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ABSTRACT

Carboxylic Acid Composition and Acidity in Crude Oils and Bitumens

By
Nor Shahida bt Shafiee @ Ismail

As the world’s demand for crude oil increases and the amount of conventional reserves
decline, the proportion of high acidity oils being produced is increasing, but this acidity can
cause corrosion problems during production and refining. Total Acid Number (TAN)
values are often used to predict whether a crude oil may cause corrosion problems and thus
affect the value of the oil, although the relationship between TAN and the organic acid
composition of oils is not fully understood. This thesis investigate the types of acidic
compounds that contribute to acidity in crude oils and the geochemical factors that
influence the compositions and concentrations of these compound classes in a suite of oils
and bitumens from a variety of different locations, including the North Sea, Venezuela,

Canada and California.

This work in this thesis includes the development of a modified ASTM D664 titrimetric
assay method for measuring acid numbers on small samples of heavy crude oil, core
extracts and also isolated maltene and asphaltene fractions. The TAN values in the crude
oils and their fractions analysed ranges from 0.04 to 21.24 (mg KOHY/g). The results show
that in general, the maltene fraction contributes most to the acidity in crude oils, however in
some samples a large proportion of the oil TAN is contributed by the asphaltenes, even
though they are quantitatively a small percentage of the oil. The geological reasons for the

occurrence of oils with these highly acidic asphaltenes are not currently known.

The analysis of isolated carboxylic acid fractions from ten oils of different origins,
including those from different source depositional environments, levels of biodegradation
and thermal maturity, using a gas chromatographic method, showed that the concentrations
of total carboxylic acids corresponded well with TAN and biodegradation, indicating that
these acidic compounds may be a major control on the acidity in crude oils and that the
concentration of these were in turn controlled by the extent of biodegradation.



Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS) was used to
characterise a set of North Sea crude oils with TAN values ranging from 0.11 to 7.58 (mg
KOH/g oil). This showed that the O> compound class (assumed to be mainly carboxylic
acid “COOH” species) appeared as the dominant compound class under the analytical
conditions used, with a strong correlation (r> = 0.989) of the O2/N ratio with the TAN
values of the oils, indicating that these compounds may control the TAN in these samples.
This observation also applied to their maltene and asphaltene fractions. The dominant acid
species in the high acidity North Sea oils, maltenes and asphaltenes were three and four
ringed naphthenic acids. As the TAN of the oils increased, the double bond equivalent
(DBE) distributions shifted to higher values indicating that their molecular structures
became more highly aromatic.

Fourier Transform Infrared (FTIR) spectroscopy potentially offers a much more rapid
analysis of acids in oils compared to the ASTM D664 method. This study included the
development of a rapid method for the determination of TAN by FTIR spectroscopy of
conventional and heavy crude oils using single bounce attenuated total reflectance (ATR)
and multi bounce horizontal HATR accessories. Using multivariate data analysis software,
a multivariate model that correlates infrared spectra with the TAN value was developed
using carbonyl (C=0) absorption bands ranging from 1770 t01650 cm™. It was found that
the correlation of FTIR measured TAN versus ASTM D664 measurements, obtained by
multi bounce HATR (r? = 0.943) were better than correlations produced by single bounce
ATR (r? = 0.812). Based on these findings, the measurement of oil acidity and TAN using
FTIR is simpler and faster and also allows the analysis of small sample sizes and avoids
other problematic issues such as the fouling of electrodes that can be experienced using the
ASTM D664 standard method.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 General Introduction

The issue of acidity in crude oil is always linked to a huge industrial risk as it causes
significant corrosion problems in storage and refining equipment (Barrow et al., 2003;
Laredo et al., 2004b; Fafet et al., 2008). However, because of the large increase in the
world’s demand for crude oil, heavy, acidic oils are being increasingly produced
(Barrow et al., 2009) and have thus become a topic of interest among researchers in

order to get a greater understanding of the sources of their negative behavior.

One of the acidic compound classes believed to be a major cause of acidity in crude oils
are the so-called naphthenic acids, and a number of previous studies have shown that
naphthenic acid concentration in oils is associated with their acidity (Meredith et al.,
2000; Zhang et al., 2006; Fafet et al., 2008). Naphthenic acids are defined as carboxylic
acids that include one or more saturated ring structures, with the general formula
CnH2n+z Oz, where n refers to the number of carbon atom, while z refers to hydrogen
deficiency (Barrow et al., 2003; Borgund et al., 2007a; Han et al., 2009).

As the presence of this compound class in crude oils continues to be a concerning issue
in the oil production and refinery industries, it is necessary to better understand the
chemistry and variability of naphthenic acid distributions in oils. However,
understanding the controls on naphthenic acid compound compositions in crude oils is
difficult due to the lack of knowledge of this variability in their molecular structures in

individual petroleum from different sources.

