), which was sedimenting. The base of the 

sample was either an emulsion sediment or a separate water phase, however both were 

not mutually exclusive and could occur together. (Section 3.3.2). The amount of 

emulsion/water phase at the base of the sample increased with time from blending, 

due to the sedimentation of emulsion/water droplets from the supematant oil. 
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2.2.5.4. Results Presentation. 

The results of the water content determinations, from the Crude Oil Water 

Uptake Analyses, were presented as normalised percentages (%R), plotted against 

time from blending. The normalised percentage of water (%R) was calculated from 

the water content determined by Karl Fischer titration, divided by the initial added 

water content of the crude oil and water blend in question. Examples of these 

calculations are shown in Figure 2.2.12. Also, Figure 2.2.12, illustrates an idealised 

drop in the normalised percentage (%R), with increasing time, for a crude oil and 

water blend. 

The results obtained from the above sampling procedure produce information 

on the water retentive ability of the different crude oils. The water retentive ability is 

described as either "good", "moderate" or "poor", from assessment of crude oil/water 

blends with 30% added water contents. "Good" water retention is represented by a 

constant water content value of between 100-40%R. When water retention drops to 

40%R or less, between 50 and 100 hours, it is described as having "moderate" water 

retention. However, values dropping below 40%R or less, before 50 hours, represent 

"poor" water retention. Examples of these three water retentive categories ("good, 

moderate and poor") are illustrated in Figure 2.2.13. 

100%R 

40%R 

O%R 

o 50 

Hours 

100 

Figure .2.2.13. lllustration of examples of water dropout lines for the water retention 
categories ''good'~ "moderate" and "poor". Normalised water percentages (D/OR), 
gainedfrom samples taken from the top of the crude oil/water blends with 30% added 
Water content, were plotted against time from blending (hours). 
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Figure 2.2.12. Idealised drop in %R (Normalised Percentage) with time from 
samples taken at the top of the blendlsupernatant oil. In addition, examples of 
Normalised Water Content (%R) calculations are shown below. 

%R - Measured Water Content (%) X 100% 
Original Water Content (%) 

E.g., For a homogenisation with an initial 30% water content. 
Measured Water Content by Karl Fischer Water Determination = 30% 

%R=~ X 100% 
30% 

%R = 100%R 

E.g., For a homogenisation with an initial 20% water content. 
Measured Water Content by Karl Fischer Water Determination = 5% 

%R ~~ X 100% 
20% 

%R = 25%R 
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CHAPTER 3: ASSESSMENT OF THE WATER UPTAKE ABILITY OF CRUDE 

OILS. 

The assessment of the water uptake ability of various crude oils was achieved 

by the blending of oils with varying amounts of water. This enabled the 

characterisation of their water retention and emulsion formation/stabilisation 

properties. It was also found that both these characteristics were influenced by the 

extent of biodegradation of the crude oils. 

3.1. Introduction. 

Using Crude Oil Water Uptake Analysis (COWUA), described in Chapter 2, 

Section 2.2, the water uptake ability of various crude oils were assessed by monitoring 

their behaviour when blended with different quantities of water. After these initial 

experiments the factors which influenced the extent of crude oil water uptake were 

investigated. Therefore, the compositional effects of both crude oil and water phases 

Were assessed in order to identify their roles in crude oil water uptake. 

Characterisation of these factors may help in the prediction of the water uptake ability 

of new crude oil accumulations. Factors which have been reported in the literature as 

influencing oil and water interactions are the emulsifiers (sols and surfactants) present 

in the crude oil (Papirer et al., 1982; Siffert et al., 1984; Thompson et al., 1985; Eley 

et al., 1987; Schramm, 1992), as well as the electrolyte content of the aqueous phase 

(Becher, 1966; Kizling & Kronberg, 1990; Aronson & Petko, 1993). . 

As previously described in Chapter 1, the asphaltene and wax emulsifiers in 

crude oils have been strongly associated with controlling the water uptake ability of 

crude oils by acting as sols (Graham et al., 1983; 10hansen et al., 1989; Acevedo et 

al., 1992; Bobra et al., 1992). Payne and Phillips (1985a) reported that their effects 

upon emulsion stability are likely to be. indistinguishable. However, Payne and 

Phillips (1985a) also suggested that the effect of the asphaltene group was dominant 

OVer the wax group. This investigation will attempt to assess individually how 

qUantitative variation of both asphaltenes and waxes may affect emulsion stability. 

However, it will be remembered that it is probable that both fracti~ns act together in 

the stabilisation of crude oil and water blends. 

Distilled water was used for the majority of experiments in this work, but it 

Was considered that use of saline water would make the experiments more 

~epresentative of real life scenarios (Section 1.1). The literature has shown that the 

ionic content of the water phase is very important in controlling the water uptake 



Chapter 3: Assessment of the Water Uptake Ability of Crude Oils. 

ability of crude oils. The ionic content influences emulsification, affecting both the 

type of emulsion formed and resultant emulsion stability (Oren & MacKay, 1977; 

Schramm, 1992). Ionic controls on emulsion stabilisation are, however, mostly 

concerned with oil-in-water emulsions, as water-in-oil emulsions are generally 

stabilised by rheological or steric effects (Eley et al., 1987). However, it has been 

shown by Bhatnagar (1920), that water-in-oil emulsions are capable of producing a 

small electric current, therefore, it is possible that the stability of water-in-oil 

emulsions may be influenced by the ionic content of the water phase. In addition, 

Jones et al. (1978) highlighted that stability differences in water-in-oil emulsions were 

associated with the variation of the pH and salt content in the aqueous phase. 

Consequently, the electrostatic forces, so prevalent in oil-in-water emulsions, may 

also be influential in water-in-oil emulsions. Therefore, alteration of the electrolyte 

Content of the aqueous phase may change the determined (distilled) water uptake 

characteristics of the crude oils analysed. 

Use of synthetic seawater, instead of distilled water, altered both the 

electrolyte concentration and pH of the aqueous phase in the crude oil/water blends. 

Aronson & Petko (1993) identified that the presence of electrolytes in the aqueous 

phase of a crude oil/water blend increased the stability of water-in-crude oil emulsions 

by reduction of the degree of coalescence of water droplets. Three main reasons 

(discussed below) were given for this effect; prevention of Oswald Ripening of water 

droplets, reduction of the effect of van der Waals forces of attraction between the 

dispersed water droplets, and the increase of adsorbed emulsifier concentration at the 

crude oil and water interface. 

Oswald Ripening is seen as the growth of large dispersed water droplets,. at the 

expense of the smaller dispersed water droplets (Weers & Arlauskas, 1995, and 

literature cited therein). This occurs due to the diffusion of water from small water 

droplets, which have high chemical potentials (greater solubility), to large water 

droplets, which have low chemical potentials (lower solubility). Aronson & Petko 

(1993) found that' the addition of an electrolyte decreased the degree of water 

coalescence by preventing water diffusion across the dispersive oil phase. This was 

attributed to the decrease of water solubility in oil, reducing the diffusive ability of 
Water. 

,Reduction of van der Waals attractive forces between water ~oplets across the 

dispersive oil phase, according to Kizling & Kronberg (1990), is caused by the 

presence of electrolytes producing electronic properties in the water phase, equal to 

those of the oil phase. Consequently, the water droplets are just as attracted to the oil 

phase as to other water droplets. Therefore, increased electrolyte concentration in the 
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water phase decreases the attractive forces between water droplets, which lowers 

coalescence, thereby aiding emulsion stability. 

The last mechanism which prevents water droplet coalescence, results from 

increasing the concentration of adsorbed emulsifier at the oil and water interface. 

Aronson & Petko (1993) found that small amounts of electrolyte in the water phase 

will reduce the aqueous solubility of emulsifiers, otherwise referred to as "salting out" 

(Price, 1976; Myers, 1991). Consequently, emulsifiers will be preferentially 

partitioned to the oil and water interface resulting in more stable oil/water interfacial 

films. 

Alteration of the pH of the water phase has been used over many years to 

improve bitumen recovery, especially in heavy oil reservoirs such as those found in 

the Athabasca petroleum province (Brauer & Wasan, 1982; Stosur et al., 1990). This 

technique is based on the formation of oil-in-water emulsions (Surkalo, 1990; Taylor 

& Schramm, 1990; Gonzalez & Louvisse, 1991; Rudin et al., 1994). This pH 

controlled effect is caused by the dissociation of surfactants, such as acids, at high pH, 

allowing the acidic ions to react with the water at the oil and water interface. This 

reduces the interfacial tension and improves emulsification (Jennings, 1975; Chan & 

Yen, 1982; Babu et al., 1984). Although generally used for the formation of oil-in

water emulsions, this mechanism will affect the oil and water interface in either type 

of emulsion. Alteration of the pH in the aqueous phase will therefore affect the 

assessment of the water retention and water-in-oil emulsion formationlstabilisation 

properties of crude oils. 

3.1.1. Sample Set. 

Crude oils from a range of source rock depositional environments, maturities 

and biodegraded states, from two major petroleum provinces (North Sea and Santa 

Mafia Basin, California), were used to study crude oil water uptake ability. These oils 

are listed in Table 3.1.1 which also lists source rock, maturity, reservoir and state of 

biodegradation data. 

3·1.1.1: Santa Maria Basin (SMB) Crude Oils. 

The crude oils generated from the Monterey and Point Sal Formations of the 

Santa Maria Basin (SMB) ar~ sourced from a Type lIS, algal marine source rock 

(approximate TOC 5%), enriched in diatoms, indicative of a palaeo-upwelling 
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Name Origin! Source Rock Reservoir Generation Biodegraded C27/~9a n-C;S Phi C32a PS C29aaa MDR 
(type #)2 Age and Stage. 4 State (APIO) aaR /Ph C30a P 7 IS+R S/S+R 

Type. 3 
A29 NS KCF (11) KU-chalk EARLY Non-degraded 0.95 2.04 11.44 0.62 0.57 2.71 

(35") 
B12 NS KCF (Il) KU-chalk EARLY Non-degraded 1.05 2.53 12.85 0.61 0.46 nd 

(35°) 
Kittiwake NS KCF(II) JU-clastic EARLY Non-degraded 0.94 1.87 28.72 0.63 0.53 2.75 

(28°) 
Ninian NS KCF(II) , JM-clastic EARLY Non-degraded 

(35") 
1.07 1.47 14.88 0.60 0.40 nd 

NSl NS KCF (11) Pal-clastic EARLY Non-degraded 1.09 1.34 15.85 0.61 0.54 2.90 
(28°) j 

NS2 NS KCF(II) JM-clastic EARLY Mildly degraded LOO 0.20 15.39 0.62 0.44 3.30 
(29°) I 

NS3 NS KCF (11) Eoc-clastic PEAK Extensively 0.53° 0.00 5.18 0.62 0.47 2.01 I 

degraded (14°) 
HI 5MB MF (lIS) Mio-clastic PEAK Non-degraded 2.11 1.41 7.07 0.51 0.58 3.28 

(25°) 
H7 5MB MF (lIS) Mio-clastic PEAK Moderately- 1.95 0.00 0.00 0.55 0.59 3.13 

extensively 
degraded (24") 

Monterey 5MB MF (lIS) Mio-clastic PEAK Mildly degraded 1.45 0.64 2.48 0.56 0.61 2.77 
(22") 

Table 3.1.1. Fundamental details of the crude oils analysed in this study. Biodegraded state classified using the Volkman et al. (1984) scheme. 
Bulk compositional data is provided in chapters 3 and 4. 1; NS = North Sea, 5MB = Santa Maria Basin. 2; KeF = Kimmeridge Clay Formation, 
MF = Monterey Formation. 3; KU = Upper Cretaceous, JU = Upper Jurassic, JM = Middle Jurassic, Pal = Paleocene, Eoc = Eocene, Mio = 
Miocene. 4 = generation stages estimatedfrom Table 3.1.4. 5 = C271C29 values> 1 suggests possible marine organic matter dominance at 
source; < 1 suggests possible terrestrial organic matter dominance at source. 6 = value reduced by biodegradation OfC27 aaaR sterane. 7 = 
biodegradation parameter, discussed in chapter 6. Maturity ratios and depositional indicators listed in Appendix 2. 
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depositional environment (Tyson, 1995 and literature cited therein). A ternary cross 

plot of the C27, C28 and C29 aaaR steranes, illustrated in Figure 3.1.1, shows that 

the 5MB crude oils apparently come from a common origin. In addition, analysis of 

the C27/C29 aaaR sterane ratios (Table 3.1.1) also suggests organic matter input is 

predominately from a marine origin (Peters & Moldowan, 1993). 

o 
C27 1 0.8 0.6 0.4 0.2 o 

aaa R 
Figure 3.1.1. Ternary plot (following Huang & Meinschein. 1979) illustrating the 
variation of sterane distributions (C27, C28. C29. aaaR) for the North Sea (NS) and 
the Santa Maria Basin (SMB) crude oils. 

Deposition of the Santa Maria Basin source rock occurred in a highly reducing 

environment which resulted in the incorporation of large amounts of organic sulphur 

(8-14%) into the crude oil (Didyk et al., 1978; Orr, 1986). Confirmation of the low 

redox potential (low Eh) at deposition is given by the plot of the relative percentages 

of the homohopanes (C31-C35 regular hopanes) in Figure 3.1.2 with the homohopane 

index being high (C35/[C31-C35]; Table A2.5; Peters & Moldowan, 1993; Moldowan 

& McCaffrey, 1995) 
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Figure 3.1.2. The relative abundances (%) of C31-C35 17a(H), 21~(H) (22S+22R) 
hopanes (normalised to total C31-C35 homohopanes) in the 5MB crude oils analysed 
in this study. Note that the C35 homohopane percentages are greater than the C34 
percentages, indicating that the source rock depositional environment was highly 
reducing. * = biodegraded crude oil. 

Due to the high organic sulphur content (>6%), the source rock has been 

designated as a Type lIS instead of Type 1I (Orr, 1986). The incorporation of large 

amounts of organic sulphur is influential on crude oil generation. Type lIS sourced 

crude oils differ from those generated from Type 1I source rocks, in that Type lIS 

sourced crude may be generated at lower temperatures (0.3% vitrinite reflectance; 

Taylor, 1994, and literature cited therein). Orr (1986) reported that this early 

generation of petroleum was attributed to weaker C-S bonds in the kerogen rather than 

the usual C-C and c-o bonds, which are broken at higher temperatures during crude 

oil generation from Type 1I source rocks. This was supported by Tissot et al. (1987) 

Who found that activation energies for hydrocarbon generation from sulphur-rich Type 

11 kerogens were lower than activation energies for hydrocarbon generation from 

normal Type 1I kerogens. However, recent work by Patience and Claxton (1993) has 

SUggested that C-S bonds are no weaker than C-O bonds, and that early petroleum 

generation (characteristic of Type lIS kerogen) previously attributed to the weakening 

of C-C bonds due to sulphur incorporation, is unlikely. Which ever mechanism is 

responsible for early generation, the result is that Californian crude·oils are frequently 

enriched with asphaltene, resins and aromatic sulphur. The average composition of 

these crude oils is approximately, 21 % aliphatic hydrocarbons, 16% aromatic 

hYdrocarbons and 63% NSO compounds. It is immediately apparent that these crude 

oils are enriched in the compounds ideal for water and crude oil interaction (Section 
1.2.2). 
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3.1.1.2. North Sea Crude Oils. 

In contrast to the heavy crude oils generated from the Santa Maria Basin, the 

crude oils of the North Sea petroleum province are generally sourced from the Upper 

Jurassic Kimmeridge Clay Formation (Cornford, 1990, and literature cited therein). It 

is seen in Figure 3.1.1 that all North Sea crude oils plot in the same region of a C27, 

C28 and C29 aaaR sterane ternary cross plot implying a similar origin (peters & 

Moldowan, 1993). Deposition predominantly occurred in a marine "seaway" with 

input from bacterially degraded marine algal debris and degraded terrestrial humic 

matter (Cornford, 1990). The use of the C27/C29 aaaR sterane ratio also indicates a 

mixed marine and terrestrial organic matter input with Table 3.1.1 showing ratio 

values of approximately 1. 

These Kimmeridge Clay Formation (KCF) source rocks constitute the major 

oil generating source rocks of the North Sea. They are organic rich (average TOC 2-

9%) laminated mudstones, classified as Type II source rocks (Hallam, 1987). Analysis 

of the relative percentages of the homohopanes, in Figure 3.1.3, suggest varied 

depositional redox potentials. The resultant petroleums are predominately light crude 

oils (approximate APIO of 35°) with average compositions of 60% aliphatic 

hydrocarbons, 30% aromatic hydrocarbons and 10% NSOs (Tissot et al., 1974; Tissot 

et al., 1978). Sulphur contents are approximately 0.65% (Tissot & Welte, 1984). 
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Figure 3.1.3. The relative abundances (D/o) 0/C31-C35 17a(H), 21~(H) (22S+22R) 

hopanes (normalised to total C31-C35 homohopanes) in the North Sea crude oils 

analysed in this study. Note the variable C 35 homohopane percentages indicating 

different depositional redox potentials. * = biodegraded crude oils. 
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As well as source rock and maturation differences, the two petroleum 

provinces are characterised by difference migration regimes, reservoir depths and 

reservoir histories. In addition, during analysis of crude oil water uptake ability, it 

should be remembered that the Santa Maria Basin sourced crude oils have a much 

higher surfactant (NSO) content than the North Sea crude oils. 

3.1.1.3. Description of Crude Oils Analysed. 

3.1.1.3.1. Eldfisk, A29 and B12 Crude Oils. 

Both A29 and B12 crude oils are produced in block 217 of the North Sea from 

the Cretaceous chalk reservoirs of the Tor and Hod Formations (Hancock, 1990; 

Stoddart, 1993). From assessment of the biomarker and molecular maturity 

parameters, C32aPS/S+R, C29aaaS/S+R and MDR, reported in Table 3.1.1, as well 

as other parameters listed in Table A2.6 (Appendix 2), it may be seen that A29 and 

B12 are mature crude oils generated during early to peak generation stages. 

Generation was estimated by comparison of the maturity ratios with the generation 

curve in Figure 3.1.4. In addition, the high n-Cl8lPh ratios (Table 3.1.1) indicate that 

both crude oils are "non-degraded", according to the Volkman et al. (1984) 

biodegradation scale, discussed in Chapter 6 (other biodegradation parameters are 

reported in Table A2.5). 

3.1.1.3.2. Kittiwake Crude Oil. 

The Kittiwake crude oil, as with the majority of North Sea crude oils, was 

sourced from the KCF (Fig. 3.1.1) however, homohopane index results presented in 

the graph in Figure 3.1.3, indicate that redox potentials at deposition were lower than 

those for the majority of North Sea crude oils (Peters & Moldowan, 1991). 

Kittiwake is produced in block 21118 of the North Sea, from the Upper 

Jurassic clastic reservoirs of the Fulmar Formation (Brown, 1990). Assessment of the 

lllaturity parameters (Tables 3.1.1 & A2.6), indicates that the Kittiwake crude oil is 

lllature, from the early oil generation stage. Kittiwake is classed as a "non-degraded" 

crude oil, displaying a high n-C 18IPh ratio. 
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Figure 3.1.4. The approximate range of biomarkers and additional maturity parameters are 
shown versus oil generation stages. Lines do not represent a linear change in each parameter up 
to its maximum value. After Mackenzie et al. (1982). 
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3.1.1.3.3. Ninian Crude Oil. 

Ninian crude oil is produced from the Middle Jurassic clastic reservoirs of the 

Brent Group, from block 3/3 of the North Sea (Brown, 1990). Examination of 

maturity parameters (Tables 3.1.1 & A2.6) suggests the oil was expelled from the 

source rock at the early generation stage. In addition, the Ninian crude oil is also 

classified as "non-degraded". 

3.1.1.3.4. NSl Crude Oil. 

The NS 1 crude oil is a confidential sample and therefore, both its block 

number and reservoir name are not presented. However, it may be reported that this 

crude oil was produced from a clastic, Paleocene reservoir of the North Sea. Both 

biomarker and molecular maturity parameters indicate that this crude oil probably 

migrated from the source rock at the early oil generation stage. NS 1 is also identified 

as "non-degraded". Assessment of the homohopane indices shows that the source rock 

Was probably deposited under highly reducing conditions (Peters & Moldowan, 1991; 
p. 

Igure 3.1.3). 

3.1.1.3.5. NS2 Crude Oil. . 

The NS2 crude oil is a confidential sample and both its block number and 

reservoir name are not presented however, it may be reported that it is produced from 

the clastic Middle Jurassic reservoirs of the Brent Group (Horstad et al., 1995). It was 

estimated that the NS2 crude oil is from the early generation stage (Table 3.1.1 & 

A2.6). However, it was found that the crude oil had been "mildly" biodegraded, 

according to the Volkman et al. (1984) scale, with the loss of n-alkanes illustrated by 

redUction of the n-Cl8lPh ratio from ~ 1 to 0.20 (Table 3.1.1). However, no reduction 

in isoprenoid values was observed with the Ph/C30a~ ratio remaining constant 

relative to all previous samples except B12 (above). A geological study of the North 

Sea region in which the NS2 reservoir is located, indicates biodegradation is attributed 

to the incursion of oxygen rich, meteoric waters (Horstad et al., 1995). 
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3.1.1.3.6. NS3 Crude Oil. 

The NS3 crude oil is also a confidential sample and consequently, location and 

reservoir names are not given. The NS3 crude oil is produced from a clastic Eocene 

reservoir in the North Sea petroleum province. Maturity parameters indicate that the 

NS3 crude oil is mature migrated from the source rock during the early/peak oil 

generation stages (Tables 3.1.1 & A2.6). Assessment of the biodegradation parameters 

identifies that the oil is "extensively" degraded, with both n-alkanes and isoprenoids 

being strongly reduced (n-CI8IPh & Ph/C30aB ratios exhibiting 0 and 5.18, 

respectively for degraded samples compared to the approximate non-degraded values 

of2 and 12, respectively, A2.5). In addition, the source correlation parameter, C27aa 

aR/C29aaaR ratio (0.53), has been reduced relative to other North Sea crude oil 

values (approximately 1), indicating possible biodegradation of the C27aaaR regular 

sterane. An aerobic biodegradation mechanism is considered responsible for the 

alteration of the NS3 crude oil as investigation has highlighted the passage of oxygen 

rich, meteoric waters through the NS3 reservoir (Mason et al., 1995). 

3.1.1.3.7. HI Crude Oil. 

The Santa Maria Basin crude oil, HI, is produced from the clastic Miocene 

reservoirs of the Monterey and Point Sal Formations (Taylor, 1994). Maturity analysis 

indicates that the HI crude oil is mature and was probably expelled from the source 

rock during the early and peak oil generation stages (Table 3.1.1). The oil is identified 

as "non-degraded" with no recognisable alteration to the aliphatic hydrocarbons. 

3.1.1.3.8. H7 Crude Oil. 

The H7 crude oil is also produced from the clastic Miocene reservoirs of the 

Monterey and Point Sal Formations (Taylor, 1994) and has also been identified as a 

l11ature crude oil (early/peak oil generation stage). However, the H7 crude oil is 

classifi~d as "moderate-to-extensively" degraded, with extensive re~uction of both the 

n-alkane and isoprenoid groups (both groups are not detected, Table 3.1.1). 
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3.1.1.3.9. Monterey Crude Oil. 

The Monterey crude oil is sourced from the clastic Monterey Formation and is 

classed a mature crude oil, being expelled from the source rock during the early and 

peak oil generation stages. Assessment of its biodegradation parameters indicates that 

the crude oil is probably "mildly" degraded with the n-alkanes having been reduced 

(n-CI8IPh approximately 0.64 compared to 2 for a non-degraded equivalent, Table 

3.1.1) however, no alteration is observed for the isoprenoids. 

3.2. Experimental. 

The experimental procedures used in this chapter are illustrated In Figure 
3.2.1. 

COWUA 
Eldfisk, Ninian, NS1, Sampling 
NS2, NS3, Monterey, r- Position 

HI,H7 Alteration 

Sampling Frequency 
Alteration Assessment of Electrolyte, 

Asphaltenes and Waxes 

Sampling r L, Procedure l Retention I Alteration 
Iwaxes I I Emulsion 

Behaviour Behaviour Electrolyte 
L Content I Asphaltenes I 

I 
I I 

Crude Oil Water Improved COWUA Effect of Composition 

Uptake Ability operation Alterations 

Figure, 3.2.1. Experimental procedures used in this chapter. 
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3.2.1. Crude Oil Water Uptake Analysis. 

Initial experiments followed the procedure established in Chapter 2, Section 

2.2, in which the water uptake ability of various crude oils was assessed. This 

procedure, known as Crude Oil Water Uptake Analysis (COWUA), was altered during 

analysis to improve accuracy and ease of use. Alterations made to the COWUA 

included those to the sampling position, sampling frequency and sampling procedure. 

3.2.1.1. Sampling Position. 

The number of sampling positions for the crude oil and water blends was 

increased to two, since it was quickly realised that one sampling position could not 

fully characterise the water uptake ability of the crude oil. The ability of crude oil to 

retain water can be best assessed by measuring the variation of the water content at the 

top of the blend. The emulsion formationlstabilisation ability of crude oil can be best 

assessed by measuring the water content at the bottom of the blend as either the 

emulsion and/or water phase will accumulate there. The sampling positions are 

illustrated in Figure 3.2.2. Ifno sampling position is indicated, samples will have been 

taken from the top of the crude oil/water blend. 

" 
Crude OiV 

Sample 
Vial"-.. 

/ "-.. 

Supematant 
-+-- Crude Oil. 

Water Blen .. tf--+--

" 

Tune = 0 hrs. Time = 1 - 80 hrs. 

Water 
Phase 

x = sample points ,I cm I 

Sampling every 3 hours up to 12 hours then 
once every 24 hours until 80 hour limit 

Multiple Syringe Analysis 

Figure 3.2.2. Illustration of changes to sampling position, sampling frequency and 
sampling procedure (Sections 3.2.1.1 to 3.2.1.3). 
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3.2.1.2. Sampling Frequency. 

Sampling of each crude oil/water blend was altered from that shown in Table 

2.2.1, to a sample every three hours during the first 12 hours, followed by one sample 

every subsequent 24 hours (Fig. 3.2.2). Sampling ceased approximately 80 hours after 

the crude oil and water phases had been blended. 

3.2.1.3. Sampling Procedure. 

Early work found that crude oil/water blends with 5% water contents produced 

erroneous normalised water percentages (Figs. 3.2.3 & 3.2.4). In Figure 3.2.3, the 

averaged water sedimentation curves for NS3 crude oil/water blends (5, 10, 20 & 30% 

water contents), sampled from the top of the blends, may be observed. It may be seen 

that the blends with 10, 20 & 30% water content exhibit initial normalised water 

percentage (%R) of approximately 100%R, as expected. However, the averaged water 

sedimentation curve for the 5% initial water content blend, exhibits initial %Rs of 

approximately 200%R. The same observations were obtained for the averaged water 

sedimentation curves for the Eldfisk (A29) crude oil/water blends. In Figure 3.2.4 

initial normalised water percentages of approximately 100%R were obtained from 

crude oil/water blends with 10, 20 and 30% initial water contents. However crude 

oil/water blends with 5% water contents show normalised water contents of 

approximately 180%R. 

Tests established that the extreme normalised water percentages, seen in 

Figures 3.2.3 and 3.2.4, were caused by the water contamination of the syringes used 

for sampling. In Figures 3.2.5 and 3.2.6, it may be seen that initial normalised water 

percentages of 180%R (Fig. 3.2.5) and 200%R (Fig. 3.2.6) are obtained from crude 

oil/water blends (NS3 & Eldfisk (A29), respectively) with 5% initial water content, 

When sampled with "contaminated syringes" (syringes that were previously used to 

sample blends with high (e.g., 30%) water content) despite cleaning. However, 

normalised initial water contents of approximately 90%R for the NS3 blend (Fig. 

3.2.5) and 100%R for the Eldfisk (A29) blend (Fig. 3.2.6) are obtained when clean 

Sampling syringes were used to sample blends with 5% water contents. Crude oil and 

Water analyses using mUltiple syringes (one syringe for each water quantity) was 

found to correct this problem. The initial re-use of syringes was a consequence of the 

large number of samples being analysed combined with a lack of syringes. The 

inefficient cleaning of syringes between analyses was a direct result of the initial high 

Sampling rate. The water sedimentation curves for both NS3 and Eldfisk crude 
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Figure 3.2.3. Averaged sedimentation curves for NS3/water blends with initial 
water content of 5%, 10%, 20% and 30%. It may be seen that the %R readings for 
the 5% water content sample are high. 
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Figure 3.2.4. Averaged sedimentation curves for Eldfisklwater blends with initial 
Water content of 5%, 10%, 20% and 30%. It may be seen that the %R readings for 
the 5% water content sample are high. 
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oil/water blends were therefore corrected using the multiple synnge sampling 

procedure, results being illustrated in Figures 3.2.7 and 3.2.8 respectively (these water 

sedimentation curves will be discussed in Section 3.3.1). 

3.2.2. Emulsion Analysis. 

Emulsions, produced during crude oil and water blending, were characterised 

by Freeze-Fracture Replication (FFR) and transmission electron microscopy (Robards 

& Sleytr, 1985; Wilson, 1989). This process, highlighted in Figure 3.2.9, 

characterised the emulsion by rapidly freezing it in "slushed" nitrogen (a part liquid 

part solid mixture which prevents bubble formation around the emulsion), fracturing 

the frozen emulsion and then evaporating a PtlC mix onto the fractured surface. The 

PtlC mixture formed a replica of the fractured surface of the emulsion. The replica 

Was then viewed with a transmission electron microscope (TEM), allowing visual 

characterisation of the state of the emulsion (Le., oil-in-water or water-in-oil). 

Fresh 
Specimen 

Freezing with 
Slushed Nitrogen 

Solvent 
Cleaning 

Sterile Vacuum Chamber 
Fracturing 

Shadowing with PUC 
Replica Reinforcement 

TEM 
analysis 

Figure 3.2.9. Method of Freeze-Fracture Replication (FFR) used to identify emulsion 
type (Wilson, 1989). 

3.2.3. Alteration of Asphaltene Content. 

-
Asphaltenes were isolated from the Monterey crude oil by using the following 

procedure. Approximately 1 g of crude oil was dissolved in 1 ml of dichloromethane 

(DCM), before adding a forty fold excess of n-heptane (i.e., ~ 40 ml). The liquid was 
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curves is given in Appendix 3, Tables A3.4a and A3.4b. 

100.00 

90.00 

80.00 

70.00 

60.00 

'feR 50.00 

40.00 

30.00 

20.00 

10.00 

Emulsion Formed for 
all Water Contents 

-11- 5% 

--0-- 10% 

-+- 20% 

---<>-- 30% 

9.4 
1 _____ -=::~==~~S£0.~63~~O~.56::~O~.4~7~~O~.l==~O~.9~~~==~ 

0.00 + 
0.00 50.00 100.00 150.00 200.00 250.00 

Hours. 
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stirred for 30 minutes before being left to stand for between 8 and 12 hours, to allow 

the precipitate to settle out. The contents were then filtered through a sinter funnel 

(grade 4) to collect the maltene fraction. The asphaltene precipitate was retrieved by 

washing it through the sinter funnel, into a separate flask, with DCM:methanol (93 :7). 

This precipitation process was then performed twice more on the collected maltene 

fraction before the maltene and asphaltene fractions were concentrated by rotary 

evaporation, transferred to vials, evaporated to dryness and weighed. 

A series of "oils" of varying asphaltene content was prepared by mixing 

separated asphaltenes and maltenes in different proportions. Blending was achieved 

by mixing the two fractions, with their respective solvent systems (maltenes = heptane 

solution; asphaltenes = DCMlMeOH (93 :7) solution), to the relevant ratio, and then 

evaporating off the solvent by use of a rotary evaporator. 

Experiments were carried out for these reconstituted crude oils with asphaltene 

content of 20, 10, 5 & 0%. These reconstituted "crude oils" were blended with 

distilled water to give an initial added water content of 10% and analysed immediately 

by COWUA (Chapter 2). These blends were compared with standard Monterey crude 

oil/Water blends, also with 10% initial added water content, in which the composition 

of the crude oil had not been altered. The normalised water contents were plotted 

against time from blending in the standard manner. 

3.2.4. Wax Addition. 

The waxes used for these experiments were octadecane 97% (n-CI8, Mp 29-

30°C: Aldrich) and tetracosane (n-C24, MP 49-51 cC: FLUKA) standards. The waxes 

Were added (between 0.4 & 1.8wt%) to NS3 crude oil after first being melted, and 

then poured into the crude oil. This mix was then gently heated (30°C) to prevent the 

Wax from solidifying. The crude oil and wax mix was then blended with an Ultra

Turrax disperser and S25N-I0G VS dispersion tool, at approximately 9,000 RPM for 

1 minute. The crude oil and wax blend was then heated gently, at approximately 30°C 

for 5 minutes, to aid mixing. The blends were then homogenised with distilled water 

to giVe an added water content of 30% (this procedure is described in Sections 2.2.4.2 

& 2.2:4.3). All samples were visually monitored for the formation of any separate 

Water layers with time from blending. Results were compared to unaltered NS3 crude 

oil and distilled water blends, also with 30% added water contents. 
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3.2.5. Blending Crude Oil with Synthetic Seawater. 

A synthetic seawater solution was prepared and used for these experiments. 

The synthetic seawater had a pH of approximately 8 and a total electrolyte 

concentration of approximately 36 gl-1 (3.6wt% of the aqueous phase). The solution 

contents are listed in Table 3.2.1. Most crude oils in the sample set were blended with 

the synthetic seawater to an initial added water content of 30%. All blended samples 

were analysed by COWUA (Sections 2.2 & 3.2.1) and the results plotted against time 

from blending. 

COMPONENTS GRAMSILITRE N(mol/l) 
NaCI 27.9809 4.788 * 10-1 

MgCl2 3.7768 3.97 * 10-2 

CaS04 1.4607 1.0729 * 10--' 

- MgS04 1.8059 1.5011 * 10-2 

K2S04 0.6108 3.505 * lO-j 

NaHC03 0.1744 2.08 * 10-j 

KCI 0.1499 2.01 * lO-j 

TOTAL 35.9594 

Table 3.2.1. Synthetic seawater electrolyte composition. 

3.3. Results. 

The assessment of the water uptake ability of crude oil may be divided into 

two Parts; the water retention ability of crude oil and the ability of crude oil to form 

stable emulsions. The ability of crude oil to retain water can be best assessed by 

l11easuring the variation of the water content at the top of the blends. The emulsion 

fonnation/stabilisation ability of crude oil can be best assessed by observation of 

blend alterations (such as emulsion and/or water separation) as well as measuring the 

Water content at the bottom of the blend where the separating fractions (emulsion 

andJoiwater) will accumulate. These results are followed by analysis of the effects 

uPon the water uptake ability of crude oils by; 1) altering the asphaltene content of 

crude oils, 2) wax additions to the crude oil, and 3) alteration of the electrolyte content 
of the aqueous phase. . 
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3.3.1. Water Uptake Analysis - Water Retention. 

Water retention analyses were performed for eight crude oils from the two 

petroleum provinces, i.e., the North Sea and Santa Maria Basin. Table 3.3.1, 

summarises a water retention classification (based on 30% added water) obtained for 

each crude oil. The table also lists other water additions (5,10 & 20%) made for each 

oil, as well as the number of analyses made for each addition (represents number of 

analyses which were averaged for water sedimentation curves). The measured 

nonnalised water percentage (%R), for each water addition, are plotted against time 

from blending and displayed as water sedimentation curves. Even though water 

retention classification is based upon the 30% water addition only, sedimentation 

curves for other water additions (5,10 & 20%) are reported when used, in order to aid 

classification. 

Crude Origin (APIO) and Water Analyses Water Retention 
Oil degree of Additions per Water Class·· - Biodegradation • (%) Addition 
Eldfisk North Sea (35°), 5, 10,20,30 4 Poor 

JA29) . Non-degraded (1) 
Ninian North Sea (35°), 5, 10,20,30 2 Poor 

..... Non-degraded (1) 
NS1 North Sea (28°), 30 2 Poor 

I--- Non-degraded (1) 
NS2 North Sea (29°), 30 2 Poor 

I-- Mild degradation (2) 
NS3 North Sea (14°), 5, 10,20,30 4 Good . 

Extensive 
t-- degradation (6) 
Monterey Californian (22°), 5, 10,20,30 4 Moderate 

~ 
Mild degradation (2) 
Californian (25°), 30 2 Poor 

~ 
Non-degraded (1) 
Californian (24°), 30 2 Moderate 
Moderate-extensive 

--- degradation (5) 

Table 3.3.1., Water retention classification of crude oils analysedlGoocl, Moderate, 
POor, ** = classifications based on 30% added water, are described in Table 3.3.2 as 
Well as Section 2.2.5.4 & Fig. 2.2.13), water additions analysed and the number of 
analyses per water addition. Statistical data for 30% added water blends is reported 
;'hen Possible on sedimentation curves. All statistical data is reported in Appendix 3, 
hables A3.1 to A3. 6. * = Volkman et al. (1984) scale of biodegradation was used and 
~ e relevant scale numbers are bracketed (classification is described in Section 6.1 & 
J.able 6.1.2). 
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The average water sedimentation curves obtained from the Crude Oil Water 

Uptake Analysis (COWUA) of the Eldfisk crude oil and water blends (5, 10, 20 & 

30% added water), sampled from the top of the crude oil/water blends, are illustrated 

in Figure 3.2.8. It may be seen that crude oil/water blends with 5% water contents, 

display a slower sedimentation rate than the other added water quantities (10, 20 & 

30%). The normalised water content (%R) for the 5% added water blends went from 

approximately 100%R to 40%R in 100 hours (equivalent to the "good to moderate" 

boundary, defined in Table 3.3.2). However, the sedimentation curves for the crude 

oil/water blends with 10, 20 & 30% added ·water content were indicative of a crude oil 

with a "poor" water retention ability (normalised water contents (%R) dropping to 

40%R or less before 50 hours). According to the water retention classification (based 

on 30% added water), the crude oil water retentive ability of the Eldfisk (A29) crude 

oil, when blended with water, was classed as "poor". An emulsion phase (sediment) 

Was observed for all Eldfisk crude oil/water blends from approximately 24 hours 

onwards. 

-Water Retention Category Definition 
Poor Normalised water content (%R) dropping from 

1 OO%R to 40%R, or less, before 50 hours 
MOderate Normalised water content (%R) dropping from 

1 OO%R to 40%R, or less, during 50 to 100 hours. 
Good Normalised water content (%R) maintained between 

- 100%R and 40%R for 100 hours. 

Table 3.3.2. Definition of the water retention categories based upon the 30% added 
Water content. Further explanation is given in Section 2.2.5.4 and Figure 2.2.1"3. 

Figure 3.3.1 displays the averaged water sedimentation curves for the Ninian 

crude oil and water blends (5, 10, 20 & 30% added water content). The sedimentation 

curve for the 5% water content blend is unreliable (due to high initial %Rs) and was 

attributed to sampling problems (Section 3.2.1.3) however, due to the limited sample 

available the curve is reported. In view of the unreliability of the 5% water content 

blend, the water retentive character of the Ninian crude oil is assessed from the crude 

Oil/Water blends with 10, 20 & 30% water contents only. The water sedimentation 

curves for the different water contents are very similar. The normalised water 

percentages dropped from 125%R to 10%R in less than 50 hours, a dropout rate 

indicative of a crude oil which exhibits a "poor" water retention ability when blended 

With water. Therefore, the Niruan crude oil is class~d as having "poor" water retention 
. ability. 

60 



Chapter 3: Assessment of the Water Uptake Ability of Crude Oils. 

250.00 

200.00 

150.00 

'11ft 

100.00 

50.00 

0.00 

0.00 

Emulsion Formed for 
all Water Contents 

50.00 100.00 

__ 5% 

--0-- 10% 

-+- 20% 

~ 30% 

17.47 16.44 

150.00 200.00 

Hours. 

250.00 

Figure 3.3.1. Averaged sedimentation curves for Ninianlwater blends with initial 
Water content of 5%, 10%, 20% and 30%. +1- errors for 30% water content blend 
are reported where possible. Statistical data for all sedimentation curves is given in 
Appendix 3, Tables A3.2a and A3.2b. 
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Figure 3.3.2. Averaged sedimentation curves for NS1lwater blerUts with initial 
Water Content of 30%. Sampling positions are illustrated in Figure 3.2.2. +1-
errors for 30% water content blend are reported where possible. Statistical datafor 
all sedimentation curves is given in Appendix 3, Tables A3.3 .. 
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Assessment of the averaged water sedimentation curve for the NS 1 crude 

oiVwater blends (Fig. 3.3.2), with 30% added water content, found that the normalised 

water percentages dropped rapidly from approximately 100%R to less than 10%R in 

the first 50 hours. The NS 1 crude oil is therefore classed as exhibiting "poor" water 

retentive ability. 

The averaged water sedimentation curves for the NS2 crude oiVwater blends, 

with 30% initial added water content, in Figure 3.3.3, were obtained from samples 

taken from both the top and bottom of the blends. These sampling positions are 

illustrated in Figure 3.2.2. The samples taken from the top of the crude oiVwater blend 

indicated that the NS2 crude oil exhibited "poor" water retention, with normalised 

water percentages dropping from approximately 100%R to 25%R in less than 50 

hours. The samples taken from the bottom of the crude oil/water blend display 

normalised water percentage readings which, after 10 hours, increase from 100%R to 

approximately 21O%R, at 50 hours. As well as some emulsification, the formation of 

a separate water layer, at the base of the crude oiVwater blend, was also observed. 

The averaged water sedimentation curves (Fig. 3.2.7) for the NS3 crude 

oil/water blends (5%, 10%,20%,30% added water content), from samples taken from 

the top of the crude oiVwater blend, highlight that the crude oil displays "good" water 

retention ability (constant normalised water content value of between 100%R and 

40%R from 0 to 100 hours; Table 3.3.2 & Fig. 2.2.13). In Figure 3.2.7 it may be seen 

that all averaged water sedimentation curves, except for the crude oiVwater blends 

With 30% water content, maintained 40%R or more throughout the entire analytical 
period. 

The averaged sedimentation curves for the Monterey crude oiVwater blends 

(5%, 10%, 20%, 30% initial added water contents), illustrated in Figure 3.3.4, show 

that all blends are indicative of crude oils with "moderate" water retention ability 

(normalised water percentages (%R) dropping to 40%R or less in 50 to 100 hours of 

analysis; Table 3.3.2 & Fig. 2.2.13) when blended with water. The initial normalised 

Water contents for the 5% added water content blend was high, but within analytical 

error (standard deviation reported in Appendix 3, Table A3.5a), peaking at 130%R 

during the first 12 hours of analysis. 

The HI crude oiVwater blend, with initial 30% added water content, was 

sampled from both the top and bottom of the blend. Results, displayed in Figure 3.3.5, 

demonstrate that samples from the top of the blend indicate that the HI crude oil has a 
" Poor" water retentive ability when blended with water. The normalised water content 

dropped from approximately 100%R to O%R in less than 50 hours. Assessment of the 

samples from the bottom of the crude oil/water blend found that the normalised water 
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percentage, after the initial 10 hours, increased from 100%R to approximately 130%R 

after 50 hours, and is associated with the formation of an emulsion. 

The water sedimentation curve for the H7 crude oil/water blends, with initial 

added 30% water content, is displayed in Figure 3.3.6 and is seen to be on the 

boundary between "poor" and "moderate" water retention. It is assumed that all blends 

with water contents less than 30% would have been characterised by "moderate" 

water retention. This characteristic has been observed for Eldfisk, Ninian & NS3 

crude oil/water blends (5, 10,20 & 30% added water) where the 30% water additions 

exhibited the fastest water dropout, followed by the 20% water addition, 10% water 

addition and finally the 5% water addition, which displayed the slowest water 

sedimentation (Figs. 3.2.8, 3.3.1 & 3.2.7). Therefore, the overall water retentive 

character for H7 crude oil is classed as "moderate" when blended with water. 

Assessment of the samples from the bottom of the crude oil/water blend found that the 

normalised water percentage, after the initial 10 hours, increased from 100%R to 

approximately 140%R after 50 hours and is associated with the formation of an 

emUlsion. 

3.3.2. Water Uptake Analysis - Emulsion Formationl Stabilisation. 

Examination of the crude oil/water blends during analysis showed that the 

blends altered (possibly within the first few hours of analysis) from homogenised 

crude oil/water blends to fractionated samples, containing a supernatant oil with either 

an emulsion phase (also referred to as "emulsion sediment" in later chapters) or water 

layer, or combination of both, below the supernatant oil. This alteration is 

schematically illustrated in Figures 3.2.2 and 2.2.9, and discussed in Section 2.2.5.3. 

All crude oil/water blends were found to form supernatant oil layers, but the 

appearance of the emulsion and/or water layer, was variable (Table 3.3.3). 
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Crude Oil Origin (APIO) and Water-in-Oil (W/O) 
degree of Emulsion. 
Biodegradation * 

Eldfisk North Sea (35°), Non- Forms viscous W/O 
degraded (1). emulsion 

Ninian North Sea (35°), Non- Forms viscous W/O 
degraded (1). emulsion 

Kittiwake * * North Sea (28°), Non- Forms viscous W/O 
degraded (1). emulsion 

NSl North Sea (28°), Non- Forms viscous W/O 
degraded (1). emulsion 

NS2 North Sea (29°), Mild Forms both W/O 
degradation (2). emulsion and water layer 

NS3 North Sea (14°), Extensive Separate Water Layer 
degradation (6). 

Monterey California (22°), Mild Forms viscous W/O 
degradation (2). emulsion 

HI California (25°), Non- Forms viscous W/O 
degraded (1). emulsion 

H7 California (24°), Forms viscous W/O 
Moderate-extensive emulsion 
degraded (5). 

