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CHARACTERISATION OF WAXY GAS-CONDENSATES BY HIGH TEMPERATURE CAPILLARY 
GAS CHROMATOGRAPHY AND OXIDATIVE DEGRADATION 

by 
DAVID JOHN HEATH 

ABSTRACT 

High molecular weight (HMW) hydrocarbons (defined herein as C35+ compounds) are difficult to characterise 
by conventional analytical methods. Very few studies have reported precise and reproducible quantification of 

such compounds in fossil fuels. Nonetheless, such components have important effects on the physical and 
biological fate of fossil fuels in the geosphere. For example, the phase behaviour of waxy gas condensates is 

significantly affected by the varying proportions of HMW compounds. Similarly HMW compounds are amongst 
the most resistant petroleum components to biodegradation. The current study reports the development of 

reproducible quantitative high temperature capillary gas chromatography (HTCGC) methods for studying both 

these aspects of the chemistry of HMW hydrocarbons. In addition those hydrocarbons which remain unresolved 
when analysed by gas chromatography (so called unresolved complex mixtures UCMs) are also studied. UCMs 

may account for a large portion of the hydrocarbons in many fossil fuels yet very little is known about their 

composition. Knowledge of these compounds may be important in enhancing the prediction of phase behaviour. 
Oxidative degradation and GC-MS is used to elucidate the types of structures present within the UCM. 

The concentrations of C3S4. hydrocarbons in two unusually waxy gas condensates from high temperature wells 
in the North Sea were determined by HTCGC. The whole C, 5+ 

fraction comprised about 20% of the total 
hydrocarbons and consisted of compounds with carbon numbers extending up to and beyond Coo. By paying 
particular attention to sample dissolution and injection, good reproducibility and precision were obtained. For 

example, for authentic n-C, to n-C60 alkanes a relative standard deviation of under 5% for manual injection, 
linear response factors (1.01 Cm to 0.99 C6), and a linear calibration for 5 ng to 25 ng on-column were found. 
Limits of detection are reported for the first time for HMW n-alkanes. The limits were found to be as low as 
0.8 ng for Cto to 1.87 ng for C60. Tristearin is proposed as a suitable HTCGC internal standard for quantification 
since the FID response factor (1.1) was close to that of the HMW n-alkanes and response was linear. 
Importantly, when co-injected with the two waxy North Sea condensates, tristearin was adequately separated 
from the closest eluting alkanes, n-C59 and n-C60 under normal operating conditions. Qualitative characterisation 
of the HMW compounds in the waxy gas condensates and in synthetic wax blends (polywax 1000) using 
HTCGC-EI MS and HTCGC-CI MS produced molecular ions or pseudo molecular ions for n-alkanes up to n- 
C6o. The spectra of some HMW compounds contained fragment ions characteristic of branched compounds but 
detailed characterisation was very limited. 

This study has also shown, for the first time, the significance of the unresolved complex mixture in gas 
condensates. UCM hydrocarbons accounted for over 20% of the total hydrocarbons in a waxy North sea 
condensate. The condensate was first distilled and the distillate UCMs isolated. These were found to be between 
64 to 97 % unresolved after molecular sieving (5A) and urea adduction. The UCMs were oxidised using 
CrO3/AcOH which produced 5-12 % C02, and 55-83 % dichloromethane-soluble products. Thus 65-94 % of the 
original UCMs were accounted for as oxidation products. The remainder were thought to be water soluble acids 
which could not be determined in the presence of the AcOH reagent. Of the recovered oxidised products, 27- 
81 % were resolved and these comprised mainly n-monocarboxylic acids (19-48 %). The average chain length 
was found to be C12 indicating the average length of alkyl groups. Branched acids, ketones, ketoacids, n- 
dicarboxylic acids, branched dicarboxylic acids, lactones, isoprenoid acids, alkylcyclohexane carboxylic acids 
and toluic acids accounted for the majority of the remaining resolved products. The distillate UCMs all showed 
variations in amounts of products but not in composition. Retro-structural analysis suggested that the UCM in 
the gas condensate was mainly aliphatic and branched. The number of isomers of simple branched alkanes over 
the UCM molecular weight range (determined by cryoscopy) was calculated to be over 15000. Overall, oxidation 
provided structural information for about half of the UCM. 

HTCGC was also used to measure the biodegradability of HMW alkanes in a waxy Indonesian oil. Traditional 
alkane isolation techniques (TLC and CC) discriminated against HMW compounds above C40 whereas adsorption 
onto alumina in a warm cyclohexane slurry provided an aliphatic fraction still rich in HMW compounds and 
suitable as a biodegradation substrate. A waxy Indonesian oil was subjected to 136 day biodegradation by 
Pseudomonas fluorescens. Extraction efficiencies of over 90 % (RSD <5 %) were obtained for n-alkanes up to 
C6o using continuous liquid-liquid extraction. Over 80 % of the oil aliphatic fraction was degraded within 14 days. 
After 136 days only 14% of the original aliphatic fraction remained, yet surprisingly no decreases in the 
concentrations of compounds above C45 were observed. However, the use of a rapid screening biodegradation 
method proved conclusively that Pseudomonasfluorescens was capable of utilising n-alkanes up to C60 once the 
bacteria had acclimated to the HMW alkanes. This is the first report of bacterial utilisation of an n-alkane as 
large as C.. 



Preface 

Gas chromatography is perhaps the single most important technique in routine use for 

the characterisation of hydrocarbon fluids. Modern capillary gas chromatography 

provides an efficient and quick method for identifying the many hundreds of compounds 

present in hydrocarbon fluids and is now widely applied throughout the petroleum 

industry. However, there remain at least two important limitations: (1) the analysis of 

high molecular weight compounds with boiling points greater than the operational 

temperature limit of conventional gas chromatography columns (ca. 310°C), and (2) the 

analysis of those mixtures of hydrocarbons which are not resolved into peaks (the so 

called unresolved complex mixtures UCMs). The scope of this Thesis is to address 

these limitations in the light of two contemporary fields of research. 

Chapter 1 provides a general introduction to the importance of high molecular weight 

compounds (C35+) in the prediction of phase behaviour of gas condensates and 

introduces the technique of high temperature capillary gas chromatography (HTCGC) 

for characterising high molecular weight hydrocarbons. The aim was to establish a 

quantitative and reproducible HTCGC (-MS) method for analysing the C3s+ fraction. 

The results for two waxy gas condensates from high pressure and temperature wells in 

the North Sea are reported. 

Chapter 2 gives an introduction to UCMs and summarises the few studies that have 

attempted previously to unravel the composition of this quantitatively important fraction 

(see Rowland and Revill, 1995 for discussion). This chapter shows the quantitative 

significance of the UCM is in a North Sea condensate and attempts to elucidate the 

structures of unresolved hydrocarbons, using oxidative degradation (Cr03/AcOH) 
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followed by conventional GC. Since current theories predict that even a low boiling 

point UCM will contain many hundreds of compounds, the gas condensate was first 

fractionated by vacuum distillation to provide a series of simpler UCM fractions which 

were oxidised and characterised. The results are presented and discussed in the context 

of possible precursor structures present in the UCM. 

The second part of the Thesis (Chapter 3) is a study of the biological degradation of 

high molecular weight n-alkanes. Particular attention is paid to how these compounds 

may be altered while in the marine environment. The aims were: to isolate the aliphatic 

hydrocarbons of a waxy Indonesian crude oil and to study the rates of biodegradation 

of the n-alkanes up to hexacontane (Cm) using the quantitative HTCGC techniques 

developed in Chapter 1 to investigate the theory that Indonesian oils are the source of 

the tar balls and palaeo-tar balls found on the coasts of Australia (McKirdy, 1994 and 

references therein). Particular emphasis was placed on validation of the techniques for 

reproducible recovery and analysis of C35 n-alklanes from the biodegradation medium. 

The results of the 136 day in vitro experiment are discussed. Such studies of high 

molecular weight waxes were not possible by GC prior to the advent of HTCGC. 

Chapter 4 contains the experimental details to the methods used. 

In Chapter Five, results from Chapters One, Two and Three are summarised and the 
final conclusions of the study given together with an appraisal of the techniques 

developed. Suggestions for further work are proposed. 
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CHAPTER ONE 

QUANTIFICATION OF THE C30+ FRACTION OF 

NORTH SEA GAS-CONDENSATES 

BY 

HIGH TEMPERATURE CAPILLARY GAS CHROMATOGRAPHY 

Small amounts of high molecular weight (C., O, ) 
hydrocarbons can have a significant effect on the 

phase behaviour of petroleum reservoir fluids. Until recently quantitative analysis of the CIO, 

hydrocarbon fraction has been beyond the scope of high resolution gas chromatography. 

High temperature capillary gas chromatography is studied and shown to be a useful method for the 

quantitative determination of the high molecular weight hydrocarbons in the C304 fraction of two waxy 

North Sea gas-condensates. The procedure shows good reproducibility (RSD <S%), linear FID 

response (1.00 to 0.99), and low limits of detection (0.8 - 1.9 ng) for C20.0 n-alkanes. 



1.1 Introduction 

1.1.1 General 

Exploration of the North Sea by the oil and gas industry is expanding; a trend which 

is envisaged to continue into the late-1990's (Quilan, 1991). Many of the new 

hydrocarbon finds hold considerable stocks of gas-condensate, adding to those 

condensate fields already under development and emphasising the importance of 

condensates as a future hydrocarbon reserve. For example, Bruce field, one of the 

largest being developed, was expected to reach peak production by 1994 with 

recoverable reserves estimated at 2.6 tcf of gas and 220 mbbl of condensate, and will 

produce 80,000 barrels of condensate per day (Smith, 1991a). East Brae, a large 

gas/gas-condensate field already under development in the central North Sea, is 

estimated to yield 1.5 tcf of gas and 300 mbbl of liquids (Smith, 1991b). 

Discoveries in the central North Sea, particularly in the Norwegian Central Graben, 

have included high temperature and high pressure reservoirs in deep over pressurised 

Jurassic/Triassic plays (Bailer, 1991; Takla, 1992). These reservoirs are found at great 

depths, typically 3000 to 5000 metres, with high pressures up to 15,000 psi (higher in 

ultra high-pressure wells) and temperatures between 100 to 200°C. Development of 

these represented a major engineering challenge but is now under way. The high 

temperature and high pressure wells Embla and Lille-Frigg are estimated to hold 

recoverable reserves of 57 mbbl and 22 mbbl of condensate respectively (Takla, 1992). 

Gas condensates are defined by Miles (1989) as hydrocarbons which are in the gas 

phase at reservoir temperatures and pressures but which are liquids at the surface. They 

form during the later stages of catagenesis (the principal stage of oil formation), when 

the source rock hydrocarbons and remaining kerogen are converted to lighter 

hydrocarbons by the cracking of C-C bonds and methane becomes the dominant 

compound (Tissot and Welte, 1984). Gas condensates can range in appearance from 

colourless to dark brown, with an average API of > 45 ° (Miles, 1989) and generally 

comprise light hydrocarbons with boiling points in the gasoline range (CS-C10) (Tfiska 
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et at., 1984). 

The condensate produced from these high temperature and high pressure wells 

contains a greater proportion of high molecular weight (HMW) hydrocarbons (C30 

fraction) which results in condensates that are very waxy, comprising compounds with 

up to one hundred carbon atoms (Moffatt pers. comm., 1991). However this also 

means that a small reduction in reservoir pressure can precipitate substantial amounts 

of liquid hydrocarbons into the pores of the reservoir rock through a process known as 

retrograde condensation. 

1.1.2 Retrograde condensation 

A gas reservoir may be classed as a dry gas, wet gas or retrograde condensate gas 

reservoir (Ahmed, 1989). The differences between these can be represented best in the 

form of a phase diagram (Figure 1-1). For a single pure hydrocarbon there is a given 

pressure for every temperature at which the hydrocarbon fluid can exist as a liquid 

(Figure 1-1 A). In a hydrocarbon mixture, the system is no longer as simple and the 

single line representing the pressure - temperature relationship is replaced by a broad 

region in which the two phases, liquid and gas, can coexist (Figure 1-1 B). The Bubble 

Point curve represents the temperatures and pressures at which gas begins to leave the 

hydrocarbon fluid with decreasing pressure or increasing temperature while the Dew 

Point curve represents the pressures and temperatures at which liquid will start to form 

in the gas. The highest temperature at the phase envelope is called the cricondentherm, 

and the highest pressure is called the cricondenbar. At the critical point, properties of 

both gas and liquid mixtures are identical and the fluid is known as a supercritical fluid. 

In the case of dry gas there are insufficient heavy hydrocarbons to produce a 

condensate even with a decrease in temperature (Figure 1-1 C). 

For a wet gas (Figure 1-1 D), the temperature of the hydrocarbon mixture is above 

the critical condensing temperature and so a reduction in pressure will not cause 

condensation to occur until the temperature is reduced on reaching the surface (stock 

tank). 

2 
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In the case of a retrograde condensate, the hydrocarbon mixture exists between the 
critical point and the cricondentherm (Figure 1-2 a). So when pressure is decreased 

during production, instead of expanding (if a gas) or vaporizing (if a liquid), the reverse 

will happen. When pressure is reduced a condensate will form; this is known as 

retrograde condensation. The process is described more fully by Clark (1969) and is 

shown in Figure 1-2 b. Retrograde condensation is caused by forces acting on molecules 

of unlike sizes. As pressure drops (at constant temperature) below the dew point [A] 

(Figure 1-2 a) the attraction between light and heavy component molecules decreases 

because the light molecules gain more kinetic energy and start to move further apart. 