For many years, a parameter called Total Acid Number (TAN), which is obtained by
non-agqueous potentiometric titration, is used to measure the acidity in oils (Barrow et
al., 2003; Lutnaes et al., 2006; Borgund et al., 2007a). Recently however, the use of the
TAN value, which is defined as the number of milligrams of potassium hydroxide
(KOH) needed to neutralise the acidity in one gram of crude oil, as an indicator to
measure oil acid content, has been questioned (Barrow et al., 2003; Lutnaes et al.,
2006). Arguments have also arisen regarding the usage of TAN values in petroleum
analysis since TAN can be a poor indicator to measure the corrosiveness of crude oils.

For example, Laredo et al. (2004b) reported that some oil samples with high corrosion
1



Chapter 1 Introduction
behavior have lower TAN values than those with low corrosion behaviour. An
explanation for this is that the corrosiveness depends on the specific acids rather than
the total acids in the crude oil (Tomczyk and Winans, 2001; Laredo et al., 2004a). In
estimating the molecular weight distributions of naphthenic acids in crude oil, the use of
TAN values also relies on the assumption that only one group of (monoprotic) acids is
involved. However, work by for example (Barrow et al., 2009) has revealed the
presence of others acidic compound with empirical formulae CnH2n+z O2, where X is
from 2 to 5 in their samples, which means that the acids are not all monoprotic. These
findings might explain why TAN values are not as reliable an indicator of acid content
as first believed. In other cases i.e. (Meredith et al., 2000) TAN values appeared to have
a strong correlation with concentration of carboxylic acids and degree of
biodegradation, though this correlation was not as strong for oils with lower TAN

values (<1.0 mg/KOH/q) or oils with high sulphur contents.

As TAN values alone are not able to characterise the acid content in crude oils
sufficiently, numerous other analytical tools have been used. The characterisation of
naphthenic acids in crude oil has been previously studied using various methods such as
gas chromatography (GC) and gas chromatography-mass spectrometry i.e. Fafet et al.
(2008), Fourier Transform Infra-Red spectroscopy i.e. (Tomczyk and Winans, 2001;
Barrow et al., 2003) and recently, Fourier Transform lon Cyclotron Resonance mass i.e.
(Borgund et al., 2007a; Barrow et al., 2009). Although various studies on naphthenic
acids have been carried out, the effects of geological origin and other geochemical
factors on the types and composition of acidic compound in crude oils are not known in
detail.

This project use standard geochemical laboratory analytical techniques such as gas and
liquid chromatography and acid-base titrations, as well as recent advances in analytical
technologies including gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS), Fourier Transform Infra-Red spectroscopy (FTIR) and the
powerful technique of Fourier Transform lon Cyclotron Resonance Mass Spectrometry

(FT-ICR MS) for characterising petroleum acids in oils.

These analyses are aimed at providing a better understanding of the types of acidic
compounds that contribute to acidity in crude oils and the geochemical factors that
influence the compositions and concentrations of these compound classes in oils. Thus,

prediction of the occurrence of acidic oils can be improved, hence, reducing exploration
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risk. Also, improving understanding of the compound classes responsible for acidity can

allow better treatment strategies to be devised for processing those types of oils.

In view of the limited amount of reported work that identifies the range of acid species
and their origins, that are responsible for acidity in crude oils, this project aims to i)
investigate the types of acidic compounds that contribute to acidity in crude oils, ii)
investigate the geochemical factors that influence the composition and concentration of
these compound classes in oils and iii) to characterise the variations in petroleum acids
found in crude oils by analysing biodegraded and non-degraded oil samples from a

variety of locations throughout the world.
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1.2 Crude Oil Composition

Petroleum is one of the most complex mixtures generated by nature (Hemmingsen et al.,
2006; Klein et al., 2006a) due to compositional complexity that depends on a number of
factors including their origin and age (Terdvéinen et al., 2007). In general, crude oil
predominantly consists of ~ 90% of hydrocarbon compound (i.e. naphthenes, parraffins,
aromatics) and other ~10% consists of polar compounds such as nitrogen (N), oxygen
(O), sulphur (S) and trace metal containing compounds (Terdvdinen et al., 2007).
According to Tissot and Welte (1978) the gross composition of crude oil can be defined
by the relative amounts of saturates, aromatics, resins and asphaltene (SARA) fractions.
The saturates generally consist of naphthenes and paraffins, while the aromatics, resins
and asphaltenes appear to form a continuum of polynuclear aromatic species of

increasing molar mass, polarity and heteroatom content (Alboudwarej et al., 2002).

1.2.1 Hydrocarbons

The total hydrocarbon fractions of crude oils consist of saturated and aromatic fractions
where saturated hydrocarbon generally comprise normal and branched alkanes
(paraffins) and cycloalkanes (naphthenes), while aromatic hydrocarbons include pure
aromatics, cycloalkanoaromatics and cyclic sulphur compounds (Tissot and Welte,
1978). In the saturated hydrocarbon fractions, the paraffins are saturated compounds
with general formula of Cy,Hoan+2. They can be either straight chain (i.e. methane, ethane,
hexane, etc) or branched chain compounds. Naphthenic hydrocarbons are also saturated
compounds with the general formula of C,H2,. These compound are the most abundant
(~25% to 75%) class of hydrocarbons in most crude oils (Simanzhenkov and Idem,

2003).

