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Preface

This dissertation is submitted for the degree of Philosophiae Doctor at the
University of Bergen. The thesis consists of six parts: four journal papers,
one conference paper and a research report. In addition, an introduction
to the work and a summary of methods and main results are given as the
first part of the thesis. The main part of the work has been performed
at the Department of Chemistry, University of Bergen in the period 2005-
2009. My PhD project has been part of the HYPERION project (HYdrates
in PEtroleum productlON - Assessment of Plug Risk), which is a KMB
project funded by the Research Council of Norway and StatoilHydro ASA.
The HYPERION project is an interdisciplinary collaboration between several
fields of research at the University of Bergen and StatoilHydro ASA, and
has been combining physical chemistry, petroleum- and organic chemistry,

physics and industrial aspects (see Figure 1).
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Figure 1: Roles of the partners in the HYPERION project.
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The aim of the HYPERION project has been to obtain knowledge about
inherent mitigation effects of crude oils on gas hydrate formation, morphology
and growth and to predict the risk of hydrate plugging in a given oil, gas,
water system. Hydrate plugging tendency is observed to be very different
from one crude oil to another. My contribution to this collaboration has been
in the fields of organic- and petroleum chemistry, with focus on how crude
oil composition influences hydrate plugging tendency. Hydrate mitigating
properties has been attributed to chemical components naturally present in
some oils, the acidic fraction being of main importance in this context. The
aim of this work has been to study petroleum acids, with focus on acid
extraction- and analytical characterisation methods, and on investigation
mitigating effects of the acids on hydrate plugging.

In May 2008 I had a short, but very valuable stay at the research group
of Prof. Dr. Brian Horsfield and PD Dr. Heinz Wilkes, at Helmholtz Centre
Potsdam, GFZ German Research Centre for Geosciences (GFZ). During this
stay Dr. Stefanie P6tz introduced me to, and taught me about electrospray
ionisation-mass spectrometry (ESI-MS). This stay has resulted in a continued

and fruitful collaboration between our research groups.

v



Acknowledgements

I would like to express my profound gratitude to my supervisors Tanja Barth,
Sylvi Hgiland and Per Fotland for your guidance, helpfulness, inspiration and
encouragement throughout my PhD project. Your support, as well as your
care for my well-being, have been invaluable to me.

The Research Council of Norway and StatoilHydro ASA are thanked for
funding the project. It has been very educational and interesting for me to
be part of the HYPERION project, and I want to thank all the participants
for the collaboration. I also want to express my thankfulness to Stefanie
Potz, Heinz Wilkes and Brian Horsfield for kindly welcoming me to a stay at
GFZ.

I wish to thank all my fellow students, colleagues and friends. A special
thank goes to Espen N. Vaular and Monica Jordheim who have been my
companions throughout all my years of studies, and to Anna E. Borgund
who I have been working closely together with, and who has been an invalu-
able discussion partner and friend. You have all been making my years at
University of Bergen such a memorable and unforgettable time. Many people
at the Department of Chemistry have lent a helping hand to my project one
way or another, something I am truly grateful for. I especially want to thank
Terje Lygre for assistance with instruments. Siv Elin and Torunn; I could
not ask for any better and more faithful friends than you.

My family has been essential to me during these years. I especially want
to thank my parents for all support and care. My dear Steve has been
an endless source of encouragement; thank you for being my rock in tough
times, for constantly having faith in me and for your love. Finally to my
two children Kjetil and Christian; you are always there for me, and I am so

proud of you. You both mean the world to me.



vi



Abstract

Gas hydrates can form in petroleum production systems of natural gas, water and
crude oil. In some systems the hydrates agglomerate rapidly into large plugs that
cause hazardous blockages of e.g. transport pipelines. The dangers associated with
hydrate plugs are severe, and hydrate prevention strategies represents huge econom-
ical costs for the operators. However, in some systems plugging is never observed.
Instead, the hydrates form as tiny crystals that are easily transported within the
fluid flow as suspensions. Crude oils that possess low hydrate plugging tendency
are believed to contain natural inhibiting components (NICs). One possible mech-
anism is that the NICs are anti-agglomerants, i.e. surfactant molecules capable
of adsorbing to the hydrate surface. The layer of adsorbed surfactants creates
an "oil-wet" hydrate surface that makes the particles less prone to agglomeration
and plugging. Knowledge about how to isolate these specific compounds from the
crude oils, and to elucidate their chemical structures, can provide a valuable tool to
hydrate plug assessment- and control. These compounds could potentially be devel-
oped into future environmentally friendly low dosage hydrate inhibitors. The origin
of these crude oil compounds is unknown. The process of biodegradation seems
to be of importance, as most non-plugging oils are biodegraded whereas plugging
oils are typically non-biodegraded. However, there are exceptions to these general
categories, and this raises the question whether different biodegradation processes

influence the plugging potential of oils differently.

This thesis addresses the challenge of isolation and identification of natural in-
hibiting compounds in crude oils, and also includes testing their hydrate wettability
effects. One class of crude oil components that has previously been recognised to
display hydrate anti-agglomerating effects is the polar acidic fraction. In the work

of this thesis the attention has been directed to this fraction.

A central part of the work has been the development of HPLC- and SPE meth-

ods for fractionation of petroleum acids. The HPLC separation gives useful infor-
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mation about the distribution of acidic compounds in different oils, and a strong
negative correlation between the relative amount of phenolic compounds in the acid
extracts and hydrate wettability has been found. Acid extracts and SPE fractions
isolated from low plugging potential oils impose changes in the wettability of Freon
hydrates. One of the SPE fractions displays particularly high effect at low con-
centration. This distinctly hydrate surface active fraction contains predominantly
weakly polar compounds. FTIR analysis indicates that these molecules contain
ester functionalities that are not found in a corresponding fraction of a high plug-
ging tendency oil. On the contrary, the profile of the high plugging tendency oil
indicates a larger content of phenolic compounds, which is in accordance with the
observed negative correlation between phenols and wettability.

Anaerobic- and aerobic laboratory biodegradation experiments produce acids
of different chemical composition. Anaerobically produced acids display higher
effectiveness at the oil /hydrate interface than those from aerobic biodegradation.
The chemical composition of these acid extracts resembles the trends found for
fractions from low- and high plugging potential oils studied in other works; the
most hydrate surface active acids hold a larger relative proportion of weakly polar
compounds and lower content of phenolic compounds.

The exact chemical structures of the acid fractions isolated in this work remain
to be elucidated. The final work of chemical analysis is currently being performed
by Dr. Stefanie Potz at GFZ. Preliminary results from ESI-MS analysis provide
very promising data, and reveal clear structural differences in acid compositions

between low- and high plugging tendency oils.
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Chapter 1

Introduction

In petroleum production the formation of gas hydrate plugs in pipelines and
platform equipment is a major challenge and concern, and represents a ma-
jor problem in terms of economical loss for oil companies and safety dangers
for the personnel that handle them. Gas hydrates are ice-like, crystalline
solids, consisting of guest molecules trapped inside cavities in a framework
of hydrogen bonded water molecules [1]. Presently, the oil- and gas industry
is moving the subsea exploration and production towards increasing water
depths, where the temperature and pressure conditions are well within the
range for hydrate formation. As the phase behaviour of hydrates is well
mapped and understood, hydrate phase diagrams can be constructed from
commercial software, based on the composition of water, gas and oil phases
in each particular system. As of today most operators are dealing with the
hydrate problem using conservative and expensive strategies, assuming that
plugging will always occur if the T-P conditions for hydrate formation are
present. To avoid the formation of hydrates, the transport conditions are de-
signed in such ways that the well-stream is always outside the hydrate stable

area of the pressure, temperature phase diagram. Preventing hydrate block-
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age is achieved mostly by adding thermodynamic inhibitors (methanol or
glycols) or by insulation. Thermodynamic inhibitors are effective in prevent-
ing hydrate formation by shifting the hydrate phase equilibrium boundary
towards lower temperatures and higher pressures conditions. However, high
concentrations of these chemicals are required, which impose negative con-
sequences for the project economics as well as unfavourable impact on the
environment. An alternative prevention method is inhibition by use of low
dosage hydrate inhibitors (LDHIs) [2]. As of today the use LDHIs is pro-
hibited in the Norwegian sector due to toxic effects. Details on gas hydrates

and inhibitors are discussed further in Chapter 3.

During the latest years, the presence of certain natural inhibiting com-
ponents in the crude oils that possess a mitigating effect on the plugging
tendency of the hydrates, has been reported in several works [3-7]. These
components cause the hydrates to form as colloid suspensions rather than
plugs. The hydrate suspensions are easily transportable as slurries, though
the transportability is somewhat limited by viscosity of the slurry at high
particle loadings. The active components are believed to be natural anti-
agglomerants (whether such compounds also may have the effect of kinetic
inhibitors has not been much explored). As of today the specific chemical
structures of the natural inhibiting components are unknown, and the exact
mechanisms that take place are not fully understood. AAs molecules are
believed to interact with the hydrate surface by adsorption mechanisms; the
polar end of the molecule being attracted to the hydrate surface and with
the other, hydrophobic end interacting with the bulk hydrocarbon oil phase.
Several works suggest that such compounds are located in the polar resin-
and asphaltene fractions [6,8| or in the acidic crude oil fractions [9-11]. To

obtain detailed knowledge of these compounds is of great interest, as these
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may have applications as environmentally friendly low dosage hydrate in-
hibitors that may reduce the use of thermodynamical inhibitors, or maybe
even replace them. Hence, suitable methods for extraction and character-
isation of the natural inhibiting components need to be developed. This
represent a considerable challenge, as the concentration of these components
in crude oils is anticipated to be small, and the crude oil is an extremely
complex matrix with regards to chemical composition.

Sloan [12] points to the fact that there is a paradigm shift with regard
to hydrates in petroleum industry. The shift is from awareness and control
of the problem to a calculated risk of plugging the line, based on detailed
knowledge. If more knowledge on these natural hydrate inhibitors of crude
oils can be obtained, it may open new fields for production and help making
operations of current field simpler, safer and with less chemicals.

In the works of this thesis the main focus has been on isolation and
characterisation of petroleum acids as hydrate anti-agglomerants, although
it must be emphasised that AA effects from other crude oil components than

acids cannot be excluded.






Chapter 2

Crude Oi1l

2.1 Elemental composition

Crude oil is a complex mixture of hydrocarbons, but also containing minor
amounts of organic compounds with the heteroatoms nitrogen, sulphur and
oxygen. Crude oils also contain trace amounts of metallic constituents (Ni, V,
Cu, Fe). The elemental composition, based on available data from petroleum

sources from all over the world, is given in Table 2.1 [13].