As this occurs the attraction between the heavy molecules becomes more effective; thus, 

these heavy molecules coalesce into a liquid. This process continues until a pressure is 

reached [B] where a maximum amount of liquid is formed. Further reduction in 

pressure permits the heavier hydrocarbons to gain more energy and overcome these 

forces and start to vaporise in the normal way until complete vaporisation occurs at 

pressure [C]. 

Clearly, if during production the reservoir pressure can be maintained above the dew 

point, retrograde behaviour will not occur and no condensate will be formed. 

Alternatively if a field is allowed to be depleted under its own natural energy, thus 

reducing the pressure in the reservoir, then retrograde behaviour may occur. This can 

be problematic because retrograde condensate will accumulate in the sand around the 

well bore and cause a reduction in permeability, gas flow and in producing pressures 

(Figure 1-2 c& d). If this happens then an alternative and usually costly depletion 

strategy is needed. Thus the accurate modelling of phase behaviour is crucial to 

planning a suitable depletion strategy for reservoirs. 

1.1.3 Wax precipitation 

Wax precipitation occurs when the solvating capacity of the gas and/or condensate for 

HMW hydrocarbons is reduced at lower temperatures (Carnahan, 1989). Wax 

precipitation is a potential problem when hydrocarbon mixtures are transported by 

pipeline under water, in cold climates, or in processing plants where wax deposition 

may result in the plugging of pipes and process equipment (Ashford et al., 1990, 

4 
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Pedersen et al., 1989). A gas chromatogram of a pipeline wax deposit is shown in 

Figure 1-3 (Philp, 1994). Most of the wax comprises hydrocarbons C30 to CO. 

Remedial action such as hot oiling and wire-line cutting to remove precipitated wax 

(Tuttle, 1983; Ashford et al., 1990), or preventative methods using wax inhibitors like 

ethyl-vinyl-acetate (EVA) copolymers (Gilby, 1983) will increase the costs of 

production. If this is to be avoided it is necessary to determine the conditions under 

which wax precipitation takes place and to estimate the amount of wax that is likely to 

form. This will require a detailed knowledge of the hydrocarbon fluids. 

1.1.4 Modelling phase behaviour 

In the past, according to Pedersen (1989), reservoir engineers, when designing 

production schemes, tended to rely more on experience than on the properties and 

composition characteristics of the hydrocarbon fluids produced. Today, because of the 

massive investment in the oil and gas industry, production systems and equipment 

undergo detailed engineering analyses and careful design to optimise production and 

minimise operating costs and investment. 

The phase behaviour and physical properties (i. e. density, viscosity, and enthalpies) 

of gas condensates and oils are, according to Pedersen (1989) uniquely determined by 

the state of the system, i. e., temperature, pressure, and composition. Traditionally, such 

data (so-called PVT data) have been acquired by distillation (C, 
+) 

followed by detailed 

laboratory tests. While this level of analysis of oils and condensates is adequate for 

many purposes, it is costly and computer modelling of phase behaviour based on 

mathematical expressions known as equations of state (EQS), offer a rapid and less 

expensive approach to providing valuable physical data for the petroleum engineer 

(Ahmed 1989). 

A representative mathematical description of a reservoir fluid is essential for 

modelling behaviour within the reservoir but such a description must be based on an 

accurate and full determination of the reservoir fluid composition since the prediction 
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Figure 1-3 Capillary HTCGC of a crude oil wax deposit collected from a 
drill stem pipe (Philp, 1994). 
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of phase behaviour is very sensitive to both the quantity and description of the heaviest 

species present (Whitson, 1983 and Pedersen et al., 1989). Unfortunately the latter 

are also the hydrocarbons that are amongst the most difficult to quantify with good 

analytical precession and accuracy (especially > C35). 

Experimental reservoir analysis involves taking pressurised fluids collected during 

well testing and measuring PVT properties using physical methods such as constant 

volume depletion (see Pedersen et al., 1989), or predictively by entering composition, 

mole%, molecular weight, and density data into a PVT computer model based around 

a mathematical EQS. 

According to Moffatt (pers. comm., 1991) it is possible to achieve the chemical 

analysis of pressurised fluids collected directly from the reservoir in a single operation 

by using a high pressure sampling valve followed by gas chromatography. 

Unfortunately it is not possible with present technology to calculate in a single 

operation, at pressure, physical fluid properties such as density from composition, 

pressure and temperature. If this was the case then all the information required by the 

petroleum engineer could be gathered from a single characterisation of the reservoir 

fluid. This would make the need for constant volume depletion redundant (Moffatt pers 

comm., 1991). The major limitations are that: 

I) high pressure sampling valves have a pressure limit of 5,000 psi and 

require considerable maintenance when working close to their limits. 

II) use of a single chromatography column to separate nitrogen, methane, 

ethane through to the heavier hydrocarbons is not possible with out a 

reduction in analytical accuracy. 

III) it is difficult to quantify HMW (>C30) by GC 

IIV) single phase analysis does not at present allow complementary 
measurements of properties such as specific gravity or molecular weight, 
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nor does it provide fluid density data. 

At present, analysis of composition requires reducing the reservoir fluid to 

atmospheric pressure (viz to laboratory conditions). The gaseous and liquid 

hydrocarbons fractions are then analyzed separately. The data from analyses of both 

fractions are combined to yield the original reservoir fluid composition. Traditionally, 

data on composition in the oil and gas industry have only been reported up to a C7 

(boiling point > 69°C) fraction, the physical data being mainly based on the properties 

of low temperature fractional distillates and composition data from analysis by 

chromatographic techniques. However, this is inadequate for accurate modelling of the 

physical properties of hydrocarbon mixtures (Pedersen et al., 1989; Whitson, 1983). 

More recently, advances in gas chromatography and vacuum distillation have 

extended possibilities for the characterisation of components with boiling points up to 

441°C (Triska et al., 1984). This is both straightforward and adequate for most 

condensates which are usually light, clear, mobile liquids containing compounds with 

up to about thirty carbon atoms. All these constituents may be eluted quantitatively from 

gas chromatographic columns. However, HMW hydrocarbons (> C301> boiling point 

450°C) are considerably more difficult to analyze by chromatographic techniques and 

until recently have been beyond the scope of gas chromatography. Nonetheless these 

compounds may account for up to about 20% of waxy condensates, many of which are 

sufficiently waxy to solidify at room temperature when stabilised. The gas industry has 

considerable interest in producing waxy condensates from HT/HP reservoirs waxy 

condensates and hence there is increasing interest in methods suitable for obtaining 

quantitative and qualitative information about these HMW compounds. 

Several techniques are applicable to the analysis of HMW compounds (Adlard, 1995) 

but possibly the most important are Supercritical Fluid Chromatography (SFC), and 
High Temperature Capillary Gas Chromatography (HTCGC). Given the focus of the 

present research, only the latter will be discussed herein. 
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1.1.5 High Temperature capillary gas chromatography (HTCGC) and GC- 

simulated distillation (GC-SIMDIST) 

Since 1986 HTCGC has become an established technique and has been widely applied 

(Table 1-1). The demarcation between "regular" capillary gas chromatography and 

HTCGC is somewhat arbitrary. Although several authors state that HTCGC starts at 

temperatures above 350°C, a more recent review by Sandra (1990) claims "280°C 

seems an acceptable choice". The upper limits of HTCGC are yet to be defined, and 

though higher temperatures (>450°C) may be attained by improving the thermal 

stability of both column support and stationary phase, the true working temperature 

limit will be that at which pyrolysis of the analyte and/or the column resolution 

becomes unacceptable. At present this limit is around 420-430°C. 

It is difficult to separate the two techniques of high temperature capillary gas 

chromatography and capillary simulated distillation (GC-SIMDIST) because the roots 

of their development are closely intertwined and the actual difference between them is 

not clear cut. Simulated distillation is the standard method (ASTM D-2887 & D-3710) 

by which the distribution of initial, intermediate, and final boiling points of crude oil 

or heavy distillates are determined by gas chromatography (reviewed by Bashall, 1987; 

Abbot, 1995). 

Prior to 1980, short (ca. 5 m) packed column gc with flame ionisation detection was 

used for the analysis of higher boiling fractions. The major drawback of this method 

was the low amounts of material that could be eluted from the column and the poor 

resolution. The latter is a particular disadvantage when structural information is 

required. For example, in the analysis of waxes (because information about branched 

and straight chain hydrocarbons is important in formulation and blending; Barker, 

1987), for formulation of blends that become lubricating feedstock or finished products 

(Bashall, 1987), and investigation of mineral and vegetable oils (Lawrence, 1983; 

Geeraert and Sandra, 1984). Thus a need arose for a chromatographic method with 

good resolution but which was capable of eluting higher boiling point compounds. 
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1.1.5 (a) Column developments 

The search for improved thermal stability of GC stationary phases has been an on- 

going challenge in gas chromatography since its early development. Initially, packed 

stainless steel columns were used for HTGC studies and in particular the Dexil (300-gc 

and 400-ge) series of polycarboranylene phases originally developed by the Olin 

corporation became popular. These could be operated at temperatures up to 400°C 

(Novotny et at., 1972; Pollock, 1972; Tullock, 1973). Other commercially available 

phases were also used at high temperatures, including SE52 and OV-1. Wood (1969) 

used a stainless steel column packed with SE30 silicone phase at temperatures up to 

400°C to study the triglycerides of various fats and oils. Triglycerides are a group of 

high boiling point esters that are found in the numerous fats and oils used in food 

products for example, the chocolate industry (Geeraert and Sandra, 1984), and the 

baking industry (Wood, 1969) and their analysis has gained widespread attention. The 

upper temperature range for triglyceride analysis is typically 380°C, which makes them 

accessible by the use of high-temperature GC columns. 

Despite the fore-mentioned applications, packed stainless steel columns produced high 

column bleed at temperatures above 350°C and still lacked good enough resolution for 

many purposes. According to Huball (1990) analysts soon realized that the use of 

capillary columns offered several advantages over packed columns. These included 

better resolution, shorter conditioning times, less column bleed, lower elution 

temperatures (resulting in an expanded temperature range), shorter analysis times, and 

potentially longer column lifetimes. However, one of the key difficulties when trying 

to develop such high temperature capillary systems was that many of the commercial 

phases were unbonded gums which meant that they did not adhere well to the surface 

of the capillary wall. Despite attempts to modify their adhesion, they showed a lack of 

film stability when operated for prolonged periods at high temperatures (Maskarinec 

and Olerich, 1980). 

Important developments for capillary columns came about in the late 70's through 

pioneering studies of Mandani et al. (1976; 1977; 1978; 1981) and Blomberg and 

Wännman (1979a; 1979b). These workers developed methods for the in situ 
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production of efficient, thermally stable, insoluble silicone polymeric stationary phases 

from a, w-hydroxypolymethylsiloxane type pre-polymers on treated glass surfaces of 

capillary columns. This produced good film stability, low levels of bleed and large film 

thicknesses. These early columns were improved later by Grob and co-workers (1976), 

and Sandra et al., (1977), (who introduced polyimide coated fused silica in place of 

glass for the column), and Lipsky and McMurray (1982) all of whom not only 

contributed to producing the general commercial capillary columns available today but 

who also carried out the groundwork from which true HTCGC eventually emerged. 

By the mid 80's advances in simulated distillation techniques led Luke and Ray 

(1985) concurrently with Trestianu et al., (1985) to utilise short pyrex glass capillary 

columns (< 10 m) coated with a non-polar methyl siloxane phase in an attempt to 

improve on the standard method of packed column simulated distillation (ASTM D 

2887). The first report showed that it was possible to obtain quantitative SIM-DIST data 

on crude oil residues boiling up to 650°C (C70). Using a dedicated high temperature 

chromatograph in conjunction with their short capillary column Trestianu et al., (1985) 

showed that with operating temperatures of 430°C it was possible to elute, at the end 

of temperature programmed operation, n-alkanes n-C100-1m, and by extending the final 

isotherm (<30 min), C13a140 compounds. Such columns were found to last for several 

months in routine use. 

For many types of high boiling point mixtures eluting at temperatures above 340°C 

(eg triglycerides) simulated distillation was not capable of providing detailed structural 

resolution. Thus, it was still important to develop true high temperature capillary 

columns. It was soon recognised that the problem was not with the stationary phase, 

(the new phenyl polysiloxane phases had been shown to have good temperature stability 

up to 400°C; (Geeraert and Sandra, 1984; Peaden et al., 1982)), but with the thermal 

instability of the outer column support. Polyimide is the most common support for glass 

and fused silica columns because of the greater flexibility it renders to the column. 
However, its maximum operating temperature is ca 370°C, which is more than 

adequate for general chromatographic use, but which at higher temperatures, begins to 

thermally degrade and become brittle. This leads to disruptions in the polymeric sheath 



and soon segments of the outer surface of the synthetic glass are exposed to the 

atmosphere. Small fissures may then form in the fused silica which expand and weaken 

the capillary column. 

The disadvantages of polyimide as a column support led to the search for alternatives. 

In work published in 1986, using an aluminium coating as a substitute for polyimide, 

with a bonded cross-linked methyl polysiloxane stationary phase, Lipsky and Duffy 

(1986), introduced the earliest commercially-available HTCGC column (Figure 1-4). 

The aluminium sheathing retained the flexibility of fused silica while operating at 

temperatures extending to 400-440°C. Aluminium clad columns are now widely 

available from several commercial suppliers. 

Other authors continued to use glass for specific HTCGC studies (e. g. Blum and co- 

workers (1988) for the analysis of porphyrins), and still more recent developments have 

included a return to stainless steel columns. The latter offers the advantages of strength 

and durability at high temperatures but the problem of de-activating the inner surface 

of the metal tubing had to be overcome: this has been approached in several ways. 