Aromatic hydrocarbons have at least one benzene ring, which can be fused together
with others (i.e. naphthalene and phenanthrene) and also can be more complex
structures with alkyl chains, and other naphthenic rings. It has been reported that the
amount of aromatics in different crude oils varies from 15-50% (Simanzhenkov and

Idem, 2003).
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1.2.2 Polar compounds

Polar compounds in crude oil generally consist of one or more heteroatoms of nitrogen,
sulphur and oxygen (N, S, O) and metals i.e. vanadium (V), iron (Fe), Nickel (Ni)
compounds (Mapolelo et al., 2011). It has been reported that over 20, 000 different
polar organic compounds with different elemental composition of CcHhNnOoSs has
been found in crude oils (Terdvéinen et al., 2007). Generally, the amount of NSO
compounds in crude oil has been suggested to be less than 10% (Hughey et al., 2004).
However, despite this small percentage, their presence has great capacity to cause
problems during oil production, refining and processing, for example corrosion, fouling
or poisoning of catalysts, formation of emulsions and cokes (Terdvéinen et al., 2007,
Mapolelo et al., 2011). These have caused huge economic costs for the oil and gas
industry. As well as these drawbacks, polar compound also have some significant
positive uses in petroleum exploration, production and refining. (Hughey et al. (2002);
2007) reported that polar compound such as phenols, acids carbazoles and naphthenic
acids have been used as indicators to determine the origin of deposited source organic
matter, thermal maturity, migration and biodegradation, while organic sulphur

compound provide another source of geochemical clues.

The amount of nitrogen in crude oils varies from about 0.1 to 0.9% (Speight, 2007).
Crude oil contains neutral and basic nitrogen-containing compounds, where, neutrals
include carbazoles, indoles and pyrroles, while the basic compounds include pyridine
and quinolone derivatives (Terdvéinen et al., 2007). Nitrogen compounds in crude oils
are believed to be responsible for the poisoning of cracking catalysts, the formation of
gum in fuel oils, fuel instability during storage, (Hughey et al., 2004; Terdvéinen et al.,
2007; Simon et al., 2010). It has been suggested that nitrogen compounds that present in
crude oils are mainly cyclic compounds and Figure 1.1 show some examples of nitrogen

compounds found in crude oils.
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Figure 1.1 Example of nitrogen compounds in crude oils (a) pyrrole (b) pyridines (c)
quinoline (d) indole (e) carbazoles (Tissot and Welte, 1978; Simanzhenkov and ldem,
2003; Speight, 2007)

The amount of total oxygen content may vary in crude oil crude oils with less than 2%
w/w (Speight, 2007). Oxygen compounds may be present in crude oil as neutral and
acidic compounds (Simanzhenkov and Idem, 2003) such as ethers, anhydrides, furans,
ketones, esters, aldehydes and carboxylic acids (Tissot and Welte, 1978; Jada and Salou,
2002). The most important acidic oxygen containing compounds are the naphthenic
acids. Naphthenic and naphthenoaromatic are the most abundant petroleum acid
compounds followed by polyaromatic and heterocyclic types. The following Figure 1.2

shows some of oxygen-containing compounds present in crude oils.

C
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9 OH

(©) d)  cH,

Figure 1.2 Examples of oxygen compounds in crude oils: (a) dibenzofuran (b)
methylfluorenone (c) steroidal carboxylic acid (d) p- cresol (Tissot and Welte, 1978)

:
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Sulphur has been reported to be the third most abundant atomic constituent of crude oils
following carbon and hydrogen (Tissot and Welte, 1978). This compound often varies
from 0.2 to 2.5 et % but can be as high as 6% in some crude oils (Laredo et al., 2004b)
particularly due to the difference in geological environments (Speight, 2007). The major
sulphur-containing compounds in crude oils are thiophenes and sulphides while a minor
group consists of elemental sulphur, mercaptans and hydrogen sulphides (Terdvidinen et
al., 2007). Examples of some sulphur compounds present in crude oils are shown in
Figure 1.3. Qian et al. (2001a) suggested that major sulphur-containing compounds in
crude are normally incorporated in crude oil as five membered ring cyclic sulphides or

thiophenes (i.e. dibenzothiophenes) and higher benzologues .

(a)

(b)

@3 @‘

Figure 1.3 Example of sulphur compounds in crude oils (a) 2-thiabutane (b) thiophene (c)
thiophenols (d) benzothiophene (e) dibenzothiophene (Tissot and Welte, 1978;
Simanzhenkov and Idem, 2003; Speight, 2007)

Sulphur compounds are environmentally hazardous and together with nitrogen
compounds may act as catalyst poisons (Terdvéinen et al., 2007). Thus a high sulphur
content in crude oil affects the refined products and increases the demand for more
efficient downstream processes requiring an extensive desulphurisation process in
refining of the crude oil fractions to ultimately reduce emissions from combustion

engines (Al-Hajji et al., 2008).
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1.2.3 Asphaltenes and maltenes

Asphaltenes are dark brown to black substances which are known as the most complex
compounds in crude oils due to presence of various types of heteroatoms in their
structure (Speight et al., 1984; Simanzhenkov and Idem, 2003; Kok et al., 2011).
Asphaltenes are not a well-defined compound class as they are not chemically defined
by structure or functional groups. The most widely used definition is that they are
insoluble in the low molecular weight saturated hydrocarbons and are soluble in toluene
(Wang and Buckley, 2003). Asphaltenes can be obtained as solids that precipitate from
oils by the addition of an excess of low molecular weight n-alkane (i.e. pentane, hexane
or heptane). The amount of asphaltenes in crude oils has been reported to vary from less
than 1% to more than 20% (Jones et al., 1988; Klein et al., 2006a). Maltenes can be
defined as the residual oil after asphaltenes have been removed from a crude oil

(Groenzin and Mullins, 1999) or the heptane soluble fraction (Hughey et al., 2002).