Table 2.1: Elemental composition of petroleum. From Speight [13]

Element %
Carbon 83.0-87.0

Hydrogen 10.0-14.0
Nitrogen 0.1-2.0
Oxygen 0.05-1.5
Sulphur 0.05-6.0

Metals (Ni and V) < 1000 ppm
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2.2 Classifications of petroleum constituents

The number of chemical compounds in crude oils is immense, causing a great
complexity in composition [14]. Due to the extreme complexity a complete
molecular identification of every single component in petroleum is impossi-
ble, and one has to settle for simplifications. This is achieved by separation
of the crude oils into fractions, or classes, of compounds of similar properties
by means of chemical or physical methods [13]|. There are numerous ways to
classify petroleum fractions and many different separation schemes are used
for fractionation of petroleum into various types of subclasses. One common
way of classifying petroleum is to name the pure hydrocarbon compound
groups as paraffins (saturated hydrocarbons, straight chained or branched),
naphthenes (cyclic saturated compounds with one or several rings that may
have paraffinic side chains, and are often also termed "alicyclics") and aro-
matics (hydrocarbons with one or several aromatic nuclei that also can be
bonded to naphthene rings and/or paraffinic side chains). Olefins (unsatu-
rated compounds; alkenes) are rarely reported. The fractions that contain
heteroatom compounds are often referred to as resins and asphaltenes. Resins
and asphaltenes are often termed "polar compounds", or "NSO" compounds.
Such fractions can be abbreviated as "SARA" fractions; Saturate, Aromatic,
Resin and Asphaltene [15]. The compound groups are often subdivided into
further subclasses, like for example the aromatics into mono-, di-, tri- and
tetraaromatics [14], or the resins into acids, bases and neutrals |16, 17].
Sometimes petroleum- or petroleum fractions are described as "light" or
"heavy", based on distillation properties or API gravity [13,14]. Again, the
definition of these terms may not be very restricted. In general, light oils
are enriched in paraffinic compounds and have a higher proportion of lower-

boiling components. The so-called "light hydrocarbons" are the range of
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compound between C;-Cg [18]. Light oils have low viscosity, high API gravity
and low heteroatom content. Heavy oils are depleted in light hydrocarbons,
enriched in asphaltenes, have low API gravity, high viscosity, high content
of sulphur and acidic compounds. These oils are often severely biodegraded.

The process of biodegradation is described in the next section (Section 2.3)

2.3 Biodegradation

Petroleum biodegradation is the alteration of crude oil caused by living or-
ganisms [19]. For a long time it was assumed that hydrocarbon degradation
only was possible in the presence of oxygen, the processes being carried out
by aerobic bacteria (oxygen electron acceptors) [19-21]. However, it has been
recognised that anaerobic bacteria (bacteria that utilise other electron accep-
tors than oxygen, e.g. sulphates and nitrates) also are capable of hydrocarbon
degradation in subsurface petroleum reservoirs [22,23]. Some authors sug-
gest that the latter described process may be predominant in deep subsurface
petroleum biodegradation [23-25]. There has also been reported about cer-
tain facultative microorganisms that possess the ability to exist under both
aerobic and anaerobic conditions [26-28]. The biodegradation processes are
controlled by conditions that support microbial life and suit the specific bac-
teria, important factors being reservoir temperature, water pH, salinity- and
nutrient concentrations and the accessibility to electron acceptors and hydro-
carbons [29,30]. Biodegradation has a negative impact on the oil quality and
renders both the oil recovery and refining process difficult, as the molecular
changes that takes place in the oil as a result of biodegradation make the oil

increasingly "heavier" (as discussed in Section 2.2).

The process is generally considered to be selective and quasi-stepwise,

7
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based on the view that microorganisms prefer certain constituents of the
crude oil above others. Although the rates at which the different petroleum
hydrocarbons are degraded are not fully understood and the systems are very
complex [30], the removal of the hydrocarbons has generally been found,
very briefly stated, to happen in the following succession: n-alkanes, iso-
prenoids and other branched alkanes, cyclic alkanes and aromatic hydrocar-
bons. However, this is also dependent of the type of microorganism, as indi-
vidual organisms can be very specific for the hydrocarbon substrates they can
metabolise [31,32]. Several schemes for qualitative assessment of biodegra-
dation levels are reported in the literature, two of the most well-known being
the Peters and Moldowan (PM) scale [33] that emphasises moderate to se-
vere biodegradation levels, and a modified scheme by Wenger et al. [32] that
expands the assessment of initial/moderate stages of biodegradation. In a
recent paper by Elias et al. [34] an improved method of biodegradation as-
sessment is proposed. This approach allows for a quantification of the extent

of depletion of individual hydrocarbons within series of related oils.

Figure 2.1 illustrates chromatographic profiles of a non-biodegraded oil
compared to a moderately biodegraded oil. The chromatogram of the non-
biodegraded oil has a typically "n-paraffin envelope", where almost all the n-
alkanes are intact and dominating the chromatogram. In the chromatogram
showing the biodegraded oil, the n-alkanes are almost completely consumed,
but some branched- and cyclic alkanes and aromatic hydrocarbons have not

been utilised by the bacteria at this stage of biodegradation.

Not only hydrocarbons are susceptible to biodegradation. Although less
documented, the polar (NSO) compounds in petroleum are also affected by
microbial processes, including petroleum acids. Several authors report that

carboxylic acids are generated during both aerobic and anaerobic biodegrada-
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Figure 2.1: Hlustration of changes in gas chromatographic profiles as a result
of biodegradation. Upper: a typically non-biodegraded crude oil. Lower:
a crude oil that has undergone moderate biodegradation (from crude oils
belonging to the HYPERION project, University of Bergen 2007).

tion [35-41]. However, during the same processes acids can also be removed,
utilised as substrates for growth by the bacteria [35,38|. Studies on biodegra-
dation of naphthenic acids in the laboratory support this [42-45]. Hence,
these polar acidic compounds are not as bioresistant as once believed. Acidic
constituents of petroleum and interfacial properties are described in more

detail in the next sections (Sections 2.4-2.5).

2.4 Acidic constituents of petroleum

The presence of acidic compounds in petroleum was reported for the first
time by Hell and Medinger [46], as early as in 1874. By 1930, after extensive
research in order to determine the structures of acids in petroleum, it was

stated that phenols and carboxylic acids had been found in crude oils. The



CHAPTER 2. CRUDE OIL

acids were found to be both aliphatic and alicyclic (Lochte [47] and references
therein). The origins of the petroleum acids are still a subject of research.
In the early stage it was debated whether the acids were artefacts formed
during various refining processes. However, it was shown that only a small
quantity of acids were produced during these processes [48]. As of today
it is generally assumed that acids may have been incorporated into the oil
from three different sources; 1. Acidic compounds found in source rocks,
derived from the original organic matter that created the crude oil (plants
and animals) [49-51]. 2. Neo-formed acids during biodegradation [35-41,52]
(although the high acid concentration in biodegraded oils is believed to be
related principally to the removal of non-acidic compounds, leading to a
relative increase of the acid concentration levels). 3. Acids that are derived
from the bacteria themselves, e.g. from cell walls that the organisms leave
behind when their life cycle is completed. Indications of such types of species
are reported by Tomczyk et al. [53]. In their work species containing more
than just carboxylic acid functionalities are identified, e.g. sulphur- and
nitrogen functionalities. The latter may originate from amino acid in the
cell walls. An additional possible source, although not much explored in
this context, is the presence of so-called biosurfactants. The bacteria that
cause biodegradation, must exist in the water phase, and they need to reduce
the interfacial tension between oil and water in order to access the carbon
source (oil). This is done by producing a biosurfactant [30,54|. In general,
biosurfactants are complex molecules, but the chemical composition of many
biosurfactants classes includes acidic functionalities (fatty acids and amino

acids moieties) [55,56].

Despite the reports of presence of compounds in petroleum acidic fractions

that do not solely contain the carboxylic acid functional group, most of the

10
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research on petroleum acids comprises the so-called naphthenic acids. The
term "naphthenic acids" is commonly used to describe an isomeric mixture
of carboxylic acids containing one or several saturated alicyclic rings [57,58].
However, in petroleum terminology it has become customary to use this
term to describe the whole range of organic acids found within crude oils.
Naphthenic acids are generally described on the formula C,Hs,, 705, where
n is the number of carbons, 7Z is the "hydrogen deficiency" index. 7 is
either zero (for simple fatty acids with one carbon-oxygen double bond) or a
negative even integer (acids with additional rings/double bonds) that specify
homologous series [59-61].

Some general, simplified structures of typical acidic compounds found in
petroleum are given in Figure 2.2 (modified from Qian et al. [60], Clemente
et al. [58] and Laredo et al. [62]). Recently, some new and very interest-
ing high molecular weight acid structures have been discovered [63,64]| and
described [65-67]; the so-called "ARN" acids. These are a mixture of Cgg
tetraprotic acids with 4-8 alicyclic rings, found in crude oils of North Sea
UK, Norwegian Sea and West African oilfields. An example of an ARN acid
structure is given in Figure 2.3. The origin of these acids is still not clarified,
but one possibility is that they may be biosurfactants produced by oil de-
grading bacteria. The unusually high interfacial activity these acids display,
compared to monoprotic acids, supports this idea [65]. Interfacial properties
of oil constituents are discussed further in the next section (Section 2.5).

Acidic crude oils are generally considered as problematic from an oil qual-
ity point of view. The acids cause corrosion problems in the refinery processes
and due to their toxicity, they also represent a pollution source in refinery

wastewaters [42].

11
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Figure 2.3: Example of a proposed structure of an 8 ring Cgy tetraprotic
ARN acid (Smith et al. [66]).

2.5 Interfacial properties

Crude oil components that are surface active (at the boundary between
liquid/solid or liquid/gas) and interfacial active (in the interface between
two liquids) span over a large range of chemical structures and molecular
weights. Asphaltenes and resins, including naphthenic acids, are examples
of petroleum constituents that display such properties [17,68-71], thus act-
ing as natural surfactants. Surfactant molecules are amphiphilic, meaning
that they have both hydrophilic and hydrophobic parts in the molecules,
and for this reason adsorb strongly at interfaces [72]. Oil/water interfacial
active compounds typically reduce the interfacial tension between the two
phases and enhance stabilisation of water-in-oil (w/o) emulsions. The for-
mation of stable w/o emulsions is generally undesirable and causes serious
challenges in petroleum production in terms of separation and refining pro-
cesses [73,74]. As mentioned in the previous section (Section 2.4) the newly
discovered "ARN" types of acids have shown particularly strong interfacial
properties.

Surface active compounds in crude oils are also important for reservoir
production challenges [75-77|. Although the processes involved are complex
and still not well understood, polar compounds present in crude oils are

generally assumed to be involved in adsorption interactions or deposition
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mechanisms that take place at the crude oil/brine/rock interface. These
surface active components may contribute to wettability alteration of the
rock from initial water-wet, to less water-wet or oil-wet reservoirs.

It should be mentioned in this context that indigenous components found
in some crude oils display surface activity in the interface between crude oil
and gas hydrates [3-7]. These natural surfactants display preventive prop-
erties on the formation of gas hydrate plugs, and are believed to be anti-
agglomerants. Anti-agglomerants and gas hydrates are described in more

details in the next chapter (Chapter 3).
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Chapter 3

(Gas Hydrates

3.1 Background

Generally, Joseph Priestley is believed to be the first discoverer of hydrates
in 1778, as a result of laboratory curiosity. However, there exist no records
that confirm the experiments of Priestley [1]. The first documentation on gas
hydrates is generally credited Sir Humphrey Davy, with his paper published
in 1811 [78]. In 1810 Davy observed in his experiments that chlorine gas dis-
solved in water froze more readily than pure water. What he had discovered
was chlorine hydrates. Over a long period after this discovery the interest in
hydrates was purely academic: the early works (1810-1934) were focused on
mapping all types of compounds that, when mixed with water, transformed
into solid hydrates. In 1934, the first hydrate plug in a gas transport line
was reported by Hammersmith [79], and gas hydrates as a challenge to the
industry became a major focus in hydrate research. Since this discovery the
field of gas hydrate research has become large. Only for the five last decades
it has been recognised that gas hydrates naturally occur in deep seas and

permafrost, and that these may represent a potential source of energy for the
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future. However, they are also being considered a potential source to future

climate changes and to geohazards [1].