Methods developed by Vonk et al., (1992) and Buyten et al., (1990 a, b) involve 

treating the metal surface with a series of bonded layers, and then finally with the high 

temperature phase. A second method involves depositing on the inner surface of a 

stainless steel column, a thin layer of fused silica which can then be coated like a 

conventional fused silica column (Zou et al., 1992; Restek Corporation, 1992). The 

thermal stability of polyimide has also been increased (300-400°C) and it is now useful 

for many more HTCGC applications (Chrompack, Raritan, New Jersey). 

The choice of column for a particular application (i. e. whether aluminium clad, high 

temperature polyimide or metal) remains with the analyst. Aluminium clad columns 

conduct electricity and need to be carefully installed into those detectors which are at 
high potential. High temperature polyimide overcomes this problem but the polyimide 

coating may become brittle above 400°C, giving it a limited life-time (Barker, 1995). 

Metal columns which are now much improved in terms of column bleed and resolution, 
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Figure 1-4 HTCGC of two crude oils using an aluminium clad capillary 
column (taken from Lipsky and Duffy, 1985). 
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offer the advantage of durability but lack flexibility. Fitting these columns requires 

careful attention and they are also conductive. Metal columns are at present more 

expensive than the other options and there are too few examples of the use of high 

temperature metal columns in the literature to evaluate their use properly. Aluminium 

clad columns still remain the most popular choice. 

1.1.5 (b) Instrumentation developments - Gas Chromatograph 

Besides the advances in high temperature capillary columns, developments in the 

manufacture of dedicated high temperature gas chromatographic instrumentation are 

important. A review by Barker (1989) reports that a great deal of the early work into 

HTCGC was severely hindered by the limitations of the available instrumentation, 

including imprecise temperature control of the injectors and detectors above 375°C; 

repeatability of the heating and cooling cycles (due to the high thermal mass of the oven 

insulation), and inaccurate flow/pressure control. 

Many of these early problems were overcome with the introduction of low thermal 

mass ovens (with double skin air circulation and more efficient fans to reduce 

temperature gradients) and micro processor temperature control. Trestianu et al., 

(1985) reported the first use of a special high temperature version of the Mega Series 

capillary gas chromatograph (Carlo Erba instruments). The new chromatograph was 

able to program temperature rises reproducibly up to 500°C and to achieve 

programming rates of at least 15°C/min above 400°C. Most major instrument 

companies have now either upgraded their existing range of chromatographs or 

introduced their own dedicated HT instruments. 

1.1.5 (c) Instrumentation developments - Injectors 

Until recently the on-column injector was the most popular injector used for HTCGC. 

On-column injection for capillary columns was an idea originally conceived by Desty 

(1965). The initial design of the cool on-column injector was first introduced by 

Schomburg et al., (1977) but later improved by Grob and Grob (1978). The on- 

column injector (Figure 1-5 A) works by introducing a small amount of sample directly 

onto the cool column via a small long syringe needle pushed through a valve system. 
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1: capillary column. 
2: carrier entrance. 
3: centring cone. 
4: stop-cock valve. 
5: channel replacing septum. 
6: spring. 
7: entrance of cooling air. 
8: heat insulation. 

plastic 

glass 

B 
QUARTZ INSERT 
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HEATER 

STAINLESS STEEL 000Y 
Na Flow 

PERSIUNtSEO 
GLASS WOOL. 

SPLIT POINT 

CO WMN 

Figure 1-5 A) Schematic design of modified on-column injector (adapted 
from Grob & Grob, 1978) and B) programmable temperature vaporizer 
injector (adapted from Schomberg, 1981). 
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The sample is placed either directly onto the analytical column or onto a retention gap 

within the oven. 

A second type of injector used more recently in HTCGC applications is that 

developed independently by Poy (1981) and Schomburg (1981) and is known as the 

programmable temperature vaporiser (PTV) injector (Figure 1-5 B). The method was 

originally commercialised by Dani Instruments, a company which was later purchased 

by Perkin Elmer who improved the design. A solution of the sample is injected, via a 

septum, into a narrow glass insert (tube) into which a capillary column protrudes, in 

a similar fashion to a traditional split/splitless injector. A glass or silanised quartz wool 

is placed inside the insert to retain non-volatile material and to help in forming a plug 

of condensed sample before volatilisation into the column (though, Sandra and David 

(1989) claim better results are obtained with the glass insert left empty). Here the PTV 

injector differs from a conventional injector, because the injector body is heated rapidly 

so that the sample components are eluted, each at its boiling point on to the column as 

a vapour. 

The question of which is the best type of injector for HTCGC is a matter of opinion. 

Both techniques have been used successfully. Cool on-column injection is preferred by 

some authors (e. g. Trestianu, 1986) because the sample is injected directly onto the 

column in the oven so the sample will be heated at the same rate as the oven program 

temperature, and in the opinion of Trestianu (1986), is the most nondiscriminating 

sampling system. In the case of the PTV injector the maximum column temperature is 

restricted to 440°C by the fact that the injector has to be approximately 10°C above the 

column temperature to elute quantitatively all the components (Barker, 1989). 

Alternatively, many authors (Tipler and Johnson, 1990; Barker, 1989) prefer PTV 

injection because, it is a "universal" injection system which can be used for many 

modes of analysis (e. g. split injection, on-column injection, solvent flush), has low 

component discrimination, and ordinary syringe needles can be used so injection is 

readily automated. 
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1.1.5 (d) Carrier gas and flow control 

Constant pressure or carrier gas flow regulation is also an important factor in 

HTCGC. Optimum carrier gas velocities are usually expressed in the form of van 

Deemter curves (Figure 1-6). The curves shown for the gases N2, H2 and He illustrate 

that there is an optimal flow that will result in the best column efficiency (Rood, 1991), 

where the curve reaches its minimum. As temperature is increased the viscosity of the 

gas also increases causing a reduction in flow rate. In conventional chromatography the 

temperature increase from 40 to 300°C causes only a small change in viscosity and so 

the reduction in flow rate is not a serious problem. This is not the case for HTCGC 

were if the carrier gas is kept under a constant head pressure the flow rate is almost 

halved by the time the column is at temperature above 370°C. 

Two schools of thought exist about constant flow or constant pressure. Trestianu 

(1991) states that the advantages of constant flow over constant pressure are that it 

provides better separating power of the capillary column, shorter analysis times 

(reduced by 25-30%) and provides a greater constancy of detector response. A study 

by Grob and Tschour (1990) suggests that keeping a constant pressure would be 

preferable to constant flow from the point of view of theoretical plate numbers. This 

is because flow regulators cause elevated gas velocities due to expansion of the gas 

within the column with the effect that at high temperatures the number of theoretical 

plates is reduced by a factor of two for hydrogen and a factor of five for helium. With 

constant inlet pressure these authors found that optimum plate numbers were equal at 

60°C and 370°C for both hydrogen (0.2-0.25 bar) and helium (0.5 bar). 

1.1.5 (e) Detectors 

As in conventional GC the flame ionisation detector (FID) is probably the most 

commonly used detector for HTCGC and the design and operation of the FID is 

important for maintaining capillary chromatographic performance at high temperatures. 
Though the basic FID design is difficult to improve upon, most modern detectors have 

been redesigned to give a smaller detector volume for coping with low capillary column 

gas flows (Barker, 1989) and for HTCGC an important development made by Berg 

and Hawkins (1992) was the design of an inert flame tip consisting of a ceramic tube 
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with a ceramic cap (in place of a conventional metal cap) sheathed in a Kovar metal 

alloy tube to supply the polarising field such that the sample never comes into contact 

with the hot metal. This solved the problem whereby the conventional metal tip became 

active at high temperatures (> 370°C), adsorbing hydrocarbon solutes and causing peak 

tailing. The ceramic flame tip also reduces baseline noise. Furthermore, metal or metal- 

clad HTCGC columns usually needed to be modified before installation into metal FID 

caps, by removal of a small portion of the metal column cladding to prevent electrical 

shorting of the metal flame tip on non-grounded instruments. The ceramic tip does away 

with the need for this modification. Many new GC ovens are capable of operation at 

up to 500°C. Because the maximum operating temperature of the FID is currently 

around 450°C and because an FID should be operated at least 10°C higher than the 

maximum oven temperature to reduce condensation of high molecular weight residues 

on the flame jet (which can lead to increased background noise), the full potential of 

modern high temperature columns may not be fully realised and there is a need for 

detectors to be redesigned for use at 500°C. 

Mass spectrometers have not been widely used as detectors for HTCGC. Evershed 

and Prescott, (1989) successfully connected an aluminium clad fused silica column to 

a magnetic sector mass spectrometer and the resulting system was used to elute n- 

alkanes up to pentacontane. This also meant that thermal degradation of the analyte at 

high oven temperatures could be studied. They later reported that some high molecular 

weight acyl lipids (eg. steryl fatty acyl esters bearing a polyunsaturated acyl moiety) 

were susceptible to thermal degradation (Evershed et at., 1992). Evershed and co- 

workers (1990), also applied HTCGC-MS in a study to investigate lipids extracted from 

ancient ceramic pot shards and other materials of archaeological origin. Gallegos et al., 

(1991), using a standard J&W DB-1 capillary column (350°C end temperature) carried 

out GC-electron impact mass spectrometry, and were the first to couple HTCGC with 

field ionisation mass spectrometry (HTCGC-FIMS), to investigate porphyrins and iso- 

and cyclic hydrocarbons (C36-C60) in petroleum. The authors were able to obtain spectra 

for n-C50 and porphyrins. Del Rio et al., (1992) used HTCGC-MS (60-400°C) to 

analyze flash pyrolysates of asphaltenes. They suggested that the thermal breakdown of 

these asphaltenes might be responsible for the production or release of naturally 
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Figure 1-6 van Deemter curves (source: Rood, 1991). 
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occurring high molecular weight hydrocarbons in petroleum. HTCGC-MS was also used 

in studies of oligosaccharide in foodstuffs and in intestinal contents (Hansson et al., 

1991; Carlsson and co-workers, 1992). In the former study the authors successfully 

studied oligosaccharides with up to 12 sugar units (molecular weight > 2000). 

Other detectors that have been used with HTCGC include the alkali flame ionisation 

detector to study free base petroporphyrins (Blum & Eglinton, 1989) and inductively 

coupled plasma - mass spectrometry (ICP-MS) to study metallo porphyrins (Pretorius, 

1994; Ebdon et al., 1994). 

1.3 Aims of study 

The aim of the research described in this chapter was to establish a HTCGC (-MS) 

method for the quantification (or determination) and characterisation of the C30+ 

fractions of waxy gas condensates. The substrates used to develop the methods were 

two waxy condensates from high pressure, high temperature wells of the central North 

Sea. However the methods should be equally applicable to many other sample types. 
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1.3 Results and Discussion 

1.3.1 Analysis of waxy gas condensates by high temperature capillary gas 

chromatography 

Conventional and HTCGC gas chromatograms of two gas condensates from high 

pressure and temperature wells of the mid North Sea region are shown in Figure 1-7 

A and Figure 1-8 A. Both conventional chromatograms show the predominance of low 

molecular weight compounds characteristic of gas condensates, but also show an 

abundance of higher molecular weight paraffinic compounds. The n-alkane distribution 

in both condensates maximises below n-C,,, followed by a continuous decrease of n- 

alkanes versus increasing number of carbon atoms extending out to n-C33. Analysis of 

the same two condensates using a HTCGC column (12 mx0.32 mm i. d., HT-5) at a 

temperature program of 50°C to 420°C at 10°C/min shows the presence of higher 

molecular weight (>C33) compounds (Figure 1-7 B and Figure 1-8 B). Components 

including C50 are present in condensate U and including C70 in condensate W. 

1.3.2 Determination of high molecular weight compounds (C30+) 

Few studies have examined the quantitative aspects of HTCGC and those that have, 

have been confined to simulated distillation experiments (Trestianu et al., 1985; Luke 

and Ray, 1985; and Thompson and Rynaski, 1992). Thus it was necessary in the 

present research to make a careful study of all aspects of the HTCGC technique, paying 

special attention to reproducibility, determination of response factors, linearity of 

response and limits of detection. 

1.3.2 (a) Instrumentation and Solvents 

The instrument used for HTCGC in this study was a dedicated Mega Series HTCGC 

chromatograph (Carlo Erba) fitted with a constant flow constant pressure control 

module as detailed in the experimental section. Helium, the carrier gas, was kept under 

constant pressure at the point of injection and then after a5 second delay switched 

automatically to a constant flow of 3 ml/min. The chromatograph was fitted with an 
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Figure 1-7 A) Gas Chromatogram of a Waxy North Sea gas-condensate (U) 

and B) HTCGC of the same gas condensate. 
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Figure 1-8 A) Gas Chromatogram of a Waxy North Sea gas-condensate (W) 

and B) HTCGC of the same gas condensate. 
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aluminium clad capillary column (SGE, HT-5,12 mx0.32 mm i. d., 0.1 µm, film). 

When the column was initially installed severe electrical noise was observed in the FID. 

This was thought to be because the column or detector was not at ground potential. 

Using the method developed by Evershed and Prescott (1989) the top three centimetres 

of the aluminium coating were removed by dissolving the aluminium in a 50% w/v 

aqueous sodium hydroxide solution. 

In the literature several solvents are proposed for use in HTCGC analysis. The most 

common are tetrahydrofuran (THF), carbon disulphide (CS2), iso-octane (2,2,4- 

trimethylpentane) and cyclohexane (see review by Huball, 1990). 