Although the exact structure of asphaltenes is still unclear, in general, asphaltenes
consist of fused polyaromatic rings, aliphatic chains and polar heteroatom-containing
functional groups (Rogel, 2002; Silva et al., 2008). It has been suggested that
asphaltenes are like micelle clusters dispersed in a hydrocarbon solvent where the
clusters are considered to be composed of polyaromatic nuclei bearing chains of various

lengths (Behar and Pelet, 1984).

Figure 1.4. Schematic representation of an asphaltene molecule (a) and asphaltene
aggregate from (Rogel, 2002).
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The structures and compositions of oil asphaltenes depend on their origin and mode of
formation, and they are inherently instable in the hydrocarbon bulk phase meaning that
the interaction with other components of the oil phase is needed for stabilisation .Thus,
if the bulk oil composition changes, the asphaltenes can become unstable in the oil
which can lead to self-association, precipitation, flocculation and deposition in wells,
pipelines and within refinery and production equipment resulting in pipeline plugging
and failure of field equipment (Hughey et al., 2004; Barth et al., 2005). Asphaltenes
may also be separated from their crude oils as a solid phase when pressure and

temperature condition vary (Rogel et al., 2003).

1.3 Petroleum Acids

It has been known for many years that petroleum acids in crude oils include simple
aliphatic acids, naphthenic acids (carboxylic acids containing one or more alicyclic
rings), aromatic acids, phenols and sulfonic and other sulphur—containing acids (Lochte
and Littmann (1955). McKay et al. (1975) reported that 28% of acid compound types in
Wilmington crude oil were carboxylic acids, 28% phenols, 28% pyrroles (indoles and
carbazoles) and 16% amides. Characterisation of oils from the San Joaquin valley by
Tomczyk and Winans (2001) using high resolution mass spectrometry showed that
approximately 40% of the acids were not plain carboxylic acids but also contained
heteroatoms such as sulphur and nitrogen. A study by Qian et al. (2001a) using ultra
high resolution mass spectrometry (FT-ICR MS) reported that the distribution of acids
in crude oils consists of 1 to 6 naphthenic acid rings, 1 to 3 aromatic rings and Oz, O3
,04, 025, O3S, 04S species.

According to Babaian-Kibala et al. (1998), oils can vary in TAN from less than 0.1 to as
high as 8. In the report of Li et al. (2010), their samples TAN measured up to 16.2. Oil
is considered to be of high acidity if the TAN is higher than 0.5 oil and could potentially
cause corrosion and refinery problems (Meredith et al., 2000). High TAN crude oil
production has already increased to more than 10% of global oil supply (Anne et al.,
2003 as cited in Dou et al. (2008) and this continues to increase as heavy oil production
grows, providing future financial opportunities as well as technical challenges to the oil

industry.
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It is known that alongside temperature and fluid flow rate, oil TAN number is one of the
factors that are associated with naphthenic acid corrosion and is thus commonly used in
the oil industry to indicate the corrosive potential of crude oils and their fractions
(Groysman et al., 2005). However, TAN measurement has been claimed to be only
sufficient to provide a first indication whether the tested crude oil may be corrosive and
does not provide information on its severity since it has been observed that some crude
oils with a comparable TAN values show different corrosive behaviors while some low
TAN crude oils cause higher corrosion behavior than their TAN might indicate (Laredo
et al., 2004a).

Since TAN analysis only offers information on the total amount of acid species
contained in crude oil, relying only on TAN measurement may not provide sufficient
information to explain the full picture of acidity in crude oils. Previous work on oil
TANSs has given some understanding on the correlation of this measurement with their
carboxylic acid contents.For example, Meredith et al. (2000) demonstrated a strong
correlation (r?= 0.91) existed between the TAN values and the amount of carboxylic
acids in their crude oil samples from different sources of thermal maturities. This strong
correlation was seen for TAN value more than 1.0 but was less strong for samples of
less than 1.0. Also, some low TAN oils had values that did not correlate well with
amount of carboxylic acids, suggesting that factors other than this carboxylic acid
fraction concentration controls the acidity in those low TAN crude oils and that further
study was needed to understand the reasons for that. The similar carboxylic acid
concentration with TAN correlation observation was reported by Fafet et al. (2008)

while this correlation remained unclear in other studies (Dou et al., 2008).