3.2 Molecular structures

Hydrate clathrates are crystalline inclusion compounds. They consist of small
guest molecules trapped inside cavities in a framework formed of hydrogen
bonded water molecules. They look very much like snow or ice (Figure 3.1),
but can exist at temperatures far above the freezing point of water. Depen-
dent on the size of the trapped molecules, the common types of structures are:
cubic structure I, cubic structure II and hexagonal structure H, as shown in
Figure 3.2 (illustration from Sloan [80]). Figure 3.3 shows a segment of cubic

structure I in more details, illustrated with methane as a guest molecule.

Figure 3.1: Decomposing propane hydrates (photo by Kristin Erstad, De-
partment of Chemistry, University of Bergen, 2006).
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Cavity Types - Hydrate Structure ‘Guest’ Molecules
. ‘ 46 HO Methane, Ethane,
e ? | Carbon dioxide, etc.
2 51262 Structure [

136101 Propane, Iso-butane,
| etc.

{ Methane + Neohexane,
‘Methane + Cycloheptane,
| etc,

Structure H

Figure 3.2: Figure taken from Sloan [80]: Three common hydrate unit crys-
tal structures. Nomenclature: 526 indicates a water cage composed of 12
pentagonal and 4 hexagonal faces. Along the lines are indicated the numbers
of cage types. Example: the Structure I unit crystal is composed of 2 52
cages, 6 51262 cages, and 46 water molecules.

Figure 3.3: Simplified illustration of framework of cubic structure I hydrate,
with an encapsulated methane guest molecule. The figure is adapted from
University of Gottingen, GZG.
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3.3 Phase equilibriums of gas hydrates

The formation of hydrates is restricted to confined temperature- and pressure
ranges. The T-P area of where hydrate formation is possible is determined
by "hydrate phase diagrams". The positions of the phase boundaries in such
diagrams are dependent on the total composition of the system. I.e. the
nature of the hydrate forming component (i.e. type of gaseous guest molecule,
single- or multiple component gas), the composition of the water phase (pure
water or water with dissolved salts/inhibitors) and if an additional fluid is
present (e.g. a crude oil); the composition of the specific fluid. Based on
this information, theoretical hydrate phase diagrams can be constructed with
commercial hydrate simulator software. The accuracy of such prediction tools
is evaluated by comparing the theoretical data with experimental data [81].
An example of a hydrate phase diagram for a system consisting of pure water

and a single hydrate former (propane) is shown in Figure 3.4.

-
o

Hydrate formation region

Pressure (Bar)
N w B [6)] [e>] ~ (o] ©

No hydrate formation

-
L

o
'

Temperature (°C)
Figure 3.4: Simple schematic overview of gas hydrate behaviour in a system

of pure water and propane. The phase diagram is calculated by means of the
software PVTsim from Calsep.
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The thick line illustrates the hydrate phase boundary . To the left of this
boundary P-T conditions that favor hydrate formation are present, whereas

in the region to the left hydrate formation is not possible in this system.

3.4 Gas hydrates in an industrial perspective

In petroleum production, the formation of hydrates is observed in pipelines
and production facilities [1]. Petroleum associated natural gas consists mainly
of methane, ethane and propane. Hence, the presence of propane facilitate
the formation of structure II hydrates in multiphase transport pipelines [82]
(see also Figure 3.2), although a possible coexistence of structure I and II
has been predicted [83|. The oil- and gas industry is moving the production
into deeper waters and at longer distances from the shore. This involves
transport of unprocessed gas and oil over long distances, where the fluids are
gradually cooled to sea floor temperature. Here, at high pressure- and low
temperature, the conditions for hydrate formation are ideal, and the risk of
hydrate plug formation is impending [82]. The risk of blockage of oil- and
gas pipelines due to formation of hydrate plugs is a severe problem, and rep-
resents a negative impact of the project economy as well as safety hazard for
the production personnel. Removal of plugs by depressurisation can cause
the plug to become a hazardous projectile that can cause severe damage on
equipment, or even loss of life [84]. Figure 3.5 shows a propane hydrate
plug being dissociated by depressurisation during laboratory experiments,
the pressure being released very carefully from both side of the plug. This is
considered the safest method of hydrate plug remediation in pipelines [82].

19



CHAPTER 3. GAS HYDRATES

Figure 3.5: Dissociation of propane hydrate plug by two-side depressurisa-
tion in the laboratory (photo by Kristin Erstad, Department of Chemistry,
University of Bergen, 2006).

3.5 Chemical inhibitors

3.5.1 Thermodynamic inhibitors

To avoid hydrate plugging scenarios described in the previous section, the
oil companies undertake hydrate prevention strategies. Traditionally these
strategies are conservative and expensive, assuming that plugging will always
occur. In practical applications the strategy means that operators design the
transport conditions such that the well-stream is never allowed to reach the
hydrate stable area of the pressure, temperature phase diagram. A major
tool for manipulating the phase diagram is thermodynamic inhibitors (typ-
ically methanol and monoethylene glycols (MEG)) [1]. As shown in Figure
3.6 the addition of methanol shifts the phase boundary to the left, towards
higher pressures and lower temperatures. Hence, their performances are very
similar to those of anti-freezing agents. This prevention strategy is expen-

sive, because large amounts are required; 10-50 % of the water phase [85].
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In addition, this type of treatment involves recovery of the alcohols from the
processes. Hence, if the field is small or the transport length is too long,
then the hydrate strategy may be a project stopper. As many of the larger
fields are in their tail production phase, large volumes of water and gas must
be handled. During shut down and restart of these fields huge amounts of

methanol and MEG are normally used.

30 wt% MeOH no inhibitors
200
150
g
O
5}
E 100
s
a
50 A
0 T T T T
-20 -10 0 10 20

Temperature, "C

Figure 3.6: Shift of hydrate equilibrium line towards lower temperature and
pressure by addition of 30 % methanol (grey stippled line) compared to a
system with no inhibition (black line). The hydrate former is a natural
gas consisting of 90.4 % methane, 5.2 % ethane, 2.1 % propane and trace
amounts of Ny, CO», iso-butane, n-butane, iso-pentane, n-pentane and C6).
The phase diagrams are calculated by means of the software PVTsim from
Calsep.

3.5.2 Low dosage hydrate inhibitors

The cost considerations associated with thermodynamic inhibitors has moti-
vated the search for alternative hydrate strategies. The development of so-
called "Low dosage hydrate inhibitors" (LDHIs) as replacement for alcohols

has been a subject of research for many decades. A comprehensive review of
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the literature within this research field is given by Kelland [2|. Presently two
main types of LDHIs exist; kinetic inhibitors (KIs) and anti-agglomerants
(AAs). Neither of these alters the thermodynamic equilibrium of hydrates,
but their surface properties affect the hydrate kinetics and agglomeration,
respectively. LDHIs are effective at low concentrations (typically 0.5-3 wt
%) [86]. Their performances are also dependent on the extent of subcooling
in the system, i.e. the difference between the hydrate equilibrium tempera-

ture and the operating temperature at a given pressure [2].

KIs work by delaying the initial hydrate nucleation, i.e. increasing the
induction time of hydrate formation. Also, kinetic inhibitors adsorb onto
growing hydrate crystals at the hydrate/water interface, preventing small hy-
drate crystals to grow into larger crystals, thus slowing the rate of growth and
prolonging the period of time before catastrophic growth occurs [1]. This de-
lay in hydrate growth means that one may operate within the hydrate stable
area of the phase diagram for a given amount of time without the appearance

of hydrates. KIs are typically water-soluble polymeric compounds [87-89].

The second group of LDHIs, the AAs, are inhibitors that prevent agglom-
eration but not formation of hydrates [1|. The key to the AA effectiveness
is their structures and surfactant properties. AA surfactants are thought
to work by containing polar head groups that can interact with the lattice
of hydrate water molecules, and a hydrophobic tail group that attracts the
hydrocarbon phase [90,91]. Such a mechanism influences the hydrate wet-
tability, rendering the hydrate surface "oil-wet". Oil-wet particles tend to
stabilise w/o emulsions [7,9]. The AA surfactants are believed to stabilise
the water phase as small droplets dispersed in the hydrocarbon phase as a
w/o emulsion, and the hydrates form within these small droplets [1]. Hence,

AAs cause the hydrates to form dispersions or suspensions that are kept in
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the oil phase and easily transported as slurries in production lines. An ad-
ditional proposed mechanism is that AAs disperse the hydrate particles by

preventing them sterically from contact and adhering together [92].

LDHIs have a huge application potential to replace the thermodynamic
inhibitors (methanol and glycols). As of today the way of how LDHIs work
at a molecular level is not yet fully understood or documented, even though
they have now been applicated in the field [93]. However, the use of LDHIs
is restricted on the Norwegian continental shelf due to their toxicity. The
main concern is their low biodegradability. The work of developing new and

more environmentally friendly LDHIs is currently ongoing [85,89,94].

3.6 Natural inhibitors

In multiphase transport systems where crude oils are present, plugging is
never observed in some cases, even though the system may be located well
within the stable P-T area of hydrate formation. The natural ability of some
crude oils to inhibit hydrate agglomeration has been reported by several au-
thors [3-8]. This phenomenon is attributed to crude oil composition and
the presence of indigenous hydrate mitigating components. Some authors
name these compounds "natural inhibiting components" (NICs). These are
believed to be natural anti-agglomerant surfactants with affinity for the hy-
drate surface, adsorbing to the hydrate surface by hydrogen bonding interac-
tions (as discussed in the previous section). This idea is illustrated in Figure
3.7, where the NICs create "oil-wet" hydrate surface, the particles being
surrounded by a layer of NICs. This mechanism prevents agglomeration of
hydrate particles that otherwise may lead to building up of hydrate plugs.

The generation of oil-wet hydrates correlates with low hydrate plugging ten-
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dency, as a result of a change in surface energy of petroleum hydrates. |7,95].
It has been reported that the effectiveness of the natural anti-agglomerants
is strongly dependent of salinity and pH [96].

Although the field of research is in its early stage and published ma-
terial is sparse, several authors emphasise that acid fractions from some
crude oils impose anti-agglomerating effects on hydrates and preventing plug-
ging [9,11,91,97]. The work presented in this thesis is solely based on isolation
and characterisation of petroleum acids in this context, although it is impor-
tant to have in mind that other classes of petroleum constituents also may

be natural inhibitors.