Tetrahydrofuran did not dissolve the authentic higher molecular weight hydrocarbons 

(e. g. n-C60), typical of those of the gas condensates efficiently because its low boiling 

point (65-67°C) prevented sufficient heating of the solution. 

CS2 was avoided for safety reasons while iso-octane was found to have a boiling point 

(b. p. 99-98°C) which made it difficult to remove from the sample by subsequent N2 

blow down. 

Cyclohexane was found to be the most suitable solvent because its boiling point (b. p. 

80.7°C, CRC handbook) allowed the solvent to be safely heated to above the measured 

cloud point of hexacontane (n-C,,,, 53°C) and was easily removed when required. 

1.3.2 (b) Injection reproducibility 

To measure the precision of on-column injection, five injections of a n-C20, n-C30, n- 

C40, n-C50 and n-Cm n-alkane mixture were made. Before injection it was necessary to 

heat the samples in order to dissolve the larger paraffins (z n-CJ. This was done by 

simply placing the sample vial on a hot area of the chromatograph. The results are 

shown in Table 1-2. The Relative Standard Deviation (%RSD) between injections was 

7.4 % (n-C20) to 12.5 % (n-C60). The rather high RSD values were thought to be due to 

the uneven heating of the sample solution prior to injection which caused differences 
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Table 1-2 Peak areas for authentic n-alkanes using manual injection. 

I n-Alkane In -C2o n -C30 n -C40 n -Cso n -C6o 

Peak Area° 96920 95348 74729 71166 58828 

106863 99748 83655 80515 66627 

111342 101635 89739 85437 66940 

118242 118212 86197 86607 72880 

113988 110041 94347 92723 82147 

Mean 109471 104996.8 85733.4 83289.6 69484.4 

SD(n-1) 8141.9 9110.9 7346.3 8051.2 8661.3 
RSD% 7.4 8.7 8.6 9.7 12.5 

'Concentration of each n-alkane = c. 25ng on-column 
Peak area measurements made using a Shimadzu C-R3A integrator. 

Table 1-3 Peak areas for authentic n-alkanes using an improved manual 
injection technique. 

In 
"Alkane n -C2o n 'C30 n -C40 n -C5o n -C6o 

Peak Area° 137942 102848 37531 54420 21530 

131289 96764 35148 50710 20079 
136259 104563 37877 54548 21570 

126819 98379 33782 48698 19261 

136252 98103 35870 52052 20762 

Mean 133712 100131 36042 52086 20640 

SD(n-1) 4588.5 3374.3 1697.1 2494.1 985.9 

RSD% 3.4 3.4 4.7 4.8 4.8 
'Concentration of each n-alkane = c. 23ng (n-C2o), 17ng (n-C30), 7 ng (n-C40), 

9 ng (n-Cso), and 4 ng (n-Coo) on-column. 

"Peak area measurements made using a Shimadzu C-R3A integrator. 
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in the sample volume. To avoid this, a small vial heater capable of maintaining a 

temperature of 55°C was developed (see Experimental). Ideally a heated auto-sampler 

such as that used by Trestianu et al., (1985) would be preferable, but by keeping the 

injection method constant and using a fast injection speed (Thompson and Rynaski, 

1992), injection reproducibility was much improved (Table 1-3). The RSD % for the 

standard n-alkanes ranged between 3.4% (n-C20) and 4.8% (n-C60). 

1.3.2 (c) Calibration 

FID response must vary at different concentrations of analyte (Sewell and Clarke, 

1987). Yet there does not seem to have been any previous attempts to examine the 

linearity of HTCGC-FID response of HMW n-alkanes. 

HTCGC peak areas obtained from examination of a calibration mixture comprising 

equal amounts of n-C,, n-C40, n-C50 and n-C60 (Figure 1-9) are shown in Table 1-4. 

The standard deviations were calculated from five repeat injections of the second and 

last data points and are shown in Table 1-4 and as error bars (± 1x SD(n-1)) on the 

calibration curves for each pure n-alkane (Figure 1-10). Regression analysis produced 

good correlation coefficients of 0.999 (n-C20), 0.997 (n-C40), 0.998 (n-C50) and 0.998 

(n-C60). Thus a good linear response is obtainable for the compounds over the 

concentrations used. To the author's knowledge, few if any such quantitative 

reproducibility data have been obtained previously for compounds as large as even n- 

C4. Thus the analytical window for quantitative determination of hydrocarbons is 

expanded significantly by this study. 

1.3.2 (d) Limit of detection 

The limit of detection of HTCGC for the determination of the high molecular weight 

compounds is also important for quantitative analysis but has not been reported 

previously. The term limit of detection (LOD) is generally accepted to be the 

concentration of the analyte giving a signal (y) equal to the blank signal (YB) plus two 

standard deviations of the blank (se) (Miller and Miller, 1988). 
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CHROrATOPAC C-R3A 

SAMPLE Mn 0 
REPORT MC! 2757 

PKMO TIME AREA 

1 6.633 1726 
2 S. ß45 113 23 
3 7.937 6117, 
4 16.822 50+95 

5 l?. 232 1631 
n-C20 6 19.7%, 41 65 

'p 

Figure 1-9 HTCGC of a n-alkane calibration standard (n-C20 (16.7 ng), 
n-C,,, (15 ng), n-C_, (15.5 ng) and n-C. (15 ng). 

Table 1-4 Peak areas for known concentrations of n-alkanes n-C,, n-C,, 
n-C. jO, and n-C60. 

n -Alkane 
n -C20 n -C40 

Conc. (ng) Peak Area' SD(n-1)2 Conc. (ng) Peak Area SD(n-1) 

0000 

5.55 21233 2433 5 18086 539 

11.1 40860 10 30674 

16.65 61176 15 50995 

22.2 83502 20 71581 

27.75 102998 9357 25 92386 5371 

n ,c 5o n -x. 60 

Conc. (ng) Peak Area SD(n-l) Conc. (ng) Peak Area SD(n-1) 

0 0 0 0 

5.15 18338 801 S 17963 766 

10.3 29481 10 33497 

15.45 48365 15 49354 
20.45 66294 20 69137 

25.6 81708 2411 25 90393 4602 

L Peak areas measured using a ShimadLU C-R3A Integrator 
2 Standard deviation, n=3. 

31 

II 

tl M1J =V 

^ nJ 



A 
120000 

100000 

10000 

00004 
ä 

40001 

20001 

f 10 1S 20 25 

Concmv. tlon (np) 

B 100000 

$0004 

: ýoooo 

4oooc 

2000( 

rn-C50 

0 

C . 0000 

, 5000 1 n-C40 
40000 

4sooa II 

30004 

r=0.998 
1500, 

D , 00000 

$0000 

E woos 

S 
4000( 

20001 

n-C60 

r=0.998 

t to +s :o is so os io Is 20 zs 

Cene. na. uon Ing) CeneonüItlon In0! 

r=0.997 

Figure 1-10 Calibration graphs for n-C, 20, n-C, 
, 0, n-C50, and n-Cm. 
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y- yB = 3sg [1] 

Calculating the blank signal from chromatographic analysis using the Shimadzu C-R3A 

integrator is difficult and for this study a more acceptable method outlined by Miller 

and Miller (1988) was adopted. This method negates the need to actually measure the 

standard deviation of the blank by substituting with the statistic sy, x. 

n-2 

The term sy, X 
is similar to that which is used for the standard deviation of a set of repeat 

measurements, but measures the deviation in the y-residuals, i. e. yj-yt (Figure 1-11). 

The y, values are the points on the calculated regression line corresponding to the x- 

values ("fitted" y-values), and are calculated from the regression equation. The 

calculated intercept of the regression line is used in place of the blank signal. These 

values can then be substituted into equation [1] to generate a y-value equivalent to the 

LOD. Knowing this, the LOD can be calculated from the regression line. 

The above equations were entered into a computer spread-sheet package (Excel 5.0, 

Microsoft Corporation) and Table 1-5 shows the calculated LOD for n-C20. The LOD's 

were 0.8 ng (n-C20), to 4.72 ng (n-Cm) and for 1.87 n-Cm (Table 1-6). The higher value 

for n-C50 arising from the high variation of the difference between the measured signal 

and the regression line. With heated auto-injection the RSD between runs should be 

reduced and this would mean a much lower LOD. Even so these LOD's for >n-C40 

HMW hydrocarbons are acceptable and within the range found for many analytes 

examined by conventional GC. 

1.3.2 (e) Response factors 

In the study carried out by Thompson and Rynaski (1992) the authors reported that 

when using a 15 mx0.25 mm . 
i. d. high temperature capillary column relative response 

factors for n-alkanes with carbon numbers between C, were unacceptable (e. g. n-C50, 
0.93 and n-Cm, 0.86). However, by using shorter megabore SIMDIST columns 

Thompson and Rynaski (1992) (6 mx0.53 mm i. d. )-and in a separate study 
Trestianu et al., (1985) (7 mx0.6 mm i. d)-showed that it was possible to obtain the 

same relative FID response factors for n-alkanes up to n-Ce but the columns gave 
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120000 T 

a= yß = -1956.04 

100000 
r=0.999 

syl = sB = 333.97 

80000 
L. O. D. = 2.72 ng 

R 

L 

< 60000 

d a 

40000 

yB + 3SB 

20000 
L. O. D 

yB -a " 2.72(ng) 
yt - Yi = y-Resºd ual 

Figure 1-11 Graph showing how the limit of detection (L. O. D. ) is 

calculated. (adapted from Miller and Miller, 1986). 

Table 1-5 Calculation of the L. O. D. 

Xi x? Yj Y. Yý Yi (Yr Y1)2 

0.0 0.0 0.0 -1956.04 1956.04 3826092.48 
5.55 30.80 21233 18427.45 2805.56 7871138.86 

11.10 123.21 40860 38810.93 2049.07 4198687.86 

16.65 277.22 61176 59194.42 1981.59 3926679.11 

22.20 492.84 83502 79577.9 3924.10 15398560.81 

27.75 770.06 102988 99961.39 3026.62 9160398.36 

Ex1 2= 1694.14 E(y; y) _ 44381557.48 

Syix= 3330.97 y= 8036.88 

Regression Line (y = mx + c) 

m= 3672.7 

c= -1956.04 

Limit of detection = 2.72 nn 
. ref: Miller and Miller (1988) 
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Table 1-6 Summary of calibration results and the limits of detection for 

authentic n-alkanes (n-C20, n-C40, n-C_, O, and n-C60). 

n-Alkane n -C20 n -C40 n-C50 n-C6o 

n= 6 6 6 6 

x-data min 0 0 0 0 

x-data max 27.75 25 25.6 25 

y-data min 0 0 0 0 

y-data max 102988 92386 81708 90393 

slope of line 3729.11 3672.78 3190.18 3550.54 

y-intercept -674.43 -1956.05 -216.49 -991.05 
x-intercept 0.18 0.53 0.07 0.27 

xy correlation 0.999 0.997 0.998 0.998 

(correlation)2 0.998 0.994 0.996 0.997 

LOD NO 0.8 2.39 4.27 1.87 

Table 1-7 Response factors (RF) of n-alkanes relative to n-C,. 

I Response Factors' 

n "Cý 
In 

-C2o n -C40 n -Cso 

1 0.94 0.95 0.93 
1 0.83 0.79 0.91 

1 0.93 0.87 0.90 

1 0.91 0.87 0.89 

1 0.99 0.87 0.97 

mean 0.92 0.87 0.92 

SD(n-1) 0.06 0.06 0.03 
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poorer resolution. 

Response factors (RF) for the n-alkanes examined herein were calculated relative to 

squalane using the formula below; 

RF= 
Areas W tRefezence 

wtx AreaRefezence 

Initially RF values for the n-alkanes were found to be low (Table 1-7) and similar to 

those reported by Thompson and Rynaski, (1991) using a smaller wide-bore column. 

Dissolution of n-C60 requires heating the sample to above 55°C and maintaining the 

temperature above the cloud point (i. e. that temperature at which the compound begins 

to precipitate on cooling). The cloud point of n-C60 in cyclohexane was found to be ca. 

53°C. If the wax was not totally dissolved a true homogeneous mixture was hard to 

obtain and wax was found to collect on the glassware and could not be effectively 

removed even with continual rinsing with clean solvent. Heating the solution also causes 

a considerable expansion of the solvent, affecting the volumetrics. 

To overcome these problems a system was developed (see Experimental) whereby the 

solvents and standard solutions were maintained at a constant temperature (55°C) just 

above the cloud point of n-Cm by heating in a water bath. It was found that very little 

n-Cm precipitated onto glassware during manipulation of the solutions and that which 

did was easily removed by rinsing with the warm solvent. Table 1-8 shows the 

reanalysis of a series of n-alkanes prepared in this fashion. The measured amounts in 

ng were calculated relative to squalane (31.85 mg). The results show a much improved 

RF for n-C40 (0.98), n-CO (0.99) and n-Cm (0.99), and for which this "high resolution" 

chromatography column matched those from the values obtained by previous authors 

(Trestianu et al., 1985; Luke and Ray, 1985; and Thompson and Rynaski, 1992) 

using much shorter, lower resolution columns. 

1.3.2 (1) Internal Standards 

Simulated distillation calculations are usually performed using external standardization 
(ASTM D 3710) with LMW n-alkanes that elute before the analytes of interest. 

Typically samples examined by such techniques are heavy oils or residues remaining 
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Figure 1-12 HTCGC of Squalane co-injected with a series of n-alkanes. 