There has been some work investigating the role of sulphur in controlling crude oils
TAN values Laredo et al. (2004a) and Meredith et al. (2000) reported that the total
sulphur content of their crude oil samples showed limited correlation with their oil TAN
values. Biodegradation has been found to be a primary control on the acidity of crude
oils (Meredith et al., 2000). This observation was supported by (Li et al., 2010) who

reported a clear correlation of increasing oil TAN with decreasing reservoir depth.
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1.3 .1 Naphthenic acids

As cited in Lochte and Littmann (1955), it is thought that the first paper on naphthenic
acids was by Hell and Medinger in 1874, although apart from some notable exceptions
like the work on petroleum acids by Lochte and Littmann (1955), there was relatively
little published on them until the last 15 years. Since then, there has been an increasing
amount of research reported on naphthenic acids (i.e. (Hsu et al., 2000; Tomczyk and
Winans, 2001; Rogers et al., 2002; Barrow et al., 2003; Fafet et al., 2008; Mapolelo et
al., 2011; Rowland et al., 2011). Naphthenic acids are carboxylic acids that consist of
one or more saturated ring structures and in general, they are non-volatile, chemically
stable and act as surfactants (Clemente and Fedorak, 2005). It also has been generally
reported that naphthenic acids are one of the main acidic compound classes that causes
acidity in crude oils i.e. (Meredith et al., 2000; Zhang et al., 2006; Fafet et al., 2008).

Naphthenic acids are natural components present in crude oil at different concentrations
depending on the origin of the oil (Clemente and Fedorak, 2005). Their presence in
crude oils has been suggested to arise from acids from the source rock and acids
synthesised or generated from crude oil biodegradation by microorganisms (Tissot and
Welte, 1978; Meredith et al., 2000; Saab et al., 2005). Barth et al. (2004) stated that the
origin of acids that were present in the biodegraded oil samples they analysed were
product of microbial degradation. Moreover, carboxylic acids (including naphthenic
acids) have also been observed to be produced in a series of laboratory crude oil

biodegradation experiments by Watson et al. (2002).

Although naphthenic acids are characterised as carboxylic acids that include one or
more saturated ring structures with general chemical formula of CnH2n+:O2, they occur
as an extremely complex variety of structures (Zhang et al., 2006). In this chemical
formula, z is refers to hydrogen deficiency which is determined by the number of cyclic
rings and double bonds (the double bond equivalent or DBE value) present in the
molecule. The rings may be fused or attached by bridges (Clemente and Fedorak, 2005),
while carboxylic acid groups are normally attached to a side chain of a cycloaliphatic
ring (Groysman.2005). Hsu (2010) described how z-numbers can be used to represent
hydrogen deficiency as well as the total number of double bond and cyclic rings from
the chemical formula. It has been suggested that the most common structure of

naphthenic acids is with five and six membered rings (Barrow et al., 2003; Terdvéinen
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et al., 2007) although fatty acids, monocyclic, polycyclic, aromatic and polyaromatic
acids may also present at various levels subject to the source of crude oil (Meredith et
al., 2000; Qian et al., 2008; Mapolelo et al., 2011). Naphthenic acid compounds are also
known to be toxic to aquatic organisms (Headley et al., 2002; Clemente and Fedorak,
2005; Barrow et al., 2009).

Although challenging to gain, a better understanding of naphthenic acid compound
compositions, molecular structures and variability of their distributions in crude oils
will help to provide better solutions for minimising or overcoming the negative impact

of petroleum acids in the oil industry.
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Figure 1.5 Some possible acid structures with molecular formula CyHzn+, O2. Z refers to hydrogen deficiency, DBE refers to double bond equivalent.
Modified from (Qian et al., 2001a; Laredo et al., 2004b)
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1.4 Processes affecting the concentration of petroleum acids

Petroleum acids in crude oils have been suggested to rise from different sources.
(Mackenzie et al., 1983) suggested that they might come from the original acids of the
source rock or biodegradation of the oil or even in-reservoir biosynthesis by the
microorganisms that render the biodegradation. While microbial degradation of crude
oil in the reservoir has been long associated with increased acidity of the oil phase
(Behar and Albrecht, 1984; Meredith et al., 2000; Barth et al., 2004), it has also been
reported that the concentration of acids in a number of crude oils samples decreased
with increasing biodegradation (Behar and Albrecht, 1984) . It has been reported that oil
migration processes severely affect the molecular distribution of carboxylic acids in
crude oils (Jaffé and Gallardo, 1993), while the concentration of these acids in
reservoired crude oils can be further affected by alteration processes such as removal by
water washing, further biodegradation and also thermal alteration (Mackenzie et al.,
1983).

Carboxylic acids are found to be generated under both aerobic and anaerobic conditions
during the biodegradation of crude oils (Mackenzie et al., 1983; Jaffé and Gallardo,
1993; Meredith et al., 2000; Erstad et al., 2009). It has been suggested that either the
neoformation of acids during biodegradation or preferential removal of non-acidic
compounds have led to an increasing amount of acidic compounds in biodegraded oil
(Behar and Albrecht, 1984). A report on biodegraded oil samples by Barth et al. (2004)
showed that the concentration of total carboxylic acids in them increased with extent of
biodegradation from approximately 300 mg/g oil to over 38,000 mg/g oil. In fact, this
two order of magnitude increase appeared to be still increasing although biodegradation
was stopped. Although, no direct correlation between the degree of biodegradation and
the carboxylic acid concentration in oils had been reported up to that date, Meredith et
al. (2000) showed that (except for undegraded samples) the degree of biodegradation

correlated with the concentration of carboxylic acids in their samples.