Bulk oil phase
O
$ io ! 43 é (5(
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WM o oW \H o n” /O o v’ H \o H Sh %
H H H H H H/
hydrate surface

Figure 3.7: Tllustration of how interactions in the crude oil-hydrate interface
may take place. Polar, natural inhibiting components in the oil adsorb to the
hydrate surface, making it oil-wet (adapted by courtesy of Sylvi Hgiland).
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Chapter 4

Methods for Characterisation of

Crude Oi1l and Crude Oil

Fractions

4.1 Determination of acid content

Quantification of the acid content in petroleum and petroleum fractions is
mostly done either directly, by non-aqueous titration methods, or by various
acid extraction methods. The titration methods are destructive, i.e. they
provide a quantitative measure of the of total acid content, but after the
measurement is done the samples can not be taken to further analysis. These
methods do not provide detailed compositional information about compound
groups present in the sample. Using acid extractions methods, however, acids
are physically isolated from the bulk matrix. The isolates can be quantified

and also be taken further for characterisation with other analytical methods.
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4.1.1 Acid extraction

A wide range of separation schemes for isolating acidic compounds has been
reported in the literature. Typical separation schemes involve extensive mul-
tistep separations that require pre-separation of the resin fraction prior to
the acid extraction [59,62]. Other methods extract the acids directly from
the crude oil matrices. Liquid-liquid extraction techniques are widely used.
Here, alkaline base solutions are used to remove the acids based on partition
principles [39,48,53,68,98,99]. Another common direct method is solid-liquid
extraction. Such methods often make use of ion-exchange resins [100-102].
The solid phase (ion exchange resin) typically consists of quaternary am-
monium amines with bonded anions that are exchanged with the anions of
the analyte [103]|. Also, liquid chromatographic techniques based on adsorp-
tion/polarity of compounds have been been reported [104,105].

In the works presented in this thesis two different methods have been
applied; liquid-liquid extraction, described by Costantinides and Arich [48|
and others [40,71] (Paper I and IT), and ion-exchange methodology described
by Mediaas et al. [102] (Paper I-V and Research report). This ion-exchange
method uses a sugar-based resin and has proved to have both high effective-

ness and selectivity.

4.1.2 TAN - Total Acid Number

TAN is a non-aqueous potentiometric titration procedure commonly used in
the oil industry for measuring acidity of crude oils [37,62,101,106]. TAN
is defined as the amount (mg) of potassium hydroxide (KOH) necessary to
titrate 1 g sample to a well-defined inflection point. Procedures have been

standardised by the American Society for Testing and Materials (ASTM).
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ASTM664-89 [107] is a method where the titration is performed with a so-
lution of KOH in 2-propanol. This method has recently been modified by
Barth and Strand in order to achieve an improved detection of the weaker
acids in crude oils [108]. Although TAN is the standardised method in oil
industry, other non-aqueous potentiometric titration procedures are reported

for determination of acidic and basic content in petroleum [109,110].

4.2 Chromatographic methods

Generally, chromatography is a technique in which the components of a mix-
ture are separated based on the rates at which they are carried through a
stationary phase by a gaseous or liquid mobile phase [111]. There exist a
multitude of chromatographic methods. Some of these are described in the

following sections (Sections 4.2.1 - 4.2.5).

4.2.1 High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) is a chromatographic
method where compounds are separated based on their affinity to, and parti-
tion between, a liquid mobile phase and a stationary phase that consist of a
finely divided material. Based on the polarities of the mobile and stationary
phases, the chromatographic separation can be divided into two types. In
normal-phase chromatography the stationary column is packed with a polar
material. The polarity of the material can be varied, and is normally chosen
based on an assessment of the polarity of the sample. Typically functional
groups used are amino, cyano or diol [103]. The mobile phase in such systems
is usually a non-polar solvent (if a single single solvent is used). In normal-

phase chromatography the least polar analyte elutes first. In reversed-phase
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chromatography a non-polar stationary phase and a polar mobile phase are
utilised. The stationary phase is typically a silica based material modified
with a hydrocarbon group, the most common one being C18. In reversed-

phase chromatography the least polar compounds are eluted last.

The solvent mobile phases are chosen based on achieving the most effec-
tive separation for the particular system in question. Isocratic elution means
that the mobile phase consists of one single solvent, as described above.
However, gradient elutions are more common. Here, two or more solvents

are varied throughout the run, to achieve a better separation.

There exist no universal detectors for HPLC, but a range of detector
types are available, each having specific performances. Thus, it is impor-
tant to choose a detection system that has specific properties that suits for
the nature of the sample one wants to study, and be aware of the limita-
tions the detector represents. Some common used HPLC detectors are based
on UV/VIS absorbance, refractive index, fluorescence, electrochemistry and
light scattering principles. The output of the detection is a chromatogram,
which is a plot of peaks giving an indication of concentration of sample com-
ponents as a function of their elution time through the chromatographic

column.

Various HPLC analytical procedures are used to separate crude oils and
crude oil fractions into various component groups [13,112-114]. HPLC pro-
cedures developed specifically for naphthenic acids [58] and acidic petroleum

fractions [66,67,104,115| are reported in the literature.

In the works of this thesis (Papers I, II, IV and V) HPLC in normal-
phase has been used to study our petroleum acid extract samples. A cyano
column of intermediate polarity, and a three component mobile phase gradi-

ent consisting of hexane, dichloromethane and methanol have been applied.
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Two types of detectors have been used; the UV detector is selective towards,
and suitable for, compounds that contain unsaturated organic functional
groups that can absorb light in the ultraviolet or visible region, so-called chro-
mophores. Thus, this detector has a limited applicability for the constituents
of a sample that possess an aliphatic nature. Hence, a complementary de-
tector has also been used. The evaporative light scattering detector (ELSD)
can be applied to most compounds with molecular weights from about 200
g/mol [103]|. Thus, if the sample contains molecules of low molecular weights
and low boiling points they will not be detected if they evaporate together

with the eluent solvents.

4.2.2 Solid Phase Extraction

Solid phase extraction (SPE) is a chromatographic technique that has many
benefits: it is rapid, inexpensive and reproducible, and requires low sample-
and solvent amounts [116]. The technique is based on partition principles,
where the analytes have stronger affinity for, and adsorb to, a solid phase
rather than the sample matrix. After adsorption the compounds can be
removed from the adsorbent material and collected sequentially, using solvent
eluents that have affinity for the different compounds that are retained on the
solid phase. The most common application of SPE is to use cartridges packed
with a suitable solid phase (these are generally similar to the HPLC columns
described in Section 4.2.1). This technique has been used for petroleum
samples, e.g. for separation of aliphatic and aromatic hydrocarbons [117], and
also for analysis of naphthenic acids [99,100]. In this work a SPE technique
for rapid, preparative subfractionation of crude oil acid extracts is developed
(Paper I). The technique has further been applied in the works of Paper
ITI-IV and the Research report.
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4.2.3 Gas Chromatography

In gas chromatographic techniques the components in a sample are separated
based on their volatility, and on their affinity to a stationary phase and a
mobile, gaseous phase. The instrumental set up is typically as shown in
Figure 4.1. The most common stationary phases used for complex mixtures
like petroleum are capillary columns [103]. These consist of a non-volatile
liquid that covers the inside walls of the column. The mobile phase is a
chemical inert gas, typically helium. An injection system is designed to
introduce the sample into the gas stream and to the column. By programming
the temperature oven to increase step-wise or continuously, samples with
a broad boiling range achieve increased chromatographic separation on the
column, and they reach the detector at different retention time. The detector
most commonly used for organic compounds in GC analysis is the flame
ionisation detector (FID). The principle behind this type of detection is that
the electrical conductivity of a gas is proportional with the concentration of
charged particles, i.e. ions, in the gas. And the number of ions produced
is related to the concentration of sample material that is combusted in the

flame.

A "Whole Oil Gas Chromatography" (WOGC) technique for assessment
of the extent of biodegradation in crude oil samples has been applied in Pa-
per V. "The Norwegian Industry Guide to Organic Geochemical Analyses"
(NIGOGA) [118] is produced in order to achieve consistency in the analyt-
ical laboratory procedures of Norwegian oil companies and the Norwegian
Petroleum Directorate. The instructions given in this guide are used for
identification of compounds, and for assessment of the quality of the data.
This includes using a thoroughly characterised standard oil (the Norwegian

Geochemical Standard oil, NSO-1) for assignment of peaks.
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Figure 4.1: Schematic illustration of components in a gas chromatographic
system.

4.2.4 Gel Permeation Chromatography

Gel Permeation Chromatography (GPC), sometimes called Size Exclusion
Chromatography (SEC), is a technique that separates molecules according
to size and shape [119]. In the chromatographic system a column packed
with a porous material, having a given pore size, is used as the stationary
phase. Traditional stationary phases in GPC consist of polysaccharides or
polystyrenes. The sample molecules are separated due to their exchange
between a liquid mobile phase and the stagnant liquid inside the pores in
the packing material, by diffusion. Dependent on the pore size, the largest
molecules will retain the least time in the column as they will be excluded
from the pores, and elute first. The smallest molecules will spend longer
time in the pores and elute last. In GPC, the relationship between retention
time and molecular weights is calibrated with standard compounds of known
molecular weights. When selecting the mobile phase it is of major impor-
tance to choose a solvent of sufficient "solvent power" for the specific sample
in question. The phenomenon of molecular aggregation/polymerisation, es-
pecially for the asphaltene fraction is a well-known challenge in these types

of analysis, and can lead to incorrect My, range determinations [120]. Al-
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Figure 4.2: Example of a GPC chromatogram.
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though GPC is a commonly applied technique for petroleum samples, it is

not an exact method. It has several disadvantages; the lack of realistic stan-

dards similar to petroleum constituents, adsorption to the gel material on

the column, and influence of molecule geometry being common factors that

can obscure the analysis [13,40].

In this thesis (Paper II, III and IV) GPC has been applied to the samples,

using the same instrumental setup as for HPLC. The stationary phase column

consists of polystyrene/divinylbenzene. An isocratic (one-solvent system)

mobile phase elution with tetrahydrofuran (THF) is used, and the ELSD for

detection. The output is a chromatogram like shown in Figure 4.2. The

retention time that represent the maximum height of the peak is used to

calculate the medium molecular weight of the sample (MW,,.4), which is

assessed as an "average" molecular weight of all the molecules that constitute

the sample. The retention times at the width at half the peak height can

be used as an evaluation of maximum molecular weights (left side, MW,,4.)

and minimum molecular weights (right side, MW,,;,) respectively. Having

in mind the limitations of the method, only approximate molecular weight

ranges can be achieved. However, modern high resolution mass spectrometric

techniques are now emerging, providing molecular weight measurements with

high degree of accuracy (see Section 4.3.3).
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4.2.5 Thin Layer Chromatography - Flame Ionisation

Detection

Thin Layer Chromatography - Flame lonisation Detection (TLC-FID) is a
method used for determination of the distribution of saturated (aliphatic)
hydrocarbons, aromatic hydrocarbons, resin- and asphaltene fractions in
petroleum and solvent extracts from rocks [38,77,118,121,122]. This is a
rapid way of performing SARA analysis. The technique is often also titled
with the trade name "latroscan", which is a special instrument equipped
with a FID. The stationary phase in this system consists of special designed
thin layer rods coated with silica or aluminium oxide (Chromarod®). The
samples are applied near the end of the rods, and the rods are placed in
special development tanks, saturated with the respective eluent solvents of
increasing polarity. The different fractions in the sample are separated as
they migrate upwards on the rods to different distances, depending on which
solvent system they elute with. The rods are then scanned in the Iatroscan
instrument, by leading them through the hydrogen flame of the FID.