Table 3.3.3. The ability of crude oils to form stable emulsions . ... = degree of 
biodegradation characterised by the Volkman et al. (1984) scale (Chapter 6). The 
relevant scale numbers are bracketed. ** = not assessedfor water retention. 

The emulsions formed during COWUA were analysed by Freeze-Fracture 

Replication (FFR) to identify whether the emulsion type was either water-in-erude oil 

or crude oil-in-water. In Picture 3.3.1 (a TEM photograph of an emulsion from a 

Ninian crude oil/water blend), a water droplet, approximately 3 Jlm in size, is 

surrounded by a dispersive crude oil phase (the crude oil was distinguished by its 

"rough, irregular" appearance. Wilson pers com., 1992). The emulsion is therefore a 

Water-in-crude oil type, i.e., water dispersed in a crude oil medium. Picture 3.3.2 

illUstrates the different emulsion formationlstabilisation ability of four of the crude 

oils analysed. 

The crude oils which formed water-in-oil emulsions, when blended with 

distilled water, were Eldfisk, Ninian, Kittiwake, NS1, Monterey, HI and H7. The 

emUlsion layers were visible in the first 24 hours (a more exact time cannot be 

reported as initial emulsion formation time was variable and difficult to spot, however 

emUlsions were clearly visible after 24 hours for the crude oils mentioned above). 
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Picture 3.3.1. A transmission electron microscope (J£M) photograph of a Free=e
FracTure Replication (FFR) from a crude oil (Niilian)/water blend. The circular 
object at the centre of the picture represents a water droplet (approximatezv 3 pm 
diameter) alld is surrounded by a dispersive crude oil medium. The blend is therefore 
1dellfified as a water-in-oil emulsion Arrows depict laminations in the crude oil 
phase. Photograph courtesy of Ashley Wilsoll. 
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A B c D 

~Cture 3.3.2. Photograph illustrating the variable emulsion formation/stabilisation ability of 
fo~rth Sea crude oils. Crude oil/water blends for non-degraded oils, vials A, B, & C, have 
biotned stable water-in-oil emulsions (see Picture 3.3.1). The crude oil/water blend for 

degraded crude oil, vial D, has not emulsified, producing a separate water layer. 
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The crude oil which formed a separate water phase but no emulsion, when 

blended with distilled water, was the NS3 crude oil. NS3 blends frequently displayed 

a separate water phase within 1 hour of blending. 

The crude oil which formed both water-in-oil emulsion and separate water 

phases, when blended with water, was the NS2 crude oil. 

3.3.3. Effect of Asphaltene Content on Water Uptake by Crude Oils. 

In Figure 3.3.7, the water sedimentation curves for the crude oil/water blends, 

Whose crude oils have had their asphaltene contents altered (containing 0, 5, 10 or 

20% asphaltene content) are compared to an averaged (average of five sedimentation 

curves) sedimentation curve for crude oil/water blends, in which the crude oil 

compositions are unaltered (Monterey crude oil containing 10% asphaltene content). 

All the crude oil/water blends contain 10% added water content. 

It may be seen in Figure 3.3.7 that all the crude oil/water blends with 

reconstituted crude oil compositions, except the 20% asphaltene content sample, 

produced sedimentation curves indicative of "poor" water retention ability 

(normalised water content (%R) dropping to 40%R or less before 50 hours). The 

reconstituted crude oil sample with 20% asphaltene content, produced crude oil/water 

blends with sedimentation curves indicative of "good" water retention ability (the 

sedimentation curve remains above 40%R from 0 to 100 hours). The %R value of 

approximately 220%R, at 50 hours, is considered to be unreliable and is possibly the 

result of sampling a water droplet inside the crude oil/water blend. The 'Monterey 

crude oil (with the unaltered chemical composition)/water blends produced averaged 

sedimentation curves showing "poor" water retention (normalised water contents 

dropping to 40%R or less in 50 to 100 hours). 

3.3.4. Effect of Wax Addition on Water Uptake. 

The influence of wax addition on crude oil emulsification behaviour was 

tested on an oil (NS3) which did not emulsify (any subsequent emulsification being 

attributed to wax addition). The resultant effects of octadecane (n-C18) additions 

(O.4wt%, 0.9wt% or 1.8wt%) on crude oil emulsion formation/stabilisation ability are 

schematically illustrated in Figure 3.3.8. It is seen that different degrees of emulsion 

fOrmation/ stabilisation resulted from the additions of octadecane. The original NS3 

crude oil and water blend, with an initial added 30% water content, formed a separate 
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250 --0- 0% ASPHALlENE 
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Figure 3.3. 7. Water sedimentation curves for Monterey water blends with 10% 
Water contents. The four blends which have had their asphaltene contents altered to 
0%, 5%, 10% and 20% asphaltene content are labelled accordingly. The one blend 
which contains an unaltered crude oil composition is labelled "standard". The 
standard deviation of the unaltered blend is reported where possible, unreported 
standard deviation values are listed in Appendix 3, Table A3.5a. 
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water phase with no emulsion (Fig. 3.3.8a). Addition of O.4wt.% of octadecane to an 

NS3 crude oil sample (which was then blended with distilled water to give a water 

content of 30%) showed no difference in emulsion formationlstabilisation ability 

When compared to the original NS3 crude oil and formed a separate water layer (Fig. 

3.3.8b) when blended with distilled water. Addition of 0.9wt% n-C18 to NS3 crude 

oil, followed by blending with distilled water, resulted in both the formation of an 

emulsion and separate water phase (Fig. 3.3.8c). Addition of 1.8wt% n-C18 to NS3 

crude oil, produced a crude oil/water blend which formed a stable emulsion (Fig. 

3.3.8d) with no separate water phase after 240 hours. 

The addition oftetracosane (n-C24), at any of these added weight percents, to 

NS3 crude oil samples produced no change in the behaviour of the NS3 crude oil 

When blended with distilled water, possibly due to the difficulty of dissolving n-C24 

in the bulk oil (discussed in Section 3.4.3). 

3.3.5. Effect of Increasing the Electrolyte Content of the Aqueous Phase upon the 

Water Uptake Ability of Crude Oils. 

The use of synthetic seawater, in the crude oil and water blends, generally 

resulted in some alteration to the water uptake ability (either water retention and/or 

emulsion formationlstabilisation ability) of crude oils, when compared to their 

respective crude oil/distilled water blends (Figs. 3.3.9 to 3.3.13, Table 3.3.4). 

Samples from the top of the A29, NS1, NS3 and Monterey crude oil/saline 

Water blends (Figs. 3.3.9, 3.3.10, 3.3.12 & 3.3.13) all display increased water 

retention abilities when compared with their respective distilled water blends (Section 

3.3.1). The water retentive ability of A29 (Fig. 3.3.9) altered from "poor" (normalised 

Water contents falling from 100%R to 5%R in less than 50 hours) to "moderate" water 

retention (lOO%R to 50%R during 50 to lOO hours). The water retentive ability of the 

Monterey (Fig. 3.3.13) altered from "moderate" to "good" water retention (normalised 

Water contents being maintained at 100%R for the entire analytical period). 
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Figure 3.3.9. Comparison of sedimentation curves for Eldfisklwater blends with 
30% water content using synthetic seawater abd distilled water. Sampling positions 
are illustrated in Figure 3.2.2. It may be seen that the water retention has increased 
for the saline blend when compared to the distilled water blend. 
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Figure 3.3.10. Comparison of sedimentation curves for NSlIwater blends with 30% 
~ater content using synthetic seawater abd distilled water. Sampling positions are 
IllUstrated in Figure 3.2.2. It may be seen that the water retention has increased for 
the saline blend when compared to the distilled water blend. 
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Figure 3.3.11. Comparison of sedimentation curves for NS2/water blends with 30% 
Water content using synthetic seawater abd distilled water. Sampling positions are 
illustrated in Figure 3.2.2. The water retention for both saline and distilled water 
blends are similar. 
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Figure 3.3.12. Comparison of sedimentation curves for NS3lwater blends with 30% 
~ater content using synthetic seawater abd distilled water~ Sampling positions are 
lllUstrated in Figure 3.2.2. The water retention for the saline blend is greater than 
that for the distilled water blend. In addition, the saline blend produced an 
emulsion. 
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Figure 3.3.13. Comparison 0/ sedimentation curves/or Montereylwater blends with 
30% water content using synthetic seawater abd distilled water. Sampling positions 
are illustrated in Figure 3.2.2. It may be seen that the water retention has increased 
for the saline blend when compared to the distilled water blend. 
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Crude Alteration of Water Retention Alteration of Emulsion 
Oil Ability with Increasing Formation! Stabilisation Ability 

Salinity. with Increasing Salinity. 
A29 Increased: From Poor to No Change: Emulsion Formed 

Moderate 
NSl Slight Increase: Poor No Change: Emulsion Formed 
NS2 No Change: Poor No Change: Emulsion and Water 

Layer Formed 
NS3 Increased: Good Changed: Emulsion Formed instead 

of a Water Layer 
Monterey Increased: From Moderate to No Change: Emulsion Formed 

Good 

Table 3.3.4. Comparison of the water retention and emulsionformationl stabilisation 
abilities for crude oil samples blended with distilled water and saline water phases. 

Although both NS 1 and NS3 crude oils exhibited increased water retention 

When blended with saline water, their classifications remained the same, i.e., "poor" 

and "good" respectively. The sedimentation curve for the NSl crude oil/saline water 

blend (Fig. 3.3.10) dropped from 100%R to 20%R during the initial 50 hours 

compared to 100%R to 10%R for the distilled water blend. The NS3 crude oil saline 

Water blend (Fig. 3.3.12) did not display any sedimentation, maintaining a normalised 

Water content of 100%R, as opposed to the distilled water blend which displayed 

sedimentation from 1 OO%R to 60%R after 24 hours. 

Comparison of the water retention and emulsion formationlstabilisation 

abilities of the distilled water and saline water blends for the NS2 crude oil, found that 

both were almost identical. In Figure 3.3.11, the normalised water perce~tages for 

both distilled water and saline water blends, sampled from the top of the blends, both 

dropped from 100%R to 20%R in less than 50 hours (indicative of "poor" water 

retention). 

Assessment of emulsion formation ability of crude oils found that only the 

ability of the NS3 crude oil altered when blended with saline water, with no change 

Observed for A29, NSl, NS2 and Monterey crude oils when they were blended with 

saline water. All of these latter oils, apart from NS2 crude oil (forming both water and 

emUlsion phases), formed stable water-in-oil emulsions. The emulsification ability of 

the" NS3 crude oil changed, from no emulsion formation, when'blended with distilled 

Water (Table 3.3.3), to good emulsion formation in the saline water blend. 
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3.4. Discussion. 

3.4.1. Water Uptake Analysis. 

The Crude Oil Water Uptake Analysis (COWUA), performed in this chapter, 

characterised the water uptake ability of crude oils by their water retention 

(sedimentation rate of water and/or emulsion droplets from the top of the crude 

oiVwater blends) and emulsion formationlstabilisation (degree of oil and water phase 

separation) properties. It is anticipated that an appreciation of the chemical controls 

affecting both these properties may explain their observed variation with different 

crude oils. 

The water retentive ability of crude oil is affected by both the physicochemical 

properties of the crude oil in question and its ability to form a rigid and protective 

interfacial film with the water phase, thereby influencing droplet growth. The 

physicochemical properties of the crude oil (viscosity and density) will directly affect 

the rate at which the water and/or emulsion droplets fall, or sediment through the 

crude oil phase. For example water droplets will sediment through low viscosity, low 

density crude oil at a greater rate than through high viscosity, high density crude oil. 

This investigation has found some evidence for this by identifying that the increasing 

API gravity of the crude oil relates with increasing crude oil water retention, 

illustrated in Figure 3.4.1. However, since many factors influence crude oil API 

gravity (source rock type, maturation history, reservoir conditions etc.) it could not be 

reliably concluded whether the relationship was attributed to 'geochemical or 

physicochemical properties. As well as water retention being related to API gravity, it 

. may also be tentatively related to the extent of biodegradation of each crude oil. It 

may be seen that the biodegraded crude oils NS3 and H7 plot to the left of the graph 

(Fig. 3.4.1), being characterised by "moderate" to "good" water retention. Therefore, 

biodegradation may effect the water retentive ability of the crude oil, possibly due to 

chemical alteration of the crude oil affecting its ability to form stable interfacial films. 

The importance of interfacial film formation upon droplet growth has been previously 

highlighted by A veyard et al. (1990, p36) who reported that the fastest rate of 

emUlsion resolution (separation) was achieved when a "zero energy barrier" to droplet 

growth existed (i.e., lack of an oiVwater interfacial film). Therefore, if a crude oil is 

unable to form an interfacial film due to compositional alteration, droplet growth will 

be llnimpeded, potentially increasing the rate of sedimentation. As a physicochemical 

study of crude oils is not part of this work, investigation will concentrate upon the 

effect of biodegradation upon crude oil geochemistry and investigate if it is related to 
Water retentio~. 
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Figure 3.4.1. Comparison of the water retentive ability (Good, Moderate & Poor as 
defined in Section 2.2.5.4, Fig. 2.2.13) and API gravity of the crude oils analysed. 

Crude oil emulsion fonnationlstabilisation was also found to be tentatively 

related to the extent of crude oil biodegradation. Observation of the oil/water blends 

during COWUA showed that the ability of crude oils to fonn stable water-in-oil 

emulsions was variable (emulsion type was identified by FFR in Section 3.3.2). The 

emulsion stabilities of the North Sea crude oil/water blends were found to decrease 

With increasing extent of biodegradation however, no such trend was seen for 5MB 

crude oils (Table 3.3.3). The non-degraded North Sea crude oils (viz. Eldfisk, Ninian 

& NS 1) and 5MB crude oils were all found to fonn stable, viscous, water-in-crude oil 

emulsions (Table 3.3.3). However, biodegraded North Sea crude oils either fonned 

separate water phases which were associated with very weak emulsions (Le., NS2) or 

formed a separate water layer with no associated emulsification (Le., NS3). Therefore, 

non degraded North Sea crude oils, and 5MB crude oils are capable of fonning rigid 

and protective interfacial films while the biodegraded North Sea crude oils are 

generally not. 

In order to investigate the effect of biodegradation upon the water uptake 

ability, the bulk chemistry of the different crude oils was assessed. Due to the 

similarity of the source and maturity properties between the North Sea crude oils 

analysed, and also between the Santa Maria Basin crude oils analysed (Section 3.1.1), 

differences in their compositions may be tentatively related to the extent of 

biOdegradation. 
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Crude Oil Biodegraded Ali. Arom. Resins Aspb Wax· 
(APJO) State.** HC,% HC,% % 0/0 wt% 
Eldfisk (35°) Non-degraded (1) 48 33 16 3 1 
Kittiwake (28°)* Non-degraded (1) 37 48 12 3 0.70 
Ninian (35°) Non-degraded (1) 38 40 16 6 nd 
NSl (28°) Non-degraded (1) 42 30 23 5 0.42 
NS2 (29°) Mild degradation 38 40 17 5 0.66 

(2) 
NS3 (14°) Extensive 26 52 19 3 0.46 

degradation (6) 
HI (25°) Non-degraded (1) 20 23 44 l3 0.45 
Monterey (22°) Mild degradation 18 33 38 11 nd 

(2) 
H7 (24°) Moderate- l3 18 51 18 0.20 

extensive 
degradation( 5) 

Table 3.4.1. Crude oil bulk chemistry determined by Iatroscan-FID (Section 4.2.2). 
Ali. = aliphatic; HC = hydrocarbons; Arom. = aromatic; Asph = asphaltenes. * = not 
assessed for water retention ability. ** = the extent of crude oil biodegradation was 
assessed by use of the Volkman et al. (J 984) biodegradation scale and the relevant 
scale numbers are bracketed. a = Determination of wax concentration was performed 
by the wax concentration/precipitation technique of Bishop et al. (J 994), discussed in 
Section 4.2.3. nd = not determined. 

As discussed in Chapter 1, Section 1.2.2, the governing factors affecting the 

formation of stable water/oil interfacial films is the presence of emulsifiers 

(asphaltenes and waxes sols as well as surfactants) in the crude oil (Schramm, 1992). 

However, the presence of these emulsifiers is strongly affected by biodegradation. In 

general, increasing biodegradation results in the removal of non-polar n-alkanes 

(including wax sols, Section 4.4.2; Hanstveit, 1992) and produces a more polar oil, 

lncreasing the solubility of asphaltenes in crude oil. Consequently, wax sols are 

removed while asphaltenes are less likely to precipitate from the crude oil. Therefore, 

it is probable that biodegradation results in a reduced likelihood of wax and 

asphaltene sols occurring at the oil/water interfaces, potentially reducing interfacial 

film stability between the phases. 

Comparison of the bulk chemistry of non-degraded and degraded crude oils, 

from each sample province (North Sea and Santa Maria Basin), identifies these 

biodegradational trends. The aliphatic hydrocarbon content in North Sea crude oils 

decreases with increasing biodegradation, from ~pproximately 37-48% to 26% 

(although this trend is difficult to determine for NS2 & Kittiwake crude oils). In 
add' . 

lhon, the measured wax content also displays some decrease, from approximately 

0.7-1 % to approximately 0.46% for NS3 however, it must be noted that the NS 1 wax 
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content (non-degraded oil) is low and does not support this trend. The Santa Maria 

Basin crude oils show more clear trends for aliphatic hydrocarbon reduction, from 

20% to 13% as well as wax content reduction, from 0.45% to 0.2%. While the effect 

of biodegradation on the presence of sols in crude oil offers an explanation for the 

emulsification behaviour of the biodegraded crude oil NS3, as well as the non

degraded North Sea crude oils, it does not satisfactorily explain the behaviour of; first, 

the NS2 crude oil, the bulk chemistry of which gives no indication of reduced sol 

content, yet forms a poor emulsion and water phase. Second, Santa Maria Basin oils, 

all of which form stable water-in-oil emulsions despite bulk chemical analysis 

indicating that the presence of asphaltene and wax sols is low. 

In addition, reduced sol content would not explain the observed trends for the 

Water retention data reported earlier. Reduction of asphaltene and wax sols should 

decrease interfacial film stability (therefore produce"poor" water retentions) yet 

biodegraded crude oils, especially NS3, are generally characterised by "good" to 

"moderate" water retention. However, before the influence of crude oil chemical 

composition upon water retention is discounted completely surfactant analysis is 
required. 

The effect of biodegradation upon surfactants (the NSO compounds in crude 

oils (asphaltene and resins)), is to increase them relative to aliphatic and aromatic 

hYdrocarbon contents (Connan, 1984). It was initially considered that such an increase 

would be beneficial to increased interfacial film stability and therefore increased 

Water retention. 

Investigation of the influence of individual surfactant groups, such as phenols, 

carboxylic acids etc., upon water-in-oil emulsion formation/stabilisation, cannot be 

carried out with this limited chemical analysis. However, assessment· of the total 

concentration of the NSO compounds (asphaltene and resins) is possible. Table 3.4.1 

indicates that there is no trend of NSO enrichment with increasing biodegradation for 

both North Sea crude oils (approximately 15-28% NSO) and Santa Maria Basin crude 

oils (approximately 50-60% NSO). However, it is noted that high abundances of polar 

cOmpounds in the Santa Maria Basin crude oils is possibly responsible for formation 

of Water-in-oil emulsions, regardless of the extent of biodegradation of the crude oil. 

Therefore, bulk chemical assessment of crude oils has demonstrated no clear 

relationship between crude oil chemical composition and water retention. It is 

SUggested that either: (1) there is no relationship; or (i) subtle compositional 

alteration has occurred with biodegradation. Johansen et al. (1989) also suggested that 

alteration to emulsifiers may be subtle and not detected by "gross weight" 

determinations. Therefo;e, although analyses have implied that the presence of sols is 

not related to crude oil water retention, it is possible that surfactants may have been 
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subtly altered by biodegradation, thereby altering the water retention ability of crude 

oils. It is therefore probable that bulk chemical assessment may not be an effective 

method of discriminating crude oil water uptake potentials, and that more subtle 

analytical techniques are required (performed in Chapter 5). 

Conversely, bulk chemical assessment has identified some correlation between 

crude oil geochemistry and emulsion formation!stabilisation behaviour. It is 

tentatively suggested that the lack of emulsion stability exhibited by biodegraded 

North Sea crude oils is due to the reduction of their ability to precipitate asphaltene 

and wax sols. However, the stable water-in-oil emulsions obtained from the 

biodegraded Santa Maria Basin crude oils, which also have reduced asphaltene 

precipitation ability and wax content, are attributed to the high concentration of NSO 

groups, increasing oil and water interaction. However, a more detailed analysis of the 

presence of asphaltene and wax sols, as well as surfactants, is necessary to confirm the 

tentative conclusions above. In addition, clarification is also required to explain the 

relationship between bulk chemical composition and the emulsion formation! 

stabilisation behaviour of the NS2 and Kittiwake crude oils (Section 4.4.2.1). 

3.4.2. Water Uptake Analysis - Asphaltene Fraction Influence. 

Assessment of the effect of crude oil asphaltene content on the water uptake 

ability of Monterey crude oil (Fig. 3.3.7) was inconclusive. Reconstituted crude oil 

samples (with added asphaltene content of 0%, 5% & 10%) when blended with 

distilled water, produced water sedimentation curves indicating a "poor" water 

retentive crude oil. Although the sedimentation curve for the unspik~d Monterey 

crude oil (natural 10% asphaltene content) was indicative of a crude oil with "poor" 

Water retention its overall retention was greater than for the reconstituted oils (0%, 5% 

& 10% added asphaltene content). Therefore, even though the two crude oil samples 

(original and reconstituted) had the same "asphaltene content" (10%) their retention 

behaViour was different. From this, it appears that the experiments were unable to 

recreate the Monterey crude oil water uptake characteristics and so experimentation, 

assessing the influence of different asphaltene quantities on the water uptake ability of 

crude oils, was unsuccessful. It was considered possible that once the asphaltene 

traction 'was precipitated it could not be fully re-dispersed into the crude oil phase in 

its original state. Previous work by Lhioreau et al. (1967), referred to by Wilhelms & 

Latter (1994b), also suggested that precipitation of 'asphaltenes was irreversible, and 

that asphaltenes cannot be re-dispersed into their original form. 
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3.4.3. Water Uptake Analysis - Wax Fraction Influence. 

The effect of octadecane (n-C 18) and tetracosane (n-C24) wax additions upon 

the emulsion formationlstabilisation ability of a biodegraded North Sea crude oil 

(NS3), Figure 3.3.8, was variable. The results show that increasing amounts of n-C18 

(0.4,0.9, & 1.8wt%) progressively improves the ability of the NS3 crude oil to form 

stable water-in-oil emulsions. The addition ofO.4wt% n-C18 produced no alteration to 

emulsion formation ability, however, an addition of O.9wt% n-C18 produced partial 

emulsification. Finally, an addition of 1.8wt% of n-C18 to NS3 crude oil produced a 

stable water-in-oil emulsion when blended with distilled water. These results indicate 

that n-C18 wax is an effective emulsion stabiliser. 

The influence of wax was also investigated by Thompson et al. (1985), by 

altering the wax concentration in crude oil samples. The wax concentration in crude 

oil samples was lowered by removal of wax by centrifuging crude oils at varying 

temperatures (the lower the temperature the more wax is present as a solid form and 

therefore removed by centrifuging). To increase the wax content of crude oil, 

extracted wax concentrates were incorporated into unaltered crude oil samples. The 

effect of wax content upon water-in-crude oil emulsion stability versus time was 

assessed and is shown in Figure 3.4.1. Thompson et al. (1985) also found that the 

reduced amount of water separation was related to the increasing wax concentration of 

the crude oil (Fig. 3.4.1). However, it should be realised that improved emulsion 

stability, due to wax addition does not imply that the wax component is solely 

responsible for emulsion formation and stability, as emulsion stabilisation cannot be 

attributed to one component, such as waxes (Schramm, 1992). 
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Figure 3.4.1. Influence of wax content upon emulsion stability. (0) Untreated oil. 
Wax removed by centrifugation: (-). O°C; (.). 20°C and (e). 35°C. (0). Wax added 
to oil. Takenfrom Thompson et al. (1985). 

Addition of n-C24 to NS3 crude oil did not improve emulsion stability. This 

Would suggest either a fundamental difference in properties of n-C24 compared with 

n-C18 or, much more likely, poor dissolution of the n-C24 into the oils. This is further 

SUggested as Thompson et al. (1985) used wax extracts which probably contained 

high molecular weight waxes with carbon numbers greater than 24. Poor solvation of 

the n-C24 alkane in crude oil was attributed to the blending preparations being unable 

to incorporate the wax. During wax addition it was hoped that a combination of the 

SolVation ability of the crude oil and an increase in crude oil temperature would be 

SUfficient to incorporate the wax into the crude oil. However; as experimentation had 

to avoid chemical and rheological alterations to the crude oil, other than those from 

the Wax addition, solvents and high temperatures (> 30°C) were not applied to aid wax 
incorporation. 
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3.4.4. Influence of the Electrolyte Content of the Aqueous Phase on the Water 

Uptake Ability of Crude Oils. 

The use of synthetic seawater instead of distilled water, as the aqueous phase 

in crude oil and water blends, changed both the electrolyte content and pH of the 

dispersed aqueous phase. As the effect of pH on emulsion stabilisation is not 

influential until the pH is equal to, or greater than, 10 (Oren & MacKay, 1977), the 

alteration of the pH from 7 to 8, caused by the use of synthetic seawater, was not 

expected to influence the water uptake ability of the crude oils. However, alteration of 

the electrolyte content was expected to increase the stability of crude oil and water 

emulsions due to reduction of water droplet coalescence (Section 3.1). All the crude 

oils blended with synthetic seawater, except one (NS2), displayed some degree of 

increased water uptake ability compared to crude oiVdistilled water blends. 

As well as crude oil water retention alteration the emulsion formation! 

stabilisation ability of the NS3 crude oil also increased, producing water-in-oil 

emUlsions instead of separate water layers. It could not be explained why the water 

Uptake ability of the NS2 crude oil did not increase. 

It was concluded that the use of saline aqueous phases will increase the water 

Uptake ability of the crude oils. 

3.5. Conclusions. 

This chapter has described the development and use of a working method for 

the characterisation of crude oil water uptake ability. It has shown that water uptake 

may be subdivided into two categories; firstly water retention (sedimentation rate of 

Water and/or emulsion droplets from the top of the crude oiVwater blend), assessed by 

measuring the variation of water content at the top of the crude oiVwater blends, and 

secondly emulsion formation!stabilisation (degree of oil and water separation), which 

Was assessed by visual inspection of the crude oiVwater blends. 

Results identified that both water retention and emulsion formation! 

stabiIisation properties varied with the extent of biodegrad~tion of crude oil. Non

biOdegraded crude oils were characterised by "poor" water retention (rapid 

sedimentation of water and/or emulsion droplets) and also by the formation of stable 

Water-in-oil emulsions (identified by Freeze Fracture Replication). Biodegraded crude 

oils generally exhibited "moderate to good" water retention (slow sedimentation of 
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water and/or emulsion droplets); however, their emulsion formationlstabilisation 

ability varied. 

Water retention was considered to be affected by either the physicochemistry 

(viscosity etc.) or chemical composition of the crude oil. Work subsequently 

investigated the relationship between water retention and crude oil bulk chemical 

composition and its variation with biodegradation. Of particular interest was the 

presence of emulsifiers (asphaltene and wax sols, as well as surfactants) which 

promote stable oil/water interfacial film formation. No relationship between chemical 

composition of crude oil and its water retentive ability could be identified. However, 

it is possible that biodegradation may have subtly altered the chemistry of the crude 

oil (in particular surfactants), alterations which may not have been identified by bulk 

chemical analysis. Therefore, a more detailed study of surfactant compounds was 

recommended (Chapter 5). 

Crude oil emulsion formationlstabilisation was considered to be 

predominantly controlled by the presence of emulsifiers and analysis was able to 

identify correlations between variable emulsifier content (due to biodegradation) and 

the emulsion formation Istabilisation behaviour of crude oils. The formation of stable 

emUlsion for the non-degraded North Sea crude oils was attributed to the presence of 

asphaltene and wax sols while the reduction of these precipitates probably accounted 

for the poor emulsion formation of the biodegraded crude oil, NS3. The stable water

in-oil emulsions of the Santa Maria Basin crude oils was explained by the high 

concentrations ofNSO compounds (50-60%). However, it was not possible to explain 

the emulsion formationlstabilisation behaviours of all crude oils and it is therefore 

Suggested that more detailed analyses may explain such anomalies (Chapt~rs 4 & 5). 

Alteration of the bulk chemistry of the crude oil, using wax additions was 

sUccessful. Wax additions were shown to be influential emulsion stabilisers, with 

additions promoting emulsion formation and stability in the previously non

emulsifying, and biodegraded North Sea crude oil, NS3. However, the analysis of the 

asphaltene additions to Monterey crude oil was found to be inconclusive in assessing 

emUlsion formationlstabilisation, possibly due to the inability to re-disperse the 

extracted asphaltene fraction (Section 3.4.2). 

As well as assessment of the effect of crude oil compositional controls upon 

~ater uptake, assessment of water compositional controls was. also performed. Results 

Were found to corroborate reports from the literature, with increased electrolyte 

concentration increasing both water retention and. emulsion formationlstabilisation 

ability. Thus it is concluded that crude oils in real life situations, involving seawater, 

formation water etc., would probably display greater water uptake than experiments 

With distilled water. 
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CHAPTER 4: GEOCHEMICAL ANALYSIS OF EMULSIFIERS AND THEm 

INFLUENCE UPON CRUDE OIL WATER UPTAKE ABILITY. 

Work in this chapter has firstly been able to identify that the stability of water

in-oil emulsions, isolated from crude oil/water blends, is associated with the 

preferential enrichment of both asphaltene and wax components. Secondly, further 

work has corroborated findings in Chapter 3, highlighting that the effect of 

biodegradation reduces the presence of asphaltene and wax sols within the crude oil 

and thereby reduces their ability to stabilise water-in-oil emulsions. 

4.1. Introduction. 

In the last chapter variations of the bulk composition of the crude oil suggested 

that asphaltene solubility and wax content in the crude oil was altered by the degree of 

biodegradation. The variation in the bulk chemistry and behaviour of the oils affected 

the ability of the oil to precipitate asphaltene and wax sols consequently reducing their 

ability to stabilise water-in-oil emulsions. 

This chapter presents a more detailed study of the presence and behaviour of 

asphaltenes and wax sols in crude oils and their effects on water uptake ability. In 

addition to more indepth analysis of the effects of biodegradation upon the presence 

of sols in crude oils, work will also chemically analyse water-in-oil emulsion samples, 

extracted from crude oil/water blends, for the presence of both asphaltene and wax 

components. 

4.2. Experimental. 

This chapter will follow the analytical procedures highlighted in Figure 4.2.1 

In an attempt to characterise the emulsion formationlstabilisation ability of crude oils 

by studying the chemistry of their whole oil and blend fractions. 
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Crude Oil and Water Blends 

TLC 

IATROSCAN-FID 

Figure 4.2.1. Analytical flow chart of the methods used in this chapter. 

4.2.1. Sample Preparation. 

Separation of the crude oil/water blends produced four fractions (also referred 

to as the blend fractions) for analysis. These fractions were supematant oil, unbound 

oil and the emulsion fractions; the emulsion fraction consisted of the bound oil 

fraction as well as water phase (Fig. 4.2.2), the water phase was not analysed. The 

emulsion fraction was employed in alkyphenol analyses and is discussed in Chapter 5. 
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Supernatant Oil 

Bound Oil } Emulsion 

Water Droplet Fraction 

Unbound Oil 

Emulsion Sediment from Crude OiUWater Blend 

Figure 4.2.2. Illustration of the blend fractions obtained from crude oil/water blends. 
The emulsion sediment contains the unbound oil fraction, bound oil fraction and 
aqueous phase. 

The supematant oil fraction represents the crude oil which separated from the 

emulsion sediment due to gravity (normal, or increased due to centrifuging). The term 

"emulsion sediment" refers to the product caused by flocculation of the emulsion 

droplets in the crude oil/water blends. The sediment contains the unbound oil fraction, 

bound oil fraction and aqueous phase. The unbound oil fraction represents the crude 

oil trapped in the emulsion sediment, which is not part of the crude oil/water 

interfacial film. The emulsion fraction represents the organic matter in the crude 

oiVwater interfacial film, as well as the dissolved organic matter in the .water phase. 

The bound oil fraction represents the organic matter present in the crude oil/water 

Interfacial film and is extracted from the emulsion fraction. 

As well as fractions extracted from the crude oil/water blends (supematant oil, 

unbound oil, emulsion, bound oil fractions), the whole oil fractions (oil which had not 

been blended with an aqueous phase) were also analysed by the procedures described 
below. 

4.2.1.1. Extraction of Blend Fractions. 

The extraction of the four blend fractions (supematant oil, unbound oil, 

emulsion and bound oil) was based on the procedure described by Acevedo et al. 

( 992), illustrated in Figure 4.2.3. The crude oil/water blends were prepared as 

described in Chapter 2, Section 2.2.4, and in Appendix 1, Section Al.8. Once 

blended, the blend fractions were isolated. The crude oil and water blends were 
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centrifuged, at 2,000 RPM for 3 minutes, using an MSE Centaur 2, centrifuge. 

Centrifugal conditions were strictly adhered to as care was needed to avoid "breaking" 

the emulsion due to the application of too much centrifugal force. After centrifuging, 

the resultant supematant oil was carefully pipetted off to leave the emulsion sediment 

layer. 

Blend Preparation. 
Blend crude oil (7 g) and water phases 
(3 g) with an Ultra-Turrax disperser at 
18.000 RPM for 3 minutes 

I 

I Transfer blends to 30 ml glass centrifuge tube I 
I 

Centrifuge at 2. 000 RPM for 10 minutes· 

I 
Supernatant 011 Extraction 

Pipette off "supematant oil" from blend into a 20 ml vial, Supematant oil ready for further analysis I 
leaves the emulsion sediment. 

I 
Unbound 011 Extraction 

Add approximately 10 ml ofxylene:heptane (3:1) mixture 
to the emulsion sediment. Mix sediment and solvent mixture. 
Gently centrifuge at approximately 1, 000 RPM for 3 minutes· 
Pipette off "un bound oil" sample into a clean 250 ml RBF··. 

I 
Repeat above step until washings are almost clear***. The solvent content was reduced in the 
Additional centrifuging should not be required after unbound oil and weight deteremined. 
the 2nd repitition Sample was analysed further. 

I 

I Emulsion fraction I I 
Further analrSi' I I I (Chapter 5 -

- I 
Breaking Emulsion 
Add approximately 1 ml of xylene:heptane (3:1) and 10 ml of ethanol:distiil ~ 
w~ter (7:3) to the emulsion fraction. Centrifuge at 3, 000 RPM for 10 minut s. 
Pipette off the "bound oil" phase into a 100 ml RBF**. 
Repeat if necessary. • • avoid emulsion breakage - I 

** • round bottomed flask 

.... it is impractical to attain clear was 

l Solvent content of the "bound oil" sample was reduced, 
and weight determined. Further analysis 

hings 

Figure 4.2,3. Procedure for extraction of the supernatant oil, unbound oil, emulsion 
~nd bound oilfractions (blendfractions)from the crude oil/water blends. 

The extraction of the unbound oil sample was achieved by washing the 

emulsion sediment with a solvent mixture of xylene (Xy) and heptane (Hep), at a ratio 

of 3: 1. Approximately 10 ml of solvent mixture was added to the sediment, the 

sediment/solvent mixture was agitated and then allowed to settle (solvent phase rising 
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to the top of the mixture). In some cases the sediment/solvent mixture was highly 

viscous and gentle centrifuging, at 1,000 RPM for 1 minute, was required to help 

separate the solvent (unbound oil extract) from the sediment. Centrifuging should not 

be necessary after the first two extractions as removal of the bulk of the unbound oil 

significantly lowers the viscosity of the sediment/solvent mixture, aiding rapid 

separation. The unbound oil fraction was then pipetted into a clean 250 ml round 

bottomed flask (RBF). The emulsion sediment was washed several times until the 

washings were almost clear. It was impractical to wait until the washings were totally 

clear as the time needed would have been prohibitive. The extracted unbound oil 

fraction was then reduced by rotary evaporation to approximately 2 ml. A known 

proportion of sample was pipetted into a weighed vial and taken to dryness under a 

stream of nitrogen. The weight of the total unbound oil fraction was then calculated 

prior to further analysis. 

After the removal of the unbound oil fraction from the emulsion sediment, the 

remnant phase is referred to as the emulsion fraction. This fraction may be analysed, 

as with CO-C3 alkylphenol analysis (Chapter 5), or separated into the bound oil 

fraction (organic matter of the interfacial film) and aqueous phase. 

Prior to the extraction of the bound oil fraction, approximately 1 ml of the 

Xy:Hep (3:1) solvent mixture was added to the emulsion fraction. The emulsion was 

destabilised by the addition of 10 ml of an ethanol:distilled water solution (7:3). The 

mixture was centrifuged at 3,000 RPM for 10 minutes to aid separation. The bound oil 

sample is pipetted into a vial. The broken emulsion was washed twice more with 1 ml 

of Xy:Hep (3:1) mixture, the washings were pipetted into the vial. A known 

proportion of sample is then pipetted into a weighed vial and taken to dryness under a 

stream of nitrogen. The weight of the total bound oil sample was calculated prior to 

further analysis. 

4.2.2. Iatroscan-FID Analysis. 

latroscan analysis was carried out on a Mk 4 latroscan fitted with a Flame 

IOnisation Detector (FID) and coupled to a Perkin Elmer LCIOO integrator. Type S III 

.silica latroscan rods were used. Hydrogen pressure was set.at 0.9 kg cm-2, air flow 

Was set at 1,800 ml min- I . The samples were diluted with dichloromethane, 5 - 10 mg 

of sample per 1 ml dichloromethane (DCM). 3 III of sample was spotted on each silica 

rOd. The rods were then developed with increasingly polar solvents (n-hexane to 

~OO% development, cyclohexane to 50% development and finally 30% development 

In dichloromethane: methanol (95:5)) prior to analysis on the latroscan-FID. 
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4.2.3. Wax Extraction and Analysis. 

Wax extraction and analysis (Fig. 4.2.4) was based on the method developed 

by Bishop et al. (1994) and del Rio et al. (1992). This procedure analysed whole oil 

samples only. 

Dissolve 100 mg of sample in 25 ml DCM. 

I 
Store sample at -10°C for a minimum of 12 hours. 

I 
Filter cold sample through "chilled" sinter funnel. 
Discard filtrate. 

I 
Wash sinter funnel with boiling cyclohexane. 
Collect wax filtrate. 

I 
Reduce wax filtrate to dryness, transfer to a weighed vial 
and determine sample weight. 

I 
Analyse samples on high temperature gas chromatograph (HTGC). 

1 p/ injection (sample in xylene): 50°C (2 mins), 6°Clmin, 440°C (35 mins). 

Figure 4.2.4. Wax extraction and analysis procedure, adapted from Bishop et al. 
(1994) and del Rio et al. (1992). 

To a clean 100 ml conical flask (CF) add 100 mg of whole oil sample. 

Dissolve the oil in 25 ml of room temperature, laboratory distilled dichloromethane 

(DCM). The liquid was stirred for 5 to 10 minutes, or until the sample was dissolved. 

The mixture was stored at -10°C for a minimum of 12 hours, allowing the wax to 

.~recipitate and settle out. 

Into a clean sinter funnel (grade 4) pour 50 ml of cold (-10°C) DCM, 

Collecting the filtrate over a 2 minute period. The "chilled" sample was then filtered 

through the cold sinter funnel (prevents the re-dissolution of the wax) over a 2 minute 

Period. Wash the 100 ml CF with 10 ml of cold DCM, the washings were then filtered 

91 



Chapter 4: Geochemical Analysis of Emulsifiers and their Influence Upon Crude Oil Water Uptake. 

through the cold sinter funnel. Discard the collected solvent fraction and replace the 

500 ml RBF with a clean 250 ml RBF. 

Prepare 100 ml of boiling, distol grade, cyclohexane. To a clean 250 ml CF, 

add 100 ml of distol grade cyclohexane and a magnetic stirring bar. Place the 250 ml 

CF onto a combined hot plate/stirrer, situated in fume cupboard. Attach a water 

cooled condenser to the 250 ml CF and, while stirring, gently heat the cyclohexane 

until the cyclohexane begins to boil. Rinse the 100 ml CF with 50 m1 of boiling 

cyclohexane, adding washings to the sinter funnel. Allow the hot cyclohexane 

washings to sit in the sinter funnel for approximately 2 minutes, without the vacuum 

on, to dissolve the wax crystals. Apply the vacuum and retrieve the wax fraction. Add 

the remaining 50 ml of boiling cyclohexane to the sinter funnel and retrieve. Remove 

the 250 ml RBF and reduce filtrate to dryness by rotary evaporation. Wash the 250 ml 

RBF with 1 ml of room temperature cyclohexane and add to a weighed vial. Wash the 

250 ml RBF twice more with 1 ml hot cyclohexane (heated as above), and also add to 

the weighed vial. Take the sample to dryness under a stream of nitrogen and re-weight 

the vial to determine the sample weight. Dilute the sample with distol grade xylene (1 

mg of sample requires 50 /ll of xylene). In addition, an internal standard 

(heptadecylcyclohexane) was added prior to gas chromatographic analysis, 5 /lg per 1 

mg sample. 

High temperature gas chromatography (HTGC) of the wax extracts was 

performed on a Carlo Erba 5160 gas chromatograph. On-column injection was used 

With no secondary cooling. The instrument was fitted with a flame ionisation detector 

(FID), at a temperature of 450°C. The chromatographic column used was a SGE 

aluminium clad, HT-5, fused silica column (12 m x 0.5 mm, film thickness 0.15 /lm). 

lIydrogen pressure was 10 kPa. The temperature program started at 10°C for 2 

minutes, increased to 440°C at 6°C/min, with the final temperature being maintained 

for 35 minutes. Prior to analysis, the gas chromatographic column was condition by 

Slowly increasing the final temperature from 300°C to 440°C, over three conditioning 

runs. Before analysing the wax extracts, the column was calibrated with Fisons wax 

standards, P Wax and FT Wax. Injected sample size was 1 /ll. 

.4.2.4. Aliphatic Hydrocarbon Fraction Separation and Analysis. 

Wax extraction and analysis (described in Section 4.2.3) could not be applied 

to the bound oil fractions due to their small sample size (1-10 mg). However, thin

layer chromatographic (TLC) separation of the bound oil aliphatic hydrocarbon 

fraction, followed by gaS chromatographic analysis, gave some indication of the 
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presence of the waxes. In addition, the aliphatic hydrocarbon fractions of the whole 

oil, supematant oil and unbound oil fractions were also analysed by this method. 

The TLC plates, 20 cm x 20 cm, were coated (0.5 mm thickness) with silica 

gel (Kiesel gel, 60G) and activated at 120°C for 4 hours. The plates were then cleaned 

in ethyl acetate and reactivated at 120°C for 2 hours. Plates were separated into two 

sections for the development of the crude oil sample (section width approximately 15 

cm) and reference compound mixture (approximate section width 5 cm: reference 

compound mixture consisted oftetradecane (100 mg), phenyl dodecane (100 mg) and 

anthracene (100 mg) in 10 ml DCM). Approximately 10-20 mg of crude oil sample 

Was spotted onto each plate along with approximately 2 mg of reference compound 

mixture. Plates were developed in light petroleum ether (BP 40°C to 60°C) until the 

solvent front was approximately 0.5 cm from the top of the plate. The reference 

compound section was sprayed with rhodamine 6G and visualised under a UV light to 

identify the aliphatic hydrocarbon band of the sample, which approximated to the 

tetradecane reference compound. The aliphatic hydrocarbon band was scraped off the 

plates and desorbed from the silica using petroleum ether. Samples were reduced by 

rotary evaporation to approximately 2 ml and pipetted into a vial. 

The aliphatic hydrocarbon fraction was analysed on Carlo Erba 5160 gas 

chromatograph. On-column injection was used and the instrument was fitted with a 

flame ionisation detector (FID). The aliphatic hydrocarbon fractions were analysed on 

a HP-5 coated fused silica column (30 m x 0.25 mm, with a film thickness of 0.25 

Ilm). The temperature programme used to assess the presence of high molecular 

Weight wax in the aliphatic hydrocarbon fraction, was from 50°C for 2 mins, 

Increasing at 4°C/min to 310°C which was maintained for 20. mins. Gas 

chromatographic analysis of aliphatic hydrocarbon fractions (whole oil, supematant 

oil and unbound oil fractions) used a final temperature of 300°C for 20 minutes. 

HYdrogen carrier gas pressure was 50 kPa. Before injection the samples were diluted 

in dichloromethane (10 mg aliphatic hydrocarbons in 1 ml DCM). Injection of 0.5 ,.11 
sample was performed with secondary cooling. 

4.3. Results • 

. The results presented in this section are for crude oils which have been 

analYsed by all the procedures described in the experimental section of this chapter. 

These crude oils are A29, Kittiwake, NSl, NS2, NS3, HI and H7. Details of the 
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source rock, maturity and biodegradation state of each crude oil are given in Chapter 

3. 