Apart from acidity in biodegraded reservoirs, acidity of low maturity crude oils is also
one of the concerns in oil industry (Fafet et al., 2008). It has been proposed that thermal
degradation may be responsible for the fate of acids produced during biodegradation
(Mackenzie et al., 1983). Meredith et al. (2000) stated that thermally immature oils may

have high acidities but were unable to test that hypothesis due to the insufficient low
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maturity oils in their sample set. Thermal alteration has been suggested to potentially
reduce oil acidity in oils due to decarboxylation, dehydration and desulfuration of
petroleum constituents (Tissot and Welte, 1978).

1.4.1 Biodegradation

Biodegradation can be defined as the alteration of organic matter or crude oil by
microbial activities in reservoir, during migration or at the surface of seep locations
(Peters and Moldowan, 1993). This alteration process can involve the degradation of
hydrocarbons by both surface and subsurface microorganisms. It is thought that the
biodegradation occurs widely and that most of the earth’s oil reserves have been
biodegraded (Head et al., 2003). Biodegradation is affected by many factors and also
requires conditions that support microbial life. In order for petroleum degradation to
occur, it requires factors such as i) a suitable subsurface temperature (less than 80°C),
ii) oil-water contact iii) the availability of circulating groundwater containing sufficient
nutrients, iv) the salinity of the formation water is less than 100-150 parts per thousand
(ppt), v) the rock fabric must have sufficient porosity and permeability to allow the
diffusion of nutrients and bacterial motility, vi) the petroleum also must be free from
H>S which poison the bacteria (Peters and Moldowan, 1993; Meredith et al., 2000).

Although biodegraded oils are commonly encountered in shallow reservoirs with
temperatures < 80 °C, it has been found that oils in some low temperature reservoirs are
not biodegraded. One of the possible reasons for this is a phenomenon called reservoir
pasteurisation prior to hydrocarbon charging in (Wilhelms et al., 2001). Moreover,
petroleum accumulation is usually comprised of mixture of oils due to interaction of
biodegradation and charge mixing (Larter et al., 2012). Dou et al. (2008) reported that in
the past, aerobic degradation of petroleum has long been thought to be a principal
process in subsurface shallow reservoirs. However, anaerobic degradation process now
has been confirmed to be dominant, (Head et al., 2003; Aitken et al., 2004). Studies of
anaerobic oil biodegradation have been reported by several authors such as (Rueter et
al., 1994; Aitken et al., 2004) and it has been shown that anaerobic degradation is much
slower than that carried out by aerobes. However, in terms of geologic time, the
different in rate may not be critical as it can occur over geological timescales (Peters
and Moldowan, 1993).
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Compared to unaltered equivalents, oils that have experienced microbial biodegradation
generally have higher density and viscosity than non-biodegraded samples. This is
because, microbial alteration of oils preferentially consumes hydrocarbons, or it might
also be due to production of heavy components including acids, as products of
microbial process or by degradation of dead biomass (Behar and Pelet, 1984; Tomczyk
and Winans, 2001). This results in the remaining oil becoming enriched with nitrogen,
sulphur, and oxygen compounds (polar resin and asphaltenes fractions). Therefore,
biodegraded oils have lower API gravity, are more viscous and are richer in sulphur,

resins, asphaltenes and metals (Peters et al., 2005).

The extent of crude oil biodegradation can be assessed based on the difference of the
relative susceptibilities of various compound classes to biodegradation. Some
compounds may be removed before others are affected. According to Rowland et al.
(1986), the order of selective removal of hydrocarbons by bacterial appears according to
the following ease of microbial attack of saturated hydrocarbons in crude oils: n-alkanes
> alkylcyclohexanes > acyclic isoprenoid alkanes > C14 — C16 bicyclic alkanes >
steranes > hopanes. For aromatic hydrocarbons, the sequence of ease of microbial attack
are monoaromatics > diaromatics > triaromatics. There several reported schemes for
assessing the level of biodegradation experienced by oils i.e. Peters and Moldowan
(1993); Peters et al. (2005); Larter et al. (2012). The Peters and Moldowan (1993)
biodegradation scale (PM scale) ranked oils in their extent of degradation from light to

severe, as shown in Figure 3.1.
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Figure. 1.6 Biodegradation scale of Peters and Moldowan (1993) adapted by Larter et al.
(2012).The lightly shaded areas at the end of the bars reflect the extent of of alteration within a
compound class.