This technique has been applied to three oil samples in Paper V, where

further details can be found.

4.3 Spectroscopic methods

Spectroscopy involves absorption of, and resolution of, different types of elec-
tromagnetic radiation into their wavelengths to produce a spectrum. Spectro-
scopic techniques based on UV /visible and infrared radiation are described
in the following sections (Sections 4.3.1 and 4.3.2). As new techniques have
evolved the concept of spectroscopy does not any longer apply solely to tech-

niques were electromagnetic radiation is involved, but has been extended

33



CHAPTER 4. METHODS FOR CHARACTERISATION OF CRUDE OIL AND
CRUDE OIL FRACTIONS

to involve e.g. mass- and electron spectroscopy [111|. Mass spectrometry
(MS) (described in Section 4.3.3) differs from other organic spectral analy-
sis by being determined by chemical reactivity rather than electromagnetic
radiation. However, it is customary to consider MS along with the common
spectroscopic methods. Spectroscopic methods are very central tools in gen-
eral organic chemistry. During the last decades, application of spectroscopic
studies in the evaluation of petroleum and petroleum products have become
of increased importance. Many analytical spectroscopic methods have now
been integrated and standardised by the American Society for Testing and

Materials (ASTM) [13].

4.3.1 Ultraviolet/Visible Spectroscopy

The ultraviolet- and visible (UV/VIS) spectra of organic compounds are
based on transitions between electronic energy levels when the radiation is
absorbed by a molecule. The UV region comprises wavelengths between
approximately 200-400 nm, while the visible region is between approximately
400-800 nm. The degree of absorption intensities follows the Lambert-Beer*s
laws [123]. The technique is applicable to analytes containing chromophores,
i.e. compounds that contain electrons involved in double- and triple bonds
or heteroatoms. Thus, pure aliphatic compounds are difficult to study with
this technique.

UV /VIS absorbance spectra are typically recorded from dilute solutions
in a spectrophotometer, where a beam of light is passed through the sample
solution. The solution is commonly placed in silica- or quartz cuvettes that
have a certain thickness. Several works cited in the literature have utilised
UV/VIS spectroscopic techniques to study aromatic and heterocyclic con-

stituents of petroleum, e.g. the highly condensed asphalthenes [124-126| and

34



CHAPTER 4. METHODS FOR CHARACTERISATION OF CRUDE OIL AND
CRUDE OIL FRACTIONS

polar fractions [127]. As discussed in Section 4.2.1, detection systems based
on UV absorbance are also often used in HPLC, providing spectroscopic in-
formation of the compounds that constitutes the peaks in a chromatogram.
In this thesis an UV detector coupled to the HPLC system has been applied
in the works presented in Paper I, I and V. In Paper IV a spectrophotometer

instrument and a 1x1 ¢cm quartz cuvette have been used.

4.3.2 Fourier Transform Infrared Spectroscopy

Infrared spectroscopic methods yield information on functional groups present
in the sample molecules, e.g. C-H, C=C, C=0, O-H functions, and so on.
When the molecules are irradiated by infrared light, an alteration in their
vibrational energy state occurs when the radiation is absorbed. The ab-
sorption is registered by a spectrometer instrument, and this is the founda-
tion of the infrared spectrum of absorption bands. Fourier Transform In-
frared Spectroscopy (FTIR) spectrometers provide rapid analyses with very
high sensitivity. Here, the signals are transformed by a mathematic opera-
tion (Fourier Transformation) into a plot of absorbance versus wavenumber.
FTIR is widely used for characterisation of petroleum fractions [38], includ-
ing acidic fractions [17,40,53,98]. FTIR has been a central method in the
work of this thesis, and has been applied for characterisation of acid extracts
in Paper I, II, IV and V. A spectrometer with an Attenuated Total Reflection
(ATR) measuring cell has been used. This technique involves sending the in-
frared radiation into a diamond crystal that is in contact with the sample.
The radiation is reflected in the diamond, and a wave is sent into the sample
where it is attenuated in the region of the spectra where the sample absorbs
energy. This causes an alteration in the radiation emitted from the diamond

crystal, which is detected and gives the basis of the FTIR spectra for the
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sample.

4.3.3 Mass Spectrometry

Mass spectrometry (MS) is an unique, analytical method that provides a
means of studying samples on a molecular level. Generally, the technique in-
volves ionisation of the sample molecules in an ‘onisation source. Depending
of the type of ionisation source applied, the charged molecules can further
break up into fragment ions, where the fragmentation pattern is unique for
the molecule in question. This fragmentation pattern is used for identifica-
tion of the molecule. The ions are separated in a mass analyser prior to
detection. The output of the detector is a mass spectrum, which is a plot of
the mass/charge ratios (m/z) versus detector response.

Often MS is combined with pre-separation using chromatographic meth-
ods, like liquid chromatography - mass spectrometry (LC-MS) and gas chro-
matography - mass spectrometry (GC-MS). In these hyphenated techniques
the compounds are introduced into the mass spectrometer one by one, af-
ter the chromatographic separation. Unfortunately when analysing complex
mixtures, especially heavy petroleum and heteroatomic petroleum fractions
such as naphthenic acids, several disadvantages with these techniques ex-
ist [59,61,128-130]. Due to their high molecular weights and non-volatile
nature such samples often fail to be analysed by GC. Derivatisation meth-
ods are applied to increase the volatility, but these methods often involve
several work-up steps and consequently loss of sample. Both the ionisation
source and mass analysers used in conventional GC-MS may often not be
powerful enough to produce nor detect sample ions. In addition, the high
level of complexity of the samples combined with poor resolving power of the

instrumentation often produce a hump of unresolved peaks (UCM) in the
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chromatograms [37,53,59|. However, the latest years, new and powerful MS
techniques are developed, and are now on the verge of solving many of these

problems.

Electrospray ionisation (ESI) in negative mode generates a negative charged
molecular ion (M-H)~, and produce minimal fragmentation. Non-fragmenting
mass spectrometric techniques provides a wealth of information on practically
all the components in a fraction, and molecular formulas can be assigned
and concentrations determined [14]. ESI is highly suitable for ionisation of
acidic species [57,131,132]. ESI can be applied directly to the sample matrix
without pre-chromatographic isolation, due to its high selectivity for polar
heteratomic compounds and the suppression of the bulk hydrocarbon mix-
ture [35,130]. However, pre-separation is still highly favourable, and will
increase the resolution even further (personal communication, Dr. Stefanie
P6tz). The extremely complex nature of petroleum requires a mass analyser
with ultra-high resolution capacity [133|. Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), is now emerging as the supe-
rior tool for such challenges in terms of accuracy and resolution, providing

resolution 10-100 times higher than any other analysers [134].

Mass spectrometric techniques have been applied in the work of this thesis
(Research Report) to study the molecular composition of acid extracts and
their subfractions (SPE fractions). A GC-MS with Electron Impact (EI)
ionisation technique and a quadropol mass analyser has been applied for a
quick screening analysis without sample derivatisation, with the purpose of
detecting possible ester compounds. The same samples are also analysed with
ESI-MS (Electrospray Ionisation-Mass Spectrometry) by Dr. Stefanie P6tz at
Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences.

This work is still in progress, but some preliminary results are presented in
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the Research Report. At this centre a MS with a double focusing magnetic

sector field mass analyser and an ESI source is available.

4.4 Physical properties

Some methods for assessing physical properties of crude oils and crude oil

fractions are presented in the following sections (Sections 4.4.1 - 4.4.3).

4.4.1 Elemental Analysis

Elemental analysis gives the percentages of carbon, hydrogen, nitrogen, oxy-
gen and sulphur for organic compounds. Such types of analyses are widely
used to perform an evaluation of the nature of petroleum samples [13,98,135].
Assessment of the overall character of petroleum samples are often given as
ratios. H/C gives a measure of the aromaticity, N/C, O/C and S/C provide
assessments of heteroatom concentrations. In Paper IV a combustion anal-
yser has been used to determine the content of C, H, N and S in acid extracts
and SPE fractions. The content of O is calculated by difference. The basic
principle of quantitative CHNS-O analysis is high temperature combustion.
The gaseous combustion products are transferred by a helium carrier gas
into a copper tube where they are purified and separated into their various
components in specific adsorption traps, then sequentially analysed with a

thermo conductivity detector (TCD).

4.4.2 Density

Density is defined as the mass of a unit volume of material at a specified
temperature, and is a common parameter for assessment of the quality of a

crude oil. [13,14]. Biodegradation processes (described in Section 2.3) are
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known to increase the densities of crude oils [40|. Density may be measured
by means of several techniques. In the work of this thesis, two different
methods have been applied. A glass pycnometer is a rapid and convenient
way of measuring the density of a liquid. The device is a volumetric glass
vessel equipped with a thermometer. The vessel is filled up with the liquid at
a chosen temperature and weighted. The density is then determined from the
volume and weight of the liquid (Paper III). The second means of measuring
density (Paper III and V) has been by use of a densitometer instrument. In
this technique the liquid is filled in a special designed tube that is subjected to
harmonious oscillations by an electromagnet. The density can be calculated
from the period of the oscillation, which is dependent on the density of the
fluid [136].

4.4.3 Interfacial Tension

Interfacial tension (IFT) is a measure of the force acting at a boundary
between two immiscible liquid phases (or surface tension if the boundary
is between liquid/solid or liquid/gas). There exist numerous techniques to
measure interfacial- and surface tension properties [137,138], and they are
readily used for assessment of petroleum samples [13]. We have applied
a classical drop-volume method for IFT measurements (Paper III and V),
described by Harkins and Brown [139] and Adamson [137]. The technique is
based on measuring the maximum volume of a pendant drop formed at the
tip of a capillary in the bulk of another liquid (Figure 4.3). The interfacial

tension is measured from the following equation (Equation 4.1).
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Figure 4.3: Liquid oil droplet formed in the bulk of liquid water, at the tip
of an inverted needle.

where 7 is the interfacial tension (mN/m), V is the volume of one droplet
(m?), Ap = density difference between the two liquids (kg/m?), g is the
gravity constant (m/s?), r is the radius of the inverted needle (m) and F is a

dimensionless, empirical correction coefficient.

4.5 Hydrate wetting properties tests

Wettability is another term, or measure, of the energies associated with sur-
face tension. The surface energy of petroleum hydrates is believed to be
closely related to the plugging tendency, as discussed in Section 3.6. As men-
tioned in Section (4.4.3), a range of techniques are available for measuring
surface- and interfacial energies. On the other hand, general and convenient
methods for measuring the wettability /surface energies of hydrate surfaces
have hitherto not been available. However, Hgiland et al. 7| have developed
a method where the wettability of Freon hydrates can be assessed quanti-
tatively from their emulsion behaviour. This method has been applied in
the work of Paper III, and is described in the next section (Section 4.5.1).
Freon hydrates are convenient to work with in the laboratory as they form at

atmospheric pressure, and requires no pressurised or advanced instrumenta-
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tion. In Paper V the hydrate wettability, or the hydrate plugging tendency,
has been assessed using a high pressure sapphire cell, see Section 4.5.2. Here
a synthetic natural gas mixture is used as the hydrate former. This set-up

resembles more realistic hydrate formation conditions.