4.3.1. Iatroscan-FID Analysis. 

4.3.1.1. Analysis of the Chemical Composition of Whole Oil Fractions. 

The results from the Iatroscan-FID bulk chemical analyses of whole oil 

fractions are displayed in Figure 4.3.1. The effects of biodegradation on the two sets 

of crude oils, North Sea and Santa Maria Basin (SMB), may be seen. The non

degraded North Sea crude oils, A29 and NSl are dominated by, in order of 

abundance, the aliphatic hydrocarbons (42-48%), aromatic hydrocarbons 

(approximately 30-33%), resins (16-23%) and asphaltenes (3%). The effect of 

biodegradation on North Sea crude oils (NS2 & NS3) shows that aliphatic 

hYdrocarbon concentrations are reduced (approximately 45% to 38% & 26% 

respectively) with the aromatic hydrocarbon group becoming dominant 

(approximately 40% to 52%). The asphaltene (3% to 5%) and resin (17% to 19%) 

concentrations appear to be relatively unchanged. In addition, the aliphatic 

hydrocarbon reduction for the NS2 crude oil (approximately 45% to 38%) is less than 

that for the NS3 crude oil (approximately 45% to 26%), a probable indication that the 

NS2 crude oil has been degraded to a lesser degree than the NS3 crude oil. 
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Hydrocarbons 

IAlipbatic 
Hydrocarbons 

Figure 4.3.1. Histograms of the whole oil chemical compositions, determined by 
Iatroscan_FID. Biodegraded whole oils are highlighted by *. 
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Kittiwake, a non-degraded crude oil, displays a bulk chemistry similar to that 

of the biodegraded crude oil NS2 (Table 4.3.1). Iatroscan-FID analysis has therefore 

not been able to distinguish the non-biodegraded state of Kittiwake crude oil from the 

biodegraded state of the NS2 crude oil. However, assessment of the aliphatic 

hydrocarbon gas chromatograms for the crude oils (Fig. 4.3.2), indicates that although 

the total aliphatic hydrocarbon concentration of the Kittiwake and NS2 crude oils are 

similar, the molecular constituents are different. The aliphatic hydrocarbon 

distribution of NS2 crude oil is dominated by the isoprenoids, pristane and phytane, 

emphasising that n-alkanes from n-C13 to n-C27 have been reduced. However, the 

aliphatic hydrocarbon gas chromatogram for Kittiwake crude oil is dominated by the 

low molecular weight aliphatic hydrocarbons, with an n-alkane distribution of n-C 1 0 

to n-C38 and maximum peak height at n-C12. 

Crude Ali. Arom. Resins Aspb Ali:Arom Wax n-C30 
Oil HC,% HC,% % % Ratio * wt% (10-~ mg) 
A29 

I- 48 33 16 3 1.45 1.00 8 
Kittiwake 37 48 12 3 0.77 0.70 0.6 

f.,.NSl 42 30 23 5 1.40 0.42 0.6 
NS2 38 40 17 5 0.95 0.66 1.6 -NS3 26 52 19 3 0.50 0.46 0.4 -HI 20 23 44 13 0.87 0.45 0.8 -H7 13 18 51 18 0.72 0.20 0.08 

Table 4.3.1. Bulk chemical results for whole oil fractions. Results gained from 
Iatroscan-FID, aliphatic hydrocarbon gas chromatography and wax extraction 
analyses. * = ratio from Bobra et al. (1992). Ali. HC = aliphatic hydrocarbons; 
Arom. HC = aromatic hydrocarbons; Asph. = asphaltenes. . 

The composition of the non-degraded Santa Maria Basin (SMB) crude oil, HI 

(Table 4.3.1, Fig. 4.3.1), is dominated by (in order of abundance) resins (44%), 

aromatic hydrocarbons (23%), aliphatic hydrocarbons (20%) and asphaltenes (13%). 

Comparison of the HI and H7 Iatroscan-FID results in Figure 4.3.1, indicates that 

biodegradation has reduced both the aliphatic and aromatic hydrocarbon 

concentrations (20% to 13%, & 23% to 18% respectively), while the resin and 

aSPhaltene concentrations have increased (44% to 51% & 13% to 18% respectively). 

, COnsequently, the order of dominance for the biodegraded Santa Maria Basin (SMB) 

crude oil, H7, is resins, asphaltenes and aromatic hydrocarbons, and lastly aliphatic 

hYdrocarbons. . 
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Kittiwake 

i 
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Figure 4.3.2. Comparison of the aliphatic hydrocarbon gas chromatograms for the 
Kittiwake and NS2 crude oils. Regular acyclic isoprenoid peak assignments (and 
abbreviations) are as follows: A = 2,6,10-trimethyldecane (i-C1Y; B = 2,6,10-
trimethylundecane (i-C14); C = 2,6,10-trimethyldodecane (farnesane, i-C1j); D = 
2,6,10-trimethyltridecane (i-C 1@; E = 2,6,1 O-trimethylpentadecane (norpristane, 1-
C1B); F = 2,6,10, 14-tetramethylpentadecane (pristane, Pr); G = 2,6,10, 14-
tetramethylhexadecane (phytane, Ph). 
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4.3.1.2. Analysis of the Chemical Composition of Blend Fraction and Comparison 

with the Bulk Chemistry of the Whole Oil Fractions. 

Iatroscan-FID results for blend fractions (supematant oil, unbound oil & 

bound oil fractions), as well as whole oil fractions, for most crude oils, are displayed 

in Figure 4.3.3 (only the whole oil & bound oil fraction are displayed for Santa Maria 

Basin crude oils). 

The whole oil, supematant oil and unbound oil fractions for A29, NS1 & NS2 

crude oils, are seen to possess similar compositions. For example, the chemical 

composition for the fractions of A29 crude oil all possess aliphatic hydrocarbon 

concentrations of approximately 46%, aromatic hydrocarbon compositions of 

approximately 34% and total NSO concentrations of approximately 20%. Therefore, 

in future discussion, the whole oil fraction will also represent the supematant and 

unbound oil fractions (Section 4.4.2). 

The chemical compositions of all the extracted bound oil fractions are 

dominated by asphaltene and resin groups (Figs. 4.3.3 & 4.3.4). 
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Figure 4.3.4. Histogram of the chemical composition of the bound oil fractions. 
Determined by Iatroscan-FID. Biodegraded oils are highlighted by *. 

Comparison of the asphaltene concentration of the whole oil and 

ell1ulsionlbound oil fractions, indicates a significant increase in the emulsionlbound 

oil fraction. Overall, the approximate change in asphaltene concentration, for North 

Sea crude oils, is from 4% to 60%. In addition, aliphatic hydrocarbon concentrations 
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A29 NSl 

Whole 011 Supematllllt 011 Vnbound Oil Bound Oil Whole 011 Supemalllllt 011 V.bound OH Bound 0" 

Whole 011 Supematant 011 Vnbound OH Bound 011 HI, Whole Oil HI, Bound Oil H7, Whole Oil H7, Bound Oil 

Figure 4.3.3. Histograms of the chemical composition (Iatroscan-FID) of the whole 
oil and blend fractions (supernatant oil, unbound oil & bound oil fractions) for the 
A29, NSi, NS2, Hi and H7 crude oils. * = biodegraded crude oils. HCs = 

hYdrocarbons. 
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drop from 30-40% to 0-17%, and the aromatic hydrocarbon concentrations from 35-

45% to 0-10%. 

The asphaltene concentrations for 5MB crude oils are from approximately 

16%, in the whole oil fractions, to 58%, in the bound oil fractions. The aliphatic and 

aromatic hydrocarbons drop from approximately 17% and 21 % to 8% and 9% 

respectively. 

4.3.2. Wax Analysis. 

4.3.2.1. Analysis of the Extracted Wax Content of Whole Oil Fractions. 

Analysis of n-C30 peaks in the high temperature gas chromatograms, for the 

Wax extracts, from biodegraded and non-degraded crude oils (Figs. 4.3.5 to 4.3.7), 

Was made to assess the effect of biodegradation upon crude oil wax content. 

EXamination of the non-degraded North Sea crude oils, illustrated in Figure 4.3.5, 

found that the n-C30 peak responses approximated to weights which varied from 8 x 

10-4 to 0.6 x 10-4 mg. The n-C30 peaks for degraded North Sea crude oils, NS2 and 

NS3 illustrated in Figure 4.3.6, possessed values of 1.6 x 10-4 and 0.4 x 10-4 mg 

respectively. Therefore, no clear indication of the effect of biodegradation upon North 

Sea crude oil wax content was found, with the n-C30 peak for the NS3 oil reducing 

relative to non-degraded North Sea crude oil, while the n-C30 peak for the NS2 oil 

Was uneffected. A clearer relationship between biodegr~dation and wax content was 

Observed for the 5MB crude oils, HI and H7 (Fig. 4.3.7). The H7 n.-C30 peak is 

reduced by an order of magnitude in comparison to the HI peak, dropping from the 

non-degraded value of 0.8 x 10-4 mg to the biodegraded value of 0.08 x 10-4 mg. 

Although the wax contents were reduced by biodegradation no preferential 

removal was observed. Therefore, wax distributions for all crude oils (both North Sea 

& 5MB) had maximum peak heights at approximately n-C30. All the wax fractions 

analysed for non-degraded North Sea crude oils possess n-alkane distributions of 

approximately n-C15 to n-C60. The distributions for wax fractions extracted from 

biOdegraded North Sea crude oils ranged from n-C21 upto n-C70 and have lost the 

,.sUb n-C21 n-alkanes. The Santa Maria Basin crude oils ,(Fig. 4.3.7) show slight 

differences to the North Sea crude oil wax extract distributions. HI strongly resembles 

the North Sea non-degraded crude oils with a distribution from n-CI6 to n-C54, with 

a maximum peak height at n-C3I. The wax extract high temperature gas 

Chromatogram, for the H7 crude oil shows that the waxes have been strongly reduced, 

although, unlike the reduced wax distribution for biodegraded North Sea crude oils, 
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Figure 4.3.6. High temperature gas chromatograms of wax extracts from biodegraded 
North Sea crude oils (NS2, NS3). The equivalent weight ofn-C30peak is shown. IS = 
internal standard (heptadecylcyclohexane). Pr = pristane; Ph = phytane. 
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waxes are still present below n-C2l. The wax distribution for H7 is from n-C 15 to n

C52, displaying a maximum peak height at n-C27. 

4.3.2.2. Analysis of the Aliphatic Hydrocarbon Fractions from Bound Oil Samples. 

Results from the gas chromatographic analyses of the aliphatic hydrocarbon 

extracts from the whole oil and bound oil fractions, for several crude oils, are 

illustrated in Figures 4.3.8 to 4.3.10. In Figure 4.3.8, the A29 whole oil and bound oil 

aliphatic hydrocarbon distributions are compared. The whole oil has an aliphatic 

hydrocarbon distribution of n-C12 to n-C38, with a maximum peak height at n-CI5. 

The A29 bound oil fraction displays a bimodal aliphatic hydrocarbon distribution 

ranging from n-Cll to n-C44, with maximum peak heights at n-C16 and n-C37. The 

bound oil fraction is therefore enriched in high molecular weight hydrocarbons. 

In Figure 4.3.9, the aliphatic hydrocarbon gas chromatograms of the whole oil 

and bound oil fractions for the biodegraded NS2 crude oil may be seen. It is seen that 

enhancement of the high molecular weight hydrocarbons (HMWHCs), in the bound 

oil fraction, has occurred. The n-alkane distribution for the whole oil fraction ranges 

from approximately n-C13 to n-C28 (identification is difficult due to biodegradation), 

While the aliphatic hydrocarbon distribution for the bound oil fraction is from n-C12 

to n-C44. Due to biodegradation both the aliphatic hydrocarbon distributions are 

dominated by isoprenoids. 

Figure 4.3.10, displays the aliphatic hydrocarbon chromatograms for the 

Whole oil and bound oil fractions from the biodegraded H7 crude oil. Again the high 

molecular weight n-alkanes have been enhanced. The whole oil aliphat~c hydrocarbon 

distribution is from n-Cll to n-C27 while the aliphatic hydrocarbon distribution for 

the bound oil fraction is from n-CI0 to n-C43. The dominant peaks for both whole oil 

and bound oil distributions are the isoprenoids. 
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Figure 4.3.8. Comparison of gas chromatograms of aliphatic hydrocarbon 
distributions for whole oil and bound oil fractions from the A29 crude oil. 
Chromatograms illustrate the increase of wax in the bound oil fraction. Regular 
acyclic isoprenoid peak assignments (and abbreviations) are as follows: A = 2,6,10-
trimethyldecane (i-C 1 j); B = 2,6,1 O-trimethylundecane (i-C 14); C = 2,6,10-
trimethyldodecane (farnesane, i-C15); D = 2,6,10-trimethyltridecane (i-C16J; E = 
2,6,10-trimethylpentadecane (norpristane, 1-C 1 s); F = 2,6,10, 14-
tetramethylpentadecane (pristane, Pr); G = 2,6,10, 14-tetramethylhexadecane 
(Phytane, Ph). 
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Figure 4.3.9. Comparison of gas chromatograms of aliphatic hydrocarbon 
distributions for whole oil and bound oil fractions from the NS2 crude oil. 
Chromatograms illustrate the increase in wax in the bound oil fraction. Regular 
acyclic isoprenoid peak assignments (and abbreviations) are as follows: A = 2,6,10-
trimethyldecane (i-C]3); B = 2,6,10-trimethylundecane (i-C14J; C = 2,6,10-
trimethyldodecane (farnesane, i-C 15J; D = 2,6,1 O-trimethyltridecane (i-C 16J; E = 
2,6,10-trimethylpentadecane (norpristane,· 1-CUp; F = 2,6,10, 14-

. tetramethylpentadecane (pristane, Pr); G = 2,6,10, 14-tetramethylhexadecane 
(Phytane, Ph). 
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Figure 4.3.10. Comparison of gas chromatograms of aliphatic hydrocarbon 
distributions for whole oil and bound oil fractions from the H7 crude oil. 
Chromatograms illustrate the increase in wax in the bound oil fraction. Regular 
aCYclic isoprenoid peak assignments (and abbreviations) are as follows: A = 2,6,10-
trimethyldecane (i-CJ3); B = 2,6,10-trimethylundecane (i-C14); C = 2,6,10-
trimethyldodecane (farnesane, i-C15); D = 2,6,10-trimethyltridecane (i-Cl6,); E = 
2,6,10-trimethylpentadecane (norpristane, 1-C1sJ; F = 2,6 10, 14-
tetramethylpentadecane (pristane, Pr); G = 2,6,10, 14-tetramethylhexadecane 
(Phytane, Ph). 
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4.4. Discussion. 

4.4.1. Emulsion and Bound Oil Fractions. 

In Figure 4.3.4, it may be seen that the bound oil fractions are dominated by 

the asphaltene group, concentrations ranging from 50% to 79%, with the resin 

concentrations varying from 12% to 35%. On average the total NSO concentration for 

bound oil fractions was approximately 82% and in one instance (NS 1), the bound oil 

phase consisted entirely ofNSO compounds (100% concentration). For asphaltenes to 

remain in colloidal suspension or polymer solution, the resin content should be 

approximately double that of the asphaltene content (Leontaritis, 1988). Therefore, it 

appears likely that the majority of asphaltenes at the oil/water interface (bound oil 

fraction) have precipitated from the crude oil. Identification of the presence of 

asphaltene sols at the crude oil/water interface is in agreement with the general 

concepts for the formation and stabilisation of water-in-oil emulsions, discussed in 

Section 1.2.2.1 (Schramm, 1992; Acevedo et al., 1992). 

The wax extraction and analysis techniques, applied to whole oil fractions, 

could not be applied to the bound oil fractions due to their low extract weights (1 to 

10 mg, Table 5.2.2). However, extraction and analysis of the aliphatic hydrocarbons 

from the bound oil fractions, by thin layer chromatography (TLC) coupled with gas 

chromatography (GC), was able to provide information upon wax content. 

Comparison of the aliphatic hydrocarbon gas chromatograms (Figs. 4.3.8 to 4.3.10) 

for the whole oil and bound oil fractions from the A29, NS1 and H7 crude oils, 

highlighted enrichment of low and high molecular weight n-alkanes in the bound oil 

fraction. The higher molecular weight waxes (above n-C30), exhibit~d the greatest 

enrichment. N-alkane distributions for bound oil samples were found to be from n

CIO to n-C44 however, it was seen that wax peaks had not finished eluting by the end 

of the gas chromatographic temperature programme therefore, the n-alkane 

distributions are probably greater than n-C44. 

Due to the poor resolution of the aliphatic hydrocarbon peaks with increasing 

elution time, due to peak broadening, peak heights do not give clear indication of the 

enhancement of waxes. Therefore, a plot of the normalised peak areas (normalised to 

the largest peak area in the chromatogram) for both whole oil and bound oil fractions 

from the A29, NS2 and H7 crude oils, are seen in Figure 4:4.1, and provides a better 

indication of wax enhancement. 

The normalised peak area distributions for whole oil and bound oil fractions of 

the A29 crude oil cle~ly indicate that the bound oil fraction is relatively enriched in 

high molecular weight waxes. The distribution has a maximum peak area at n-C39, 
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Figure 4.4.1. Comparison of the normalised peak areas (normalised to the largest 
peak area for each fraction) of aliphatic hydrocarbon distributions for whole oil and 
bound oil fractions from A29, NS2 and H7 crude oils . • = whole oil fraction; 0 = 
bound oil fraction. 
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enhancement occurring from approximately n-C28 upwards. In the distributions for 

the NS2 crude oil, enhancement is less clear due to the effect of biodegradation. 

However, distribution for the whole oil sample is from n-C12 to n-C33 while high 

molecular weight enhancement, in the bound oil sample, is clearly evident from n

C35 to n-C43. As with the distribution for the NS2 oil fractions, the H7 oil fractions 

have been affected by biodegradation and therefore, identification of enhancement is 

difficult. However, it is seen that enhancement has occurred in the bound oil fraction 

from approximately n-C28 upwards. 

Iatroscan-FID and aliphatic hydrocarbon gas chromatographic analyses 

identified the preferential enrichment of both asphaltenes and waxes in the bound oil 

fractions. This research therefore agrees with the reported literature, which identified 

that the stabilisation of water-in-oil emulsions was dependent upon the presence of 

asphaltene and wax groups at the crude oil/water interfacial film (Graham et al., 1983; 

Thompson et al., 1985; Bobra et al., 1992; Schramm, 1992). 

4.4.2. Bulk Chemical Assessment of the Whole Oil, Supernatant Oil and 

Unbound Oil Fractions. 

Work in Section 4.3.1.2 has already assumed that the whole oil, supematant 

oil and unbound oil fractions were identical. However, as the latter two fractions have 

been blended with an aqueous phase it was considered necessary to assess if this 

would have altered their bulk compositions. 

There were two mechanisms which may have altered .the chemical 

composition of the supematant oil and unbound oil fractions. These were; (1) the 

preferential adsorption of compounds to the oil/water interfacial film and (2) the loss 

of the water soluble fraction (WSF) to the aqueous phase. The unbound oil fraction 

Was considered to have the greatest potential for alteration due to it's close proximity 

to the bound oil fraction (Fig. 4.2.2). 

Assessment of the preferential adsorption of organics from the unbound oil to 

the oil/water interfacial film (bound oil phase) is assessed by a mass balance in Figure 

4.4.2. It may be seen that subtraction of the approximate weights (small weights are 

Subject to balance error and are reported as approximates) of each constituent group 

(aliphatic hydrocarbons etc.) in the bound oil (approximate total extract 10 mg, Table 

5.3.1), from those of the unbound oil (approximate total extract from an initial crude 

oil quantity of 6 g = 2.8 g), has no significant effect upon the overall composition of 

the unbound oil fraction. 
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Unbound Oil Bound Oil = Altered Unbound Oil 
Composition - Composition Composition 

(2,800 mg)* (10 mg)* (2,790 mg)* 

Asphaltenes 3% (84 mg) 60% (6 mg) = 2.8% (78 mg) 

Resins 16% (448 mg) 10% (1 mg) = 16% (447 mg) 

Aromatic 
Hydrocarbons 34% (952 mg) - 8% (0.8 mg) = 34.1 % (951.2 mg) 

Aliphatic 
Hydrocarbons 47% (1316 mg) - 12% (1.2 mg) = 47.1% (1314.8 mg) 

Figure 4.4.2. Mass balance, showing the subtraction of the overall weights of the 
constituents of the bound oil fraction from those of the unbound oil fraction, both 
extracted from an A29 crude oil/water blend Alteration to the composition of the 
unbound oil fraction is shown. ... = approximate extract weights. 

Losses due to the water washing of water soluble fraction:; (WSFs) were also 

thought to be inconsequential in the fractions analysed. Work by Shiu et al. (1990) 

found that loss of WSFs was governed by the water:oil ratio, with the loss of WSF 

increasing with the water:oil ratio, as shown in Figure 4.4.3. The water:oil ratio for 

these crude oil/water blends was approximately 0.15 (3 ml water! 7 ml oil) therefore, 

the loss of the WSF for the unbound oil, at this ratio, would be negligible. Water 

washing is discussed in more detail in Chapter 6. 
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Figure 4.4.3. Illustration of the reduction in concentration of specific aromatic 
hydrocarbons (water soluble fraction) in Western Sweet Mixed Blend crude oil with 
increasing exposure to water (increasing water-to-oil ratio). Taken from Shiu et al. 
(1990). 

Therefore, the supematant and unbound oil fractions were expected to have 

bUlk chemistries very similar to those of the whole oils. This was confirmed by results 

from Iatroscan-FID analysis, identifying that the bulk compositions of the whole oil, 

supematant oil and unbound oil fractions (Fig. 4.3.3), from various crude oils, were 

similar. In addition, the molecular analysis of the aliphatic hydrocarbons from whole 

oil, supematant oil and unbound oil fractions by gas chromatography (Fig. 4.4.4) for 

A29 crude oil, were also similar. The loss of n-C 11 in the aliphatic hydrocarbon gas 

chromatograms for the supematant and unbound oil fractions, in Figure 4.4.4, was 

attributed to evaporation during work up procedures. 

4.4.2.1. Assessment of the Asphaltene Precipitation Potential of Whole Oil Fractions. 

In addition to the bulk chemical analyses in Chapter 3 which were used to 

characterise the emulsion formationlstabilisation ability of crude oils, assessment of 

asphaltene precipitation potential was also performed by use of the aliphatic and 

arOmatic hydrocarbon ratio employed by Bobra et al. (1992). According to Bobra et 

al. (1992), oils with aliphatic:aromatic hydrocarbon (Ali:Arom) ratios of less than 1, 

Would be characterised by poor asphaltene precipitation and consequently poor 

emUlsion formationlstabilisation properties (Chapter 1). Results from this 

lnvestigation found that the crude oils A29 (Ali:Arom = 1.50), NS 1 (Ali:Arom = 

1.40), NS2 (Ali:Arom= 0.95) and NS3 (Ali:Arom = 0.50) were in agreement with the 

BObra et al. (1992) hypothesis. When both the A29 and NS 1 crude oils (Ali:Arom > 
1) Were blended with distilled water, stable water-in-oil emulsions were produced; 
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Figure 4.4.4. Comparison of the aliphatic hydrocarbon gas chromatograms for the 
whole oil, supernatant oil and unbound oil fractions from the A29 crude oil. F = 
pristane, G = phytane,-A to E = other isoprenoids (Fig. 4.3.2). 
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while both the NS2 and NS3 crude oils (Ali:Arom < 1) produced poor (if any) 

emulsions. However, one North Sea crude oil (Kittiwake), and two 5MB crude oils 

(HI & H7) (Table 4.3.1), did not conform with this hypothesis, possessing Ali:Arom 

ratios of less than 1, yet forming stable, viscous, water-in-oil emulsions. 

The high NSO contents of the two 5MB crude oils was considered to be 

responsible for the formation of emulsions, promoting water/oil interactions and 

thereby stabilising emulsions (Chapter 3). However, a possible explanation of the 

ability of Kittiwake crude oil to form stable water-in-oil emulsions was gained by 

comparison of its chemical composition with that for the NS2 crude oil. It is seen in 

Figure 4.3.1 and Table 4.3.1, that the bulk chemistries of Kittiwake and NS2 crude 

oils possess some similarities. Both are dominated by the aromatic hydrocarbons 

(approximately 44%) followed in abundance by the aliphatic hydrocarbons 

(approximately 38%) and NSOs (approximately 15% - 22%). In addition, both have 

Ali:Arom ratios below 1, with wax extract concentrations of approximately O.8wt%. 

However, work in Chapter 3 (Table 3.3.3), highlights that these two crude oils 

possessed different emulsion formationlstabilisation properties. The Kittiwake crude 

oil formed a stable, viscous water-in-oil emulsion while the NS2 did not, instead 

forming a weak emulsion associated with a separated water phase. These 

characteristics suggest that their different emulsion formationlstabilisation abilities 

may be attributed to subtle compositional differences not observed with latroscan-FID 

analysis. 

In Figure 4.3.2, it is seen that the Kittiwake aliphatic hydrocarbon distribution 

is dominated by the low molecular weight constituents, with an n-alkane distribution 

from n-ClO to n-C34 and a maximum peak height at n-CI2. However, the aliphatic 

hydrocarbon distribution of the NS2 crude oil is dominated by isoprenoids, with a 

microbially reduced n-alkane distribution of n-C13 to n-C27. This difference in the 

aliphatic hydrocarbon distribution (Kittiwake dominated by low molecular weight n

alkanes; NS2 dominated by isoprenoids) will probably affect the solubility of 

asphaltene particles in the crude oils. It is probable that a lower molecular weight 

aliphatic hydrocarbon mixture (Kittiwake), will promote asphaltene precipitation to a 

greater degree (promoting stable water-in-oil emulsions) than a higher molecular 

Weight aliphatic hydrocarbon mixture with reduced n-alkanes (NS2). Standard 

asphaltene precipitation techniques illustrate this effect. - It is seen that a greater 

amount of asphaltene precipitate is produced by the use of low molecular weight 

aliphatic solvents, such as pentane, than higher molecular weight aliphatic solvents, 

SUch as heptane (Speight et al., 1984; Kawanaka et al., 1989, Sheu et al., 1992a). 

Consequently, the ability of Kittiwake to form a stable water-in-oil emulsion is 

possibly attributed to the composition rather than quantity of its aliphatic hydrocarbon 
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fraction. Therefore, it is suggested that an appreciation of the aliphatic hydrocarbon 

composition is required before prediction of the asphaltene precipitation of a crude oil 

may be made. Therefore, the Ali:Arom ratio hypothesis, suggested by Bobra et al. 

(1992), does not offer a subtle enough assessment of the asphaltene precipitation 

ability of the Kittiwake crude oil. 

4.4.2.2. Assessment of the Wax Precipitation Potential of Whole Oil Fractions. 

Chapter 3 identified that the emulsion fonnation/stabilisation ability of a crude 

oil was affected by the extent of biodegradation. Examination of total wax extracts 

was able to highlight a trend between the reduction of wax content and increasing 

biodegradation. The 5MB crude oils, HI and H7, display total wax concentrations of 

0.45wt% and O.20wt% respectively (Table 4.3.1), indicating wax reduction with 

increased biodegradation. Comparisons between the non-degraded North Sea crude 

oils, A29 and Kittiwake (1wt% and O.7wt% wax concentrations respectively), and 

biodegraded North Sea crude oils, NS2 and NS3 (O.66wt% and 0.46wt% wax 

concentrations respectively) also shows a relationship between wax reduction with 

increasing biodegradation. The differences between total wax extract concentrations 

of the non-degraded Californian crude oils HI, and the non-degraded North Sea crude 

oils, A29 and Kittiwake, was assumed to be due to differences in source rock type and 

level of maturation. 

As work by Thompson et al. (1985) has shown that the crude oil wax content 

is related to water-in-oil emulsion stability, it was probable that the.poor emulsion 

fOrmation/stabilisation of crude oils may be partly attributed to the reduction of the 

Wax content, due to biodegradation processes (Section 3.4.3). 

However, a more precise assessment of the variation of the wax content of the 

crude oil, with increasing biodegradation, is presented in this chapter by use of a novel 

Wax concentration/precipitation technique (Bishop et al., 1994) coupled with high 

temperature gas chromatography (HTGC; del Rio et al., 1992). Assessment of the 

high temperature gas chromatograms of the wax extracts from crude oils (Figs. 4.3.5 

to 4.3.7), indicated that biodegradation had a profound effect upon wax distribution 

and concentration. The n-C30 peak responses were observed to generally decrease 

With increasing biodegradation. 5MB crude oils provide the best and most reliable 

eXample of this relationship with the n-C30 response in the H7 crude oil being an 

order of magnitude less than HI. 
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Non-degraded crude oils exhibit wax distributions from n-C18 to 

approximately n-C60, with maximum peak heights at approximately n-C30. In 

general, reduction of the wax contents for biodegraded crude oils exhibited no 

preferential removal, maximum peak heights were maintained at approximately n

C30. However the NS3 crude oil exhibited a bimodal wax distribution with maximum 

peak heights at n-C28 and n-C42. This additional peak maximum may be attributed to 

preferential wax removal. Work by Hanstveit (1992), studying the degradation of 

different waxes, found that waxes of up to n-C50 could be degraded, regardless of 

their type (paraffin, crystalline etc., Section 1.2.2.2). The only restriction upon the 

biodegradation of waxes appeared to be their availability. It is possible therefore, that 

the second maximum in the NS3 wax extract may represent wax which was protected 

from biodegradation. As the presence of high molecular weight aliphatic 

hydrocarbons in asphaltenes has already been described by Bishop et al. (1994, 

Section 1.2.2.1; Fig. 1.9) one possibility may be that the waxes have occluded into the 

asphaltenes making them unavailable for biodegradation. 

In conclusion, it is suggested that the reduction of the wax content of North 

Sea crude oils, due to biodegradation, is a contributory factor to their poor emulsion 

formation! stabilisation abilities. 

4.5. Conclusions. 

This work has identified that the stability of the water-in-oil emulsions, 

isolated from crude oil/water blends, is associated with the preferential enrichment of 

the asphaltene and wax groups at the water/oil interface. It is considered that their 

presence indicates the formation of a rigid and protective interfacial film, essential for 

the stabilisation of water-in-oil emulsions (Schramm, 1992). The build up of 

asphaltene and wax particles at the crude oil/water interface was predominantly 

attributed to precipitation from the crude oil (Eley et al., 1987; Bobra et al., 1992). 

Additional assessment of asphaltene precipitation potential, to that performed 

in Chapter 3, was gained by use of the aliphatic and aromatic hydrocarbon ratio. 

R.esults agreed with findings in Chapter 3, that the process of biodegradation appeared 

to make the asphaltene group more soluble in the crude oil phase, and therefore less 

likely to aid emulsion stabilisation. However, it was noted that results from the use of 

. this ratio should be viewed cautiously, as it does not take into account the state of the 

aliphatic hydrocarbons, which may alter the asphaltene precipitation potential. 
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More detailed assessment of the wax content of crude oils also agreed with 

conclusions from Chapter 3, with reduction in wax contents being related to 

increasing biodegradation. This would therefore reduce the wax sols ability to 

stabilise water-in-oil emulsions. 

Asphaltene and wax observations possibly explain the poor emulsion 

formationlstabilisation abilities of the biodegraded North Sea crude oils, NS2 and 

NS3, which were probably unable to form rigid and protective interfacial films. 

However, as concluded in Chapter 3, the stability of biodegraded Santa Maria Basin 

crude oil emulsions was suggested to be due to greater surfactant interactions between 

the oil and water phases due to their high NSO concentrations. More detailed 

investigation of the NSO compounds, and their variation with biodegradation is given 

in the following chapter. 
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CHAPTER 5: ASSESSMENT OF THE EFFECT OF ALKYLPHENOLS ON 

CRUDE OIL WATER UPTAKE ABILITY. 

This chapter investigates the effect of the CO-C3 alkylphenols on the water 

retention and emulsion formation and stabilisation ability of crude oil. This is 

achieved in two ways. Firstly, by assessment of the variation of alkylphenols (both 

qualitative and quantitative) in various crude oils, relating the results to water uptake 

ability as well as the biodegradation state of crude oils. Secondly, by studying the 

distribution of the Co-C3 alkylphenols in crude oil and water blends, especially the 

alkyl phenol concentration and distribution in the water-in-oil emulsions. 

5.1. Introduction. 

The water uptake ability of crude oils has been categorised in Chapter 3 by the 

assessment of the water retention and water-in-crude oil emulsion formation! 

stabilisation ability. The degree of water retention has been related to the 

biodegradation state of the crude oils, with both crude oil physicochemical properties 

and NSO content (Chapter 3) possibly influencing the degree of retention. The 

formation and stabilisation of water-in-crude oil emulsions has also been related to the 

degree of biodegradation and the resultant effects upon the presence of emulsifiers 

(asphaltene and wax precipitates, as well as the crude oil surfactants) at the oil and 

water interface. These emulsifiers have been reported in the literature as vital for the 

formation of the rigid and protective interfacial films, which are ,formed during 

oil/water blending in the laboratory, or during production, and stabilise water-in-oil 

emulsions (Bobra et al., 1992, Schramm, 1992). 

The previous chapter assessed the variation of the bulk chemistry of crude oils 

(in particular asphaltene and wax concentrations), in relation to their emulsion 

formation!stabilisation character and biodegradation state. In addition, assessment of 

the bulk chemical variation between the emulsion (bound oil) phase and whole oil 

phase was performed, emphasising the enrichment of asphaltene and wax groups at 

the crude oil/water interface. This chapter will perform detailed chemical assessment 

of a surfactant group attributed to stabilising water-in-9il emulsions, the CO-C3 

alkylphenols (Layrisse et al., 1984). In addition, work will attempt to relate 

alkylphenol concentrations and distributions to observed water retention ability in 

Chapter 3. 

The ability of surfactants, such as phenols, to stabilise emulsions is based on 

their potential to interact with both crude oil and water phases (lsraelachvili, 1991). 
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This amphiphilic nature is not uniform, and in general sW'factants will react to a 

greater or lesser degree with one particular phase (Schramm, 1992). This 

characteristic will not only influence whether or not the surfactant may stabilise an 

emulsion, it will also affect the type of emulsion formed (water-in-crude oil emulsion 

or crude oil-in-water emulsion; Shaw, 1980). For the formation of water-in-oil 

emulsions the surfactant is generally soluble in the oil phase (Becher, 1966; Schramm, 

1992). There are many crude oil soluble surfactants which are capable of interacting 

with both water and oil phases. In addition to phenols there are carboxylic acids, 

alcohols, esters, heterocyclic nitrogen compounds and resins (Acevedo et al., 1985; 

A veyard et al., 1990; Schramm, 1992). The oil/water partition coefficients of 

alkylphenols (inferred from alkylphenol oil and water solubilities reported in Fig. 

5.1.1) indicate that while soluble in both oil and water phases, they have a slightly 

greater affinity for the oil phase (Taylor, 1994). Therefore, phenols will be assessed as 

representatives of crude oil soluble emulsifiers due to their partition behaviour and 

ease of extraction and analysis. 

Phenols are a group of monohydric aromatic alcohols which are common to 

crude oils (Fig. 5.1.2) and have been identified as water-in-oil emulsifying compounds 

(Tissot & Welte, 1984; Layrisse et al., 1984; Hunter & White, 1992). Phenols have an 

electronegative hydroxyl group which imparts polarity upon the phenol molecule, 

allowing them to form hydrogen bonds with oil, water and solid phases (Taylor, 

1994). In addition, their slight acidity allows them to react with bases, such as sodium 

hydroxide and potassium hydroxide, to form salts (Murray, 1977). This ability was 

utilised in the phenol extraction procedure described below. The ability of phenols to 

partake in acid/base and/or hydrogen bond interactions, with miner~l, water or oil 

phases has led to their use in the assessment of crude oil migration and biodegradation 

(Sandvik et al., 1992; Taylor, 1994; Larter & Aplin, 1995). Petroleum phenols which 

have been analysed previously and which are also analysed by this study, range from 

phenol (CO) to C3 alkylphenols and are hence forth referred to as CO-C3 alkylphenols, 

or just alkylphenols (CO, Cl, C2 & C3 referring to the number of substituted alkyl 

carbons on the phenol aromatic ring; Fig. 5.1.2) unless specific isomers are discussed 

(loppolo et al., 1992; Taylor, 1994). The specific alkylphenols analysed were; phenol, 

2-methylphenol (ortho), 3-methylphenol (meta), 4-methylphenol (para), 2-

ethylphenol, 2,5-dimethylphenol, 2,4-dimethylphenol, .2,6-dimethylphenol, 3,5-

dimethylphenol, 4-ethylphenol, 3,4-dimethylphenol, 2-propylphenol, 3-

isopropylphenol, 4-isopropylphenol, 2,4,6-trimethy lphenol, 2,3,5-trimethylphenol, 

2,3,6-trimethylphenol and 3,4,5-trimethylphenol. 
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Figure 5.1.1. Estimated alkylphenol content of oil and water following equilibration 
of equal volumes of oil (initially containing 10 000 ppb of each isomer) and water 
(initially containing no isomers). Illustrates the overall preferential soluility of 
alkylphenols in oil. Takenjrom Taylor (1994). 
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OH 

2-methylphenol, 

Cl = methylphenols 

OH 

ortho (6) 

0 
ortho (2) 

meta (5) meta (3) 

para (4) 

phenol, 
Co= phenol 

OH OH 

CH3 CH3 CH3 CH3 

0 
CH3 

2,4-dimethylphenol, 

Cz = dimethylpbenols, 
etbyJpbenols 

2,4,6-trimethylphenol, 

C3 = trimethylphenols, 
methyl and etbylpbenols, 
propylpbenols 

Figure 5.1.2. Illustration o/the phenol structure and notation as well as the/our 
alkyl phenol homolog groups (Co-Cj) which are common to crude oils and were 
analysed in this study (Joppolo et al., 1992). 

As discussed above, the ability of the alkylphenols to stabilise water-in-crude 

oil emulsions depends upon their solubility in both phases (oil and water). The 

interaction of alkylphenols with various phases has been predominantly assessed by 

use of partition coefficients. Partition coefficients describe the partitioning of 

compounds between oil and water phases when equilibrium has been reached 

(Southworth et al., 1983). Octanol-water partition coefficients CKow) are widely used 

as the standard measure for the partition ability of various compounds in varying 

situations, from oil spills to pharmaceuticals (Leo, 1971; Southworth et al., 1983). 

The octanoVwater partition coefficient (P or Kow) is defined in Equation 5.1 (Lyman, 

1982): 

Kow = 
Conc. of solute in octanol phase 

Conc. of solute in aqueous phase {S.l} 
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It is obvious that the partition coefficient of a particular solute is governed by 

its solubility in the solvents (octanol and water) and has been frequently related to its 

water solubility. Therefore, the water solubility of a solute may be used to estimate the 

Kow of the solute (Chiou et al., 1977). However, it is important to note that the 

partition coefficient of a solute is not the same as the ratio of the solubility of a solute 

in octanol and water phases because, in a binary system, octanol and water do not 

represent two pure phases. At equilibrium, the octanol phase will contain water and 

vice versa (Chiou et al., 1982; Lyman, 1992). However, partition coefficients and 

water solubility may be correlated, hydrophobic solutes being represented by Kow 

values of greater than 10 while hydrophilic solutes are represented by Kow values of 

less than 10 (Lyman, 1992). 

It has been found that both carbon number and steric arrangement alter the 

affinity of alkylphenols for the aqueous phase (Bizek et al., 1992; Larter & Aplin, 

1995). McAuliffe (1979) reported that water solubility for both aliphatic hydrocarbon 

and aromatic hydrocarbon groups decreases with increasing carbon number (Fig. 

6.1.3), a similar trend has also been observed by Taylor (1994), with the partitioning 

of alkylphenols to the aqueous phase decreasing with increasing carbon number (Fig. 

5.1.1). It was further shown, by Taylor (1994) and Mac1eod et al. (1993), that 

hindrance of the hydroxyl group of phenol, by substituted alkyl groups at the ortho 

position, would reduce the affinity of alkylphenols for the aqueous phase, 

consequently increasing their partition coefficient values. The effect of the position of 

an alkyl group, relative to that of a polar functionality, is not restricted to oxygen 

compounds and has also been recorded by Li & Larter (1993) for pyrrolic compounds. 

The expected water solubility of the CO-C3 alkylphenols, ~ shown in the 

literature, will decrease in the following order: 

This order is attributed to the alkyl groups which are both "electron releasing" and 

hydrophilic, reducing the polarity of the phenol group, thereby reducing partition 

capability and water solubility (Murray, 1977). On the basis of partition experiments, 

a second order of water solubility preference within the Cl, C2 and C3 alkylphenol 

groups would be seen, with "hindered alkylphenols" (i.e .. , alkylphenols which have 

alkyl group substitution in the ortho position of the phenol ring) having lower aqueous 

solubilities than the non-hindered groups. 

As well as alkylation of alkylphenols, the properties of the solvents (oil and 

Water) will also greatly influence the affinity of alkylphenols for the water and oil 

phases. In partition coefficient assessment, the effect of different organic solvents 
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(such as octanol and hexane), has been shown to influence alkylphenol partition 

behaviour, due to the different hydrogen bonding abilities of polar (octanol) and 

apolar (hexane) organic solvent phases. Therefore, the partition coefficient for phenol, 

measured in a hexane-water system, is approximately two orders of magnitude lower 

than the phenol partition coefficient measured in an octanol-water system. The effect 

of solute-solvent interactions has also been noted by both Southworth et al. (1983) and 

Taylor (1994), when assessing the alkylphenol partition coefficients in crude oil-water 

systems. It was seen that heavy crude oils, containing higher percentages of polar 

NSO compounds, give higher oil/water partition coefficients than those observed with 

normal crude oils, which contain much lower percentages of NSO compounds. This 

was attributed to heavy crude oils having increased ability to form hydrogen bonds 

with phenols due to their greater overall polarity. This point is illustrated in Table 

5.1.1, with data from Southworth et al. (1983). 

Alkylphenols Increasing organic solvent polarity ~ 

Dodecane Toluene H-Coal* SRC 11* 

Co-alkylphenol 0.8 1.6 2.8 4.6 

Cl-alkylphenol 0.76 7.4 10 16 

C2-alkylphenol 2.4 22 30 56 

C 3 -alkylphenol 25 100 100 210 

Table 5.1.1. Co-C3 alkylphenol oil/water partition coefficients determined with 
different organic phases. After South worth et aL (1983). (* H-Coal was obtained 
from a coal liquefaction. SRC II was derived .from oil shale). 

The solubility of the CO-C3 alkylphenols in aqueous phases, will be affected 

by the pH, salinity and temperature of the water. 

An increase in the pH of the aqueous phase will increase the aqueous phase 

solubility of alkylphenols and therefore, decrease partition coefficients (Golumbic et 

al., 1949). This increased phenol solubility was attributed to the ionisation of the 

phenols (ionised phenols preferring water; neutral or non-ionised phenols preferring 

the oil; Fig. 5.1.3). However, phenol ionisation is variable, dependent upon the degree 

of alkylation of the alkylphenol and pH. This variability is illustrated by the different 

pKa values of the phenol isomers, shown in Table 5.1.2. . 
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OH 

o 
Neutral alkylphenol Ionised alkylphenol 

Figure 5.1.3. Neutral (preferentially partition into the oil phase) and ionised 
(preferentially partition into the aqueous phase) alkylphenols. 

Phenol Compounds pKa MW 
phenol 9.92 94.11 
2-methylphenol 10.26 108.13 
3-methylphenol 10.09 108.13 
4-methylphenol 10.26 108.13 
2-ethylphenol 10.20 122.17 
2,5-dimethylphenol 10040 122.17 
2,4-dimethylphenol 10.60 122.17 
2,6-dimethylphenol 10.62 122.17 
3,5-dimethylphenol 10.20 122.17 
4-ethylphenol 10.00 122.17 
3,4-dimethylphenol 10040 122.17 
2-propylphenol 10.30 136.1 . 

4-isopropylphenol 10.3 136.1 
2,4,6-trimethylphenol 10.9 136.1 
2,3,5-trimethylphenol 10.67 136.1 
2,3,6-trimethylphenol 10.89 136.1 
3,4,5-trimethylphenol 10.5 136.1 

Table 5.1.2. pKa and molecular weight values for various alkyl phenol isomers. Taken 
from Foley, 1988 and Varhanfckova, 1995. 

The pKa of a molecule represents the pH at which the neutral and ionised 

species of the molecule are in equal abundance. From the pKa data above it is 

concluded that low molecular weight (MW) alkylphenols will ionise to a greater 

degree than high MW alkylphenols, at a constant pH. This characteristic has proved 

Useful. Foley (1988) recognised that the variable ionisation of alkylphenols could be 

Used to separate cresols (methylphenols) and xylenols (dimethylphenols) in addition, 
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the phenol extraction technique developed by Taylor (1994), and used in this study, is 

also based on this phenomenon (see below). 

Work by Taylor (1994) showed that below a pH of approximately 8, the 

phenols were dominated by the neutral, rather than ionised forms, and were therefore 

not affected by preferential partition from the oil phase into the aqueous phase. The 

samples in this study have been associated with distilled water, the pH will be 7 going 

to approximately 8 after equilibration (measured by pH paper) between the aqueous 

and oil phases. Therefore, it was considered that substantial ionisation and preferential 

partition of ionised alkylphenols into the aqueous phase had not occurred. 

Increased salinity will cause alkylphenol partition coefficients to increase 

(Taylor, 1994). This is attributed to the "salting out" effect of the CO-C3 alkylphenols 

(price, 1976). 

It has been reported that increasing the temperature of a binary solvent system 

increases the solute concentration in the solvent with the lowest boiling point, thereby 

affecting partition coefficients (Leo et al., 1971). Analysis of the CO-C3 alkylphenol 

concentrations in crude oil/water systems has observed that increases in temperature 

actually decreased the partition coefficients (Taylor, 1994). Therefore, all experiments 

in this study were performed at a constant temperature to avoid potential errors 

associated with changes to the partition coefficients. 