However, it must also be noted that oil biodegradation is a complex process. Thus, it
has been suggested that this biodegradation scale should be used cautiously as the
complex biodegradation “quasi-stepwise” process cannot be described as a truly
sequential alteration of compound classes. For instance, although hopanes are generally
considered more resistant to biodegradation than steranes, it could be that significant
alteration of the hopanes occurs before all steranes are destroyed in some oils exposed

to heavy biodegradation (Peters and Moldowan, 1993).
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1.4.2 Thermal maturation

Thermal maturity describes the extent of heat-driven reactions that convert sedimentary
organic matter into petroleum. This process is generally associated with increasing
burial which produces an increase in source rock and reservoir rock temperatures. As
petroleum is a complex mixture of metastable products, crude oils change towards
compositions of greater thermodynamic stability during maturation (Peters et al., 2005).
For example, heavier components in crude oils will be cracked to lighter components as
burial and temperature increases. (Tissot and Welte, 1978) classified organic matter
according to its relationship to the so-called “oil window” i) immature, where organic
matter has been affected by digenesis including biological, physical and chemical
alteration without pronounced effect of temperature, ii) mature , where organic matter
has been affected by catagenesis (thermal process covering the temperature range
between diagenesis and metagenesis) or iii) post mature, where organic matter has been
heated to such high temperature that is has been reduced to a hydrogen-poor residue

capable of generating only small amounts of hydrocarbon gases.

Based on the variation of ratios attributed to molecular cracking and isomerisation,
thermal maturity can be assessed and classified using maturity-dependent biomarker
parameter such as terpanes, steranes, aromatic steroids, porphyrins and non-biomarker
maturity parameter such as ratios involving n-alkanes, isoprenoid alkanes and aromatic
hydrocarbons such as methyl phenanthrenes and methyl naphthalenes (Peters et al.,
2005).
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1.5 Petroleum acid analysis

In petroleum chemistry, various methods of analysis have been used to investigate
acidic compounds in crude oils. Most of the acid characterisation studies on crude oils
have been done with regards to the concerns of understanding the physical or technical
properties of the oils such as corrosiveness, emulsion stability or wettability change of
solid surfaces after adsorption (Borgund et al., 2007b). For quantitative analysis of
naphthenic acids, gas chromatography (GC), high pressure liquid (HPLC)
chromatography, Fourier Transform Infrared (FTIR) spectroscopy and mass
spectrometry (MS) have previously been used. Conventional GC and GC-MS has been
commonly applied on isolated acid fractions (usually derivatised to methyl esters) to
quantify them and to investigate the stereochemistry of individual acidic components
(Meredith et al., 2000; Jones et al., 2001; Clemente et al., 2003; Li et al., 2010). FTIR
has been used to evaluate the functional group distributions in crude oils and in isolated

oil fractions (Tomczyk and Winans, 2001; Li et al., 2010)

The analysis of polar species is much less well established than that of hydrocarbons
since characterisation of acidic compounds in crude oils is more challenging. The
challenges are due to factors such as this compound class is very polar and makes up a
small fraction of the whole petroleum sample, thus requiring time consuming
chromatographic isolation and derivatisation prior to analysis and that some
components may be lost during the long isolation procedure. The isolated acid fractions
are also highly complex and difficult to be resolve by traditional chromatographic or
mass spectrometric techniques and their non-volatile nature may exclude many
components from analysis by CG and ionization by traditional mass spectrometric
ionization sources, especially those from severely biodegraded heavy oils (Hughey et
al., 2002).

Mass spectrometry has revealed information on the range of acidic structure in
petroleum crude oils (Qian et al., 200la; Tomczyk and Winans, 2001). Recent
developments of negative-ion electrospray Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry (FT-ICR MS) of the whole oils offers directly, extremely high
resolution analyses of very complex mixtures of naphthenic acids to provide detailed
overview of the distribution of acids in oils and oil fractions (Hughey et al., 2002;
Hughey et al., 2004; Kim et al., 2005; Hemmingsen et al., 2006; Hughey et al., 2008;
Barrow et al., 2009; Smith et al., 2009).
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1.5.1 Total Acid Number (TAN)

Acidity in crude oil is commonly measured as the Total Acid Number (TAN), which is
defined as the number of milligrams of potassium hydroxide (KOH) needed to
neutralize the acidity in one gram of crude oil (Derungs, 1956, as cited in Meredith et al.
(2000). TAN is routinely measured using a standard method based on titration with
KOH using either a potentiometric (ASTM D664) or colorimetric method (ASTM
D974) (Jones et al., 2001; Fafet et al., 2008).

1.5.2 Gas Chromatography Analysis (GC)

Gas chromatography has been well known as an analytical separation method for a long
time i.e. (Grob and Barry, 2004) especially in petroleum acid analysis i.e. (Seifert et al.,
1969; Behar and Albrecht, 1984; Meredith et al., 2000). However, due to the
complexity of crude oils, it is often impossible to perform gas chromatography directly
on whole crude oil to adequately resolve minor components without pre-separation into
different fractions. One example of a pre-separation is a method developed by Jones et
al. (2001) where carboxylic acid fractions were separated from their oil samples using
non-agqueous ion-exchange solid phase extraction before analysis (as methyl esters) by
GC. Investigation of crude oil acids using GC for quantitative analysis has been well
reported for instance a study on correlations between carboxylic acids an degree of
biodegradation five difference origins of crude oils by Behar and Albrecht (1984), study
on extraction method development for analysis of aliphatic and naphthenic acids in light
and heavy crude oil by (Jones et al., 2001) and a distribution study on formation of
carboxylic acid fraction during 80 days of laboratory biodegradation experiment by
Watson et al. (2002).
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1.5.3. Fourier Transform Infrared (FTIR) spectroscopy analysis