4.5.1 Inversion points in crude oil/brine emulsions

The basic approach to this method is that solid particles that are present in an
emulsion of a water/oil system, at the interface between the two phases, may
obtain various wettability states depending on the oil /water /solid interfacial
tensions of the system. The classifications are labelled oil-wet, water-wet or
intermediate wet, depending on which of the fluids that are most likely to wet
the particles. This is dependent on the chemical composition of the crude
oil, i.e. whether there are components present in the crude oil that possess
affinity for the solid surface [7]. According to the theory of colloid particle
stabilised emulsions, the wettability state of the solid particle will determine
whether it stabilises an water-in-oil emulsion (oil-wet solid surface) or an oil-
in-water emulsion (water-wet solid particle) [140,141]. The inversion point
of such particle stabilised emulsion systems can be determined by a step-wise
alteration the volume ratio of the two fluids [142].

Figure 4.4 is a simplified illustration of the method, in this case for system
of oil-wet Freon particles. The upper system is the initial system, without
particles. This is the reference system, measured for each specific oil sample.
This is to take into account each individual oils original chemical composition,
which will give the initial state of the particular oil sample in question. At low
volume fractions of water, the system is an oil-continuous emulsion. When
step-wise increasing the volume fraction of water, at some point the emulsion

system will no longer be able to maintain the water droplets dispersed. At
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this stage the system ceases to be oil-continuous, a water phase becomes
visible and the viscosity of the system alters abruptly. This stage represents
the point of phase inversion, ™. As can be seen in the example given in
Figure 4.4, for the initial system ¢ has a value of 0.45. Increasing the
volume fraction of water even further, the system will eventually transform
into a completely water-continuous emulsion system. The lower system is the
same oil/water system, but in which hydrate particles are present. In this
particular case the hydrate particles are oil-wet, from adsorbing components
present in the oil. As can be seen, in such a system the emulsion can hold the
water droplets dispersed to a higher volume fraction of water before the oil-
continuous emulsion breaks. And the point of phase inversion shifts to 0.65.
This is due to the stabilising effect on the water-in-oil emulsion the oil-wet
hydrate particles impose (in a system of water-wet particles the effect would
be the opposite, the point of phase inversion would be lowered). This can
also be understood from the illustrations of the curvatures of the interfaces
packed with oil-wet particles: the situation to the left, where the emulsion
is oil-continuous, is more favourable for a system containing oil-wet particles

than the water-continuous situation to the right. Figure 4.5 shows examples

of the appearance of a water-in-oil emulsion and an oil-in water emulsion.

4.5.2 Plugging tendency tests

Instrumental set-ups for assessment of hydrate plugging tendency, using dif-
ferent types of reactors and flow loops- or simulators, are commonly de-
scribed in the literature [4,6,8,11,90,96, 143, 144]. The plugging tendency
tests of crude oil samples described in Paper V have been performed in a
high-pressure cell rig set-up. Specifications about this set-up are reported

in the literature [3,95]. A simplified illustration of the instrumentation is
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Figure 4.4: Phase inversion in crude oil/brine emulsions containing oil-wet
hydrate particles (adapted by courtesy of Sylvi Hgiland).

Figure 4.5:  Oil-continuous (water-in-oil) emulsion (left) and water-
continuous (oil-in-water) emulsion (right) (by courtesy of Sylvi Hpiland).

shown in Figure 4.6. The core of the system is a transparent sapphire cell,
which is placed inside a climate chamber where the temperature can be con-
trolled. The instrumentation is equipped with a pump system that supplies
the fluids (oil sample, aqueous phase and a synthetic natural gas mixture)
into the cell where the fluids are mixed. The system is then programmed to a
cooling- and heating cycle that provides the hydrate formation- and decom-

position. During the experiments the development of temperature, pressure,
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volume and cell torque is monitored. In addition, still pictures and videos
are recorded, allowing for a visual inspection of morphologies of the hydrates
formed. The wettability, or plugging tendency, is assessed in a qualitative
manner from the visual images. The cell torque data provides some support
in this evaluation, as the torque gives an impression of the viscosity of the

fluids inside the cell.
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Figure 4.6: Simplified illustration of the high-pressure cell rig, for assessment
of hydrate plugging tendency (adapted by courtesy of Kjell Magne Askvik).
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Chapter 5

Main Results

5.1 Introduction and outline

In this chapter the main results from the Papers I-V, and the Research report
are presented. The chapter is structured roughly by dividing the observations
into three sections. The first part emphasises the development of methods
for isolating natural inhibiting components from crude oils. This includes
testing acid extraction methods that are reported in the literature, and find-
ing the most effective and best suited method for our samples. Moreover;
methods for separation of acid extracts further into subfractions are devel-
oped. The yields and composition of the isolated extracts and subfractions
are presented.

In the second part the results from investigating the separate effects of
these acid extracts and their subfractions on hydrate wettability are given.
Finally, the results from the analytical characterisation of these samples are
presented in the third main part.

The acids have been extracted from a range of crude oils that differ much

in chemical composition, physical properties and hydrate plugging tendency.
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Table 5.1: Some crude oil characteristics® and assignment to the works they
have been used in.

Crude oil Biodeg. Wettability Plugging In

label level® Ap*e tendency? paper/R.r.¢

Blc 2 -0.32 plug L II, IV, R.r.
B2b 6 0.26 dispersion I, IT, III, TV, R.r.
B2c ) int. wet./ n.m. I II

B4a 8 0.35 dispersion I, II, III, IV, R.r.
B4c 2 0.38 dispersion I, II, III, IV, R.r.
B4d n.m. n.m. n.m. I II

Brad n.m. n.m. plug \Y

B7bY n.m. n.m. plug V

S3b 0 -0.06 plug I II, IV, R.r.
S7b 0 (0.00) 0.21, 0.27 plug I, II, 11T

S9 n.m. n.m. plug \Y

@ The data are taken from Paper I-V and and Hgiland et al. [7]. Numbers given in
brackets indicate that values changed over time (see Paper III). The newest
measurements are presented outside the brackets.

b Peters and Moldowan scale [33].

¢ Wettability index, see Hpiland et al. [7] and Paper III.

¢ From combined field experience and tests performed in high pressure sapphire cells at
StatoilHydro ASA R&D centre.

¢ R.r. Research report

f Int.wet. This oil contain large amounts of water, and has been evaluated to be of
intermediate wettability.

9 Biodegraded in the laboratory.

n.m. not measured.

A general overview of the crudes, with assignments to which work they have
been used for, is given in Table 5.1.

The crude oils originate from the Norwegian continental shelf, and are
mostly supplied by StatoilHydro ASA (the S9 oil is provided by Prof. Terje
Torsvik, Centre for Integrated Petroleum Research). Some of the proper-
ties listed in Table 5.1 are already existing data. Biodegradation levels are
assessed on the Peters and Moldowan scale (see [33] and [40]) and wetta-
bility values are determined by Hgiland et al. [7]. The samples are denoted

with the capital letters "B" for biodegraded samples, and "S" for sweet, non-
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biodegraded crude oils. These are followed by a number that indicates the
fields they are sampled from. The last letter (in lowercase) denotes wells or

different batches within one field.

5.2 Fractionation of petroleum acid extracts -

method development

The natural hydrate anti-agglomerants present in crude oils are believed to
be constituents of the acid fraction. Although the petroleum acid fraction
comprises a very small part of the crude oils, it still represents a considerably
complex matrix. Hence, in the search for these components, methods that
are able to resolve this matrix into subfractions are required, in order to
obtain more detailed analyses. The developments of high performance liquid
chromatography (HPLC)- and solid phase extraction (SPE) fractionation
methods for characterisation of petroleum acids (Paper I) have been essential
works in this thesis. These methods have provided a foundation for all the

other works in this thesis.

5.2.1 HPLC methods

A cyano column with intermediate polarity (between silica and C18) has
been found most suitable for HPLC analysis of the petroleum acid samples
(Paper I). An eluent gradient of hexane, dichloromethane and methanol is
applied, which ensures elution of acid compounds having a wide range of
polarities and functionalities. This type of column material, combined with
the chosen eluent program, provides a separation of the acid extracts into

four well-defined groups of subfractions with similar chemical features: weak
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acids with no acidic protons, saturated carboxylic acids, phenolic compounds
and polyfunctional compounds. The responses from two different types of
detection give slightly different profiles, see Figure 5.1. The ELSD detects
most compounds apart from low-boiling compounds that evaporate together
with the solvent. Hence, e.g. certain phenolic compounds will fail to be
detected in this system. For this reason an UV detector has been applied
for comparison, as this detector provides a sufficient response also for such
compound types. The assignments of chromatographic peaks to the given
compound classes are done my means of a set of standard compounds. Even
after fractionation the subfractions are still too complex for identification of
individual compounds, but the method provides a mean of comparison of
acid extract from crude oils that possess different properties with regards to

e.g. biodegradation and hydrate plugging tendency.

\%
" F,: non-polar| Fy: saturated F: phenolic Fp: polyfunctional

comp. carboxylic compounds compounds
acids

0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 47.0
3S0TAU WVL:230 nm|
4 F,: non-polar| Fg: saturated F: phenolic Fy: polyfunctional
comp. carboxylic compounds compounds
acids

AN

Figure 5.1: Chromatographic profiles of B4c acid extract (from ion exchange
method) using an analytical HPLC column and two different detectors. Up-
per: ELS detector (Figure 2, Paper I). Lower: UV detection at 230 nm
(Figure 4, Paper I).
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This method has also been developed in a semi-preparative scale, which
allows for a physical separation and collection of each subfraction. Thus,
sufficient amounts of material for further analysis by complementary meth-
ods are obtained. The semi-preparative HPLC method has a slightly better
resolution of the carboxylic acid fraction (the peak Fp fraction in Figure 5.1

is separated into two fractions: Fp; and Fpy).

5.2.2 SPE fractionation

Even though the semi-preparative HPLC method allows for collection of
larger fractions, there is still need for a more simple, rapid and upscaled
preparative method for separation of even larger acid amounts. A separa-
tion corresponding with HPLC fractionation methods is attempted by using
cyano SPE cartridges. Even after optimisation of the eluent composition,
the SPE columns cannot reproduce the HPLC fractions exactly. This is re-
flected in limited capacity to resolve the components in the sample. Also,
a very strongly polar eluent (containing formic acid) is needed to remove
the most polar compounds from the column adsorbent. However, the four
fractions obtained with this method, SPE4-SPEp, are suitable for testing

physio-chemical properties of the acids.