All the above factors will effect the water solubility of alkylphenols and 

therefore, their partition coefficients. More importantly, they may also affect the 

ability of alkylphenols to stabilise water-in-oil emulsions by altering the relative oil 

and water solubilities of alkylphenols (oil soluble surfactants stabilise water-in-oil 

emulsions and vice versa; Bancroft's rule, Section 1.2.1; Shaw, 1980); 

The main aim of this study was to assess the role of the alkylphenols as 

surfactants and mediators of water uptake by crude oil. This was achieved by studying 

the variation of CO-C3 alkylphenol concentrations and distributions in water/oil blend 

fractions, as well as in mature oils (whole oil). It was also hoped to examine the effect 

of biodegradation on the alkylphenol concentrations of crude oils and perhaps explain 

the relationship between the biodegradation state of a crude oil and its emulsion 

formationlstabilisation and water retention ability, described in Chapter 3. To achieve 

these goals the analytical method developed by Taylor (1994) was employed. This 

technique was applied to the crude oils in the sample set and the resultant alkylphenol 

distributions and concentrations were determined. Further, the fractions, separated 

from crude oil/water blends (supernatant oil, unbound oil, emulsion & bound oil; 

Section 4.2.1.1), were also analysed to assess the partitioning of the CO-C3 

alkylphenols in the crude oil/water blends. 

124 



"'I 
\ 

Chapter 5: Assessment of the Alkylphenols and their Effect upon Water Uptake. 

5.2. Experimental. 

5.2.1. Phenol Extraction and Analysis. 

This study was based upon the alkaline alkylphenol extraction and analysis 

procedures perfonned by Taylor (1994). For details the reader should refer to this 

work. The procedures are schematically illustrated in Figure 5.2.1. 

Between 0.5 g and 1.0 g of either whole oil, supernatant oil or unbound oil 

fractions, or approximately 1-10 mg of bound oiVemulsion fractions (Table 5.2.2), 

was pipetted into a 100 ml round bottom flask (RBF) and diluted with 10 ml of 

toluene. 25 ml of methanolic potassium hydroxide solution (10% w/v) was added to 

the sample along with 8,145 ng of a 2-naphthol internal standard (4,072.5 ng of 2-

naphthol for emulsion and bound oil fractions). This mixture was then shaken in a 

"Griffin flask shaker" for one hour. The mixture was poured into a 100 ml separating 

funnel and the 100 ml round bottom flask (RBF) was subsequently washed three times 

with 10 ml distilled water, each washing being added to the separating funnel. The 

separating funnel and contents were left overnight to allow the organic and aqueous 

phases to completely separate. After this time as much of the organic phase as 

possible was pipetted off without disturbing the aqueous phase. The aqueous phase 

was washed three times with hexane, each wash being pipetted off and added to the 

organic phase. The organic phase (containing the neutral and basic compounds) was 

discarded. 
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I Oil (0.75 g) + Toluene (10 ml) + 2-napthol internal standard in 100 ml RBF* I 
I 

Add 25 ml methanolic KOH solution 
(10% w/v KOH in 90: 1 0 methanol:water) 

shake (1 hour) 

I 
Transfer the mixture to a 100 ml separating funnel 

containing 10 ml distilled water 

I 
Rinse RBF* with distilled water (3 x 10 ml) 
Add washings to the separating funnel 

Leave overnight to allow the organic and aqueous phases to separate completely 

I 
Remove the upper (organic) layer containing neutral and basic compounds 

with a pasteur pipette 

I 
Wash the aqueous solution with hexane (3 x 20 ml) 

to remove hydrocarbons 

1 
I Acidify the aqueous solution to pH 2 with orthophosphoric acid I 

I 
Extract the aikylphenols from the acidic aqueous solution 

by washing with 1:4 diethyl ether: petroleum ether (3 x 20 ml) 

I 
Reduce to 5 ml and dry with anhydrous MgSC\ 

J 
1 Filter through extracted cotton wool and rinse with DCM** "I 

I I Reduce to 1 00 ~l under a stream of nitrogen I 
I 

I Silylate the phenol hydroxyl group with BSTF A for 1 hour at 60°C I 
I 

I Analyse by GC & GCIMS I 
Figure 5.2.1. Extraction and analysis procedure/or assessment o/Co-C3 
alkylphenols (*RBF = round bottom flask; **DCM = dichloromethane). Takenfrom 
Taylor, 1994. 
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The aqueous phase, containing the potassium phenolate salts, was transferred 

to a clean 100 ml RBF. This alkaline solution (approximate pH of 12) was then 

acidified with dilute phosphoric acid to a pH of less than 2. This acidified solution 

was then added to a clean 100 ml separating funnel. The acidified aqueous phase was 

then extracted three times with 20 ml of petroleum ether:diethyl ether (4:1) to remove 

the neutral alkylphenols. Solvent wash was pipetted into a clean 100 ml RBF and the 

solvent was subsequently reduced by rotary evaporation, to approximately 5 ml. 

Approximately 10 mg of solvent extracted anhydrous magnesium sulphate was added 

to the reduced solvent and left for 5 minutes to absorb any water contamination from 

the previous solvent/aqueous separation step. The anhydrous magnesium sulphate and 

solvent were separated by use of a short column, containing approximately a 1 cm 

plug of pre-extracted cotton wool. The sample was rinsed through the short column, 

with 10-20 ml of dichloromethane (DCM) into a clean 50 ml RBF to separate it from 

the magnesium sulphate. The phenol extract was now rotary evaporated to 

approximately 2 ml and transferred into a vial. The extract was further reduced to 100 

J.lI by evaporation under a stream of nitrogen. 

Before gas chromatography (GC) and gas chromatography/mass spectrometry 

(GCIMS) analyses, the phenol extract must be silylated, to maintain chromatographic 

resolution and protect the chromatographic columns. To silylate the phenol extract the 

reagent N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1 % 

trimethylchlorosilane (TMCS), Fluka Chemicals, was used. Approximately 50 J.lI was 

added to the 100 J.lI extract and heated for one hour, at 60°C, in a sealed vial. Samples 

were then diluted with DCM (500 J.lI for whole oil, supematant oil and unbound oil; 

50 J.lI for bound oil and emulsion samples) and then analysed directly by either GC or 

GCIMS techniques (Sections 5.2.2 & 5.2.3), with 1 J.lI injection. 

Taylor (1994) found recoveries varied from 40% for phenol, 66% for C1-

alkylphenols, increasing up to 90% for C3-alkylphenols. The 2-naphthol standard had 

a 90% recovery (Table 5.2.1). These recoveries compared well with a similar study by 

Pauls et al. (1990). These recovery percentages indicate that estimated CO-C3 

alkylphenol concentrations, using this procedure, will be underestimates. 
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Phenol Compounds 0/0 recovery Kow 
phenol (non-hindered) 40.7 3.1 
2-methylphenol (hindered) 66.1 15.6 
3-methylphenol (non-hindered) 66.1 11.3 
4-methylphenol (non-hindered) 66.2 10.9 
2-ethylphenol (hindered) 76.1 61.9 
2,5-dimethylphenol (hindered) 77.7 48.2 
2,4-dimethylphenol (hindered) 79.8 45.4 
2,6/3,5-dimethylphenol 74.8 40.2 
(hindered/non-hindered) 

4-ethylphenol (non-hindered) 83.9 40.1 
3,4-dimethylphenol (non-hindered) 82.0 32.5 
2-propylphenol (hindered) 82.6 190.1 
3-isopropylphenol (non-hindered) 87.8 116.4 
4-isopropylphenol (non-hindered) 87.6 118.8 
2,4,6-trimethylphenol (hindered) 48.8 104.6 
2,3,5-trimethylphenol (hindered) 85.4 115.5 
2,3,6-trimethylphenol (hindered) 67.5 103.5 
3,4,5-trimethylphenol (non-hindered) 90.6 73.1 
2-naphthol 90.8 

Table 5.2.1. The percent (%) recoveries and oil/water partition coefficients (Kow) 
estimates, both determined by Taylor (l994},for the Co-C3 alkylphenols extracted 
and analysed in this study. The hindered/non-hindered state of each alkyl phenol 
molecule is indicated. 

5.2.1.1. Accuracy and Precision. 

The above extraction procedure is designed to isolate CO-C3 alkylphenols 

from crude oil samples with weights of approximately 0.75 g. However, in Table 

5.2.2, it is shown that total extract weights for the bound oil and emulsion samples 

varies between 1 and 10 mg. Consequently, these small sample weights have 

percentage errors ranging from 0.8% to 3.8% (Table 5.2.2) due to the limitations of 

the balance used. However, the calculated alkylphenol concentrations for bound oil 

and emulsion samples were at least an order of magnitude greater than the whole oil, 

supernatant oil and unbound oil alkylphenol concentrations (see below). 

Consequently, the conclusions reached in Sections 5.3 and 5.4, were not effected by 

the percentage errors for emulsionlbound oil sample weights. In addition, blank 

alkylphenol extraction runs were performed and the extraction process was not found 

to influence the CO-C3 alkylphenol concentrations and distributions for bound oil and 

emulsion samples. 
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Crude Oil Fractions 

Crude Oils Whole Oil Supematant Unbound Bound Oill 

Oil Oil Emulsion 

EldfiskA29 750 750 750 3.3 (2.4%) 

Eldfisk B12 750 750 750 2.1 (3.8%) 

NSl 750 10 (0.8%) 

NS2 750 750 750 7.2 (1.1 %) 

NS3 750 

HI 750 4.2 (1.9%) 

H7 750 3.3 (2.4%) 

Table 5.2.2. Average sample weights (mg) for allcylphenol extraction. Low sample 
weights also show the percent error. The calculated standard deviation of the balance 
used was 0.08 mg. (percentage error = standard deviation [0.08 mg] divided by the 
mean sample weight). 

5.2.2. Gas Chromatographic Analysis of Derivatised Alkylphenols. 

The CO-C3 derivatised alkylphenol extracts were run on a Carlo Erba 5160 gas 

chromatograph. On-column injection was used and the instrument was fitted with a 

flame ionisation detector (FID). The hydrogen carrier gas pressure was 50 kPa. The 

chromatographic column used was an HP-l coated, fused silica column (25 m x 0.32 

mm, film thickness of 0.17 J..lm). All analyses were made using a temperature 

programme starting at 35°C for 10 min, increasing at 2°C min-1 to 120°C (0 mins) 

then increasing at 6°C min-1 to 300°C with the final temperature bei;g maintained for 

20 mins. 

5.2.3. Gas Chromatography/l\1ass Spectrometry of Derivatised Alkylphenols. 

For gas chromatography/mass spectrometry (GCIMS) analysis, samples were 

injected onto a Fisons 8000 Series gas chromatograph coupled to a Fisons Trio 1000 

mass spectrometer. The gas chromatograph was fitted with an HP-l fused silica 

column (25 m x 0.32 mm, with a film thickness of 0.25 J..lm). Cold on-column 

injection was used with a helium carrier gas pressure of 25 kPa. The GCIMS had an 

ionisation voltage of 70 e V and was fitted with a quadrupole mass filter, the 

electronmultiplier v~ltage was 7000 V. The filament current was 42 mA (amps), 

source current was 1400 mA and the trap current was 150 mA. Analysis was run in 

selective ion recording (SIR) mode, the selected ions being listed in Table 5.2.3. The 
, 
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temperature programme used was the same as that in the gas chromatograph analysis 

(Section 5.2.2). 

Ions monitored by SIR analyses. 

(M-15)+ M+ 

Co-alkylphenol 151 166 

C l-alkylphenols 165 180 

C2-alkylphenols 179 194 

C3-alkylphenols 193 208 

2-naphthol 201 216 

Table 5.2.3. List 01 the molecular ions (u-t) and demethylated ions (M-15)+ 
monitored in SIR analyses 0ICO-C3 alkylphenols and internal standard (2-naphthol). 

Peaks were identified by co-injection of authentic reference compounds and 

the identified CO-C3 alkylphenol isomers were quantified by assessment of the peak 

areas of the fragmented silylated (M-15)+ ions of the CO-C3 alkylphenols, relative to 

those of the 2-naphthol. In addition, the alkylphenol isomers 2;3-dimethylphenol and 

2-isopropylphenol, analysed in the Taylor (1994) study, were not assessed here due to 

contamination problems. However, the two alkylphenol isomers 3,5 & 2,6-

dimethylphenol, which co-eluted in the Taylor (1994) study, were resolved and 

assessed separately in this study. . 

5.2.4. Extraction of Blend Fractions from Crude Oil and Water Blends. 

The blend fractions which were extracted from the crude oil/water blends and 

used in this chapter were the supernatant oil, unbound oil, emulsion and bound oil 

fractions. The supernatant oil fraction represented the crude oil which separated from 

the emulsion sediment due to gravity (normal, or increased due to centrifuging). The 

term "emulsion sediment" refers to product from the flocculation of the emulsion 

droplets in the crude oil/water blends. The sediment contains the unbound oil fraction, 

hound oil fraction and aqueous phase. The unbound oil fraction represented the crude 

oil trapped in the emulsion sediment which is not part of the crude oil/water interfacial 

film. The emulsion fraction represented the organic matter in the crude oil/water 

interfacial film, as ~ell as the dissolved organic matter in the water phase. The bound 

oil fraction represented the organic matter isolated from the crude oil/water interfacial 
film. 
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As well as fractions extracted from the crude oil/water blends (supematant oil, 

unbound oil, emulsion, bound oil fractions), the whole oil fractions (oil which has not 

been blended with an aqueous phase) were also analysed. 

This procedure is described in detail in Chapter 4, Section 4.2.1.1. 

5.3. Results. 

5.3.1. Alkylphenol Distributions for North Sea Whole Oil and Blend Fractions. 

5.3.1.1. North Sea Non-Degraded Crude Oil, A29. 

The alkylphenol distributions for the whole oil and extracted crude oil/water 

blend fractions (supematant oil, unbound oil and bound oil/emulsion defined in 

Section 5.2.4 and discussed in further detail in Section 4.2.1.1) of the A29 crude oil, 

are represented by the histograms in Figure 5.3.1. The overall CO-C3 alkylphenol 

yields for the supematant and unbound oils (approximately 24,000 & 29,000 ng g-l 

respectively, Table 5.3.1) are lower than the average total concentration 

(approximately 36,000 ng g-l, Table 5.3.1) of the whole oil fractions. The whole oil, 

supematant oil and unbound oil CO-C3 alkylphenol distributions are seen to be 

similar. The main alkylphenol groups are the Cl and C2 alkylphenols, with isomer 

concentrations between 2,000 and 4,000 ng g-l for the whole oil and 1,500 and 2,500 

ng g-l for the supematant and unbound oils. Phenol is more abundant in the unbound 

oil relative to whole oil and supematant oil fractions. The C3 alkylphenols are minor 

constituents in the whole oil, supematant oil and unbound oil fractions with isomer 

concentrations averaging between 100-1,000 ng g-l. The dominant CO-C3 

alkylphenols are the ortho-cresol (2-methylphenol) and 2,4-dimethylphenol although 

phenol also becomes dominant (accompanied by a decrease in the ortho-cresol) in the 

unbound oil fraction. 
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Figure 5.3.1. Examples of Co-C 3 alkyl phenol distributions and concentrations for the 
EldfiskA29 whole oil, supernatant oil, unbound oil and bound oilfractions. Average 
total alkylphenol concentrations are also reported. MP = methyl phenol; DMP = 
dimethyl phenol; TMP = trimethylphenol. 
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Crude Oils Whole Oil Supematant Unbound Bound Oil/ 
Oil Oil Emulsion 

EldfiskA29 36,092(3) 23,892(2) 28,992(2) 146,976(5) 

5,737 928 258 33,858 

Eldfisk B12 32,690(1) 17,917(3) 13,794(3) 439,173(3) 

11,242 7,495 462,944 

NS1 103,506(1) 24,465(1) nd 152,228(1) 

NS2 4,716(2) 4,353(1) 28,993(1) 360,154(3) 

633 248,312 

NS3 3,119(3) nd nd nd 

891 

HI 26,378(2) nd nd 370,827(2) 

309 100,278 

H7 35,123(2) nd nd 1,021,414(2) 

3,269 169,963 

Table 5.3.1. The average total Co-C3 allcylphenol concentration (ng g-1) for the 
whole oil and extracted blend fractions for each crude oil. Number of averaged 
samples are bracketed Standard Deviation report in italics where appropriate. 
Statistical data for all oils given in Appendix 4. nd = not determined 

Further assessment of the alkylphenol extracts from the whole oil, supematant 

oil and unbound oil fractions of the A29 crude oils may be gained from assessment of 

their hindered and non-hindered alkylphenol concentrations (Section 5.1) for each oil. 

Hindrance of alkylphenols is caused by hydrogen bonding (Macl<:od et al., 1993). 

Such analyses are illustrated in Figures 5.3.2 to 5.3.4, where the line on the graph 

("parity line", x = y) joins points with equal hindered isomer and non-hindered isomer 

concentrations. The cross plots of the total yields of hindered and non-hindered 

alkylphenol isomers (Figs. 5.3.2 to 5.3.4), for these three fractions, predominantly plot 

in the hindered region, indicating that they are all dominated by hindered 

alkylphenols. 

The CO-C3 alkylphenol distribution of the bound oil/emulsion fractions 

Contrast sharply to those of the whole oil, supematant oil and unbound oil fractions. 

The total CO-C3 alkylphenol concentrations of the bo~d oil/emulsion fractions, on 

average, are substantially greater (approximately 147,000 ng g-l) than those for the 

Whole oil sample (approximately 36,000 ng g-l). An example of a CO-C3 alkylphenol 

distribution from a bound oil fraction is illustrated in Figure 5.3.1, which is dominated 

by phenol (approximately 87,000 ng g-l), with relatively minor Cl and C2 

alkylphenols (approximate isomer concentrations of 8,000 ng g-l) with the C3 
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Figure 5.3.5. Cross plot of hindered and non-hindered Co-C3 alkyl phenol yields for 
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region of equal concentrations of hindered and non-hindered alkyl phenol isomers. * 
== biodegraded crude oil. 
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alkylphenols being absent. The cross plot of the total yields of the hindered and non

hindered CO-C3 alkylphenols from the bound oil/emulsion fractions in Figure 5.3.5, 

plot in the non-hindered region. Therefore, the bound oil/emulsion CO-C3 alkylphenol 

extracts from the A29 North Sea crude oil are enriched with non-hindered 

alkylphenols, predominantly by the phenol isomer. 

5.3.1.2. North Sea Non-Degraded Crude Oil, B12. 

Examples of the CO-C3 alkylphenol distributions for the B12 whole oil and the 

extracted blend fractions (supematant oil, unbound oil & bound oil fractions), are 

shown in Figure 5.3.6. It may be seen that the whole oil, supematant oil and unbound 

oil CO-C3 alkylphenols histograms are similar. The total CO-C3 alkylphenol yields for 

the supematant and unbound oil fractions (approximately 18,000 & 14,000 ng g-1 

respectively, Table 5.3.1), are approximately half of the total concentrations for the 

whole oil fraction (33,000 ng g-l, Table 5.3.1). The whole oil, supematant oil and 

unbound oil alkylphenol distributions are dominated by the Cl and C2 alkylphenol 

groups (approximately 2,000 ng g-1 to 4,000 ng g-l for whole oil; 500 ng g-l to 2,000 

ng g-1 for supematant oil and unbound oil fractions), with the Co alkylphenol 

increasing in the unbound oil fraction when compared with the supematant sample 

(500 ng g-1 to 2,500 ng g-I). The C3 alkylphenols are minor constituents in these 

fractions (100 ng g-1 to 1,000 ng g-I). The cross plot of the total yields from the 

hindered versus non-hindered alkylphenols for whole oil, supematant oil and unbound 

oil fractions, in Figures 5.3.2 to 5.3.4, show that the fractions predominantly plot in 

the hindered alkylphenol region. 

The total CO-C3 alkylphenol concentrations for the bound oil fraction are, on 

average, an order of magnitude greater than those for the whole oil fraction, being 

approximately 439,000 ng g_-1 The extracted alkylphenol distribution for the bound 

oil fraction is dominated by phenol (approximately 230,000 ng g-l) followed by the 

Cl and C2 alkylphenol groups in decreasing abundance (approximately 100,000 ng g-

1 and 50,000 ng g-1 respectively). The C3 alkylphenols are essentially absent. The 

cross plot of the total yields for the hindered and non-hindered alkylphenols, in Figure 

5.3.5, occurs in the non-hindered region. 
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Figure 5.3.6. Examples of Co-C 3 allcylphenol distributions and concentrations for the 
Eldfisk B12 whole oil, supernatant oil, unbound oil and bound oil fractions. Average 
total allcylphenol concentrations are also reported MP = methyl phenol; DMP = 

dimethyl phenol; TMP = trimethylphenol. 
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5.3.1.3. North Sea Non-Degraded Crude Oil, NS1. 

Histograms of the distribution for the CO-C3 alkylphenols from the NSl whole 

oil and blend extracted fractions (supematant oil & emulsion fractions) are shown in 

Figure 5.3.7 (emulsion and bound oil fractions are considered to be interchangeable; 

Section 5.4.2.2). The whole oil and supematant oil distributions are dominated by 

phenol. However, the total alkylphenol concentrations for these two fractions are 

markedly different, approximately 24,000 ng g-1 for the supematant oil and 

approximately 104,000 ng g-1 for the whole oil fraction. The NS 1 whole oil 

alkylphenol isomer concentrations are variable, ranging from less than 1,000 ng g-1 to 

21,000 ng g-l. The dominant peaks in the alkylphenol extract of the whole oil fraction 

are the phenol (21,000 ng g-I), meta cresol (15,000 ng g-I), 2,4-dimethylphenol 

(12,000 ng g-I), 3,5-dimethylphenol (11,000 ng g-l) and 4-isopropylphenol (15,000 

ng g-I). The cross plot of the total yields for the hindered and non-hindered phenol 

isomers of the NS 1 whole oil, illustrated in Figure 5.3.2, plot in the non-hindered 

region (displayed at an order of magnitude less than the actual values for 

convenience). 

The alkylphenol concentrations for the supematant oil fraction vary from 100 

ng g-1 to 6,000 ng g-l. The dominant peaks in the supematant oil distribution are 

phenol (6,000 ng g-I), meta cresol (3,100 ng g-I), 3,5-dimethylphenol (1,800 ng g-l) 

and 4-iso/2,3,5-propylphenol/ 3,4,6-propylphenols all approximately 2,000 ng g-l. 

The cross plot of the hindered and non-hindered total isomer yields plot above the 

parity line in the non-hindered region of the graph. 

The alkylphenol distribution of the emulsion fraction (Le., the organic matter 

present in both the crude oil/water interface as well as the aqueous phase, Section 

5.2.4) is dominated by the phenol isomer (approximately 70,000 ng g-I), the Cl and 

C2 alkylphenols are relatively minor constituents (approximate isomer concentrations 

of 10,000-20,000 ng g-1 ), the C3 alkylphenols are absent. The total CO-C3 

alkylphenol concentration is greater than that of the whole oil fraction, at 

approximately 152,000 ng g-1 (Table 5.3.1). The cross plot of the hindered and non

hindered alkylphenol total yields, for the emulsion fraction, plots in the non-hindered 

region of the graph in Figure 5.3.5. 

5.3.1.4. North Sea Biodegraded Crude Oil, NS2. 

In Figure 5.3.8, the CO-C3 alkylphenol distributions for the whole oil and 

extracted bound oil fractions of the NS2 crude oil are illustrated. The CO-C3 
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Figure 5.3.7. CO-C3 alkyl phenol distributions and concentrations/or the NSl whole 
oil, supernatant oil and bound oil fractions. Total alkyl phenol concentrations are also 
reported MP = methyl phenol; DMP = dimethyl phenol; TMP = trimethylphenol. 
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Figure 5.3.B. Examples O/CO-C3 allcylphenol distributions and concentrations/or the 
NS2 whole oil and emulsion fractions. Average total allcylphenol concentrations are 
also reported. MP = methylphenol; DMP = dimethyl phenol; TMP = trimethylphenol. 
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alkylphenol extract of the NS2 whole oil has a total concentration of approximately 

5,000 ng g-l. The major alkylphenol groups in the alkylphenol distribution are the Cl 

and C2 alkylphenols, with isomer concentrations averaging at approximately 250 ng 

g-l. The dominant peaks are the 2,4-dimethylphenol (650 ng g-l), 4-ethylphenol (590 

ng g-l); ortho cresol (480 ng g-l), para cresol (390 ng g-l), and 2,3,5-

trimethylphenol (300 ng g-l). The phenol isomer is present at minor concentrations, 

approximately 50 ng g-l, while the C3 alkylphenols, with average isomer 

concentrations of approximately 100 ng g-l, are also minor in comparison to the Cl 

and C2 alkylphenols groups. The whole oil plots on the parity line of the hindered 

versus non-hindered alkylphenol cross plot (Fig. 5.3.2). 

The total CO-C3 alkylphenol concentration of the NS2 bound oil fraction is 

approximately 360,000 ng g-l. The CO-C3 alkylphenol distribution is dominated by 

the phenol (180,000 ng g-l) and 2,4-dimethylphenol (approximately 92,000 ng g-l) 

isomers with the Cl and other C2 alkylphenols present as relatively minor 

constituents (average concentrations approximately 30,000 ng g-l) and the C3 

alkylphenols being predominantly absent. The plot of the hindered (190,000 ng g-l) 

and non-hindered (300,000 ng g-l) alkylphenol total yields occurs in the non-hindered 

region (Fig. 5.3.5). 

5.3.1.5. North Sea Biodegraded Crude Oil, NS3. 

As the NS3 crude oil did not emulsify (Chapter 3) only the whole oil 

alkylphenol distribution is displayed. The total CO-C3 alkylphenol. concentration of 

the NS3 whole oil is approximately 3,000 ng g-l. The distribution, illustrated in 

Figure 5.3.9, is dominated by the Co and Cl alkylphenol groups, with average isomer 

concentrations of 300 ng g-l. The dominant peaks are phenol (360 ng g-l), meta 

cresol (340 ng g-l), para cresol (300 ng g-l), 2,4-dimethylphenol (325 ng g-l) and 

2,3,5-trimethylphenol (300 ng g-l). The majority of the C2 and C3 alkylphenol 

isomer concentrations average SO ng g-l. The hindered versus non-hindered 

alkylphenol cross plot, in Figure 5.3.2, plots on the parity line indicating no 

preferential dominance of either type of phenol in the oil. 
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Figure 5.3.9. The CO-C3 allcylphenol distribution of the whole oil fraction for the 
biodegraded North Sea crude oil, NS3. Average total allcylphenol concentration is 
also reported, MP = methyl phenol; DMP = dimethyl phenol; TMP = trimethylphenol. 

5.3.2. Alkylphenol Distributions for Santa Maria Basin Whole Oil and Blend Oil 

Fractions. 

5.3.2.1. Santa Maria Basin Non-Degraded Crude Oil, HI. 

Figure 5.3.10 displays the histograms of the CO-C3 alkylphenol distributions 

from the HI whole oil and emulsion fractions. The total concentrations for the 

extracted CO-C3 alkylphenols from the non-degraded Santa Maria Basin whole oil 

fraction is approximately 26,000 ng g-l : The dominant peaks are 2,4-dimethylphenol 

(4,000 ng g-l) and ortho cresol (3,500 ng g-l). The major groups are the Cl and C2 

alkylphenols, with isomer concentrations averaging 2,000 ng g-l. · The Co and C3 

alkylphenols are present at lower concentration, with isomer yields ranging from 100 

to 2,000 ng g-l, averaging 500 ng g-l. The cross plot of the total yields for hindered 

alkylphenol isomers (approximately 18,000 ng g-l) and non-hindered alkylphenol 

isomers (approximately 8,600 ng g-l), in Figure 5.3.2, occurs in the hindered CO-C3 

alkylphenol region. Therefore, the CO-C3 alkylphenol distributions for the HI whole 

oil are dominated by hindered alkylphenols. 

The total CO-C3 alkylphenol yield of the emulsion fraction is approximately 

370,000 ng g-l. The distribution is dominated by phenol (approximately 170,000 ng 

g-l) and 2,4-dimethylphenol (approximately 130,000 ng g-l). The other Cl and C2 

alkylphenols are present as minor constituents with the C3 alkylphenols being absent. 

In Figure 5.3.5 the cross plot of the total yields for the hindered versus non-hindered 

CO-C3 alkylphenols plots in the non-hindered region, 
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Figure 5.3.10. Examples of the CO-C3 alkyl phenol distributions and concentrations 
for the whole oil and emulsion fractions of the non-degraded Santa Maria Basin 
(SMB) crude oil, HI . Average total alkyl phenol concentrations are also reported. MP 
:::: methyl phenol; DMP = dimethy l phenol; TMP = trimethylphenol. 
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5.3.2.2. Santa Maria Basin Biodegraded Crude Oil, H7. 

The alkylphenol distributions for whole oil and extracted emulsion fractions 

from the H7 crude oil, are represented by the histograms in Figure 5.3.11. The 

averaged total CO-C3 alkylphenol concentration of the biodegraded Santa Maria Basin 

(H7) whole oil fraction, is approximately 35,000 ng g-I (Table 5.3.1). The distribution 

shown by the histogram in Figure 5.3.11, is dominated by three C3 alkylphenols 

isomers, 2,3,5-trimethylphenol (approximately 10,000 ng g-I), 2,4,6-trimethylphenol 

(approximately 9,000 ng g-l) and 2,3,6-trimethylphenol (approximately 5,000 ng g-

1). The next dominant alkylphenol group is the dimethylphenols, with average isomer 

concentrations of approximately 1,000 ng g-l, dominated by the 2,4-dimethylphenol 

peak (4,000 ng g-I). The Co and Cl alkylphenols are minor constituents, with isomer 

concentrations less than 500 ng g-l. The cross plot of the hindered and non-hindered 

total CO-C3 alkylphenol yields, in Figure 5.3.2, plots to the extreme right of the graph, 

indicating the extracted CO-C3 alkylphenol distribution is dominated by hindered 

alkylphenols. 

The CO-C3 alkylphenol distribution of the emulsion fraction is dominated by 

the phenol isomer (390,000 ng g-l) and the 2,4-dimethylphenol isomer 

(approximately 380,000 ng g-I). The overall CO-C3 alkylphenol yield is 

approximately 1,000,000 ng g-1 (Table 5.3.1). In Figure 5.3.5, (cross plot of the 

hindered versus non-hindered alkylphenol yields for the emulsion fraction) the sample 

plots in the hindered region, although substantially to the left of the plot for the H7 

whole oil, indicating a relative enrichment of non-hindered isomers in the emulsion 

fraction. 

5.4. Discussion. 

Discussion will firstly investigate the CO-C3 alkylphenol compositions for the 

Whole oil fractions analysed, assessing the variation of distributions relative to crude 

oil biodegraded states and water-in-oil emulsion formationlstabilisation ability. Work 

will then assess alkylphenol distributions of the blend fractions (supernatant oil, 

unbound oil, emulsionlbound oil fractions), especially any quantitative and qualitative 

variation between the emulsionlbound oil fractions and the whole oil fractions. Lastly, 

attention is paid to the relationship between distribution and concentrations of the CO

C3 alkylphenols and the crude oil water retention data from Chapter 3. 
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Figure 5.3.11. Examples of the CO-C3 alkyl phenol distributions and concentrations 
for the whole oil and emulsion fractions of the biodegraded Santa Maria Basin (SMB) 
crude oil, H7. Average total alklphenol concentrations also reported MP = 
methyl phenol; DMP = dimethylphenol; TMP = trimethylphenol. 
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5.4.1. Alkylphenol Distributions of the Whole Oil Fractions. 

5.4.1.1. Non-Degraded Whole Oil Fractions (A29, B12, NS1, HI). 

Assessment of the CO-C3 alkylphenol distributions of the non-degraded whole 

oils analysed (A29, B12, NS1, HI) found that three are similar (A29, B12, HI) while 

one (NS1) is markedly different. In Table 5.3.1 and Figure 5.4.1, it may be seen that 

the total CO-C3 alkylphenol concentrations of the A29, B 12 and HI crude oils were 

approximately 26,500 to 36,000 ng g-I. The CO-C3 alkylphenol distributions for these 

oils, shown in Figure 5.4.2, were dominated by the Cl and C2 alkylphenol groups 

with average isomer concentrations varying from 1,000 ng g-I to 3,000 ng g-l. The 

dominant peaks of these groups were ortho-cresol (3,500 to 5,500 ng g-l) and 2,4-

dimethylphenol (4,000 ng g-l to 6,000 ng g-l). Phenol varied in concentration from 

800 ng g-l to 4,000 ng g-l while the C3 alkylphenols were minor constituents, isomer 

concentrations averaging from 500 ng g-l to 1,000 ng g-l, being dominated by the 

2,3,5-trimethylphenol isomer (approximately 1,500 to 2,200 ng g-l). The NS1 total 

CO-C3 alkylphenol extract, as described in Section 5.3.1.3, possessed an overall 

concentration of approximately 104,000 ng g-l. Alkylphenol distribution was variable 

with several substantial peaks, phenol, meta-cresol and 4-isopropylphenol 

(approximately 15,000 ng g-l to 20,000 ng g-l) being present. 

104,000 ng g1 

80000 

60000 

40000 36,000 ng r- 33,000 ng r 

20000 

o 

-I 
4,700 ngg -I 

3,200 ng g 

35,000 ng g1 
26,500 ng gl 

A29 B12 NSl NS2 NS3 HI H7 

North Sea Santa Maria Basin 
Figure 5.4.1, Histogram of the averaged total CO-C3 allcylphenol concentrations (ng 
g-l) for the whole oils analysed. The averaged CO-C3 allcylphenol concentrationfor 
each whole oil is also shown above each column. The number of samples averaged 
per whole oil is shown in Table 5.3.1. 
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Figure 5.4.2. Examples o/the CO-C3 alkyl phenol distributions and concentrations/or 
non-degraded crudi oils (A29, BI2, NSI & HI). Extract concentrations are also 
shown. MP = methylphenol; DMP = dimethylphenol; TMP = trimethylphenol. 
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Work by Ioppolo et al. (1992) found total alkylphenol concentrations in 

Australian crude oils varied from 20 to 29,000 ng g-l, while a comprehensive study 

by Taylor (1994) found that whole oil concentrations varied from approximately 500 

ng g-1 to 87,000 ng g-l. Taylor (1994) also found that CO-C3 alkylphenol 

distributions, like the A29, B12 and HI distributions, were dominated by ortho-cresol 

and 2,4-dimethylphenol. 

Analysis of the cross plot of hindered and non-hindered alkylphenol yields in 

Figure 5.3.2, for each whole oil fraction, found that most A29, B12 and HI 

alkylphenol extracts all plot in the hindered region. Therefore, all but one extract are 

enriched in hindered alkylphenol isomers (hindered isomers possess ortho position 

substituents in the phenol ring, Section 5.1), this is also in agreement with the results 

determined by Taylor (1994). However, the cross plot for the NSl whole oil plotted in 

the non-hindered region, again disagreeing with other results. As the NS 1 CO-C3 

alkylphenol distributions and concentrations appear to vary from other results, it is 

suggested that the NS 1 CO-C3 alkylphenol extract was not a reliable. 

In general, results have agreed with previous work, finding that non-degraded 

crude oils have total CO-C3 alkylphenol concentrations varying from approximately 

26,500 ng g-1 to 36,000 ng g-l, with distributions dominated by ortho-cresol and 2,4-

dimethylphenols. In addition, the distributions are enriched in hindered alkylphenol 

Isomers. 

All of the non-degraded crude oils form stable, viscous water-in-oil emulsions. 

5.4.1.2. Degraded Whole Oil Fractions. 

5.4.1.2.1. North Sea Degraded Crude Oils (NS2 & NS3). 

The CO-C3 alkylphenol extracts for the biodegraded North Sea whole oils NS2 

and NS3, possess similar total concentrations (4,719 and 3,119 ng g-1 respectively) 

however, their distributions vary (Table 5.3.1, Figs. 5.4.1 & 5.4.3). These values are 

approximately an order of magnitude lower than the total CO-C3 alkylphenols 

concentrations (approximately 30,000 ng g-l) for the non-degraded whole oils (A29, 

B12, HI). Therefore, CO-C3 alkylphenol concentrations for both NS2 and NS3 

extracts appear to have been reduced by biodegradation. However, the effect of 

biodegradation on the isomeric distributions of CO-C3 alkylphenols was different for 

the two oils. 

The alkylphenol distribution for the NS2 crude oil (Fig. 5.4.3) appears to be 

similar to those of the non-degraded North Sea crude oils (above), with the ortho-
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Figure 5.4.3. Examples of the alkyl phenol distributions and concentrations of 
biodegraded North Sea crude oils (NS2 & NS3). Average total alkyl phenol 
concentrations are also shown. MP = nethylphenol; DMP = dimethyl phenol; TMP = 

trimethylphenol. 

149 



Chapter 5: Assessment of the Alkylphenols and their Effect upon Water Uptake. 

cresol (480 ng g-l) and 2,4-dimethylphenol (650 ng g-l) peaks being dominant. 

However, as well as these two peaks the 4-ethylphenol peak was also significant (580 

ng g-l). The dominance of Co and Cl alkylphenols over C2 and C3 alkylphenols, in 

non-degraded crude oils (Fig. 5.4.2) appears to have been reduced in the biodegraded 

crude oil, NS2 (Fig. 5.4.3). This may be attributed to water washing, as Co and Cl 

isomers are the most water soluble CO-C3 alkylphenols (Section 5.1; Taylor, 1994). 

The NS3 CO-C3 alkylphenol distribution, in Figure 5.4.3, does not resemble 

those of the non-degraded whole oil fractions shown in Figure 5.4.2. As described in 

Section 5.3.1.5, the distribution is dominated by the Co and Cl alkylphenols (250 ng 

g-l to 350 ng g-l) with the 2,4-dimethylphenol, 3,5-dimethylphenol and 2,3,5-

trimethylphenol also being prominent (250 ng g-l to 350 ng g-l). 

Assessment of the cross plots for hindered versus non-hindered alkylphenol 

total yields, for both NS2 and NS3 whole oils (Fig. 5.3.2), indicates that there was no 

preference for either structural type, with cross plots occurring on the parity line. 

Both biodegraded North Sea crude oils exhibited poor emulsion formation! 

stabilisation ability. It was considered that the loss of alkylphenols, due to 

biodegradation, may be a contributing factor (along with restricted asphaltene and 

wax precipitation; Chapter 4) to the inability ofNS2 and NS3 crude oils to form stable 

water-in-oil emulsions. Alkylphenol analysis has also highlighted that alteration to the 

NSO group of these samples, due to biodegradation, is subtle because previous 

assessment by Iatroscan-FID, in Chapters 3 and 4, did not identify any significant 

alteration (with increasing biodegradation) to the overall NSO concentration in North 

Sea crude oils. Therefore, it is concluded that alteration of the emulsion formation! 

stabilisation abilities of crude oils, due to biodegradation, may be observed at both 

molecular level (alkylphenol alteration) and bulk chemical level (reduced asphaltene 

precipitation potential and wax content, Chapter 4). It is suggested that biodegradation 

reduced the emulsion formation!stabilisation ability of North Sea crude oils (NS2 & 

NS3) by the reduction of the concentration of influential oil-soluble surfactants 

(alkylphenols), as well as by prevention of asphaltene precipitation and reduction of 

Wax concentration (Chapters 3 & 4). 

5.4.1.2.2. Santa Maria Basin Biodegraded Crude Oil, H7. 

Unlike the biodegraded North Sea crude oils (NS2 & NS3), the total CO-C3 

alkylphenols concentration of the biodegraded Santa Maria Basin crude oil, H7, was 

approximately equal to those of the non-degraded crude oil alkylphenol 

concentrations (A29, B12 & HI), with an average value of35,000 ng g-l (Table 5.3.1, 
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Fig. 5.4.1). However, the alkylphenol distribution for H7, compared with HI in Figure 

5.4.4, is dominated by the 2,4,6-trimethylphenol, 2,3,5-trimethylphenol and 2,3,6-

trimethylphenol (approximate isomer concentrations of 5,000 to 11 ,000 ng g-l) in 

contrast to the Co and Cl domination distribution for non-degraded crude oils. As the 

HI crude oil may be considered to be an example of a non-degraded precursor of the 

H7 crude oil (Taylor, 1994), an estimation of change in alkylphenol content for HI 

crude oil, due to biodegradation, may be established by comparison of HI and H7 CO

C3 alkylphenol concentrations. In Figure 5.4.5, such a comparison has been made. 

The peaks seen in the histogram represent the H7 alkylphenol concentrations as 

percentages of their concentrations in the HI crude oil. For example, the ortho-cresol 

concentration for H7 is divided by the ortho-cresol concentration for HI, the result 

being multiplied by 100%. In Figure 5.4.5 the results from normalisation illustrate the 

quantitative differences between the HI and H7 crude oils. The Co and Cl 

alkylphenols for the H7 oil have reduced relative to HI concentrations, being 10% of 

the same isomers in the HI crude oil. Most of the C2 alkylphenols, as well as the 2-

propylphenol, 3-isopropylphenol and 4-isopropylphenol isomers, from the H7 

extracts, possess similar concentrations as those for the HI crude oil (approximately 

100%±50%). However, the C3 alkylphenols; 2,4,6-trimethylphenol, 2,3,5-

trimethylphenol, 2,3,6-trimethylphenol and 3,4,5-trimethylphenol, in the H7 crude oil 

are approximately 400% to 600% greater than those in the HI crude oil. In addition to 

the preferential enrichment of the C3 alkylphenols, assessment of the cross plots for 

hindered versus non-hindered alkylphenol total yields (Fig. 5.3.2) indicate that the H7 

alkylphenol extract plot upon the extreme right of the graph, with alkylphenol 

distributions being dominated by hindered phenol isomers. This represents an increase 

in the hindered alkylphenols in the H7 crude oil when compared ~th the HI crude 

oil, as well as the higher molecular weight alkylphenols, such characteristics are 

indicative of water washing (Taylor, 1994; Section 6.1). 
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Figure 5.4.4. Examples of the CO-C3 alleylphenol distributions and concentrations of 
normal (Hi) and biodegraded (H7) Santa Maria Basin (SMB) crude oils. Average 
total alleylphenol concentrations are also shown. MP = methylphnol, DMP = 

dimethyl phenol; TMP = trimethylphenol. 
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Figure 5.4.5. The concentration of the H7 crude oil CO-C3 alkylphenols as a 
percentage of the Hi alkyl phenol concentration. It may be seen that the C3 
alkylphenols in the H7 crude oil are up to 600% greater than the alkyl phenol 
concentrations in the Hi crude oil. MP = methyl phenol; DMP = dimethylphenol; 
TMP = trimethylphenol. 

It is probable that both biodegradation and water wa,shing processes have 

combined to produced an alkylphenol extract (H7) which is preferentially enriched in 

the least water soluble alkylphenol isomers (C3 hindered alkylphenols). This 

domination is in contrast to results from biodegraded North Sea crude oils (above), as 

well as the W. African oils analysed by Taylor (1994), both of which show reduction 

in total CO-C3 alkylphenol concentration with biodegradation. Therefore, the 

enhancement of alkylphenols in the H7 oil and other samples from the same field, 

appears to be unusual (Taylor, 1994). 

It is possible that the alkylphenol concentrations and distributions from the H7 

crude oil may be attributed to biodegradation. It is known that the microbial 

degradation of polyaromatic hydrocarbons (PAHs) involves the incorporation of 

molecular oxygen thereby generating phenols (Gibson & Subramanian, 1984 referred 

to in Cerniglia, 1992). In addition, work by Cerniglia (1992) has shown that 

alkylphenols are intermediate products of reactions such as PAH hydroxylation by 

filamentous fungi, in a mono oxygenase system. Also, Gibson (1991) (referred to by 

Taylor, 1994) has shown that alkylphenols are produced by the biodegradation of 

toluene. However, detailed work by Taylor (1994) was ooable to satisfactorily account 

for the enrichment of the C3 alkylphenols in the H7 crude oil and concluded that the 

CO-C3 alkylphenol distribution may be accounted for by "unique reservoir 

conditions". As this research is not concerned with the generation of CO-C3 

alkylphenol distributions, merely their effect upon crude oil water uptake, it will not 
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speculate further upon the origin of such a unique assemblage. However, it is 

important to note that the presence of a large concentration of oil soluble surfactants 

(alkylphenols) in this biodegraded crude oil, probably contributes to the formation of 

the viscous and stable water-in-oil emulsions ofH7 crude oil, observed in Chapter 3. 

5.4.2. Assessment of the CO-C3 Alkylphenol Distributions for Blend Fractions. 

Crude oil/water blends were separated into different fractions (supematant oil, 

unbound oil, emulsion and bound oil fractions) as described in Section 4.2.1.1. The 

CO-C3 alkylphenol distributions of the fractions were subsequently analysed to assess 

the alteration due to blending of the oil and water phases. 

5.4.2.1. Comparison of Whole Oil, Supematant Oil and Unbound Oil Fractions. 

Assessment of the alkylphenol extracts of the A29 fractions identified that the 

CO-C3 alkylphenol distributions for the whole oil, supematant oil and unbound oil 

fractions were similar. In Figure 5.3.1 it is seen that these three fractions are all 

dominated by ortho-cresol (2,800 ng g-l to 5,500 ng g-l) and 2,4-dimethylphenol 

(4,000 ng g-l to 6,000 ng g-l) although there is an increase in the phenol 

concentration, for supematant oil to unbound oil, of 1,500 ng g-l to 3,900 ng g-l. In 

Figure 5.3.6, the alkylphenol distributions for the B12 crude oil/water blend fractions 

(supematant and unbound oil) are dominated by the Cl and C2 alkyJphenols (100 ng 

g-l to 2,500 ng g-l) with the Co alkylphenol concentration increasing from 

supematant oil to unbound oil (600 ng g-l to 2,500 ng g-l). 