Fourier Transform Infrared (FTIR) spectroscopy is a useful tool to characterise the
organic and inorganic chemical composition of substances. This analysis can provide a
fast overview on the average distribution of chemical bonds (functional groups) present
in bulk petroleum samples. Based on the principle that each chemical bond and
functional group that is exposed to infrared radiation absorbs at a different characteristic
frequency, the presence and abundance of that chemical bond of a molecule can be
determined. FTIR has been used for characterising either whole crude oils or various
component of them i.e. isolated acid fractions, asphaltene fractions and interfacial
materials (Tomczyk and Winans, 2001; Barth et al., 2004; Muller et al., 2009; Li et al.,
2010). For example, Watson et al. (2002) used FTIR in order to investigate the changes
in the carboxylic acid concentrations produced during an 80 day series of laboratory
biodegradation of crude oil by measuring absorption bands due to a number of chemical
bonds including, C=0 (1706 cm™), O-H (3100-3700 cm™), C-H aliphatic (2924 cm™),
C-H aromatic (3000-3100 cm™), CH3 (1370-1390 cm™) and CH3 + CH2 (1430-1470 cm’
.

FTIR analysis also has been used by Clemente and Fedorak (2005) for quantifying
naphthenic acids present in their oil sand samples by measuring the absorbance of the
monomeric and dimeric forms of the carboxylic groups at 1743 cm™ and 1706 cm™,
respectively. While both Silva et al. (2008) and Parisotto et al. (2010) developed a
method for the determination of Total Acid Number (TAN) in petroleum, petroleum
cuts, petroleum water in oil emulsions and residues of crude oil distillation, by mid

infrared spectroscopy combined with multivariate analysis.

1.5.4 Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS)

Recent developments of ultra-high resolution Fourier Transform lon Cyclotron
Resonance Mass Spectrometry (FT-ICR MS) have resulted in one of the powerful
techniques for direct analysis and characterisation of crude oils and petroleum fractions
without any prior separation (Marshall, 2000; Hughey et al., 2002; Al-Hajji et al., 2008;
Miyabayashi et al., 2009). This powerful technique measures the cyclotron frequency of
ions in homogeneous magnetic field, resulting in ultra-high resolution and highly
accurate mass measurement, with errors of less than 1 ppm. (Miyabayashi et al., 2009).
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FT-ICR MS, usually coupled with Electrospray lonization (ESI), has been used to
determine the elemental compositions of compounds in petroleum samples (Hughey et
al., 2002; Rodgers et al., 2002; Hemmingsen et al., 2006; Terdavéinen et al., 2007).
Positive mode Electrospray lonisation (+ve) ESI preferentially ionises petroleum basic
nitrogen compounds such as pyridine benzologs (Qian et al., 2001b), while negative
mode Electrospray lonization (-ve) ESI preferentially ionises strongly acidic groups (i.e.
carboxylic acids including naphthenic acids), weakly acid compounds such as phenol
and neutral nitrogen compounds such as pyrrole benzologs (Qian et al., 2001a; Hughey
etal., 2002).

A number of studies have employed this technique for the detailed analysis of acid
fractions in crude oils. For example, (Barrow et al., 2003; 2004, 2009) used FT-ICR MS
to characterise complex mixtures of naphthenic acids in petroleum samples. While
(Hemmingsen et al., 2006) studied the molecular compositions of different acidic
fractions in North Sea acidic crude oil using FT-ICR MS and showed that 90% of acidic
compounds in the oil samples were from carboxylic acids. FT-ICR MS also has been
used to characterise petroleum acids related to microbial alteration of crude oil (Kim et
al., 2005; Hughey et al., 2007; Liao et al., 2012), thermal maturity (Hughey et al., 2004)
and geochemical origin (Hughey et al., 2002). Other than whole crude oils, the
application of FT-ICR MS also been reported in characterisation on distillates fractions
(Teréavdinen et al., 2007), asphaltenes fraction (Klein et al., 2006b; 2006c), vacuum gas
oil (Smith et al., 2009) and soil extracts (Hughey et al., 2008). Important information
such as the acid molecular weight and elemental composition distributions obtained
from these analysis may provide information useful in understanding and preventing
corrosion and also may be used to fingerprint samples from different oil fields (Barrow
et al., 2003).
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1.6 Sample Sets

The samples in this study can be divided into two sets. Set 1 are an initial set of 43
mostly well characterised crude oils, Set 2 are 46 reservoir core extract samples from
around the World. The following Tables (2.1-2.2) present the details of the samples
together with their information on their origins and analyses performed on them (e.g,
TAN, detailed hydrocarbon analyses, carboxylic acid analyses by GC and GC-MS, FT-
ICR MS, FTIR).

1.6.1 Set 1: Crude oils

The sample set 1 consists of 43 crude oils representing a variety of biodegraded and
non-degraded oil samples from different origins. i.e