Table 1-8 Recalculated response factors for n-alkanes n-C, to n-C60 relative 
to squalane. 

n-Alkane n-C20 n-C30 n-C40 n-C5o n-C6o 

Actual 50.7 53.7 49.2 38.8 32.0 

amount (ng) 

Measured 51.5 53.6 48.0 38.7 31.6 

amount (ng) 52.7 52.0 48.0 37.0 31.9 

51.2 54.0 47.5 36.5 32.3 

50.2 53.1 47.2 37.4 28.5 

51.6 52.9 48.0 37.4 31.1 

mean 51.4 53.1 47.7 37.4 31.1 

101.5 98.9 97.0 96.4 97.1 

SD(n-1) 0.896 0.760 0.371 0.815 1.507 

'RF 1.01 1.13 0.98 0.99 0.99 

I Response factor calculated relative to Squalane (31.85 mg) 

using manual on-column injection. 

37 

ýý 
OOOOpö 

pO 
pOpö öp öO 

Of C13 wNN 



after vacuum distillation of crude oils. This is not possible in the case of gas 

condensates because they contain large amounts of LMW compounds. In any case 

external calibration often leads to higher inaccuracies because of the variability of 

injections. Neither are n-alkanes suitable as internal standards since gas condensates 

usually contain large amounts of n-alkanes. Alternative compounds suitable as internal 

standards are therefore necessary. 

When choosing an internal standard there are several criteria that should be adopted. 

According to Sewell and Clarke (1987) an internal standard should: 

. 
be structurally similar to the compound(s) of interest. 

. 
be completely resolved from other components of the sample. 

. elute close to the compound(s) of interest. 

. 
be stable and be obtainable in a high purity state. 

There seems to be no mention in the literature of internal standards suitable for HTCGC 

internal standards (e. g. with boiling points greater than 525°C (n-C«)). 

One group of compounds that have been the focus of many qualitative HTCGC 

studies are the triglycerides that occur in fats and oils (Review by Geeraert and 

Sandra 1987; Evershed et al., 1990). Typical structures of this group of compounds 

are shown in Figure 1-13. The number and length of side chains varies with a 

concomitant increase in boiling point. Tremonia et al., (1987) used HTCGC to study 

triglycerides and found that they did not thermally degrade. Pure compounds are 

available commercially obviating the need for lengthy synthesis. Thus these compounds 

satisfy most of the above criteria for use as internal standards. 

Figure 1-14 shows a chromatogram of a mixture n-Cm, n-C30i n-C40, n-C-50 and n-C6o 

alkanes co-injected with the compounds tristearin, tribehenin and triarachnidin. 
Tristearin was chosen for further study because it elutes very close to n-C., which was 

the longest retained pure n-alkane available. The standard compounds n-C23, n-Cm and 

tristearin (Table 1-9), were further investigated and compared. All three compounds 
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Figure 1-13 Structures of triglycerides. 
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gave a good linear calibration over the concentrations used (Figure 1-15) with 

correlation coefficients of 0.998 (n-C23) and 0.996 (tristearin), and 0.995 (n-Cm), (Table 

1-10). The limit of detection for each compound was calculated using the method 

described previously (1.3.2. d) and decreased from 1.9 ng for n-C23, to 2.2 ng for 

tristearin to 2.8 ng for n-C60. Tristearin had a slightly higher response factor (1.1) than 

n-C23, while the average response factor for n-C60 was 0.97, slightly lower than 

expected but again within acceptable limits (i. e. equal response factors) for use in 

quantitative HTCGC. 

Figure 1-16 (A) shows a partial chromatogram of condensate W co-injected with 

tristearin (6.5 ng) which elutes between n-C59 and n-C60. Figure 4-25 (B) shows an 

expanded portion of the same region of chromatogram obtained with a slower oven 

temperature rate of 5°C/min. Using this program rate the resolution between the three 

peaks was improved to the point where tristearin was almost completely resolved from 

the analytes. 

Choosing a internal standard is usually a compromise. In this study the triglyceride 

tristearin is obviously structurally dissimilar to the hydrocarbon determinands present 

in the gas condensates. However, tristearin is thermally stable and the present study 

shows that it gives a linear response, has a response factor that is close to that of n- 

hexacontane (Cm) and at a temperature program of 5°C/min is almost completely 

resolved from the other compounds present. It is available commercially in a pure form 

and obviates the need for in-house synthesis. 

1.3.3 Determination of the C30 Fraction of condensate U and W 

Using the above method it is possible to calculate the amount of compounds present 

in the C30+ fraction the condensates U and W. Peak integration was carried out using 

the Shimdazu C-R3A integrator. Initially the drift setting on the integrator was set to 

zero. This enables peak detection to the baseline rather than valley to valley, thus taking 

into account the unresolved complex mixture underlying the resolved peaks (Figure 1-17 

A). This UCM accounts for a significant portion (21 %) of the chromatographic peak 
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Table 1-10 Summary of results from the calibration of n-C23, Tristearin and 
n-C60. 

n-Alkane In -Cu Tristearin n -C60 

n= 5 5 

x-data min 0 0 

x-data max 25.4 20.91 

y-data min 0 0 

y-data max 8554 7970 

slope of line 3729.1 369.64 

y-intercept 200 215.01 

x-intercept -0.61 -0.58 
xy correlation 0.998 0.996 

(correlation)2 0.996 0.992 

R. F. - 1.1 

LOD (ng) 1.9 2.2 

5 

0 

6.13 

0 

7764 

309.5 

273.4 

-0.88 
0.995 

0.991 

0.97 

2.8 
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* Tristearin 

A 

Figure 1-16 A) Partial chromatogram of condensate W co-injected with 
internal standard Tristearin, and B) expanded section. 
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Figure 1-17 A) Integration with drift setting set to zero and B) integration 

with drift set to a high value. 
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Figure 1-18 Integration of hydrocarbon fractions. 
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area (see Chapter 3). The drift was then increased towards the end of the chromatogram 

to account for the increase in the baseline from column bleed (Figure 1-17 B). This 

increase in base line can be overcome by using background subtraction but this facility 

depends on the instrument or integrator being used. In the case of the Shimadzu C-R3A 

integrator, background subtraction is not possible. 

The area for each hydrocarbon fraction was measured between consecutive n-alkanes 

including the area of the later eluting n-alkane (Figure 1-18). This is a standard protocol 

used by most industries. The amount of each fraction on-column (ng) and the weight- 

weight% of each of the fractions can then be calculated from the area of the internal 

standard. 

The use of cyclohexane as solvent precluded the accurate measurement of the light 

fractions (< C12) present in the whole condensate, so direct comparison of these findings 

to those of other studies using conventional GC cannot be made. However, it is possible 

to compare the sets of results by normalizing the data to the C12+ fraction. The results 

are given in Table 1-11 and 1-12 and plotted in Figure 1-19. The quantitative results 

obtained using the high temperature GC for condensates U and W match closely those 

obtained by British Gas (1992) but importantly HTCGC also enables the determination 

of the components greater than C30 (Figure 1-19). 

Figure 1-20 (A) shows the retention time of the n-alkanes C12 to C', plotted against 

their natural boiling points (no boiling point data could be found for alkanes with 

carbon numbers greater than n-C�). The correlation appears linear and gives a 

correlation coefficient of 0.9998. Closer examination shows that the actual boiling 

points deviate from the linearity of regression line at lower and higher retention times 

(Figure 1-20 B). A better model for the data is obtained when plotting the polynomial 

regression through the data (r2=1 Figure 1-20 Q. By extrapolation of the polynomial 

equation the boiling points for higher eluting n-alkanes can then be estimated from the 

regression equation (Figure 1-20 D) The extrapolated boiling points for condensates U 

and W are given in Tables 1-13 and 14. A simulated distillation curve can then be 

obtained by plotting the cumulative weight of each fraction against the boiling point. 
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Table 1-11 Comparison of results of the chromatographic analysis of 

condensate U (L. R. S = British Gas plc London Research Station using 
conventional GC and, H. T. = this study using HTCGC). 

Fraction 

is of Condensate Ub 

L. R. S. H. T. 

u t. wt% wt. wt% 

GC and HTCGC' 
Fraction H. T. 

wt. wt% 

C12 

C13 

C14 

C15 

C16 

C17 

C18 

C19 

C20 

C21 

C22 

C23 

C24 

C25 

C26 

C27 

C28 

C29 

C30 

C31 

C32 

C33 

C34 

C35 

C36 

C37 

C38 

11.83 10.61 C39 0.22 

12.13 11.06 C40 0.18 
9.82 10.16 C41 0.15 

8.67 9.16 C42 0.12 
6.47 7.00 C43 0.11 

5.81 7.35 C44 0.09 

5.31 6.24 C45 0.07 

5.66 5.22 C46 0.07 

4.81 4.72 C47 0.06 

4.31 4.09 C48 0.06 

4.01 3.66 C49 0.04 

3.81 3.63 C50 0.03 

3.21 2.41 C51 0.03 

2.56 2.39 C52 0.03 

2.26 2.03 C53 0.03 
1.65 1.47 C54 0.02 

1.35 1.40 C55 0.02 
1.10 1.24 C56 0.02 

1.01 C57 0.01 
0.84 C58 0.01 
0.69 C59 0.01 

0.60 C60 0.01 

0.48 C61 0.01 

0.38 C62 0.01 

0.29 C63 0.01 

0.26 C64 0.004 

0.23 

a. Both set of data normalized to the C. fraction. 

48 



Table 1-12 Comparison of results of the chromatographic analysis of 

condensate W (L. R. S = British Gas London Research Station using 

conventional GC and, H. T. = this study using HTCGC). 

Analysis of Condensate W by GC and HTCGC 

Fraction L. R. S. H. T. Fraction H. T. 
wt. wt% Wt. Wt% Wi. Wt% 

C12 

C13 

C14 

C15 

C16 

C17 

C18 

C19 

C20 

C21 

C22 

C23 

C24 

C25 

C26 

C27 

C28 

C29 

C30 

C31 

C32 

C33 

C34 

C35 

C36 

C37 

C38 

11.830 10.612 C39 0.217 1 

12.130 11.057 C40 0.185 

9.825 10.155 C41 0.148 

8.672 9.156 C42 0.122 

6.466 7.001 C43 0.109 

5.815 7.346 C44 0.090 

5.313 6.240 C45 0.074 

5.664 5.217 C46 0.068 

4.812 4.722 C47 0.063 

4.311 4.087 C48 0.055 

4.010 3.657 C49 0.038 

3.810 3.631 C50 0.035 

3.208 2.413 C51 0.027 

2.556 2.387 C52 0.034 
2.256 2.026 C53 0.026 

1.654 1.474 C54 0.022 

1.353 1.395 C55 0.020 

1.103 1.236 C56 0.017 

1.005 C57 0.008 
0.836 C58 0.014 

0.692 C59 0.012 
0.595 C60 0.011 

0.480 C61 0.008 
0.380 C62 0.007 

0.294 C63 0.006 

0.255 C64 0.004 

0.228 

a. Both set of data normalized to the C12+ fraction. 
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Table 1-13 Amount of each hydrocarbon fraction expressed as amount (ng) 

on-colu mn and weight percent of the total condensate U. 

HTCGC Analysis of Condensate U 

Fraction R. T. B. pt. Area ng' Wt. Wt% Fraction R. T. B. pt. Area ng Wt. Wt% 

C12 6.11 216 2423263 1273 3.96 C39 48.08 518 49520 26.0 0.08 

C13 8.44 235 2524851 1326 4.13 C40 49.05 525 42148 22.1 0.07 

C14 10.80 253 2318962 1218 3.79 C41 50.00 531 33867 17.8 0.06 

C15 13.10 271 2090839 1098 3.42 C42 50.93 537 27938 14.7 0.05 

C16 15.30 287 1598687 840 2.62 C43 51.83 543 24936 13.1 0.04 

C17 17.42 302 1677424 881 2.74 C44 52.72 548 20533 10.8 0.03 

C18 19.43 317 1425022 748 2.33 C45 53.58 544b 16893 8.9 0.03 

C19 21.34 331 1191411 626 1.95 C46 54.43 550 15548 8.2 0.03 

C20 23.18 344 1078333 566 1.76 C47 55.28 555 14367 7.5 0.02 

C21 24.93 356 933296 490 1.53 C48 56.08 560 12564 6.6 0.02 

C22 26.63 369 835197 439 1.37 C49 56.88 565 8740 4.6 0.01 

C23 28.25 380 829163 435 1.36 C50 57.66 570 7894 4.1 0.01 

C24 29.82 391 551072 289 0.90 C51 58.43 575 6216 3.3 0.01 

C25 31.33 402 545017 286 0.89 C52 59.18 580 7820 4.1 0.01 

C26 32.77 412 462689 243 0.76 C53 59.93 584 5927 3.1 0.01 

C27 34.17 422 336479 177 0.55 C54 60.63 589 5057 2.7 0.01 

C28 35.53 432 318611 167 0.52 C55 61.36 593 4473 2.3 0.01 

C29 36.84 441 282331 148 0.46 C56 62.04 597 3811 2.0 0.01 

C30 38.11 450 229586 121 0.38 C57 62.73 602 1920 1.0 0.00 

C31 39.35 459 190804 100 0.31 C58 63.43 606 3121 1.6 0.01 

C32 40.54 468 158023 83.0 0.26 C59 64.06 610 2788 1.5 0.00 

C33 41.71 476 135970 71.4 0.22 C60 64.47 613 2403 1.3 0.00 

C34 42.85 483 109528 57.5 0.18 C61 64.71 614 1882 1.0 0.00 

C35 43.94 491 86741 45.6 0.14 C62 65.38 618 1614 0.8 0.00 

C36 45.03 498 67209 35.3 0.11 C63 65.76 620 1347 0.7 0.00 

C37 46.07 505 58331 30.6 0.10 C64 66.63 626 908 0.5 0.00 

C38 47.08 512 52125 27.4 0.09 Total 22.5x106 37.60 

a. Amount of each fraction on-column (1 µl) measured using internal standard. 

b. Extrapolated boiling point values. 
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Table 1-14 Amount of each hydrocarbon fraction expressed as amount (ng) 

on-column and weight percent of the total condensate W. 