The increase in the concentration of the phenol, for both A29 and B 12 

unbound oil fractions, may be attributed to the polarity of the unbound oil fraction 

prior to alkylphenol extraction. The unbound oil was extracetd in a xylene:heptane 

solvent mixture (3:1), which possesses a greater polarity than the bulk crude oil. Such 

an increase in polarity, as reported by Southworth et al. (1983) and Taylor (1994), and 

discussed in Section 5.1, may increase the partition coefficients of the CO-C3 

alkylphenols. Work by Southworth et al. (1983), reported in Table 5.1.1, identified 

that the partition coefficient of phenol was affected to a lesser degree than that of the 

CI-C3 alkylphenols (CI-C3 alkylphenols being retained in the xylene:heptane mix to 

a greater degree than in the crude oil). Consequently, the increase in the phenol 

concentration in the total CO-C3 alkylphenol recovery is caused by the increased 
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difficulty of extracting the C1-C3 alkylphenols from a higher polarity solvent medium 

(i.e., xylene:heptane). 

In general the total alkylphenol concentrations for the supematant and 

unbound oil fractions, even after consideration of standard deviations (Table 5.3.1), 

were less than those from the whole oil alkylphenols extracts. Again, the greater 

solvent polarity of the unbound oil medium may account for its reduced extract yields. 

However, as the alkylphenol extraction conditions for whole oil and supematant oil 

fractions were identical, it is considered that the low alkylphenol concentrations for 

the supematant oil fraction may be attributed to other factors. It was suspected that the 

supematant oil fraction may have lost alkylphenols relative to the whole oil yield by 

the action of water washing (during blending experiments), or by partition from the oil 

to the oil/water interfacial film. 

The effect of water washing by 3 ml of distilled water, may be assessed by 

Equation {5.4.1} used by Taylor (1994). 

Cor = 
1 + Vw/(Vo*Kow) {5.4.1} 

Cof = concentration of isomer after water washing. 
Coi = concentration of isomer prior to water washing. 
Vw = volume of water. 
V 0 = volume of oil. 
Kow = oil/water partition coefficient of isomer. 

Calculation of each CO-C3 alkylphenol isomer concentration, in both water 

and crude oil phases, was performed for a water:oil ratio of 3:7. These calculated 

concentrations were summed and the total alkylphenol concentration of the washed 

crude oil was then compared to the total alkylphenol concentrations of the whole oil 

and supematant oil fractions in Table 5.4.1. Results from the comparison show that 

the calculated alkylphenol concentration in the oil phase is not sufficiently low to 

explain the CO-C3 total alkylphenol concentration of the supematant oil. Therefore, 

water washing alone does not account for the low concentration of the supematant oil 

fraction. In addition, the low supematant oil concentrations could not be explained by 

loss of CO-C3 alkylphenols to the bound oil phase. The average bound oil extract 

weight for A29 and B12 crude oils (approximately 500 ng; discussed below; Table 

5.4.2), even when combined with losses due to water washing (above) and analytical 

errors (standard deviation; Table 5.3.1) do not account for the difference in extract 

Weights for whole oil-and supematant oil fractions. 
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As mentioned earlier, the only difference between the whole oil and 

supematant oil fractions is that the latter has been blended, and then separated from, a 

water phase. It is therefore suggested that observed losses are due to problems with 

this procedure. For example, it is possible that the temperature of the crude oil/water 

blend increased during blending which may have altered the alkylphenol partition 

coefficients. Such an affect, as observed by Taylor (1994), reduced the alkylphenol 

concentrations in the oil phase (Section 5.1). 

Crude Oils Whole Oils Oil Phase Supernatant Water Phase 

(calculated) * Oil ( calculated)* 

A29 36,092 35,234 23,892 858 

B12 32,690 31,678 17,917 1013 

NS2 4,218 4,149 4,353 69 

HI 26,378 25,906 472 

H7 35,123 34,989 134 

Table 5.4.1. Comparison of the calculated Co-C3 alkyl phenol concentrations (ng 151) 
for crude oil and water phases (* after blending at a water:oilratio of 3:7) with the 
actual extracted total Co-C3 alkyl phenol concentrations (ng 151) for selected whole 
oil and supernatant oil fractions. It is seen that the concentration of alkylphenols from 
the A29 & R12 calculated water washed oil phase (*) is not similar to the alkyl phenol 
concentration for the supernatant oil fraction. 

5.4.2.2. Assessment of the CO-C3 Alkylphenol Extracts for Emu!sionIBound Oil 

Fractions. 

One of the main aims of this study was the assessment of the effect of 

alkylphenols upon the stabilisation of water-in-oil emulsions; consequently, 

characterisation of alkylphenol distribution in the water-in-oil emulsion is essential. 

Therefore, analysis of the CO-C3 alkylphenol distributions for water-in-oil emulsions 

Was attempted using both the emulsion (containing the bound oil and aqueous phase, 

Section 4.2.1) and bound oil fractions (organic matter in the interfacial film). Analysis 

Was performed on 9 bound oil fractions and 9 emulsion fractions. 

Comparison of the total concentrations for the CO-C3 alkylphenol extracts 

from the bound oil/emulsion fractions, listed in Table 5.3.1, shows that concentrations 

Vary greatly, approximately 150,000 ng gal to 1,000,000 ng g-l. However, all are 

SUbstantially greater than the total alkylphenol concentrations for their respective 

Whole oil fractions (3,000 ng g-l to 100,000 ng g-l), many by at least an order of 
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magnitude. Therefore, it was concluded that the alkylphenol content of the organic 

matter in the bound oil and emulsion fractions was substantially increased. In 

addition, it was found that the alkylphenol distributions for most bound oil and 

emulsion fractions were dominated by the low molecular weight alkylphenols, 

predominantly phenol itself, although 2,4-dimethylphenol was also a substantial peak. 

A cross plot of hindered alkylphenol isomers versus the non-hindered 

alkylphenol isomers, for all emulsion and bound oil fractions, is shown in Figure 

5.3.5. It may be seen that all emulsion and bound oil fractions, except those of the H7 

crude oil, plot in the non-hindered region of the cross plot. This change from the 

alkylphenol distributions of the whole oil fractions, which are dominated by hindered 

CO-C3 alkylphenols illustrated in Figure 5.3.2, to the distributions of the emulsion and 

bound oil fractions, dominated by non-hindered alkylphenols, indicates preferential 

enrichment of non-hindered alkylphenols in the water-in-oil emulsion. It must be 

noted that although the H7 emulsion alkylphenols plotted in the hindered isomer 

dominated region of the cross plot in Figure 5.3.5, the alkylphenol content of the H7 

emulsions were appreciably closer to the parity line than the alkylphenols of H7 

whole oil fraction (Fig. 5.3.2), indicating a preferential enrichment of the non

hindered alkylphenols. Therefore, work has shown that overall, the alkylphenols 

present in the water-in-oil emulsion have been preferentially enriched in the lower 

molecular weight alkylphenols with non-hindered arrangements and that 

concentrations are frequently up to an order of magnitude greater than those for whole 

oil fractions. 

However, such analysis gives no indication of the distribution of CO-C3 

alkylphenols within the water-in-oil emulsion. As discussed in Chapter 1, emulsions 

in general consist of an oil phase, a water phase and an interfacial film. The oil phase 

has already been extracted (unbound oil phase) leaving the interfacial film (bound oil) 

and the aqueous phase (present in the emulsion fraction). The above observations have 

identified the preferential enrichment of low molecular weight, non-hindered 

alkylphenols in the water-in-oil emulsions, but not in which phase (aqueous or 

interfacial). The comparison of the CO-C3 alkylphenol extracts for bound oil (organic 

matter from the interfacial film) and emulsion (organic matter from both aqueous 

phase and interfacial film) fractions may help identify which phase the alkylphenols 

are present in. 

In Figure 5.4.6 it may be seen that the alkylphenol distributions for bound oil 

and emulsion fractions for A29 and B12 oils are similar, being dominated by the CO

alkylphenol (approximately 60,000 to 230,000 ng g-l) with relatively minor quantities 

of Cl and C2 alkylphenols (predominantly 3,000 to 25,000 ng g-1 in most extracts 

with the exception of a B 12 fraction with Cl and C2 isomer concentrations from 
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90.000 120,000 

A29 Bound Oil Fraction Extract Yield ~ 153,933 ng g BI2 Bound Oil Fraction Extract Yield - 239,490 ng g-I 

(nggl 

phenol 2.MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

90.000 DMP 

2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

TMP 

(ngg l 

phenol 2.MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

DMP TMP 
250.000 

BI2 Bound Oil Fraction Extract Yield..J. 109,583 ng I! BI2 Bound Oil Fraction Extract Yield\" 968,448 ng g 

(ng gl (ng gl 

phenol 2.MP 4-MP 2EP 2,4 3,5 3,4 2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

phenol 2-MP 4-MP 2EP 2,4 3,5 3,4 2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3.6 J-MP 2,5 2,6 4EP 

DMP TMP 
100,000 

A29 EmulsIon Fraction Extract Ylelcf1. 167,589 nl! g 

(ng gl 

phenol 2-MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

DMP 

90,000 

,IB, , 
2PP 41P 2,3,5 3,4,5 

31P 2,4,6 2,3,6 

TMP 

A29 Emulsion Fraction Extract Yield-J, 165,435 ng I! 

(ngg l 

phenol 2-MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

DMP 

2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

TMP 

J-MP 2,5 2.6 4EP 

DMP TMP 
60.000 

A29 Emulsion Fraction Extract Yieldl- 87,138 nl! I! 

(ng gl 

phenol 2-MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

DMP 

80.000 

2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

TMP 

A29 Emulsion Fraction Extract Yield-J 160,786 nl! I! 

(ng gl 

phenol 2-MP 4-MP 2EP 2,4 3,5 3,4 
J-MP 2,5 2,6 4EP 

DMP 

2PP 41P 2,3,5 3,4,5 
31P 2,4,6 2,3,6 

TMP 

Figure 5.4.6. Comparison of Co-C 3 alkylphenol distributions for bound oil and 
emulsion fractions extracted from Eldfisk crude oil/water blends illustrating the 
common origin of alkylphenols for both fractions. The total concentrations (ng 151) 
for extracted Co-C 3 alkyl phenol fractions are also shown. MP = methyl phenol; DMP 
::::: dimethyl phenol; TMP = trimethylphenol. 
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approximately 10,000 to 170,000 ng g-I). The C3 alkylphenols are essentially absent 

in all extracts. Such similarities for both concentrations and distributions of bound oil 

and emulsion fractions suggests a common source for the CO-C3 alkylphenol extracts. 

The source common for both emulsion and bound oil fractions is the organic matter 

from the crude oil/water interfacial film. Therefore, it is suggested that the CO-C3 

alkylphenol extract in the emulsion fraction is dominated by the alkylphenols from the 

interfacial film however, it seems dubious that alkylphenols are not present in the 

aqueous phase. 

To try and explain the apparent lack of alkylphenols in the aqueous phase three 

possible explanations are given. First, the alkylphenols were not given enough time to 

equilibrate due to immediate separation however, this seems unlikely as blend fraction 

separation was not usually accomplished before 24 hours. Second, the rigid and 

protective interfacial film formed in water-in-oil emulsions prevents partitioning of 

the CO-C3 alkylphenols from the oil to water phase. Third, the alkylphenols are more 

attracted to the interfacial film (the composition of which may consist of 100% NSO 

compounds) than the aqueous phase. 

Work by Taylor (1994) supports this latter possibility. Taylor (1994) found 

that low molecular weight alkylphenols, with non-hindered - arrangements, were 

preferentially adsorbed onto organic matter. Early observations (above) highlighted 

that bound oil and emulsion fraction alkylphenol extracts were also dominated by low 

molecular weight, non-hindered alkylphenols. In addition, calculations by Taylor 

(1994) (using laboratory derived partition and distribution coefficients) for a 

oil/water/rock system with less than 2% organic matter on the rock surface, found that 

most of the alkylphenols present in the system was adsorbed onto tp,e rock surface. 

Without the organic matter, the majority of alkylphenols (48%) occurred in the oil 

phase, 36% occurred in the water phase and only 18% on the rock surface. Therefore, 

it is proposed that a similar effect, preferential adsorption of alkylphenols onto 

precipitated organic matter (predominantly asphaltene sols), occurs at the interfacial 

film which is dominated by a highly functional NSO compositions (Chapter 4). 

In conclusion, the water-in-oil emulsions are dominated by the low molecular 

weight, non-hindered alkylphenols, with total alkylphenol concentrations of up to an 

order of magnitude greater than those for the whole oil fractions. Therefore, 

alkylphenols are preferentially enriched at the oil/water i~terface, probably aiding the 

formation of stable water-in-oil emulsions. This enrichment of the interfacial film and 

not the aqueous phase is suspected to be due to the high polarity of the NSO 

composition of the in~erfacial film which may preferentially attract alkylphenols. 
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5.4.3. Comparison of Results from CO-C3 Alkylphenol Analysis and Crude Oil 

Water Retentive Properties. 

Comparison of the observed water retentive behaviours of crude oils, 

monitored in Chapter 3, with their alkylphenol distributions, characterised in this 

chapter, was hoped to give some explanation for the observed increase in water 

retention with increasing biodegradation. The water retentive ability of crude oils is a 

measure of the sedimentation rate of water and/or emulsion droplets through the crude 

oil phase and it was considered that the presence of oil-soluble surfactants, such as 

alkylphenols, would alter such a process by effecting oil/water interactions, droplet 

growth and thereby sedimentation rate (Jordan & Payne, 1980; Cavello & Chang, 

1990). 

Three categories of retention were applied to the water sedimentation curves 

produced in Chapter 3, which are displayed in Table 3.3.2. "Poor" retention, the 

fastest sedimentation rate, is represented by a drop in the normalised water content 

(measured from the top of the crude oil/water blend) from 100%R to 40%R or less in 

under 50 hours. "Moderate" water retention is indicative of a crude oil with 

normalised water contents which drop from 100%R to less than 40%R in 50 to 100 

hours. "Good" water retention, which is the slowest sedimentation rate, exhibits 

normalised water contents which are maintained at approximately 100-40%R for 100 

hours. 

Analyses from this chapter found no discernible trend between CO-C3 

alkylphenol content and water retention abilities for the crude oils analysed (Table 

5.4.2). Crude oils which exhibited "poor" water retention, A29, NSl, NS2 and HI 

possessed similar alkylphenol distributions, frequently dominated by ortho-cresol and 

2,4-dimethylphenol however, they were found to possess markedly different total 

alkylphenol concentrations. As described above, the averaged total alkylphenol 

concentration of the biodegraded crude oil NS2 was an order of magnitude less than 

those of the non-degraded crude oils (A29, NSI & HI). Conversely, the similar CO

C3 alkylphenol concentrations of the NS2 and NS3 crude oils are in contrast to their 

different water retentive properties ("poor" and "good" respectively). Consequently, it 

appears likely that the increased water retentive abilities of biodegraded crude oils H7 

and NS3 are not solely related to their alkylphenol content. In addition, work in 

Chapters 3 has identified that there is no appreciable correlation between the 

asphaltene and wax so Is content of a crude oil and its water retentive behaviour. 

Therefore, it seems probable that the chemical composition of crudes, and it's effect 

upon interfacial film formation between oil and water phases, does not significantly 

Control ctude oil water retentive ability. 
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Crude Biodegradation Total Alkylphenol Water Water-in-Oil 
Oils State 1 Concentration Retention (W/O) 

(ng g-l) Ability 2 Emulsion3 

A29 Non-degraded 36,092 POOR Forms 
viscous WIO 

emulsion 
NSl Non-degraded 103,506 POOR Forms 

viscous WIO 
emulsion 

NS2 Mildly degraded 4,218 POOR Forms both 
WIO 

emulsion and 
water layer 

NS3 Extensively 3,119 GOOD Separate 
degraded water layer 

HI Non-degraded 26,378 POOR Forms 
viscous WIO 

emulsion 
H7 Moderately to 35,123 MODERATE Forms 

extensively viscous WIO 
degraded emulsion 

Table 5.4.2. Comparison of total alkylphenol concentration and water retention 
abilities for crude oils of different biodegraded states. It was found that no 
relationship could be distinguished. 1 = Biodegradation state classified using the 
Volkman et al. (1984) sequence. 2 = water retention ability determined in Chapter 3. -' 
= emulsionformationlstabilisation data determined in Chapter 3 .. 

5.5. Conclusions. 

In general, work suggests that the low molecular weight, non-hindered 

alkylphenols, have been enhanced in the bound oil fraction (oil/water interfacial film) 

by approximately an order of magnitude (approximately 150,000 ng g-1 to 1,000,000 

ng g-l) relative to the whole oil alkylphenol total concentrations (approximately 3,000 

ng g-1 to 100,000 ng g-I). This implies that alkylphenols are probably associated with 

the stabilisation of water-in-oil emulsions, in agreement with Acevedo et al. (1992) 

and Hunter & White (1992). 

Comparison of the total alkylphenol contents of crude oils with their emulsion 

formationlstabilisation ability found that poor emulsification was associated with the 

reduction of the total concentrations CO-C3 alkylphenols. Reduction of alkylphenols 

Was attributed to the biodegradation of the crude oils. Therefore, it seems probable 
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that the reduction of oil-soluble surfactants, such as CO-C3 alkylphenols, as well as 

the reduced presence of precipitated asphaltene and wax sols (Chapter 4) in degraded 

oils, contributes to the poor emulsion formation and stabilisation abilities of the North 

Sea crude oils (NS2 & NS3). 

However, no such association between crude oil chemical composition and 

water retention ability was recognised. Water retention was found to be independent 

of CO-C3 alkylphenol distributions. Therefore, no relationship between bulk chemical 

data/molecular data reported in Chapters 4 and 5, and the water retentive behaviours 

reported in Chapter 3 was observed. It is was therefore considered probable that water 

retention was predominantly related to the physicochemical properties of the crude oil 

(density, viscosity etc.), rather than chemical composition. 
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CHAPTER 6: EFFECT OF BIODEGRADATION UPON CRUDE OIL WATER 

UPTAKE ABILITY. 

6.1. Introduction. 

In Chapters 3, 4 and 5 the water uptake ability of crude oils was linked to their 

state of biodegradation. In Chapter 3 it was found that the biodegraded North Sea 

crude oils analysed had poor emulsification abilities. As well as affecting emulsion 

formation/stabilisation ability, crude oil biodegradation was also linked with increased 

water retention by work in Chapter 3. In the previous chapter the 

retentionlbiodegradation relationship was suggested to be possibly due to the 

alteration of the physicochemical properties of crude oil (density, viscosity etc.). 

The ability of crude oils to form stable water-in-oil emulsions has been shown 

to be dependent on their ability to form rigid and protective interfacial films between 

the oil and water phases (Johansen et al., 1989; Aveyard et al., 1990; Acevedo et al. 

1992; Schramm, 1992). Work presented in Chapters 3 & 4, related the poor water 

uptake ability (emulsion formation/stability) of biodegraded North Sea crude oils to 

their inability to form these rigid and protective interfacial films. This inability was 

linked to the effect of biodegradation on the bulk chemistry (affecting asphaltene 

precipitation) and the wax content of crude oils. In addition, Chapter 5 showed that 

reduction of surfactant groups, such as alkylphenols, probably influences interfacial 

film formation and hence the emulsion formation/stabilisation ability of crude oils. 

However, because these results have so far been gained from unrelated North Sea 

crude oils, a study of the variation of the water uptake ability (both water retention 

and emulsion formation/stability) of specific crude oils at different biodegradation 

states is desirable. In this chapter a crude oil is biodegraded in the laboratory and then 

analysed for changes in water uptake ability using the procedures described in 

Chapters 2, 3 and 4. 

Biodegradation generally results from microbial oxidation of petroleum 

hydrocarbons, causing enrichment of the non-hydrocarbon, NSO compounds (palmer, 

1993). Therefore, biodegradation produces heavy crude oils with low API gravity and 

(due to the loss of hydrocarbons) reduced economic value (Connan, 1984). 

There are two main types of biodegradation, aerobic and anaerobic, of which 

aerobic is by far the dominant alteration process in the subsurface (palmer, 1993). The 

aerobic biodegradation of subsurface petroleum accumulations occurs at oil/water 

Contacts, with the bacteria existing in the aqueous phase. Biodegradation is enhanced 

by an ample supply of both nutrients and oxygen, which are predominantly supplied 
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by flowing water. In addition, biodegradation is also governed by temperature, and it 

is generally recognised that biodegradation does not often occur above 80°C (Connan, 

1984). Therefore, subsurface petroleum biodegradation is often found in shallow, cool 

«80°C), petroleum accumulations which are washed by oxygenated, nutrient rich, 

frequently surface derived waters (Tissot & Welte, 1984). The necessary movement of 

water at the oil/water contacts results in another alteration process, that of water 

washing. 

Water washing of petroleum is characterised by the selective removal of water 

soluble petroleum components by hydrocarbon-under-saturated waters (Tissot & 

Welte, 1984). Consequently, it is observed that the crude oil alteration processes, 

aerobic biodegradation and water washing, are frequently concurrent (Connan, 1984; 

Lafargue & Barker, 1988). However, other subsurface petroleum alteration processes, 

such as reservoir maturation and fractionation of hydrocarbon light ends, may also be 

mistaken for biodegradation (Larter & Mills, 1989; Palmer, 1993). Therefore, good 

appreciation of the history of a crude oil is required prior to identification of alteration 

processes. 

At the surface, petroleum is subject to many other alteration processes. The 

two main surface crude oil alteration processes are biodegradation and evaporation 

however, other significant processes are dissolution, dispersion into the water column, 

photochemical oxidation, emulsification, adsorption onto particles, agglomeration and 

sinking (Jordan & Payne, 1980). 

All the above processes may alter the chemical composition of crude oils but it 

was hoped to assess the influence of aerobic biodegradation alone, as this was 

considered to be the main alteration process which affected the N~2 and NS3 crude 

oils (the alteration of both crude oils has been associated with the influx of oxygen 

rich, meteoric water; Sections 3.1.1.3.5 & 3.1.1.3.6 respectively). However, laboratory 

based biodegradation is also influenced by two other processes, water washing and 

evaporation and therefore these, along with aerobic biodegradation, will be described 

6.1.1. Alteration of Crude Oil Composition. 

This section provides an overview of the crude oil alteration processes; aerobic 

biodegradation, water washing and evaporation. It does not represent a detailed 

discussion of these _mechanisms and for such the reader should consult the literature 

(Connan, 1984; Peters & Moldowan, 1993) 
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6.1.1.1. Aerobic Biodegradation. 

Alteration of crude oil composition, by aerobic biodegradation, has been 

described by Tissot & Welte (1984) as following the sequence {6.l} with progressive 

removal of: 

n-alkanes> isoprenoid alkanes> low ring cycloalkanes> aromatics {6.1} 

This sequence is well established (Connan, 1984; Palmer, 1993) however exceptions 

do occur and laboratory experiments by Jones et aI., (1983), Jones (1986) and 

Rowland et al., (1986) have recognised the loss of aromatic hydrocarbons prior to 

aliphatic hydrocarbons under certain conditions. This preferential removal was 

suggested by Rowland et al. (1986) to be due to different biodegradation mechanisms 

in reservoir and laboratory environments. However, Connan et al., (1993) attributed 

preferential aromatic degradation specifically to the lack of nutrients (N, P, 02). 

The above sequence {6.1} is generalised and a more detailed assessment of 

crude oil hydrocarbon degradation is gained by further analysis of the aliphatic and 

aromatic hydrocarbons groups. 

6.1.1.1.1. Aliphatic Hydrocarbon Group. 

Volkmanet al. (1984) found that biodegradation of the aliphatic hydrocarbon 

fraction was represented by the following sequence {6.2} ofcompo~d class removal: 

n-alkanes> acyclic isoprenoid alkanes> C 14-C 16 bicyclic alkanes> steranes> 

hopanes> diasteranes. {6.2} 

From this sequence it may be seen that the degree of microbial attack is reduced with 

increasing branching, alkyl groups and cyclicity of the aliphatic hydrocarbons. In 

addition, each group (n-alkane, iso-alkane etc.) will display decreasing rates of 

reduction with increasing carbon numbers. For example the n-C6 to n-C15 n-alkane 

fraction will be reduced at a faster rate than the C15+ ,fraction (Walker et al., 1976; 

Connan, 1984). Taking this into account, Connan (1984) produced a more detailed 

aliphatic hydrocarbon degradation sequence (Table 6.1.1). 
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Removal Carbon Aliphatic Hydrocarbons Degraded 

Sequence Numbers 

1 C6-C15 n-alkane 

2 C6-C15 isoalkane 

3 C6-C15 cycloalkanes, isoprenoids 

4 C15-C35 n-alkanes, isoalkanes, anteisoalkanes, cyclohexyl 

and methylcyclopentylalkanes 

5 C15-C21 isoprenoids 

6 C27-C29 regular steranes (C27>C28>C29) 

7 C30-C35 hopane (C35-C34-C33>C32-C31-C30 and 

22R>22S) 

8 C27 diasteranes (20S>20R) 

9 C28-C29 diasteranes (C28>C29) 

10 C27-C29 hopane 

11 C21-C22 steranes (C21 >C22) 

Table 6.1.1. Step by step biodegradation of aliphatic hydrocarbons. Adaptedfrom 
Connan, 1984. 

It must be noted that this is not a valid sequence for every instance and 

variation will be seen, especially for the degradation of steranes and hopanes. 

Although both steranes and hopanes are resistant, surviving moderate biodegradation, 

they will eventually be degraded (Seifert & Moldowan, 1979; Seifert et al., 1984). 

The order of sterane degradation has been established by observation of both 

natural and in vitro biodegraded crude oils (Seifert & Moldowan, 1979; Goodwin et 

al., 1983; Chosson et al., 1992). The following sequence has consequently been 

suggested {6.3}: 

Regular Sterane> Diasterane 
C27> C28 > C29 

20R>20S 
{6.3} 

Therefore, the 20R epimers, due to their biological configuration, are the first 

to be degraded, while the C27 steranes are removed prior to the C28 sterane which are 

removed prior to the C29 sterane. Therefore, the first regular sterane to be affected by 

biodegradation is C27 aaa 20R. When the C27-C29 steranes have been completely 

removed the resistant diasteranes may begin to degrade if biodegradation is extreme 

enough ("severe" degradation; Connan, 1984). However, the recent biomarker review 
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by Peters and Moldowan (1993) has suggested that the order of sterane degradation, 

as well as hopane degradation, may vary with the presence of demethylated hopanes 

(25-nor-17a(H)-hopanes; discussed below), indicating two possible degradation 

pathways. 

In the presence of demethylated hopanes the sterane degradation sequence 

{6.4} is suggested to be: 

aaa20R & app20R > aaa20S & app20S 
C27> C2S > C29 > C30 

{6.4} 

This sequence is the result of work by Rullkotter and Wendisch (1982), and McKirdy 

et al. (1983). However, observations by Seifert et al. (1984), for the biomarker content 

of a Greek oil seep, which contained no demethylated hopanes, suggested a different 

sterane degradation sequence {6.5}: 

aaa20R(C27-C29) > aaa20S(C27) > aaa20S(C2S) > aaa20S(C29) 
~ app(20R + 20S)(C27-C29) 

{6.5} 

Degradation of hopanes shows that the 22R epimers are more susceptible to 

degradation than the S configurations (Peters & Moldowan, 1993). However, as 

mentioned above, Peters and Moldowan (1993) have suggested that the formation of 

demethylated hopanes may effect the degradative pathway of hopanes. It is suggested 

that in the absence of the formation of demethylated hopanes the degradation 

sequence {6.6} ofhopanes was: 

C35 > C34 > C33 > C32 > C31 > C30 > C29 > C27 
22R>22S 

{6.6} 

This was based on work by Goodwin et al. (1983), Connan (1984) and Seifert et al. 

(1984). However, results from a homohopane degradation study, by Peters and 

Moldowan (1991), found that in the presence of demethylated hopanes the overall 

hopane degradation order was represented by the following sequence {6. 7}: 

C27-C32 > C33 > C34 > C35 
{6.7} 
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However, it must be noted that this sequence {6.7} has only been reported once by 

Peters and Moldowan (1991) and therefore the findings are tentative (Peters & 

Moldowan, 1993). 

Biodegradation of hopanes has been suggested to produce 25-norhopanes due 

to the demethylation of the C-I0 position (peters & Moldowan, 1991; Farrimond & 

Telnres, unpublished). Consequently, it is possible that the presence of 25-norhopanes 

(lO-desmethylhopanes) are an indication of biodegradation (Peters & Moldowan, 

1993). However, it remains unclear whether this is a precursor (hopane)/ product (25-

norhopane) relationship, or that 25-norhopanes are merely bacterially resistant, being 

relatively enhanced by the removal of the more abundant and labile 17a-hopanes 

during biodegradation (Horstad et al., 1992; Moldowan & McCaffrey, 1995). 

Whichever hopane or sterane degradation sequence is observed (dependent 

upon the presence of 25-norhopane) the order in which steranes and hopanes are 

degraded is controversial. The majority of aliphatic hydrocarbon biodegradation 

sequences indicate that steranes are degraded prior to hopanes (V olkman et al., 1984; 

Connan, 1984; Peters & Moldowan, 1993) however, contradictory evidence ofhopane 

group removal before the sterane group has also been observed (peters & Moldowan, 

1991). Therefore, it has been suggested that the degradation of these groups is 

dependent upon the specific environmental conditions, allowing specific bacteria 

growth, which will utilise either steranes or hopanes first (Seifert et al., 1984; Peters 

& Moldowan, 1991; Palmer, 1993). 

6.1.1.1.2. Aromatic Hydrocarbon Group. 

The degree of biodegradation of aromatic hydrocarbons has been suggested, 

by many investigators (Walker et al., 1976; Volkman et al., 1984; Rowland et al., 

1986), to decrease with increasing aromatic ring number, following the sequence 

{6.8}: 

Monoaromatic> Diaromatic> Triaromatic> Polycyclic aromatic hydrocarbons 

{6.S} 

Although there is overlap between these groups, Rowland et al. (1986) have shown 

that each group exhibits a decreasing degradation rate with increasing alkylation 

(CO>Cl>C2>C3 etc.). Work by Wild et al. (1991) also recognised some degree of 

Overlap in the above sequence {6.8}. In Figure 6.1.1, Wild et al. (1991) found that 

While the general rate of biodegradation of aromatics is inversely proportional to the 
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number of aromatic rings present, alkylation may significantly alter the 

biodegradation rate. For example, it was found that phenanthrene degraded more 

rapidly than the lower molecular weight compound 2-methylnapthalene. 

Naphthalene 
(2.4 - 4.4) 

Pyrene 
(34 - 90) 

> 
Phenanthrene 

(4 - 18) 

3-Methylcholanthrene 
(87 - 200) 

> 
2-Methylnaphthalene 

(14 - 20) 

Benzo[a]pyrene 
(200 - 300) 

Figure 6.1.1. Aromatic hydrocarbon biodegradation sequence illustrating the effect of 
alkylation upon biodegradation rate. Half lives in weeks for microbial degradation 
are bracketed. Arrows indicate an increase in recalcitrance. Data from Wild et al., 
1991;figurefrom Cerniglia, 1992. 

It has also been recognised by Raymond et al. (1967), that degradation was 

affected by steric controls, with beta position substituted methylnaphthalene groups 

(Le., 2-methylnaphthalene) being degraded at a higher rate than alpha position 

substituted methylnaphthalenes (viz, I-methylnaphthalene; Fig. 6.1.2). Volkman et al. 

(1984), also observed this preferential removal of beta substituted methylnaphthalene 

isomers and in addition found that dimethylnaphthalenes (DMN) with opposite 

substituents (e.g., 2,7-DMN), as well as ethylnaphthalenes, were more resistant to 

biodegradation than other DMNs (Fig. 6.1.2). Volkman et al. (1984) listed the 

alkylnaphthalene degradation sequence {6.9} as the following: 

2MN> 1MN> 2, 7-1, 7-1,6DMN> 1,3-2,6DMN> 1,4-1,SDMN> 1,2DMN> 2,3DMN> 

1EN> 2EN> 1,8DMN {6.9} 

where MN represents methylnaphthalene, DMN dimethylnaphthalene, and EN 

ethylnaphthalene. 
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8 (CL) 1 (CL) 

7(~)~O 2(~) 
6(~)~3(~) 

5 (CL) 4 (CL) 

Naphthalene 

> 
2-Methylnaphthalene I-Methylnaphthalene 

> 

2,7 -Dimethy Inaphthalene l-Ethylnaphthalene 1 ,8-Dimethy Inaphthalene 

Figure 6.1.2. The effect of substituent positioning on biodegradation rates for 
alkylnaphthalenes. Arrows indicate an increase in recalcitrance. 

Assessment of the degradability of methylphenanthrenes, by Rowland et al. 

(I 986), found that they were more resistant to biodegradation than 

methylnaphthalenes, and at moderate biodegradation were still a valuable maturity 

parameter. However, phenanthrene should be used with caution as it is susceptible to 

degradation. The biodegradation of polycyclic aromatic hydrocarbons (p AHs, 

constituting three or more fused benzene rings in linear, angular and cluster 

arrangement) have been extensively investigated (Cerniglia 1992 and literature cited 

therein) due to their general recalcitrance and damaging. effects upon ecosystems 

(Wang et al., 1990; Aronstein et al., 1991). It was found that in general, lower 

molecular weight P AHs, such as phenanthrene, are degraded rapidly in sediments 

whereas higher molecular weight PAHs, such as benzo[a]pyrene, are quite resistant to 

microbial attack. 

In severely biodegraded crude oils, analysis of total aromatic hydrocarbons 

may only reliably identify the presence of mono- and tri-aromatic steroids CV olkman 

et al., 1984). Therefore, the resistance of aroma!ic steroid hydrocarbons to 

biodegradation allows maturity assessment of crude oils even at the highest levels of 

degradation (peters & Moldowan, 1993). 
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6.1.1.2. Water Washing. 

Water washing is the selective removal of water soluble petroleum species by 

undersaturated waters (with respect to hydrocarbons) flowing along the oil/water 

contact (Tissot & Welte, 1984). As mentioned above, water washing frequently 

accompanies aerobic biodegradation and is usually the only degradative mechanism 

when either the temperature is greater than 80°C, and generally prohibitive for viable 

bacterial existence, or when insufficient nutrient and oxygen levels for biodegradation 

exist (Lafargue & Barker, 1988). Therefore, alteration of crude oil in these 

circumstances will predominantly be governed by the water solubility of crude oil 

compound classes. Work by McAuliffe (1979), displayed in Figure 6.1.3, shows that 

aromatic hydrocarbons (for a given carbon number) are significantly more soluble in 

water than normal alkanes of the same carbon number. Palmer (1993), lists the 

removal sequence {6.1 O} of hydrocarbons, due to water washing as: 

1 ring aromatics> naphthalenes> branched alkanes> normal alkanes {6.10} 

(when all at the same carbon number). It was found that the solubility of each class 

(naphthalenes, phenols etc.) varied with carbon number, alkylation, unsaturation and 

branching (Yaws et al., 1990; Varhanickova et al., 1995). Structural differences were 

also observed to influence dissolution (Eganhouse & Calder, 1976), as 

ethylnaphthalenes were preferentially removed by water washing when compared 

with dimethylnaphthalenes. Also, I-methylnaphthalene was found to be slightly more 

soluble than 2-methylnaphthalenes. The sequence {6.11} of naphthalene group 

reduction, due to water washing, was suggested to be: 

Naphthalene> IMN> 2MN> 2EN> 1,5DMN> 2,3DMN> 2,6DMN {6.11} 

Work by Lafargue and Barker (1988) concluded that water washing in subsurface 

environments was a major alteration process for crude oil accumulations and was 

Particularly effective in removing the sub C15 hydrocarbon fraction on a rapid 

geological time scale. 
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Figure 6.1.3. Solubility of normal alkane and aromatic hydrocarbons in water. 
111ustrates the greater aqueous solubility of aromatic hydrocarbons compared to n
alkanes. Takenfrom McAulifJe (1979). 

6.1.1.3. Evaporation. 

Evaporation causes the majority of the volatile matter of crude oil to be lost 

within the first 24-28 hours of an oil spillage (Jordan & Payne, 1980). Gundlach et al. 

(1983), in an assessment of the fate of the Amoco Cadiz crude oil, noted that 30% 

(67,000 tons) of spilled crude oil, was lost by evaporation. Jordan & Payne (1980) 

noted that on average evaporation accounts for the loss of between 20 and 50% of the 

composition of crude oil. 

In general, most sub C 15 hydrocarbons, both aliphatic and aromatic, are 

rapidly lost by evaporation, illustrated in Figure 6.1.4, causing significant crude oil 

compositional alteration. 

172 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

100 

80 

:1 
a 
~ 

60 

li 40 ~ 
Cl) 

p.,. 

20 

0 

0 20 40 60 80 100 

Minutes after Spill 

Figure 6.1.4. Percent of low-boiling hydrocarbons remaining in South Louisiana 
crude oil slie/cs. Illustrates the rapid loss of low molecular weight components 
(Jordan & Payne, 1980). 

Wheeler (referred to in Jordan & Payne, 1980) suggested that the sub C15 

hydrocarbon evaporation sequence {6.12} is: 

n-alkanes> isoalkanes> cycloalkanes> aromatics {6.12} 

The evaporation rate of each group, for specific hydrocarbons, being a function of 

vapour pressure which is inversely related to the molecular weight ~cAuliffe, 1977b; 

Jordan & Payne, 1980). In Figure 6.1.5 (Wheeler referred to in Jordan & Payne, 1980) 

it may be seen that the aromatic hydrocarbon vapour pressure is slightly less than for 

n-alkanes. Therefore, it is anticipated that n-alkane losses, through evaporation, would 

be greater than those seen for aromatic hydrocarbons. However, due to the greater 

solubility of the aromatics, their overall loss from the petroleum may even be higher 

than for the equivalent aliphatic hydrocarbon (Jordan & Payne, 1980). Studies into the 

quantification of evaporation and dissolution hydrocarbon removal processes, which 

occur simultaneously in surface environments, has shown that evaporation is 

dominant over dissolution in the removal of volatile. components of an oil slick 

(McAuliffe, 1977a). In addition, work by Harrison et al. (1975), also found that 

losses, through evaporation, for aromatic hydrocarbons were 100 times greater than 

from dissolution, w~ile losses for aliphatic hydrocarbons, by evaporation, were 10,000 

times greater than by dissolution. It was therefore anticipated that, during this 

experiment, losses due to evaporation would exceed those attributed to dissolution. 
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Figure 6.1.5. Vapour pressure as a function of carbon number for alkanes, 
isoalkanes, cycloalkanes and aromatic hydrocarbons (adaptedfrom Jordan & Payne, 
1980). Graph illustrates that n-alkanes are more likely to evaporate than > 
isoalkanes> cycloalkanes > aromatic hydrocarbons. 

6.1.2. Determination of the Extent of Biodegradation. 

Assessment of the extent of biodegradation by analysis of the distribution of 

crude oil fractions (n-alkanes, isoprenoids etc.), has been in use for many years 

(Connan, 1984; Volkman et al., 1984). The Volkman et al. (1984) scale of 

biodegradation for reservoired crude oils is the most widely used and lists nine stages 

of biodegradation, from non-degraded to extreme (Table 6.1.2). However, it has also 

been realised that biomarker alteration, due to biodegradation, is variable and 

frequently did not follow the established classifications (Palmer, 1993; Hostettler & 

Kvenvolden, 1994; Connan, 1984). Peters & Moldowan (1991) also produced a 

biodegradation scale, listing ten stages of compound class removal. This classification 

takes into account variable sterane and hopane degradation pathways; however, all 

scales assume systematic compound class removal. Walker et al. (1976), stated that 
" . components of petroleum, although degraded simultaneously, are degraded at 
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different rates." therefore compound class removal is not in a systematic sequence. 

This variability is caused by many possible conditions, including crude oil type, 

biodegradation environment (surface or reservoir conditions), oxygen and nutrient 

supplies and other alteration processes (listed above). 

Stage Observations Classification 
1 Abundant n-alkanes non-degraded 
2 Light-end n-alkanes removed Minor (Mild) 
3 >90% n-alkanes removed 
4 Alkylcyclohexanes and alkylbenzenes removed; acyclic Moderate 

isoprenoid alkanes and naphthalene reduced 
5 Isoprenoid alkanes and methylnaphthalenes removed; 

selective removal of C2-naphthalenes 
6 C 14 -C 16 bicyclic alkanes removed Extensive 
7 >50%(20R)-5a(H),14a(H),17a(H) steranes removed Very Extensive 
8 Distribution of steranes and triaromatic steroids altered, Severe 

demethylated hopanes abundant 
9 No steranes; demethylated hopanes predominate Extreme 

Table 6.1.2. The Volkman et al. (1984) biodegradation sequence/or reservoired crude 
oils. 
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6.2. Experimental. 

The experimental procedures for this section are illustrated in Figure 6.2.1 and 

description of the procedures are found below. 

6 9 Crude Oil 2 SETS OF EXPERIMENTS 
1 L Seawater r- 3 SAMPLES (incl1 sterilised")/SET 

Nutrient Mixture 2 L CONICAL FLASKS 

Sodium Azide" 50·80 RPM. 15°C. approx. 3 WEEKS 

I CRUDE OIL AND I WATER SEPARATION 

I I EXPERIMENTAL 
OBSERVATIONS 

I BIODEGRADED CRUDE 

I I OIL SAMPLE 

I I I TLC J I 
I I WAX l IATROSCAN J ANALYSIS I I . 

ALlPHATIC l AROMATIC 
HC'S HC'S 

CRUDE OIL WATER 
I I UPTAKE ANALYSIS 

I 
I GC&GCIMS I 

Figure 6.2.1. Outline of experimental procedures for in-laboratory crude oil 
biodegradation and subsequent analyses. * Na azide was added to one sample per set. 

6.2.1. Biodegradation. 

Biodegradation was performed on two crude oils, a normal North Sea crude oil 

(Kittiwake) and a biodegraded North Sea crude oil (NS3) using seawater organisms. 

Biodegradation experimentation was performed with 6 g of crude oil, 1 L of 

seawater and a mixture of nutrients (Table 6.2.1) per conical flask. 
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Nutrients Weightllitre 
Na2HP04.l2H20 9g 

KH2P04 1.5 g 
NH4CI 4.0 g 
MgS04·7H20 0.2 g 
Trace Elements 1 ml 
Na Azide * (in control samples) 100mg 

Table 6.2.1. Additional nutrients per 1 L seawater. * Na azide was added to one 
sample per set. 

The components were added to a 2 L conical flask six flasks (containing six 

samples) were used for each crude oil biodegradation experiment. For practical 

reasons each biodegradation experiment was split into two sets, each set consisting of 

three samples. One sample from each set was sterilised with 200 mg of sodium azide 

to prevent biogenic activity. These sterilised samples acted as controls to assess the 

influence of non-biogenic activity, such as water washing, on the crude oils. Both sets 

were placed on an orbital shaker. Experiments were run at approximately 15°C and at 

a rotation rate of 50-80 RPM for approximately 3 weeks. Observations were recorded 

daily to assess any alterations to the samples such as on-set of biodegradation, 

emulsification and so on. 

CrudaOIl. Further 
r-- Carefully pipette analysis 

Into Vial 
Crude OiiM'ater Emulsion 

or t-- -
Separate Crude Oil Phase 

Emulsion. Centrifuge (3500rpml10mins) to 

"- Pipette/spatula Into - separate any non-emulsified oD 

clean centrifuge tube from the emulsion. Pipette oD into 

clean RBF* 

I 
Xy:Hep- washings clear, Wash emulsion with Xy:Hep- (3:1) mix, 
braak emulsion with 

centrifuge (3000rpml3mins), pipette 
ethanol:water (7:3) solvent to RBF. Repeat 
centrifuge (3000rpml3mins) 

I 
Wash broken emulsion I Reduce Xy:Hep- mix I with Xy:Hep**, pipette 

pipette crud~ on to vial 
to RBF* 

I 
I Further 

analysis 

-

Figure 6.2.2. Crude oil and water separation process. * = round bottomedjlask. 
** = xylene:heptane. 
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At the end of the incubation period the crude oil in each sample was separated 

from the aqueous phase (Fig. 6.2.2). There were two possible outcomes of the 

biodegradation experiment, either a separate oil layer was maintained or a highly 

viscous, water-in-oil emulsion had formed. If a separate oil layer had been maintained, 

the oil was carefully pipetted off and centrifuged to ensure that no excess water was 

present. It was then carefully pipetted into a vial and weighed, ready for further 

analysis. If a water-in-oil emulsion had formed, then oil and water separation was 

necessary. Oil and water separation was based on the method used by Acevedo et al. 

(1992). 

Firstly, any non-emulsified crude oil was separated by centrifugation (3,500 

RPMl10 minutes) and carefully pipetted into a clean round bottomed flask (RBF). The 

emulsion was then repeatedly extracted with a xylene:heptane (3:1) mixture until the 

extracts were relatively colourless (it was impractical to wait until the extracts were 

completely colourless because the time needed would have been prohibitive). Initial 

extracts sometimes required centrifuging to aid separation of the solvent and emulsion 

phases. The extracts were pipetted into a clean RBF. Once the emulsion had been 

extracted, removing the crude oil trapped in the emulsion matrix which is not actually 

part of the interfacial film, the emulsion was then broken (demulsified, the oil and 

water phases separated) by addition of 10 ml ethanol:water (70:30) mixture and 

centrifuged at 3,000 RPMl3 minutes. The broken emulsion was then washed again 

with a xylene:heptane (3: 1) mixture, to remove any organics released by 

demulsification. The washings were added to the RBF and reduced by rotary 

evaporation. An aliquot of the oil extract was weighed. The separated crude oil was 

then ready for further analysis. 

6.2.2. Crude Oil Water Uptake Analysis (COWUA). 

The water uptake analysis of crude oil samples followed the procedure used in 

Chapter 3. 