5.2.3 Comparison of selectivity and effectiveness of acid
extraction methods

In the two first papers of this thesis (Paper I and II) two methods of extract-

ing acids from crude oil have been applied: an ion exchange method [102] and

a liquid-liquid extraction method [40,48, 71]. The yields of extractions are

compared and information about the distribution of acid compound classes
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are obtained by means of applying the HPLC methods described in Section
5.2.1. Figure 5.2 shows extraction yields and relative distributions of acid
compound classes determined from HPLC using ELSD, and the same acid
profiles when quantified with UV detector. Overall, the ion exchange method
is generally much more efficient than the liquid-liquid method. The oil B4a
has been extracted by both methods, and the amount of material in the
ion exchange extract is threefold the amount extracted by liquid-liquid ex-
traction. The liquid-liquid extract of B4a contains a larger relative amount
of phenols and non-polar compounds, and a smaller amount of carboxylic
acids compared to the corresponding ion-exchange extract. The two biode-
graded oils Blc and B2b contain highest amounts of acids, while the two
non-biodegraded oils S3b and S7b contain the least (ion-exchange method).
As can be seen the ELS detector gives strongest response to saturated car-
boxylic acids. The response to carboxylic acids is much weaker with UV
detection. The UV detector, however, gives a much stronger response to
both phenolic compounds and polyfunctional compounds. As for ELSD, the
UV detection also indicates that liquid-liquid extraction method yields acid
extracts that have a relatively larger amount of non-polar compounds, lesser
amounts of carboxylic acids and larger amounts of phenolic compounds com-

pared to ion-exchange extraction.

5.2.4 Distribution of acid compounds in HPLC and SPE

subfractions

The main observation from Figure 5.2 (Section 5.2.3) is that Blc, B2b, B4a
and B4c ion exchange extracts have very similar distribution of acid com-
pounds, measured by ELSD. B2c¢ is very different from these. The two acid

extracts from non-biodegraded oils S3b and S7b are not similar to each other,

50



CHAPTER 5. MAIN RESULTS

16 & non polar compounds 0,9
@ carboxylic acids

14 . 0,8 1
B phenolic compounds

1 B polyfunctional compounds 0,7

mg/g oil

Blc ion B2b ion B2c ion Bda ion B4c ion Bda lq B4d liq S3b ion  S7b _ion

7 non polar compounds

L 0,45
B carboxylic acids

B phenolic compounds 0,40

B polyfunctional compounds

0,35

Blc ion B2b ion B2c ion B4a ion B4c ion  Bda lig B4d_liq S3b_ion S7b_ion

Figure 5.2: Comparison of acid extraction yields, distribution of acid com-
pound classes for a set of different crude oils. The oils marked with "ion"
have been extracted by the ion exchange method, and the oils marked with
"lig" have been extracted by the liquid-liquid extraction. Upper: ELS detec-

tor (Figure 5, Paper II). Lower: UV detection at 230 nm (Figure 6, Paper
10).
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and the S7b acids has a distribution which is very different from all the other
samples. UV detection gives larger differences in acid profiles within the

same sample set of crude oils.

In Paper V, acids are extracted (ion exchange method) from a non-
biodegraded oil, S9, and the same oil after it has been undergoing separate
anaerobic- and aerobic biodegradation in the laboratory for 10 months. The
biodegradation leads to an increase in acid content, from 0.74 mg/g oil in
the original oil S9 to 1.87 mg/g in the anaerobically biodegraded oil B7a and
to 2.25 mg/g oil in the aerobically biodegraded oil B7b. Hence, the labo-
ratory biodegradation during this time scale has not increased the amount
of acids to the same extent as in the naturally, reservoir biodegraded oils
studied in Paper II (shown in Figure 5.2). However, even though the du-
ration of biodegradation is negligible, compared to a geological time scale,
the composition of acid extracts change significantly, shown in Figure 5.3.
The anaerobic biodegradation has increased the relative amounts of weakly
polar compounds and decreased the relative amount of phenolic compounds
(B7a oil). The most interesting feature about the acid extracts from aerobic
biodegradation (B7b) is the relative decrease in weakly polar compounds and

the increase of polyfunctional compounds.

In Paper IV acids have been extracted from a set of five oils: B4a, B4c,
B2b, Blc and S3b (ion exchange method). The extraction yields are very
similar to those presented in Paper II, and demonstrate the reproducibility of
the ion exchange extraction method. Four of these acid extracts are further
separated into four SPE fractions: SPE4-SPEp. Figure 5.4 shows the relative
amount of material that elute in each fraction. Generally for all oils, the

major part of the acids elute in the SPE 4 fraction. Smaller but significant
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Figure 5.3: Distribution of acid compound classes in a non-biodegraded oil
S9, and after laboratory biodegradation for 10 months: B7a anaerobically
biodegraded and B7b aerobically biodegraded. Detection at 230 nm using
an UV detector. (Figure 6, Paper V).

parts elute in the SPEg and SPE( fractions, while the SPEp fraction contain
only a very small fraction of the total acid extract. The acid extract from the
high plugging potential Blc oil contains a larger relative amount of material
in the SPE( fraction and lower relative amount of SPE 4 compared to the low
plugging potential oils B4a, B4c and B2b. Subsequently, the composition of
the acid extracts and each of their SPE fractions are studied by HPLC with
ELS detection. The whole acid extracts and the SPE 4-SPE fractions have
a relative distribution pattern that is specific for the nature of each type of
fraction and shows fairly similar distributions, and major variations between
oils are not observed (see details in Paper IV, Figure 5). However, in the most
polar SPEp fraction there are distinguishable differences in profiles between
Blc and the other oils B4a, B4c and B2b, see Figure 5.5. The SPEp fraction
of Blc is enriched in polyfunctional compounds and depleted in weakly polar

compounds relatively to B4a, B4c and B2b.
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Figure 5.4: Relative amounts of organic material found in the SPE fractions
of different oils (Figure 3, Paper IV).
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Figure 5.5: Relative amounts of compound classes present in the SPE frac-
tions of different oils, based on HPLC using ELS detection (modified from
Figure 5, Paper IV).
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5.3 Petroleum acids - wettability and interfa-

cial properties

In the search to find the specific structures that possess mitigation properties
on hydrate plug formation, the acid extracts have been divided into subfrac-
tions as described in the previous section (Section 5.2). The content of acids
and distribution of acid compound classes in different types of crude oils have
been shown. Different types of oils are observed to have variable amounts of
acids and the acids differ very much in chemical composition. In this section,
the separate effects of acids and acid subfractions on hydrate wettability are
shown. Three different approaches have been applied, as presented in the

following sections:

5.3.1 Correlations between HPLC fractions and wetta-

bility

In Paper II a study of relationships between the amounts of organic material
found in the different HPLC fractions and general crude oil properties are
performed. Though the data set is not large, a very interesting finding is
that there exist a strong negative correlation between the relative amount of
material found in HPLC fraction F¢ (phenolic compounds) and wettability
index of hydrates formed in the crude oil (R = -0.94), see Figure 5.6. This
observation suggests that a large amount of phenolic compounds will reduce
the values of wettability. Low wettability values correlate with water-wet

hydrate particles and higher degree of hydrate agglomeration.
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Figure 5.6: Correlation between the wettability and the relative amount of
material in the F¢ fraction using the ELS detector (Figure 11, Paper II).

5.3.2 Effects of acid extracts and SPE fractions on freon

hydrate wettability

The influence of whole acid extracts and their SPE fractions on hydrate
wettability has been examined in Paper III, for three oils that possess low
plugging tendency (B4a, B4c and B2b). The tests show that all the whole
acid extracts are able to alter the wettability state of Freon hydrates towards
a more oil-wet state. Some very interesting effects are observed when the SPE
fractions of the respective acid extracts are tested separately. Some of the
SPE fractions show equal or even larger effects than the whole acid extracts
they are derived from. The most striking observation is the particularly
high effect found for the SPEp fractions from all three oils, at very low
concentration. This is illustrated in Figure 5.7, where the effect of each
fraction is related to the number of moles of additives (see more details in
Paper I1I). In the paper it is discussed whether the high effectiveness is caused
by particular active compounds being present in these fractions and/or that
a change in acid monomer-multimer equilibrium may influence the degree of

activity of such compounds when they are isolated from the main acid matrix.
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Interestingly, when measuring the effects of interfacial tension (IFT) between
water and oil (acid extract and SPE fractions of B4a), no significant lowering
of IFT is observed. These results suggest that the components in these
fractions are not active at the oil/water interface, but adsorb preferentially

at the hydrate-oil interface.
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Figure 5.7: Effect of acids and SPE fractions on the wettability index (Ap™)
relative to the number of moles added. Data from the SPE. fraction from
B2b is missing due to loss of sample (Figure 7, Paper III).

5.3.3 Wettability effects of acids produced during anaer-

obic and aerobic biodegradation

The acid yields and composition of acid extracts isolated from a crude oil
before and after it has been subjected to anaerobic and aerobic laboratory
biodegradation was discussed in Section 5.2.4 (this work is presented in Paper
V). The interfacial tension (IFT) between oil and water are measured for all
three oils. Only for the aerobic biodegraded oil (B7b) a decrease in IFT is
observed (from 23 mN/m in the original oil S9 to 17 nN/m in the B7b oil).

This may be attributed to production of biosurfactants and can possible be
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related to the relative increase in polyfunctional compounds found in the
acid extract that was discussed in Section 5.2.4 and shown in Figure 5.3.
The amounts of acids extracted from these oils are too small to per-
form further subfractionations. However, the hydrate plugging mitigation
properties of each of the three whole acid extracts are investigated at re-
alistic hydrate formation conditions, e.g. conditions that resemble pipeline
oil transport systems (Paper V). None of the acids extract are able to form
systems of completely dispersed hydrate particles; plugging occurs in all the
systems. This is attributed to the quantities and types of acids produced
during 10 months of biodegradation not being sufficient to make a significant
impact on the hydrate morphology. However, plugging seems less aggressive
and takes place at a slower rate in the systems where the acid concentration
has been increased. This is interpreted as the hydrates in these systems are
more oil-wet, and residing to a larger extent in the oil phase, and having
less access to water for growth and building up of plugs. This is also an
indication of kinetic hydrate inhibiting effects of the acids. Kinetic effects
can be related to wettability and morphology of hydrates when formed [95].
The largest effect is observed of acids produced during anaerobic biodegra-
dation. In Figure 5.8 this is illustrated from still pictures recorded from the
onset of hydrate formation (point A) until the end of the hydrate formation
and growth period (point B). S9 is the original non-biodegraded oil. The
S9 + BTa acids is the same oil modified with acids produced during anaer-
obic biodegradation. Volume versus temperature-, and torque versus time

development data from the experiments support these findings.
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A | S9: 9.5 min

A | S9 + B7a acids: 76 min > B

Figure 5.8: Still pictures from plugging tendency tests during the stage of
hydrate formation and growth between point A (onset hydrate formation)
and point B (end of hydrate formation- and growth). Upper: original non-
biodegraded crude oil S9. Lower: S9 modified with acids produced during
anaerobic biodegradation (modified from Figure 12, Paper V).

5.4 Chemical characterisation of petroleum acids

and subfractions

5.4.1 Composition of acid fractions from preparative

HPLC

In Paper II preparative HPLC fractions from three oils (Blc, B4a and B4c)
have been studied by means of Fourier Transform Infrared spectroscopy
(FTIR), and molecular weights are determined by means of gel permeation
chromatography (GPC). In general, the FTIR spectra show very little vari-
ation between oils of high and low plugging tendencies. However, each type
of subfraction possesses specific compositions, shown in different types of

bands indicating functional groups, and with different degree of intensity
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that is uniform within each type of fraction.