HTCGC Analysis of Condensate W 

Fraction R. T. B. pt. Area ne Wt. Wt% Fraction R. T. B. pt. Area ng Wt. Wt% 

C 112 5.167 216 1488955 847 2.56 C39 46.94 518 101990 53.6 0.18 

C13 7.367 235 1296125 868 2.23 C40 47.92 525 92103 48.4 0.16 

C14 9.667 253 1300380 878 2.24 C41 48.87 531 86689 45.5 0.15 

C15 11.93 271 1170369 937 2.01 C42 49.78 537 77038 40.5 0.13 

C16 14.13 287 1095093 660 1.88 C43 50.70 543 74239 39.0 0.13 

C17 16.25 302 1066147 839 1.83 C44 51.58 548 66087 34.7 0.11 

C18 18.26 317 961199 582 1.65 C45 52.45 544b 61039 32.1 0.10 

C19 20.18 331 850997 610 1.46 C46 53.43 550 54510 28.6 0.09 

C20 22.02 344 835119 577 1.44 C47 54.13 555 56565 29.7 0.10 

C21 23.78 356 811136 640 1.39 C48 54.93 560 58343 30.6 0.10 

C22 25.48 369 711918 495 1.22 C49 55.75 565 52397 27.5 0.09 

C23 27.1 380 676216 497 1.16 C50 56.52 570 53187 27.9 0.09 

C24 28.67 391 597633 446 1.03 C51 57.28 575 47662 25.0 0.08 

C25 30.18 402 542108 313 0.93 C52 58.78 580 43627 22.9 0.07 

C26 31.63 412 507350 375 0.87 C53 58.78 584 38769 20.4 0.07 

C27 33.02 422 434032 338 0.75 C54 59.51 589 30627 16.1 0.05 

C28 34.39 432 389259 300 0.67 C55 60.23 593 26653 14.0 0.05 
C29 35.7 441 345358 295 0.59 C56 60.90 597 22148 11.6 0.04 

C30 37.0 450 274578 193 0.47 C57 61.58 602 16016 8.4 0.03 

C31 38.21 459 239219 193 0.41 C58 62.27 606 15371 8.1 0.03 

C32 39.4 468 184625 165 0.32 C59 62.93 610 14276 7.5 0.02 
C33 40.57 476 164395 137 0.28 C60 63.59 613 12122 6.4 0.02 

C34 41.7 483 150256 122 0.26 C61 64.22 614 10003 5.3 0.02 
C35 42.8 491 128795 107 0.22 C62 64.86 618 8517 4.5 0.01 

C36 43.88 498 114734 83.2 0.20 C63 65.47 620 10676 5.6 0.02 
C37 44.93 505 110358 72.9 0.19 C64 66.08 626 6851 3.6 0.01 

C38 45.94 512 108515 57.0 0.19 Total 23.3x106 30.22 

a. Amount of each fraction on-column (I µl) measured using internal standard. 

b. Extrapolated boiling point values. 
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Such curves are shown for both condensate U and W in Figure 1-21. The distillation 

curves from this experiment do not show an initial boiling point (IBP) due to the large 

amount of LMW hydrocarbons (< C12). These compounds are difficult to quantify using 

cyclohexane as the solvent. This would normally mean either distilling the condensate 

to remove the LMW material or using a solvent with a much lower boiling point than 

cyclohexane (which may cause problems with solvating the HMW components greater 

than n-C50). This problem could also be overcome by using a much lower GC oven 

temperature (cryogenic cooling) and a pressurised sampling valve (see Introduction). 

The condensate could then be introduced directly on to the column without having to 

use a solvent carrier system. 

1.3.4 Centrifugation of waxy gas condensates 

Injection of large amounts of condensate (< 30 mg/ml) on to the HTCGC to increase 

the response of the HMW compounds resulted in overloading the column with the lower 

molecular weight components greater than n-C30. Thus a method was needed for 

obtaining a high molecular weight fraction. 

An obvious approach was to remove the lighter compounds by distillation (see 

Chapter 3). However, the quantitative and reproducible distillation of crude petroleum 

and condensates is not a trivial task and the necessary apparatus was still being 

commissioned at this stage of interest. Therefore alternatives were sought. 

Traditionally centrifugation has been used as an industrial method for increasing the 

melting point of petroleum-derived waxes, in particular microcrystalline or petrolatum 

wax (Warth, 1956). The wax is separated from a high-viscosity lubricating fraction by 

mixing with solvent. The solvent used varies with the particular refinery method, for 

petrolatum wax naphtha is used, but often polar solvents such as benzene or 

dichloromethane are used in the production of microcrystalline wax, and are added to 

aid precipitation of the wax at a higher chill temperature. The wax solution is then 

cooled to -12°C before being centrifuged at 18,000 rpm. 

A similar approach to that above was carried out herein on a micro-scale by 
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dissolving condensate in warm pentane and allowing the mixture to stand and cool 

before centrifuging the suspended material down at 2000 rpm to a waxy pellet (see 

Experimental) followed by repetitive addition of fresh solvent and centrifugation. The 

centrifuged solids were then analyzed by HTCGC. The results for the gas condensates 

U and W are shown in Figures 1-22 and 1-23. The resultant pellet for condensate U 

produced a series of compounds including n-alkanes ranging from n-C30 to greater than 

n-C70, (maximising at around n-C42) and between n-C25 to above n-C,. (maximising at 

n-C-o) in condensate W. Analysis of the supernatant by HTCGC shown in figures 1-22 

[B] and 1-23 [B] revealed that centrifugation had removed the majority of material 

eluting after n-CO. Even though a small amount of residual higher molecular weight 

compounds would be expected to remain because of their limited solubility in pentane, 

centrifugation appears to be a useful method for obtaining a high molecular weight 

fraction. 

1.3.5 High temperature capillary chromatography mass spectrometry 

High temperature capillary GC columns have been used only rarely with mass 

spectrometers. One reason for this is that many modern HTCGC columns are metal, 

or coated with a metal, and thus they conduct electricity. It then becomes impractical 

to install the column into a magnetic sector instrument where there are high potentials 

across the ion source (Evershed and Prescott, 1989). In the present study HTCGC- 

mass spectrometry was performed using a Finnigan quadruple mass spectrometer. The 

transfer line of GC-mass spectrometer had been modified so that it could be heated 

above 400°C. Unlike the magnetic sector instrument the ion source in the quadrupole 

instrument operates at ground potential, allowing the aluminium clad capillary column 
(SGE HT-5) to be inserted directly into the ion source without the necessity of 

removing the outer cladding (cf. Evershed and Prescott, 1989). 

Figure 1-24 shows a total ion chromatogram obtained by HTCGC-MS of n-C,, n-C., 

n-C50, and n-C60. Under EI conditions, molecular ions were only obtained for n-C20 (m/z 
282) and n-C40 (m/z 562). The spectra of all four compounds (Figure 1-25) showed ions 

characteristic of alkanes (viz m/z 57+n*14) which exhibited an exponential decrease 
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condensate U and B) supernatant from centrifuged sample U. 
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Figure 1-23 HTCGC of: A) remaining solids from centrifugation of 
condensate W and B) supernatant from centrifuged sample W. 

(GC: HT-5 (SGE), 12 mx0.32 mm i. d., 50-410°C ca 10°C/min (10 min), He carrier, FIDI 

58 

111111111ý 

0t 

.ýMM1 ., nl rl 
: 



100.0 

I 

1 
RIC 

RIC DATA: 4727XX qt 
05. '28. '92 7: 16: 00 CAL I: CAL28I1AR 1300 
SAMPLE: ALKAHE STANDARD 020.40,50,60 
COHO5.: 5G(4MIH)-4GCJl? 1@(5MIH) 
QANCE: C 1.10 LABEL: H 0,4.0 QUAH: A 0,1.0 J 

n-C2o 

SCANS 1 TO 1050 

0 EASE: U 20,3 
1548: '3 

scats 
TIME 

[GC: HT-5 (SGE), 12 mx0.32 mm i. d., 50-410°C c 10°C/min (10 min), He carrier, FIDJ 

Figure 1-24 HTCGC-MS total ion current chromatogram of a mixture of 
(n-C,, n-C40, n-C., n-C. ) alkanes. 
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in intensity with increasing mass (Rose and Johnstone, 1982). 

Figure 1-26 (A) shows the HTCGC-MS TIC of condensate U. Figure 1-26 (B) shows 

an expanded portion of the later part (scan time 500-600 scans) of the same 

chromatogram. The mass spectra of components producing peaks X and Y (Figure 1- 

27) appear not to contain molecular ions but show ions with enhanced abundances at 

m/z 294, m/z 435 for X and m/z 239 and m/z 290 for Y indicating possible branching 

points. It is clear that HTCGC-EI MS alone has limited use for rigorous identification 

of such HMW alkanes. HTCGC-MS of the centrifuged wax of condensate U resulted 

in the chromatogram shown in Figure 1-28 (A) and the mass spectrum of the compound 

labelled Z is given in Figure 1-28 (B). This compound was identified as n-C42H86 (M+' 

m/z 590). Molecular ions for compounds with later retention times were not observed. 

In an attempt to gain molecular weight information for the higher molecular weight 

(> C,, o) compounds, chemical ionisation (CI) mass spectrometry with iso-butane as the 

reagent gas was used with HTCGC. CI is a much "softer" form of ionisation than EI 

because it relies on ionised gas to ionise the analyte (Rose and Johnstone 1982). 

Figure 1-29 (A) shows the HTCGC-CI MS TIC of centrifuged sample U. The mass 

spectrum of compound H (Figure 1-29, B) shows the characteristic m/z 701 (M-H)+ ion 

of n-CsOH102 formed by hydride abstraction. Other components were identified as n- 

alkanes from n-C38 to n-C57 (Figure 1-29, Q. Beyond n-C57 the concentrations of the 

remaining components were low in the condensates and no molecular ions (M-H+' or 

M+H+') were observed. HTCGC-CI MS of Polywax 1000 (a mixture of even 

numbered n-alkanes formed via the Fischer-Tropsch process in which > C57 compounds 

were more abundant), allowed the molecular ion of n-Cm to be detected (Figure 1-30 

A). The CI mass spectrum of n-C60 (Figure 1-30 D) showed the molecular ion (m/z 

842) rather than m/z 841 (M-H)+ ion. This is most likely formed by charge transfer 

processes due to an increase in the proton affinity of n-C6, to that of iso-butane (Rose 

and Johnstone, 1982), or may be due to a concentration effect which causes self 

ionisation to occur. 
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1.3.5 Summary 

Good reproducibility and quantitative analysis of HMW n-alkanes by HTCGC is 

attainable. For the authentic n-alkanes the method developed herein gave C20 to C6. a 

RSD of under 5% for manual injection, a linear response factor, and a linear calibration 

over the concentration used (ca. 5 to 50). When applied to the analysis of two waxy 

North Sea gas condensates, n-alkanes with carbon numbers extending above C80 were 

observed. This is a surprising result because condensates are generally believed to be 

low molecular weight fluids similar to gasoline. Good quantitative agreement was 

observed between HTCGC and conventional gas chromatography for carbon fractions 

less than C,, but HTCGC was able to extend the analysis to carbon numbers of at least 

C65 

HTCGC-EI MS of condensates produced molecular ions for n-alkanes up to n-C42. 

Other HMW compounds showed fragment ions characteristic of branched compounds. 

HTCGC-CI MS produced molecular ion information for compounds as large n-C57 in 

a condensate sample and for n-Cm in a Polywax 1000 where such compounds were 

more abundant. 

The following recommendations are made for future HTCGC analyses; 

(1) Use of a dedicated high temperature instrument such as that used herein. 

(2) Use of on-column injection. 

(3) A heated auto-sampler would be desirable. However, good manual 
injection can be achieved if samples are carefully heated to above the 

cloud point of the analyte but not above the boiling point of the solvent. 

The temperature should be kept constant between samples. For n- 

hexacontane (Cm) 55°C was found to be adequate. Both a solvent plug 

and an air gap should be pulled into the syringe prior to the sample to 

wash any precipitated wax from the syringe onto the column. A fast 

injection speed should be used. 



(4) A constant carrier gas flow rate (H2 or He). 

(5) For most applications involving HMW waxy hydrocarbons, cyclohexane 

is preferred. 

(6) The triglyceride tristearin is proposed as a high temperature internal 

standard. Its response factor is close to that of HMW n-alkanes such as 

n-Cm, it had a linear FID response, and when co-injected with a waxy 

North Sea condensates was almost totally separated from the closest 

eluting n-alkanes between n-C59 and n-C.. 
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CHAPTER TWO 

CHARACTERISATION OF THE UNRESOLVED COMPLEX MIXTURE 

OF HYDROCARBONS IN A GAS-CONDENSATE 

BY CHEMICAL OXIDATION 

When they are analysed by gas chromatography many hydrocarbons in fossil fuels appear as an 

unresolved complex mixture (UCM). Despite the quantitative significance of the UCM very little is 

known about the structures of hydrocarbons within the UCM. Knowledge of these structures may 

prove useful for improving phase behaviour models of petroleum reservoir fluids. 