6.2.3. Wax Extraction and Analysis. 

Wax extraction followed the procedure in Chapter 4. However, the high 

temperature gas chromatography (HTGC) analysis differed slightly. HTGC of the wax 

extracts was performed on a Carlo Erba 5160 gas chromatograph. On-column 

injection was used with no secondary cooling. The instrument was fitted with a flame 

178 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

ionisation detector (FID) at a temperature of 450°C. The chromatographic column 

used was a SOE aluminium clad, HT-5, fused silica column (25 m x 0.33 mm, film 

thickness 0.1 Ilm). Hydrogen pressure was 50 kPa. The temperature program started at 

60°C for 2 minutes, increased to 450°C at 6°C/min, with the final temperature being 

maintained for 20 minutes. Prior to analysis, the gas chromatographic column was 

conditioned by slowly increasing the final temperature from 300°C to 450°C, over 

three conditioning runs. Before analysing the wax extracts, the column was calibrated 

with Fisons wax standards, P Wax and FT Wax. Injected sample size was 1 Ill. In 

addition, analyses of wax extracts were performed with an internal standard (3.5 Ilg 

eicosene per 1 mg sample), which was added to the wax extract prior to high 

temperature gas chromatography. 

6.2.4. Iatroscan-FID Analysis. 

Iatroscan-FID analysis followed the procedure detailed in Chapter 4. 

6.2.5. Aliphatic and Aromatic Hydrocarbon Fraction Extraction and Analysis. 

Thin Layer Chromatography (TLC) was used to fractionate the samples into 

aliphatic and aromatic (3 rings or less) hydrocarbon extracts. The TLC plates, 20 cm x 

20 cm, were coated (0.5 mm thickness) with silica gel (Kiesel gel, 600) and activated 

at 120°C for 4 hours before use. The plates were then cleaned using ethyl acetate and 

then reactivated at 120°C for 2 hours. The plates were developed in petroleum ether. 

The aliphatic and aromatic hydrocarbon bands were scraped off the plates and 

desorbed from the silica using light petroleum for the aliphatic hydrocarbons and 

dichloromethane for the aromatic hydrocarbons. 

The aliphatic and aromatic hydrocarbon fractions were both analysed on a 

Carlo Erba 5160 gas chromatograph. On-column injection was used and the 

instrument was fitted. with flame ionisation detectors (FID). Both hydrocarbon 

fractions were analysed on HP-S coated fused silica columns (30 m x 0.25 mm, with a 

film thickness of 0.25 Ilm). All analyses were made using the temperature programme 

of SO°C (2 mins) to 300°C (20 mins) at 4°C/min, using a hydrogen carrier gas pressure 

of 50 kPa. Before injection, the samples were diluted with dichloromethane, using 

approximately 10 mg aliphatic and'aromatic hydrocarbons per 1 ml DCM, O.S III was 

injected. 
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Gas chromatography/mass spectrometry analysis was performed on a Hewlett 

Packard, 5890 Gas Chromatograph coupled to a Hewlett Packard 5972 Mass Selective 

Detector (MSD). Sample size was 1 J,ll, injected by splitlsplitless injection (280°C) 

onto a HP-5 fused silica column (30 m x 0.25 mm, with a film thickness of 0.25 J,lm), 

with a helium carrier gas pressure of 25 kPa. A temperature programme of 40°C to 

300°C (20 minutes) at a rate of 4°C/min was used. Ionisation voltage was 70 ev and 

the voltage of the electron multiplier was 1600 V. Analysis mode was selective ion 

monitoring (SIM) for both the aliphatic and aromatic hydrocarbon fractions from the 

Kittiwake whole oil and biodegraded samples 3 and 5 only. The ions monitored are 

listed in Appendix 5, Tables A5.1 and A5.2. 

6.3. Results. 

The results from the biodegradation of the Kittiwake and NS3 crude oils are 

summarised below. The experiments on both crude oils were monitored visually for 

emulsion formation but only the Kittiwake crude oil was also assessed by wax, 

Iatroscan-FID, GC and GCIMS analyses (the NS3 crude oil was not assessed as it 

reacted as expected during biodegradation, i.e., it did not form an emulsion). It was 

not possible to extract enough biodegraded crude oil to perform Crude Oil Water 

Uptake Analysis (COWUA). This was due to the biodegraded samples forming 

viscous water-in-oil emulsions. The oil samples used for COWUA have to be solvent 

free to ensure that their water retentive and emulsion formationlstabilisation 

characteristics are not altered. Therefore, only physical emulsion separation and 

extraction processes, such as centrifuging, were possible. This processes was unable 

to "break" the emulsion and therefore, insufficient yields (approximately 0.5 g) for 

COWUA were produced. 

6.3.1. Experimental Observations. 

Observations of the biodegradation experiment~ are illustrated schematically 

in Figures 6.3.1 & 6.3.2. It may be seen in Figure 6.3.1, that there was no visual 

change in either of the control samples (1 & 4), throughout the experiment. The 

biodegradation of samples 2, 3, 5 and 6 commenced between 2 to 5 days after 

initiation of the experiment. 
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Figure 6.3.1. Schematic illustration of experimental observationsfor the in
laboratory biodegradation of Kittiwake crude oil. * = control samples 
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Figure 6.3.2. Schematic illustration of experimental observations for the in
laboratory biodegradattion ofNS3 crude oil. * = control samples 
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Previous studies have recognised the on-set of biodegradation by the 

measurement of "viable counts" (the number of living organisms). Such 

measurements observed increases in the "viable counts" by approximately two orders 

of magnitude at the commencement of microbial degradation (Jobson et al., 1972; 

Reisfeld et al., 1972; Bailey et al., 1973b). Jones (1979) identified that this substantial 

increase in "viable counts" was related to the visual alteration of the liquid medium in 

which the microbial growth occurs, the liquid becoming turbid or cloudy. This study 

identified the on-set of biodegradation when the aqueous phase attained a "cloudy" 

appearance. 

The formation of water-in-crude oil emulsions, for samples 2, 3, 5 and 6, was 

observed between 7 and 19 days after commencement. The emulsification of sample 3 

did not commence until near the end of analysis and it was observed that its emulsion 

thickness was less than that of the emulsions for samples 2, 5 and 6. 

Observations of the NS3 experiment, shown in Figure 6.3.2, indicate that oil 

droplets were dispersed into the water phase between 2 to 7 days for samples 7 to 12. 

The on-set of biodegradation for samples 8, 9, 11 and 12, was from 8 to 13 days, 

approximately 9 days later than the Kittiwake biodegradation experiment. No 

biodegradation was observed for control samples 7 and 10. No emulsification was 

observed for any of the NS3 samples (samples 7 to 12). 

6.3.2. Wax Analysis. 

Wax extract analyses, reported in Table 6.3.1 and shown in Figures 6.3.3 to 

6.3.5, demonstrate that biodegradation in samples 2,3,5 and 6 had caused a reduction 

in the wax content. Wax reduction for these four samples was not uniform. Samples 2 

and 3 show relatively low wax reduction, both of the n-C30 peaks in these samples are 

approximately 75% of their initial non-degraded concentration (non-degraded values 

were determined from the control samples 1 and 4), although sample 3 exhibited the 

lowest amount of wax reduction of the two samples. Samples 5 and 6 both show large 

Wax reductions, with their n-C30 peaks being approximately 1I10th of their initial, 

non-degraded value. Figure 6.3.5, illustrates that the control samples 1 and 4 were not 

degraded and were similar to the Kittiwake whole oil wax extract. 
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Samples Wax Analysis Iatroscan-FID GC peak heights (mm) and molecular ratios 

n-C30 %of Aliphatie Aromati Resins Asp n-C17 Pristane n-C 18 Phytane UCM PrlPh n-CI7/ n-CI8/ Phi 
, (mg) original HC eHC h (Pr) (Ph) Pr Ph UCM 

WO 8 x 10-"1- 100 . 36 49 12 4 43 12 39 11 - 0.8 3.58 3.55 -

1* 8 x 10-"1- 100 40 50 9 2 44 12 43 15 - 0.8 3.67 2.87 -

2 0.6 x 10-"1- 7.25 22 60 15 3 - 15 - 30 22 0.5 - - 1.36 

3 5.4 x 10-"1- 67.5 34 49 13 4 18 38 19 53 10 0.72 0.47 0.36 5.3 

4* 8 x 10-"1- 100 37 45 13 5 44 11 39 15 - 0.73 4 2.6 -

5 0.9 x 10-"1- 11.5 20 65 12 3 - 11 - 24 38 0.46 - - 0.63 

6 0.6 x 10-"1- 7.5 21 63 12 4 - 17 - 35 28 0.49 - - 1.25 

Table 6.3.1. Resultsfrom the wax, Iatroscan and gas chromatogaphic analyses o/Kittiwake oil samples. WO = whole oil; HC = hydrocarbon; 
UCM = unresolved complex mixture; Asph = Asphaltene. * = control samples.: - = not determined. 

183 

I 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

a. Sample 1, 1.1 mg/ 50 JLIl ~ynI!lIDlre.lInnthell'IDlsill §ami!ll_l(lEfi~®~I!lIDlI!l). 

n-C31 

i 
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,L .1 _1 J.. I I I I I .I.1.LI,. J 11111111. 
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c. Sample 3,1.4 mg/ 100 JLIl ~yn(!)IDlre.IIIDlaI!lIl'IDlSln §USlIDli!llSlrrall I(lEfi~®I\II!lIDl(!)) 

n-C3I -------' 
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JL _1. JJ. _11 I I ~l~II .• lJ 11111.1 
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Time ~ . 

NaAzide 

n-C30= 8 X lO-4mg 

IS = 1.4 X 10-4mg 

n-C30 = 0.6 X 10-4mg 

IS = 1.4 X 10-4mg 

. 
n-C30 = 5.4 X 10 -4mg 

IS = 1.4 X 10-4mg 

-----
Figure 6.3.3(a,b,c). Kittiwake biodegradation set 1. Wax extracts analysed by high 
temperature gas chromatography (HTGC). IS = internal standard. Calculated n
C 30 and IS contents (mg) are illustrated. 
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a. Sample 4, 1.5 mg/ 50 p.Il ~yll<llIll<ll.lIIIl1!<llIl'Ill!lll §1!!lIlla!l!lmdi jlE:fi~IIDSI<llIll~ 

~ 
-n-C,. 

IS 
JLI.I." . .L1 1lllUJI. l AAl --LI .1 J.. 
11'" • 

...l 

Time • 

h. Sample 5, 0.6 mg/ 75 "ll ~ ll<llIll<ll, lIIIl1!<llIl'Ill!lll §it!lIlla!l!lmdi ((lEfi~IIDSI<llIll<ll). 

IS !. 
n-C,. 

Time • 
c. Sample 6, 0.0 mg/ 25 "ll ~:rll<llIll<ll, lIIIl1!<llIl'Ill!lll §1!!lIlla!l!lmdi ((lE1i~IIDSI<llIll<ll). 

IS 

........ ----n-C,. 

Time • 

NaAzide 

n-C30 = 8 X 10-4mg 

IS = 0.7 X 1O-4mg 

...l 

n-C30 = 0.9 X 10-4mg 

IS = 0.7 X lO-4mg 

n-C30 = 0.6 X 10-4mg 

IS = 0.7 X 10-4mg 

Figure 6.3.4(a,b,c). Kittiwake biodegradation set 2. Wax extracts analysed by high 
temperature gas chromatography (HTGC). IS = internal standard. Calculated n
e 30 and IS contents (mg) are illustrated. 
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Time • 

c. Whole Oil, 0.7 mg/ 50 pi 
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Figure 6.3.5(a,b,c). Comparison of the wax extract HTGCsfor the control samples 
and whole oil sample IS = internal standard. Calculated n-C 30 and IS contents 
(mg) are illustrated. 
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6.3.3. Iatroscan Analysis. 

The Iatroscan results, illustrated in the histogram in Figure 6.3.6 and Table 

6.3.1, show that samples 1, 3 and 4 possess similar bulk chemistries to the Kittiwake 

whole oil. Samples 2, 5 and 6, all show large reductions in their aliphatic hydrocarbon 

concentration (approximately 35% to 20% content), with the aromatic hydrocarbons 

abundances being enhanced in the samples (approximately 50% to 60% content). The 

asphaltene and resin contents of all samples are similar, at approximately 4% and 

13%, respectively. 

6.3.4. Gas Chromatographic Analysis of Aliphatic and Aromatic Hydrocarbon 

Fractions. 

The gas chromatograms of the aliphatic hydrocarbon fractions of all samples, 

including the Kittiwake whole oil, are displayed in Figures 6.3.7 to 6.3.9 with values 

for peak heights and molecular ratios listed in Table 6.3.1. Both Figures 6.3.7 and 

6.3.8 clearly show that the extent of biodegradation in samples 2, 3, 5 and 6 is not 

uniform. Figure 6.3.10, a cross plot of n-C 17!Pr and n-C 18!Ph ratios, also illustrates 

that biodegradation was variable with samples 2, 5 and 6 being degraded to a greater 

degree than sample 3, which in turn was degraded to a greater degree than the control 

samples and whole oil sample. 

In addition, the height of the unresolved complex mixture (UCM), or "hump", 

may also be used as a biodegradation parameter when compared. with the phytane 

peak height (Taylor, 1994). The relative increase in the UCM height (measured at its 

maximum, illustrated on Figs. 6.3.7 to 6.3.9) has been related to increasing 

biodegradation by many authors (Jones et al., 1983; Connan, 1984; Volkman et al., 

1984). 
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Figure 6.3.6. latroscan-FID results/or Kittiwake biodegradation experiments. 
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a. §lilmDljpllltll 11. Iillliijplllnlil1bi~ llnyallIl'Ocarbon gas chromatogram 

NaAzide 

Pr 

1 

I I 

Time • 
b. §mnpTIe 2, aJiipihllltfic hydroc!l.1l"bon gas chromatogram 

Ph 

1 i Pr 
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J 
---------------------

Time • 

~ §lilmDljpllltll ~. Iilnnjplllnfl1bi~ llnyallIl'Ocarbon gas chromatogram 

Ph 

i 
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Time----.. 

Figure 6.3. 7(a,b,c). Kittiwake biodegradation set 1. Aliphatic hydrocarbon gas 
chromatograms. Pr = pristane; Ph = phytane .. 
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a. §!lmmJPln<ll 4). !lIhiJPlIln!l1lD1l'! Ilnyalhrocarbon gas chromatograms 
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Time • 
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Figure 6. 3. 8(a,b, c). Kittiwake biodegradation set 2. Aliphatic hydrocarbon gas 
chromatograms. Pr = pristane; Ph = phytane .. 
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Figure 6.3.9(a,b,c). Comparison of sterilised samples with Kittiwake crude oil. 
Aliphatic hydrocarbon gas chromatograms. Pr = pristane,· Ph = phytane .. 
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Figure 6.3.10. Comparison 0In-C17/Pr and n-ClslPh aliphatic hydrocarbon ratios, 
indicating increasing biodegradation. Ratios calculated from gas chromatogram 
peaks heights (Figs. 6.3.7 to 6.3.9; listed in Table 6.3.1). 

Control samples 1 and 4, as well as the Kittiwake whole oil sample, were 

considered "non-degraded" while increasing order of degradation went from sample 3 

("mild-moderate", no isoprenoid reduction), sample 2 ("moderate", isoprenoid 

reduction) . and samples 5 and 6 ("moderate to extensive", extensive aliphatic 

hydrocarbon reduction). 

Sample 3 has a pristane/phytane ratio of 0.72, almost identical to that of the 

non-degraded samples however, its n-C18/phytane ratio has greatly decreased from 

the non-degraded value of 3.55 to 0.36, due to n-alkane reduction. In addition, a UCM 

had formed, with a phytane/UCM ratio of 5.3. The n-alkane distribution for sample 3 

ranges from n-C12 upwards, although aliphatic hydrocarbons up to n-C28, are seen to 

have been greatly reduced when compared to the aliphatic hydrocarbon gas 

chromatogram for the Kittiwake whole oil. 

The majority of the aliphatic hydrocarbons for sample 2 have been reduced 

and are not detectable by gas chromatographic analysis. Consequently the n

C18/phytane ratio, for this sample, may not be calculated, however, alkanes are still 

visible from n-C24 upwards. However, the pristane/phytane ratio is lower than in 

sample 3, at 0.51, and the phytane/UCM value has reduced from 5.3 (sample 3) to 

1.36. Both these ratios imply biodegradation of the isoprenoids and therefore, sample 

2 is classified as moderately biodegraded. 

Samples 5 and 6 show almost total depletion of the normal aliphatic 

hydrocarbons with only a very small concentration of alkanes above the n-C24 alkane 

peak, being identifiable. The pristane/phytane ratio is the same as that for sample 2 

192 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

(approximately 0.5) however, the phytanelUCM values have decreased from 1.36 to 

0.63 and 1.25 respectively. Due to the extensive reduction of the n-alkanes both are 

classified as moderately-extensively degraded (Volkman et al., 1984) however, the 

phytanelUCM values indicate that sample 5 has been degraded to a greater degree 

than sample 6. 

The comparison of the control samples 1 and 4, with the Kittiwake whole oil,· 

may be seen in Figure 6.3.9. This shows that there is little, or no, difference between 

the saturated hydrocarbon fractions of these samples. All three samples display similar 

pristane/phytane and n-C18/phytane ratios with UCMs not being observed. The n-CI0 

and n-Cll aliphatic hydrocarbons are slightly reduced in the saturate hydrocarbon 

fractions for samples 1 and 4 when compared to the Kittiwake whole oil saturate 

hydrocarbon fraction; however, these are probably due to evaporation effects upon 

samples 1 and 4 during work up procedures. 

The aromatic hydrocarbon gas chromatograms for samples 1 to 6, in Figures 

6.3.11 and 6.3.12, show slight differences in alkylnaphthalene concentrations which 

will be addressed in Section 6.3.6.1. In Figure 6.3.13, the comparison between the 

control samples 1 and 4, and the Kittiwake whole oil aromatic hydrocarbon fractions, 

indicates that a slight difference does exist between the control samples and the 

Kittiwake whole oil. Again probably due to the effects of work-up procedures in 

samples 1 and 4. 

6.3.5. Gas ChromatographyiMass Spectrometry Analysis for Aliphatic 

Hydrocarbon Fractions. 

Gas chromatography/mass spectrometry (GCIMS) analysis of the aliphatic 

hydrocarbon fractions for samples 3, 5 and the Kittiwake whole oil, provided more 

accurate assessment of biodegradation affects, and other alteration processes (water 

washing and evaporation), than gas chromatographic analysis. 

The aliphatic hydrocarbons used for the assessment of biodegradation and 

maturation of the samples, and their diagnostic ions, are listed in Appendix 5, Table 

A5.1. The biomarker and molecular aliphatic hydrocarbon ratios used, references 

(where known) and their alteration during incubation is highlighted in Table 6.3.2. 

These ratios were chosen predominantly because of their previous use for assessment 

of crude oil biodegradation. More detailed biomarker and molecular ratio data, for 

both aliphatic and· aromatic hydrocarbons, along with their applications as either 

maturity, source correlation or biodegradation indicators, is given in Table 6.3.3. 
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Figure 6.3. 11 (a,b, c). Kittiwake biodegradation set 1. Aromatic hydrocarbon gas 
chromatograms. MN = methylnaphthalene,· C2N = C2 naphthalene,· P = 
phenanthrene,' MP = methyl phenanthrene. 
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a. Sample 4, aromatic hydrocarbon gas chromatogram 

2-MN+ 

MP 
n 
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Figure 6.3. 12(a,b,c). Kittiwake biodegradation set 2. Aromatic hydrocarbon gas 
chromatograms. MN = methylnaphthalene,· C2N = C2 naphthalene,' P = 
phenanthrene; MP= methylphenanthrene. 
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Figure 6.3. 13(a,b,c). Comparison of control samples with Kittiwake whole oil 
sample. Aromatic hydrocarbon gas chromatograms. MN = methylnaphthalene; 
C2N = C2 naphthalene,· P = phenanthrene,· MP = methyl phenanthrene. 
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KITTIWAKE SAMPLE SAMPLE 
#3 #5 

Biodegradation· 
n-C171Pr 3.62 0.64 0.55 

n-CIRlPh 1.87 0.38 0.11 
n-C18/C30 Ct~-hopane 53.70 8.21 0.38 
Ph/C30 Ct~-hopane 28.72 21.37 3.40 
Tm/C:W Ct~-hopane 0.10 0.11 0.13 
NIN+P 0.51 0.29 0.23 
2-MN/2-MN+P 0.63 0.49 0.44 
2,6+2,7-DMN/2,6+2,7-DMN + P 0.50 0.44 0.39 
1,3,5 + 1,4,6-TMN/l,3,5 + 1,4,6-TMN + P 0.42 0.42 0.40 
PIDBT 0.91 0.83 0.88 
4-MDBTIDBT (MDR4) 0.98 1.01 1.01 
C27CtCtCtR sterane/C30 Ct~-hopane 0.26 0.28 0.23 

Source Correlation 
Homohopane Indices 
C31 Ct~(S+R)/[SUM, C31 Ct~(S+R) to C35Ct~(S+R)] 27.32% 26.46% 26.34% 
C32Ct~(S+R)/[SUM, C31 Ct~(S+R) to C1'iCt~(S+R)] 21.42% 20.84% 22.20% 
C33Ct~(S+R)/[SUM, C31 Ct~(S+R) to C35Ct~(S+R)] 17.43% 17.95% 17.35% 
C34Ct~(S+R)/[SUM, C31 Ct~(S+R) to C35Ct~(S+R)] 13.88% 14.37% 13.70% 
C3'iCt~(S+R)/[SUM, C31 Ct~(S+R) to C35Ct~(S+R)] 19.95% 20.38% 20.42% 
C27CtCtCtRlC2QCtCtCtR 0.94% 1.02% 0.82% 

Maturity Parameters 
Pr/Ph 0.47 0.58 0.29 
Ts/Ts+Tm 0.82 0.79 0.78 
C30~CtIC10~Ct + C10Ct~ 0.02 nd nd 
C31 Ct~S/G:; 1 Ct~S + G~ 1 Ct~R 0.57 0.58 0.59 
C32Ct~S/C32Ct~S + C1,Ct~R 0.63 0.61 0.59 
C29CtCtCtS/C29CtCtCtS + C29CtCtCtR 0.53 0.54 0.54 
C2QCt~~(S+R)/C2QCt~~(S+R) + C29CtCtCt(S+R) 0.55 0.53 0.53 
2-MN/I-MN (MNR) 0.78 0.65 0.59 
2,3,6-TMN/l,3,5+1,4,6-TMN (TNR) 0.43 0.36 0.42 
1.5(2-MP + 3-MP)/(P + I-MP + 9-MP) (MPI) 0.41 0.41 0.40 
Calculate Vitrinite Reflectance 
Rm = 0.60(MPI) + 0.4 0.65 0.65 0.64 
(2-MP + 3-MP)/(2-MP + 3-MP + I-MP + 9-MP) 0.31 0.31 0.31 
(MPDFl) 
4-MDBT/I-MDBT (MDR) 2.75 2.62 2.62 
~O TA 20RlC20 TA 20R + C28 TA 20R 0.64 0.65 0.66 

Table 6.3.3. Biodegradation, source correlation and maturity information from the 
GC/MS analyses of Kittiwake whole oil, samples 3 and sample 5. Values gainedfrom 
biomarker and molecular ratios from both aliphatic and aromatic hydrocarbons. 
Peak areas are given in Appendix 5, Tables A5.1 and A5.2. 
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Reference m/z Results found 
in these 
Experiments 

Biodegradation 
n-C17lPr Bailey et al., 1973a 85 Decrease 

n-Cl8lPh Bailey et al., 1973a 85 Decrease 
n-C18/C30 ap Pritchard et al., 1992 85/191 Decrease 
PhlC30 ap Pritchard et al., 1992 85/191 Decrease 

TmlC30aP 191 Increase 
Maturation 
C31 ap S/(S+R) Mackenzie, 1984 191 Slight Increase 
C32 ap S/(S+R) Mackenzie, 1984 191 Slight Decrease 
Ts/Ts+Tm Peters & Moldowan, 191 Decrease 

1993 
C29 aPPl(C29 app+aaa) Mackenzie, 1984 217 Constant 
C29 aaa 20S/(20S+20R) Mackenzie, 1984 217 Constant 

Table 6.3.2. Aliphatic hydrocarbon biomarker and molecular ratios, and their 
alteration with biodegradation. Detailed ratio values are given in Table 6.3.3. 
Individual peak areas for aliphatic hydrocarbons analysed are given in Table A5.I. 

6.3.5.1. Aliphatic Hydrocarbon Biomarker Assessment of Crude Oil Biodegradation. 

For the assessment of the influence of biodegradation on aliphatic 

hydrocarbons, the regular hopane, C30 ap, was used as a constant with which to 

evaluate aliphatic hydrocarbon reduction, due to biodegradation. The C30 ap hopane 

has been used in other studies as a recalcitrant biomarker, not being affected by 

biodegradation, .unless degradation is "severe" (Pritchard et al., 1992; Bragg et al., 

1994; Palmer, 1994). Phytane, which was observed not to alter through the initial 

stages of biodegradation ("mild", "mild-moderate", Fig. 6.3.7), was also used as 

constant but only for those stages in which it has not been degraded, i.e., "mild" and 

"mild to moderate" biodegradation stages. ' 

The compounds used to assess biodegradation, were the n-C 18 alkane, phytane 

(for biodegradation stages "moderate" and above) and trisnorhopane (Tm). 

The values for the n-C18/C30 ap, PhlC30 ap and TmlC30 ap ratios, and their 

variation with increasing biodegradation, are illustrated in the graph in Figure 6.3.14, 

and Table 6.3.3, while the cross plot of the n-Cl7lPr and n-Cl8lPh ratios is shown in 

Figure 6.3.15. 

In Figure 6.3.14 and Table 6.3.3, the results for sample 3 show that the n

C18/C30 ap values have been reduced by approximately 80% of the initial non

degraded value, while the PhlC30 ap ratio has been reduced by approximately 25% of 
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the initial value. The TmlC30 ap ratio exhibits a slight increase. In Figure 6.3.15 the 

cross plot of the n-C17fPr and n-C18fPh ratios indicating a substantial reduction of 

both n-alkanes. Overall, results show that both aliphatic hydrocarbon groups, n

alkanes and isoprenoids, have been reduced by biodegradation therefore, according to 

Volkman et al. (1984), sample 3 is classified as "moderately" biodegraded, and not 

"mild-moderately" biodegraded as defined in Section 6.3.4. In addition, the 

occurrence of isoprenoid reduction nullifies the use of the n-C17fPr and n-C18fPh 

ratios for accurate assessment of biodegradation in sample 3. 

60 

SO 

40 

30 

20 

10 

0 
Kittiwake 
Whole Oil 

Increasing Extent 
of Biodegradation 

Sample 3 

--- n-CIs /C31P1l 

--0- Phi C31P1l 

--TmlC31P1l(x lOO) 

SampleS 

Figure 6.3.14. Variation of aliphatic hydrocarbon ratios highlighting loss ofn-C18 
and phytane with increasing biodegradation. 

The results for sample 5, in Figure 6.3.14 and Tables 6.3.2 and 6.3.3, indicate 

that both n-C 18/C30 ap and Ph/C30 ap ratios have both been substantially reduced 

from their initial non-degraded values, by approximately 99% and 90%, respectively. 

The TmlC30 ap ratio again exhibits a slight increase. The almost total removal of n

alkanes and isoprenoids suggests that sample 5 is "moderately-extensively" 

biodegraded. 
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Figure 6.3.15. Comparison o/n-C17/Pr and n-C18/Ph aliphatic hydrocarbon ratios 
indicating increasing extent o/biodegradation. Ratios calculatedfrom peaks areas, 
measuredfrom gas chromatography/mass chromatograms 

The TmlC30 a~ ratio illustrates (Fig. 6.3.14, Tables 6.3.2 & 6.3.3) a slow, 

constant increase with increased degradation, from the non-degraded Kittiwake whole 

oil to sample 5 and therefore, cannot be related to any particular stage of 

biodegradation. This slight increase signifies that either Tm is increasing, or C30 a~ 

is decreasing. It seems likely that hopane is decreasing in accordance with previous 

work upon hopane biodegradation by Seifert et al. (1984), who also identified that Tm 

exhibited a greater resistance to biodegradation than the higher hopane homologs. 

However, it must be stressed that this apparent hopane reduction is. insignificant and 

does not suggest a higher biodegradation level (i.e., "severe" to "extreme"). Support 

for this is gained by examination of the relative abundances of the homohopanes 

(C31-C35)' Examination of their percentages, in Table 6.3.3, and illustrated in Figure 

6.3.16, could not identify any biodegradational alterations. Further assessment was 

performed by examining the C27aaaR regular sterane relative to the abundance of 

the C30a~ hopane. In Table 6.3.3 a slight reduction for the C27aaaR (0.26 to 0.23) 

is observed, (also for C27aaaRlC29aaaR ratio, 0.94 to 0.82) this may cautiously 

suggest that sample 5 should be categorised no higher than "extensive" 

biodegradation, as 50%+ of the aaa R steranes are still present (V olkman et al., 

1984). 
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Figure 6.3.16. The relative abundances (DAi) ojC31-C35 17a(H), 21~(H) (22S+22R) 
homohopanes (normalised to total C31-C35 homohopanes) in the oils analysed in this 
chapter. Note the high C 35 homohopane percentages indicating high redox conditions 
at the source rock depositional environment (Peters & Moldowan, 1991). Kittiwake = 
whole oil sample;, * = biodegraded crude oil, BD3 = sample 3; BD5 = sample 5. 

In conclusion, from the GC and GC/MS analyses, samples 2 and 3 are classed 

as "moderately" biodegraded and sample 6, which showed a large reduction of the 

ratios involving both Ph and n-C18 aliphatic hydrocarbons in Figure 6.3.10, is classed 

as "moderately to extensively" biodegraded. Sample 5 possibly exhibited the initial 

stages of aaa R sterane degradation and is classed as "extensively" degraded. 

6.3.5.2. Aliphatic Hydrocarbon Biomarkers Assessment of Crude Oil Maturity. 

The hopane and sterane maturity ratios for the saturate fractions of the 

Kittiwake crude oils, in Table 6.3.3, indicate oil was expelled during early generation 

stage (Section 3.1.1.3.2., Fig. 3.1.4). However, the Ts/(Ts+Tm) hopane ratio differs 

from this, suggesting that crude oil was produced at the peak generation stage (Peters 

& Moldowan, 1993). ' 

6.3.6. Gas ChromatographylMass Spectrometry Analysis of Aromatic 

Hydrocarbon Fractions. 

,The aromatic hydrocarbons used, and their diagnostic ions, for the assessment 

of the biodegradation and maturation of the samples are listed and identified in 

201 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

Appendix 5, Table A5.2. The molecular aromatic hydrocarbon ratios used, their 

original references (where known) and their alteration during incubation are 

highlighted in Table 6.3.4. More detailed molecular ratio data, for both aliphatic and 

aromatic hydrocarbons, along with their applications as either maturity, source 

correlation or biodegradation indicators, are given in Table 6.3.3. 

Reference mlz Results found 
in these 
Experiments 

Maturity 
MPI Radke et al., 1982 178,192 Constant 
MPDFl Kvalheim et al., 192 Constant 

1987 
Biodegradation 
N/(N+P) 128/178 Large Decrease 
2-MN/(2-MN+P) 142/178 Decrease 
2-MN/I-MN Radke et al., 1982 142 Decrease 
2,6+2,7-DMN/(2,6+2,7- 156/178 Slight Decrease 
DMN+P) 
1,3,5+ 1,4,6-TMNI 170/178 Constant 
(1,3,5+ 1,4,6-TMN+P) 
4-MDBTIDBT Radke et al., 1982 184/198 Slight Decrease 
PIDBT 178/184 Constant 

Table 6.3.4. Aromatic hydrocarbon fraction ratios and their variation with 
biodegradation. Detailed ratio values are given in Table 6.3.3. Individual peak areas 
for aromatic hydrocarbons analysed are given in Table A5.2. 

6.3.6.1. Aromatic Hydrocarbon Ratio Assessment of Crude Oil Biodegradation. 

The aromatic hydrocarbon ratios used to assess the increasing extent of 

biodegradation are shown in Tables 6.3.3 and 6.3.4. The only major alteration was 

seen for the alkylnaphthalenes (Fig. 6.3.17), whose ratios with phenanthrene 

decreased with increasing biodegradation. The amount of alkylnaphthalene reduction 

decreased with increasing molecular weight of the naphthalene compounds. The 

naphthalene ratio (NIN+P) decreased by 54% (0.51 to 0.23), methylnaphthalene ratio 

(2-MN/2-MN+P) decreased by 30% (0.63 to 0.44), dimethylnaphthalene ratio 

(2,6+2,7-DMN/2,6+2,7-DMN+P) . decreased by 22% (0.50 to 0.39) and 

trimethylnaphthalene (1,3,5+1,4,6-TMN/l ,3,5+ 1,4,6-TMN+P) by 5% (0.42 to 0.40). 

The effects of steric differences, as well as molecular weight differences, were 

202 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

observed in the biodegradation rates. Therefore, both samples 3 and 5 displayed large 

reduction of both the naphthalene and methylnaphthalene ratios, with only slight 

reduction for the dimethylnaphthalene ratio. According to the Volkman et al. (1984) 

scale (Table 6.1.2), both possessed "moderately" degraded compositions, agreeing 

with observations from aliphatic hydrocarbon analysis for sample 3 but not for sample 

5. 

0.7 

0.2 

0.1 

Increasing Extent 
of Biodegradation -------1> 

o+-------------------------------------~ 
Kittiwake 
WboleOil 

Sample 3 SampleS 

--N/N+P 

---0--MNIMN+P 

--+--DMNIDMN+P 

--<>--TMNfI'MN+P 

Figure 6.3.17. Variation ofalkylnaphthalenes (N, MN, DMN, TMN) versus 
phenanthrene, indicating an increasing extent of biodegradation from Kittiwake 
whole oil > sample 3 > sample 5. 

Figure 6.3.18 shows that 2-methylnaphthalene preferentially degrades before 

I-methylnaphthalene. In Tables 6.3.3 and 6.3.4 no alteration, with increasing 

biodegradation, occurs to the phenanthrene group, while the methylphenanthrene 

index (MPI, Radke et al., 1982) and methylphenanthrene distribution fraction 1 

(MPDF1, Kvalheim et al., 1987) ratios also remained constant. The dibenzothiophene 

(DBT) group also showed no alteration with biodegradation, as indicated by the 

phenanthrene/ dibenzothiophene ratio. 
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Figure 6.3.18. Aliphatic ratio, n-CuyPh, plotted against the aromatic hydrocarbon 
ratio, 2-MNI1-MN, indicating preferential loss of2-MNwith increasing 
biodegradation. In agreement with Volkman et al. (1984). 

6.3.6.2. Aromatic Hydrocarbon Ratio Assessment of Crude Oil Maturity. 

The MPI calculated vitrinite reflectance (Radke et al., 1982) was 

approximately 0.64% Ro, in agreement with other aromatic maturity parameters 

(TNR, MDR; Table 6.3.3). These were also in agreement with the majority of the 

aliphatic hydrocarbon biomarker ratios (Section 6.3.5.2). Therefore, the Kittiwake 

represents a mature crude oil from early generation. 

6.4. Discussion. 

Assessment of the effect of biodegradation on the water uptake behaviour of 

NS3 and Kittiwake crude oils will be performed in two stages. First, discussion of the 

extent of biodegradation upon the aliphatic and aromatic hydrocarbon fractions, by 

comparison with established models and second, the effect of biodegradation on 

emulsifiers (sols and surfactants) and therefore, emulsification ability of crude oils. 

204 



Chapter 6: Effect of Biodegradation upon Crude Oil Water Uptake Ability. 

6.4.1. Effect of Biodegradation on Aliphatic and Aromatic Hydrocarbon 

Fractions. 

Assessment of the aliphatic hydrocarbon gas chromatograms (Figs. 6.3.7 to 

6.3.9; Table 6.4.1) of the biodegraded and non-biodegraded samples indicates that 

four stages of the Volkman et al. (1984) classification are present. These stages are 

the "non-degraded" stage for the Kittiwake whole oil and samples 1 and 4; sample 3 is 

classed as "mild-moderately" biodegraded, sample 2 is classed as "moderate" and 

samples 5 and 6 are classed as "moderate to extensively" degraded. However, 

assessment of the data generated from the aliphatic hydrocarbon gas 

chromatography/mass spectrometry (Fig. 6.3.14; Tables 6.3.2 & 6.3.3) indicate that 

sample 3, is actually a "moderately" biodegraded sample, because isoprenoid 

degradation has occurred. In addition, GC/MS analysis of sample 5 suggested that the 

C27uuuR sterane may have been slightly degraded, possibly indicating the on-set of 

the "extensive" biodegradation stage. 

Samples GC GCIMS 
Ali. HC Ali. HC Arom. HC 

WO Non-degraded Non-degraded Non-degraded 
1* Non-degraded nd nd 
2 Moderate nd nd 
3 Mild-moderate Moderate Moderate 
4* Non-degraded nd nd 
5 Moderate-extensive Extensive Moderate 
6 Moderate-extensive nd nd 

Table 6.4.1. The determined biodegraded states of samples (Volleman et al., 1984) 
from GC & GC/MS analyses. Ali HC = aliphatic hydrocarbons; Arom. HC = 
aromatic hydrocarbons. nd = not determined'" = Control samples (Section 6.2.1). 

Assessment of the variation of the aromatic hydrocarbon fractions showed 

little alteration. The alkylnaphthalenes appeared to be the only compounds affected. 

This group may be affected by either water washing or microbial degradation. 

Naphthalene reduction' due to work up procedures and evaporation were discounted 

because increased alkylnaphthalene reduction was related to increased degradation. It 

Was considered that the effect of water washing may be significant, as the most 

degraded and most emulsified sample (sample 5), would have been exposed to the 

greatest amount of water. The more emulsified a sample the greater its oil/water 

interfacial area. As -sample 5 was emulsified to a greater degree than sample 3 it has 

had a greater oil/water interfacial area and therefore has been exposed to the greatest 
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amount of water washing. Consequently, water washing may account for the increased 

reduction of the alkylnaphthalene group with increasing degradation. However, 

comparison of 2-methylnaphthalene (beta substituted) and 1-methylnapthalene (alpha 

substituted) in Figure 6.3.18, indicates that 2-methylnaphthalene has been reduced to 

the greatest degree. This reduction is characteristic of biodegradation, as water 

washing will tend to reduce 1-methylnaphthalene before 2-methylnaphthalene 

(Eganhouse & Calder, 1976; Volkman et al., 1984). It was concluded that as reduction 

of the high molecular weight alkylnaphthalenes progressed at a slower rate than the 

low molecular weight alkylnaphthalenes, biodegradation was restricted by molecular 

size, in agreement with Rowland et al. (1986) (Section 6.1.1.1.2). The Volkman et al. 

(1984) classification scheme uses alkylnaphthalene reduction, in particular selective 

C2 naphthalene reduction, to indicate "moderate" degradation, therefore, both samples 

3 and 5 were classified as "moderately" biodegraded. The biodegradation state of 

sample 5 determined by aromatic hydrocarbon is therefore lower than that determined 

by aliphatic hydrocarbons. The biodegraded state of sample 3 is unaltered. 

Of the three hydrocarbon groups analysed (n-alkane, isoprenoid & aromatic 

hydrocarbon) it has been observed that the n-alkanes were degraded to the greatest 

degree followed by the isoprenoids and then by the aromatic hydrocarbons, which 

only exhibited substantial reduction of the Co and Cl alkylnaphthalenes. Overall, it 

was seen that reduction sequence {6.13} for these experiments was: 

n-alkane> iso-alkane> aromatics {6.13} 

Therefore, the biodegradation sequence was in general agreement with Tissot & Welte 

(1984), Connan (1984) and Volkman et al. (1984). However, it is probable that n

alkanes and isoprenoid alkanes were reduced simultaneously as seen in a previous 

assessment of surface biodegradation by Pritchard et al. (1992). This is suggested 

because the n-alkanes have not been fully removed (Le., n-C17 & n-C18 still present) 

before degradation of the isoprenoid alkanes commenced. This is not in agreement 

with Volkman et al. (1984) and therefore, it must be re-emphasised that the Volkman 

et al. (1984) classification was for subsurface crude oil biodegradation. 

6.4.2. Effect of Biodegradation on Crude Oil Emulsifiers and Emulsification. 

As discussed in the previous chapters, water-in-oil emulsions are stabilised by 

the formation of rigid and protective interfacial films between the oil and water 

phases,· caused by the accumulation of emulsifiers (Schramm, 1992). The most 
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influential emulsifiers in the stabilisation of water-in-oil emulsions are the asphaltene 

and wax sols (Graham et al., 1983; Eley et al., 1987). Chapter 4 related the varying 

emulsifying ability of North Sea crude oils in terms of the asphaltene solubility in the 

bulk phase, as well as the concentration of the wax fraction. It was found that the 

biodegraded North Sea crude oils, which are characterised by high asphaltene 

solubility and low wax content, were unable to form stable water-in-oil emulsions. 

During the course of the biodegradation experiments in this chapter it was expected 

that the solubility of the asphaltenes in the crude oil, as well as the crude oil wax 

contents, would both be affected by the reduction of n-alkanes (see Section 1.2.2.1 for 

explanation of asphaltene precipitation; Section 4.4.2.2 for explanation of wax 

precipitation), thereby altering emulsion formationlstabilisation abilities. This was 

confirmed by Iatroscan-FID analysis (Fig. 6.3.6) which showed reduction of the n

alkane content (asphaltene and resin contents remain generally unchanged, any 

alteration probably being within analytical error) and by wax extraction analysis (Figs. 

6.3.3 to 6.3.5). 

Iatroscan analysis found that the concentration of the aromatic hydrocarbon 

fractions, in the samples analysed, increased with increasing biodegradation while the 

content of the aliphatic hydrocarbon fraction was reduced. This will increase the 

solubility of the asphaltene group in the crude oil, referred to by Leontaritis (1989) as 

increasing the "solvent power" of the crude oils, thereby making asphaltene 

precipitation unlikely (Section 1.2.2.1). Therefore, the ability of asphaltene particles 

to accumulate at the oil/water interface, thereby assisting the stabilisation of water-in

oil emulsions, would probably be reduced. 

Wax analysis found that biodegradation reduced the wax concentration of 

sample 5 by an order of magnitude (wax content of sample 3 being reduced by 

approximately 30%; Table 6.3.1) and therefore, the ability of the wax fraction to 

stabilise the interface would also be reduced. Overall, the Iatroscan and wax results 

from the laboratory biodegradation experiments were similar to those for the reservoir 

degraded North Sea crude oils (NS2 & NS3), which did not form stable, water-in

crude oil emulsions. Therefore, it would be expected that the laboratory biodegraded 

crude oil samples from this experiment would behave similarly to the North Sea 

biodegraded crude oils, characterised in Chapters 3, 4 & 5. However, all laboratory 

biodegraded crude oils were found to form stable water-in-crude oil emulsions. In .. 
addition, it was found that the most stable emulsions were those which contained the 

most biodegraded crude oils. Consequently, this means that either the relationship 

between biodegradation and emulsification, identified in Chapter 3, does not apply or 

the biodegraded samples in this experiment, and the resultant emulsions, were not 
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comparable with the reservoir biodegraded North Sea crude oils in the previous 

sample set. 

Experimental observations, Figures 6.3.1 and 6.3.2 (Section 6.3.1), shows that 

during the biodegradation experiments the "moderately" and "moderately to 

extensively" biodegraded samples, 2, 5 & 6, all formed thick, viscous and very stable 

water-in-crude oil emulsions. The "mildly" degraded sample 3 formed a poor, 

relatively unstable, water-in-crude oil emulsion while the non-biodegraded controls, 

samples 1 & 4, did not emulsify. As the presence of emulsifiers (asphaltene and wax 

particles) is generally reduced by biodegradation their ability to stabilise emulsions, 

especially for the most degraded samples (i.e., samples 5 & 6), will probably be 

reduced. It is therefore concluded that other factors were responsible for the 

emulsification observed during experimentation. 

Consideration of the process of biodegradation may explain why emulsions 

were formed. Biodegradation products from Pseudomonas sp., were reported by Zajic 

& Supplisson (1972) and Zajic et al. (1974), as being responsible for the 

emulsification of Bunker C oil (heavy fuel oil). The products were generated from the 

aliphatic hydrocarbons and were characterised as high molecular weight 

polysaccharides. In addition, other crude oil biodegradation. experiments, such as 

those by Jobson et al. (1972), also observed emulsification of biodegrading crude oils. 

Generation of emulsifiers, during biodegradation, was shown by Connan (1984), who 

identified different bacterial strains as being responsible for aerobic biodegradation of 

specific aliphatic and aromatic hydrocarbons. Biodegradation, and therefore surfactant 

generation, is not restricted to bacteria or aerobic conditions. For example Payne & 

Philips (1985a) noted that microbial degradation was also attributed to fungi and yeast 

as well as bacteria. Bumpus et al. (1985) also noted the effect of white rot fungi while 

Connan et al. (1993) reported anaerobic biodegradation in Congo petroleum reservoirs 

was attributed to sulphate reducing bacteria. Work on the biodegradation of polycyclic 

aromatic hydrocarbons (PAHs), reviewed by Cerniglia (1992), lists many pathways 

and products for biodegradation with both procaryotes and eucaryotes differing in 

their biodegradation mechanisms. Predominantly, most mechanisms produce alcohols 

and acids, both of which are ideal emulsifiers, which reduce interfacial tension (the 

effect of surfactants on emulsion stability is discussed in Section 1.2.1). Therefore, the 

products from the biodegradation of aliphatic and aro~atic hydrocarbons, by many 

hundreds of species of bacteria, yeast and filamentous fungi, common to many 

environments, potentially aid emulsion formationlstabilisation. 