GPC of two whole acid extracts (B4c and S3b) gives average molecular
range of approximately 500 g/mol. Studying the molecular weights of each
preparative fraction reveals a larger range of molecular weights, that is more
or less uniform within each fraction (from roughly 450 g/mol in the Fp,
fractions, while the F¢ fractions all have molecular weights larger than 800
g/mol).

In section 5.3.1, it has been shown that there exist a strong negative corre-
lation between the HPLC fraction F (phenolic compounds) and wettability.
As discussed, FTIR and GPC can not reveal clear compositional distinctions.
Hence, a closer examination of this particular fraction is done by means of
extracting UV spectra from the F¢ area of the chromatograms. Composi-
tional differences within the phenolic components are indicated, shown in
Figure 5.9. The F¢ fractions from the two high plugging potential oils Blc
and S3b have a higher secondary absorbance in the region above 250 nm, and
may contain components that are not present in the low-plugging tendency

oils B2b and B4a.

5.4.2 Composition of acid fractions from SPE

In Section 5.3.2 the effects of acid extracts and SPE fractions on Freon hy-
drate wettability have been demonstrated. A chemical, analytical character-
isation study of these samples has been performed (Paper IV). The SPEp
fractions are particularly addressed. As discussed in a previous section (Fig-
ure 5.7, Section 5.3.2), this specific fraction stands out from the other SPE
fractions by displaying a very high degree of hydrate surface activity for three
oils of low plugging tendency: B4a, B4c and B2b. In addition, the same three

SPEp fractions have shown to have very different distribution of acid com-
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Figure 5.9: UV spectra of fraction Fe from some acid extracts (Figure 7,
Paper 1II).

pound classes from that of a high plugging tendency oil, Blc (Figure 5.5,
Section 5.2.4).

In the work of Paper IV an important observation is made from the FTIR
analyses of the SPEp fractions. In each of the FTIR spectra from low plug-
ging tendency oils B4a, B4c and B2b a band of very strong intensity at wave

lis found. This band is attributed to the carbonyl group

number 1735 cm™
(C=0) from compounds with ester functionalities in the molecule. In Fig-
ure 5.10 the spectrum from B4a is compared to a high plugging potential
oil, Blc. Interestingly, in the SPEp fraction of Blc the same band is not
found. A band of much lower intensity is located at lower frequency (1710
cm™!). This band is assigned to C=0 from carboxylic acids that absorb
typically in this area of the spectrum. The spectrum of Blc also has a more
"phenolic" character, indicated by a broad O-H stretch band in the region of
approximately 3600-3200 cm ™!, which is stronger in Blc than in B4a. As dis-

cussed in Section 5.3.1 larger amounts of phenolic compounds are connected

to higher risk of agglomeration and plugging. Similar differences in FTIR
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Figure 5.10: Comparison of FTIR spectra from SPEp fractions of B4a (up-
per), and Blc (lower) (modified from Figure 6, Paper IV).

profiles between polar fractions of high- and low plugging tendency oils have
been reported by Borgund [10]. In that work, hydrate adsorbing components

were extracted from crude oils using Freon hydrates as an extraction phase.

The indication of ester compounds in the SPE, fractions of B4a, B4c
and B2b may be attributed to the large amount of weakly polar compounds
detected in HPLC analysis (as shown in Figure 5.5). However, the actual
presence of such structures has not been confirmed. In the discussion of Paper
IIT it is debated whether these components may be plain ester structures, part
of more complex structures or even if these signals found in the FTIR spectra
originate from the monomeric form of the carboxylic acids. When resolving
the acid matrix into subfractions the monomer-multimer equilibrium of the
acids may change. A higher hydrate surface activity would be expected
if the acids exist in their monomeric forms, and this may be one possible

explanation to the high degree of hydrate surface affinity these SPE fractions
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display.

Some ester structures are found in these samples by performing a GC-MS
screening analysis (see the Research Report). The findings imply that these
ester compounds are most abundant in low plugging tendency oils, which
supports the findings from FTIR and HPLC. However, the total ion chro-
matograms (TIC) are dominated by UCMs, with very few resolved peaks.
More detailed and accurate information on the chemical structures that con-
stitute the SPE fractions is needed. The work of examining these samples
with electrospray ionisation mass spectrometry (ESI-MS) is in progress, per-
formed by Dr. Stefanie Potz at the Helmholtz Centre Potsdam, GFZ Ger-
man Research Centre for Geosciences (GFZ). Some preliminary results, from
SPE 4 fractions only, are presented in the Research Report. A very interest-
ing observation is that all of the SPE 4 fractions contain compounds that hold
two oxygen, exclusively. This observation is in accordance with the HPLC
analysis of these fractions (Paper 1V), that shows that the SPE, fractions
consist almost solely of saturated carboxylic acids (shown in Figure 5, Paper

V).

However, the number of oxygen determined for compounds in the SPE 4
fractions shows inconsistency with the average formulas estimated in Paper
IV. These are obtained by means of combining GPC and elemental analysis,
giving oxygen from roughly 3-7 for the SPE4 fractions. The GPC methodol-
ogy and elemental analysis are both associated with significant uncertainties.
Hence, these results serve to demonstrate the advantages of using ESI-MS

for accurate molecular formula assignments.

Figure 5.11 shows how different types of acid species (holding two oxygen)
are distributed in SPE4 fractions of Blc, B2b and B4a. The "O," notation

used is described in the Research Report, Section 3.2.4. A general explana-
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tion is that the more negative value of "Oy", the more hydrogen deficient are
the acids. Generally, in all three SPE, fractions the -40, compounds are
most abundant. These are most likely two-ring alicyclic compounds. How-
ever, significant differences in distributions of O, compounds between the
high plugging tendency crude oil Blc and the two low plugging tendency
oils B2b and B4a are observed; interestingly there are almost no pure fatty
acids (005 compounds) in the SPE4 fraction of Blc, while B2b and B4a hold
significant amounts of these. Also, the second most abundant species in Blc
are the -605 compounds, while for B2b and B4a the compounds with second
largest intensities are the -20, compounds. This indicates that Blc contains
a larger proportion of hydrogen deficient species.

B4a is the most depleted in terms of highly hydrogen deficient compounds

of these three samples (no compounds > -200, are detected).

5.4.3 Composition of acid extracts produced during lab-

oratory biodegradation

The wetting properties and HPLC distributions of the three acid extracts
studied in Paper V (S9, B7a and B7b) have been discussed in previous
sections. It has been shown that the B7a acid extract, isolated from an
anaerobically biodegraded oil, differs from the other extracts by imposing
stronger hydrate anti-agglomerating properties compared to the S9 and B7b
acids (discussed in Section 5.3.3). Also, it has been shown that this extract
contains a larger relative amount of weakly polar compounds and a lower
relative amount of phenols than the S9 and B7b acid extracts (Figure 5.3,
Section 5.2.4). UV spectra has been extracted from the phenolic compound
area of the chromatogram for the three acid extracts, shown in Figure 5.12

(only B7a and B7b shown, the spectrum of S9 is very similar to B7b). The
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Figure 5.11: Sum of intensities of O, species in the SPE, fractions of Blc
(upper), B2b (middle) and B4a (bottom) acid extracts, shown with examples
of representative acid structures for some of the Oy classes (modified from
Figure 6, Research Report).
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B7b phenolic fraction resembles very much a standard UV spectra of phe-
nol [145], with maximum absorbance at 218 nm and a secondary absorption
shoulder around 272 nm. As seen in Figure 5.12 the secondary absorbance
for B7a is very weak compared to B7b. The observations are also supported
from the recorded FTIR spectra of the acid extracts: S9 and B7b have more
intense signals from phenolic compounds than B7a (see Figure 8, Paper V).
Interestingly, the differences in UV profiles of B7a and B7b in the spectra
shown in Figure 5.12 are very similar to those of non-plugging and plugging
oils previously shown in Figure 5.9. Again, we relate these findings to the
observations from Paper II: there are strong indications that larger amounts
of phenolic compounds present in the acid extracts may impose higher de-
gree of water-wetting effects on the hydrate surface, and hence higher risk of

agglomerating and hydrate plugging.
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Figure 5.12: UV spectra of the phenolic fractions from B7a and B7b. (Figure
7, Paper V).
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Chapter 6

Summary and Suggestions to

Further Work

In the work of this thesis the task of identifying the natural inhibiting com-
ponents (NICs) has been approached by extracting and analysing acidic frac-
tions of crude oils. The identification of the specific structures of these com-
pounds still remains, but subfractions that possess mitigating effects on the
plugging tendency of the hydrates have been located and isolated. A general
impression of the most hydrate surface active subfractions of low plugging
tendency oils suggests that these are dominated by weakly polar compounds,
and there are strong indications that these contain certain types of organic
functional groups (C=0 ester). However, the approach is still not a straight-

forward one. Several new aspects have arisen during the work of this thesis.

The nature of the systems seems to be very complex. Even after sub-
fractionation the acid matrix still comprise thousands of different species,
and the mechanisms that influence hydrate surface wettability remain to be
clarified. The effectiveness of the NICs may be dependent on the position

of monomer-multimer equilibriums, which again may be influenced by the
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"chemical environment" in which the NICs exist. Interactions with the bulk
crude oil matrix (acting as a solvent for the NICs) may be a determining
factor, as well as the influence of other classes of components that comprise
the acid fractions. The latter is strongly supported by a trend observed in
several works of this thesis: higher amounts of phenolic compounds within the
acid fractions seem to possess a counteracting effect on the hydrate plugging

mitigation effect.

An additional factor that must be considered in this matter is the to-
tal concentration of acid species in the crude oils. This seems to be related
to the amounts of acids produced during the biodegradation processes, but
cannot be explained solely by this. Here, more knowledge is required before
any conclusions can be drawn. However, results from work of this thesis
indicate that anaerobic and aerobic biodegradation processes produce acid
fractions of widely different composition. The acids produced during anaer-
obic biodegradation impose larger hydrate inhibition effects than the aerobi-
cally produced acids, and also larger effects than the acids that are originally
present in the oil, i.e. acids that are incorporated into the oil from other
sources than biodegradation. This may also be related to specific types of
biosurfactants that are excreted from organisms capable of anaerobic degra-
dation of petroleum. The biodegradation history of the majority of the crude

oil sample set studied in this thesis is still unexplored in this context.

Based on the up to present obtained knowledge, future work should em-
phasise the structure elucidation of the types of compounds that comprise
the very effective SPEp fractions isolated in this work. This work is being
continued by Dr. Stefanie Potz at the Helmholtz Centre Potsdam, GFZ Ger-
man Research Centre for Geosciences (GFZ). We hope that eventually, this

work will provide detailed information on exact types, molecular sizes and
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concentration levels of the key compounds that is being searched for. If this
can be achieved it will strongly facilitate a selection of constricted, targeted
model compounds which can be tested further for wettability- and plugging
tendency properties. Possibly, these compounds can serve as strong candi-
dates as low dosage hydrate inhibitors (LDHIs). Detailed structures of these
compounds can also be integrated in theoretical modelling of such systems
with regards to details on surface energies, e.g. by using a computational

molecular modelling approach.
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