A series of UCMs isolated from distillation cuts of a waxy North Sea gas-condensate accounted for 

21 % of the whole condensate and 33-61 % of each distillate cut. Oxidation of the UCMs with 

CrO3/AcOH followed by GC-MS analysis of the oxidation products revealed a series of resolved 

compounds (27-81%) comprising mainly n-monocarboxylic acids (19-48%), with branched acids, 

ketones, ketoacids, n-dicarboxylic acids, lactones, isoprenoid acids, alkylcyclohexane carboxylic acids 

and toluic acids accounting for the remainder. The distillate UCMs showed variations in the relative 

amount of products but not in composition. The results show that the gas-condensate UCM is highly 

aliphatic with a high degree of alkyl substitution of average carbon length C, 2. 



2.1 Introduction 

2.1.1 General 

Insufficient knowledge of the identities and concentrations of hydrocarbons present in 

the heavier distillation fractions (C7) of oils and condensates may significantly reduce 

the accuracy of predicting their phase behaviour, thus leading to increased production 

costs (Whitson, 1983). This is particularly important for gas-condensates and volatile 

oils whose volumetric phase behaviour is significantly affected by the presence of the 

heavier components (Newley and Merrill, 1989). Detailed analysis of C, 
. 

fractions by 

high resolution gas chromatographic techniques is carried out routinely but many 

hydrocarbons elute from the GC column so closely together that they produce a detector 

response which appears in the form of a "hump" or unresolved envelope underlying the 

resolved components (e. g. Figure 2-1 Q. These so-called unresolved complex mixtures 

(UCMs) can account for up to 80% of the total hydrocarbons present in a fossil fuel 

(Gough and Rowland, 1991; Revill, 1992; Rowland and Revill, 1995) and may 

significantly affect phase behaviour. Ideally PVT models should take the composition 

of these fractions into account. Despite the quantitative importance and widespread (and 

probably ubiquitous) occurrence of hydrocarbon UCMs in fossil fuels, relatively little 

is known about their composition and there appear to have been no published studies 

at all of UCMs from gas-condensates. This important compositional data is thus not 

represented in existing gas-condensate reservoir fluid modelling. 

3.1.2 Previous studies 

Although there have been no studies of gas-condensate UCMs and it was not until the 

late 80's that a few studies attempted to unravel directly the UCM in crude (Gough, 

1989; Killops and Al-Juboori, 1990) and refined oils (Gough 1989; Gough and 

Rowland, 1990,1991; Revill, 1992), some information about UCM composition did 

appear in earlier studies of lubricating oils (Rossini et al., 1953; Clerc et al., 1955; 

Melpolder et al., 1956; Hood and O'Neal, 1959). Lubricating oils are dominated by 

UCM hydrocarbons because the majority of resolved components are removed from 

Tubes by dewaxing processes during refining (Figure 2-1 D). UCMs are also prominent 

in many other middle distillate refinery products including transmission fluids, hydraulic 
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oils, and gear oils. Therefore the study of lubricating oils in general can provide useful 

information about the types of structures contributing to the UCM. These studies have 

been extensively reviewed by Gough (1989), and only a brief summary is given here. 

Rossini et al., (1953), in a study for the American Petroleum Institute (API) analysed 

a lubricant fraction UCM from Ponca City crude oil and determined the elemental 

compositions and physical properties. They concluded that one to three ringed aliphatic 

hydrocarbons (e. g. alkycyclohexanes, Figure 2-2 III) and monocyclic aromatic 

hydrocarbons, dinaphthenonaphthalenes (VI), and naphthenophenanthrenes (VII) were 

the major of compounds present in the UCM. Later, Clerc et al., (1955), Melpolder 

(1956) and Hood and O'Neal (1959) used more sensitive and structurally informative 

instrumental methods including electron impact mass spectroscopy (EI-MS) to study the 

same samples. Their studies suggested that the major compounds were simple branched 

paraffinic hydrocarbons and monocyclo-alkanes with lesser amounts of 2 to 4-ringed 

cycloalkanes and aromatic hydrocarbons. Hood (1959) proposed that the cyclic alkanes 

consisted of mainly monocyclic or methyl-branched monocyclic compounds containing 

a long alkyl chain, which could either be unsubstituted or branched. The polycyclic 

alkanes were generally thought by Hood (1959) to comprise alkyldecalins (V). 

Generalised aromatic structures were similar to those proposed by Rossini et al., (1955) 

comprising alkyl benzenes with long straight chains (VIII) and substituted alkyl chains 

(IX), and naphthalenes, with alkyl substituted octahydrochrysenes, tetrahydrochrysenes, 

and phenanthrenes. 

Killops and Readman (1985) and Jones (1986) used several techniques (GPC, GC, 

GC-MS and HPLC) to characterise an aromatic UCM of a sediment extract sampled 

from an Alaskan biodegraded crude and a sediment from the Sullom Voe oil terminal 

(Shetland) respectively. The majority of unresolved components were found to be within 

the 1-2 aromatic ring fraction, and most were alkylated. Jones (1986) was able to show, 

using GC-FPD, that many sulphur-containing compounds, including 

alkylbenzothiophenes (XII) and alkyldibenzothiophenes (XIII) were also present. 

More recent studies of UCMs (Gough, 1989; Killops and AL-Juboori, 1990; Revill, 
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1992; Revill et al., 1992; Gough and Rowland, 1992,1990) have attempted not only 

to characterise the bulk properties of the UCM using modern spectrometric techniques, 

but also to analyze the UCM using classical chemical oxidative methods. Both Gough 

(1989) and Killops and Al-Juboori (1990) utilised chemical and pyrolytic degradative 

methods to elucidate the composition of UCMs from a variety of sources. 

Spectroscopic methods (FT-IR and FT-'H-NMR) produced spectra typical of aliphatic 

hydrocarbons, even for a biodegraded whole oil rich in aromatics (30%) (Killops and 

Al-Juboori, 1990). IR spectroscopy produced strong C-H stretching and bending signals 

but weak resonances in the aromatic region 675-900 cm-' (out-of-plane C-H bending). 

NMR gave intense resonances for aliphatic protons (0-4 ppm compared with TMS) and 

only a low resonance signal ascribed to aromatic hydrogens (6-8 ppm relative to TMS) 

suggesting that most of the UCM carbon was aliphatic. Greater structural information 

was gained using mass spectrometry. Probe EI-MS produced predominant fragment ions 

at m/z 69 and 83, consistent with monocyclic alkane structures, and at m/z 81,95,109, 

123,137, consistent with bicyclic alkane structures. CI-MS with a NO/N2 plasma gas 

was used to collect molecular ion data. Figure 2-3 shows the total number of carbon 

atoms associated with the different ring numbers of the acyclic and alicyclic 

compounds. The data for the biodegraded oil suggests that cyclic compounds with up 

to five rings were present (acyclic 40 %, monocyclic 42 %, bicyclic 15 %, tricyclic 3 %, 

tetra- and pentacyclic <1% each). 

Gough (1989) used EI and CI mass spectrometry to analyze a lubricating oil UCM 

(Silkolene 150). This gave similar results to those reported by Killops and Al-Juboori 

(1990) for a whole biodegraded crude oil (i. e. a dominant proportion of acyclic and 

monocyclic alkanes with lower proportions of polycyclic alkanes). 

Killops and Al-Juboori (1990), Gough (1989), and Revill (1992) used a modified 

existing CrO3/acetic acid oxidation method (Brooks et al., 1977) to oxidise UCMs. 

Several classes of identifiable resolved compounds were produced from the unresolved 

substrate (summarised in Table 2-1). Of these, n-acids and a, w-diacids were the 
dominant classes of compounds formed. Killops and Al-Juboori (1990) found mono 
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Table 2-1 Summary of identified oxidation products of the aliphatic UCM of 

a lubricating oil (Gough, 1989) and a whole biodegraded oil (Killops and 
Al-Juboori, 1990). 

Lubricating oil Biodegraded oil 

Compound Carbon no. range Maximum Carbon no. range Maximum 

n-monocarboxylic acid C6-C20 C9 C5-C18 C7-C8 

a, w-n-dicarboxylic acid C6-C14 C9 C9-C17 

Keto acid C8, C10, C11 C10 C8 - 

n-alkan-2-one C8-C15 C12 C7 C7C 

"iso"-methylbranched C8-C12 C8 C8 C8` 
alkan-2-one 

y-methyl-7-lactone C6-CIO C8 - - 

methyl branched C11-C12 C11 - - 
y-methyl-y-lactone 

w-carboxy-y-methyl C8-C11 C8 

y-lactone 

methylbranched-w- Cl 1-C 13 C il - - 
carboxy--y-methyl- 
y-lactone 

methylbranched mono- C6-C10 - C6-Cl1 - 
carboxylic acid 

methyl branched a, w-' C8, C9, C10 - C5 C5` 
diacid 

Cyclohexyl carboxylic C8 C8` C7, C9-C11 - 
acid 

methylcyclohexyl° - - C8 - 
carboxylic acid 

isoprenoid acid C11-C16 - C9-C11 - 

isoprenoid ketone C 13 C 13` - - 

' In-chain methyl group position not definately known 
Varied positions for methyl group 
One compound identified only 
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carboxylic n-acids in the range C5-C, g, (40.1 %), and C9-C17 a, w-diacids (4.3 %). C18 

and C� were the major n-acids and a, w-diacids respectively, indicating a maximum 

bridging or chain length in the UCM of C19 for the biodegraded crude. The lubricating 

oil UCM studied by Gough (1989) also produced n-monocarboxylic acids (in the range 

C6-C20, maximising at C9) thought to derive from the oxidation of terminal n-alkyl 

chains possibly linked on to cyclic/branched structures (Figure 1.2 A, I and II). Strong 

supporting evidence for this was acquired by Gough and Rowland (1990), who also 

oxidised a series of synthetic hydrocarbons which produced oxidation products similar 

to those formed from the oxidation of the UCM. The n-diacids were probably formed 

from bridging alkyl chains, though further oxidation of monocarboxylic acids could not 

be ruled out. 

Other components reported were branched acyclic alkanoic acids (including 2-methyl- 

alkanoic acids), cycloalkyl carboxylic acids (including cyclohexyl), n-alkan-2-ones (C8- 

C1S), iso-methyl branched alkan-2-ones (C8-C12) and y-methyl--y-lactones, 

carboxylactones and methyl-branched carboxylactones (Gough and Rowland, 1991). 

Killops and Al-Juboori (1990) reported only monocyclic aromatics among the 

oxidation products of a whole biodegraded oil and these were present in the form of 

benzenoid structures. However, the resolved oxidation components accounted for only 

10% of the total products leaving 90% still unidentified. Gough (1989) separated an 

aromatic UCM from a lubricating oil (Silkolene 150) by column chromatography which 

accounted for only 8% of the total. This is not surprising because lubricating oils are 

usually dearomatised during processing and these results may not fully reflect the true 

composition of aromatic UCMs in unrefined oils. Nonetheless, using mass spectrometric 

techniques (SIMS, FIMS) Gough (1989) showed that the hydrocarbons present gave 

strong ion intensities indicative of phenyl alkanes (m/z 91/92), methylphenyl alkanes 

(m/z 105/106) and trimethylphenyl alkanes. Field ionisation mass spectrometry (FIMS), 

which is a useful technique for molecular weight determination because it produces 

virtually fragment-free mass spectra, suggested that the aromatic UCM was comprised 

in the main of alkyldinaphthenobenzenes > alkyl naphthalenes > 

alkylnaphthenonaphthalenes > alkyl tetralins > alkyl benzenes - results similar to the 
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earlier studies of Rossini et al., (1955) for a crude oil. 

Surprisingly, further investigation of the aromatic UCM using chemical oxidation 

with CrO3/acetic acid produced compounds very similar to those obtained when the 

aliphatic fraction was oxidised (i. e. a major series of resolved compounds confirmed 

by GC-MS as n-alkanoic acids and diacids), although the proportion of additional 

resolved compounds compared with n-acids were fewer. Gough (1989) identified 

ketones and lactones, again similar to those identified in the aliphatic fraction. Certain 

aromatic acids and ketones were observed, including benzoic acids and a methyl 

substituted aromatic ketone. 

In a later study, Revill (1992) carried out chromic acid and ruthenium tetroxide 

(RuO4) oxidations of an aromatic UCM isolated from biodegraded Tia Juana Pesado 

crude oil (Venezuela). The results from chromic acid oxidation were similar to those 

reported by Gough (1989) and Killops and Al-Juboori (1991) for the lube and 

biodegraded oil, respectively. The relatively non-specific mechanism of the Cr(VI) 

oxidation led Revill (1992) to investigate the UCM using RuO4, a reagent which 

oxidises the ipso-carbon of substituted aromatics. The results again showed that n- 

monocarboxylic acids were the dominant products, though overall Ru04 produced fewer 

resolved compounds (5 %) than Cr03 oxidation (25%). Combining these findings with 

elemental and other analyses of the aromatic UCM, Revill (1992) proposed that the 

UCM comprised mainly naphthenoaromatic compounds with branched aliphatic side 

chains with or without a cyclic moiety (Figure 2-4 B, structures I, II, and III). 

2.1.3 Structural isomers 

Using a purpose-written computer program, Gough and Rowland (1990) calculated 

that for C2 so called "T-branched" alkanes (Figure 2-4 A [I]), which they proposed 

as constituents of the aliphatic UCM, there were 536 possible structures. Revill (1992), 

using a similar program, calculated that for compounds with tetralin-type structures 

containing a monoalkyl branched side chain, terminating in 0-2 cyclohexyl rings, 
between C20 and C30, (Figure 2-4 B) some 1,213 different structures were possible. If 

such high numbers of structural isomers of compounds are indeed present in UCMs, 
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then it is perhaps understandable that even the high resolution power of modern 

capillary gas chromatography does not resolve such complex mixtures. 