The reduction of the interfacial tension consequently results in the amount of 

emulsification energy needed to form a stable water-in-oil emulsion being reduced 

(Section 1.2.1). Whereas previous emulsions have been emulsified after large amounts 
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of shear energy have been applied to the crude oil and water phases (Chapters 2 & 3, 

10hansen et al., 1989), the emulsification of biodegrading crude oils reported in this 

chapter only required a small amount of shear energy (50-80 RPM). Therefore, there 

are two types of emulsion formation processes identified by this research first, the 

high energy input, by use of the Ultra-Turrax dispersing tool (Chapter 2, 10hansen et 

al., 1989) and second, the reduced energy input combined with high surfactant 

concentration, described in this chapter. In addition, it is important to note the 

difference between "biodegrading" samples, which are still associated with their 

degradation products, and "biodegraded" samples, such as NS2 and NS3, which have 

probably lost their degradation products during in-reservoir degradation. The 

difference in the emulsification ability of the "biodegrading" crude oils is therefore 

probably due to the presence of surfactants. These surfactants are not present in the 

"biodegraded" NS2 and NS3 crude oils, presumably because they have partitioned 

into the water phase in the reservoir due to their water solubility (Chapter 5). 

Consequently, the NS3 and NS2 biodegraded crude oils do not emulsify 

(consequences for crude oil spillage are briefly discussed below). 

The ability to generate surfactants, during biodegradation, will depend upon 

the crude oil composition, whether or not it is easily biodegradable (therefore, easy 

surfactant generation). In Figure 6.3.2, the visual observations of the NS3 crude oil 

biodegradation experiment, illustrates that the crude oil did not form an emulsion at 

any time, even though biodegradation did occur. The "clouding" of the samples, 

marking the commencement of biodegradation of the NS3 crude oil (discussed in 

Section 6.3.1) was approximately 9 days later than the Kittiwake experiment. It has 

previously been reported that the initial state of crude oil effects its ~ate of degradation 

(Walker et al., 1976). In general, "heavy" crude oils, such as NS3, were found to 

degrade at a slower rate than "light" oils (Westlake et al., 1978). This slowness of 

degradation, and lack of emulsification, is thought to be due to the lack of easily 

degradable components in the NS3 crude oil, such as low molecular weight n-alkanes. 

Slow degradation rate implies slower generation of surfactant by-products. 

Consequently, the resultant low concentration of surfactants would probably not be 

able to sufficiently lower the interfacial tension between the crude oil and water 

phases, for the low energy input to cause emulsification. 

6.4.2.1. Influence of Biodegradation upon Crude Oil Spills and Emulsification. 

Results contained within this thesis indicate that the chemical alteration of 

crude oil by biodegradation may affect its ability to form stable water-in-oil 
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emulsions. The implication for crude oil spillage and clean up operations is now 

considered. 

The majority of crude oil spillages, such as the Torrey Canyon (Jordan & 

Payne, 1980), Amoco Cadiz (Gundlach et al., 1983) and Exxon Valdez (Bragg et 

al., 1992), form highly viscous water-in-oil emulsions, frequently referred to as 

"mousses" or "chocolate mousses". These emulsions are extremely problematic 

affecting clean up due to increased viscosity (Bridie et al., 1980) and by increasing 

the quantity of contaminant to be recovered and disposed. Water uptake by crude oil 

may increase the contaminated volume by five times (Schramm, 1992; Bridie et al., 

1980). In addition, bioremediation techniques are hampered by the restriction of 

nutrients at the oil and water interface, essential for biodegradation (Atlas et al., 

1981; Bragg et al., 1992). Consequently, identification of whether or not a crude 

oil will form such an emulsion may significantly affect clean up operations. 

These hazardous emulsions may be formed by two mechanisms. The first 

and most commonly considered mechanism is attributed to the stabilising effect of 

asphaltene particles at the oil/water interface, in accordance with work by Bobra et 

al. (1992; Chapter 1). The second mechanism is due to the generation of significant 

quantities of surfactants during the biodegradation of spilled crude oil, suggested by 

Zajic et al. (1972; Section 6.4.2). Work in this thesis has assessed these 

mechanisms with both being found to be influenced by the biodegraded state of the 

crude oil. 

The first mechanism was assessed in Chapters 3, 4 & 5. Results suggested 

that an observed lack of emulsification for biodegraded crude oils was due to the 

reduced presence of emulsifiers (asphaltene sols, wax sols and oil-soluble 

surfactants). The second mechanism was assessed in this chapter which analysed the 

ability of crude oil to emulsify during in-laboratory biodegradation. It was observed 

that non-degraded crude oils formed stable water-in-oil emulsions while previously 

biodegraded crude oil (NS3) did not (Section 6.4.2). This lack of emulsification was 

probably due to the absence of easily degradable components necessary for the 

formation of surfactants. 

Therefore, it is suggested that previously biodegraded crude oils are less 

likely to emulsify. This characteristic may have been observed during the Braer 

spillage. In this instance the spilled crude oil, which was biodegraded before 

spillage, did not emulsify, dispersing quickly (Wolff et al., 1993). Although the 

dispersal of the Braer spillage was suggested to be due prevalent weather conditions 

(hurricane force winds: Wolff et al., 1993; Farmer & Li, 1994) it is considered 

here that the chemistry of the crude oil was the one of the main reasons for lack of 

emulsification. 
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6.5. Conclusions. 

Laboratory biodegradation of crude oil samples was successful and it was 

recognised that the non-degraded Kittiwake crude oil formed an emulsion during 

laboratory degradation while the biodegraded NS3 crude oil did not. Subsequent 

chemical analysis of Kittiwake samples was able to characterise the extent of 

biodegradation with the order of degradation loosely following the Volkman et al. 

(1984) biodegradation sequence. However, COWUA was unable to be performed 

because of poor sample recovery due to the emulsification of the Kittiwake crude oil 

samples. 

Laboratory biodegradation of the Kittiwake crude oil samples produced 

compositions with low wax content and probably poor asphaltene precipitation. 

Therefore, the stabilisation of emulsions by the precipitation of asphaltene and wax 

sols was thought to be unlikely. Consequently, the subsequent emulsification of the 

biodegraded Kittiwake crude oil samples was attributed to the generation, during 

biodegradation, of surfactant by-products. 

Observations of the laboratory biodegradation of the degraded NS3 crude oil 

found that although biodegradation occurred no emulsification was observed. This 

lack of emulsification was attributed to insufficient surfactant generation during 

biodegradation. It was consequently suggested that the spillage of biodegraded crude 

oil was possibly less likely to form stable water-in-oil emulsions than spillage of non

degraded crude oil. 
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Chapter 7. Overall Conclusions and Suggested Further Work. 

7.1. Conclusions. 

The aim of this study was to assess the water uptake ability of various crude 

oils and then to relate this to their chemical composition. 

Assessment of the water uptake ability was achieved by the use of a set of 

procedures based around the Karl Fischer titration technique. The results showed that 

crude oil water uptake may be characterised by crude oil water retention (water 

sedimentation rate) and crude oil emulsion formationlstabilisation (degree of oil & 

water separation) ability. Both of these water uptake abilities were found to vary with 

the extent of crude oil biodegradation. Non-biodegraded crude oils exhibited "poor" 

water retention (rapid water or emulsion sedimentation) and formed stable water-in

oil emulsions, while degraded crude oils exhibited higher water retentive capability 

(slower sedimentation) yet possessed varied emulsification ability. Consequently, 

organic geochemical analyses attempted to relate variations in water uptake 

characteristics to crude oil composition. Analyses were also .attempted on oils that 

were biodegraded in the laboratory. 

7.1.1. Water Retention Ability of Crude Oils. 

Crude oil water retention characterisation was based upon assessment of the 

water sedimentation rate from the top of oil/water blends which contained 30% added 

water. This enabled oils to be categorised in a basic water retention ability 

classification scheme ("poor", "moderate" or "good"). Analysis of the variation of 

water retention ability with increasing biodegradation found that the most biodegraded 

crude oils exhibited the slowest sedimentation rate ("good" and "moderate" water 

retention, respectively), whilst non-degraded crude oils exhibited the quickest 

sedimentation ("poor" water retention). 

Two possibilities were considered for the observed water retention 

characteristics. First, the increased presence of emulsifying compounds (asphaltene 

and wax sols as well as surfactants) with increased degree of biodegradation of the 

crude oil, were proposed to strengthen oil/water interfacial film formation, as well as 

increasing oil and water interaction (Schramm, 1992). This would slow water content 

sedimentation (increasing the water retention) due to prevention, or retardation, of 

water and/or emulsion droplet growth (A veyard et aI., 1990; Cavello & Chang, 1990). 
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Since it has been reported that biodegradation increases the NSO content of crude oils, 

increased crude oil water retention ability may be attributed to this particular group 

(Connan, 1984). 

Second, crude oil water retention ability may be due to alteration of the 

physicochemical properties of the crude oil, i.e., viscosity and density. Therefore, as 

biodegradation has been considered to increase viscosity and density of crude oils, it 

was suggested that physical changes resulting from biodegradation in the crude oil 

may also explain increased water retention (Tissot & Welte, 1984). 

Initial observations identified that increased water retention was related to the 

API gravity of the crude oil. API gravities for both North Sea and Santa Maria Basin 

crude oils were observed to be inversely related to water retention values (Fig. 3.4.1). 

However, since many factors alter crude oil API gravity (e.g., source rock type, 

maturation history, reservoir conditions and crude oil composition), it could not be 

reliably concluded whether the correlation was attributed to geochemical or 

physicochemical crude oil properties. Therefore, geochemical assessment of crude oil 

bulk chemistry was performed in order to identify any correlations between crude oil 

emulsifier content and water retention. 

In contradiction to the initial possibly assessment of crude oil bulk chemistry 

found that the presence of both asphaltene and wax sols, in crude oil, reduced with 

increasing biodegradation. This was attributed to the actual degradation of the wax 

components and the increased solubility of asphaltenes in an increasingly more polar 

crude oil medium. In addition, no reliable relationship between NSO surfactants and 

water retention could be identified, with NSO bulk concentrations generally 

remaining unaltered. 

Results from bulk geochemical analyses subsequently suggest that either (1) 

there was no relationship between the crude oil composition (asphaltenes, waxes and 

NSO components) and the reported water retention values, and that retention was 

predominantly governed by physicochemical properties; or (2) subtle alteration, not 

determined by bulk geochemical studies, had occurred to the NSO composition during 

biodegradation. However, a subsequent and more detailed organic geochemical 

analysis of an influential oil soluble surfactant group (the CO-C3 alkylphenols) was 

also unable to provide an explanation for the relationship between water retention and 

biodegradation. Consequently, it is suggested that the ~bserved water retention values 

were more likely to be related to the physicochemical properties (viscosity, density 

etc.) of crude oils, which are related to the overall oil composition rather than specific 

compound classes in the oil. 
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7.1.2. Crude Oil Emulsion Formation! Stabilisation Ability. 

The majority of the crude oils analysed were found to possess similar 

emulsion formationlstabilisation ability. Most crude oils, except for the biodegraded 

North Sea crude oils (NS2 & NS3), formed stable, viscous, water-in-oil emulsions 

(emulsion type identified by Freeze-Fracture Replication). 

The lack of emulsion formationlstabilisation for the biodegraded North Sea 

crude oils (NS2 & NS3), when blended with water, indicated that the stabilising 

influence of the emulsifiers had probably been affected by biodegradation. 

Compositional assessment of various crude oils (with differing degrees of 

biodegradation) and water-in-oil emulsions, resolved this phenomenon. Emulsifiers 

(asphaltene sols, wax sols and alkylphenols) were found to be preferentially enriched 

within water-in-oil emulsions while their presence in crude oils was considered to be 

strongly influenced by the effect of biodegradation. 

7.1.3. Formation and Stabilisation of Emulsions. 

It was shown that the organic matter in the crude oil/water interfacial film 

(bound oil fraction), was preferentially enriched with both asphaltene and wax groups, 

implying their involvement in the stabilisation of water-in-oil emulsions. The 

asphaltene content in the bound oil fractions varied from 45% to 80%, with the overall 

NSO content being approximately 80%. Analysis of the aliphatic hydrocarbon 

fraction, separated by TLC from the bound oil fractions, identified. the enrichment of 

waxes from approximately n-C30 upwards when compared with the whole oil 

fractions. 

Total CO-C3 alkylphenol concentrations at the crude oil/water interface were 

an order of magnitude greater than those in the whole oil alkylphenol extracts. 

Therefore, the involvement of the CO-C3 alkylphenols in the formation and 

stabilisation of water-in-oil emulsions, as with asphaltenes and waxes, was indicated. 

It was observed that CO-C3 alkylphenol enrichment in the emulsions was by the low 

molecular weight, non-hindered alkylphenols. Further work is necessary to identify 

the exact role of CO-C3 alkylphenols in emulsio~ stabilisation; however, the 

preferential enrichment of alkylphenols in the water-in-oil emulsion was possibly 

associated with the attraction of the alkylphenols to the highly polar organic matter 

content of the interface (frequently up to 80% asphaltenes). 

Therefore, from the above it is suggested that asphaltenes, waxes and oil

soluble surfactants (such as CO-C3 alkylphenols) are associated with the formation of 
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stable water-in-oil emulsions. This association was examined in biodegraded North 

Sea crude oils with poor emulsion formationlstabilisation ability. 

7.1.4. Effect of Biodegradation upon Crude Oil Emulsifiers. 

Crude oil bulk chemistry indicated that in contrast to the North Sea non

biodegraded oils the biodegraded crude oils (NS2 & NS3) were unlikely to precipitate 

asphaltenes. This was attributed to the increase in asphaltene solubility in crude oil, 

due to the reduction of the apolar content (aliphatic hydrocarbons). Detailed high 

temperature gas chromatography (HTOC) of extracted wax fractions also indicated 

that the high molecular weight n-alkane distributions had been drastically reduced by 

biodegradation. This was best illustrated by examination of Santa Maria Basin crude 

oils which found that wax contents were reduced by an order of magnitude due to 

biodegradation. 

No relationship between bulk NSO content and emulsification ability of North 

Sea crude oils could be established by bulk chemical assessment. However, analysis 

of the biodegraded NS2 and NS3 crude oils found that CO-C3 alkylphenol contents 

had been reduced by an order of magnitude, in comparison with non-degraded North 

Sea crude oils. 

Examination of Santa Maria Basin crude oils found that the biodegraded crude 

oils were characterised by both reduced asphaltene precipitation potential (as were all 

Santa Maria Basin oils compared with non-degraded North Sea crude oils) as well as 

reduced wax content, yet still formed stable water-in-oil emulsions. Bulk chemical 

analyses also highlighted that the NSO concentrations were high for all oils (49% to 

69%). Detailed analysis of the alkylphenols observed that the total alkylphenol 

concentrations, unlike those for the NS2 and NS3 crude oils, were not reduced by 

biodegradation. Therefore, the ability of biodegraded Santa Maria Basin crude oils to 

form stable, viscous water-in-oil emulsion, despite the probable reduced presence of 

precipitated asphaltene and wax sols, was attributed to surfactant activity (large 

surfactant concentration being suggested by the high NSO content of the crude oil) 
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7.1.5. Effect of Laboratory Biodegradation on Water Uptake. 

In-laboratory crude oil biodegradation was performed in order to assess the 

variation of crude oil water uptake with increasing extent of biodegradation, under 

controlled conditions. Unfortunately, insufficient biodegraded crude oil was extracted 

from the biodegradation experiments and consequently water retention data, from 

COWUA, could not be attained. However, information was gained concerning the 

emulsion formationlstabilisation ability of crude oils, with inferences for crude oil 

spillage scenarios. 

The formation of viscous water-in-oil emulsions after oil spill incidents, such 

as that involving the Torrey Canyon, are generally attributed to the precipitation of 

asphaltene sols (Bobra et al., 1992). However, the laboratory biodegradation 

experiments in this work suggested an alternative mechanism. The laboratory 

degradation of a non-degraded North Sea crude oil, and the probable reduction of the 

stabilising potential of asphaltene and wax sols, did not deter the subsequent 

formation of stable water-in-oil emulsions. Consequently, emulsification ability was 

not attributed to the mechanical stabilisation effects of asphaltene and wax sols, but to 

the probable generation of surfactants, a mechanism previously suggested by Zajic et 

al. (1972 & 1974). The lack of emulsion formation during the laboratory degradation 

of a biodegraded North Sea crude oil (NS3), was suggested to be due to insufficient 

surfactant generation. Poor surfactant production was attributed to the absence of the 

majority of the easily biodegradable hydrocarbons (i.e., low molecular weight 

alkanes), which were lost during earlier, in-reservoir biodegradation. Therefore, it was 

suggested that the spillage of previously biodegraded crude oils, as with the Braer 

tanker disaster, were probably less likely to form viscous water-in-oil emulsions 

(mousses). This was due to (1) the lack of emulsifying agents (i.e., the biodegradation 

state of the crude oil indicating a reduced presence of asphaltene and wax sols, as well 

as oil-soluble surfactants), and (2) the lack of easily biodegradable hydrocarbons 

preventing significant surfactant generation. 

7.2. Suggestions for Further Work. 

From assessment of the results gained during this investigation a number of 

suggestions for further research may be offered. 
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1. Several physicochemical and geochemical analyses of the crude oils used in this 

study may help to resolve further the relationship between crude oil chemical 

composition and water uptake ability. Physicochemical analyses, primarily of crude 

oil viscosity and density, may illustrate the influence of these properties upon the 

water retentive ability of crude oils. This may potentially aid the precise identification 

of oils which physically retain high water quantities and therefore increase production 

and refinery costs in the petroleum industry. 

Additional geochemical analyses may be performed to determine the total acid 

numbers (TAN) of the crude oils analysed. This may be achieved accurately and 

rapidly by the use of automated titration procedures which may be easily performed 

on the Metrohm 702SM Titrino. As acids represent influential emulsifier groups 

resolution of their relationship with crude oil water uptake ability may prove useful. 

2. Assessment of the effect of biodegradation upon the CO-C3 alkylphenol content of 

crude oils illustrated two possibilities; first, the reduction of the CO-C3 alkylphenol 

distribution, as for biodegraded North Sea crude oil; second, the apparent enrichment 

of the C3 hindered alkylphenols, as for the biodegraded Santa-Maria Basin crude oil, 

H7. It is therefore suggested that analyses of both natural and laboratory degraded 

crude oils, using established methods may help to explain conflicting observations 

found in this and other studies. 

3. The controlled biodegradation of a specific crude oil, followed by assessment of its 

water uptake ability at varying biodegradation states may help to add support to the 

results gained in this investigation. This was attempted in Chapter 6 of this thesis; 

however, emulsification subsequently reduced the usable sample size (i.e., the amount 

of degraded crude oil which could be recovered and used in crude oil water uptake 

analysis). It is therefore suggested that this experiment should be repeated using larger 

crude oil sample sizes in order to be able to extract enough usable biodegraded sample 

(approximately 4 g). 
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APPENDIXl. 

KARL FISCHER ANALYSIS - OPERATIONAL GUIDE 

ALL Inroduction. 

This guide is to be used in conjunction with the Metrohm 702SM Titrino and 

Ultra-Turrax (T25) manuals. Both pieces of equipment are expensive and easily 

damaged and therefore the guide and manuals should be read fully before operation. 

For explanation of the selection of both the equipment and method, please refer to the 

Chapter 2. 

The procedure established in this guide is for the Karl Fischer Water 

Determination Technique. Assessesment is made of the water content of crude 

oiVwater blends and results are plotted against time from blending of the water and oil 

phases. 

Al.2. Hazards. 

There are four hazardous materials used in this procedure. The reagent; the 

reaction medium, containing Solvent Solution and Xylene, and the crude oil. The 

reagent, Karl Fischer Titrant U (BDH# 19280, Pyridine Free), is HARMFUL and 

flammable; contact to the skin and eyes, inhalation and swallowing should all be 

avoided. The Solvent Solution (Karl Fischer Solvent Solution, BDH# 19266, Pyridine 

Free) of the reaction medium is TOXIC and highly flammable; inhalation, 

swallowing, contact with skin and eyes should be avoided. Xylene is HARMFUL and 

flammable; contact with the skin and eyes, inhalation and swallowing should be 

avoided. Crude oil is TOXIC and HARMFUL; contact with skin and eyes, inhalation 

and swallowing should be avoided. In the event of contact with the skin the effected 

area should be washed with copious amounts of soap and water. If irritation persists 

seek medical advice. Seek immediate medical advice in the event of inhalation, 

swallowing or contact with the eyes. If you feel unwell during or after this analysis 

seek medical advice. ANAL YSIS MUST BE PERFORMED IN A FUME 

CUPBOARD. 
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A1.3. Storage and Disposal of Karl Fischer Waste. 

The chemical composition of the various reagents in this procedure are 

protected industrial secrets. However, it is known that there is NO chloroform present. 

As the waste reacts with some metals it should be stored in glass containers. 

A1.4. Loading of Operational Method onto Metrohm 702SM Titrino. 

1. PRESS <user method> of the remote keypad (Fig. 2.2.2) to give prompt "recall 

method". 

2. PRESS ENTER to give prompt "method name". 

3. PRESS <select> until the relevant method name appears. The method used for Karl 

Fischer analysis is "18". 

4. When the correct method name appears PRESS ENTER. The method is then 

loaded. 

A1.S. Computer Settings for Method 18. 

To alter any of the following variables either; 1. enter the relevant variable and 

PRESS ENTER, or PRESS <select> until the relevant parameter appears and then 

PRESS ENTER. Once the method has been loaded these settings should not need 

altering unless a change of sample or conditions requires it. 

Parameters Section. 
parameters: 

SETl = OFF, only one endpoint (EP) is generated in this procedure. 
EP at U = 250 mY. Endpoint (EP) Limit at which reagent addition either 

ceases or commences. 250 m V is a high setting to encourage rapid 
endpoint determination (see Fig. 2.2.4). 

dynamics = 10 mY. Dynamic Limit. Distance from the endpoint (EP) at which 
the titration slows. As oils may give drifting or even vanishing EP's, 
due to side reactions, it is essential that the EP is reached quickly 
therefore the dynamics setting's limit is small at 10 m V from the EP 
(250 m V) (Fig. 2.2.4). 

max.rate = MAX (maximum rate for a 10 ml burette is 30 mllmin). 
min. rate = 45 Jlllmin. Minimum possible titration rate. This parameter 
. determines the addition rate at the beginning and end of titrations. This 
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parameter influences the titration speed and therefore it's accuracy. A 
small minimum rate results in a slower titration therefore, this method 
is set at 45 J.lllmin (quite high), to encourage rapid titration. 

stop.crit = drift. Either drift or time (t(delay) or time stop) is used as stop 
criteria. They are the parameters which determine when the titration 
has finished. Drift refers to variation of the potential difference 
measurements at the electrode. 

stop drift = 30 J.lllmin. When EP is reached and drift limit is reached then 
titration ceases. Drift is the amount the variation after the EP is 
acquired. 

titration parameters: 
titr.direction = "." (negative) and refers to the direction to lower mY. The 

titration will therefore decrease the potential difference. 
start V = "abs", absolute start volume in ml. 
start V = start volume 0 ml. 
dos.rate = MAX. Reagent dispensing rate for the start volume. 
pause = 0 s. Waiting time, e.g., for equilibrium of the electrode after the start. 
I(pol) + connection of electrodes = 50 J.lA 
electrode test = ON, test for polarised electrodes, performed on changeover 

from inactive standby state to a measurement. 
temperature = 25°C. Titration temperature. 

stop conditions: conditions for titration termination, if this is not normal i.e., after 
attainment ofEP (i.e., if it overruns due to side reactions). 
stop V = abs maximum amount of reagent added during a titration. 
stop V = 50 ml ( therefore the cell wouldn't overflow). 
filling rate = MAX. Burette filling rate after titration, or during recharge. (30 

mllmin). 
statistics: calculations, mean, absolute and relative sd's. 

status = ON, if doing statistics. 
mean = mean value calculation for "n" single results, n=3. 
res.tab = original. Result table, . 

preselections: for the titration sequence. 
conditioning = ON, between the titrations the reaction medium potential 

difference is maintain below the "stop drift" limit. !fthis limit is 
exceeded the Metrohm does not allow titration to take place. When 
conditioning is performed, the volume drift can be displayed. 

display drift = ON 
req.ident = id!, of no real importance to this method. 
req.smpl size = ON. The sample size for these titrations is measured as a 

weight (grams). 
activate pulse = OFF. 

Configuration 
peripheral units 

send to = Seiko 
balance = Sartorius (even though not connected) 
record = U 

auxilliaries 
dialog = English 
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date 
time 
run number = 0 
auto start = OFF 
start delay = 0 
device label = blank 
program = 702.0010 

RS232 settings 
baud rate = 9600 
data bit = 8 
stop bit = I 
parity = none 
handshake = HW s 
RS control = ON 

common variable 
C30 = usually approximately 5 (see reagent calibration) 
C31-C39 = blank 

Calculations 
RSI=EPI *C30*COIlCOO;4;% 
RS I = calculated water percentage of sample. 
EP 1 = amount of reagent used to complete the titration. 
C30 = reagent reactivity (see reagent calibration) 
COl = 0.1 (constant) 
COO = sample weight 
4 = results given to four decimal places. 
% = results given as percent. 

Sample Data 
id I or C21 = usually blank (same forid's 2&3; C22 &23) 

C-fmla 
COl = 0.1 

def: 
formula 

RSI=EPI *C30*COIlCOO 
RS I decimal places 4 
RSI unit % 

common variables 
report 

report:full:full; . 
mean 

MNI=RSI 
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A1.6. Basic Preparations. 

Stirrer Rate = 4 

Dispenser Rate = 10 

Level of Reagent. The reagent used in this method was BDH# 19280 ET, Titrant U 

(Pyridine Free). 

Level of Reaction Medium (60:40; Xylene:Solvent Solution) Check levels in bottle 

and titration vessels. The solvent solution used in this method was BDH# 19266, Karl 

Fischer Solvent Solution (Pyridine Free). The Xylene used in this method was SLR 

grade. The level for the titration vessel was approximately 3 cm depth. The reaction 

medium in the titration vessel was changed after two titrations. 

Condition of water adsorbent molecular sieve. If the molecular sieve is pink it 

needs replacing with dry, blue, molecular sieve. The pink material should be dried in 

an oven until it is dehydrated and a blue colour. It is then ready for use. 

Condition of Septum. The septum in the Titration Vessel should be intact and whole, 

not tom. 

A1.7. REAGENT CALIBRATION. 

1. Fill titration vessel with reaction medium to approximately 3 cm depth. 

2. PRESS START on either the main panel or the remote keypad. The Metrohm 

neutralises the water present in the reaction medium. At neutrali~ation the voltage 

response should return to within the pre-set limits, i.e., 30 Jlllmin. Shake the titration 

vessel to rinse the reaction medium around the insides of the vessel. The Metrohm 

neutralises any water from the inside of the vessel. The voltage should return to 3 Jl 

l/min, or less before titration. 

3. Clean Syringe by washing with solvent, putting in drying oven and allowing to cool 

in a desiccator. 

4. Sample approximately 20 JlI of distilled water with the clean syringe. 

5. Weigh the syringe. 

6. PRESS START twice to give prompt "sample weight:'. 

7. Push the syringe through the septum on the titration vessel until the needle tip is in 

the reaction medium. 

8. Inject the water sample. 

9. Remove the syringe from the titration vessel and re-weighed. 
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10. Calculate the weight of water injected into the vessel. Enter the weight into the 

computer using the remote keypad. PRESS ENTER. The Metrohm automatically 

titres the water sample and prints out the result on the thermal printer. The endpoint 

voltage reading (mV) should ideally be between 30 - 80 mY. If the voltage reading is 

above 100 m V then the electrode needs cleaning in methanol before further use. After 

titration the voltage should return to 3 Jlllmin or less before continuing. 

11. Repeat steps 4 - 10 once more. 

12. PRESS STOP and change the reaction medium. Shake reaction medium's bottle 

before using. 

13. PRESS START. Remmeber, voltage response should be 3 Jlllmin or less before 

continuing. 

14. Repeat steps 4 - 13 three times. 

15. PRESS STOP. 

16. Calculate the reagents titre for each titration. In the calculation assume the water 

content (RS 1) is 100%. 

C30 = RSl x COO 
EPxCOl 

C30 = Reagents Titre. 
RSl = Water Content (100%). 
COO = Sample Weight. 
EP = (ENDPOINT) gives the amount of reagent used for titration. 
COl = Constant (0.1). 

17. Calculate the mean of all the results from step 16. However, remove any spurious 

results (usually the 1st and 2nd titration may be dubious). 

18. Enter the mean into the computer. To achieve this PRESS <Configuration> on 

the remote keypad four times to give the prompt "Common Variables", PRESS 

ENTER to give C30, enter the mean, PRESS ENTER, PRESS QUIT twice. 

19. Check the C30 reading by printing out the parameters. Print out is achieved by 

PRESSING <Print> on remote keypad, PRESS <Configuration> (or any other 

variable to be printed out) on the remote keypad and then PRESS ENTER. 

20. The Metrohm is now ready for use. 
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A1.S. Sample Preparation. 

A1.S.1. Homogenisation of the Crude Oil Sample. 

1. An ultra-turrax (T25) high speed dispenser, with an S25N-18G dispersion tool, is 

used to homogenise the crude oil sample (Figs. 2.2.5 & 2.2.6). 

2. Place the end of the dispersion tool into the sample container, 10 mm from it's base. 

3. The ultra-turrax RPM should be increased slowly after starting and decreased 

slowly before stopping. 

4. Homogenise the water and oil mixture for 3 minutes at 13,000 to 18,000 RPM. 

5. Remove the dispersion tool from the sample jar. 

6. The mixture is now ready for removal of a aliquot (approximately 6 g) for blending 

with water. 

A1.S.2. Water Addition. 

1. Add approximately 6 g of crude oil to a BDH #215/0073/33, 28.25 ml vial. 

2. Calculate the amount of water necessary to give either 5, 10, 20 or 30% water 

content in a water and oil mixture containing 6 g of crude oil. E.g., To make a 30% 

water content mixture using 6g of crude oil approximately 2.6g (2.6ml) of water is 

needed. 

A1.S.3. Homogenisation of Water and Oil Mixtures. 

1. An ultra-turrax (T25) high speed dispenser, with an S25N-IOG VS dispersion tool, 

is used to homogenise the water and oil mixtures (Figs. 2.2.5 & 2.2.6). 

2. Place the end of the dispersion tool into the vial, 10 mm from it's base. 

3. The ultra-turrax RPM should be increased slowly after starting and decreased 

slowly before stopping. 

4. Homogenise the water and oil mixture for 3 minutes at 13,000 to 18,000 RPM. 

5. Remove the dispersion tool from the vial. 

6. The mixture is now ready for immediate sampling. 
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A1.8.4. Cleaning the Dispersion Tool. 

1. Place the end of the dispersion tool into a vial containing dichloromethane (DCM). 

2. Activate the ultra-turrax at approximately 2,000 RPM for a few seconds. 

3. Replace the DCM and repeat steps 1 & 2. 

4. Carefully follow the dismantling instructions which accompanied the dispersion 

tool. 

5. Clean all the components in DCM. 

6. Allow components to dry and then carefully re-assemble the dispersion tool. DO 

NOT OVER TIGHTEN. 

7. If the dispersion tool is abnormally loud during operation, or the sample is 

overheating, the "bearing bush" component may need replacing. 

8. IF CLEANING WITH AQUEOUS PHASE DO NOT WET THE SHAFT 

BEARINGS AND DO NOT LEAVE ANY COMPONENT IN A DAMP 

CONDITION. 

A1.9. Sample Analysis. 

Al.9.1. Sampling Strategy. 

There were two sampling strategies employed during the use of the Karl 

Fischer Water Determination Technique. The first sampled only from the top of the 

water and oil blend, as show in Figure 2.2.9, with an intense sampling frequency 

which is listed in Table 2.2.1. 

The superseding sampling strategy sampled separately from both the top and 

bottom of each water and oil blend, shown in Figure 3.2.2, along with the less intense 

sampling frequency. 

A1.9.2. Sampling Procedure. 

1. Ensure titration vessel contains 3 cm of reaction medium. 

2. PRESS START and wait for the voltage to return to 3 J.lVmin or less (Display reads 

"OK" when below 30 J.lVmin ("stop drift" parameter, section A1.5)). 

3. Secure the sample vial in a clamp (Fig. 2.2.10). 

4. Secure the syringe in a clamp, directly above the sample vial (Fig. 2.2.10). 
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5. Lower the syringe into the vial, take approximately 100 JlI of water and oil blend 

from the appropriate sampling sites (according to the sampling strategy in use). If 

more than one sampling site per water and oil blend then each sample site must be 

sampled with a separate syringe. 

6. Weight the syringe. 

7. PRESS START twice to give prompt "sample weight". 

8. Push syringe through the septum on the titration vessel until the needle tip is in the 

neutralised reaction medium (Fig. 2.2.11). 

9. Inject the sample (Fig. 2.2.11). 

10. Withdraw needle from reaction medium BUT not from the titration vessel. Take in 

approximately 50 JlI to remove any drops of oil/water mixture from the needle tip. 

Remove syringe from the titration vessel and re-weigh (Fig. 2.2.11). 

11. Calculate the sample weight. 

12. Enter the weight and PRESS ENTER. 

13. After completing two titrations PRESS STOP and change the reaction medium. 

14. Repeat steps 1 - 13 for all samples. 

A1.tO. Maintenance. 

1. To avoid the Reagent crystallising in the burette and associated tubes, the apparatus 

should be used weekly. In the event of the reagent crystallising wash the affected 

areas with Methanol. Pay particular attention to the Stopcock. DC? NOT attempt to 

dismantle the stopcock, refer to manual. 

2. Leave the titration vessel in 3 cm of methanol. 

3. If the apparatus is not going to be used for a long period of time the Metrohm 

should be cleaned out by following the instructions in the manual. 
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Table Al. J. Peak areas for tile n-alkanes, isoprenoids, pentacyclic triter panes and steranes analysed from tile North Sea crude oils. 

Compounds, Abbreviations and Diagnostic Ions A29 B12 KITTIWAKE NINIAN NS) NS2 NS3 
m/z85 

n-C17 208280 190030 428939 152708 191310 3208) 0 
"" Pristane (Pr) 84610 64997 118346 83076 111161 149280 50393 I I 

n-C18 198255 170225 467417 131344 148772 29041 0 
Phytane (Ph) . 97260 67361 250040 89498 111389 143255 55821 

m/z 191 
18a(H), 22, 29, 30-trisnorneohopane (Ts) 1397 1212 3847 1331 1814 2077 3467 
17a(H), 22, 29, 30-trisnorhopane (Tm) 793 701 855 797 985 1316 2031 
C29, 17a(H), 21 P(H), 30-norhopane (C29aP) 4113 2600 4329 3087 3987 4603 9152 
C22> 17P(H), 21 a(H), 30-norhopane (C29Pa) 687 320 985 650 711 1307 1410 
C30, 17a(H), 21 (l(H)-hopane (C30a P) 8504 5242 8705 6015 7028 9308 10780 
C30, 17P(H), 21 a(H)-hopane (C30Pa) 941 645 200 578 835 907 1505 
C31, 17a(H), 2 I (l(H)-homohopane(22S) (C31 apS) 3430 2178 5297 3244 3437 3821 5492 
C3 " 17a(H), 21 (l(H)-homohopane (22R) (C3! apR) 2703 1731 3960 2309 2749 2788 3554 
C32, 17a(H), 21 P(H)-bishomohopane (22S) (C12aPS) 2768 1636 4565 2334 2865 2794 4556 
Gn, 17a(H), 21 P(H)-bishomohopane (22R) (C32aPR) 1683 1029 2692 1556 1796 1728 2790 

C33, 17a(H), 21 p(H)-trishomohopane (22S) (CnaPS) 2319 1256 3738 1691 2155 2251 3826 
C31, 17a(H), 21 p(H)-trishomohopane (22R) (C33aPR) 1398 898 2168 1185 1453 1486 2492 
C34, 17a(H), 2 I p(H)-tetrakishomohopane (22S) (C34aPS) 1185 709 2865 1035 1503 1389 3008 
C34, 17a(H), 21 p(H)-tetrakishomohopane (22R) (C34aPR) 1019 472 1836 788 1074 1065 1789 I 

C3" 17a(H), 21 p(H)-pentakishomohopane (22S) (C3 SaPS) 727 453 4220 1126 1955 1433 3785 I 
I 

C35, 17a(H), 21 p(H)-pentakishomohopane (22R) (C3SaPR) 661 368 2538 791 1220 877 2295 , 

m/z 217 
C27, 24 ethyl Sa(H), 14a(H), 17a(H)-cholestane(20R) (C27aaaR) 1027 810 2293 927 1209 2015 934 I 

C28, 24 ethyl Sa(H), 14a(H), 17a(H)-cholestane(20R) (C28aaaR) 872 833 1393 967 841 2216 1434 

C29, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20S) (C29aaaS) 813 912 2119 1321 943 2542 1984 

I C29, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20R) (C29aaaR) 1083 772 2429 863 1105 2009 1771 

I C29, 24 ethyl Sa(H), 14P(H), 17P(H)-choiestane(20S) (C29aPPR) 749 958 2429 1631 1293 2815 2753 

, C29, 24 ethyl Sa(H), !~PiJ-I)~ 17P(H)-cholest~,!~(20R) (C29app~L 1256 1007 3195 1488 1516 3095 3193 
-
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Table A2.2. Peak areas jor the n-alkanes, isoprenoids, pentacyclic triter panes and steranes ana/syed jar SM B crude oils. 

Compounds, Abbreviations and Diagnostic Ions HI H7 MONTEREY 
mlz85 

n-C~2 420617 0 141625 
Pristane (Pr) 181861 0 160702 
n-C!8 437676 0 161038 
Phytane (Ph) 310000 0 251904 

m/z 191 
18a(H), 22, 29, 30-trisnorneohopane (Ts) 6108 9139 6060 
17a(H), 22, 29, 30-trisnorhopane (Tm) 28556 34387 23842 
C29, 17a(H), 2IP(H), 30-norhopane (C29aP) 44346 60174 45931 
C29, I7P(H), 2Ia(H), 30-norhopane (C29Pa) 5000 11556 8406 
C30, 17a(H), 2113(H)-hopane (C10aP) 61947 84101 64840 
C3Q, 17P(H), 2Ia(H)-hopane (C30Pa) 6546 21462 11706 i 

C31, 17a(H), 21 P(H)-homohopane(22S) (C3! aPS) 24141 27292 22457 
C31, 17a(H), 21 P(H)-homohopane (22R) (C31 aj3R) 17064 19445 30500 
C32' 17a(H), 21 P(H)-bishomohopane (22S) (C32aj3S) 14641 22132 18469 
C32, 17a(H), 21 P(H)-bishomohopane (22R) (C32aPR) 14007 18221 14259 
C33, 17a(H), 21 P(H)-trishomohopane (22S) (C33aPS) 11754 15609 13312 
Cn, 17a(H), 21 P(H)-trishomohopane (22R) (C33aPR) 7394 9717 8528 
C34, 17a(H), 21 p(H)-tetrakishomohopane (22S) (C34aPS) 6882 10000 7571 
C34, 17a(H), 21 p(H)-tetrakishomohopane (22R) (C34aPR) 5012 7000 6001 
C3S, 17a(H), 2113(H)-pentakishomohopane (22S) (C35aI3S) 7936 11339 11738 
C35, 17a(H), 21 p(H)-pentakishomohopane (22R) (C1SaI3R) 7310 10834 9645 

m/z 217 . 
C27, 24 ethyI5a(H), 14a(H), 17a(H)-cholestane(20R) (C27aaaR) 57329 93519 52261 
C28, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20R) (C28aaaR) 32083 56942 42309 
C29, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20S) (C29aaaS) 19680 32999 23036 
C29, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20R) (C29aaaR) 27165 47913 36029 
C29-, 24 ethyl 5a(H), 1413(H), 17j3(H)-cholestane(20S) (C29aj3I3R) 25286 30639 22782 
C29, 24 ethyl 5a(H), 1413(H), 1713(H)-cholestane(20R) (C29aj3I3R) 19585 31505 24145 
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Table A2.3. Peak areas/or tile aromatic molecules analysed/rom North Sea crude oils. 

Compounds, Abbreviations and Diagnostic Ions A29 KITTIWAKE NSI NS2 NS3 
m/z 128 

Naphthalene (N) 202592 240358 73261 147519 13112 
m/z 142 

2-methylnaphthalene (2-MN) 305704 385611 175483 382475 28458 
1-methylnaphthalene (I-MN) 281138 491523 147710 302897 30189 

m/z 156 
2-ethylnaphthalene (2-EN) 23465 67872 19273 40361 3590 
1-ethylnaphthalene (I-EN) 15943 37002 13283 28360 4656 
2,6 + 2,7-dimethylnaphthalene (2,6+2,7-DMN) 161795 223170 121795 228725 37799 
1,6-dimethylnaphthalene (I ,6-DMN) 197336 235248 144339 249556 39903 
1 ,5-dimethylnaphthalene (1 ,5-DMN) 61659 134510 47506 79599 18084 

m/z 170 
1,3,5 + 1 ,4,6-trimethylnaphthalene (1,3,5+ 1 ,4,6-TMN) 70888 162709 61717 118828 18028 
2,3,6-trimethylnaphthalene (2,3,6-TMN) 54765 69311 53420 69413 16716 

m/z 178 
Phenanthrene (P) 79881 227002 81915 91009 21577 

m/z 192 
3-methylphenanthrene (3-MP) 33056 79381 30189 38135 12983 
2-methylphenanthrene (2-MP) 41935 86142 37729 48722 18439 
9-methylphenanthrene (9-MP) 56398 227930 54967 69840 28724 
I-methylphenanthrene (I-MP) 59760 147814 41727 62046 18484 

m/z 184 
Dibenzothiophene (DBT) 16415 249513 22936 38517 12949 

m/z 198 
4-methyldibenzothiophene (4-MDBT) 25615 244561 35935 47401 21198 

I-methyldibenzothiophene (I-MDBT) 9454 89007 12389 14365 10530 

m/z 231 

C20-triaromatic steroid (20R) (C20 TA 20R) 5136 13698 4936 6873 4399 

C28-triaromati~~teroid (2Q~) (C28TA ~Q~) _____ 9213 7689 9804 13660 10302 
--
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Table Al.4. Peak areas for the molecules analysed from the 5MB crude oils. 

Compounds, Abbreviations and Diagnostic Ions HI H7 MONTEREY 
m/z 128 

Naphthalene (N) 95702 115023 46472 
m/z 142 

2-methylnaphthalene (2-MN) 236331 315667 126676 
I-methylnaphthalene (I-MN) 204669 232722 101459 

m/z 156 
2-ethylnaphthalene (2-EN) 30543 28708 11811 
l-ethylnaphthalene (I-EN) 17930 15961 8585 
2,6 + 2,7-dimethylnaphthalene (2,6+2,7-0MN) 169468 208084 85202 
I ,6-dimethylnaphthalene (I ,6-0MN) 211981 205967 105453 
1,5-dimethylnaphthalene (I ,5-0MN) 52563 45172 22276 

m/z 170 

1,3,5 + I ,4,6-trimethylnaphthalene (1,3,5+ 1,4,6-TMN) 63167 64808 31660 
2,3,6-trimethylnaphthalene (2,3,6-TMN) 79286 87391 39491 

m/z 178 
Phenanthrene (P) 61454 54548 22298 

m/z 192 

,3-methylphenanthrene (3-MP) 32602 29582 10079 
2-methylphenanthrene (2-MP) 48272 42476 12514 
9-methylphenanthrene (9-MP) 45120 34643 12763 
I-methylphenanthrene (I-MP) 38668 30299 8909 

m/z 184 

Oibenzothiophene (OBT) . 93570 62361 32991 
mlz 198 

4-methyldibenzothiophene (4-MOBT) 103065 61834 29742 
I-methyldibenzothiophene (I-MOBT) 31399 19752 10732 

m/z 231 
I C20-triaromatic steroid (20R) (C20 TA 20R) 14480 12102 3960 
C28-triaromatic steroid (20R) (C28 TA 20R) 2503 15290 10235 
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A29 BI2 KITTIWAKE NINIAN NSI NS2 NS3 
Biodegradation* 

O-CI7IPr 2.46 2.92 3.62 1.84 1.72 0.22 0 
n-CIslPh 2.04 2.53 1.87 . 1.47 1.34 0.20 0 I 

O-C18/C30 aj3-hopaoe 23.31 32.47 53.70 21.84 21.17 3.12 0 
Ph/C10 aj3-hopaoe 11.44 12.85 28.72 14.88 15.85 15.39 5.18 
Tm/C30 aj3-hopaoe 0.09 0.13 0.\0 0.13 0.14 0.14 0.19 
NIN+P 0.72 od 0.51 od 0.47 0.62 0.38 
2-MN/2-MN + P 0.79 od 0.63 od 0.68 0.81 0.57 
2,6+2,7-DMN/2,6+2,7-DMN + P 0.67 od 0.50 od 0.60 0.72 0.64 
1,3,5 + 1,4,6-TMN/I,3,5 + 1,4,6-TMN + P 0.47 od 0.42 od 0.43 0.57 0.46 
PIDBT 4.87 nd 0.91 nd 3.57 2.36 1.67 
4-MDBT/DBT (MDR4) 1.56 od 0.98 od 1.57 1.23 1.64 , 

, 

Source Correlation** 
Homohopaoe Indices 
C31 aj3(S+R)/[SUM, C31 aj3(S+R) to CJ5a /3(S+R)] 34.28 36.43 27.32 34.58 30.61 33.66 26.93 

C32a/3(S+R)/[SUM, C31 a/3(S+R) to C35a /3(S+R)] 24.88 24.84 21.42 24.22 23.07 23.03 21.87 
C33a/3(S+R)/[SUM, C31 aj3(S+R) to C35a /3(S+R)] 20.77 20.07 17.43 17.91 17.86 19.04 18.81 

C34a/3(S+R)/[SUM, C31 aj3(S+R) to C35a /3(S+R)] 12.32 11.0 I 13.88 11.35 12.75 12.50 14.28 I 

C35aj3(S+R)/[SUM, C31 aj3(S+R) to C35aj3(S+R)] 7.76 7.65 ]9.95 ] 1.93 15.71 11.77 18.10 

C27aaaRlC29aaaR 0.95 1.05 0.94 1.07 1.09 1.00 0.53 

Table A2.5. Results of the biomarker and molecular parameters used to assess extent of biodegradation and source correlation of North Sea 
crude oils in this study.Abbreviations identified in Tables A2.5 to A2.B. * = biodegradation parameters are discussed in Chapter 6 .. nd = not 
determined 
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A29 BI2 KIITIWAKE NINIAN NSI NS2 NS3 
Maturity Parametesr 

Pr/Ph 0.87 0.96 0.47 0.93 1.00 1.04 0.90 
Tsffs+Tm 0.64 0.63 0.82 0.63 0.65 0.61 0.63 I I 

C30f3a /C30f3a + C30a /3 0.10 0.11 0.02 0.09 O.ll 0.09 0.12 

C31 a/3S/C3 ] af3S + C31 a/3R 0.56 0.56 0.57 0.58 0.56 0.58 0.61 

C32a f3S/C32a /3S + C32a /3R 0.62 0.61 0.63 0.60 0.61 0.62 0.62 
C29aaaS/C29aaaS + C29aaaR 0.57 0.46 0.53 0.40 0.54 0.44 0.47 
C29af3f3(S+R)lC29af3f3(S+R) + C29aaa(S+R) 0.5] 0.54 0.55 0.59 0.58 0.57 0.61 
2-MN/I-MN (MNR) 1.09 nd 0.78 nd 1.19 1.26 0.94 
2,3,6-TMN/] ,3,5+ 1,4,6-TMN (TNR) 0.77 od 0043 nd 0.87 0.58 0.93 I 

1.5(2-MP + 3-MP)/(P + I-MP + 9-MP) (MPI) 0.57 nd 0041 nd 0.57 0.58 0.69 
Calculate Vitrioite Reflectance 
Rm - 0.60(MPI) + 0.4 0.74 nd 0.65 od 0.74 0.75 0.81 
(2-MP + 3-MP)/(2-MP + 3-MP + I-MP + 9-MP) (MPDFl) 0.39 nd 0.3] nd 0.4] 0.40 0.40 
4-MDBT/I-MDBT (MDR) 2.71 nd 2.75 nd 2.90 3.30 2.01 
C20 TA 20RlC20 TA 20R + C28 TA 20R 0.36 od 0.64 od 0.34 0.34 0.30 

Table A2.6. Results of the biomarker and molecular parameters used to assess the maturities of the North Sea crude oils in this study. 
Abbreviations identified in Tables A2.] to A2. 4. nd = not determined 
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HI H7 MONTEREY 
Biodegradation· 

n-Cl1lPr 2.31 0 0.88 

n-C l8lPh 1.41 0 0.64 
n-CJ 8/C30 all-hopane 7.07 0 2.48 
Ph/C1~ al3-hopane 5.01 0 3.89 
Tm/C30 al3-hopane 0.46 0.41 0.37 
NIN+P 0.61 0.68 0.68 
2-~/2-~+ P 0.79 0.85 0.85 
2,6+2,7-D~/2,6+2,7-DMN + P 0.73 0.79 0.79 
1,3,5 + 1,4,6-TMN/l,3,5 + 1,4,6-TMN + P 0.51 0.54 0.59 
PIDBT 0.66 0.87 0.68 I 

4-MDBT/DBT (MDR4) 1.10 0.99 0.90 

Source Correlation·· 
Homohopane Indices 
C31 all(S+R)/(SUM, C31 al3(S+R) to C3sa l3(S+R)] 35.48 30.83 37.17 
C32al3(S+R)/[SUM, C31 al3(S+R) to C35al3{S+R)] 24.67 26.62 22.97 
C33all(S+R)/[SUM, C31 all(S+R) to Cl <;al3(S+R)] 16.49 16.71 15.33 
C34aj3(S+R)/[SUM, C31 aj3(S+R) to C35al3(S+R)] 10.24 11.22 9.53 
C35aj3(S+R)/[SUM, C3I a j3(S+R) to C3sal3(S+R)] 13.13 14.63 15.01 

C27aaaRlC29aaaR 2.11 1.95 1.45 

Table A2. 7. Results of the biomarker and molecular parameters used to assess extent of biodegradation and source correlation of 5MB crude 
oils in this study. Abbreviations identified in Tables A2.] to A2. 4. * = biodegradation parameters are discussed in Chapter 6. 
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HI H7 MONTEREY 
Maturity Parametesr 

Pr/Ph 0.59 0 0.64 I 

TslTs +Tm 0.18 0.21 0.20 

C30/3a1C30/3a + G~oa/3 0.10 0.20 0.15 

C31 a/3S/C31a /3S + C3 I a/3R 0.59 0.58 0.42 

C32a /3S/C32a /3S + C32a /3R 0.51 0.55 0.56 
C29aaaS/C29aaaS + C29aaaR 0.58 0.59 0.61 i 

C29a/3/3(S+R)/C29a/3/3(S+R) + C29aaa(S+R) 0.49 0.43 0.44 I 

2-MN/I-MN (MNR) 1.16 1.36 1.25 I 

2,3,6-TMN/I ,3,5+ I ,4,6-TMN (TNR) 1.26 I.3S 1.25 I 

1.5(2-MP + 3-MP)I(P + I-MP + 9-MP) (MPI) 0.84 0.91 0.77 
Calculate Vitrinite Reflectance 
Rm = 0.60(MPI) + 0.4 0.90 0.94 0.86 
(2-MP + 3-MP)/(2-MP + 3-MP + I-MP + 9-MP) (MPDFI) 0.49 0.53 0.51 
4-MDBT/I-MDBT (MDR) 3.28 3.13 2.77 

C20 TA 20RlC20 TA 20R + C28 TA 20R 0.85 0.44 0.28 

Table A2.8. Results of the biomarker and molecular parameters used to assess the maturities of the 5MB crude oils in this study. Abbreviations 
identified in Tables A2.} to A2A. . 
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5% Added Water Content 10% Added Water Content 

Sampling Number of Mean %R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 2 92.1 2.98 0 4 92.43 10.23 

0.18 2 95.34 2.4 0.15 4 89.8 15.4 { 

0.35 , 2 81.12 4.63 0.34 4 82.58 13.46 

0.67 2 98.02 1.49 0.5 4 93.56 21.92 

I 2 88.98 9.3 0.98 4 91.58 11.1 

2 2 99.84 5.82 1.98 4 90.14 16.94 

3.03 2 71.68 1.59 3 4 84.87 19.25 

25.88 2 66.89 8.4 5.98 4 84.2 11.54 

46.85 2 70.07 6.03 8.73 4 83.24 5.99 

70.73 2 56.34 14.79 11.53 4 69.86 14.23 

97.32 2 49.88 10.97 23.4 4 46.69 23.61 

120.35 2 18.07 12.78 48.02 4 6.27 2.76 

71.2 4 4.09 3.22 

95.6 4 12.01 14.72 
I 

121.12 4 1.32 1.74 

146.22 4 0.82 0.67 

167.13 4 0.9 1.76 

191.33 4 1.72 1.83 
I 

215.95 2 0.87 0.87 
i 

Table A3.la. Statistical datafor COWUA of Eldflsk crude oil/distilled water blends containing 5 & 10% added water. 
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20% Added Water Content 30% Added Water Content 

Sampling Number of Mean %R Standard +1- Sampling Number of Mean %R Standard +1-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 4 82.16 13.09 0 4 86.84 5.75 

0.17 4 70.27 27.57 0.17 4 93.3 2.53 ( f 

0.3 \ 4 42.98 29.8 0.32 4 85.77 4.01 

0.64 4 46.25 27.94 0.65 4 84.76 6.82 

0.97 4 43.73 32.55 0.97 4 93.83 2.87 

1.98 4 38.05 25.4 1.95 4 86 4.57 

2.97 4 36.07 25.2 2.94 4 87.25 5.13 

5.98 4 32.7 27.28 6 4 83.77 1.82 
I 

8.72 4 26.25 14.47 8.38 4 82.64 6.25 

11.48 4 25.46 16.1 11.1 4 80.04 3.18 

23.37 4 9.13 7.59 23.03 4 32.46 34.42 

47.98 4 3.96 2.2 47.03 4 5.58 4.83 

71.15 4 3.29 3.48 70.82 4 5.9 9.4 

95.33 4 2.58 2.72 95.05 4 0.65 0.63 
. 

121.15 4 0.8 0.62 120.83 4 0.46 0.56 
I 

146.18 4 1.6 1.31 145.83 4 0.46 0.47 

167.12 4 1.48 1.79 166.83 4 0.07 o. I 
191.33 4 0.97 0.67 191 4 0.73 0.9 I 

215.92 2 2.72 1.27 215.6 2 om 0.01 0.01 I ----

Table A3.1 b. Statistical data for COWUA of Eldjisk crude oil/distilled water blends containing 20 & 30% added water. 
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5% Added Water Content 10% Added Water Content 
i 

Sampling Number of Mean%R Standard +/- Sampling Number of Mean %R Standard +1-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

I 

0 2 141.04 4.33 0 2 115.34 0.01 ! 

0.18 2 173.36 5.04 0.15 2 124.09 3.18 I 

0.32 , 2 190.65 1.18 0.32 2 122.69 1.35 

0.67 2 214.12 19.77 0.48 2 134.88 5.97 

0.97 2 194.41 2.32 0.98 2 126.1 1.46 

1.98 2 202.73 16.62 1.98 2 136.49 3.15 

2.77 2 189.12 7.84 2.75 2 133.77 8.87 

5.67 2 182.46 8.82 5.65 2 130.07 6.73 

7.9 2 183.74 1.99 7.9 2 121.26 2.08 

11.18 2 165.3 14.68 IUS 2 98.14 30.72 

23.33 2 140.17 3.87 23.68 2 67.68 33.54 I 

46.58 2 151.89 22.07 46.6 2 16.74 15.81 

71.02 2 141.64 9.88 71.02 2 9.54 7.78 

94.48 2 131.33 3.61 94.47 2 19.69 6.48 

121.77 2 92.37 7.54 121.75 2 14.95 14.87 

145.92 2 118 7.87 145.95 2 7.03 3.25 , 

167.5 2 91.48 0.78 167.52 2 10.89 7.17 

191.5 2 111.42 7.19 191.48 2 17.71 9.36 

218.55 2 124.48 1.07 218.65 2 16.62 8.12 
------ ------ - -- ----- ---- ---- -- - -~ - ------ -- -- ---

Table A3.2a. Statistical data for COWUA of Ninian cnlde oil/distilled water blends containing 5 & 10% added water. 
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Appendix 3. 

20% Added Water Content 30% Added Water Content 

Sampling Number of Mean%R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 2 99.87 7.69 0 2 104.34 0.61 

0.1 2 108.85 4.18 0.15 2 104.08 0.45 ( ( 

0.32 \ 2 104.97 4.64 0.3 2 104.71 0.1 

0.63 2 105.77 5.96 0.65 2 103.72 3.33 

0.97 2 108.07 2.81 0.98 2 106.91 3.75 

1.97 2 110.37 0.48 1.98 2 107.34 0.83 

2.72 2 111.94 2.65 4.1 2 89.16 30.01 
I 

5.63 2 98.45 1.85 5.3 2 54.48 18.73 I 

7.87 2 91.68 12.56 7.53 2 32.29 15.91 

11.88 2 11.73 12.38 10.78 2 9.48 10.49 

23.28 2 7.08 7.66 22.95 2 10.96 13.19 

46.57 2 13.97 17.84 46.23 2 6.59 8.32 

70.98 2 10.ll 10.43 70.65 2 16.73 ] 1.95 

94.45 2 19.07 7.69 94.15 2 72.76 2.25 

121.72 2 37.81 14.1 121.38 2 9.77 10.2 

145.98 2 61.03 13.28 145.68 2 56.42 ]4.04 

I 167.52 2 11.64 12.36 167.22 2 11.34 1.86 

r 191.48 2 11.43 13.63 191.17 2 17.46 ]7.47 

i 218.72 2 13.53 5.57 218.45 2 13.47 16.44 
I -- - ------ - ~ .. -- ------ --_ .. _-------

Table A3.2b. Statistical datafor COWUA of Ninian crude oilldistilledwater blends containing 20 & 30% added water. 
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Appendix 3. 

NS130% Added Water Content NS2 30% Added Water Content, Top Sample 

Sampling Number of Mean %R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 2 102.07 0.96 0 2 106.04 0.24 

0.17 2 101.8 1.47 2.67 2 98.26 0.54 r ( 

0.33 , 2 105.05 0.64 5.73 2 83.55 3.47 

0.62 2 101.33 ·0.96 8.45 2 67.05 3.21 I 

0.95 2 100.05 4.12 22.95 2 22.11 3.47 
I 

2.02 2 103.84 1.18 47.87 2 5.71 1.21 

2.97 2 103.77 3.51 

5.88 2 109.74 0.26 NS2 30% Added Water Content, Bottom Sample 

8.78 2 96.69 1.44 0 2 99.08 0.86 

11.62 2 79.13 5.56 3.01 2 102.06 0.2 

25.93 2 22.01 4.78 6 2 94.7 0.11 I 

51.33 2 8.93 4.91 8.3 2 115.41 9.19 

75.6 2 3.56 3.56 23.1 2 148.43 15.43 

96.33 2 0.41 0.41 49.01 2 197.93 9.31 
-- ---------- - -_ .. - -- ---- -- ~--- ----

Table A3.3. Statistical datafor COWUA of NSl and NS2 crude oilldistilledwater blends containing 30% added water. Samples were takenfrom 
the top and bottom of the NS2 blends. . 
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Appendix 3. 

5% Added Water Content 10% Added Water Content 

Sampling Number of Mean%R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 2 111.4 5.92 0 4 103.51 8.13 

0.18 2 108.4 1.82 0.15 4 109.23 1.24 f 

0.32 \ 2 115.72 2.63 0.48 4 114.09 7.03 

0.65 2 116.8 5.48 0.67 4 103.8 7.21 

0.95 2 119.55 2.66 0.97 4 112.44 3.7 

1.97 2 107.58 3.77 2.02 4 110.95 3.86 

2.93 2 112.76 2.36 3.02 4 111.37 6.71 

5.9 2 116.6 0.55 5.95 4 103.82 12.65 

8.9 2 118.26 1.08 8.28 2 96.46 15.41 

12.35 1 92.91 0 I 
21.45 2 111.54 15.48 24.37 4 107.84 2.7 I 
47.98 2 100.29 9.45 49.48 4 101.9 16.16 

71.73 2 112.52 2.83 75.13 4 97.38 10.74 

97.7 2 113.08 79.96 101.7 4 93.45 14.99 

121.27 2 109.41 77.37 121.18 4 95.32 10.77 

142.77 2 104.1 73.61 148.22 4 94.7 6.89 

168.63 2 104.54 73.92 168.78 4 77.13 23.58 

194.3 3 70.15 13.17 

217.92 3 61.5 3.17 
---------- --.--------- .. -----.~ ------ -- ----------_ .. _------ ---- -- - ----

Table A3. 4a. Statistical data for CO WUA of NS3 crude oil/distilled water blends containing 5 & 10% added waler. 
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Appcndix3. 

20% Added Water Content 30% Added Water Content 

Sampling Number of Mean %R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 4 89.36 14.59 0 4 95.27 10.51 

0.15 4 86.83 10.48 0.13 4 95.26 1.58 r ( 

0.32 ' 4 87.59 15.1 0.33 4 85.11 17.94 

0.65 4 76.78 36.97 0.68 4 81.57 22.66 

0.97 4 85.6 22.61 0.92 4 85.87 29.06 

2.02 4 78.03 25.01 1.95 4 79.13 11.83 

3.03 4 99.75 6.53 3 4 57.92 26.43 

5.97 4 86.79 15.37 5.35 4 60.97 29.43 

8.27 2 81.59 13.64 8.93 2 96.64 7.07 

12.35 1 71.37 12.02 1 49.95 

24.37 4 88.77 15.03 24.08 4 65.18 23.28 

49.5 4 84.52 16.58 49.25 4 49.85 5.49 

75.13 4 88.55 16.65 74.82 4 48.54 12.06 

101.87 4 84.78 16.92 101.78 4 47.23 9.4 

121.52 4 77.28 18.71 121.27 4 43.33 6.35 

148.42 4 64.31 25.05 148.77 4 31 12.59 

169.75 4 53.77 39.43 169.77 4 33.52 14.51 I 

194.47 3 41.54 43.48 194.4 3 14.19 5.76 

I 
218.47 3 42.41 33.46 218.35 3 21.47 5.14 

------

Table A3. 4b. Statistical data for COWUA of NS3 crude oil/distilled water blends containing 20 & 30% added water. 
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AppcndIx3. 

5% Added Water Content 10% Added Water Content 

Sampling Number of Mean %R Standard +/- Sampling Number of Mean %R Standard +1-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 3 103.75 18.42 0 3 94.78 6.57 

0.13 3 124.66 39.07 0.15 3 97.51 4.63 r { 

0.3 3 98.49 11.07 0.32 3 100.41 7.28 

0.65 3 113.51 10.46 0.65 3 100.61 4.66 

0.98 3 119.26 4.22 1 3 99.41 9.28 

1.97 3 117.36 11.92 2.02 3 99.73 1.4 

2.97 3 119.73 4.25 3 3 101.42 5.18 
I 

6.22 3 117.33 2.51 6.22 3 100.01 3.43 
: 

8.83 3 117.51 5.25 8.83 3 84.84 25.89 I 

11.15 3 127 24.04 11.17 3 87.65 21.77 I 

25.95 3 112.79 7.92 25.95 3 67.75 34.09 
I 

50.1 3 58.12 37.49 51.08 3 26.7 10.76 

74.07 3' 53.05 15.44 74.17 3 21.34 5.04 

95.65 3 36.24 9.67 95.65 3 19.82 7.96 

124.33 3 22.02 14.18 124.35 3 14.56 6.18 

I 
147.4 3 20.59 5.54 147.42 3 10.65 2.76 

! 169.95 3 19.64 12.87 169.98 3 10.75 3.87· 

190.26 3 20.12 8.17 190.98 3 9.32 4.99 

243.36 2 23.33 10.22 243.42 2 7.65 0.98 
_._-

.~~----- ~~ -- _.- - ---_.-

Table A 3.5a. Statistical data for co WUA of Monterey crude oil/distilled water blends containing 5 and 10% added water. 
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AppendIx-S. 

20% Added Water Content 30% Added Water Content 

Sampling Number of Mean %R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 3 94.7 4.13 0 3 97.21 0.13 

0.15 3 99.15 4.98 0.12 3 94.89 11.84 ( f 

0.33 3 95 3.22 0.28 3 101.32 7.44 

. 0.65 3 100.22 7.46 0.65 3 99.53 3.84 

1 3 98.8 1.65 0.98 3 103.48 4.1 

2 3 97.49 1.9 1.93 3 99.87 1.91 

3.02 3 98.36 4.41 2.9 3 101.42 2.55 

6.22 3 95.59 0.43 5.85 3 97.98 1.12 

8.85 . 3 88.12 17.76 8.4 3 99.42 1.72 

11.17 3 80.1 35.71 10.8 3 101.19 1.6 

25.95 3 59.76 40.4 25.57 3 95.14 5.92 

51.07 3 22.23 10.11 50.72 3 69 35.7 

74.15 3 17.06 8.78 73.77 3 63.89 58.14 

95.63 3 9.64 9.34 95.27 3 11.99 10.14 
I 

124.57 3 12.71 4.48 123.97 3 27.58 39.96 
I 

147.42 3 8.92 5.32 147.12 3 49.95 59.92 

170 3 8.1 2.45 169.63 3 4.39 2.75 

191.58 3 8.76 4.04 191.68 3 26.89 43.4 I 

243.45 2 1.36 0.29 243.13 2 0.86 0.63 
I 

----~-.- ------ - ._-- -.---~-. 

Table A3.5b. Statistical data/or COWUA of Monterey crude oil/distilled water blends containing 20 and 30% added water. 
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Appendix 3. 

HI, 30% Added Water Content, Top Sample H7, 30% Added Water Content, Top Sample 

Sampling Number of Mean%R Standard +/- Sampling Number of Mean %R Standard +/-
Time (Hours) Analyses Deviation Error Time (Hours) Analyses Deviation Error 

0 2 98.67 0.18 0 2 99.09 0.81 

2.85 2 100.4 2.54 2.88 2 99.64 0.91 ( 

5.65 , 2 53.49 0.94 5.67 2 95.4 2.62 

10.65 2 7.07 7.07 10.37 2 94.96 1.88 

25.15 2 0.36 0.36 24.88 2 96.26 3.32 

51.28 2 0 0 50.98 2 30.71 0.94 

73.08 2 0 0 72.82 2 16.88 4.11 

HI, 30% Added Water Content, Bottom Sample H7, 30% Added Water Content, Bottom Sample 

0 2 100.05 0.44 0 2 98.52 1.08 

2.85 2 101.42 2.04 2.88 2 103.38 0.42 

5.65 2 100.95 5.16 5.67 2 96.08 2.84 

10.65 2 99.86 1.67 10.37 2 100.3 0.01 

25.15 2 124 13.12 24.88 2 107.6 1.89 

51.28 2 139.79 5.07 50.98 2 128.22 0.83 

73.08 2 123.93 49.42 72.82 2 147.5 1.66 
---

Table A3.6. Statistical datafor COWUA of Hi alld H7 crude oilldistilledwater blends containing 30% added water. Samples were takenfrom 
the top and bottom of all blends. 
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Appendix 4. 

Isomers Isomer Concentrations (ng g-I) 

Whole Oil Supernatant Oil Unbound Oil 

phenol 2,790.43 1,065.87 4,887.07 1,500.97 1,558.24 2,065.65 3,905.54 

2-MP 5,494.95 4,158.74 6,206.94 2,754.99 3,209.29 2,956.06 2,833.08 

3-MP 3,699.54 2,638.57 3,958.22 2,201.79 2,222.96 2,958.69 2,593.33 

4-MP 2,493.88 1,786.23 2,670.91 1,481.33 1,496.15 1,674.29 1,442.71 

2-EP 443.08 325.17 386.88 280.28 277.65 395.93 360.91 

2,5-DMP 3,104.5 2,399.47 2,612.35 2,005.78 1,981.61 2,585.09 2,382.9 

2,4-DMP 6,152.98 5,125.48 5,621.25 3,534.47 4,077.6 4,624.15 4,138.08 

2,6-DMP 3,764.56 2,586.73 3,207.16 2,401.19 2,169.23 2,698.11 2,303.85 

3,5-DMP 3,881.03 2,567.62 3,252.16 2,532.93 2,372 3,377.46 2,992.65 

4-EP 335.89 649.2 705.89 185.55 0 0 0 

3,4-DMP 997.83 760.99 870.01 626.2 617.28 861.31 911.26 

2-PP 33.1 31.54 31.09 27.51 27.07 37.54 0 

3-iPP 464.38 298.91 333.97 307.9 303.91 362.11 430.73 

4-iPP 1,048.14 708.07 804.55 695.91 686.36 840.52 901.67 

2,4,6TMP 1,484.91 ·1,504.72 1,473.89 678.95 832.88 897.79 790.41 

2,3,5TMP 2,746.85 2,188.77 2,192.4 1,748.64 1,921.88 2,399.16 2,233.25 

2,3,6TMP 0 623.82 573.85 0 468.95 0 410.53 

3,4,5TMP 0 68.93 62.96 0 597.59 0 619.44 

Total 23,224.92 18,944.44 22,305.79 13,431.81 14,966.14 16,593.84 15,453 

Total 15,711.12 10,544.4 17,545.74 9,532.57 9,854.5 12,140.04 13,797.34 

Extract 38,936.04 29,488.84 39,851.53 22,964.38 24,820.63 28,733.88 29,250.34 

Average 36,092.14 23,892.51 28,992.11 

Standard 5,736.91 

+/- Error 928.13 258.23 

Table A4.1. Statistical data for Eldfisk, A29, CO-C3 alkylphenol analyses. 
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83,070.93 

6,385.63 

8,304.67 

0 

3,537.31 

7,432.4 

26,658.87 

8,700.44 

5,497.34 

0 

1l,660.18 

290.75 

927.98 

2,968.87 

0 

0 

0 

0 

53,005.41 

112,429.97 

165,435.38 

146,976.45 

33,857.57 

Bound Oil/Emulsion 

87,812.12 97,064 54,997.32 78,494.24 

12,300.17 14,631.36 5,039.38 8,398.05 

15,283.31 12,328.24 4,490.87 8,766.2 

0 0 0 0 

3,149.91 4,453.16 2,144.63 3,581.2 

4,338.12 4,152.4 1,976.47 7,130.46 

17,488.08 13,861.54 5,255.87 24,741.99 

0 0 1,867.34 7,736.23 

5,729.91 2,830.22 1,073.53 5,342.42 

0 0 0 0 

7,831.41 8,798.96 4,922.14 12,029.17, 

0 0 88.38 01 

0 1,360.84 1,335.06 0: 

0 8,108.53 3,947.25 3,113.07 

0 0 0 0 

0 0 0 01 

0 0 0 01 

0 0 0 1,453.31 

37,276.28 37,098.46 16,372.07 51,587.93 

116,656.75 130,490.79 70,766.17 109,198.41 

153,933.03 167,589.25 87,138.23 160,786.34 



Appendix 4. 

Isomers Isomer Concentrations (ng g-I) 

WholeOil Supernatant Oil Unbound Oil Bound OiUEmulsion 

phenol 3,932.36 544.95 1,368.94 2,763 2,500.18 605.89 1,557.4 228,856.44 108,578.58 83,955.53 

2-methylphenol 5,395.63 1,021.5 2,382.33 3,362.22 2,568.65 693.81 1,361.13 173,474.77 24,975.2 12,136.09 

3-methylphenol 4,049.17 835.11 1,883.34 2;761.8 2,551.57 759.42 1,713.51 144,667.57 26,537.03 13,491.63 

4-methylphenol 2,361.93 429.51 1,163.77 1,563.49 1,046.77 0 0 41,659.01 0 0 

2-ethylphenol 464.88 107.89 254.16 411.6 277.22 85.02 422.57 14,528.7 3,833.16 0 

2,5-dimethylphenol 2,701.24 689.59 1,434.59 2,040.69 1,549.11 483.78 1,701.58 60,612.68 6,348.18 0 

2,4-dimethylphenol 3,848.39 1,096.51 2,213.85 2,972.8 2,599.2 767.43 2,939.67 130,972.86 21,747.4 0 

2,6-dimethylphenol 1,633.52 334.05 508.56 1,167.58 732.94 215.53 1,116.99 45,146.32 15,751.89 0 

3,5-dimethylphenol 3,385.44 956.29 1,832 2,627.85 2,058.46 666.31 2,410.72 69,922.07 16,314.36 0 

4-ethylphenol 0 0 0 5,305.36 0 0 0 0 0 0 

3,4-dimethylphenol 755.28 214.21 443.52 706.96 599.11 178.59 992.44 23,141.58 15,404.41 0 

2-propylphenol 42.57 15.18 28.44 35.96 32.37 0 31.14 0 0 0, 

3-isopropylphenol 489.78 154.93 288.16 376.16 331.4 113.02 274.33 0 0 0 

4-isopropylphenol 1,120.11 336.71 273.88 1,046.72 701.75 271.25 852.75 21,575.74 0 01 

2,4,6-trimethylphenol 93.13 39.96 71.74 241.15 71.74 31.06 115.58 0 0 0 

2,3,5-trimethylphenol 1,447.96 607.57 1,047.01 1,582.61 990.14 375.5 788.16 10,150.53 0 0 

2,3,6-trimethylphenol 138.46 51.9 108.27 215.56 118.78 0 0 0 0 0 

3,4,5-trimethylphenol 831.0 I 369.6 621.42 841.32 510.86 o ' 619.33 3,739.97 0 0 

Total Hindered 15,765.78 3,964.14 8,048.97 12,03Q.16 8,940,16 2,652,13 8,476.83 434,885.85 72,655.83 12,136.09, 

Total Non-hindered 16,925.09 3,841.31 7,875.03 17,992.67 10,300.11 2,594.47 8,420.49 533,562.38 166,834.39 97,447,15 

Extract Totals 32,690.87 7,805.45 15,924 30,022.83 19,240.27 5,246.59 16,897,31 968,448.23 239,490.22 109,583.24 

Average Totals 32,690.87 17,917.43 13,794.73 439,173.9 

Standard Deviation 11,242.03 7,495.02 462,944.32 

Table A4.2. Statistical data for Eldfisk, B 12, CO-Cl alkylphenol analyses. 
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AppcndIX4. 

Isomers Isomer Concentrations (ng g-I) 

Whole Oil Supernatant Oil Bound OillEmulsion 

phenol 20,617.77 6,151.96 73,383.28 

2-methylphenol 7,725.58 1,752.07 20,231.91 

3-methylphenol 14,981.11 3,164.77 17,413.6 

4-methylphenol 4,616.07 796.14 0 

2-ethylphenol 1,480.87 318.92 0 

2,5-dimethylphenol 4,824.31 978.41 0 

2,4-dimethylphenol 11,827.94 222.S7 20,324.19 

2,6-dimethylphenol 0 0 9,S4S.37 

3,S-dimethylphenol 11,538.3 1,687.97 11,329.92 

4-ethylphenol 1,483.42 243.0S 0 

3,4-dimethylphenol 716.44 153.92 0 

2-propylphenol 157.48 34.04 0 

3-isopropylphenol 4,974.83 1,023.31 0 

4-isopropylphenol 15,613.84 2,362.1 0 

2,4,6-trimethylphenol 403.05 630.S7 0 

2,3,S-trimethylphenol 2,284.3 2,472.68 0 

2,3,6-trimethylphenol 261.42 0 0 

3,4,S-trimethylphenol 0 2,472.68 0 

Total Hindered 28,964.95 6,409.27 SO,101.47 

Total Non-hindered 74,S41.78 18,055.91 102,126.8 

Extract Totals 103,506.73 24,465.18 152,228.28 

Average Totals 

Table A4.3. Statistical data for NS 1 CO-Cl alkylphenol analyses. 
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Appcndix4. 

Isomers Isomer Concentrations (ng g-l) 

Whole Oil Supematant Oil Unbound Oil Bound Oil/Emulsion 

phenol 134 50.05 150.53 1,960.87 30,715.17 184,653.19 183,006.73 

2-methylphenol 664.45 474.51 600.31 1,780.06 8,414 19,644.97 88,882.98 

3-methylphenol 331.64 263.27 309.32 1,372.7 7,225.29 25,947.78 97,016.84 

4-methylphenol 592.7 395.04 436.49 763.02 0 0 0 

2-ethylphenol 121.5 72.99 107.64 1,759.21 0 11,336.15 23,444.23 

2,5-dimethylphenol 263.1 175.1 238.15 3,755.81 0 23,540.44 32,220.38 

2,4-dimethylphenol 946.85 671.77 1,002.19 6,335.33 13,103.28 95,071.98 34,506.44 

2,6-dimethylphenol 280.04 227.53 0 2,985.62 11,719.64 39,868.62 14,928.62 

3,5-dimethylphenol 507.26 268.39 397.75 3,443.2 4,514.52 18,864.58 43,352.77 

4-ethylphenol 0 577.7 0 0 0 0 0 

3, 4-dimethyl phenol 160.17 136.13 164.36 4,129.44 2,979.89 30,200.37 30,806.01 1 

2 -propylphenol 0 0 0 0 0 920.19 OJ 

3-isopropylphenol 257.77 126.22 97.86 107.5 0 3,578.91 0 

4-isopropylphenol 277.18 167.39 201.94 200.65 0 0 0 

2,4,6-trimethylphenol 127.19 90.82 70.45 0 0 0 0 

2,3,5-trimethylphenol 451.84 309.74 383.88 199.25 0 0 0 

2,3,6-trimethylphenol 0 49.93 0 201.23 0 0 0 

3,4,5-trimethylphenol 233.61 27.12 192.48 0 0 0 0 

Total Hindered 2,854.98 2,072.39 2,402.61 17,016.51 33,236.92 190,382.36 193,982.65 

Total Non-hindered 2,494.33 2,011.31 1,950.74 11,977.38 45,434.86 263,244.83 354,182.35 

Extract Totals 5,349.31 4,083.7 4,353.35 28,993.9 78,671.79 453,627.19 548,165 

Average Totals 4,716.5 360,154.66 

Standard Deviation 248,311.91 

+/- Error 632.81 
------ ------ - ------~-- ------ ----

Table A4.4. Statistical data for NS2 CO-C3 alkyl phenol analyses. 
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AppcndIx4. 

Isomers Isomer Concentrations (ng g-l) 

Whole Oil 

phenol 272.34 1,003.19 370.9 

2-methylphenol 498.17 937.36 268.04 

3-methylphenol 381.99 670.91 345.65 

4-methylphenol 0 0 316.43 

2-ethylphenol 25.89 32.25 27.82 

2,5-dimethylphenol 62.67 67.36 61.68 

2,4-dimethylphenol 372.25 424.93 332.84 

2,6-dimethylphenol 0 0 0 

3,5-dimethylphenol 172.88 233.06 251.28 

4-ethylphenol 168.92 0 0 

3,4-dimethylphenol 96.71 116.75 103.64 

2-propylphenol 0 0 0 

3-isopropylphenol . 28.32 39.75 30.2 

4-isopropylphenol 95.37 120.63 146.36 

2,4,6-trimethylphenol 65.75 74.28 13.81 

2,3,5-trimethylphenol 304.73 338.56 299.3 

2,3 ,6-trimethylphenol 18.45 11.23 6.94 

3,4,5-trimethylphenol 72.21 77.67 0 

Total Hindered 1,347.91 1,885.97 1,010.42 

Total Non-hindered 1,288.75 2,261.96 1,564.46 

Extract Totals 2,636.66 4,147.93 2,574.88 

Average Totals 3,119.82 

IStandard Deviation 890.9 
-------- -- --- - -- ------- -- ----- ------

Table A4.S. Statistical data for NS3 CO·C3 alkylphenol analyses. 
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Appendix 4. 

Isomers Isomer Concentrations (ng g-l) Isomer Concentrations (ng g-l) 

Whole Oil Bound OillEmulsion Whole Oil Bound OiUEmulsion 

phenol 800.51 714.98 172,394.46 89,601.97 79.67 115.24 391,515.89 108,284.81 

2-methylphenol 3,648.99 3,725.76 13,483.9 24,711.79 278.24 312.91 38,109.7 44,896.23 

3-methylphenol 2,322.56 2,331.29 15,373.2 28,893.16 132.77 154.85 45,563.84 46,758.21 

4-methylphenol 1,169.09 795.29 0 0 0 0 0 0 

2-ethylphenol 379.9 406.52 8,356.06 12,198.21 75.67 67.88 22,074.08 32,594.41 

2,5-dimethylphenol 2,559.29 2,683.07 22,965.63 22,277.07 2,643.38 2,240.23 56,630.02 79,967.25 

2,4-dimethylphenol 4,220.11 4,284.28 131,029.85 29,463.81 4,461.59 3,664.19 389,768.83 238,797.12 

2,6-dimethylphenol 1,877.31 2,230.98 47,918.6 3,436.93 1,635 1,541.75 102,966.41 81,162.79 

3,5-dimethylphenol 2,421.41 2,527.93 19,089.23 12,029.25 1,508.89 1,289.48 52,125.9 71,887.74 

4-ethylphenol 919.9 887.51 0 0 1,199.54 1,059.49 0 0 

3,4-dimethylphenol 626.16 656.57 40,494.71 47,937.32 812.33 694.24 92,623.11 147,103.57 

2-propylphenol 41.59 42.88 0 0 27.47 27.04 0 0 

3-isopropylphenol 185.72 191.19 0 0 91.42 81.45 0 0 

4-isopropylphenol 208.78 225.61 0 0 397.89 332.23 0 0 

2,4,6-trimethylphenol 1,475.84 1,602.86 0 0 8,851.19 7,120.74 0 0 

2,3,5-trimethylphenol 2,352.87 2,491.46 0 o 10,640.86 8,610.44 0 0 

2,3,6-trimethylphenol 773.11 808.38 0 0 5,110.69 4,149.73 0 0 

3,4,5-trimethylphenol 86.2 80.34 0 0 446.98 392.52 0 0 

Total Hindered 17,329.01 18,276.19 223,754.05 92,087.81 33,724.09 27,734.91 609,549.04 477,417.81 

Total Non-hindered 8,740.33 8,410.71 247,351.6 178,461.69 4,669.48 4,119.51 581,828.75 374,034.33 

Extract Totals 26,069.33 26,686.9 471,105.65 270,549.5 38,393.57 31,854.42 1,191,377.78 851,452.13 

Average Totals 26,378.12 370,827.57 35,123.99 1,021,414.96 

Standard Deviation 

Percent Error 308.79 100,278.08 3,269.58 169,962.79 
I 

Table A4.6. Statistical data for HI and H7 CO-Cl alkyl phenol analyses. 
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Table AS. I. Peak areas for the n-alkanes, isoprenoids, pentacyclic triter panes and steranes analsyedfor oils in Chapter 6. 

Compounds, Abbreviations and Diagnostic Ions KITIIWAKE SAMPLE #3 SAMPLE #5 
m/z85 

n-C l7 428939 78279 3250 
Pristane (Pr) 118346 121484 5944 
n-C18 467417 80389 2324 
Phytane (Ph) 250040 209202 20838 

m/z 191 
18a(H), 22, 29, 30-trisnomeohopane (Ts) 3847 4138 2729 
17a(H), 22, 29, 30-trisnorhopane (Tm) 855 1107 507 
C29, 17a(H), 2113(H), 30-norhopane (C29al3) 4329 4262 2799 
C29, 1713(H), 21 a(H), 30-norhopane (C29I3a) 985 984 507 
C30, 17a(H), 21 P(H)-hopane (C30al3) 8705 9790 6130 
C30, 17P(H), 21a(H)-hopane (C10Pa) 200 nd nd 
C31, 17a(H), 2113(H)-homohopane(22S) (C31 a/3S) 5297 5745 3690 
C31, 17a(H), 21 P(H)-homohopane (22R) (C31 a/3R) 3960 4167 2528 
C32, 17a(H), 2113(H)-bishomohopane (22S) (C32a/3S) 4565 4775 3111 
C32, 17a(H), 2113(H)-bishomohopane (22R) (C32a/3R) 2692 3034 2130 
C33, 17a(H), 21 P(H)-trishomohopane (22S) (C33aPS) 3738 4119 2525 
C33, 17a(H), 2113(H)-trishomohopane (22R) (C33aPR) 2168 2605 1572 

, 

C34, 17a(H), 21 p(H)-tetrakishomohopane (22S) (C34aI3S) 2865 3274 2052 I 

C34, 17a(H), 2113(H)-tetrakishomohopane (22R) (C34aI3R) 1836 2111 1182 I 

C35, 17a(H), 21 /3(H)-pentakishomohopane (22S) (C35aI3S) 4220 4484 3031 I 

C3S, 17a(H), 2113(H)-pentakishomohopane (22R) (C3Sa/3R) 2538 3152 1789 I 

m/z 217 
C27, 24 ethyI5a(H), 14a(H), 17a(H)-cholestane(20R) (C27aaaR)· 2293 2771 1434 
Cn, 24 ethyl 5a(H), 14a(H), 17a(H)-cholestane(20R) (C28aaaR) 1393 1567 760 
C29, 24 ethyI5a(H), 14a(H), 17a(H)-cholestane(20S) (C29aaaS) 2119 2374 1494 
C29, 24 ethyI5a(H), 14a(H), 17a(H)-cholestane(20R) (C29aaaR) 2429 2730 1755 
C29, 24 ethyl 5a(H), 1413(H), 1713(H)-cholestane(20S) (C29aI3I3R) 2429 2059 1421 

. C29, ~4 t:thyl 5~(H), I ~13(l:f), !'7I3{I-I)~~h~les!ane(20R) (C29a PI3R) _ 11~~ __ 3708 2212 
-~- ------ --- --- -
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Table A 5.2. Peak areas for the molecules analysed from the crude oils in Chapter 6. 

Compounds, Abbreviations and Diagnostic Ions KIITIWAKE SAMPLE #3 SAMPLE #5 
m/z 128 

Naphthalene (N) 240358 95198 88174 
m/z 142 

2-methylnaphthalene (2-MN) 385611 230869 224008 
I-methylnaphthalene (] -MN) 49]523 357304 377124 

m/z 156 
2-ethylnaphthalene (2-EN) 67872 3]689 24843 
]-ethylnaphthalene (I-EN) 37002 33498 35681 
2,6 + 2,7-dimethylnaphthalene (2,6+2,7-DMN) 223170 183537 184702 
] ,6-dimethylnaphthalene (l,6-DMN) 235248 252043 264705 
1 ,5-dimethy]naphthalene (l,5-DMN) 134510 124513 144484 

m/z 170 
1,3,5 + 1,4,6-trimethylnaphthalene (1,3,5+ I ,4,6-TMN) 162709 171773 189308 
2,3,6-trimethylnaphthalene (2,3,6-TMN) 69311 61587 79533 

m/z 178 
Phenanthrene (P) 227002 235694 289873 

m/z 192 
3-methylphenanthrene (3-MP) 79381 82682 95510 
2-methylphenanthrene (2-MP) 86142 84729 100118 
9-methylphenanthrene (9-MP) 227930 231630 263584 
I-methylphenanthrene (I-MP) 147814 142384 181171 

m/z 184 

Dibenzothiophene (DBT) 249513 283833 329302 
m/z 198 

4-methyldibenzothiophene (4-MDBT) 244561 285128 331568 
I-methyldibenzothiophene (I-MDBT) 89007 108699 126729 

m/z 231 

C20-triaromatic steroid (20R) (G:m TA 20R) 13698 15756 18765 

(;28-triaromatic ~teroid (20R) (C28~ A 20R) 7689 8573 9622 
------ ---
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Appendix 5. 

KITTIWAKE SAMPLE #3 SAMPLE #5 
Biodegradation* 

n-C 17lPr 3.62 0.64 0.55 
n-Cl8lPh 1.87 0.38 0.11 
n-C 18/C30 aj3-hopane 53.70 8.21 0.38 
PhlG:;O aj3-hopane 28.72 21.37 3.40 
Tm/C30 aj3-hopane 0.10 0.11 0.13 
NIN+P 0.51 0.29 0.23 
2-MN/2-MN + P 0.63 0.49 0.44 
2,6+2,7-DMN/2,6+2,7-DMN + P 0.50 0.44 0.39 
1,3,5 + 1,4,6-TMN/l,3,5 + 1,4,6-TMN + P 0.42 0.42 0.40 
PIDBT 0.91 0.83 0.88 
4-MDBTIDBT (MDR4) 0.98 1.01 1.01 

Source Correlation** 
Homohopane Indices 
C31 aj3(S+R)/[SUM, C31 aj3(S+R) to C35aj3(S+R)] 27.32 26.46 26.34 I 

C32aj3(S+R)/[SUM, C31 aj3(S+R) to C35aj3(S+R)] 21.42 20.84 22.20 
C33aj3(S+R)/[SUM, C31 aj3(S+R) to C3'iaj3(S+R)] 17.43 17.95 17.35 
C34a j3(S+R)/[SUM, C31 aj3(S+R) to C35aj3(S+R)] 13.88 14.37 13.70 
C35aj3(S+R)/[SUM, C31 aj3(S+R) to C35aj3(S+R)] 19.95 20.38 20.42 

C21aaaR/C22aaaR 0.94 1.02 0.82 

Table A5.3. Results of the biomarker and molecular parameters used to assess extent of biodegradation and source correlation of crude oils in 
Chapter 6. Key to abbreviations is given in Tables A5.1 and A5.2. * = biodegradation parameters are discussed in Chapter 6. nd = not 
determined. 
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Appendix 5. 

KITIIWAKE SAMPLE #3 SAMPLE #5 
Maturity Parametesr 

Pr/Ph 0.47 0.58 0.29 
Tsffs+Tm 0.82 0.79 0.78 
c.~oPa/C-~OPa + C-~oap 0.02 nd nd 
C3 ] aPS/C11 aPS + C3 ] apR 0.57 0.58 0.59 
C32a pS/C32a PS + C32a PR 0.63 0.61 0.59 
C29aaaS/C29aaaS + C29aaaR 0.53 0.54 0.54 
C29a PP(S+R)lC?Qapp(S+R) + C29aaa(S+R) 0.55 0.53 0.53 
2-MNII-MN (MNR) 0.78 0.65 0.59 
2,3,6-TMN/I ,3,5+ 1,4,6-TMN (TNR) 0.43 0.36 0.42 
1.5(2-MP + 3-MP)/(P + I-MP + 9-MP) (MPI) 0.41 0.41 0.40 
Calculate Vitrinite Reflectance 
Rm = 0.60(MPI) + 0.4 0.65 0.65 0.64 
(2-MP + 3-MP)/(2-MP + 3-MP + I-MP + 9-MP) (MPDFI) 0.31 0.31 0.31 
4-MDBT/I-MDBT (MDR) 2.75 2.62 2.62 
C20 TA 20RlC20 TA 20R + C28 TA 20R 0.64 0.65 0.66 

Table AS. 4. Results of the biomarker and molecular parameters used to assess the maturities of the crude oils in Chapter 6. Key to abbreviations 
is given in Tables AS.] and AS. 2. nd = not determined 
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