2.1.4 Summary 

Evidently UCMs are a result of the insufficient resolving power of the 

chromatographic technique. However, although theoretically the number of compounds 

comprising a UCM is very large, previous studies have shown that it is possible to start 

to unravel UCMs and to build models of the general types of hydrocarbons present. The 

UCMs studied so far originated from several lubricating oils, two biodegraded crude 

oils and a hydrocarbon-contaminated sediment extract. The results suggest that these 

UCMs all contain similar classes of hydrocarbons, comprising about 20% of simply 

branched acyclic compounds but also cyclic alkanes with up to five rings, of which the 

monocyclics are the most dominant. Aromatics are also present in the UCMs and are 

thought to be mainly alkyl (possibly branched) benzenoid type structure (i. e. with one 

aromatic ring). Larger aromatic compounds probably have alkyl-naphthalene and alkyl- 

tetralin type structures. 

In practical terms studying the specific nature of UCMs provides valuable organic 

geochemical data. Their chemical compositions may serve not only to enhance the 

modelling of reservoir fluid properties but are also useful in the efficient refining of 

crude oils. However, knowledge of the different types and amounts of hydrocarbons 

present is far from complete. Clearly more research is required to broaden an 

understanding of the types and structures of those compounds that present themselves 

as UCMs. 
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2.2 Aims 

All previous UCM studies have concentrated on biodegraded crude oils or refined 

tube oils. Clearly a study of the UCM of unrefined and non-biodegraded samples is 

needed. The simplest UCM-containing fossil fuel is likely to be a gas-condensate since 

the number of structural isomers possible for a low boiling fraction is necessarily lower. 

Thus the present study aimed to characterise, by oxidative degradation, the unresolved 

portion of an unrefined, non-biodegraded gas-condensate. Since even a low boiling 

UCM can be expected to contain many hundreds of compounds, the gas condensate was 

first fractionated by vacuum distillation to provide a series of simpler UCM fractions. 

The thirty four distillation cuts each covered a very narrow boiling point range 

(typically 10°C AET) between successive n-alkane homologues, within which was an 

UCM. This approach has not been taken previously. Structural information about the 

UCM should be valuable in further refining gas condensate PVT models. 
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2.3 Results and Discussion 

2.3.1 Fractional distillation 

From an initial condensate charge of nearly two kilograms, thirty-four separate 

distillate fractions, including a residue, were collected. The weights, volumes and the 

Atmospheric Equivalent Temperature (AET) of each fraction are presented in Table 2- 

2. From this data a true boiling point curve for the distillation can be drawn (Figure 2- 

5). The results show that at an AET of 344°C approximately 75% of the original 

condensate was distilled, leaving 20% remaining in the charge flask as a dark brown 

waxy residue. Overall recovery after fractionation was good (98.8%). The small loss 

of material is partly explained by the failure to recover a representative debutanised 

fraction. This is the gaseous part of the condensate which is usually collected prior to 

distillation. The amount of each distillate fraction as a percentage of the total gas- 

condensate is shown in Figure 2-6. Fraction 15 (AET 171°C) contained the largest 

amount of distillate (76.4g), equivalent to 4.4% of the total (debutanised). 

Figure 2-7 shows representative conventional capillary gas chromatograms of the total 

gas condensate and of selected distillate cuts (Fractions 19,23,26,27,28,29,30 and 

the Residue). Table 2-3 lists the major components identified by gas chromatography 

in all the fractions and the average molecular weight of each fraction determined using 

the CRYETTE A cryoscope (see Experimental). CS to C3, components with molecular 

weights of 74 (Fraction 1) to 280 (Fraction 31) were detected. Figure 2-7 and the data 

in Table 2-3 show some overlap of components between consecutive distillate cuts. 

Table 2-4 (data represented as a histogram in Figure 2-8) shows the overall recombined 

concentrations (Wt/Wt%) of each component measured by GC and expressed as a 

percentage of the total. Component C8 is dominant having a recombined concentration 

of 10 Wt/Wt%. Distillate Fraction 19 (AET 216°C, RI 1099-1278) accounted for 3.7 % 

of the total condensate (Table 2-4) and GC analysis showed that it comprised mainly 

C12 (65.38%) with lesser amounts of C13 (31.61 %) components, with C� (3.01 %, Table 

2-3). Fraction 23 (AET 260°C, RI 1361-1599) accounted for 2.5 % of the total 

condensate and comprised C� (0.36%), C14 (40.94%) and C15 (58.7%). The alkanes n- 

C14 and n-C15 were the predominant resolved components. In Fraction 26 (AET 282°C, 

RI 1465-1698,2.1 %) C16 components accounted for < 80% of the compounds present. 
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Table 2-2 True boiling point (TBP) distillation of a North Sea condensate. 

Distillate AET (°C) Mass (g) % of Cumm % Volume Volume Cumm % Density 

Fraction Total of Total cm3 % of Total 

1 33.0 10.9 0.6 0.6 17.0 0.8 0.8 0.6423 

2 54.0 26.4 1.5 2.1 39.3 1.8 2.5 0.6736 

3 70.0 28.3 1.6 3.8 40.0 1.8 4.3 0.7068 

4 80.0 22.0 1.3 5.0 30.6 1.4 5.7 0.7210 

5 90.0 49.2 2.8 7.8 67.8 3.1 8.8 0.7256 

6 100.0 61.3 3.5 11.3 82.2 3.7 12.5 0.7453 

7 111.0 24.8 1.4 12.8 32.8 1.5 14.0 0.7541 

8 108.0 36.7 2.1 14.9 48.4 2.2 16.2 0.7580 

9 120.0 31.9 1.8 16.7 42.8 1.9 18.1 0.7460 

10 130.0 69.6 4.0 20.7 91.4 4.1 22.3 0.7616 

11 140.0 60.2 3.4 24.1 78.3 3.5 25.8 0.7682 

12 146.0 19.3 1.1 25.2 24.7 1.1 26.9 0.7818 

13 148.0 41.0 2.3 27.6 53.6 2.4 29.3 0.7658 

14 158.0 36.7 2.1 29.7 47.2 2.1 31.5 0.7769 

15 171.0 76.4 4.4 34.1 98.8 4.5 35.9 0.7730 

16 182.0 40.6 2.3 36.4 52.2 2.4 38.3 0.7775 

17 191.0 56.5 3.2 39.6 72.6 3.3 41.6 0.7789 

18 204.0 44.4 2.5 42.2 56.4 2.6 44.1 0.7865 

19 216.0 65.1 3.7 45.9 82.6 3.7 47.9 0.7873 

20 226.0 40.5 2.3 48.2 50.7 2.3 50.2 0.7979 

21 238.0 62.5 3.6 51.8 78.3 3.5 53.7 0.7977 

22 249.0 56.5 3.2 55.0 70.4 3.2 56.9 0.8032 
23 260.0 43.8 2.5 57.5 54.3 2.5 59.3 0.8073 

24 269.0 48.5 2.8 60.3 60.0 2.7 62.1 0.8086 
25 280.0 21.9 1.3 61.6 27.0 1.2 63.3 0.8116 

26 282.0 37.5 2.1 63.7 45.9 2.1 65.3 0.8185 
27 295.0 42.6 2.4 66.1 52.0 2.4 67.7 0.8180 

28 307.0 44.8 2.6 68.7 54.8 2.5 70.2 0.8172 
29 319.0 35.7 2.0 70.7 43.5 2.0 72.1 0.8194 

30 337.0 50.0 2.9 73.6 60.2 2.7 74.9 0.8303 

31 344.0 29.5 1.7 75.3 35.5 1.6 76.5 0.8313 

Total 1314.9 75.3 1691.2 76.5 

Residue 360.05 20.6 431.2 19.5 
H2O 361 20.7 36 1.6 
Oilier 23.09 1.3 28 1.3 0.8194 

Total Recovery 17 34.09 99.8 2186.66 98.9 

Weight of original Charge = 1746.21 
Volume of original Charge = 2211.512 
Density of original charge = O. 7S996 
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Table 2-4 Concentrations (Wt/Wt%) of A) components measured in the whole 
condensate by gas chromatography and B) summation of analysis by gas 
chromatography of the separate distillate cuts. 

Component AConcentration BConcentration 

Wt/Wt% Wt/Wt% 

Intial Recombined 

C2 0.00 0.00 
C3 0.06 0.00 

i-C4 0.10 0.00 

n-C4 0.31 0.00 
i-C5 0.56 0.24 
n-C5 0.79 0.60 
C6 2.84 2.86 
C7 6.24 6.24 
C8 10.43 10.00 
C9 9.34 8.49 
C10 7.98 6.65 
C il 6.88 6.45 
C12 5.59 5.51 
C13 6.37 5.86 
C14 5.70 5.42 
C 15 4.71 4.42 
C16 3.49 3.83 
C 17 3.84 3.17 
CIS 2.87 2.84 
C 19 3.16 2.93 
C20 2.98 2.43 
C21 2.35 2.41 
C22 2.09 3.00 
C23 1.88 2.66 
C24 1.91 2.38 
C25 1.57 1.82 
C26 1.49 1.53 
C27 1.09 1.25 
C28 0.91 1.00 
C29 0.81 0.95 
C30 0.61 0.7i 
C31 0.44 0.66 
C32 0.23 0.60 
C33 0.24 0.47 
C34 0.07 2.60 

Total 100 100.018 
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Figure 2-8 Histogram showing the percentages of each carbon number present 
measured by gas chromatography of a) total condensate and b) summation of 
results of GC analysis of the individual distillate cuts. 
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Fractions 27 (AET 295°C, RI 1562-1750), 28 (AET 307°C, RI 1649-1862), 29 (AET 

319°C, RI 1745-1949) and 30 (AET 337°C, RI 1800-2010,2.9) contained common 

components due to a high degree of co-elution, with high proportions of C17 (69.8%) 

and (39.2%) and C19 (50.56%) and (57.42%) respectively. Of the approximately 20% 

of condensate remaining in the residue (AET <344°C, RI 2025-3400) GC analysis 

showed the major peaks to be the n-alkanes n-C21.37. Further characterisation of the high 

molecular weight components is discussed in Chapter 4. 

2.3.2 Analysis of the unresolved complex mixture 

When condensates and oils are analysed by GC the contribution of the UCM to the 

total response is often masked by the high proportions of a few resolved compounds. 

This is easily demonstrated by reducing the attenuation of the GC FID signal; the UCM 

then becomes more apparent (Figure 2-9). The total peak area of the chromatogram can 

be determined using a chromatographic time slice integration program. The resolved 

peaks can then be measured using normal valley-to-valley integration and the total 

integrated area minus the area of the resolved peaks gives an estimate of the proportion 

of the chromatogram that is unresolved (Gough, 1989). Of the total condensate 21 % 

of the chromatogram was found to be unresolved under the experimental conditions (J 

& W, DB-5,30 in x 0.32 mm i. d, prog: 50°C to 300°C at 5°C/min). This is a 

significant amount which perhaps would not be noted from initial visual inspection of 

the chromatogram of the whole gas-condensate. A test of the reproducibility of this 

method has not been published previously but was carried out herein by calculating the 

size of UCM in five repeat injections of a distillate fraction (Fraction 23). The results 

show an acceptable RSD of 3.4% (Table 2-5). 

The proportions of UCM in the distillate fractions were calculated using the above 

method and are given in Table 2-6 and shown as a histogram in Figure 2-10 (A). The 

highest proportion of UCM occurred in Fraction 30 (61 %). This is to be expected 

because Fraction 30 elutes where the UCM maximum is observed. The UCM in the 

remaining fractions ranged from 33% (Fraction 26) to 46% (Fraction 29) with an 

average of 38%. 

For the further analysis of the UCM by degradative techniques, (cf. Gough, 1989; 
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Figure 2-9 Gas chromatogram of distillate Fraction 23 showing easier observation 
of UCM with decreasing FID attenuation. 
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Table 2-5 Resolved and unresolved peak areas obtained from five injections of 
distillate Fraction 23 after clathration. 

I Total Area' Resolved Peaks % Unresolved Hump %j 

4187160 1441129 34 2746031 66 

3631160 1320395 36 2310565 64 

6006900 2165062 36 3841838 64 

3746470 1351733 36 2394737 64 

3407410 1361101 40 2046309 60 

L Mean 36.4 63.6 

Std. Dev. 2.19 2.19 

%RSD 3.4 3.4 

I Integration was performed using the SI-IDvfADZU CR 9 integrator. 

Table 2-6 Percentage UCM in the whole condensate, distillate fractions and the 

residue. 

Distillation 
Fraction 

Retention Indices 
(RI) 

Original Distillate Fraction 

Resolved Peaks UCM 
Area % Area % 

Clathrated Distillate Fraction' 

Resolved Peaks UCM 
Area % Area % 

19 1099-1278 793864 66 273279 34 424490 30 1003460 70 

23 1361-1599 937061 56 224599 44 1441129 34 2746031 66 
26 1465-1698 632113 77 304798 33 205526 17 996594 83 
27 1562-1750 1659723 54 1386297 46 405394 10 3832376 90 
28 1649-1862 3302806 66 1674074 34 512386 29 1276804 71 
29 1745-1949 3552309 65 1913651 35 1527924 36 2667896 64 
30 1800-2010 5727393 39 8817307 61 6599 3 262798 97 

Residue 2025-3400 1566000 64 1005441 36 156600 16 848841 84 

Total Condensate 1099-3400 926143 79 1175352 21 3810035 44 6765450 66 

I The non-sieved and non-urea adduct of the distillate fractions. 
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